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FOREWORD

The microbial world has given us many surprises including microbes that grow
under extremely harsh conditions (122°C at 40 MPa), novel metabolisms such as the
uranium and perchlorate reduction, and novel chemicals that can be used to control
diseases. We continually face new and difficult problems such as the need to transition
to more carbon-neutral energy sources and to find eco-friendly chemicals and to find
new drugs to treat disease. Will it be possible to tap into the seemingly limitless
potential of microbial activity to solve our current and future problems? The answer
to this question is probably yes. We are already looking to the microbial world to
provide new energy sources, green chemicals to replace those made from petroleum,
and new drugs to fight disease. To help us along these paths, we are deciphering
how microorganisms interact with each other. We know that microbial populations
interact and communicate with each other. The language that microbes use is chemical
where small molecules are exchanged among different microbial cells. Sometimes,
these chemicals suppress activities of competitors and could be used as antibiotics
or may have other therapeutic uses. Other times, the chemicals stimulate complex
responses in microbial populations such as fruiting body or biofilm formation. By
understanding the conversation that microbes are having among themselves, e.g.,
what chemicals are made and why these chemicals are made, we should be able to
discover new chemicals that control microbial growth and activity; some of these
will have other applications. One class of chemicals made by microorganisms that
is finding more and more practical use is biosurfactants.

Biosurfactants are low molecular weight, amphiphilic compounds produced by
a wide variety of microorganisms. Due to their amphiphilic nature, biosurfactants
have hydrophilic and lipophilic moieties that allow the biosurfactants to partition
at water/air, oil/air, or the oil/ water interfaces where it lowers surface and/or
interfacial tension. We have known for many years that hydrocarbon-degrading
microorganisms make biosurfactants to increase the apparent aqueous solubility
of the hydrocarbon by forming micelles or to alter surface properties of the cell to
bring the microbe to the hydrocarbon. However, it was unclear until recently why
non-hydrocarbon-degrading bacteria make biosurfactants. Recent research indicates
that there are a number of reasons why microorganisms make biosurfactants; mainly

vii
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these reasons relate to the need to change surface or interfacial properties of the cell or
local environment. Surface or interfacial tension changes are needed for the erection
of fruiting bodies, swarming of cells, gliding motility, and biofilm formation and
development. Because biosurfactants are involved in the complex social responses
that control cell development, they also have a number of therapeutic functions
including anti-microbial and anti-tumor activities.

One important feature of biosurfactants is that they have very low critical micelle
concentrations (CMC), much lower than chemically made surfactants. The low CMC
of biosurfactants means that biosurfactants are effective at low concentrations, lower
than many chemically made surfactants, so only small amounts of biosurfactants are
needed to reduce surface and interfacial tension. The fact that only small amounts
of biosurfactants coupled with their known biodegradability make them excellent
candidates for “green” detergents and surfactants. More productive strains, better
fermentation conditions and cheaper substrates are needed to reduce costs and expand
the applications of biosurfactants. This book presents a number of outlooks on the
production and use of biosurfactants. Dr. Cameotra et al reviews the synthesis and
advantages of biosurfactants. Dr. Nerurkar and Dr. Sen each discuss the structural
and functional features of the well-studied lipopeptide biosurfactants, lichenysin and
surfactin, respectively. Methods to screen for biosurfactant producers are discussed
by Walter et al, which should assist those interested in obtaining new biosurfactant
producers. Das et al discuss the potential to obtain new biosurfactant producers from
marine environments. Two chapters discuss biosurfactant production by yeasts.
Campos-Takaki et al reviews environmentally friendly biosurfactants made by
yeast while Amaral et al discusses the characteristics, production and applications
of biosurfactants made by yeasts.

One problem with commercial applications of biosurfactants is that they are made
in low concentrations, which make product recovery difficult and expensive. A major
theme of the book is the use of alternative substrates and fermentation approaches to
reduce cost and optimize biosurfactant production. Chapters by Benincasa et al and
Pornsunthorntawee et al discuss new or alternate strategies for the production and use
of rhamnolipids. Solid-state cultivation for biosurfactant production (chapter by Krieger
et al) is a logical outcome of role of biosurfactants in biofilm formation. Non-aqueous
phase production may also be an economic way to make biosurfactants as discussed
by Zinjarde and Ghosh. Finally, Baker and Chen discuss how one can take advantage
of the ability of biosurfactants to form micelles to facilitate recovery.

An important factor limiting the application of biosurfactants is that chemically
made surfactants have better interfacial properties with diverse hydrophobic
compounds than biosurfactants do. New structures with better properties are
needed. The chapter by Koglin et al discusses strategies to redesign biosurfactant
structure to optimize activity for specific applications. Palme et al discuss the
properties, production and chemoenzymatic modification of glycoglycerolipids
and oligosaccharide lipids. Mehta et al discuss the structural features that govern
surface activity and biological function. The interaction of di-rhamnolipids with
phospholipids membranes and the mechanism of how these molecules disrupt
membranes are discussed by Ortiz et al.
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Another important theme of the book is the diverse applications of biosurfactants
for environmental clean-up, oil recovery, and medicine. Mukherjee and Das provide
an overview of these applications. Prof. Ward lends his considerable expertise to
review the use of biosurfactants to stimulate biodegradation. Joshi and Desai review
the use of biosurfactants in bioremediation of non-aqueous phase liquids while
Franzetti et al review the use of biosurfactants in bioremediation. Two chapters, one
by Perfumo et al and the other by Khire, discuss the use of biosurfactants for oil
recovery. Rodrigues and Teixeira discuss the growing biomedical and therapeutic
applications of biosurfactants.

With a greater understanding of how and why microorganisms make
biosurfactants with an insight into the molecular genetics of their biosynthesis
(chapter by Shete et al), we can better manipulate the physiology of biosurfactant
producers to enhance productivity and to identify more active compounds. The
book provides comprehensive overviews on the diversity of biosurfactant-producing
microorganisms and types of biosurfactant molecules that are made. Also, the
book includes a state-of-the-art discussion on the use of alternative substrates and
fermentation approaches for biosurfactant production.

Prof. Michael J. McInerney

Department of Botany and Microbiology
University of Oklahoma

Norman, Oklahoma

USA






PREFACE

The idea of writing or editing a book on ‘Biosurfactants’ struck me immediately
after we published a review in Trends in Biotechnology [2006; 24(11):509-515],
which received very good feedback from the world biosurfactant research
community. In one fine morning, when I received an email from Ron Landes of
Landes Bioscience, USA, requesting me to edit a book on biosurfactants, I spared
no time to grab the opportunity and contacted all those who are international experts
in the area of biosurfactant research and development. It is the prompt and positive
responses from my dear colleagues who through their valuable contributions made
my wish and endeavor of bringing out the book on comprehensive review of the
background and recent advances in the field of biosurfactants a reality. Their
timely efforts and contributions are thus gratefully appreciated. The book, which
deserves to be an excellent reference book on various facets of the fascinating
world of biosurfactants, would surely live up to the expectations of the researchers
actively involved and keenly interested in biosurfactant R&D, both in academia and
industry. The book consists of 24 chapters from different research groups—each
one represents the progress, prospect and challenges in biosurfactant research.

This is supposed to be the most up-to-date book on ‘biosurfactants’. Moreover,
the enormous commercial and healthcare potentials of biosurfactants and the
current market demand for cost competitive and environment friendly alternatives
to synthetic surfactants, particularly when an impending petroleum crisis is
looming large all over the world, have encouraged me to undertake the challenge
of editing this book on ‘Biosurfactants’. We endeavor not only to highlight the
tremendous progress made by the scientific community in this field of research,
but also to critically analyze the lacuna to improve the commercial prospects of
these wonder biomolecules by resorting to novel screening methods, metabolic
pathway engineering, and innovative process development and application
strategies. I do fervently hope that the book will be able to cater to the needs of
the research scientists and technologists at large. We will be very happy if our
sincere efforts enhance the reader’s understanding of the new developments in
this subject area.
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I thankfully acknowledge all the authors and co-authors of each chapter of
the book for their valuable and inspiring contributions. I do highly appreciate the
help that I have constantly received from my colleagues at Landes Bioscience;
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students, particularly Soumen; my wife, Anamika and my little son, Adi for their
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CHAPTER 1

Screening Concepts for the Isolation
of Biosurfactant Producing

Microorganisms
Vanessa Walter,* Christoph Syldatk and Rudolf Hausmann

Abstract
his chapter gives an overview of current methods for the isolation of biosurfactant
producing microbes. The common screening methods for biosurfactants are
presented.

Sampling and isolation of bacteria are the basis for screening of biosurfactant producing
microbes. Hydrocarbon-contaminated sites are the most promising for the isolation of bio-
surfactant producing microbes, but many strains have also been isolated from undisturbed
sites.

In subsequent steps the isolates have to be characterized in order to identify the strains which
are interesting for a further investigation. Several techniques have been developed for identifying
biosurfactant producingstrains. Most of them are directly based on the surface or interfacial activity
of the culture supernatant. Apart from that, some screening methods explore the hydrophobicity
of the cell surface. This trait also gives an indication on biosurfactant production.

In recent years automation and miniaturization have led to the development of high through-
put methods for screening. High throughput screening (HTS) for analyzing large amounts
of potential candidates or whole culture collections is reflected in the end. However, no new
principals have been introduced by HTS methods.

Introduction

The overall establishment of biosurfactants is well-known to be impeded by a lack of avail-
ability of economic and versatile products. Currently there is only a very limited offer of com-
mercially available biosurfactants, e.g., surfactin, sophorolipids and rhamnolipids. A variety of
new biosurfactants respectively producing strains are the key issue in overcoming the economic
obstacles of the production of biosurfactants. Therefore, increased efforts in the discovery of new
biosurfactant producing microbes must be made by applying a broad range of different screening
methods, which is the focus of this chapter.

The principle aim in screening for new biosurfactants is finding new structures with strong
interfacial activity, low critical micelle concentration (cmc), high emulsion capacity, good solu-
bility and activity in a broad pH-range. Besides these physicochemical properties, commercial
viable biosurfactants have to be economically competitive. Therefore, the second aim in screening
is the discovery of good production strains with high yields.

*Corresponding Author: Vanessa Walter—Institute of Engineering in Life Sciences, Department
of Technical Biology, University of Karlsruhe, Karlsruhe, Germany.
Email: vanessa.walter@tebi.uni-karlsruhe.de

Biosurfactants, edited by Ramkrishna Sen. ©2010 Landes Bioscience
and Springer Science+Business Media.
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Biosurfactants may be involved in pathogenesis due to their surface activity; however, for
security and regulatory reasons, production strains should be nonpathogenic. In the above men-
tioned example of thamnolipids this is not the case as Pseudomonas aeruginosa, the most common
producing bacteria, is a pathogen.

A variety of methods for the screening of biosurfactant producing microbes has been developed
and successfully applied. Since the 1970s there have been various trials in this field. These screen-
ings have mostly been limited to a manageable number of samples. In recent years automation
and miniaturization have led to the development of high throughput methods for screening of
biosurfactant producing strains. A broad application of such methods could eventually lead to the
desired upsurge of new commercially interesting strains.

An efficient screening strategy is the key to success in isolating new and interesting microbes
or their variants, because a large number of strains needs to be characterized. A complete strategy
for screening of new biosurfactants or production strains consists of three steps: sampling, isola-
tion of strains and investigation of strains. Theses steps will be addressed in the next paragraphs.
Bioinformatical approaches like homology search are not included herein.

Sampling
According to Ron and Rosenberg,' biosurfactants can fulfill various physiological roles and
provide different advantages to their producing strains:
e increase the surface area of water-insoluble substrates by emulsification,
increase the bioavailability of hydrophobic substrates,
bind heavy metals,
be involved in pathogenesis,
possess antimicrobial activity,
e regulate the attachment/detachment of microorganisms to and from surfaces.
According to these physiological roles, biosurfactant producing microbes can be found in di -
ferent environments. Many biosurfactant producing microbes were isolated from soils or water
samples which are contaminated with hydrophobic organic compounds like e.g., refinery wastes.*!?
One biosurfactant producing microbe, Cladosporium resinae, which is also called the “kerosene
fungus”, was even isolated from an aircraft fuel tank.'* In contrast, also undisturbed environments
have yielded several interesting isolates, e.g., natural soils.” Marine environments have also been
reported as successful sampling sites.*'*"” However, Bodour and Miller-Maier'® showed that
contaminated soils are more yielding than uncontaminated soils. One exceptional example is the
discovery of biosurfactant producing strains which were originally isolated when investigating
the food hygiene of meat.?**!

Isolation

In natural environments, microbes occur almost always in a mixed population composed of a
multitude of different strains and species. For analyzing the properties of a defined organism out
of such a mixed population, a pure culture is required. Apart from direct isolation of strains by
diluting and plating, enrichment cultures with hydrophobic substrates are very promising for the
isolation of biosurfactant producing microbes. Additionally, hydrophobic interaction chromatog-
raphy and the replica plate technique are also rewarding methods.

The principle of enrichment culture is to provide growth conditions that are very favorable
for the organisms of interest and as unfavorable as possible for competing organisms. Hence,
the microbes of interest are selected and enriched. For the screening of biosurfactant producing
microbes, enrichment cultures utilizing hydrophobic compounds as the sole carbon source are
applied.>>7!1222 This is an indirect screening method as the growth on hydrophobic compounds
indicates the production of biosurfactants, but not always correlates with this trait.>> Moreover, the
applied screening medium and conditions will influence whether or not surfactants are produced.’
Thus, it is possible that biosurfactant producing populations are present in the sample which are
not enriched by the applied enrichment conditions.
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Willumsen and Karlson? isolated biosurfactant producing bacteria from soil which was con-
taminated with polyaromatic hydrocarbons (PAHs). They used PAH-amended liquid minimal
medium for enrichment culture. Furthermore, they used agar-plates coated with different PAHs and
agar-plates with a PAH-soaked filter in the lid of the petri dish for the selection. The degradation
of PAHs by the microorganisms then leads to a clearing zone agar around the colonies in the PAH
coated agar. As result, they isolated 57 strains of which only 4 strains showed surface activity.

Mercadé et al isolated biosurfactant producing strains from petroleum-contaminated soil
samples by using waste lubricating oil as the sole carbon source. They isolated 44 strains which
were able to grow on hydrocarbons. Therefrom, five isolates produced biosurfactants.

Schulz and colleagues® isolated three bacterial strains of marine origin during a screening for
biosurfactants among #-alkane degrading microorganisms. As enrichment medium, they used
mineral media with C,4- and Cs-z-alkanes and also agar plates with an alkane-soaked filter in
the lid. Yakimov and coworkers'” isolated a biosurfactant producing bacterium of a new genus by
using the same enrichment technique.

Rahman et al” isolated 130 oil-degrading isolates from hydrocarbon-polluted environments
by enrichment techniques. A mineral salts medium containing crude oil as the sole carbon source
was applied. Two of these strains were found to produce biosurfactants.

The degradation and consumption of hydrocarbons can also be visualized by the following
colorimetric method developed by Hanson et al.* By adding a colored redox indicator, 2,6-dichlo-
rophenol indophenol (DCPIP), to liquid cultures growing on hydrocarbons, a simple colorimetric
assay results. The DCPIP is incorporated by bacteria that can degrade the hydrocarbons. It acts as
electron acceptor and changes from blue (oxidized) to colorless (reduced). Thus, a decolorization
of the culture shows degradation of hydrocarbons. However, the redox indicator DCPIP might
be toxic to some organisms.

Asa conclusion, sampling of contaminated sites combined with direct isolation or enrichment
culture is an approved strategy for discovering new biosurfactant producing strains. However, as
the proportion of positives is only in the range of a few percent, several dozen of isolates have to
be tested for every hit.

Screening Methods

Biosurfactants are structurally a very diverse group of biomolecules, e.g., glycolipids, lipopep-
tides, lipoproteins, lipopolysaccharides or phospholipids. Therefore, most methods for a gen-
eral screening of biosurfactant producing strains are based on the physical effects of surfactants.
Alternatively, the ability of strains to interfere with hydrophobic interfaces can be explored. On the
other hand, specific screening methods like the colorimetric CTAB agar assay are suitable only to
alimited group of biosurfactants. The screening methods can give qualitative and/or quantitative
results. For a first screening of isolates, qualitative methods are generally sufficient.

