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Introduction

Surfactants are widely used in several industrial domains such as agriculture, food
processing, cosmetics, and medicines. The majority of these compounds are produced
synthetically, which raises environmental concerns because of their toxic nature and the fact
that they are not very biodegradable (Schramm et al., 2003 ; Makkar and Rockne, 2003).

The last few decades have seen significant progress in biotechnology, which has raised
interest in biological surfactants. One of these surfactants' primary sources is microorganisms
grown on media that dissolve in water or oil. They can be secreted into the culture medium or
attached to the surface of the microorganisms (Gharaei-Fathabad, 2011). Some of their positive
characteristics are high biodegradability, non-toxicity, and increased efficacy in harsh
environments, including high salinity, pH, and temperatures (Makkar et al., 2011). They can

also be made from regenerative resources (Dzi¢gilewska and Adamczek, 2013).

The variety of biosurfactant structures gives them a range of remarkable properties,
including the capacity to create micelles and microemulsions between two immiscible phases
and to lower the surface and interfacial tension of liquids (Yalaoui-Guellal, 2017). These
properties make biosurfactants valuable tools for many sectors, including the environment, agri-

food, pharmaceuticals, and cosmetics (Kee et al., 2021 ; Varjani et al., 2021).

Biosurfactant offer multiple advantages over synthetically produced surfactants
(Pattanathu et al., 2008). For example, their action remains unchanged in the face of variations
in temperature, and pH, while reducing their ecological footprint, and their action is often
targeted and specific (Nitscke and Costa, 2007 ; Santos et al., 2016).

This work undertakes a detailed investigation of a biosurfactants’s chemical and
biological profiles. In this context, it comprises four chapters: Chapters 1 and 2 offer a detailed
bibliographic review of biosurfactants covering categories, potential, particularities and fields
of use. Chapter three describes in detail the experimental equipment and methodological
protocols used to determine the chemical and biological profile of the biosurfactant treated. The
final chapter provides an exhaustive analysis and nuanced interpretation of the results of the

various analyses.

All in all, this work ends with a conclusion, highlighting the implications for future

research in this field. It is followed by a list of references and then the appendices.
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Literature review Chapter I

I. General information on biosurfactants

1.1 Definition of biosurfactants

Biosurfactants are uniquely synthesized by a variety of microorganisms, such as
bacteria, fungi, yeasts, and by some plants. They express diverse molecules with varied
structures (Mulligan et al., 2001 ; Christofi and lvshina, 2002). Their primary role is to reduce
the interfacial and surface tensions in aqueous solutions and hydrocarbon mixtures, a property

that sets them apart from other surfactants (Desai et al., 1997 ; Banat et al., 2000).

They can agglomerate at the interface of two immiscible surfaces, such as water and oil,
and so lower both surface tensions simultaneously (Figure 01). The intricate process of
biosurfactant production is heavily influenced by the environmental and cultivation
requirements of the producing microorganisms, especially the carbon source, pH, nitrogen

source, and temperature, adding to the complexity of their structure (Santos et al., 2016).

e "
------

.
-----
i . .

Dispersed phase
continuous phase

_A Afterhomogenizati

| S

Emulsifier

v

Emulsion

Figure 01 : Use of biosurfactants for emulsion emulsification (Meylheuc et al., 2001).
1.2 Structure of biosurfactants

Biosurfactants comprise a polar hydrophilic portion and an apolar hydrophobic portion,
as illustrated in (Figure 02). The interaction between the nature of the substrate, the kind of
microorganism, and the production conditions employed determines the specific structure of
each biosurfactant. There is a wide variety of functional groups in the hydrophilic water-soluble
part, including amino acids, proteins, cyclic peptides, carboxylic acids, polysaccharides, and
fatty alcohols (mono or di) (Dagbert et al., 2006 ; Sobrinho et al., 2013).
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@

4
Queue hydrophobe Téte hydrophile

Figure 02 : Surfactant in monomer form (Santos et al., 2016).

However, in the hydrophobic part, there is a saturated or unsaturated aliphatic
hydrocarbon chain, which gives these molecules their affinity for oils and insolubility in water,
generally varying from Cgto C2 and which can be linear or branched. It can also be built up by
different types of fatty acids, like a-alkyl-pB-hydroxy fatty acid, hydroxy fatty acid, and long-
chain fatty acid (Dagbeert et al., 2006 ; Sobrinho et al., 2013). The hydrophilic nature of this
part of the molecule facilitates the differentiation of the various kinds of chemical surfactants
into 04 distinct categories (Banat et al., 2010 ; Zarasvand et Rai, 2014).

Cations, which carry a positive charge, are distinct from anionic surfactants which
dissociate in aqueous solution, through the existence of one or more functional groups, the
particles are transformed into ions with a negative charge. The absence of an ionic charge is a
fundamental property of non-ionic surfactants, while amphiphiles (zwitterionics) have two
hydrophilic groups, as illustrated in Figure 03 and listed in Table 01. Regarding the hydrophobic
portion, the chemistry of surfactants is greatly influenced by three variables: aromaticity, the

number of carbon atoms, and the degree of hydrocarbon chain branching (Banat et al., 2010).

Hydrophilic Hydrophobic

Non-tonic (ethoxylates) MI
[Cationic (quaternary ammonium) m

Anionic (sulfonates, phosphates) e m

Figure 03 : Illustration of biosurfactant categories based on the polarity of their main
functional group (Santos et al., 2016).
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Table 01 : Overview of chemical surfactant diversity and their applications (Tabka, 2014).

Type Process Model Use

Anionic Dissociate  in | SDS (Sodium Dodecyl Sulfate | Particularly used in
aqueous solution | NaSO4(CH2)11CHs, sodium | detergents and cleaning
to generate | stearate, potassium laurate | products.
negatively sodium dodecyl sulfate, sodium
charged ions | sulfosuccinate
(anions).

Cationic Dissociate  in | CTAB Widely used in industrial
aqueous solution | (hexadecyltrimethylammoniu and hospital environments
to generate | m bromide) for their powerful
positively (CH3)3N(CH2)15CH:Br disinfectant action against
charged ions | Quaternary ammonium salts micro-organisms.

(cations).

Amphotere | Depending on | N dodecyl-sulfobetaine Exclusive formulations for
the pH of the pharmacies and
medium, these cosmetics...
substances
release either a
positive or a
negative ion.

Non-lonic | The molecule is | Triton CgHi5CsH4(OC2H4)9OH | These surfactants :
electrically Polyglycol, esters d'acides gras, | appreciated  for  their
neutral, meaning | lécithine mildness and low foaming
it has no overall power, are used in the
positive or textile, metalworking and
negative charge. cosmetics (body hygiene

and beauty) industries.

1.3 Classification of biosurfactants

1.3.1 Based on molecular weight

1.3.1.1 Low molecular weight

Their ability to adjust to various interfaces is remarkable, making them effective at

reducing stresses on the surface and between interfaces. As a result, they rapidly cover the new

interface formed between oil and water during emulsification. This series includes a wide range

of compounds, including fatty alcohols and fatty acids, as well as monoglycerides, lecithins and

lysolecithins, glycolipids, and saponins (Healy et al., 1996).
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1.3.1.2 High molecular weight or polymers

They are recognized as emulsifiers, offering optimal stabilization of oil-water emulsions
without significantly altering surface tension, guaranteeing increased stability. They combine

protein or lipopolysaccharide groups with polysaccharides (hydrocolloids) (Healy et al., 1996).
1.3.2 According to chemical structure

1.3.2.1 Glycolipids

Among the most well-known and valued biosurfactants are glycolipids. They arise from
the reaction of carbohydrates with hydroxylated fatty acids or long-chain aliphatic acids
corrected by an ether or ester. Notably, the most common glycolipids are sophorolipids,
trehalolipids, and rhamnolipids (Shoeb et al., 2013).

a) Rhamnolipids

Extracellular glycolipids called rhamnolipids are made up of L-rhamnose and f-
hydroxyalkanoic acid and they are generated by specific microbes like Pseudomonas sp., which
includes P. aeruginosa, P. fluorescens et P. putida. According to (Banat et al., 2000) and (Cha
et al., 2008), they are created when one or two 3-hydroxydecanoic acid molecules fuse with one
or two rhamnose sugar molecules. The hydroxyl (OH) group of B-hydroxydecanoic acid and a
carbon atom at the reducing end of the rhamnose disaccharide form a covalent bond known as
glycosidic bond, which is crucial to the structure of rhamnolipids. Another covalent link of the
ester type is formed by the second acid’s hydroxyl (OH) group (Karanth et al., 1999 ; Shoeb et
al., 2013).

