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Surfactants are widely used in many areas of our life. However, synthetic surfactants have a
serious negative impact on the environment. They do not decompose well and can accumulate in
ecosystems. Microbial biosurfactants can be an alternative to synthetic surfactants. They are
characterized by a diverse structure, stable at critical temperatures, pH and can be obtained from
various renewable raw materials.

Aim. Analysis and generalization of the available information on the main characteristics and
features of the synthesis of surface-active substances of microbial origin.

Results. The article describes the structure of the most important groups of biosurfactants of
microbial origin, such as rhamnolipids, trehalolipids, and sophorolipids. The main producers of
biosurfactants, as well as the areas of their application were characterized. Information about the
main ways of their biosynthesis was discussed. Special attention in the review was paid to factors
that are essential for the cultivation of microorganisms — the main producers of biosurfactants.
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Surfactants belong to an important class of
chemical compounds found in many everyday
products. They are included in cleaning agents,
detergents, cosmetics, herbicides, pesticides,
etc. In other words, surfactants are actively
used in agriculture, food, pharmaceutical,
textile, paper, oil industries[1, 2].

Surfactants are mainly amphiphilic
organic compounds that dissolve in organic
solvents, non-polar fats and polar media. They
accumulate on the surfaces between liquid
phases with different polarity (air-water, oil-
water), thus reducing surface and interphacial
tension [3].

Most of the surfactants used today are
synthesized chemically from petrochemical
resources, and they decompose only
partially, which has a very bad effect on the
environment [1].

This became an impetus for scientists
to direct their research towards more
environmentally friendly surfactants, such as
microbial surfactants (biosurfactants). They
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are known as biosurfactants [4], which are
obtained by microbial synthesis, have similar
properties and are much more environmentally
friendly than chemically obtained surfac-
tants. Rising consumer concerns about the
environment, as well as increased environ-
mental protection legislation, led to the
development of microbial surfactants as an
alternative to existing synthetic ones [5].

Biosurfactants have gained wide popularity
because they are an ecological alternative to
synthetic compounds with surface activity
and have a number of significant advantages:
they are characterized by a diverse structure,
less toxic, highly active and stable at critical
temperatures, pH and salinity. They can also
be produced from renewable raw materials
by means of a wide range of microorganisms.
But their greatest advantage is that they are
environmentally friendly chemicals, as they
are biodegradable [6].

Microbial surfactants have various
functional properties, which include: foaming,



Reviews

cleaning, wetting, emulsifying, dispersion,
corrosion  inhibition, surface activity,
etc. [7T—9]. Such properties make it possible
to effectively use them in the following
ways: in biotechnology for bioremediation,
namely cleaning oil spills in a natural way; as
components in cleaning agents and detergents;
as emulsion stabilizing agents in the cosmetic,
pharmaceutical and food industries [10].

Surface-active compounds
of microbial origin

The classification of biosurfactants isbased
on the microbial source and their chemical
components. They can also be divided into low-
molecular weight (glycolipids, lipopeptides,
phospholipids) and high-molecular weight
surfactants (polymeric and solid) [10].

The vast majority of currently known
biosurfactants belong to glycolipids. These
are carbohydrates combined with long-chain
aliphatic or hydroxyaliphatic acids. The most
common among the group of glycolipids are
rhamnolipids, trehalolipids, andsophorolipids.

Rhamnolipids have one or two molecules
of rhamnose bound to one or two of B-hydroxy-
decanoic acid molecules (Fig. 1). They belong
to the best studied glycolipids. The synthesis
of rhamnose found in glycolipids was first
described for Pseudomonas aeruginosa by
Jarvis and Johnson [11].

Trehalose lipids have only a few structural
types (Fig. 2). The disaccharide trehalose,
bound at the C-6 and C-6' positions to mycolic
acids, is characteristic of most Nocardia,
Mycobacterium, and Corynebacterium species.
The trehalose lipids of these organisms differ
inthestructure of mycolic acid, size, number of
carbon atoms, and degree of unsaturation[11].
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Fig. 1. Structural formulas of rhamnolipids:
a — monorhamnolipid; b —diramnolipid [12]

Sophorolipids are mainly produced by
yeasts such as Torulopsis bombicola, Torulopsis
petrophilum. The dimeric carbohydrate of
sophorose binds to a long-chain hydroxy
fatty acid (Fig. 3). Sophorolipids are a
mixture of six to nine different hydrophobic
sophorosides [11].