Surface/Interfacial Activity

The majority of screening methods for biosurfactant producing microbes are based on the
interfacial or surface activity. Various methods have been developed for measuring this property.
The methods which are applied for screening of biosurfactant producing microbes are reviewed
in the next paragraph.

Direct Surface/Interfacial Tension Measurements

The direct measurement of the interfacial or surface activity of the culture supernatant is the
most straightforward screening method and very appropriate for a preliminary screening of bio-
surfactant producing microbes.* This gives a strong indication on biosurfactant production. The
interfacial or surface tension of aliquid can be measured by a variety of methods. However, there is
arestriction in the range of measurement. The surface tension decreases with increasing surfactant
concentration until the cmc is reached. If the concentration of biosurfactant is above the cmc, an
increase in the concentration cannot be detected. Consequently, two cultures with very different
concentrations of biosurfactant may display the same surface tension. This problem can be solved
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by serial diluting until a sharp increase in surface tension is observed.??**% The corresponding
dilution of the supernatant is called critical micelle dilution (cmd) and correlates to the concentra-
tion of biosurfactant. Furthermore, the measurements are strongly affected by factors such as pH
and ionic strength. In addition, the measurement can be affected by plant oils as carbon sources
because of the resulting fatty acids or mono/di-glycerids interfacial activity.

For screening purposes, the following methods are established. They can all be used for measur-
ing the surface and interfacial tension of a liquid. Especially the Du-Nouy-Ring method is quite
easy and most frequently applied.

Du-Nouy-Ring Method

The Du-Nouy-Ring method is based on measuring the force required to detach a ring or loop of
wire from an interface or surface.’® The detachment force is proportional to the interfacial tension.
It can be measured with an automated tensiometer which is available from many manufacturers.
The ring must be free from contaminant, which is usually achieved by using a platinum ring that
is flamed before use. Instead of a ring, a platinum plate, a so called Wilhelmy plate, can be applied
in the same manner.®'»

The Du-Nouy-Ring assay is widely applied for screening of biosurfactant producing
microbes.>>71520273436 Cooper considered a culture as promising if it reduces the surface tension
of aliquid medium to 40 mN/m or less.”” Willumsen and Karlson® give a similar definition: a good
biosurfactant producer is defined as one being able to reduce the surface tension of the growth
medium by 220 mN/m compared with distilled water.

The advantage of this method is the accuracy and the ease of use. However, it requires specialized
equipment. A disadvantage is that measurements of different samples cannot be performed simultane-
ously. Other limitations of this assay include the volume of sample required for analysis, usually some
milliliters and the restricted range of concentrations that can be analyzed without dilution."

Stalagmometric Method

The surface tension of a liquid can alternatively be measured with a Traube stalagmometer.*®
This device is essentially a pipette with a broad flattened tip, which permits large drops of re-
producible size to form and finally drop under the action of gravity. The surface tension can be
determined on the basis of the number of drops which fall per volume, the density of the sample
and the surface tension of a reference liquid, e.g., water. According to Dilmohamud et al,*® the
surface tension is given by:

g GFI' £ NH' ’ {}f.
Nr_ 3 pll'

where as 0y is the surface tension of the liquid under investigation, gy is the surface tension of
water, N, is the number of drops of the liquid, Ny is the number of drops of water, p, is the density
of the liquid and pyy is the density of water.

Again, a disadvantage of this assay is that only consecutive measurements can be performed.
Also, the method seems to be variability prone. Plaza et al*® applied this method and conclude
that it is not recommendable due to the large variability they obtained in their results. The reason
is probably that the process of drop formation is too fast to allow the complete adsorption of the
surfactants to the newly generated drop surface.

o,

Pendant Drop Shape Technique
The pendant drop shape technique is an optical method for measuring the interfacial tension. A
drop ofliquid is allowed to hang from the end of a capillary. It adopts an equilibrium profile thatisa
unique function of the tube radius, the interfacial tension, its density and the gravitational field.
According to Tadros,” the interfacial tension is given by the following equation:

yApegdl  (d()

H d.(t)
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Figure 1. Shape of a pendant drop with the equatorial diameter d, and the smallest diameter d.

in which Ap is the density difference between the two phases, d, is the equatorial diameter of the
drop and 4, is the smallest diameter of the hanging drop (see Fig. 1). H is a function of 4, and d,.
Accurate values for H have been obtained by Nierderhauser and Bartell. ¥

A variant of this technique was applied by Chen et al* who measured in an inverse mode. A
small volume of air was blown into a liquid and the shape of the air bubble in the liquid was mea-
sured. The disadvantage of the pendant drop shape technique is again that measurements cannot
be performed simultancously.

Axisymmetric Drop Shape Analysis by Profile

The drop shape analysis is another optical method for the determination of the surface tension.
For screening purposes it was first applied by Van der Vegt et al*’ The underlying principle is that
the shape of a liquid droplet depends greatly on the liquid surface tension. Droplets of liquids
with a low surface tension are more apt to deviate from a perfectly spherical shape than droplets
of liquids with a high surface tension.

According to Rotenberg et al,*! the profile of a liquid droplet can be describes by the following
equation:

(-]
Ap=0o|—+—
lr‘l rﬁ
in which Ap is the pressure difference across the interface, 7, and 7, are the principal radii of cur-
vature and o is the surface tension (see Fig. 2).

For the drop shape analysis, a 100 pl droplet of a bacterial suspension is put on a FEP-Teflon
surface. The profile of the droplet is determined with a contour monitor as a function of time up
to 2 hours. The surface tension of the suspension can then be calculated from the droplet profiles
with a solution scheme developed by Rotenberg et al.*' As shown by Van der Vegt et al,** the
drop shape analysis can be used to monitor bacterial biosurfactant production. For this assay,
just small amounts of sample are needed. But a special camera and software are required. The
calculation of the surface tension is rather complex. Furthermore, different samples cannot be
measured in parallel.

Measurements Based on Surface/Interfacial Tension
Many screening methods have been developed that rely on the interfacial activity of the
biosurfactants but that do not measure it directly. They are presented in the following.
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r
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Figure 2. Shape of a sessile drop with the principal radii of curvature r; and r..

Drop Collapse Assay

Jain et al” developed the drop collapse assay. This assay relies on the destabilization of liquid
droplets by surfactants. Therefore, drops of a cell suspension or of culture supernatant are placed
onan oil coated, solid surface. If the liquid does not contain surfactants, the polar water molecules
are repelled from the hydrophobic surface and the drops remain stable. If the liquid contains
surfactants, the drops spread or even collapse because the force or interfacial tension between
the liquid drop and the hydrophobic surface is reduced. The stability of drops is dependent on
surfactant concentration and correlates with surface and interfacial tension.

Persson and Molin® described a similar assay using a glass surface instead of the oil coated
surface. Furthermore, Bodour and Miller-Maier'® showed that for pure surfactant, this assay can
even be quantitative by measuring the drop size with a micrometer. An important distinction of this
assay is that it can be transferred to an automated screening in microplates, as it has been reported
by Maczek et al.*? They stained the culture supernatant to enhance the visual effect.

The drop collapse assay is rapid and easy to carry out, requires no specialized equipment and
just a small volume of sample.*® In addition, it can be performed in microplates.” This assay has
been applied several times for screening purposes.>***# But it displays a relative low sensitivity
since a significant concentration of surface active compounds must be present in order to cause a
collapse of the aqueous drops on the oil or glass surfaces.

Microplate Assay

The surface activity of individual strains can be determined qualitatively with the mi-
croplate assay developed and patented by Vaux and Cottingham.® This assay is based on the
change in optical distortion that is caused by surfactants in an aqueous solution. Pure water
in a hydrophobic well has a flat surface. The presence of surfactants causes some wetting at
the edge of the well and the fluid surface becomes concave and takes the shape of a diverging
lens. For this assay, a 100 ul sample of the supernatant of each strain is taken and put into a
microwell of a 96-mircowell plate. The plate is viewed using a backing sheet of paper with
a grid. If biosurfactant is present, the concave surface distorts the image of the grid below
(see Fig. 3). The optical distortion of the grid provides a qualitative assay for the presence
of surfactants.

The microplate assay is casy, rapid and sensitive and allows an instantaneous detection of
surface-active compounds.* Just a small volume (100 ul) of sample is needed. Furthermore, the
method is suitable for automated high throughput screening. Chen et al* demonstrated the ef-
ficiency of the microplate method for high throughput screening purposes.

Penetration Assa

Maczek et al*? developed another assay suitable for high throughput screening, the penetra-
tion assay. This assay relies on the contacting of two unsoluble phases which leads to a color
change.

For this assay, the cavities of a 96 well microplate are filled with 150 ul of a hydrophobic paste
consisting of oil and silica gel. The paste is covered with 10 ul of oil. Then, the supernatant of the
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Figure 3. Microplate assay. Left) Biosurfactant rhamnolipid in water. Right) water.

culture is colored by adding 10 ul of a red staining solution to 90 ul of the supernatant. The colored
supernatant is placed on the surface of the paste. If biosurfactant is present, the hydrophilic liquid
will break through the oil film barrier into the paste. The silica is entering the hydrophilic phase
and the upper phase will change from clear red to cloudy white within 15 minutes. The described
effect relies on the phenomenon that silica gel is entering the hydrophilic phase from the hydro-
phobic paste much more quickly if biosurfactants are present. Biosurfactant free supernatant will
turn cloudy but stay red.

The penetration assay is a simple, qualitative technique for screeninglarge amounts of potential
isolates. It can be applied in high throughput screening. The assay was described as recently as
2007 and to our knowledge there has been no further report of its application by now.

Oil Spreading Assay

The oil spreading assay was developed by Morikawa et al.?® For this assay, 10 ul of crude oil is
added to the surface of 40 ml of distilled water in a petri dish to form a thin oil layer. Then, 10 ul
of culture or culture supernatant are gently placed on the centre of the oil layer. If biosurfactant
is present in the supernatant, the oil is displaced and a clearing zone is formed. The diameter of
this clearing zone on the oil surface correlates to surfactant activity, also called oil displacement
activity. For pure biosurfactant a linear correlation between quantity of surfactant and clearing
zone diameter is given.

The oil spreading method is rapid and easy to carry out, requires no specialized equipment
and just a small volume of sample.*® It can be applied when the activity and quantity of biosur-
factant is low. Plaza et al*® and Youssef et al* demonstrated that the oil spreading technique is
a reliable method to detect biosurfactant production by diverse microorganisms. The assay was

also applied for screening by Huy et al."?

Emulsification Capacity Assay

Another popular assay based on the emulsification capacity of biosurfactants was developed by
Cooper and Goldenberg.” For measuring this trait, kerosene is added to an aqueous sample. The
mixture is vortexed at high speed for 2 minutes. After 24 hours, the height of the stable emulsion
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layer is measured. The emulsion index E; is calculated as the ratio of the height of the emulsion
layer and the total height of liquid:*

E,= P %100 %
otal

Ej; correlates to the surfactant concentration. Evaluating the emulsification capacity is a simple

screening method suitable for a first screening of biosurfactant producing microbes. It is applied in

many scrccnings,“*é’10'11’13'26’27'36’46'47 whereas the kerosene can be replaced with other hydrophobic

compounds, e.g., hexadecane. But surface activity and emulsification capacity do not always corre-

late. 3263364 Consequently, this method gives just an indication on the presence of biosurfactants.

Solubilization of Crystalline Anthracene

Willumsen and Karlson® developed an assay based on the solubilization of crystalline anthracene.
This screening method is based on the solubilization of a highly hydrophobic, crystalline compound,
anthracene, by the biosurfactants. Therefore, crystalline anthracene is added to the culture supernatant
and incubated on a shaker at 25°C for 24 h. The concentration of the dissolved hydrophobic anthra-
cene is measured photometrically at 354 nm and correlates to the production of biosurfactant.

This is a simple and rapid screening method, but the anthracene might be toxic to some mi-
crobes. To our knowledge there have been no further reports on its application.

Cell Surface Hydrophobicity

The following screening methods are based on the hydrophobicity of the cell surface. Thus,
they are indirect methods for the screening of biosurfactant producing microbes. Nevertheless, a
rapid identification of biosurfactant producing strains can be achieved by assaying this trait. % A
disadvantage is that the hydrophobicity of bacteria depends on physiological aspects like growth
conditions or cellular age.”

Bacterial Adhesion to Hydrocarbons Assay (BATH)

Rosenberg et al*® developed the bacterial adhesion to hydrocarbons method, a simple photo-
metrical assay for measuring the hydrophobicity of bacteria. The method is based on the degree of
adherence of cells to various liquid hydrocarbons. For measuring this trait, a turbid, aqueous suspen-
sion of washed microbial cells is mixed with a distinct volume of a hydrocarbon, e.g., hexadecane
or octane. After mixing for 2 minutes, the two phases are allowed to separate. Hydrophobic cells
become bound to hydrocarbon droplets and rise with the hydrocarbon. They are removed from
the aqueous phase. The turbidity of the aqueous phase is measured. The decrease in the turbidity

of the aqueous phase correlates to the hydrophobicity of the cells. The percentage of cells bound
to the hydrophobic phase (H) is calculated by:%

H =(1 —i]'IUO(VO
4,
whereas A, is the absorbance of the bacterial suspension without hydrophobic phase added and
A the absorbance after mixing with hydrophobic phase.

BATH is a simple but indirect screening method. Pruthi and Cameotra® showed that the
ability of bacteria to adhere to hydrocarbons is a characteristic feature of biosurfactant producing
microbes. This assay was applied several times for screening.'*#¢%” For example, Neu and Poralla*
isolated 126 bacterial strains during screening for cell surface hydrophobicity. Forty-eight of the
isolated strains produced an emulsifying agent.

Hydrophobic Interaction Chromatography (HIC)

A method which allows the simultaneous isolation and screening of microbes was developed by
Smyth et al.> They used hydrophobic interaction chromatography (HIC) for this purpose. HIC
is a chromatographic procedure based on hydrophobic interaction between the nonpolar groups
on a hydrophobic chromatographic resin and the nonpolar regions of a particle.
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A bacterial suspension is drained into a gel bed of hydrophobized sepharose. Hydrophobic
microbes are retained by the gel and the degree of adsorption of the cells to the gel can be measured
by the turbidity of the eluate or by bacteria counting. For desorption of the adherent microbes,
the ionic strength of the buffer is decreased.

HIC is very convenient because screening and isolation of potential strains can be combined in
one step. Pruthi and Cameotra® reported that HIC is a reliable screening method for biosurfactant
production. The technique is also valid for comparative analysis of the hydrophobic properties
of microorganisms.

Replica Plate Assay

A simple replica plate assay for the identification and isolation of hydrophobic microbes was
developed by Rosenberg.”* The principle of this assay is the adherence of bacterial strains to hydro-
phobic polystyrene which correlates to cell surface hydrophobicity. A flat, sterile disc of polystyrene
is pressed on an agar containing the colonies to be screened. The replica of the colonies obtained
on the polystyrene surface is washed under running water to remove all cells which are not firmly
bound. To visualize the adherent colonies, they are fixed and stained. To isolate the hydrophobic
strains the replica might be transferred to a new, sterile agar plate. Pruthi and Cameotra” dem-
onstrated the strong correlation between cell surface hydrophobicity and afhinity to polystyrene.
They suggest that greater than 50% coverage of the disc by adherent cells can be scored as positive.
This technique is an inexpensive way to identify an array of microbial strains for biosurfactant
production simultaneously on readily available materials. Furthermore, the identification and
isolation of potential strains might be combined in one step.

Salt Aggregation Assay

A saltaggregation assay for exploring the hydrophobic surface properties was first described by
Lindahl et al.>* It is similar to the “salting out” of proteins. The cells are precipitated by increasing
salt concentrations. The more hydrophobic the surface of the cells, the lower the salt concentra-
tion required to aggregate the cells. So, the most hydrophobic cells precipitate first, at low salt
concentrations.

For this assay, a dilution series of ammonium sulfate in sodium phosphate buffer is used, rang-
ing from 4 M to 0.02 M ammonium sulfate. The bacterial suspension is then mixed with an equal
volume of salt solution on glass depression slides. The suspension is mixed for 2 minutes at 20°C,
then visual reading against black background is carried out. A positive aggregation reaction shows
a clear solution and white aggregates with a diameter of appr. 0.1 mm. As positive control, all
readings are compared to the reaction at the highest molarity. A bacterial suspension mixed with
0.002 M sodium phosphate without addition of salt is used as negative control.