There are around 60 variants of rhamnolipids, but the most common are the four main
types (Figure 04), designated Rh1 to Rh4 (Fessl, 2015).
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RL1

RL3

Figure 04 : Chemical structures of rhamnolipids produced by Pseudomonas (Irfan-Magsood et

Seddiq, 2014).
b) Trehalolipids

It has been possible to identify a large range of chemical structures for microbial

trehalolipid biosurfactants.

Trehalose disaccharide is associated with t most Mycobacterium, Nocardia and

Corynebacterium species and is connected to the C-6 and C-6' positions of mycolic acid.

Branching at the a-position with the B-hydroxyls of fatty acids is a characteristic of mycolic

acids. Trehalolipids produced by different microorganisms show significant structural

variations, distinguished by the mycolic acid's composition, size, and unsaturation level in

addition to its carbon atom count. The bacterial species Rhodococcus erythropolis produces

trehalolipids, piqued scientists’ curiosity of worldwide (Kaloorazi et Choobari, 2013).

CH,
(CHz)n
H,CO-CO—CH-CHOH-(CH,) 7 CH;
o
o . OH
o-
OH 4,
H3C-(CH5),—OH cn-ﬁ:n-co-o-cuz
(GH2)a
CHy

H

OH

m+n=27 -31

Figure 05 : Structure of a trehalolipid representative (Kedidi, 2014).
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c) Sophorolipids

Yeasts produce glycolipids called sophorolipids, consisting of a dimeric carbohydrate and
a long-chain hydroxylated fatty acid connected by a glycosidic bond (sophorose). The lactone
form of sophorolipids, comprising 06 to 09 divergent hydrophobic lipids, is prized for its
antibacterial, anti-inflammatory and immunoregulatory properties. These characteristics make
them a preferred choice for medical and cosmetic applications, particularly because of their
moisturizing and emulsifying properties. They fall into two main categories (Figure 06): acid
sophorolipids (non-lactonic) and lactonic sophorolipids (Asmer et al., 1988 ; Gaur, 2019).

A .
lacionic OAc Sophorolipids oA
HO —
HO o) HO _—Q
OAc CHa HO. @]
') 0 OAC T—CH
0 -~ ol s 0 2}
HO H2ke 4o 0 (fHalee
OH HO. COOH
C OH acidic
O’/

Figure 06 : Structures of the two types of sophorolipids (Ying et al., 2023)

1.3.2.2 Lipoproteins and lipopeptides

The cyclic lipopeptides synthesis gives rise to various compounds, containing lipopeptide
antibiotics like polymyxins and decapeptide antibiotics like gramicidins. The lipid-to-
polypeptide chain connection characterizes these compounds (Arima et al., 1968). Two

examples of these lipopeptides are described below:

a) Surfactin

Bacillus subtilis ATCC-21332 produces surfactin, a biosurfactant that stands out for its
remarkable properties. It can lower surface tension from 72 to 27.9 mN and has an extremely
low critical micellar concentration of 0.017 g/l, making it one of the best-performing

biosurfactants available. (Arima et al., 1968).

Seven amino acids and various 3-hydroxy fatty acids make up surfactin. Its central
component is 3-hydroxyl-13-methylmyristine acid, which joins with a heptapeptide with the

sequence Glu-Leu-Leu-Val-Asp-Leu-Leu (LLDLLDL configuration) to form a lactone ring
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(Figure 07). (Cooper et al., 1987). This substance is created by a non-ribosomal enzyme called
surfactin synthetase, which synthesizes peptides in a linear fashion (Chtioui, 2011). The amino
acids L-Glu and L-Asp help give the molecule its amphiphilic character, and this gives it its

surface-active characteristics (Cooper et al., 1987).
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Figure 07 : Chemical structure of surfactin (Hausmann et al., 2014).

b) Lichenysin

The structure and physicochemical characteristics of Lichenysin, a biosurfactant derived
from B. licheniformis, display characteristics similar to those of surfactin. The B. licheniformis
BASS50 strain specifically produces lichenysin A, Characterized by a lengthy B-hydroxy fatty
acid molecule (Yakimov et al., 1996). According to Arpita, the surfactants produced by B.
licheniformis exhibit exceptional efficacy in decreasing the surface tension of water to 27
mN.m* and the interfacial tension of water and n-hexadecane to 0.36 mN.m™ (Arpita, 2017).
Lichenysin demonstrated superior efficacy as a cation chelator than surfactin (Grangemard et
al., 2001).

c) Viscosines

The lipopeptides consist of a sequence of nine amino acids: L-Leu-D-GIn-D-Thr-D-Val-
L-Leu-D-Ser-L-lle. Viscosin is a C10-C12 hydroxydecanoyl residue to which they are
connected (Janek et al., 2020). Viscosin is a product of bacteria present in marine and terrestrial
environments such as Pseudomonas sp, using of non-ribosomal peptide synthetase enzymes
(NRPS) (Geudens et al., 2017).
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1.3.2.3 Fatty acids, phospholipids and neutral lipids

Micro-organisms, such as bacteria and yeasts, synthesize significant quantities of
surfactants based on fatty acids and phospholipids when they grow on n-alkanes (Cooper et al.,
1978 ; Shoeb et al., 2013). In the presence of n-alkanes, Rhodococcus erythropolis synthesize
phosphatidylethanolamine, a substance with exceptional properties. The tension between water
and hexadecane is below 1 mN/m. Additionally, it has an exceptionally low critical micelle
concentration (CMC) of 30 mg/l (Shoeb et al., 2013).

1.3.2.4 Polymeric biosurfactants

Emulsan, synthesized by Acinetobacter calcoaceticus, is a representative example of
polymeric biosurfactants, including manopoper, emulsan, liposan, and other polysaccharide-
protein complexes among the most extensively studied. Liposan, synthesized by Yarrowia
lipolytica, is a fascinating water-soluble emulsifier. Its composition, 83% carbohydrates and
17% proteins, is at the root of its complex structure. The fatty acids covalently bonded to the

heteropolysaccharide skeleton give it exceptional emulsifying properties. (Shoeb et al., 2013).
1.3.2.5 Specific biosurfactants

Particulate biosurfactants can be categorized into extracellular vesicles and entire
microbial cells. Extracellular membrane vesicles, by fragmenting, induce the formation of
microemulsions from hydrocarbons, enhancing the uptake of these substances by
microorganisms. Occasionally, the bacterial cell functions as a surfactant (Kappeli et Finnerty,
1979).

a) Vesicles

The extracellular vesicles generated by Acinetobacter sp. while growing on hexadecane
were gathered and analyzed. These vesicles had a diameter ranging from 20 to 50 mm and a
buoyant density of 1.158 g/cm3. They may potentially contribute to the assimilation of alkanes.

They contain proteins, phospholipids, and lipopolysaccharides (Kappeli et Finnerty, 1979).

b) Whole microbial cells

Degradation capability of both hydrocarbon and non-hydrocarbon compounds is a
striking example of the metabolic diversity of micro-organisms. Species such as cyanobacteria
and certain pathogens illustrate this remarkable ability and are particularly sensitive to the
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interfaces between water, hydrocarbons and air. In these specific situations, the microbial cell

acts as a surfactant (Karanth et al., 1999).
1.4 Biosynthesis of biosurfactants

Biosurfactants (BS) are primarily produced by microbes in aerobic aquatic environments
that contain one or more carbon sources, such as carbohydrates, oils, or hydrocarbons.
Typically, these microorganisms consist of yeasts, bacteria, and fungi. Soils contaminated with
hydrophobic substances such as polycyclic aromatic hydrocarbons (PAHSs) often contain the
bacteria used to produce BS. These bacteria are then extracted from their natural environment
and cultivated in the laboratory. This facilitates testing to select the most effective carbon source
and improve cultivation conditions to boost the production rate. However, the resulting BS is a

mixture of different molecules (Dyke et al., 1993).

Although many species generate biosurfactants, their regulation remains largely
unknown, except for strains of P. aeruginosa and B. subtilis, which are the most sought-after
bacteria (Banat et al., 2000). The constituents of biosurfactants are in contact with bacterial

membranes and degrade in the same way in the environment. (Thangamani et Shreve, 1994).