Table 1 presents generalized information
about the main producers of biosurfactants
and their main areas of application.

Rhamnolipids

Rhamnolipids consist of a -hydroxy fatty
acid bound by the carboxyl end to a rhamnose
sugar molecule. They are most often produced
by Pseudomonas aeruginosa. Rhamnolipids
can be divided into mono- and dirhamnolipids.
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Fig. 2. Structural formulas of Trehalose Lipids:
a — Trehalose monomycolates; b — trehalose
dimycolates [12]

Fig. 3. Structural formulas of sophorolipids:
a — acidic; b — lactone [13]
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Table 1. Producers of biosurfactants and their areas of application

No. Surfactants Strain/producer Area of application Reference
1 Rhamnolipids Pseudomonas aeruginosa Oil production [14]
Pseudomonas aeruginosa,
2 Rhamnolipids Detergents (stain removal) [15, 16]
Bacillus subtilis SPB1
Antimicrobial effect (ability
3 Rhamnolipids Lysinibacillus sphaericus IITR51 to dissolve hydrophobic [17]
pesticides)
4 Sophorolipids Starmerella bacillaris Winemaking [18]
Antimicrobial and antiadhesive
5 Trehalose Lipids Rhodococcus fascians BD8 activity against pathogenic [19]
bacteria
6 Sophorolipids Candida bombicola Antiviral activity [20]
. . Bioremediation of areas
7 Rhamnolipids Pseudomonas aeruginosa S2 contaminated with oil products [21]
Bioremediation of areas
8 Rhamnolipids Pseudomonas aeruginosa BS20 contaminated with [21]
hydrocarbons
. . Pseudoxanthomonas sp. PNK-04, . ..
9 Rhamnolipids Pseudomonas alcaligenes Ecological application [21]
. . Bioremediation of the marine
10 Rhamnolipids Pseudomonas cepacia CCT6659 . . [21]
and soil environment
11 | Sophorolipids Candida lipolytica UCP09S8 Removal of oil and motor oil [21]
from sand
12 | Trehalose Lipids Rhodococcus erythropolis 3C-9 Liquidation of oil spills [21]
13 | Trehalose Lipids Rhodococcus erythropolis B7g Bioremediation [22]

The main producers of rhamnolipids are Pseu-
domonas bacteria: P. chlororaphis, P. fluo-
rescens, P. plantarii, P. putida. Among the
bacteria known to us, there are those that
synthesize mono- and di-rhamnolipids, and
there are those that produce only mono-
rhamnolipids [23].

The synthesis of rhamnolipids is best
studied for Pseudomonas strains [24].
Literature data indicate that different
carbon sources can be the main precursors
for the biosynthesis of rhamnolipids,
which is why different PA strains produce
rhamnolipid variants [25]. The biosynthesis
of rhamnolipids includes three main steps that
lead to the formation of dTDP-1-rhamnose
and PB-hydroxy fatty acid [26]. At the 1st
stage, B-hydroxydecanoyl is transferred by
the RhlA enzyme to coenzyme A, resulting
in the formation of B-hydroxydecanoyl-
CoA, an intermediate product in de novo
fatty acid synthesis [27]. RhlA ensures the
formation of the lipid part of rhamnolipid —
B-hydroxydecanoyl-B-hydroxydecanoate,
using the type II fatty acid synthase pathway.
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The precursor, dTDP-1-rhamnose, which
provides the glycosyl part of rhamnolipids,
can be synthesized by gluconeogenesis or
Entner—Doudoroff pathway while the algC
and rmIBDAC operon genes control the
dTDP-l-rhamnose biosynthesis [24]. The two
precursors, dTDPl-rhamnose and B-hydroxy
fatty acids, are condensed into mono-
rhamnolipids and di-rhamnolipids by the
enzymes of rhamnosyltransferase I (RhlB) and
rhamnosyltransferase II (RhlC), respectively.
Rhamnosyltransferase I (RhlB) and rhamno-
syltransferase II (RhIC) are encoded by the rhlB
and rhlC genes, respectively, while the lasRI
and rhlRI genes are responsible for activating
the expression of the rhlAB and rhiIC genes [28].

Over the past decades, a significant amount
of research has been carried out on optimizing
the ways to obtain rhamnolipids using
biotechnology, which allowed to considerably
expand the scope of their application in
various industries. This was also facilitated by
their biodegradability and biocompatibility,
as well as the availability of raw materials for
synthesis [23].
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In total, five main areas of rhamnolipid
applications can be distinguished, which
satisfy a wide range of industrial needs:

Cleaning agents and detergents: Rhamno-
lipids are natural emulsifiers, which has led
to their widespread use in detergents, soaps,
shampoos, laundry detergents, etc. [29].