The salt aggregation test provides a simple means for identifying bacteria associated with the
production of biosurfactants. No special equipment is needed. Pruthi and Cameotr % showed that
this technique gives a good estimation of the degree of cell surface hydrophobicity.

Specialities

This last section on screening methods deals with two special screening techniques: the CTAB
agar plate assay and the hemolysis assay. They are exceptional because they are not suitable to a
general screening for biosurfactant producing microbes.

CTAB Agar Plate

The CTAB agar plate method is a semi-quantitative assay for the detection of extracellular
glycolipids or other anionic surfactants. It was developed by Siegmund and Wagner.* The microbes
of interest are cultivated on a light blue mineral salts agar plate containing the cationic surfactant
cetyltrimethylammonium bromide and the basic dye methylene blue. If anionic surfactants are
secreted by the microbes growing on the plate, they form a dark blue, insoluble ion pair with
cetyltrimethylammonium bromide and methylene blue. Thus, productive colonies are surrounded

by dark blue halos (see Fig. 4).
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Figure 4. Left) Pseudomonas sp. grown on CTAB agar, dark blue halos around the 4 colonies
indicate production of biosurfactant. Right) Pseudomonas aeruginosa grown on blood agar,
lysis of erythrocytes is indicated by the lytic zones around the colonies. A color version of
this image is available at www.landesbioscience.com/curie.

To strengthen the visual effect of this method, small wells can be melted into the agar surface with
the heated point of a glass stick or pipette. The cultures are placed and incubated in the wells.

Even hydrophobic substrates like plant oils can be included in this test. Therefore, the oil drop-
lets are stabilized with Gum Arabicum. Oil, agar and 1 g/L Gum Arabicum are mixed separately
with ultrasound in a small volume of water. The homogenous mixture is added to the medium
before sterilization.

The CTAB agar assay is a comfortable screening method, but it is specific for anionic bio-
surfactants. It has been applied in several screenings.’*7*>*” Different culture conditions can
be applied directly on the agar plates, e.g., different substrates or temperature. Furthermore, it
could be transferred to liquid culture conditions. The disadvantage is that CTAB is harmful and
inhibits the growth of some microbes. But, as Siegmund et al** suggest, CTAB could be replaced

by another cationic surfactant.

Hemolysis

Biosurfactants can cause lysis of erythrocytes. This principle is used for the hemolysis assay
which was developed by Mulligan et al.>® Cultures are inoculated on sheep blood agar plates
and incubated for 2 days at 25°C. Positive strains will cause lysis of the blood cells and exhibit
a colorless, transparent ring around the colonies (see Fig. 4). Hemolysis can also be shown with
purified biosurfactant.

The blood agar method is often used for a preliminary screening of microorganisms for
the ability to produce biosurfactants on hydrophilic media.**¢* Blood agar is a rich growth
medium for many organisms. But the method has some limitations.? First, the method is
not specific, as lytic enzymes can also lead to clearing zones. Second, hydrophobic substrates
cannot be included as sole carbon source in this assay. Third, diffusion restriction of the
surfactant can inhibit the formation of clearing zones. In addition, Schulz et al® showed that
some biosurfactants do not show any hemolytic activity at all. Youssef et al** and Plaza et al*®
also confirmed the poor specificity of this method. It can give a lot of false negative and
false positive results. Mulligan et al’® recommend the blood agar method as a preliminary
screening method which should be supported by other techniques based on surface activity
measurements.
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Table 1. Comparison of the presented screening methods for biosurfactant production

Qualitative Quantitative Analysis Application

Analytical Technique Analysis Analysis Speed  in HTS
Direct surface/interfacial tension ++ + min -
measurement

Drop collapse assay ++ - min +
Microplate assay ++ - min +
Penetration assay ++ - min +
Oil spreading assay ++ - min -
Emulsification capacity assay + - d -
Solubilization of crystalline anthracene + - d +/-
Bacterial adhesion to hydrocarbons assay + - min -
Hydrophobic interaction chromatography + - h -
Replica plate assay + - d -
Salt aggregation assay + - min +-
CTAB agar assay + - d -
Hemolysis assay + - d -

Qualitative analysis: ++ = very efficient, + = efficient; quantitative analysis (of surface activity): + = Yes,—
=No; Analysis speed: (required time per sample) min = analysis within minutes, h = within hours, d =
within days; Application in HTS: + = Yes,— = No, +/- = not reported but principally applicable.

High Throughput Screening

The development of rapid and reliable methods for screening and selection of microbes from
thousands of potentially active organisms and the subsequent evaluation of surface activity holds the
key to the discovery of new biosurfactants or production strains. According to Chen etal,” a screening
method for the isolation of biosurfactant producing microbes must fulfill three requirements:

¢ The ability to identify potential organisms
¢ The ability to assess quantitatively how effective the surfactant is
e The ability to screen many candidates quickly

The performance of the methods presented in this chapter according to these criteria is shown
in Table 1.

The microplate assay, the penetration assay and the drop collapse assay can be performed in
microplates. This is the basic requirement for high throughput screening. The solubilization
of crystalline anthracene assay and the salt aggregation assay might as well be adopted for high
throughput screening; however, this has not been reported yet. By now, there have been no other
measurement principles adopted for high throughput screening.

Conclusion and Perspectives

Interest in biosurfactants has led to the development of a multitude of methods for the screen-
ing of biosurfactant producing strains. As every method has its advantages and disadvantages, a
combination of different methods is appropriate for a successful screening.

Some screening methods can be automated and used for HT'S. By using these rapid screening
methods and by screening many isolates or large culture collections, in the near future various new
production strains or new biosurfactants may be found. Accordingly, if new production strains
become available, the economic obstacle of biosurfactants may eventually be overcome.
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Abstract

iosurfactant (BS)/bioemulsifier (BE) produced by varied microorganisms exemplify immense
B structural/functional diversity and consequently signify the involvement of particular mo-

lecular machinery in their biosynthesis. The present chapter aims to compile information
on molecular genetics of BS/BE production in microorganisms. Polymer synthesis in Acinetobacter
species is controlled by an intricate operon system and its further excretion being controlled by
enzymes. Quorum sensing system (QSS) plays a fundamental role in rthamnolipid and surfactin
synthesis. Depending upon the cell density, signal molecules (autoinducers) of regulatory pathways
accomplish the biosynthesis of BS. The regulation of serrawettin production by Serratia is believed
to be through non ribosomal peptide synthetases (NRPSs) and N-acylhomoserine lactones (AHLs)
encoded by QSS located on mobile transposon. This regulation is under positive as well as nega-
tive control of QSS operon products. In case of yeast and fungi, glycolipid precursor production
is catalyzed by genes that encode enzyme cytochrome P450 monooxygenase. BS/BE production
is dictated by genes present on the chromosomes. This chapter also gives a glimpse of recent bio-
technological developments which helped to realize molecular genetics of BS/BE production in
microorganisms. Hyper-producing recombinants as well as mutant strains have been constructed
successfully to improve the yield and quality of BS/BE. Thus promising biotechnological advances
have expanded the applicability of BS/BE in therapeutics, cosmetics, agriculture, food, beverages
and bioremediation etc. In brief, our knowledge on genetics of BS/BE production in prokary-
otes is extensive as compared to yeast and fungi. Meticulous and concerted study will lead to an
understanding of the molecular phenomena in unexplored microbes. In addition to this, recent
promising advances will facilitate in broadening applications of BS/BE to diverse fields. Over the
decades, valuable information on molecular genetics of BS/BE has been generated and this strong
foundation would facilitate application oriented output of the surfactant industry and broaden its
use in diverse fields. To accomplish our objectives, interaction among experts from diverse fields likes
microbiology, physiology, biochemistry, molecular biology and genetics is indispensable.

Introduction

Enormous structural and functional diversity are implicated in biosurfactant (BS)/bioemul-
sifiers (BE) produced by microorganisms. BS/BE possesses remarkable applications in diverse
fields. With the need for green chemicals, their study is becoming imperative. Therefore, BS/BE
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studies have been focused on by large number of researchers. However, commercial production
of these compounds is quite expensive. Use of cheaper and renewable substrates is a necessity.'”
However, a great deal of monetary input is required in purification processes.” Thus, it represents
two faces of a coin; so to overcome this dilemma and subsequently economize and commercialize
BS production a better understanding at molecular level is mandatory.

Literature survey illustrates that detailed studies of BS/BE production have been carried out
in Acinetobacter, Pseudomonas, Bacillus, Servatia, Candida spp. BS producing microbes from di -
ferent resources, viz., fresh water, soil, marine, oil wells and industrial efluents have been studied
extensively.”® Among these natural resources, marine environment is attracting interest from many
researchers due to its vastness and novelty with respect to products that can be obtained.”” However,
this survey clearly illustrates that the maximum reports are focused on rhamnolipid and surfactin
production from Pseudomonas and Bacillus spp. respectively. Few researchers have reviewed the
enormous data generated on BS/BE production in microorganisms, briefing molecular biological
aspects.>®!*1%19 However, it is important to note that, before and after Sullivan’s review® on mo-
lecular genetics of BS not a single review is devoted exclusively to molecular biology of synthesis
BS in microorganisms. A gap of ~10 years indicates that a compilation of molecular mechanisms
involved in BS/BE production is essential. Enormous molecular and biotechnological develop-
ments have taken place in this decade and therefore, our understanding on the present topic has
improved greatly. Therefore, present review is focused at compiling valuable developments in
this area. To the best of our knowledge, this chapter would give comprehensive information on
molecular genetics of BS/BE production in microorganisms.

Important Aspects Pertaining to Biosurfactant Production

in Microorganisms

The mystery why microbes produce BS/BE is still unknown. Justifications include survival on
various hydrophobic substrates®' and desorption from the hydrophobic substrates allowing direct
contact with cell, thereby increasing the bioavailability of insoluble substrates.”” However, few
microbes produce BS/BE on water soluble substrates.”** Different biosynthetic pathways and
specific enzymes are involved.” Synthesis takes place by de novo pathway and/or assembly from
substrates.” Based on the four assumptions proposed by Syldatk and Wagner,* diagrammatic repre-
sentations for biosurfactant synthesis in microorganisms is given in Figure 1. Induction/repression
of BS/BE production are dependent on presence of carbon, nitrogen, phosphate, trace elements
and multivalent cations.””** BS/BE production is controlled by environmental parameters.”*
Literature survey suggests that complex pathways are involved in BS/BE production.”® BS/BE
producing microbes may harbour plasmids.*"** However, genes responsible for BS production
are located on chromosomal DNA.* Interacellular communication and production of enzymes,
pigments and BS occurs by QSS which depends on the production of diffusible signal molecules
termed autoinducers.” The regulatory machinery is different for different BS/BE producers.

Molecular Genetics of Biosurfactant Production in Bacteria

Acinetobacter Species

Acinetobacter spp. are ubiquitous in nature, being isolated from various sources like soil, mud,
marine water, fresh water, meat products etc.’*** and reported for production of BE. 336374
Acinetobacter species are the most promising bacteria producing high molecular weight BS/BE.
The first description of the best known marine BE, now exploited commercially as ‘Emulsan’
appeared in 1972. This emulsifier is produced by A. calcoaceticus RAG-1, isolated from the
Mediterranean Sea. Emulsan produced by RAG-1 has a heteropolysaccharide backbone with a
repeating trisaccharide of IV acetyl-D-galactosamine, N-acetylgalactosamine uronic acid and an
unidentified N-acetyl amino sugar. Fatty acids (FA) are covalently linked to the polysaccharide
through o-ester linkages.** Different species of Acinetobacter are known to produce protein
polysaccharide complexes. Proteoglycan type bioemulsifier is produced by Acinetobacter junii
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Figure 1. Potential biosurfactant biosynthetic pathways in microorganisms: BS: Biosurfactant
molecule. Probable BS biosynthetic pathways operating in different microorganisms. Based
on Syldatk and Wagner (1987)* four assumptions.

SC14. This bioemulsifier is made up of protein (50.5%), polysaccharide (43%) and lipid in a
minor fraction (3.8%). 88.7% of the polysaccharide consisted of reducing sugars.**#! About
16% of patents on BS have been reported from Acinetobacter spp. alone,*® which indicates the
tremendous market potential of exopolysaccharide (EPS).

Emulsan

It is a complex polysaccharide (9.9 x 10°) produced by 4. calcoaceticus RAG-1 and stabilizes
oil-water emulsions efficiently.*#¢ In spite of structural complexity, researchers have succeeded in
identifying genes implicated in emulsan synthesis and emulsification phenomena. Polymer bio-
synthesis is accomplished by a single gene cluster of 27 kbp with 20 open reading frames (ORFs)
called as wee regulon which contains weeA to weeK genes that accomplish polymer biosynthesis.
Putative proteins encoded by the wee cluster have been tabulated by Nakar and Gutnick® in detail.
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These genes lead to the formation of polysaccharide containing amino sugars, with O-acyl- and
N acyl-bound side chain of FA. Further addition of intermediates takes place as follows: WeeA
converts UDP-N-acetyl-D-glucosamine into UDP-N-acetylmannosamine. Consequently, WeeB
oxidizes the UDP N-acetylmannosamine into UDP N-acetylmannosaminuronic acid. This regulon
possess wzb and wzc genes which are responsible for biosynthesis of emulsan. Gene products Wzc
and Wzb were over expressed, purified and a bulk of polysaccharide was produced successfully.***
The WeeE or WeeF are possibly involved in formation of UDP- N-acetyl-L-galactosaminuronic acid.
The gene Wee] further catalyses the formation of diamino 2, 4-diamino-6-deoxy-D-glucosamine,
a component of the repeating unit, from UDP-4-keto-6-deoxy-D-glucosamine. The sequence of
WeeK is similar to dTDP-glucose 4, 6-dehydratase and therefore could possibly be responsible
for conversion of UDP-D-glucosamine into UDP-4-keto-6-deoxy-D-glucosamine. The overall
process is summarized in detail by Nesper, et al.*® The monomers gather on a lipid carrier on the
cytoplasmic face of the inner membrane. Subsequently, they are transferred by Wzx protein to the
periplasmic face of the membrane. Wzy polymerase further catalyzes the polymerization process.
Finally, lipid intermediates lead to the formation of a protein-polysaccharide complex which is
transported across the periplasm to the outer membrane. This assembly gets accumulated on cell
surface and is further excreted as polymer complex in the exterior.”

Due to complex nature of exopolymers, genetic studies remained at a nascent level for a long
period. However, with the advent of recent technologies and innovations, bioengineering of BE
producing microorganisms has become possible. Complex polysaccharide backbone of emulsan
was altered by modifying the culture conditions for 4. venetianus RAG-1.4°"3 The emulsan
structure was modified by transposon mutagenesis of FA moiety. Analysis of various factors viz.,
yield, FA content, molecular weight and emulsification behavior demonstrated that parent strain
yielded high emulsan as compared to mutant strain. The factors are dependent on the type of FA
supplemented during the production process. However, cloning and sequencing of mutants with
enhanced emulsifying activity indicated that they were involved in biosynthesis of emulsan. The
presence and composition of long chain FAs on the polysaccharide backbone influenced emul-
sification behaviour. Such studies are highly significant and open newer avenues for applications
of amphiphiles in diverse fields.>* Based on similar kind of studies, an interesting U.S. patent
(20040265340) on “Emulsan adjuvant immunization formulations” was filed by Kaplan, et al.**
The emulsan analog and mutants of A. calcoaceticus RAG-1 were produced in presence of differ-
ent FA sources. Different molecular tools have been employed to modify and improve quality of

emulsan produced by Acinetobacter spp. (Table 1).