Reducing production costs is essential to ensure the efficient biosurfactant use and
production. This reduce can be limited by exploiting affordable growth substrates. On the other
hand, it is beneficial to use waste and agricultural products in order to limit costs and reduce
the quantities of waste to be processed from different industrial sources, such as used motor oil
(Makkar et Cameotra, 2002).

Household and secondary waste can also be used as raw materials for their production,
offering significant advantages for large-scale production processes, particularly in oil-related
technologies. This approach to biosurfactant production is considered economically viable
(Mulligan et al., 2014).

1.4.1 Microorganisms producing biosurfactants

Primarily, bacteria that thrive in aerobic environments are responsible for the production
of biosurfactants. In most cases, these microorganisms include fungi, yeasts or bacteria.
Biosurfactants come from various microbial sources (Mulligan et al., 2001 ; Christophe et
Ivshina, 2002).

10
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The bacteria used to make biosurfactants are usually taken from hydrocarbon-
contaminated soils, separated from their natural environment and grown in the laboratory.
Using this method, it is possible to carry out trials to identify the most efficient carbon source
and to improve the culture conditions in order to achieve maximum production yield (\Van Dyke
etal., 1993).

1.4.1.1 Physiological role of biosurfactants in microorganisms

Biosurfactants play an essential role in physiology by facilitating the proliferation of
bacteria on substrates that are not soluble in water. They work by lowering surface tension at
the end of the growth phase, facilitating substrate absorption and metabolism. However, the
molecular mechanisms responsible for the absorption and metabolism of these substrates are
not always elucidated and remain partially explained (Fakruddin, 2012).

1.4.2. Parameters influencing biosurfactant production

Biosurfactant production, the type and quantity of biosurfactants produced, is influenced
by the content of the medium, including the source of carbon and other nutrients as well as

culture parameters such as temperature, agitation, and pH.

1.4.2.1 Impact of the carbon source

The carbon source is essential for the production of biosurfactants, either by stimulating
their production or decreasing the amount generated. One example is the production of
rhamnolipids, which involves water-soluble carbon sources such as glycerol, glucose, mannitol,
or ethanol. They seem to have a lower effectiveness level when used on insoluble substrates,
such as n-alkanes or olive oil. Bacteria possess the capacity to proliferate on hydrophobic
materials (Desai et Banat, 1997 ; Cameotra et Makkar, 1998).

1.4.2.2 Impact of nitrogen

According to a number of studies, rhamnolipids are formed when there is too much carbon
in the environment or when the amount of available nitrogen is limited. The bacteria that
produce them can use different forms of nitrogen depending on the situation (Lang et
Wullbrandt, 1999). To optimize production performance, it is crucial to achieve an optimum
C/N ratio, with nitrogen deficiency in particular inducing stress that stimulates the production
of biosurfactants. (Gabet, 2004).

11
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1.4.2.3. Impact of pH

The pH of the culture medium for a P. aeruginosa strain must be between 6.0 and 6.5.
Biosurfactant production by Ps. aeruginosa is sensitive to pH variations and collapses rapidly
when the pH deviates from the optimum range. In addition, other strains, such as Norcardia

corynbacteroides, are not affected by pH levels between 6.5 and 8.0. (Arino et al., 1996).

1.4.2.4 Impact of mineral elements and ions in the growing medium

Limiting the availability of minerals and ions also affects the synthesis of biosurfactants
in terms of both quantity and quality. For example, reducing iron and phosphate consumption
increases the production of rhamnolipids. (Urai et al., 2006 ; Cameotra et al., 2010). Limiting
metal ions, phosphate and sulfate chloride in the culture medium stimulates trehalolipid

synthesis.

Iron and manganese in the culture medium enhance the production of biosurfactants by
B. subtilis bacteria (Déziel et al., 1996 ; Laamari et al., 2010) and Rhodococcus.sp (Ruiz-Garcea
et al., 2005). It seems that when the concentration of magnesium, calcium, potassium, sodium
ions or trace elements is limited, this leads to an increase in the production of these elements
(Abu-Ruwaida et al., 1991).

1.4.2.5 Influence of oxygen

Depending on the conditions, oxygen can stimulate or inhibit the cellular activity and
growth of microorganisms (Gabet, 2004). Oxygen is crucial in controlling the production of
biosurfactants by influencing the cellular functions and growth of microorganisms. Analysis of
the synergistic effects on Lactobacillus pentosus revealed that these factors are closely linked
and influence each other's impact. Oxygenation has a significant influence on lipopeptide
production by Bacillus subtilis C9, with a three-fold increase in yield under conditions of low

oxygenation (Kosaric and Sukan, 2000).

1.4.2.6 Impact of agitation speed

During the manufacture of biosurfactants, culture media undergo a stirring process.
Increasing the speed of agitation of culture media leads to an increase in the mortality rate of

bacteria, resulting in a decrease in their yield. Yeasts, as producer organisms, are distinguished

12
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from bacteria by their positive response to increased agitation, which favors their productivity
(Desai and Banat, 1997).

1.5 Mechanisms ofaction of biosurfactants

The use of biosurfactants in remediation has a number of advantages. According to \West
and Harwell, unlike cationic surfactants, which attach strongly to soils, molecules of biological
origin, which are mainly non-ionic or anionic, have little affinity for soils and are therefore less
absorbed. The critical micellar concentration (CMC) of biosurfactants is often lower than that
of chemical surfactants, which means that they can act effectively at lower doses. A major
advantage of using biosurfactants is their low toxicity and biodegradability, which simplify
their handling and minimize their impact on the environment (West and Harwell, 1992).

According to several authors, these agents work by mobilizing and solubilizing contaminants.
1.5.1 Mobilization

Biosurfactants possess the capability to decrease interfacial tensions between NAPLS
(non-aqueous liquid phase) and water at their surface is essential for their mobilization (MC
Cray et al., 2001). Mobilization involves two key phases: displacement and dispersion. The
reduction in interfacial tensions between the NAPLs and the porous medium encourages the
release of NAPL droplets, which constitutes the displacement phenomenon. The NAPLs are
distributed in the aqueous phase in the form of fine emulsions, a phenomenon known as
dispersion. (BAl et al., 1997).

1.5.2 Solubilization

Solubilization is the preferred method for treating contaminated soils, based on the
formation of micelles. This process takes advantage of the unique ability of micellar solutions
to solubilize hydrophobic contaminants that are usually insoluble in water (Gabet, 2004).
Before reaching the critical micellar concentration (CMC), the monomers present in the
solution generally have little impact on most hydrocarbons. (Pennel et al., 1993).

Above the CMC, hydrophobic hydrocarbons become incorporated into the micelles,
considerably increasing their apparent solubility (Gabet, 2004). Reaching the actual critical
micellar concentration (CMC) in the aqueous phase is essential to stimulate micelle formation.
To achieve this, it is essential to add an adequate quantity of biosurfactants. The impact of

biosurfactant concentration on contaminant sorption is complex. At low concentrations,
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sorption predominates, while at high concentrations, solubilization becomes the main process
(Van Dyke et al., 1993 ; Bai et al., 1998).

1.6 Potential of biosurfactants

Characterizing biosurfactants is crucial for assessing the performance of producer
micro-organisms and guiding their selection. Biosurfactants have a number of advantages over
chemical surfactants (Pattanathu et al.,, 2008). Biosurfactants have several advantages,

including:
1.6.1 Temperature and pH tolerance

Several biosurfactants are capable of being utilized under high temperatures and within
a pH range of 2 to 12 (Santos et al., 2016). Lichenysin, produced by B. licheniformis, is an
example of an effective biosurfactant that remains unchanged even when exposed to
temperatures as high as 50°C and pH levels ranging from 4.5 to 9 (Mclnerney et al., 1990).
Arthrobacter protophormiae has produced another biosurfactant that has shown resistance to
heat (30-100°C) and stability over a wide pH range (2-12) (Singh and Cameotra, 2004).

1.6.2 Biodegradability

Biosurfactants degrade up to 99.96% and leave no harmful residues (Mohan et al.,
2006). There are few studies regarding the biodegradation of biosurfactants. Nevertheless, the
existing data indicate that biosurfactants have a higher susceptibility to degradation compared
to their chemical equivalents. Additionally, a study conducted by (Mohan et al., 2006)
demonstrated that rhamnolipids can be biodegraded in both aerobic and anaerobic
environments. (Cappello et al., 2011), discovered that a biosurfactant made of
exopolysaccharide can be easily broken down by specific bacterial strains in the marine

environment.