Pharmaceuticals: rhamnolipids are low
toxic, and demonstrate antimicrobial acti-
vity against Bacillus cereus, Micrococcus
luteus, Staphylococcus aureus, and Listeria
monocytogenes microbes [30].

Cosmetics: rhamnolipids, as an active
ingredient, can be effectively used for skin
treatment, in particular burns, wound healing,
as well as for the elimination of wrinkles [31].

Agriculture: rhamnolipids are used to
improve soil quality and recultivation.
Rhamnolipids are also currently being
researched as biopesticides, and their ability to
destroy plant pathogensisbeing studied, which
will facilitate the absorption of fertilizers and
nutrients through plant roots [32].

Bioremediation and removal of oil spills:
rhamnolipids, due to their good emulsifying
properties, are able to effectively remove oil
spills from contaminated soil [21].

However, despite all the advantages,
rhamnolipids are still not able to completely
displace surfactants of chemical origin from
the market. This is due to the peculiarities
of the rhamnolipid synthesis process on an
industrial scale and production costs [23]. It
is known that the biosurfactant cultivation
process accounts for 70—-80% of all production
costs [23].

TREHALOSE LIPIDS

Trehalose lipids are good emulsifiers.
They are mainly used to eliminate oil
spills. Trehalose lipids are characterized by
high bioactivity, as they easily penetrate
membranes, demonstrate hemolytic activity,
and affect cell differentiation [33-38].
They also have antimicrobial properties and
play a significant role in the treatment of
infectious diseases [39]. Bacteria of the genus
Rhodococcus can synthesize both exo- and
endogenous trehalose lipids.

It should be noted that fundamental
studies of the metabolic pathways involved
in the synthesis of trehalose lipids are still
insufficient. Schematically, this process can be
described asfollows: carbohydrate and fatty acid
components of trehalose lipids are synthesized
independently and subsequently esterified.
Mycolate is formed as a result of the Claisen-

type condensation of two fatty acids, while
the synthesis of the remaining carbohydrate
component, trehalose-6-phosphate, is catalyzed
by trehalose-6-phosphate synthetase, which
binds two d-glucopyranose units at the C1
and C1' positions. The precursors are UDP-
glucose and glucose-6-phosphate [40]. A
detailed pathway for the biosynthesis of all
mycolic acids in M. tuberculosis and trehaloso-
dicorynomycolates was proposed by Takayama
et al. [41].

Trehalose lipids obtained with Rhodo-
coccus are structurally diverse: trehalose
monomycolates, dimycolates, and trimyco-
lates; various nonionic acylated derivatives
of trehalose and anionic trehalose tetraethers
and succinoyl trehalose lipids. Considering
such a wvariety of currently known and
studied trehalose lipids, it is likely that new
strains of Rhodococcus obtained from other
environments will be able to discover trehalose
lipids with new interesting properties [42].

Trehalose lipids are widely used in many
areas: soil bioremediation, food industry, and
agriculture [39].

SOPHOROLIPIDS

Sophorolipids are glycolipids structurally
composed of the disaccharide sophorose
(2'-0-B-D-glucopyranosyl-1-p-D-glucose)
linked by a B-glycosidic bond to a long chain
of fatty acids [43, 44]. They are synthesized in
the form of a mixture of chemical structures
in which the carbon end of the fatty acid can be
free or esterified at the C4’, C6’ or C6» position
to form the lactone form (Fig. 3) [13]. These
structures can also differ from each other in
terms of the carbon amount, hydrogenation,
unsaturation and acetylation. In general,
acidic sophorolipids are more soluble and have
better foaming ability, but lactone ones have
better antimicrobial properties and surface
tension [45, 46].

Candida apicola and Candida bombicola,
described in the 1970s, were the first
microorganisms used for the biosynthesis
of sophorolipids. C. bombicola (Starmerella
bombicola ) is the main microorganism used for
the production of sophorolipids [47].