Apoemulsan

It is an extracellular, polymeric lipoheteropolysaccharide produced by A. venetianus RAG-1.
Purified deproteinized emulsan (apoemulsan, 103 kDa) consists of D-galactosamine, L-galac-
tosamine uronic acid (pKa, 3.05) and a diamino, 2-desoxy 7-acetylglucosamine.* It retained
emulsifying activity towards certain hydrocarbon substrates but was unable to emulsify relatively
nonpolar, hydrophobic, aliphatic materials.®*¢* It is now known that polymers are synthesized from
Wzy pathway. However, there also appears a differing report which claims that the process is based
on presence of polysaccharide-copolymerase (PCP).¢ However, recently Dams-Kozlowska and
Kaplan®® proved that synthesis of this polymer was dependant on Wzy pathway where, PCP protein
controlled the length of the polymer. This was proved by inducing defined point mutations in the
proline-glycine-rich region of apoemulsan PCP protein (Wzc). Five of the eight mutants produced
higher weight BE than the wild type while four had modified biological properties. This study
demonstrated the functional effect of Wzc modification on molecular weight of polymer and the
genetic system controlling apoemulsan polymerization. It has been suggested that emulsifying
activity and release of polymer is mediated via esterase gene esz (34.5 kD). A study carried out by
Leahy in 1993, proved that lipase is responsible for enhanced emulsification properties. Lipase
negative mutants exhibited less emulsification activity. The gene esz has been cloned and over e -
pressed in E. co/i BL21 (DE3) behind the phage T7 promoter with His tag system.® Further Alon
and Gutnick,” also showed that esz gene encodes protein that is located on the outer membrane.
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The same gene was sequenced and expressed in E. coli. High amount of esterase was found to be
associated when cell was grown in presence of nitrogen. Variants resistant to cetyl trimethyl am-
monium bromide (CTAB) showed enhanced emulsan production.* Site directed mutagenesis
revealed that esterase-defective mutants could not release emulsan. Mutant proteins defective were
capable of enhancing apoemulsan-mediated emulsifying activity. Bach, et al® carried out studies
on emulsan from A. venetianus RAG-1. It was seen that apoemulsan and esterase are essential for
the formation of stable oil-water emulsions.’***

Alasan

The polymer produced by 4. radioresistens KA53 is designated as ‘Alasan’ and finds significant
application in bioremediation.”” Alasan is an alanine containing complex heteropolysaccharide
and protein polymer that stabilizes oil in water emulsions in n-alkanes with chain length 10 or
higher and alkyl aromatics, liquid paraffin, soyabean, coconut oil and crude oils.” The proteins of
alasan have been identified as AlnA, AlnB and AlnC. One of the alasan protein (AlnA) of 45 kDa
exhibiting highest emulsification activity was purified”"”* and denoted high sequence homology
to an OmpA-like protein from Acinetobacter spp.” Four hydrophobic regions in AlnA forming
specific structure on the surface of hydrocarbon are responsible for surface activity.”>”* The AlnB
protein exhibited strong homology to perioxiredoxins (family of thiol—specific antioxidant en-
zymes). It was proposed that all three proteins may be released as a complex with AlnA entering
the oil phase and Alnb forming a compact shell around the hydrocarbon, thereby forming stable
emulsions.” A. calcoaceticus RAS7 grown on crude oil sludge possesses three plasmids, one of
which pSR4, a 20 kb fragment was found to be essential for growth and emulsification of crude
oil in liquid culture.”

Biodispersan

It is an extracellular, anionic polysaccharide produced by A. calcoaceticus A2 which acts as
a dispersing agent for water-insoluble solids.”””* It is nondialyzable, with an average molecular
weight of 51,400 and contains four reducing sugars, namely, glucosamine, 6-methylaminohexose,
galactosamine uronic acid and an unidentified amino sugar.”® Rich protein was also secreted
along with the extracellular polysaccharide. Protein defective mutants produced equal/enhanced
biodispersion as compared to the parent strain.>

Exopolysaccharide (EPS)

A. calcoaceticus BD4, BD413 produces EPS with rhamnose and glucose.*® EPS production
is mediated by proteins like Ptk (protein tyrosine kinases) and was also found in A. jobnsonii.
These proteins encode for virulence factors and may serve as a target for the development of new
antibiotics.*!

Psendomonas Species

Glycolipid BS production was first discovered by Jarvis and Johnson in 1949.8 They reported
production of an acidic, crystalline glycolipid L-rhamnose and /- B-hydroxydecanoic acid from
P. aeruginosa. This compound was found to be quite similar to a compound of polymer and
higher rhamnose-hydroxyacid ratio which was isolated previously by Bergstrom, et al.** Later,
Hauser and Karnovsky®! demonstrated the biosynthetic pathway for rhamnolipid production in
Pseudomonas spp. Burger, et al®® and Lang and Wagner,* demonstrated that P, aeruginosa synthe-
sizes mono as well as di-thamnolipid. Similarly, P. aeruginosa synthesizes different thamnolipid
derivatives which include 3-(3-hydroxyalkanoyloxy-) alcanoic acid (HAA), mono-rhamnolipid
(r-rhamnosyl-3-hydroxydecanoyl-3-hydroxydecanoate)®” " and di-rhamnolipid (L-rhamno-
syl-L-rthamnosyl-3-hydroxydecanoyl-3-hydroxydecanoate).” Details of different intermediates
have been accounted by Pamp and Tolker-Nielsen.”

However, studies on regulatory mechanisms came very late with the work of Ochnser, et al***”
and Latifi, et al”> who proposed the involvement of quorum sensing system (QSS) for rhamnolipid
biosynthesis in Pseudomonas spp. Various components involved in rhamnolipid biosynthesis are
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Figure 2. Rhamnolipid synthesis in Pseudomonas spp. by two quorum sensing system: Pictorial
representation of two quorum sensing system (QSS) present at different regions of Pseudomonas
spp. chromosome. Thick black bold arrows: Genes on chromosome of Pseudomonas; Black
arrows: Protein synthesis from gene; Dotted oval indicates inactive regulatory protein;
Continuous oval: Active complex of regulatory protein and autoinducer.'*72°

represented diagrammatically in Figure 2. Two QSS regulating rhamnolipid synthesis are present
on two different regions of chromosome.”* Formation of mono and di-rhamnolipids is mediated
through two different transferases viz., thamnosyltransferase I and II. Rhamnolipid synthesis is
coupled with nitrogen limitations to the cell.” Phosphate limiting conditions are found to enhance
BS biosynthesis.” Detailed studies have been reported on rhamnosyltransferase I, which contains
four genesviz., 75 'A, b B,7h R, rh 1. Plasmids encoding four genes are sufficient to produce rham-
nolipid in heterologous hosts.” Genes #h ‘A, 7h B are located upstream while 75 R, 7h T are located
downstream of the structural genes (Fig. 2). The 75 'A and 7b B genes code for active rhamnosyl-
transferase [ and are transcribed together as a bicistronic RNA.##%7 Structural proteins are encoded
by 75 B and present in the periplasm. Inner membrane proteins required for synthesis, transport
or solubilization of rhamnosyltransferase are encoded on 75 'A.”" In first QSS, genes 7h ‘A, h B are
positively regulated by rhIR. Transcriptional activator and autoinducer are encoded by 7 R and
7h I respectively. Two signal molecules viz., N-butanoyl-Lhomoserine (PAI-2) and hexanoyl-L-ho-
moserine lactone are produced by 75 1. Transcriptional activator produced by 75 R binds to autoin-
ducer PAI-2 and this active complex causes transcriptional activation of 75 ‘A and 7/ B that encode
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rhamnosyltransferase I. The second QSS contains two genes namely ZzsR and /as1.7%% In this system
autoinducer is encoded by /asI namely N-(3-oxododecanoyl)-l-homoserine-Lactone (PAI-1) RhIR
regulatory protein requires autoinducers N-butyryl-HSL and N-(3-oxohexanoyl)-HSL autoin-
ducer for its activity."” Induction of second QSS occurs by cyclic AMP levels as indicated by the
presence of /asR promoter region of both lux-box and binding consensus sequence for cyclic AMP
receptor protein.'” The transcription of 7/ R system is positively regulated by /as system.”*'%2 The
7h " system is posttranslationally controlled by /zs system by hindrance of PAI-2 by PAI-1 from
binding to RhIR. This situation is created till enough PAI-2 and/or PAI-1 are produced to create
blockage effect.”® Figure 2 illustrates the regulation of thamnolipid synthesis in Psexdomonas spp.
It is proved that rhIR expression is strongly influenced by environmental factors and is partially
LasR-independent under certain culture conditions. Different regulatory proteins viz. Vir sigma
factor 054 and RhlIR itself regulates expression of rhIR.'®

The 7h/I negative mutant is unable to produce rhamnolipid on its own. However, addition
of synthetic N-acylhomoserine lactone (signal molecule) initiates BS production by mutant.
Holden, et al'* carried out studies to find out whether the BS genes are expressed in unsaturated
porous media contaminated with hexadecane and play role in biodegradation process. For this
purpose, the gfp reporter gene was integrated with either the promoter region of pra, which
encodes for the emulsifying PA protein and/or to the promoter of the transcriptional activator
rhIR. It was found that GFP was produced in culture, which indicated that the 7A/R and pra
genes are both transcribed in unsaturated porous media. The gfp expression was localized at the
hexadecane-water interface. Other interesting studies carried out by Pamp and Tolker-Nielsen®
demonstrated the BS produced by P. aeruginosa has additional role in structural biofilm develop-
ment. Genetic evidence showed that mutant deficient in 75/4 lack the ability to synthesize BS
and could not form microcolonies. This indicates significant role of 75/4 in BS biosynthesis and
biofilm development. The protein AlgR2 responsible for regulation of nucleoside diphosphate ki-
nase also down regulates rhamnolipid production in P. zeruginosa.'”® Lequette and Greenberg'®
in 2005, worked on identifying the role of QSS responsible for rhamnolipid biosynthesis on
biofilm architecture. They introduced a 7h/4-g/p fusion into a neutral site in the P. aeruginosa
genome and highlightened the activity of 75/4B promoter in thamnolipid-producing biofilms.
Campos-Garci’A, et al'” identified a new gene vh G which is a homologue of the fab  gene
encoding NADPH-dependent -ketoacyl acyl carrier protein (ACP) reductase. This is neces-
sary for synthesis of FA. This gene 7h/C is obligatory for synthesis of b-hydroxy acid moiety of
rhamnolipids and partly contributes to production of poly-B-hydroxyalkanoate (PHA). This
study proved that different pathways are involved in synthesis of FA moiety of rhamnolipids
than those for general FA synthetic pathways.

Till the year 2001, it was obvious that, rhamnosyltransferase 1 (RhIAB) catalyses the synthesis
of mono-rhamnolipid from dTDP-I-thamnose and B-hydroxydecanoyl-p-hydroxydecanoate,
whereas di-thamnolipid is produced from mono-rhamnolipid and dTDP-I-thamnose. For the
first time, Rahim, et al’ in 2001, reported dependance of di-rhamnolipid synthesis on rhamno-
syltransferase gene. Gene 7h/ ' encode for thamnosyltransferase which catalyses di-rhamnolipid
(I-rhamnose-l-thamnose-B-hydroxydecanoyl-B-hydroxydecanoate) production in P. aeruginosa.
RhIC is a protein consisting of 325 amino acids (35.9kDa). The b/ 'gene is located in an operon
with an upstream gene (PA1131) of unknown function. A 6**-type promoter for the PA1131-75/C
operon was identified and a single transcriptional start site was mapped. Biological role of RhIC
was confirmed by insertional mutagenesis studies and allelic replacement. Inhibition of QSS was
demonstrated by work with mutants. Deletion mutants, complementation studies and northern
blot analysis on P. aeruginosa strain PR1-E4: a /asR deletion mutant revealed that overproduction
of the P. aeruginosa DksA homologue down regulated transcription of the autoinducer synthase
gene 7h/ "thereby inhibiting QSS.'%

Pseudomonas species are known to produce different types of BS viz., rthamnolipids, cyclic
lipopeptides- putisolvins, lipopolysaccharide. Two types of cyclic lipopeptides (putisolvins I
and II) are produced by P. putida PCL1445, which possess surfactant activity and also plays
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significant role in biofilm formation and degradation. Mutants from Tn5/ux.AB library of strain
PCL1627 defective in BS production contained transposon inserted inadna "homologue located
downstream of grp "and upstream of dza/ indicating positive regulation of these genes in BS
synthesis. Two-component signaling system GacA/GacS was involved in BS synthesis.'®” Studies
on co-existence of Burkholderia cepacia and P. aeruginosa in lungs of cystic fibrosis (CF) patients
as mixed biofilms correlated the formation of biofilms to cep-regulated BS production.'?
Generally hydrocarbon utilizing microbes produce BS. P. aeruginosa degrades hexadecane only
if it can produce rhamnolipid.’*""""'"> Mutated Psendomonas spp. produce low rhamnolipid BS."#11¢
Whereas, thamnolipid defective mutants grow very poorly on hydrocarbons.!"” Pictorial representa-
tion is given in Figure 3. Ability of hydrocarbon uptake can be improved by addition of BS in the
growth medium. This concept was proved by various studies viz., Koch, et al' constructed a transpo-
son TN5-GM induced mutant of P. aeruginosa PG201 which could not grow on minimal medium
with hexadecane. It was found that the same culture grew well with rhamnolipid supplementation.
Al-Tahhan, etal'” showed that emulsifier makes the cell surface more hydrophobic through release
of lipopolysaccharide (LPS). P. aeruginosa grew well on paraffin in presence of emulsifier in the
production medium. All these observations clearly suggest role of BS/BE in survival of microbes on
hydrophobic substrates. Natural or chemical mutations are employed to improve quality and yield of
BS/BE from microorganisms.*' In the year 1995, Igbal, et al'*” demonstrated hyper—production of
BS, high biodegradation and emulsification of crude oil by an EBN-8 a gamma ray induced mutant
of P. aeruginosa. The same mutant produced 4.1 and 6.3 of rhamnolipids (g/L) when grown on
hexadecane and paraffin oil respectively.'® Another gamma ray induced P. putida 300-B mutant
gave high yield of thamnolipid (4.1 gI™') on soybean waste frying oil as carbon source and glucose
as growth initiator over the wild type strain.'?' A research team of Koch, et al'** constructed a lac-
tose utilizing strain of P. aeruginosa by insertion of E. colilac Y genes. Two reporter systems, lacZY
and lux4B, were incorporated into chromosome of P. aeruginosa UG2. This recombinant strain
could utilize lactose and produced BS efficiently. Similar studies were also carried out by Flemming,
et al.’® Their work proved to be efficient in sensitive detection and quantitative enumeration of P.
aeruginosa UG2Lr (spontaneous rifampin-resistant derivative) using supportive data from antibiotic
resistance, bioluminescence and PCR analyses. Ochsner, et al”” constructed recombinant strains of
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P.putidaand P. fluorescenc by knocking down genes responsible for pathogenicity thereby produce
harmless BS producing stains. This is the best example of application of molecular knowledge in
producing biotechnologically improved stains.

Bacillus Species

Surfactin is a cyclic lipopeptide BS produced by Bacillus spp. The first report on surfactin
production dates back almost to 4.5 decades. Arima, et al'** were the pioneer researchers who
reported production of surfactin from Bacillus species. Surfactin the most effective BS reducing
surface tension efficiently (72-27 dynes/cm)'?>'*¢ has low CMC (critical micelle concentration)
value and finds potential applications in biotechnology and medicine. It is important to note
that more than 70% of research on BS is accounted for Bacillus spp. alone. Surfactin production,
structure, enzymes involved in biosynthesis, organization and genetics of production has been
reviewed in great detail.”® Due to great potential of surfactin and its diverse applications, it became
necessary to study the underlying genetic mechanisms. However, the advent of these studies was not
until 1988. Kluge, et al'”” laid the foundation for molecular studies by proposing a non ribosomal
mechanism of surfactin synthetase. A brief summary of genetic machinery involved in surfactin
synthesis is tabulated in Table 2.

Surfactin contains 3-hydroxyl FA, usually f-hydroxytetradecanoic acid, synthesized by a 27 kb
srfA4 operon. It is under regulation of QSS. First QSS involves nonribosomal peptide synthetases
with four open reading frames (ORFs) in the s7fA operon.'*'% Operon s7fA catalyses three multi-
functional enzymes for surfactin synthesis.'! (Cosmina, et al 1993). These modular building blocks
are called as surfactin synthetases encoded by s7£4, s7/B and s7fC The s7fA locus plays a key role in
surfactin production; Nakano and coworkers!# isolated s7fA locus by cloning the DNA flanking
stfA::Tn917 insertions followed by chromosome walking. This region was an operon (>25 kb)
and the gene s7f4 codes for template enzymes while; another gene Sfp located downstream of the
srfA operon encodes for 4'- phosphopantotheinyl transferase. This gene product modifies enzymes
to their functional forms for their transcription.'#*1% Study on Tn917lac mutations confirmed
that surfactin production required both the intact 5" as well as 3" end of s7£4. The 5’ region was
responsible for sporulation and competence for DNA uptake along with surfactin production and
contains 20,535 bp. This region contains s7f4 promoter and two ORFs s7£44 and s7£4B encoding
surfactin synthetase [ and II. The 5744 contains three amino acid activating domains for Glu, Val
and Leu, while s7/4B peptide synthesizing domain contains domains for activating Val, Asp and
D-Leu. Gene s7fC contains activating regions for Leu'"** and encodes thioesterase Type I motif
responsible for termination of peptide.’*!