Biodegradability experiments conducted on five biological surfactants produced by two
Bacillus sp, Flavobacterium sp, Dietzia maris, and Arthrobacter oxydans revealed a clear
correlation between the effectiveness of their degradation and the specific bacteria employed
(Lima et al., 2011). There are therefore few recent studies evaluating the biodegradability of

biosurfactants.
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1.6.3 Low toxicity

While data on the toxicity of microbial surfactants is limited in the literature, they are
generally considered to have low toxicity, making them suitable for use in sectors such as
pharmaceuticals, cosmetics, food and the environment. Note that the toxicity of surfactants is
related to their structure rather than their origin (Ferradji, 2014). The hydrophobicity of the
surfactant's carbon chain is generally associated with toxicity: the longer the chain, the higher

the hydrophobicity, and therefore the more toxic the surfactant (Eddouaouda, 2012).

Biosurfactants have been tested for their toxicity on marine organisms. The saltwater
shrimp Corophium volutator showed increased sensitivity to synthetic surfactants compared to
glycolipid-like biosurfactants (Lang and Wagner, 1993). After treatment with biosurfactants,
the growth rate of Acinetobacter calcoaceticus, Serratia marinorubra and Photobacterium

phosphoreum increases, while it decreases for flagellates (Poremba and Gunkel, 1991).
1.6.4 Specificity

Biosurfactants are complex organic compounds that have particular functional groups and
frequently have a specific action. (Nitscke and Costa, 2007). This would be particularly suitable
for cleaning specific pollutants, de-emulsifying industrial emulsions and even for specific

applications in the cosmetics, pharmaceutical and food sectors (Gakpe et al., 2007).
1.6.5 Biocompatibility

When a biosurfactant is referred to as biocompatible, it signifies that it is easily accepted
by living organisms and does not modify their biological activities upon interaction. These
characteristic paves the way for its use in various fields such as cosmetics, pharmaceuticals and

the food industry as functional additives (Santos et al., 2016).
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Chapter 11

I1. Biosurfactants applications

11.1 Properties of biosurfactants

11.1.1 Biological properties

Glycolipids and lipopeptides, which are biosurfactants, may have specific antibiotic

properties (table 02). It is possible that their antibiotic action is linked to their ability to

solubilise certain components of the cell envelope (Bernheimer and Aviged, 1970).

Table 02 : Biological properties of biosurfactants

Biosurfactant Properties Reference

Surfactin Antimicrobial (Besson et al., 1978)
Irutin (Lesinger et Maragraff,
Viscosine 1979)

Gramicidines Antibiotics (Marahiel et al., 1979)
Polymixins (Suauki et al., 1965)

Empedopeptine

Inhibits many aerobic and anaerobic
gram(+) bacteria in vitro and in vivo.

(Sugawara et al., 1984)

Lichenysin A Antibacterial (Yakimov et al., 1995)
Lipid sophorosis Special antibiotics with gram bacteria (Hommelet al., 1987)
)
Ramnose lipide | Inhibits the growth of B sublitis and (Lang et al., 1989)
(R1/R2) staphilococcus epi
Emulsane Specific phage receptor (Pines et  Gutinck,
1981)

11.1.2 Physical and chemical properties of biosurfactants

Biosurfactants can have different characteristics, such as the ability to wet, foam,

solubilize, disperse, emulate or demulsify. Depending on their surfactant activity, charge and

chemical composition, the physicochemical characteristics of biosurfactants differ (Briant et

Tenebre, 1989).

11.1.2.1 Decrease in surface tension

Liquid-gas interfaces have a surface tension that surfactants can reduce (Kroschwitz,

1994 ; Pugh, 1996). This tension is due to the anisotropic distribution of attractive forces
experienced by the molecules of a liquid at its surface in contact with air, where each molecule

is subject to attractive forces from other molecules, the result of which is zero. On the other
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hand, a molecule at the surface feels a net attractive force directed towards the interior of the
liquid, because the attractive forces exerted by the air molecules are very weak, so the contact
surface between air and water is reduced. Surface tension results in an increase in the energy of
the system when a molecule is displaced from the volume towards the surface, thus reducing
the number of its first neighbors. Surface tension is a measure of the cohesive energy at an
interface. The molecules of a liquid attract and interact with each other. These interactions
between the molecules of the liquid are balanced by attractive forces acting in all directions
(Schwartz and Perry, 1977 ; Puissieu and Suiller, 1983).

The force at the surface of a liquid is due to the attraction between the molecules that
oppose the rupture of this surface. It uses the language Dyne.cm-1 (=mN.m-1). The surface
tension of water is considerably reduced by biosurfactants, even in very dilute solutions. For
example, pure water has a surface tension of 62.80 mN/m at 20°C, but in the presence of a

biosurfactant it can drop to around 30 mN/m (Holmberg, 2001).

11.1.2.2 Decrease in interfacial voltage

Interfacial tension is the force required to break the surface between two liquids that do
not mix. Biosurfactant molecules cluster at concentrations above CMC to form micelles,
bilayers and vesicles. This micelles formation allows biosurfactants to reduce interfacial tension
(Neindre, 1993 ; Pacwa-Plociniczak et al., 2011).

Interfacial tension is a molecular phenomenon that results from the energy difference
between molecules at a fluid interface and their bulk counterparts. It can also be appropriately
described as a measure of the energy required to create an interface unit between two solid
liquids (Rotenberg et al., 1983).

Interfacial tension refers to the minimum amount of "reversible” work required to
transport molecules (linked to each other by cohesion forces) from the core of the material or
another phase to its surface. This offers the possibility of increasing the area of an increment
(or increment) or modifying it. Energy is measured in joules per square meter (J/m2) (Andrieu
and Muller, 2005 ; Béranger and Mazille, 2005). Water has an interfacial tension of 50.81
mN/m with alkane (n-octane) at 20°C, while in the presence of a biosurfactant it decreases to
less than 1 mN/m (Holmberg et al., 2002).

17



Literature review Chapter 11

11.1.2.3 Critical Micellar Concentration (CMC)

CMC is defined as the concentration in solution of a surface agent beyond which a

fraction of the molecules dispersed in the solution tends to group to form micelles (Pore, 1992).

When micelles are formed from the hydrophobic parts, which cannot form hydrogen
bonds in the aqueous phase, the free energy of the system increases considerably. By isolating
the hydrophobic part from the water by adsorption on organic matrices or by forming micelles,
this energy can be reduced (Haigaigh, 1996). At the center of the micelles, the hydrophobic

parts are concentrated, while the hydrophilic parts remain in contact with the water (Figure 08).

Critical Micellar Concentration
(cMmC)

Surface tension

({{{{ %&»é %ﬂyé

(T
2

Biosurfactant monomers Micelles

Biosurfaclant concemrahon.

Figure 08 : Consequences of surfactant concentration on surface tension and micelles
formation (Lee et al., 1995).

The CMC can also be defined as the concentration at which the surface tension is
minimal (around 30 mN.m in an aqueous solution). Despite the almost identical minimum
surface tension for many biosurfactants, the CMC differs according to their structure. CMC

levels for biosurfactants fluctuate between 1 and 200 mg (Abalos et al., 2001).

Depending on its structure, the temperature of the solution and the presence of
electrolytes or organic compounds, the CMC of a biosurfactant can fluctuate. (Edwards et al.,
1991). The CMC of ionic biosurfactants is more influenced by electrolytes. An essential
element is the fluctuation in the size of the hydrophobic region, and in general, the CMC

decreases as the surfactant becomes more hydrophobic (Haigh, 1996).
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11.1.2.4 Structure of biosurfactants and parameters influencing their micellization

Biosurfactant micelles come in a variety of microstructures, such as spheres, globules
or cylinders. However, the most common are spherical and irregular vesicles, tubular bilayers

and lamellar structures (Champion et al., 1995).

The internal volume of micelles varies according to their shape and the aggregation
number, i.e. the number of monomers that make up the micelle. In general, the formation of a

micelle requires between 50 and 100 monomers (Christofi et Ivshina, 2002).