The biosynthesis of sophorolipids is best
described for Candida bombicola yeast [48].
The biosynthesis of sophorolipids occurs
in the nitrogen-limited stationary phase.
The biosynthesis process begins with the
hydroxylation of a fatty acid present in the
environment. This fatty acid can be in the form
of alkanes, alcohol, aldehydes, triglycerides
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or fatty acid esters, if these are not present in
the environment, the fatty acid is formed by
de novo synthesis from acetyl-CoA. It should
be noted that at the low glucose concentration
in the environment, these hydrophobic carbon
sources are metabolized through B-oxidation
and are used to maintain cell viability
instead of sophorolipid synthesis [49]. The
process of activation of fatty acids occurs by
hydroxylation of the terminal carbon atom
with the participation of the CYP52M1 enzyme.
Characteristically, the CYP52M1 enzyme
is expressed exclusively in the stationary
phase. This expression can be enhanced by the
DAP1 protein, which stabilizes and regulates
the CYP450 protein and is involved in the
metabolism of lipids and sterols [50]. In the
next two steps, two glucose molecules bind to the
activated fatty acid. The first glucose molecule
in the C1 position binds to the hydroxyl group
of the fatty acid under the action of glucosyl
transferase I (UgtA1l). UDP-glucose (glucose
uridine diphosphate) is the donor of the glycosyl
group in this reaction. At the next stage, the
glucose molecule binds to the first glucose
molecule at the C2' position with the participation
of glucosyltransferase II (UgtA2). Both UgtAl
and UgtA2 enzymes are expressed at a high
level at the beginning of the stationary phase. It
is interesting that the glucose contained in the
environment is not included in the structure
of sophorolipids directly, but is metabolized by
glycolysis, while sophorolipid glucose is formed
as a result of gluconeogenesis [51]. Sophorolipids
in non-acetylated acidic form are transformed
by acetylation or lactonization under the
action of acetyltransferase or lactonesterase,
respectively [50].

It is known that sophorolipids can improve
the activity of pesticides and herbicides, and
are also able to increase agricultural crop
yields [13].

The results of some studies have revealed
the antimicrobial activity of sophorolipids in
vitro. They can be used as adjuvants to other
antimicrobial agents against certain pathogens
by inhibiting the growth and destroying the
biofilm. Sophorolipids at concentrations of
5% by volume inhibited the growth of gram-
negative Cupriavidus necator ATCC 17699 and
gram-positive Bacillus subtilis BBK006 [52].

In addition, sophorolipids are able
to dissolve and emulsify hydrophobic
contaminants (diesel, motor oil, grease,
kerosene and crude oil), remove heavy metals
(mercury, zinc, lead, chromium, cadmium,
iron and copper), as well as pesticides in the
aqueous phase [563—-55].
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THE INFLUENCE OF VARIOUS FACTORS
ON THE RATE OF CULTIVATION
OF BIOSURFACTANTS

Many factors influence the cultivation
process of biosurfactant-producing micro-
organisms. The key ones are: carbon source,
nitrogen source, temperature, pH, agitation
rate, and fermentation time. The type of
bioreactor also affects the biosurfactant
cultivation process.

Carbohydrates, oils and fats are used as a
source of carbon in the nutrient medium [4].
They can be both water-soluble (glycerol,
glucose, sucrose) and insoluble (vegetable oils,
crude oils). The most common source of carbon
is glucose. Tomar and Srinikethan (2016)
investigated biosurfactant synthesis during
the cultivation of Pseudomonas aeruginosa
MTCC 7815 in a medium containing glucose,
glycerol, fructose, and starch. The maximum
emulsification index Eyy = 76.77% and the
minimum surface tension (34.53 mN/m) were
characteristic of biosurfactants grown in an
environment in which glucose acted as the
main carbon source [56].

Santa Anna et al. (2002) demonstrated
that yeast extract, meat extract, NH,NOs;,
NaNO; and urea can be a source of nitrogen
for Bacillus sp. and Pseudomonas sp. It was
investigated that during the cultivation of
Pseudomonas aeruginosa, in a mineral salt
medium, using sodium nitrate instead of other
nitrogen sources, the yield of rhamnolipid was
3.16 g/1[57].