A third locus within s7£4 operon, the s7/B gene is required for surfactin production. srfB is also
necessary for expression of s7/4-lacZ and is identical to an early competence gene com.A. Surfactin
production is under ComA (SrfB)-dependent regulation operating at the transcriptional level.
srfA is positively regulated by product of s7fB.""'*8 Subsequently, StfD stimulates the initiation
process.'® However, release of surfactin is still unknown. There is an assumption that passive diffu-
sion releases surfactin across the cytoplasm membrane.”® Once the cell density attains a maximum
level, ComX get accumulated in the medium and interacts with membrane bound histidine kinase
ComP and the response regulator ComA."" Further, after phosphorylation, by ComP; ComA
binds to promoter s7fA and transcription begins. Competence stimulating factor (CSF), a signal
peptide influences s7 ‘A expression.*>!¥152 It is transported across the membrane and interacts with
at least two different intracellular receptors depending upon its concentration. Mutation in ComA
inhibits development of competence indicating that, comA gene is responsible for expression of
srfand other com genes.!* In addition to all these proteins, ComR and SinR also influence s7fA
expression.'?® ComA is regulated positively as well as negatively by ComP under the control of the
ComX pheromone.'> The authors also suggested that srfexpression requires SpoOK and another,
as yet unidentified, extracellular factor under variable pH conditions. The gene spoOK codes for
an oligopeptide permease that functions in cell-density-dependent control of sporulation and
competence.'>*!> Thus molecular machinery ensures appropriate surfactin synthesis.



24 Biosurfactants

Table 2. Genetic machinery involved in surfactin synthesis from Bacillus spp.

Operon/Genes/Operator/
Promoter/Protein Function Reference

Quorum sensing system |

srfAAM Amino acid activating domain for Glu, Leu, o Leu 128,129
Expression of comS gene*
130
SIAC Encodes a thioesterase of a Type | motif 131
responsible for peptide termination
sfp Surfactin production 132
Sfp? Activation of surfactin synthetase by post 132
translational modification
Quorum sensing system Il
ComQ Maodification of comX to form signal peptide 133,134
ComX
ComP Gets autophosphorylated upon stimulation and
(Membrane bound protein) transfers its phosphate group to ComA
Phosphorylated ComA ComS  Binds comA-box and initiate transcription of 135
(located within and out of surfactin peptide synthetase, srfAA-AD operon
frame srfA gene) and comS Development of competence
ComX (Signal peptide) Controls expression of srfA and interaction with
e Membrane bound histidine kinase ComP
* Response regulator ComA
SpoOK (Oligopeptide Transfer of Competence stimulating factor (CSF) 136
permease) RapC through the cell membrane; Phosphotransferase
activity
ComR Enhances srfA expression posttranscriptionally 137
(Polynucleotide phosphorylase)
SinR Negatively controls srfA possibility by regulating 138

(Transcriptional regulator) comR

*: Multifunctional subunit of surfactin synthetase; *: Part of peptide synthetase; *: Embedded within
but out of frame with srfB.

The sfp locus plays a significant regulatory role at the transcriptional level. The sfp locus
from a producer strain B. subtilis ATCC 21332 was transferred to a standard B. subrilis 168
and further subjected to transposon mutagenesis. Studies suggested that, B. subtilis with a sfp°
genotype contains some genes required for surfactin synthesis; s/p locus responsible for surfactin
production alters the transcriptional regulation of s7/.'** A gsp gene with sequence homology to
sfp gene from Gramicidin operon of B. brevis complemented in trans, a defect in the sfp gene
and was able to initiate surfactin synthesis in a non producer strain B. subtilis JH642 with an sfp°
phenotype.'* Additionally, Sfp gene is also responsible for hydrocarbon degradation. sfp gene
was successfully integrated in chromosome of B. subtilis to enhance bioavailability of hydrophobic
liquids.”” Sequencing of sfp gene revealed 100% sequence homology to amino acid sequence
reported earlier by Nakano, et al.'** A research team of Morikawa, et al"*® worked on cloning and
nucleotide sequencing of regulator gene in B. pumilis. Studies indicated that out of three large
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OREFs (ORF1,2,3), ORF3 was essential for surfactin synthesis. Additionally, production of anti-
microbial substances or other secondary metabolites is associated with resistance to the producing
organism. Tsuge, et al'* proposed function of gene yerP as a determinant of self resistance to
surfactin in B. subtilis 168. YerP was homologous to the resistance, nodulation and cell division
(RND) family of proteins, which confers resistance to wide range of noxious compounds to the
secreting organism. Mutagenesis with mini-Tn10 transposon indicated that the transposon had
inserted itself in the yerP gene in surfactin susceptible mutant. The molecular machinery for BS
synthesis in B. licheniformis is similar to that in surfactin synthesis."”*'® A recombinant strain of
B. licheniformis KGL11 was constructed by inserting the surfactin synthetase enzyme. This mu-
tant produced 12 times the BS of parent strain.'**'®2 With better understanding of the molecular
phenomena, many attempts were aimed to enhance BS/BE production. Mulligan, et al'®* were
successful in obtaining a threefold higher BS production over wild type employing recombinant
B. subtilis with modified peptide synthetase. A plasmid pC112 with Ipa-14, a gene was used to
construct a recombinant strain of B. subrilis MI113. High yield of surfactin was achieved by fer-
mentation technology.'®* Another recombinant strain of Bacillus subrilis MI113 (pC115), was
constructed from B. subrilis RB14C. This recombinant strain had a gene responsible for surfactin,
iturin production and produced new surfactin variants along with usual surfactin when cultured
in solid-state fermentation employing soybean curd residue (okara) as substrate.'®> Along with
large number of research papers published, enormous patents on BS production appear to date.*
Carrera, et al'®'% filed U.S. patents (5,264,363; 5,227,294) on B. subtilis ATCC 55033 mutant
strain which produced 4-6 times better BS over wild type. Another US patent (7,011,969) on
B. subtilis SD901 strain mutated with N-methyl-N'-nitro-N-nitrosoguanidine resulted in 4-25
times more surfactin production.'®® Such studies are opening arrays for improved BS production
technologies. Various mutant/recombinant strains of Bacillus spp. have been constructed for
better quality and optimum quantity of surfactin production (Table 3).

Serratia Species

Followed by Acinetobacter, Pseudomonas and Bacillus strains, Serratia is one of the well-studied
bacterium in terms of molecular genetic studies of BS production. Serratia, a Gram-negative or-
ganism is known to produce extracellular surface active'”* and surface translocating agents.'” S.
marcescens produces a cyclic lipopeptide BS ‘Serrawettin’ which contains 3-hydroxy-C10 FA side
chain. BS production is correlated with populational surface migration.'”* The mobility (swarming/
sliding motility) and cell density of a population is monitored; depending on this information,
regulatory systems control gene expression. This helps the microbial community in interacting
with its surrounding.'>'7¢ The SpnIR QSS is responsible for regulation of flagellum- independent
population surface migration and synthesis of BS (prodigiosin) in S. marcescens SS-1."7> Later
on, Wei, et al'””'”® confirmed that sp7/R quorum-sensing genes were located on a Tn3 family
transposon, Tn77R. They also proved that SpnR negatively regulated transposition frequency of
TnTIR. This group for the first time reported direct evidence of involvement of a fuxIR-type QSS
in regulation of transposition frequency.

BS production is controlled by auto-induction system which subsequently helps in
swarming of cells.'”¢ S. marcescens ATCC 274 produces temperature dependant serrawettin
W 1[cyclo-(D-3- hydroxydecanoyl —L-seryl),]. Presence of swrW gene encoding serrawettin W1
aminolipid synthetase was identified in S. marcescens 274 by transposon mutagenesis. The swrW
had all four domains of nonribosomal peptide synthetase (NRP), responsible for condensation,
adenylation, thiolation and thioesterisation. The swrW NRP is unimodular and specifies only
lysine."” The authors also proposed a pathway for serrawettin synthesis based on their findings.
Parallel production of serrawettin and pigment production in S. marcescens 274 is coded by an
OREF namely pswP. Synthesis of serrawettin is believed to be through non ribosomal peptide
synthetases (NRPSs) system which is a product of the pswP gene. A single mutation in the gene is
responsible for parallel disruption of both, pigment as well as BS production in S. marcescens.'®
In another study, screening of serrawettin W1 overproducing mini Tn5 insertional mutants
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suggested a down regulating mechanism for BS production. The transposon was inserted be-
tween the hexS gene. hexS is a suppressive gene controlling production, therefore insertion and
deactivation resulted in enhanced production of exolipids. Thus, target specific repression of
hexS gene product in transcription is elucidated.'®! Such abortion of repression can be useful for
large scale and economical production of surface active agents. Production of BS and thereby
surface migration in S. marcescens SS-1 is controlled by N-acylhomoserine lactones (AHLs)
of QSS located on a mobile transposon.'”>'”” Production of BS is under negative control. S.
marcescens SS-1 produces four AHLs via spnl. The production is regulated by SpnR in spnl/
spnR QSS. The SpnR is a homologue of the transcriptional regulator LuxR."* Furthermore,
deletion of this spzR gene to produce an isogenic mutant strain S. z2arcescens SMAR was found
to enhance BS activity.'* Upstream of sp/ is a gene spnd encoding a 464 amino acid protein.'”
The spnT is cotranscribed with spz/ and also functions as a negative regulator of BS produc-
tion and sliding motility. Thus mobility and horizontal transfer of these genes was proved by
Wei, et al.'”® Similar correlation of genes (sw7/QS) and enzyme involvement in BS production
and swarming motility exists in S. liguefaciens.'®'® This interdependence is obligatory for S.
liquefaciens MG1 to develop swarming colony. The gene swrI encodes a similar putative AHL
synthase for synthesis of extracellular signal molecules N-butanoyl-L-homoserine lactone (BHL)
and IV hexanoyl-L-homoserine lactone. Expression of swrA, encoding serrawettin synthetase, is a
homoserine lactone (HSL) and is dependent on QSS."7¢!%3 The flagellar master operon (/D C)
and AHL are involved in flagellar mobility and cell density regulation.

Mutant strain of S. liguefaciens was developed by transposon mutagenesis to construct a non-
swarming mutant deficient in serrawettin W2 production. Sequence analysis indicated homology
with gene swrA that encodes a putative peptide synthetase. Expression of swrA is controlled by
QSS. Transposon mutagenesis involving the promoter less /#xAB reporter confirmed action of
swrA gene via QSS in production of the lipopeptide BS. The gene swrA encodes a putative peptide
synthetase.'® Microbes are able to change their cell surface hydrophobicity during different growth
phases, morphogenesis and differentiation.'® Cell surface hydrophobicity is affected by cell bound
and extracellular factors viz., serraphobin (capacity to bind with hexadecane) and serratamolide
(act as wetting agent). Serratamolide negative mutants revealed that serratamolide increases cell
surface hydrophobicity.'®> Various BS producing, mutant/recombinant strains of Serratia have
been constructed employing molecular approaches (Table 4).

Molecular Genetics of Glycolipid Synthesis in Fungi and Yeast

Candida

Sophorolipids (SLs) are one of the most common glycolipids produced by Candida spe-
cies.!? 8190 ST is composed of sophorose disaccharide glycosidically linked to a hydroxy FA. Genes
involved in biosynthesis of SLs were identified, characterized and cloned by several workers.!#8191192
Mono-oxygenase enzyme, cytochrome P450 dependant on NADPH (nicotinamide adenine
dinucleotide phosphate) is essential for FA conversion. The CPR (cytochrome P450 reductase)
gene of Candida bombicola was isolated using degenerate PCR and genomic walking. The CPR
gene is made up of 687 amino acids. Heterologous expression in Escherichia coli proved func-
tionality of the gene. The recombinant protein had NADPH-dependent cytochrome ¢ reducing
activity."” The genes of cytochrome P450 are diverse among them and also within the genome of
a single organism. The phenomenon responsible for induction and expression of these genes was
unknown." Specific glycosyltransferase I leads to the coupling of glycosidic linkage of glucose and
FA. Glycosyltranferase II carries out subsequent glycosidic coupling. Both glycosyltransferases have
been partially purified.””>'"” Like other microorganisms C bombicola produces glycolipid when
grown on alkanes. Cytochrome P450 monooxygenase obtains reducing equivalents from NADPH
cytochrome P450 reductase (CPR). The CPR gene of C bombicola was isolated, sequenced and
expressed in E. coli. The recombinant protein shows NADPH-dependent ‘cytochrome ¢’ reduc-
ing activity.!'%
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Table 4. Employment of molecular tools for construction of recombinant/mutant
strains of Serratia spp.

Organism Mutation Objective Significant Feature Reference
S. marcescens SS-1  Homologous Isogenic spnR inser-  SMAR strain exhibited 174
SpnR-defective recombination  tion deletion mutant better ability for sur-
isogenic mutant, of Serratia marc- face tension reduction
SMAR escens SS-1 where  and diesel emulsifica-
a 2 kb Sm-resistant  tion than SS-1 strain
DNA did, it is reasonable to
assume that the SMAR
strain produced more
biosurfactant. Thus,
deletion of spnR gene
may enhance biosur-
factant production
from the S. marc-
escens strain.
S. marcescens Mini-Tn5 Purified protein Over production of 181
encoded in his exolipids; Plasmid
(6)-hexS bind to carrying hexS yielded
DNA fragments of  low prodigiosin and
the upstream region  serrawettin W1 with
of pigA and swrW reduced activity of ex-
genes and not to oenzymes (protease,
that of the pswP chitinase and DNAse)
gene. except phospholipase
C.
S. liquefaciens Tn5 Transposon carry- The gene swrA, 183

MGt

ing a promoterless
luxAB reporter the
luxAB transposon
most likely been in-
tegrated into a gene,
designated swrA, is
essential for surfac-
tant production.

encodes a putative
peptide synthetase.
Expression of swrA is
controlled by quorum
sensing.

Mycobacterium, Corynebacteria, Rhodococcus

Trehalose lipid (TL) contain carbohydrates and long-chain aliphatic acids/hydroxy aliphatic
acids and are most effective BS produced by Mycobacteria, Corynebacteria and Rhbodococcus spe-
cies.” Finerty'® studied genes responsible for glycolipid biosynthesis in Rhodococcus sp. H13-A.
A Genomic library was generated using E. coli-Rhodococcus shuttle vector pMVS301. Tn917
transpositional mutagenesis in Rhodococcus, was employed for isolation and analysis of sporulation
and developmental genes in strains of Bacillus.

Pseudozyma, Ustilago maydis

Mannosylerythritol lipid (MEL) are produced by genus Psexdozyma. A yeast strain P. ant-
arctica produces MEL. Genetic study was conducted on prospective genes involved in MEL
production.'” Under nitrogen limitation, Ustilago maydis, a dimorphic basidiomycete produces
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two different classes of glycolipids, ustilagic acids and ustilipids. Ustilagic acids contain cellobiose
linked O-glycosidically to 15, 16 dihydroxyhexadecanoic acid, while ustilipids are derived from
B-D-mannopyranosyl-D-erythritol and belong to the class of mannosylerythritol lipids.” The first
report of molecular characterization of glycolipid production using mutants came very recently
in 2005 by Hewald, et al.* They identified two genes ez and cyp1 responsible for production
of extracellular glycolipids by the fungus. Gene ¢ypI codes for cytochrome P450 monooxygenase
and is involved in synthesing 15, 16 dihydroxyhexadecanoic acid. U. maydis Emt1 codes for a
protein which resembles eukaryotic prokaryotic glycosyltransferases and transfers GDP-mannose
to form mannosyl —D-erythritol. DNA micro-array analysis revealed that em] is part of a gene
cluster which comprises five open reading frames. Three proteins namely Macl, Mac2 and Matl1,
contain short sequence motifs characteristic for acyl- and acetyltransferases. Macl and Mac2 are
essential for MEL production and are involved in acylation of MEL. Enzyme Matl acts as an
acetyl coenzyme which is dependent on acetyltransferase. Mat1 displays relaxed regioselectivity
and is able to acetylate MEL at both, the C-4 and C-6 hydroxyl groups.®” Fifth protein is an
export protein of the major facilitator family. This is the first report on presence of a gene cluster
for production of extracellular glycolipids in a fungus. With these studies, authors introduce the
possibility of transfer of genes between species or recent progenitors, for secondary metabolite
production in fungal species.