The hydrophobic chain has a length of Lc and a volume of VH and an area of the
hydrophilic part (ah). The biosurfactant also plays a role in the structure of the micelle. The
shape of the micelle can be calculated using a geometric method using the ratio VH/(ah*Lc).
When this proportion is less than 1/3, the micelle takes a spherical shape. By increasing the
number of aggregations, the interior volume of the micelle increases. The morphology of the
aggregates changes according to pH, biosurfactant concentration, temperature and ionic
strength (Bai et al., 1998 ; Champion et al., 1995).

11.1.2.5 Solubility of biosurfactants as a function of temperature

The solubility versus temperature curve for ionic biosurfactants is irregular: above a
specific temperature Tk, known as the Krafft temperature, solubility increases rapidly. The
CMC curve as a function of temperature has also been included in this graph. (Shinoda et
Fontell, 1995).

Solubility is low below the Krafft point, as it can only be attributed to monomers in
solution. After reaching saturation of these monomers (at CMC), the biosurfactant pours out as
a hydrated solid. As the temperature rises above Tk, solubility increases rapidly due to the
formation of micelles, as the activity of the micelles remains constant. (Shinoda et Fontell,
1995). Micelles contribute to increased solubility, the biosurfactant may be present in the form
of micelles or monomers.Nonionic biosurfactants do not have a Krafft temperature, but are

characterized by a temperature known as a trouble point (Gabet, 2004).
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11.2 Applications of biosurfactants

The popularity of biosurfactants lies in their non-toxicity, their ability to degrade and
their use in extreme environments (Banat et al., 2000 ; Desai et Banat, 1997). This is why they

are employed in various sectors.

11.2.1 Medical

Various biosurfactants are used in different fields, such as antimicrobial (antimalarial,
antifungal and antiviral) and immunomodulatory activity. Adhesive and anti-adhesive
compounds are utilized as adjuvants for antigens in the domains of vaccinations and gene

therapy, serving a crucial function (Rodrigues et al., 2006 ; Varjani et al., 2020).

In the medical field, the incorporation of biosurfactants has both advantages and
disadvantages. Although biosurfactants, such as rhamnolipids, have antimicrobial and anti-
tumor properties, their production is associated with the pathogenicity of certain
microorganisms, including Pseudomonas, even in plants. It is therefore essential to exercise
great caution when using these biosurfactants because of the potential risk of allergic reactions
and Epidermal irritation resulting from particular biosurfactants derived from pathogens found

in cosmetic or medicinal items (Haque et Hassan., 2020).

11.2.2 In the pharmaceutical industry

In the pharmaceutical field, biosurfactants have been used to simplify the fusion of
hydrophobic formulations, which has encouraged their use in drug distribution and in mixing
and formulation processes. (Naughton et al., 2019 ; Ohadi et al., 2020).

Several researchers have investigated the properties and uses of biosurfactants as micro-
emulsions in drug delivery systems (MDDS). Their study highlighted the importance of an in-
depth study of the variety of biosurfactants in order to improve their use in drug delivery
systems (Ohadi et al., 2020).

11.2.3 In cosmetics

Biosurfactants are widely used in the cosmetics and healthcare industries as cleaning,

emulsifying and stabilizing agents. They are ideally suited to many essential products such as
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shampoos, toothpaste, soaps, body creams, lotions and moisturizers Due to their minimal

toxicity and strong biodegradability (Yea et al., 2019 ; Vecino et al., 2017).

Biosurfactants are frequently used as emulsifiers to stabilize emulsions in various
cosmetic formulations. The effectiveness of these moisturizing creams for dry and anti-aging

skin has been proven by studies (\VVecino et al., 2017).

Similarly, the primary issue associated with cosmetic products s is skin irritation
resulting from the application of chemical surfactants. These can be replaced by biosurfactants,
which have powerful antimicrobial activity. Biosurfactants, which are influenced by the growth
and hygrometry properties of plants, influence the metabolism of dermal fibroblasts and prevent

the production of free radicals, which could cause skin damage (Kashif et al., 2022).

Vitamin C plays a crucial role in human health, as it is involved in collagen production
and skin protection, but it degrades rapidly and the cosmetics and pharmaceutical industries use
dehydrated vitamin C in their formulations to prevent it from degrading, which requires

rehydration prior to use, which is a tedious procedure (Rincon-Fontan et al., 2020).

The majority of beauty products containing vitamin C are intended to add a touch of
youth to the skin, but they are extremely unstable and are often combined with antioxidants.
Research has demonstrated that the utilization of biosurfactants enhances the stability of

vitamin C in water-based solutions (Chambial, 2013).
11.2.4 In food industry

Food formulation ingredients and substances with non-adhesive properties have been
utilized to regulate fat accumulation, which improves the texture and shelf life of food products
(Muthusamy et al., 2008).

11.2.5 In agriculture

Biological surfactants act as mobilizing agents to improve the solubility of chemical
compounds that are potentially hazardous to health, such as PAHs. They enable microbes to
adhere to contaminated soil particles. They are also used to make clay soils more sensitive to
water in order to maintain their level of nutrition. Some biosurfactants are also used in
biological control of plant diseases because of their antifungal properties. (Makkar et Rockne,
2003).
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11.2.6 In environment

Biosurfactants possess amphiphilic characteristics that enable them to form stable
micelles, making hydrocarbons and crude oil more readily available for biodegradation. This
helps to improve soil quality and water management. In addition, biosurfactants have the ability
to affect cloud precipitation by altering the surface tension of water droplets, and are also
considered key players in the degradation of xenobiotics in benthic organisms (Markande et al.,
2021).

Biosurfactants (rhamnolipids, sophorolipids, surfactins) derived from micro-organisms
such as Pseudomonas, Bacillus and Candida have been studied to solve oil spill problems.
These biodegradable surfactants alter the surface tension of surfaces and have an impact on the
influence of aerosols on rain. They are also used to improve bioremediation and are seen as a
contemporary approach in nano-biotechnology for soil and water treatment (Markande et al.,
2021).

11.2.7 In the oil industry

Biosurfactants have the ability to dissolve xenobiotic substances such as hydrocarbons,
facilitating their degradation in the natural environment. They also have the ability to associate
heavy metals such as zinc, lead, cadmium and copper, making them easier to remove from

contaminated areas (Mulligan, 2005).

Despite their use in various fields, biosurfactants are increasingly being taken into account
in contaminated site remediation strategies (Ron and Rosenberg, 2014). The use of
biosurfactants for assisted remediation offers numerous benefits. In fact, biosurfactants increase
the surface area of poorly soluble hydrocarbon compounds by reducing interfacial and surface
tensions, which leads to an improvement in the bioavailability and mobility of disruptors.
(Mahanty et al., 2006). Thus, by adding biosurfactants to a contaminated site, biodegradation
can be improved by solubilizing, mobilizing or emulsifying metals (Ron et Rosenberg, 2014).
Oil wells generally extract between a third and a half of the oil initially present in the reservoir
using oil extraction methods (Santos et al.2016), the oil residues that remain in the small pores
of oil reservoirs account for around 50 to 65% of the oil recovered. Capillary forces and
interfacial tension between the hydrocarbon and the aqueous phase retain these residues. It is
necessary to reduce the interfacial tension to release these trapped hydrocarbons, which can be

achieved by using surfactants (Austad and Taugbol, 1995).
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Through the use of heat, surfactants, microbial techniques and gas injection, much of the
retained oil is recovered during oil recovery operations (Santos et al., 2016). The tension
between oil and water and the capillary forces that prevent the passage of oil through rock pores
have been reduced by biologically derived surfactants (Pacwa-Plociniczak et al., 2011).
Biosurfactants create a stable barrier between oil and water, capturing the desorbed oil and

allowing its easy removal by injection into the oil well (Pacwa-Plociniczak et al., 2011).
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I11. Materials and methods

This study focuses on the production of biosurfactants by pure bacteria selected during
previous research on the biodegradation of crude oil. These hydrocarbonoclastic bacteria,
isolated from the sediments of the Soummam wadi, will be analyzed to characterize the
biological and chemical properties of their biosurfactants. Biosurfactants (BS) were produced
in the microbiology laboratory of the Akli Mohand Oulhadj faculty in Bouira, and their
properties were analyzed in the laboratories of the Centre de Recherche et de Development
(CRD) in Boumerdes.