Hippolyte et al. (2018) studied that
the temperature increase stimulates the
biosurfactant production from Lactobacillus
paracasei N2 and does not have a negative
effect on surface tension reduction. The
maximum yield and activity of biosurfactants
were observed in the temperature range of
33—-34 °C and molasses concentration of 5.49—
6.35% (w/v). At this temperature range,
peptone and molasses are effectively used by
the Lactobacillus paracasei N2 strain with
the maximum yield of biosurfactant, which
is characterized by high antimicrobial and
surface activity. Beyond this temperature
range, the authors observed a decrease in
the yield and weakening of the biosurfactant
activity produced by Lactobacillus paracasei
N2. An increase in temperature could lead to
the cell growth inhibition and the weakened
biosurfactant synthesis [568]. Agarry et al.
(2015) investigated that rhamnolipids grown
using Bacillus and Pseudomonas strains have
the highest activity at the temperature of
30 °C[59].
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The operating temperature and pH
ranges must be selected very carefully, as the
temperature change must not cause changes
in the biosurfactant composition. The optimal
temperature of the culture medium for the
maximum biosurfactant yield depends on the
physiology of the producing organism. Guerra-
Santos et al. (1984) investigated that for the
synthesis of Pseudomonas sp. rhamnolipids,
the most optimal pH range is within 6.0-6.5,
and with an increase in pH to 7.0, a sharp
decrease occurs [60]. For microorganisms of
the Pseudomonas aureofaciens NB-1 strain, it
was determined that the amount of surfactant
is 54% higher when extracted with ethyl
acetate and isopropanol (2:1) and is 3.71 g/1 at
pH 11 than at pH 3[61].

Akbari, E., Rasekh, B., Maal, K.B. et al.
(2021) determined the optimal agitation rate
during the cultivation of Kocuria rosea ABR6.
The experiments were carried out at the speeds
of 80 rpm, 100 rpm, 120 rpm, and 140 rpm,
while the remaining parameters stayed
unchanged. It turned out that the optimal
agitation rate for biosurfactant synthesis
using Kocuria rosea ABR6 is 120 rpm [62].

The duration of fermentation should be
determined taking into account the possible
formation of secondary metabolites, which
can interfere with the formation of emulsion
and adsorption of biosurfactant molecules.
The incubation period plays a very important
role in the synthesis of biosurfactants, since
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HamiomanpHuit yuisepcurer «JIbBiBchbKa moJiTexHika»,
JIbBiB, YKpaiHa

E-mail: yehor.b.yanvarov@lpnu.ua

IToBepxHEeBO aKTHUBHI PEeUYOBHMHN BUKOPUCTOBYIOTH y Oaratbox chepax. IIpore cunreruuni ITAP
YNHATH CePHO3HUN HeraTUBHUU BIJINB HA HOBKIJIJISA, OCKIJIBKY IOTAaHO PO3KJIANAIOTHCA i MOKYTH
HAKOMMUYYyBATHCA B eKocucTemMax. MikpoOHi 6iocypdhaKTaHTH MOMKYTH OYTH aJIbTePHATHUBOIO CUHTE-
TUYHUM IIOBEPXHEBO aKTUBHUM peuyoBUHaM. BOHU XapaKTepu3yHThCS PiBHOMAHITHOIO CTPYKTYPOIO,
cTabinbHI Ipu KpUTUYHKX TeMmepaTypax Ta pH. Ix Mo:xHa oTpuMyBaTH 3 pisHOMaHITHOI BigHOBIIIO-
BaHOI CUDOBUHMU.

Mema: amanis Ta ysaraJbHeHHSA HasgBHOI iH()opMallii Ipo OCHOBHI XapaKTEePUCTUKIU Ta 0COOJIN-
BOCTi CHHTE3y IIOBEPXHEBO AaKTUBHUX PEUOBUH MiKPOOHOTO MMOXOIKEHHA.

Pesyavmamu. Y cTaTTi JeTajbHO ONMMCAHO CTPYKTYPY TAKMX HaWBaKJIMBIMuUxX rpyn 6iocyp-
(hakTaHTiB MiKPOOHOI0 TOXOAMKEHHS, AK PAMHOJINiAN, TPEraJo30Jimigu Ta copopoaimigm, oxapak-
TePU30BAHO IXHi OCHOBHI MPOAYIIEHTH, a TaK0oX cepu 3acTocyBanHA. OOroBopeHo BimomocTi mpo
OCHOBHI HIIAXU cUHTe3y OiocypdarTanTiB. Oco0JuBY yBary B OrJAAl ONpuAijeHo paKTopaM, AKi
MalOTh CyTTE€BE 3HAUEHHS AJIA KyJbTUBYBAHHA MiKPOOPTaHidMiB — OCHOBHUX IIPOJYIIEHTIB 6iocyp-
daxTaHTiB.

Knwouosi crosa: 6iocyppaKkTauT; paMHOJIIIIN; Tperaao3oaimniam; codoposrinigu; 6iocuHTes; KYIbTH-
BYBaHHI.
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