Exploitation of Biosurfactant Molecular Genetics

in Biotechnological Applications

The inherent genetic machinery controls phenotypic expression for any particular organism.
Understanding of this molecular machinery and its mechanism will play pivotal role in tailoring
efficient microbes for potential, economic products. There has been an ever increasing progress
in biotechnology in recent years, which has generated enormous opportunities. Initially bio-
technological tools were aimed at hyperproducing mutant/recombinant strains. Mutant of 2.
aeruginosa PTCC 1637 produced 10 times BS to that of wild type. Those of B. subrilis MI1113
and B. licheniformis KGL11 enhanced production by 8 and 12 times respectively. Remarkably B.
subtilis SD901 mutant produced 4-25 times higher yield.?” Recombinant and/or mutant strains
provide huge impetus for further studies (Tables 1, 3 and 4). Biotechnological applications have
been recently extended to initial screening methodology of BS producers. The best example is
represented from the work by Hsieh, et al.'*? The sfp locus was used for PCR based detection
of BS producing B. amyloliquefaciens and B. circulans. Such methods would authenticate the
conventional screening methods enlisted in the brief review of Bodour and Miller-Maier.* On
similar lines, P. rugulosa NBRC 10877 was identified as MEL producer on the basis of IDNA
sequence.”” Direct search for genes involved (Fig. 4) would be faster and less laborious. Newer
invention like those of Whiteley, et al*® could be used to identify modulators and genes of
QSS signals in bacteria. Novel indicator strains and vectors have been engineered. Techniques
like electroporation are useful in transformation studies and have been used successfully in
Psendozyma.** The cationic liposome bearing MEL (produced by C antartica) has been
demonstrated to increase dramatically gene transfection efficiency into mammalian cells. Similar
studies have been reported by Inoh, et al**® in 2004. Thus, molecular tools would help to regulate
and modify biosynthetic pathways to improve BS production technologies. Such significant
findings can be used to upgrade lab scale studies towards field application. Advent of techniques
in identification, isolation and manipulation of structural genes involved in BS biosynthesis has
made it easier to improve existing BS production technologies. The first genetically engineered
bioluminescent strain P. fluorescens HK44, with a plasmid containing pUTK21 (naphthalene
degradation), transposon and introduced /ux gene fused within a promoter for naphthalene
catabolic genes was released for bioremediation process. The strain HK44 was capable of
generating bioluminescence in response to soil hydrocarbon bioavailability. Authors suggested
that /ux-based bioreporter microorganisms can prove a practical alternative in determination
of biodegradation in situ, with the process being well-monitored and controlled.?”
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Figure 4. Molecular approach for screening of biosurfactant producers.

It is possible to use naturally occurring molecular tools for investigation purpose. Three
cryptic plasmids from both A. calcoaceticus BD413, BD4 were isolated, characterized, se-
quenced and used in the construction of E. co/i shuttle plasmids. Studies were done to clone
and express the alcohol dehydrogenase regulon from A. fwoffii RAG-1. Gene expression and
transformation in emulsan production and cell surface esterase activity in 4. lwoffii RAG-1
were also analyzed.?" The gene (a/nA) was cloned, sequenced and over expressed in E. coli.
The recombinant emulsifier protein (AlnA) exhibited 70% emulsifying activity as compared
to that of native protein and 2.4 times more than that of the alasan complex. Thus, for the
first time Toren, et al’™ in the year 2002, successfully produced a recombinant surface-active
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protein using a defined gene. The existing molecular knowledge has opened gateways in drug
discovery and manipulations. Protein products from microbes can be used for formulation
of newer antibiotics and/or life saving drugs. Dams-Kozlowska and Kaplan,*® introduced a
promising and new approach for bioengineering emulsan analogs which has novel application
in the field of medicine as biological adjuvants for vaccine and drug delivery.?!"?'? Research
team of Symmank, et al'® genetically tailored peptide synthetase, which produced surfactin
with reduced haemolytic activity. Rhamnolipid was synthesized in a heterologous host of P.
putida by cloning rhlAB with rh[RI from the pathogenic producer strain P. aeruginosa.*"
These discoveries are highly commendable and certainly provide promising approach towards
conversion of pathogenic to avirulent strains. It appears that, although there is no dearth to
the data accumulated which is constantly building up; its actual filed implementation is in
a stage of infancy. Thus, maximum exploitation of molecular mechanisms will not only add
to our existing understanding of BS production; but will also help bridge the gap between
research and actual application.

Conclusion

Irrespective of structural complexity, molecular mechanisms involved in polymer synthesis
have been revealed. Among the low molecular BS, the genetic mechanisms in Pseudomonas and
Bacillus have been clearly elucidated. The BS production in both microbes is under the influence
of QSS. Different genes are involved and interplay of these genes ensures efficient BS synthesis.
Mere choosing of substrates, optimization of physicochemical parameters are not enough.
Understanding the genetic mechanisms will help in accelerating research towards achieving
economical production. Continued research is adding to the ever expanding knowledge of
this field and will certainly prove to be a boon for surfactant industry. Although the utility
of genetically modified organisms seems to be farfetched due to environmental constraints;
Nevertheless, an understanding of the genetic mechanisms and molecular biology of production
of biosurfactants will help us in better understanding of the production phenomena. This will
form the basis for further manipulation of conditions resulting in optimal and faster production
of these surface active agents. More concerted efforts are needed for an optimal exploitation of
generated information. A strong foundation of molecular mechanisms will help in an applica-
tion oriented outlook at the surfactant industry.

Future Prospects

Over the decades, valuable information on molecular genetics of BS/BE has been generated
and this strong foundation would facilitate application oriented output of the surfactant indus-
try. Promising biotechnological advances have expanded the applicability of BS in therapeutics,
cosmetics, agriculture, food, beverages and bioremediation. Interaction among experts from
diverse fields like microbiology, physiology, biochemistry, molecular biology and genetics is
necessary. With the knowledge at hand, BS with desired qualities can be produced. Mutants and
recombinants can be generated to achieve desired yield and properties of BS. Potent but harmless
strains can be constructed by employing biotechnological advances. However, meticulous and
concerted efforts in unfolding the molecular phenomena of BS production in yeast and fungi
are essential. PCR based detection methods can be used to authenticate newer BS producers
obtained by conventional screening methodologies. Additionally, switch on/off regulatory
mechanisms if involved in BS production need to be discovered and investigated.
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CHAPTER 3

Interaction of Dirhamnolipid
Biosurfactants with Phospholipid

Membranes:
A Molecular Level Study

Antonio Ortiz,* Francisco J. Aranda and Jose A. Teruel

Abstract
hamnolipids are bacterial biosurfactants produced by Psexdomonas spp. These compounds
R}alave been shown to present several interesting biological activities and to have potential
pplications as therapeutics agents. It has been suggested that the interaction with the
membrane could be the ultimate responsible for these actions. Therefore it is of great interest to get
insight into the molecular mechanism of the interaction of purified thamnolipids with the various
phospholipid components of biological membranes. In this work, the CMC of a purified bacterial
dirhamnolipid was determined both by isothermal titration calorimetry and surface tension mea-
surements. The partition coeflicients from water to membranes of different compositions, as well
as the corresponding thermodynamic parameters, indicated that membrane partitioning was an
entropically driven process. Interaction of dirhamnolipid with phospholipids was studied by means
of calorimetry, FTIR and X-ray diffraction. It is shown this interaction had various effects that
might constitute the molecular basis to explain the former activities: domain formation with lateral
phase separation, increased motional disorder of the phospholipid acyl chains and dehydration of
the aqueous interface. Our results suggest that dirhamnolipid, having a large polar headgroup and
a smaller hydrophobic portion, behaves as an inverted-cone shaped molecule, conferring positive
curvature to membranes, which might be behind its disrupting effects on membranes.

Introduction

A number of microorganisms, including bacteria, yeasts and fungi, produce a series of surface
active compounds which are known as biosurfactants. These amphiphilic compounds present a
wide structural diversity, most of them being of lipidic nature. Because of their interesting chemical
and biological properties, there is an increasing interest in considering biosurfactants as potential
alternatives to chemically synthesized compounds.'

Pseudomonas aeruginosaisa Gram—negative bacterium notorious for its environmental Versatility,
ability to cause disease in particular susceptible individuals and its resistance to antibiotics. The bacte-
rium is capable of utilizing various organic compounds as food sources, thus giving it an exceptional
ability to colonize ecological niches where nutrients are limited. Pseudomonas aeruginosa produces
thamnolipids when grown under the appropriate conditions.” Rhamnolipids are a group of glycolipid
biosurfactants composed of a hydrophilic head constituted by one or two rhamnose molecules, called

*Corresponding Author: Antonio Ortiz—Departamento de Bioquimica y Biologia Molecular-A,
Facultad de Veterinaria, Universidad de Murcia, E-30100 Murcia, Spain. Email: ortizbq@um.es
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Figure 1. The chemical structure of the diRL compounds produced by Pseudomonas aerugi-
nosa. For Rha-Rha-C,,-C;, m, n = 6 and for Rha-Rha-C;,-C;, m =8 and n = 6.

respectively monorhamnolipid and dirhamnolipid (diRL) and a hydrophobic tail formed by one or
two fatty acids (Fig. 1). The type of the thamnolipids produced depends on the bacterial strain, the
carbon source used and the culture conditions.® Rhamnolipids represent one of the most important
classes of biosurfactants because of various advantageous characteristics. Concerning its production,
they show high yields as compared to other biosurfactants and several raw materials can be used as
carbon sources.*® Rhamnolipids are surface-active compounds, reducing the surface tension of water
to values close to 30 mN/m.” The CMC of pure thamnolipids and its mixtures depends greatly on
the chemical composition of the various species, ranging from 50 to 200 mg/L."

Rhamnolipids have been shown to present several interesting activities from the biological point
of view. They behave as exotoxins, restricting the growth of Bacillus subtilis,'>"* and presenting
zoosporicidal activity on various species of zoosporic phytopathogens.'* It is widely accepted that
the majority of the mentioned activities must be related to the action of the rhamnolipids on the
lipid constituent of biological membranes, as it has been shown for other biosurfactants which affect
the structure of phospholipid membranes.'>'¢ The compounds secreted by Pseudomonas aeruginosa
constitute a heterogeneous mixture of mono- and dirhamnolipids which has been used in most of
the published works. However it is interesting to investigate the individual contribution of each
homologue to the biological properties of the mixture in order to obtain a rhamnolipid with the
desired properties for specific uses. We will show in this chapter that a purified diRL influences the
physicochemical characteristics of phospholipid membranes.”'® and the molecular interactions
with phospholipid membranes will be described.

Critical Micellar Concentration of diRL

Surfactants can assemble into a wide list of morphologically different structures.'” The complex
aggregation behaviour of a purified diRL biosurfactant produced by Pseudomonas aeruginosa
in aqueous media has been studied in a previous work," showing a concentration dependent
micelle-to-vesicle transformation.

The CMC of thamnolipids has been determined for various mixtures of heterogencous compo-
sition, including mono- and dirhamnolipids.’*** We recently carried out the first determination of
the CMC of a purified diRL biosurfactant produced by Psexdomonas aeruginosa. The CMC of the
purified diRL was first determined by surface tension (y) measurements®' as shown in Figure 2 (panel
A). A dilute solution of the biosurfactant had a value of y close to that of pure water (75 mN/m). As
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Figure 2. Determination of the critical micelle concentration of diRL by surface tension mea-
surements (A) and isothermal titration calorimetry (B,C). A) A plot of the surface tension (y)
as a function of the diRL concentration for a series of diRL solutions prepared in 150 mM
NaCl, 5 mM Hepes, pH 7.4 buffer at 25°C. B,C) A typical ITC demicellization experiment. B)
The heats of injection per mole of injected diRL obtained upon injection of a series of 10 ul
aliquots of a 3 mM diRL solution prepared in 150 mM NaCl, 5 mM Hepes, pH 7.4 buffer into
the same buffer at 25°C (8h/8n) as a function of the diRL concentration in the calorimeter cell.
C) First derivative of the plot presented in panel B. The diRL concentration corresponding to
the maximum ordinate is the CMC.

the concentration of diRL was increased y was decreasing to reach a value of ca. 36 mN/m at 0.11
mM diRL and kept essentially constant for higher concentrations. Thus the CMC was 0.11 mM as
measured by this procedure, in good agreement with the ITC dilution experiments shown below.

The CMC of the purified diRL was also determined by ITC dilution experiments as shown in
Figure 2 (panels B and C). Figure 2B presents the integrated heat flow curves obtained upon injection
of a concentrated diRL solution into buffer at 25°C. Each injection of the biosurfactant solution was
accompanied by an exothermic heat of reaction due to the rupture of the micelles into monomers and
the integration of the corresponding peaks yielded the heat of reaction, 8h, which was divided by the
number of moles injected, dn, to yield the molar heat of demicellization. This was plotted as a function
of the total concentration of diRL, showing a typical sigmoidal shape. The first derivative of this curve
had a maximum at 0.11 mM diRL, which corresponded to the value of the CMC?* (Fig. 2C).
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The literature values for the CMC of different rhamnolipid heterogencous mixtures ranged
from 53 to 230 mg/1."** The value of 0.11 mM (71.5 mg/1) that we obtained for our pure diRL
was of the same order of these values. As compared to other relevant biosurfactants, like surfactin
(CMC 0.075 mM), the CMC of diRL was relatively high, which already suggested that this bio-

surfactant will most probably behave as a weak detergent in aqueous solution.

Partitioning of DiRL into Phospholipid Membranes

The thermodynamics of the binding of diRL to phospholipid membranes was determined by
ITC experiments in which alipid dispersion was titrated to a biosurfactant solution at a concentra-
tion below the CMC, i.e., in the monomer state.”’ In these experiments, small unilamelar vesicles
(SUV) of different compositions were injected into a diRL solution in buffer. The partition of the
surfactant into the membrane was endothermic in this case and opposite to the heat of dilution
which was exothermic. The integration of the calorimeter peaks yielded the heats of reaction, 8h,
which were then divided by the amount of lipid injected, dn. A plot of 3h/dn versus the total
concentration of lipid allowed the simultaneous determination of the partition constant, K; the
membrane partition enthalpy AH and the heat of dilution, qg. In the case of SUV made of pure
POPC at pH 7.4, K was 23.4 mM™', AH was +0.9 kcal/mol and g4y was —0.2 kcal/mol (Table 1).
In the case of pure diRL the product K+ CMC = 2.5 indicated that diRL should behave as a weak
detergent and it will most probably prefer membrane penetration over micellization. As a matter
of fact we have presented experimental evidence, based on dynamic light scattering and electron
microscopy results, that, upon increasing concentration above the CMC, diRL by itself forms
bilayer vesicles of heterogeneous size.! On the other hand, this behaviour opened the possibility
of a number of other applications based on formation of diRL bilayer vesicles.

Effect of Membrane Lipid Composition on Membrane Partitioning

The ITC binding experiments described above were carried out under different conditions and
with SUV made of different lipids. The experimental results were fitted as explained before and
the data obtained are summarized in Table 1. DiRL is an anionic biosurfactant with a reported
pKa value of 5.6.% Thus, at pH 7.4, 98.4% of the diRL molecules bear a negative charge, whereas
at pH 4.0, 97.5% are neutral. The partition constants, K and the heats of dilution, qq, of diRL
into POPC SUV at pH 7.4 and 4.0 were very similar; however the AH changed from +0.9 kcal/
mol (endothermic) at pH 7.4 to —1.0 kcal/mol (exothermic) at pH 4.0. Since at both pH values K
were very similar, the result was just a slight reduction of the term TAS from 9.2 to 7.3 kcal/mol
(Table 2), which might not be high enough to explain the differences in the membrane binding
mechanism of negatively charged vs neutral diRL.

Incorporation of cholesterol into POPC resulted in a drastic reduction of the partition con-
stant (Table 1). This result might be a consequence of the increase in the motional order of the
phospholipid acyl chains and the general stabilization of the membrane caused by cholesterol***
which resulted in a tighter lipid packing®® and made binding of the surfactant more difficult.