SONATRACH, the flagship of the African oil industry since its creation on 31 December
1963, masters the entire hydrocarbon value chain, from exploration to marketing. Its own
research laboratories, the Research and Development Centre (CRD), enable it to meet the
technological challenges linked to the exploitation and processing of oil and gas resources, thus

guaranteeing rigorous management of these national resources.
I11.1. Materials

The strain studied was extracted from contaminated sediments of the wadi Soummam

and stored on sloping nutrient agars.

Appendix 01 summarizes the equipment, equipment, glassware and reagents, while

Appendix 02 presents the different culture media used in this study.

111.2. Methods
I111.2.1. Revivification of the strain

The bacterial strain, which was stored in slanted tubes of nutrient agar, was revived
using a solid-liquid plating technique in tubes containing nutrient broth. Subsequently, the tubes
were placed in an incubator set at a temperature of 30°C for a duration of 24 hours. Petri dishes
containing nutrient agar (NA) were then subjected to liquid-solid plating. The plates were
placed in a controlled environment at a temperature of 30°C for a duration of 24 hours. NA
medium enables the strain to be activated at origin, so that it can then be transferred to other

cultural environments (Fonseca et al., 2007).
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111.2.2. Verification of the purity of the strain

The nutrient agar streaking method was used to assess the purity of the bacterial strain.
Using a Pasteur pipette, a few bacterial colonies were picked from the previously revived strain,
then these colonies were plated with tight streaks on the surface of the nutrient agar, and the
plates were incubated at 37°C for 24 hours, repeated several times until identical colonies were

obtained on the same plate (Ighonekwu et al., 2014).

111.2.3. Preparation of the medium for the manufacture of biosurfactants

MSMG medium was prepared using a 500 ml Erlenmeyer flask containing 250 ml MSM
base medium (Appendix 2). 5 g of glucose (2% as carbon source) was added to shake, filter and
adjust its pH to 7.2+0.2, and then sterilized by autoclaving at 121.3°C for 21 minutes (Yalaoui-
Guellal et al., 2018).

111.2.4. Biosurfactant production

A Batch type of submerged fermentation was used to produce biosurfactants, using a
minimum mineral medium enriched with glucose (MSMG or MG). Faced with a Bunsen burner
flame, colonies with similar morphologies were removed from Petri dishes containing the
strain, then transferred to test tubes containing 9 ml of sterile physiological water, then

vigorously vortexed until the mixture was homogeneous.

The fermentation process involved adding 1 ml of strain solution to a 500 ml Erlenmeyer
flask containing 250 ml of MSM base medium. The flask was then placed in an incubator at a
temperature of 30°C and a speed of 150 rpm for a duration of 7 days. After incubation, samples
were centrifuged at a speed of 5000 rpm per minute for 30 minutes at a temperature of 4°C.
Thanks to this centrifugation, the samples were divided into two different phases. The
biosurfactants are present in a supernatant and the bacterial biomass is represented by a pellet
(YYalaoui-Guellal et al., 2020).

111.2.4.1. Emulation test (E24)

This method involves combining the biosurfactant solution or culture supernatant with
a hydrophobic substrate such as petroleum. The presence of biosurfactants is revealed by the

formation of an emulsified layer (Walter et al., 2010).
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In a test tube, equivalent amounts of supernatant and oil are mixed and stirred at the

maximum vortex speed for five minutes.

After resting the tubes for 24 hours at room temperature, the emulsification index E24

is determined using the following formula:

E24 = (He / Ht) * 100

The coefficient E24 corresponds to the emulsion index after 24 hours, where He
corresponds to the vertical dimension of the emulsion layer and Ht corresponds to the overall
vertical dimension of the liquid (Emtiazi et al., 2009). The emulsions created by the isolates
were compared with those created by a solution of synthetic surfactant, sodium dodecyl sulfate
(SDS), in distilled water (Yalaoui-Guellal et al., 2018).

He

Figure 09 : Measurement of the emulsification index.

111.2.4.2. Biosurfactant extraction

Biosurfactants were obtained from the supernatants using the acid precipitation
technique. The liquid portion (supernatant) was made acidic by altering its pH to a range of 2
to 2.5 using hydrochloric acid (HCI 6 N). It was then kept at a temperature of 4°C overnight to
allow precipitation of the biosurfactants. The precipitate was then recovered by centrifuging at

5000 rpm for 30 minutes. After centrifugation, the precipitates were separated and placed in
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glass Petri dishes, the initial weight (P0O) of which had been measured beforehand (Figure 10).
The precipitate was then frozen at -20°C and freeze-dried (Cazals, 2020).

La surageant

Le pH sumageant a été ajustée a (2-2,5) en

utilisant HCI6N, puis il a subit une

précipitation acide a 4 C pendant une nuit G

Centrifugation a 5000rpm

pendant 30 min

L

Le produit obtenu est congelé -20 C,

puis lyophilisation

Figure 10 : Biosurfactant extraction (Original photos).

After the freeze-drying process, the following formula was applied to calculate the

weight of the dry raw biosurfactants:

_PI-P0
%

Pes

PBS corresponds to the dry weight of the biosurfactants, expressed in mg/ml, Pl
corresponds to the weight of the plates after freeze-drying, PO corresponds to the initial weight

of the empty plates, and V corresponds to the volume of debris (Yalaoui-Guellal et al., 2020).

The biosurfactants are now converted into a dry powder and carefully transported to pre-

labeled Eppendorf tubes for preservation from any exposure to moisture.
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111.2.5. Fourier transform infrared spectroscopy Analysis

Infrared absorption spectroscopy is a sensitive and reliable spectroscopic method,
generally used in biology, based on the adsorption of infrared radiation by the material being
analysed. It makes it possible to directly observe the characteristic frequencies of the modes of
vibration of a molecule irradiated by an electromagnetic wave with a frequency in the infrared

range, with a wavelength of between 2.5 um and 25 um (Hellal, 2014).

Scientists have used Fourier transform infrared (FTIR) spectroscopy to detect and
examine the functional groups and chemical bonds found in the physiologically active portion

of the biosurfactant, allowing its chemical nature to be determined (Das et al., 2008).
a. FTIR-RTA spectroscopy of biosurfactants without KBr

Infrared spectroscopy equipment analysis without KBr is carried out. A small quantity
of powder is placed on the surface of the diamond and then pressed down using a support.
Before analyzing the sample, it is essential to remove white elements such as CO, and H20

from the apparatus (Gennet and Ley, 2004).

The instrument (figure 11) is adjusted to produce a vibration of 50 Hertz to improve
peak resolution, then as soon as the spectrum is obtained, ATR (attenuated total reflection)
corrections are applied to improve the sharpness of the peaks, and if CO, and H,O are present,

the ‘reduction’ option is chosen to obtain the final spectrum in a range of 400 to 4000 cm™

(Gennet and Ley, 2004).

28



Experimental procédures Chaptrer 111

Figure 11 : Fourier Transform Infrared Spectrophotometer (FT/IR-4200) (Original photo).
b. FTIR-RTA spectroscopy of biosurfactants with KBr

The spectrometer was utilized to conduct FTIR analysis using KBr as a medium. The
sample used for analysis consisted of biosurfactants dispersed in KBr pellets (Figure 12), which
were subsequently freeze-dried with the active fraction. To prepare the sample, a 0.2 mg portion
of biosurfactants was mixed with 90 mg of KBr to create a finely powdered mixture. This
powder was then compressed using a hydraulic press to obtain a translucent pellet, which was
subjected to analysis using the FTIR system (IRaffinity-1, SHIMADZU). The spectrum is
acquired within the wavelength range of 400 to 4000 cm™*(Yalaoui-Guellal, 2017).

The FTIR approach is utilized to identify the spectrum and compare it with a reference
biosurfactant (surfactin) in order to verify the chemical nature of the biosurfactant extract (Das
et al., 2008).
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Figure 12 : Fourier Transform Infrared Spectrophotometer (Original photo).

111.2.6. Measurement of the surface tension

The easiest and most suitable screening technique to detect microbes that produce

biosurfactants is to directly measure the surface tension of the culture substrate (Lin, 1996).

The surface tension of dilutions of biosurfactant is measured using the hanging drop
technique (Dupeyrat, 1989). This technique (figure 13) involves forming a drop of biosurfactant
solution at the end of a small-diameter needle (Kahnetics, internal @: 0.483 mm; external @:
0.711 mm). By analyzing the shape of the drop before it breaks, the surface tension can be
measured using the FTA200 goniometer (First Ten Angstroms, VA, USA).