Table 1. Partition constant, enthalpy change and heat of dilution for the membrane
partitioning of diRL into different SUV systems

System K (mM-) AH (kcal/mol) qan (kcal/mol)
POPC pH 7.4 234 +29 0.9 = 0.05 -0.2 +£0.01
POPC pH 4.0 25.3+£3.0 -1.0 £ 0.05 -0.1 = 0.01
POPC/Chol (1:1) 8.6 +0.8 2.1 +01 -0.01 = 0.01
POPC/POPE (1:1) 28.4 4.2 1.2 £0.1 -0.02 £ 0.02

POPC/lysoPC (2:1) 9.4 +1.1 1.8+0.2 -0.3 +£0.03
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Table 2. Thermodynamic parameters for the membrane partitioning of diRL into

different SUV systems
System AH (kcal mol-) AG?® (kcal mol-") TAS (kcal mol)
POPC pH 7.4 0.9 = 0.05 -8.3 9.2
POPC pH 4.0 -1.0 = 0.05 -8.4 7.3
POPC/Chol (1:1) 2.1+0.1 -7.7 9.8
POPC/POPE (1:1) 1.2 0.1 -8.4 9.6
POPC/lysoPC (2:1) 1.8+0.2 -7.8 9.6

Since K was strongly reduced and AH was increased from +0.9 to +2.1 kcal/mol, the term TAS
remained essentially unchanged (Table 2), indicating that the presence of cholesterol reduced
diRL partitioning but did not modify the mechanism of diRL binding to these membranes as
compared to pure POPC.

Table 1 also shows that the partition of diRL into POPC membranes which contained 50
mol% of POPE was more favourable, whereas the addition of lysoPC to the membrane resulted in
alarge reduction of the partition constant. Thus, the presence of POPE facilitated diRL membrane
binding whereas lysoPC seemed to have an opposite effect. The thermodynamic parameters for
the membrane partitioning of diRL into the different SUV systems are detailed in Table 2. The
values of AH were very close in all cases and ranged from —1.0 to +2.1 kcal/mol. Interestingly, at
pH 4.0 AH was exothermic, whereas in all the other cases it was endothermic. However in all cases
the process was thermodynamically favourable (AG < 0) and, despite the small differences in AH,
the large entropy term TAS (ca. +10 kcal/mol) constituted the driving force for the partition of
monomeric diRL into phospholipid membranes.

Modulation of the Thermotropic Behavior of Phospholipids by diRL
The influence of diRL on the thermotropic gel to liquid crystalline phase transition of saturated
phosphatidylcholines bearing acyl chains with 14 (DMPC), 16 (DPPC) and 18 (DSPC) carbon
atoms was studied by means of differential scanning calorimetry (DSC). Figure 3 (panel A) shows
the thermograms obtained for DMPC as an illustrative example. In the absence of diRL, phos-
phatidylcholines exhibited two endotherms upon heating: a lower temperature lower enthalpy
pretransition and a higher temperature higher enthalpy main transition. In the thermograms of
pure phospholipids, the higher temperature tall peaks corresponded to the chain melting transi-
tion”” and the lower temperature small peaks corresponded to the pretransition, which related to
the untilting of the phospholipid acyl chains.”® The thermotropic pretransition of the different
phosphatidylcholines was greatly affected by the presence of a very low concentration of diRL,
beingalready abolished at a diRL mol fraction of 0.01. Increasing concentrations of diRL progres-
sively made the transition less cooperative as demonstrated by the increase in width of the main
transition and caused a shift to lower temperatures, with the appearance of a second endothermic
component in the thermograms. The effect of diRL on the main phase transition was qualitatively
similar for the different phosphatidylcholines; however it was larger in the case of the shorter
chain homologue DMPC where the broadening of the transition and the separation between
both endotherms were more evident (Fig. 3A). These effects could be explained by the establish-
ment of a molecular interaction between the phospholipid acyl chains and the diRL molecule,
intercalation of the diRL molecule between the phospholipids and disruption of the phospholipid
packing, reducing the cooperativity of the transition and shifting the temperature to lower values.
The appearance of a second melting component in the thermograms when the concentration of
diRL was increased can be explained by the formation of diRL enriched domains. At increasing
concentrations of diRL the shape of the main transition peak became asymmetric. The asymmetric
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line shape indicated that the phase transition was no longer two-state or that there were multiple
two-state transitions.” Making the reasonable assumption that there were two coexisting phases
and cach one underwent a two-state transition, the lower temperature endotherm could be at-
tributed to phospholipids in diRL rich regions or those phospholipids that were near the diRL
molecules and were highly perturbed. The higher temperature endotherm could be attributed to
lipids in diRL poor regions or those which were far away from the diRL molecules and thus had less
perturbed acyl chains. DSC also allowed us to characterize in detail the influence of diRL on the
phase behaviour of DEPE. Figure 3 (panel B) shows heating thermograms of aqueous dipersions of
DEPE and diRL at different mol fractions. Pure DEPE presented a highly cooperative endothermic
gel to liquid-crystalline phase transition at 37.2°C and a lamellar to inverted hexagonal-Hj; transi-
tion at 65°C. Increasing the concentration of the diRL gave rise to a progressive broadening of the
gel to liquid-crystalline phase transition whose temperature shifted to lower values. At 0.03 mol
fraction a new phase transition started to show up at a temperature around 17°C which became
more prominent as the concentration of the biosurfactant was increased. In addition several other
minor transitions were observed as shoulders of the main ones indicating, in any case, a complex
behaviour. Incorporation of diRL into DEPE also affected the lamellar to hexagonal-Hy; phase
transition, which was progressively shifted to higher temperatures with a simultancous decrease
of AH, being not detectable at a diRL concentration as low as a mol fraction of 0.05. The DSC
thermograms shown in Figure 3B indicated that diRL incorporated into DEPE bilayers and in-
teracted with the phospholipid, decreasing the cooperativity of the gel to liquid-crystalline phase
transition and giving rise to the formation of domains within the membrane with lower transition
temperatures, as explained above for DMPC.

A B

Endothermic heat flow

10 20 30 10 20 30 40 50 60 70 80
Temperature (°C)

Figure 3. DSC heating thermograms for DMPC (A) and DEPE (B) containing diRL at different
concentrations. The mol fraction of DiRL is indicated on the curves. The thermograms are
normalized to the same amount of lipid.
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Figure 4. Partial phase diagram for the phospholipid component in mixtures of DMPC (A) and
DEPE (B) with DiRL. Open and closed circles were obtained from the onset and completion
temperatures of the main gel to liquid-crystalline phase transitions shown in Figure 3 and cor
respond to the solidus and fluidus lines respectively. G and G’ represent lamellar gel phases
and F the lamellar liquid-crystalline (fluid) phase.

Using the thermal data from the DSC scans shown in Figure 3, partial phase diagrams for the
phospholipid component were constructed (Fig. 4). The phase diagrams obtained for all phos-
phatidylcholines under study were similar to that of DMPC (Fig. 4A), showing that the so/idus
lines displayed a near ideal behaviour, i.e., the temperature decreased as more diRL was present in
the system. This indicated that phosphatidylcholine and diRL were miscible in the gel phase and
that the intercalation of diRL molecules into the phospholipid palisade perturbed its thermotropic
properties. However, differences in the behaviour of the fluidus line could be observed depending
on the acyl chain length of the particular phosphaticylcholine.

The scenario observed for the DEPE/diRL system was somehow different (Fig. 4B). Increasing
the concentration of biosurfactant produced a decrease in the fluidus line which behaved in a near
ideal manner. However the solidus line sharply dropped from 37.2 to 17.2°C at a mol fraction of
0.03, remaining horizontal for the rest of the diagram and indicating gel phase immiscibility. The
complex behaviour observed in this mixtures, with a eutectic point at a mol fraction =0.03 and a
solid—phasc immiscibility for diRL concentrations above this value, indicated that in the gcl phase
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there was formation of adiRL/DEPE complex with a diRL mol fraction =0.03, which separated from
the bulk of the membrane and coexisted with another gel phase of different stoichiometry (region
G + G’). Upon heating, i.c., in the fluid phase, the membrane became homogeneous with a good
miscibility of both lipids. Thus, above the fluidu line, there was a continuous series of homogencously

distributed diRL/DEPE mixtures.

Effect of diRL on Phospholipid Polymorphism

Phospholipids, when organized into multilamellar structures, should give rise to reflections with
relative distances of 1:1/2:1/3.% Figure 5 shows the small angle X-ray diffraction pattern profiles
corresponding to DMPC and DEPE containing diRL at different temperatures. Pure DMPC pre-
sented three reflections with relative distances of 1:1/2:1/3, which was consistent with their expected
multilamellar organization.® This technique not only defined the macroscopic structure itself, but
also provided the interlamellar repeat distance in the lamellar phase. The largest first order reflection
component corresponded to the interlamellar repeat distance (d-value), which was comprised of the
bilayer thickness and the thickness of the water layer between bilayers.” DMPC  ave rise to a first
order reflection with a d-value of 66.3 A in the gel state and 62.0 A in the liquid crystalline state (Fig.
5). Samples containing 0.03 mol fraction of diRL gave rise to two or three reflections which related
as 1:1/2:1/3 in the whole range of temperatures under study, confirming that the presence of diRL
at this concentration did not alter the lamellar structural organization of phosphatidylcholines.
However, the interlamellar repeat distance was found to be between 5 and 13 A larger (depending on
phosphatidylcholine acyl chain and temperature) in the presence of a0.03 mol fraction of diRL than in
the absence of glycolipid, which could be a consequence of the increase of the water layer between the
phospholipids bilayers or it could be due to an effective increase of the bilayer thickness. It is interesting
to note that the presence of diRL broadened the reflections and lowered their intensities, indicating
that it progressively reduced the long-range order in the multilamellar system.

Incorporation of diRL into DEPE systems did notalter the lamellar organization of this phospho-
lipid neither below norabove the el to-liquid-crystalline phase transition; however there wasasli ht
decrease of the interlamellar repeat distance from 65.7 to 63.5 A at 15°C and from 53.5t0 51.2 A at
50°C (Fig. 5). Only one lamellar reflection was observed at temperatures both below and above the
gel to liquid-crystalline phase transition. At 70° C pure DEPE samples showed three reflections which
related as 1:1/V3:1V/4, which corresponded to the lattice parameter ratio of an inverted hexagonal-Hj,
phase. However, addition of a diRL mol fraction of 0.10 made DEPE to adopt alamellar organization

DMPC DEPE
10°C 30°C 165°C

0
0 L
0 0
0.0?W 0.10
80 40 20 80 40 20 140100 60 20 140100 60 20 140100 60 20

Distance (A)

Figure 5. Small angle X-ray diffraction profiles of DMPC and DEPE systems containing differ
ent mol fractions of diRL (numbers on the curves), at various temperatures below and above
the gel-to-liquid crystalline phase transition.
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at this same temperature, with a yet smaller interlamellar repeat distance of 49.8 A. With respect to
the formation of the inverted hexagonal-Hy; phase it was clear that diRL displaced this transition to
higher values, i.c., it precluded Hy; phase formation or, in other words, stabilized the bilayer organiza-
tion (Fig. 3). This was confirmed by small angle X-ray diffraction (Fig. 5) which showed that,at 70°C,
diRL containingsamples still adopted a lamellar organization, as compared to pure DEPE which was
Hy;. This result can be explained by the dynamic shape theory commented above,” clearly indicating
that diRL behaves as an inverted cone shaped molecule, opposing the cone shape of DEPE and acting
asalamellar stabilizer (Fig. 7). Surfactin, alipopeptide biosurfactant produced by Bacillus subtilis, has
been also shown to similarly destabilize the Hy; phase in DEPE systems.

DiRL Affects Phospholipid Acyl Chain Mobility

The effect of diRL on the phosphatidylcholine acyl chains was examined by monitoring the
changes occurring in the CH, stretching vibration bands. The CH, stretching region of the infrared
spectrum of phosphatidylcholines contains two major bands centred near 2850 and 2920 cm™, which
arise from the symmetric and asymmetric methylene stretching vibrations, respectively. With most
phospholipid bilayers, these vibrations give rise to relatively sharp absorption peaks at temperatures
below the phospholipid gel to liquid-crystalline phase transition and when the phospholipid hydro-
carbon chains melt, the absorption bands broaden and shift upward in frequency by 2-3 cm™. Such
behaviour is characteristic of hydrocarbon chain melting phenomena and results from an increase in
hydrocarbon conformational disorder and molecular mobility at the chain melting phase transition.?
These changes in frequency were observed with pure phospholipids and their mixtures with diRL
(Fig. 6) along temperatures ranges comparable to those of the thermotropic events detected by DSC

Absorbance (a.u.)

1 L | I L L

2950 2900 2850 2800 2980 2940 2900 2860 2820
-1
Wavenumber (cm”)

Figure 6. FTIR spectra of the CH, stretching absorption bands of mixtures of phospholipids
with diRL. The left part of the figure corresponds to pure DMPC (solid line) and DMPC con
taining 0.07 mol fraction DiRL (dashed line) at 10°C (gel phase) (A) and 30°C (liquid crystalline
phase) (B). The right part of the figure shows the spectra of pure DEPE (solid line) and DEPE
containing 0.10 mol fraction of diRL (long dashed line) and 0.20 mol fraction of diRL (short
dashed line) at 15°C (C) and 50°C (D).
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(Fig. 3). This observation provided evidence that all the thermotropic events observed in the DSC
experiments involved the melting of the phospholipids hydrocarbon chains. Figure 6 compares the
infrared CH, stretching bands of the gel and liquid crystalline phases of pure DMPC with that of
DMPC containing0.07 mol fraction of diRL. It was observed that both in the gel (Fig. 6A) and liquid
crystalline (Fig. 6B) states, band maxima of the CH, stretching vibrations exhibited by the DMPC/
diRL system occurred at higher frequencies than those of the pure DMPC. These results suggested
that the incorporation of diRL into DMPC bilayers resulted in an overall increase in hydrocarbon
chain disorder in both states. This disordering effect was less marked when diRL was incorporated
into DPPC and disappeared when it was incorporated into DSPC systems (not shown). Thus, phos-
phatidylcholines with shorter acyl chains were less able to accommodate the diRL molecule into the
phospholipid palisade, being more sensitive to the presence of the glycolipid.

Incorporation of increasing concentrations of the biosurfactant (0.1 and 0.2 mol fraction)
into DEPE membranes at 15°C shifted the antisymmetric stretching band from 2917 to 2920
and 2924 cm™ respectively and the symmetric stretching was displaced from 2849 to 2850 and
2853 cm™! (Fig. 6C). These displacements were even higher than those observed in pure DEPE as
aconsequence of the gel to liquid-crystalline phase transition. At 50°C, i.c., in the fluid phase, the
effect was similar, with shifts from 2919 t0 2921 and 2923 cm™ respectively in the antisymmetric
stretching and from 2850 to 2851 and 2853 cm™! respectively in the symmetric stretching band
(Fig. 6D). Thus, incorporation of diRL into DEPE bilayers increased the population of gauche
conformers both in the gel and the liquid-crystalline phase, causing an additional disordering of
the phospholipid acyl chains even in the fluid phase. This alteration also took place at the level of
the aqueous interface as observed by the effects on the C = O stretching band (not shown).

Conclusion

Rhamnolipids from Pseudomonas aeruginosa have been shown to present antimicrobial
activity against a wide variety of microorganisms including Gram-negative and Gram-positive
species® and to be cytolytic for human monocyte-derived macrophages, particularly the dirham-
nolipid species.* Its zoorosporicidal activity against phytopatogens has been also described'
and it was suggested that intercalation of thamnolipids into the plasma membrane would cause
its final destruction. Furthermore, a purified dirhamnolipid from Burkholderia pseudomallei has
been described to be haemolytic for erythrocytes of various species.’® The question is: which
is the molecular basis for all these interesting biological activities? The marked amphiphilic
character of the diRL molecule (Fig. 1) suggest that they must be the consequence of a direct
interaction of the rhamnolipids with the target membranes and the consequent alteration of its
barrier properties, as it has been shown before for another relevant biosurfactant like surfactin.’”
The results we have presented here show that diRL interaction with phospholipids has vari-
ous effects that might constitute the molecular basis to explain the former activities: domain
formation with lateral phase separation, increased motional disorder of the phospholipid acyl
chains and dehydration of the aqueous interface.