Figure 13 : Device for measuring surface tension (Original photo).
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111.2.7. Characterization by GC-MS

The most accurate method for detecting and measuring high molecular weight
lipopeptides and biosurfactants is gas chromatography combined with mass spectrometry
(GC/MS). It is, therefore, essential to analyze the lipid fraction of biosurfactants in order to
elucidate their detailed structure, in particular to identify fatty acid structures. The hydrolytic
cleavage of the link between the carbohydrate or peptide/protein part of the biosurfactants and
their lipid parts is carried out by GC/MS, which allows the derivatization of the fatty acid chains
resulting in fatty acid methyl esters (FAME) and convert them into trimethylsilyl derivatives
(TMS) (Smyth et al., 2010).

Different columns were used for GC/MS analysis, such as the Hp 5Ms capillary column
(length 30 m, internal diameter 0.25 mm, film thickness 0.25um). GC-MS analyses can be
performed with different columns (Yakimov et al., 1995).

The protocol of the GC/MS technique is as follows (Vater et al., 2002) :

- 5 mg of purified biosurfactant is dissolved in a 0.95 ml solution of methanol and 0.05 ml of
sulphuric acid in a sealed tube. Heat it to 90°C for 15 hours, then evaporate the solvents and

recover the residue with 1 ml of hexane.

- After that, wash with 1 ml of water and evaporate the hexane to obtain an extract containing
the FAME.

- The experimental parameters employed are as follows: the injector temperature is set to
250°C, the oven program begins at 50°C and is maintained for 1 minute, then the temperature
is increased at a rate of 25°C per minute until it reaches 175°C, after which it is increased at a

rate of 4°C per minute until it reaches 230°C, and finally held at that temperature for 5 minutes.

- The characteristics of mass spectrometry include an electronic energy of 70 eV, a scanning
range from 50 to 650 Da, and an injection volume of 1 uL. Additionally, the retention periods
of fatty acid methyl esters increase with both chain length and degree of separation (Figure 14).
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Figure 14 : Gas chromatography coupled with GC-MS mass spectrometry (Original photo).
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IV. Results and discussion

IV.1. Revivification and control of strain purity

The characteristic colonies of the strain can be observed after their recovery and
incubation in the Na medium. The strain is pure thanks to the homogeneity of the characteristics

of the Petri dish colonies.

IV.2. Emulsification test (E24)

After a full day, the biosurfactant was evaluated for its ability to form emulsions using
the emulsification method (Cooper et Goldenberg, 1987).

According to the results of the emulsification test, it was observed that in the MSMG
medium, the average value of E24 was 58.88 + 1.478%, this result is better than obtained by
the standards chemical surfactant SDS (50,23+ 1.13%). It seems that this observation indicates
that biosurfactants manufactured in the MSMG medium have the ability to emulsify biphasic
solutions. (hydrophobic-hydrophilic). The emulsifying capacity of bacterial strains is an
essential part of the biodegradation of crude oil in water. Thanks to this ability, the
bioavailability of the oil is improved, resulting in an increase in the rate of biodegradation.
Thus, these bacteria can be essential to eliminate sites polluted by hydrophobic substances such
as hydrocarbons (Bredholt et al., 1998 ; Quek et al., 2006 ; Mnif et al., 2011).

The studied strain yielded a significant yield of freeze-dried biosurfactants, which was
5.15 + 0.12 g/L after extraction by acid precipitation (HCI 6N) and after freeze-drying.
However, this is a fairly significant amount compared to that observed by several authors
(Kuyukina et Ivshina, 2010 ; Maalej et al., 2016 ; Yalaoui-Guellal et al., 2021).

IV.3. FTIR-RTA spectroscopy analysis

The analysis of the FTIR absorption spectra with and without KBr allowed use to
identify all the absorption bands corresponding to the different chemical groups present in the

biosurfactant, and thus to predict the constituents concerned.

Figure 15 represents the spectrum of the biosurfactant obtained by infrared spectroscopy
with KBr between 400 and 4000 cm™.
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Figure 15 : Biosurfactant spectrum obtained by FTIR with KBr.

The results obtained in the graphic representation of the biosurfactant spectrum indicate
the following characteristic bands (Gaffney et al., 2002 ; Collet, 2016) :

- The observation of three specific peaks at 3389 cm™, 3855 cm™ and 1407 cm™ in the

spectrum confirms the presence of a hydroxyl group (OH) linked to alcohol or phenol
structures.

- The presence of CH2, CH3 and CH groups in alkanes influences the peak position at
2958 cm observed in the spectrum.

- The observation of a specific band at 1638 cm-1 in the spectrum confirms the presence

of a carbonyl group (C=0) in carboxylic acid molecules or their derivatives.

- Infrared spectrum analysis reveals a characteristic peak at 1243 cm, which is a

distinctive signature of the presence of C-O bonds in alcohol or phenol structures.

- A specific peak at 1078 cm™ confirms the presence of O-C groups in carboxylic acid
molecules or their derivatives.
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Figure 16 : FTIR spectrum without KBr of the biosurfactant studied.

Figure 16 shows the results obtained from the biosurfactant analyzed by Infrared

spectroscopy without KBr between 400 and 4000 cm™.
The analysis of these results indicates (Gaffney et al., 2002 ; Collet, 2016) :

- Three peaks at 3669 cm™, 3320 cm™and 1401 cm™ correspond to elongation vibrations

of O-H bonds in alcohols and phenols.

- The presence of two absorption bands at 2987 cm™ and 2910 cm™ in the infrared

spectrum confirms the presence of the CH», CHz and CH groups characteristic of alkanes.

- A vibration at 1646 cm™ indicates the presence of a carbonyl group (C=0) of

carboxylic acid and its derivatives.

- The elongation peak displayed at 1245 cm™ is assigned to C-O bonds in alcohols and

phenols.

- The observation of a specific peak at 1068 cm™ in the IR spectrum indicates the

presence of O-C groups in carboxylic acid molecules or their derivatives.

- The observation of a 900 cm™ band in the infrared (IR) spectrum confirms the presence
of a vinyl group (-CH=CHy) in the analyzed molecule.
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The comparison of the FTIR spectra of the two cases, with and without KBr, highlights
similarities in the position of the peaks, indicating the presence of the same functional groups.
However, peak intensity varies, suggesting a quantitative rather than qualitative difference in
sample composition. It should be noted that peaks characteristic of a vinyl grouping are present

in the spectrum without KBr, but absent in the spectrum with KBr.

These results are consistent with the conclusions of other work on biosurfactants where
they observed that most biosurfactants systematically have a carboxylic or ester group in their
structure (Banat, 1995 ; Ron et Rosenberg, 2002).

The use of FTIR spectroscopy to study biosurfactants revealed the simultaneous
presence of aliphatic chains and peptide groups in these molecules. These results indicate the
probable presence of lipopeptide biosurfactants, whose structure is comparable to that of

surfactin and fengycin (Pereira et al., 2013 ; Liu et al., 2016).
IV.4. Evaluate the surface tension

On the surface of a liquid, molecules experience a lower force of attraction than those
inside, which creates an imbalance and a tendency to regroup. This force of contraction, called
surface tension, opposes any increase in the surface of the liquid (Holmberg, 2001). The
analysis of the effect of surfactants on the surface tension of pure water allowed to determine a
value of about 70 mN/m. Then, the surface tension decreases exponentially, reaching a

minimum level of about 30 mN/m at a 2 mg/ml surfactant concentration.

Biosurfactants have the ability to significantly reduce the surface tension of water,
bringing it into a range of values ranging from 25 to 30 mN/m (Rahman et al., 2002 ; Haba et
al., 2003).

IV.5. Characterization by GC-MS

The methyl esters of the lipid part are analyzed in gas chromatography, which highlights
four main peaks. According to the GC-MS analysis, it is observed that the lipid part is mainly
composed of fatty acids as shown in Table 04. Identification was done using the Wiley, NBS
and NIST databases.
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Table 03 : Exploration of fatty acid composition of lipid parts of biosurfactants

Peak num 1 2 3 4
Retention time 17.24 16.72 14.98 17.23
Methyl ester Acid (Z2)-octadec- Acid (9Z,12Z)- Acid Acid (E)-
9-enoic octadeca hexadecanoic octadec-9-
-9,12-dienoic enoic
Molecular mass 296 294 270 296
(g/mol)

Figures 17, 18, 19 and 20 show the mass spectra obtained for the four methyl esters

analyzed.
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Figure 17 : Graphical representation of the fragmentation of methy! ester derived from acid
(2)-octadec9-enoic.
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Figure 18 : Graphical representation of the fragmentation of acid-derived methy! ester
(9Z,12Z)-octadeca-9,12-dienoic.
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Figure 19 : Graphic mass representation of methyl ester of hexadecanoic acid.
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Figure 20 : Graphic mass representation of methyl ester of acid (E)-octadec-9-enoic.

There are the M+ fragments, which are the molecular ions of each peak in Table 04, as
well as the [M-31]+ fragments, which are characteristic of methyl esters, in all the spectra
shown in Figures 17, 18, 19, 20 as well as the fragments at m/z 74 which would be the result
of a rearrangement McLafferty.

Each C-C bond is cleaved to form alkyl ions and an oxygen-containing ion has the
formula CnH2,-102". Table 04 shows the four compounds that have mass spectra that clearly
indicate that they are fatty acid methyl esters. Thus, the lipid part is mainly composed of fatty
acids in C16 (saturated) and C18 (mono and di-unsaturated). On prend I’exemple de

I’hexadécanoate de méthyle

Molecular ion M+ is at m/z 270

The acylium ion [CHs-(CHa)14-C =0O]" is at m/z 239.

The ion from a McLafferty rearrangement is obtained at m/z 74

Fragments at m/z 29, 43, 57, 87, 143 and 227 are also present.

According to Table 04 and comparing with the composition of the biosurfactant produced
by the isolate of the strain Natrinema, which is composed of a benzene nucleus and a mixture
of acids (palmitic acid 256,42g/mol, stearic acid 284,47g/mol and linoleic acid 280,44g/mol),
the results are indicated, it is found that each biosurfactant whatever the producing strain has a
different composition (Kiemla et al., 2016 ; Ariech, 2018 ).
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The four compounds in Table 04 have mass spectra that clearly indicate that they are fatty
acid methyl esters. Thus, the lipid part is mainly composed of fatty acids in C16 (saturated) and
C18 (mono and di-unsaturated).
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Conclusion

Biosurfactants are compounds with surfactant properties that are produced by
microorganisms as byproducts of their metabolism. In this work, the objective is to study the
physicochemical characteristics of biosurfactants produced from hydrocarbonoclast bacteria by

performing different tests.

The first part of the study focused on a general bibliographic synthesis of the
classification of biosurfactants, their potential and characteristics allow use to deepen our
understanding of their nature, their structure, in particular surface and interfacial tension, and

their various fields of application.

The second part focuses on the production of biosurfactants. Thus their physicochemical
profile using different techniques such as surface tension, emulsification index, Fourier

transform infrared spectroscopy and gas chromatography mass-spectrometry.

The results obtained highlighted the properties of biosurfactants obtained by

hydrocarbonoclast strain:

- The studied strain gave a significant yield of freeze-dried biosurfactants, which was valued at
5,15 g/L.

- An ability to emulsify hydrophobic-hydrophilic biphasic solutions with a value of E24 which
was 53.88+4.479%.

- The lyophilizates of biosurfactants have a lower surface tension (30 mN/m) than that of water
(70 mN/m), indicating their ability to decrease the surface tension.

- The results of Fourier’s infrared transform spectroscopy revealed that biosurfactants are

lipopeptide types, like surfactin and fengycin.
- Characterization by CG-MS shows that the lipid part is composed of fatty acids.

Following the results obtained, it is possible to complete this study by using more in-depth

methods, such as:

- Molecular analysis of the strain analyzed using 16S RNA sequencing and assessment of the

biological profile of its biosurfactants produced;

Production of biosurfactants at the semi-pilot scale by mastering all the factors

influencing this production by optimization software;
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- Atomic Absorption Spectrometry (AAS) analysis assesses the presence of metallic elements

(alkaline, alkaline-earthy, transition metals) and metalloids in a sample.

- The combination of tandem mass spectrometry and liquid chromatography (LC-MS/MS)
analysis allows the identification and quantification of the components of a mixture from the

chloroform-methanol column chromatographic fraction.

-Analysis by mass spectrometry type MALDI-TOF for biochemical and molecular

identification.
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Appendices

Appendix 01: Equipment, materials, glassware and reagents used:

Equipment Materials and glassware Reagents
Hotplate stirrer Beakers HCI
Autoclave Petri dishes Distilled water
Etuve Glass boxes Ethanol
Analytical balance 100 ml specimens Glucose
Bec bunsen 1000ml Erlenmeyer Methanol
Incubator 250 ml bottles Sulfuric acid
Centrifuge Micropipettes Hexane
PH meter Pliers
Refrigerator Test tube holders
Vortex Absorbent paper
Microscope Aluminum foil
Sifter Transparent Cellophane Paper
Spectrophotometer Pipette pasteur

Freeze-dryer

Blood pressure monitor
Infrared Spectrophotometer to
Fourier transform

Tapered tube

Test tube

Spatula

Strainer

Eppendorf tubes

Funnels

Blades and lamella
Spectrophotometer cuvette
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Appendix 02: Composition of culture media used

Nutrient agar medium (g/l)

Salt Mineral Medium (MSM)

Nutrient Agar Powder.................. 28
Distilled water ........................1000

NaCl.ooooiii 30g
KHoPO4.ooiiiiii e, 2,0g
NHsNOz. ..o 1,0g

NaoHPO4. ..o eee.3,0g
MGSO4.7H20 ..o, 0,7¢g
Trace element solution
Distilled water .............ccccceeeeveeeee... 1000 ml
pH=7,2+0,2




Abstract: Surfactants are surface active agents synthesized chemically or biologically
(biosurfactants). These molecules are mainly produced by micro-organisms that develop
aerobically in a contaminated environment. Biosurfactant as an effective biological surfactant,
it is less toxic and biodegradable, as well as it has the ability to reduce surface and interfacial
tension. For this study, we examined data concerning the biosurfactant produced from
hydrocarbonoclast bacteria, which is considered as a biological alternative to chemical
surfactants due to its biotechnological properties, environmental and industrial. The
optimization of biosurfactant production depends on environmental factors (pH regulation,
temperature, oxygen, etc.). The measurement of biosurfactant production using a minimum
mineral medium enriched with glucose (MG) is carried out by several methods such as the
measurement of surface tension (about 30 mN/m) and emulsification index (58.88%) and 5.15
g/L of freeze dried biosurfactants. The identification is assembled for characterization using
advanced analysis techniques such as Fourier transform infrared spectroscopy (FTIR), gas
chromatography coupled with mass spectrometry (GC/MS).

Keywords: Biosurfactant, Emulsification test (E24), GC-MS, IRTF-RTA.

Résumeé : Les surfactants sont des agents a activité de surface synthétisés chimiquement ou par
voie biologique (biosurfactants). Ces molécules sont principalement produites par des micro-
organismes qui se développent de maniere aérobie dans un milieu contaminé. Le biosurfactant
en tant qu’agent tensioactif biologique efficace, il est moins toxique et biodégradable, ainsi
qu’il a la capacité de réduire la tension superficielle et interfaciale. Pour cette étude, nous avons
examiné les données concernant le biosurfactant produit a partir des bactéries
hydrocarbonoclastes, qui est envisagé comme une alternative biologique aux surfactants
chimiques en raison de ses propriétés biotechnologiques, environnementales et industrielles.
L’optimisation de la production des biosurfactants dépend des facteurs environnementaux (la
régulation de pH, la température, ’oxygéne...). La mesure de la production des biosurfactants
en utilisant un milieu minimum minéral enrichi avec le glucose (MG) est effectuée par plusieurs
méthodes telles que la mesure de la tension de surface (environ 30 mN/m) et de I’indice
d’émulsification (58,88%) et 5,15 g/L de biosurfactants lyophilisés. L’identification est
assemblée pour la caractérisation en utilisant des techniques d’analyses avancées comme la
technique spectroscopie infrarouge a transformée de Fourier (FTIR), la chromatographie en
phase gazeuse couplée a la spectrométrie de masse (GC/MS).

Mot clés : Biosurfactant, Test d’émulsification E24, GC-MS, IRTF-RTA
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