Our data also suggest that diRL, having a large polar headgroup and a smaller hydrophobic
portion, behaves as an inverted-cone shaped molecule, conferring positive curvature to membranes.
This means that the molecular shape of diRL is somehow complementary to that of phosphati-
dylethanolamine, which facilitates diRL membrane insertion when present in a bilayer and similar
to the shape of lysoPC, which impedes diRL membrane insertion (Fig. 7).*> Many antibacterial
compounds act by promoting a negative membrane curvature which can lead to the collapse
of the phosphatidylethanolamine-rich bacterial cytoplasmic membrane.’®* The mechanism of
antimicrobial activity of dirhamnolipid seems to be different, since we have shown that diRL
has a bilayer stabilizing effect impeding the formation of the inverted hexagonal Hy; phase in
phosphatidylethanolamine systems.'! Recent studies on the mechanism of antimicrobial activity
have shown that several antimicrobial compounds which, like dithamnolipid, induce a positive
curvature strain of the membrane, disrupt cell membranes through the formation of a transient
pore.“# New research has to be carried out to study the effect of diRL on membrane permeability
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Figure 7. A comparative view of the molecular shapes of lysoPC (A), diRL (B) and PE (C).
The structures correspond to 1-palmitoyl-2-hydroxy-sn-glycero-3-phosphocholine (lysoPC),
Rha-Rha-C;,-Cyo (DiRL) and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE).

and to get insight into its mechanism of antimicrobial activity. These studies will be important in
order to elucidate whether diRL acts through a detergent-like mechanism, or permeabilization
takes place by means of membrane pore formation.
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CHAPTER 4

Microbial Surfactants
and Their Potential Applications:

An Overview
Ashis K. Mukherjee* and Kishore Das

Abstract
iosurfactant or microbial surfactants produced by microbes are structurally diverse and
B heterogencous groups of surface-active amphipathic molecules. They are capable of reducing
surface and interfacial tension and have a wide range of industrial and environmental ap-
plications. The present chapter reviews the biochemical properties of different classes of microbial
surfactants and their potential application in different industrial sectors.

Introduction

Surfactants are amphipathic molecules that partition preferentially at the interface between
fluid phases such as oil/water or air/water interfaces. These properties of surfactants capable them
of reducing surface and interfacial tension and make surfactant an excellent detergency, emulsifier,
foaming and dispersing agents.

With increasing environmental awareness and emphasis on a sustainable society in harmony
with the global environment, during the recent years, natural surfactants produced by living cells
are getting much more attention as compared to the synthetic chemical surfactants. Among
the natural surfactants, those produced by microbial origin, known as microbial surfactants or
biosurfactants are the most promising. They are defined as “structurally diverse/heterogeneous
groups of surface-active molecules synthesized by microorganisms”."? Considering the important
properties and a wide range of applications of biosurfactants, during recent years much more
attention has been given to understand the biochemical properties and physiological role of dif-
ferent classes of biosurfactant on the producing microorganism as well as commercial application
of biosurfactants.?

Classification of Biosurfactants

Based on their chemical composition and types of microbes producing them, biosurfactant
are divided into five broad groups viz., glycolipids, lipopeptides and lipoproteins, phospho-
lipids, hydroxylated and crossed-linked and fatty acids, polymeric surfactants and particulate
surfactants.*®

Glycolipids
Glycolipids are carbohydrates like mono-, di-, tri- and tetrasaccharides that include glucose,
mannose, galactose, glucuronic acid, thamnose and galactose sulphate combined with long chain
aliphatic acids or hydroxy aliphatic acids. The best examples of glycolipids include trehalose lipids,
*Corresponding Author: Ashis K. Mukherjee—Department of Molecular Biology and
Biotechnology, Tezpur University, Tezpur-784 028, Assam, India. Email: akm@tezu.ernet.in
Biosurfactants, edited by Ramkrishna Sen. ©2010 Landes Bioscience
and Springer Science+Business Media.
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rhamnolipids, sophorolipids, diglycosyl diglycerides and mannosylerythritol lipids. Other types of
glycolipids have been reported in the literature such as glycoglycerolipid,® sugar-based bioemulsi-
fiers,”® mannosylerythritol lipid A and many different hexose lipids.’

Trehalose Lipids

Several structural types of microbial trehalose lipid biosurfactants have been reported.
Disaccharide trehalose linked at C-6 and C-6' to mycolic acids is associated with most species
of Mycobacterium, Nocardia and Corynebacterium.*'* Mycolic acids are long-chain, a-branched
-B- hydroxy fatty acids. Trehalolipids from different organisms differ in the size and structure of
mycolic acid, the number of carbon atoms and the degree of unsaturation.*!" In 2002, Philp and
his colleagues'? reported the production of trehalose lipids from alkanotrophic Rhodococcus ruber
on gaseous alkanes propane and butane.

Rhamnolipids

Certain species of Pseudomonas are characterized to produce large amounts biosurfactant con-
taining one or two molecules of thamnose linked to one or two molecules of B-hydroxydecanoic
acid.’*'¢ In 1965, Edward and Hayashi'” have reported formation of glycolipid, type R-1
containing two rhamnose and two f hydroxydecanoic units by Pseudomonas aeruginosa. A
second kind of rhamnolipid (R-2) containing one rhamnose unit was reported by Itoh et al.'®
Gas-chromatographic analysis of hydroxyl fatty acids thamnolipid produced by P, aeruginosa
DAUPE 614 showed that positions of the fatty acids in the lipid moiety were variable.'®

Sophorolipids

Sophorolipids consist of a dimeric carbohydrate sophorose attached with a long chain hy-
droxy fatty acid and are mainly produced by yeasts such as Zorulopsis bombicola, T. apicola'® and
Wickerhamiella domericqiae™ Sophorolipids have the capacity to lower the surface tension of water
from 72.8 mN/m to 40 to 30 mN/m, with a critical micelle concentration of 40 to 100 mg/1*!
It has been shown that 7" petrophilum produces sophorolipids on water insoluble substrates such
as alkanes and vegetable 0il.*> Moreover, it has been reported that critical micelle concentration
(CMC) and the solubilization ratio of the sophorolipids biosurfactant were found to be in a good
range compared with synthetic surfactants.”

Mannosylerythritol Lipids

This glycolipid biosurfactant consists of a sugar called mannosylerythritol and are synthesized
by yeast like Candida antarctica*** and Candida sp. SY 162 The fatty acid component of bio-
surfactant was determined to be hexanoic, dodecanoic, tetradecanoic or tetradecenoic acids.?®
Mannosylerythritol lipids synthesized by Candida sp. SY 16* lowered the surface tension of
water to 29 dyne/cm at critical micelle concentration of 10 mg/] and the minimum interfacial
tension was 0.1 dyne/cm against kerosene.?® Fukuoka et al*” have characterized the surface active
properties of a new glycolipid biosurfactant, mono acylated mannosylerythritol lipid produced
by Psdozyma antarctica and P, rugulosa.

Lipopeptides

Surfactin

Surfactin, a cyclic lipopeptide is one of the most effective biosurfactants known so far, which
was first reported in B. subtilis ATCC-21332.% Because of its exceptional surfactant activity it
is named as surfactin.?” Surfactin can lower the surface tension from 72 to 27.9 mN/m?*» and
have a critical micelle concentration of 0.017 g/1.°' The surfactin groups of compounds are
shown to be a cyclic lipoheptapeptides which contain a B-hydroxy fatty acid in its side chain.
Recent studies indicate that surfactin shows potent antiviral, antimycoplasma, antitumoral,
anticoagulant activities as well as inhibitors of enzymes.**** Although, such properties of sur-
factins qualify them for potential applications in medicine or biotechnology, they have not
been exploited extensively till date.
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Iturin

Iturin A, the first compound discovered of the iturin group and its best known member, was
isolated from a Bacillus subtilis strain taken from the soil in Ituri (Zaire) and its structure was
elucidated.” The subsequent isolation from other strains of Bacillus subtilis of five other lipopep-
tides such as iturin A;, mycosubtilin, bacillomycin L, D, F and L. (or bacillopeptin), all having a
common pattern of chemical constitution, led to the adoption of the generic name of “iturins” for
this group of lipopeptides.” The iturin group of compounds are cyclic lipoheptapeptides which
contain a - amino fatty acid in its side chain. Lipopeptids belonging to the iturin family are potent
antifungal agents which can also be used as biopesticides for plant protection.**¢3

Fengycin

Fengycin is a lipodecapeptide containing 3- hydroxy fatty acid in its side chain and comprises
of Cjs to Cy; variants which have a characteristic Ala-Val dimorphy at position 6 in the peptide
ring.** Wang et al*’ have demonstrated the identification of fengycin homologues produced by
B. subtilis by using electrospray ionization mass spectrometry (ESI-MS) technique.

Lichenysin

Lichenysin, produced by Bacillus licheniformis exhibits similar structure and physiochemical
properties to that of surfactin.®’ B. licheniformis also produce several other surface active agents
which act synergistically and exhibit excellent temperature, pH and salt stability.” Lichenysin
A produced by Bacillus licheniformis strain BAS50, is characterized to contain a long chain
beta-hydroxy fatty acid molecule.*' Lichenysin is reported to be stable over a wide range of pH,
temperature and NaCl concentration and promotes dispersion of colloidal 3- silicon carbide and
aluminum nitride slurries much more efficiently than chemical agents.* It has also been reported
that lichenysin is a more efficient cation chelator compared with surfactin.®

Fatty Acid Biosurfactant

Certain hydrocarbon degrading microbes produce extracellular free fatty acids when grown on
alkanes and exhibit good surfactant activity. The fatty acid biosurfactants are saturated fatty acids in
the range of C,, to C,; and complex fatty acids containing hydroxyl groups and alkyl branches.**
It was shown that Arthobacter strain AK-19* and P, aeruginosa 44T 1Y accumulated up to 40-80%
(w/w) of such lipids when cultivated on hexadecane and olive oil respectively.

Polymeric Biosurfactants

Polymeric biosurfactants are high molecular weight biopolymers, which exhibit properties like
high viscosity, tensile strength and resistance to shear. The following are the examples of different
classes of polymeric biosurfactants.

Emulsan

Acinetobacter calcoaceticus RAG-1 produces a potent extracellular polymeric bioemulsifier
called emulsan® which is characterized as a polyanionic amphipathic heteropolysaccharide. The
heteropolysaccharide backbone consists of repeating units of trisaccharide of N- acetyl-p-galac-
tosamine, N-acetylgalactosamine uronic acid and an unidentified N- acetylamino sugar.”” Removal
of the protein fraction yields a product, apoemulsan, which exhibits much lower emulsifying
activity on hydrophobic substrates such as n-hexadecane. One of the key proteins associated with
the emulsan complex is a cell surface esterase.”

Biodispersan

A. calcoaceticus A-2 produces an extracellular, nondialyzable surface-active dispersing substance
called biodispersan.’ The surface active component of biodispersan is an anionic heteropolysac-
charide, with an average molecular weight of 51,400 and contains four reducing sugars namely
glucosamine, 6- methylaminohexose, galactosamine uronic acids and an unidentified amino sugar.”
Elkeles and his colleagues®* have suggested that mutants of strain A. calcoaceticus A-2 that were
defective in protein secretion are potentially useful for the production of biodispersan.
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Alasan

Alasan is an anionic alanine- containing heteropolysaccharide protein biosurfactant produced
by A. radioresistens KA-53.%% Alasan produced by A. radioresistens KA-53 was reported to solubi-
lise and degrade polyaromatic hydrocarbons.* The surface active component of alasan is a 35.77
kD protein called as AlnA. This surface-active protein AlnA have a high amino acid sequence
homology to Escherichia coli outer membrane protein A (OmpA), but however OmpA does not
possess any emulsifying activity.”

Three of alasan proteins were purified from A. radioresistens KA-53 are having molecular masses
of 16, 31 and 45 kD and it was demonstrated that the 45-kD protein had the highest specific
emulsifyingactivity, 11% higher than the intact alasan complex.* The 16- and 31-kD proteins gave
relatively low emulsifying activities, but they were significantly higher than that of apo-alasan.>

Liposan
C lipolytica produce an extracellular water soluble emulsifier called Liposan which is composed
0f83% (w/v) carbohydrate and 17% (w/v) protein.”” The carbohydrate portion is a heteropolysac-

charide consisting of glucose, galactose, galactosamine and galacturonic acid.””

Emulsifying Biopolymer from Fungus

The production of large amounts of mannoprotein by Saccharomyces cerevisiae exhibiting excel-
lent emulsifier activity toward several oils, alkanes and organic solvents had been reported.”® The
purified emulsifier contains 44% mannose and 17% protein. A manose- fatty acid complex from
alkane grown C. tropicalis was isolated.”” This complex stabilizes hexadecane-in-water emulsion.

Emulsifying Protein

An emulsifying peptidoglycolipid containing 52 amino acids, 11 fatty acids and a sugar unit pro-
duced by P aeruginosa P-20 has been reported by Koronelli et al.*® Also, a bioemulsifier, composed
0f50% carbohydrate, 19.6% protein and 10% lipid produced by P, fluorescens was reported.*!

Particulate Biosurfactant

Some examples of particulate biosurfactant are extracellular membranes vesicles of microbial
cells, which help in emulsification of hydrocarbon. Accumulation of extracellular membrane
vesicles having 20-50 mm diameter and a bouyant density of 1.158 g/cm? has been reported in
Acinetobacter sp. HO1-N cells.? The purified vesicles are composed of protein, phospholipid and
lipopolysaccharide.

Potential Applications of Biosurfactant

Biosurfactants are becoming important biotechnology products for industrial and medical
applications due to their specific modes of action, low toxicity, relative ease of preparation and
widespread applicability.®® Biosurfactants also exhibit natural physiological roles in increasing
bioavailability of hydrophobic molecules and can complex with heavy metals, promoting improved
degradation of chemical contaminants.® They can be used as emulsifiers, de-emulsifiers, wetting
and foaming agents, functional food ingredients and as detergents in petroleum, petrochemicals,
environmental management, agrochemicals, foods and beverages, cosmetics and pharmaceuticals,
commercial laundry detergents and in the mining and metallurgical industries.” "

Role of Microbial Surfactants in Bioremediation of Oil Pollutants
Oil-contamination of soil is a common problem and its physical treatment methods or reme-
diation techniques can be difficult or economically not feasible. One of the most economically
feasible methods includes in situ bioremediation by the use of microorganisms which is the partial
simplification or complete destruction of the molecular structure of environmental pollutants.*7%7>
Permeability of the microbial cell membrane might be adversely affected by the use of synthetic
surfactant, which would interfere with the capacity of a microorganisms to biodegrade.”® Microbial
surfactants are generally much less toxic than chemical surfactants, but are as effective and more
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readily biodegradable. Using microorganisms that produce their own biosurfactants capable of
degrading pollutants can further lower treatment costs.

Numerous attempts have been made to successfully remediate the oil contaminated soil by using
microbial inoculation and by biosurfactant treatment. The rhamnolipid biosurfactant produced by
P, aeruginosa stimulates the uptake of hydrophobic compounds finally leading to its degradation.”
Similarly, Das and Mukherjee” have demonstrated the crude petroleum-oil biodegradation effi-
ciency of biosurfactant producing B. subtilis DM-04 and P, aeruginosa M and NM strains isolated
from the petroleum oil contaminated soil from North-East India. Study has shown that all the
three bacteria are efficient biosurfactant producers in petroleum oil-contaminated soil which offers
the advantage of a continuous supply of natural, nontoxic and biodegradable biosurfactants by
bacteria at low cost for solubilizing the hydrophobic oil hydrocarbons prior to biodegradation. In
an another study, it was shown that the biosurfactant secreted by the B. subtilis and P aeruginosa
strains enhanced the apparent solubility of pyrene (a toxic polyaromatic hydrocarbon) by factors
5 to 7, and also influenced the bacterial cell surface hydrophobicity resulting in higher uptake and
utilization of pyrene by bacteria.”

Application of Biosurfactant in Petroleum Industry

Biosurfactant in Oil Clean Up of Storage Tanks

Due to excellent emulsifying properties of biosurfactants, they are used as detergents in cleaning
up hydrocarbon/crude oil storage tank. Banat et al” reported the ability of biosurfactants produced
by a bacterial strain (Pet 1006) for cleaning up oil storage tanks and to recover hydrocarbons
from emulsified sludge. In a test for cleaning up of oil storage tank, about 91% crude oil could
be recovered from the total sludge. Such clean up process is highly desirable as it is economically
rewarding and environmentally friendly.”®

Microbial Surfactants in Microbial Enhanced Oil Recovery (MEOR)

Approximately 30% of the oil present in a reservoir can be recovered using current enhanced
oil recovery (EOR) technology.”” The low permeability or the high viscosity of the oil, as well as,
high interfacial tensions between the water and oil may also result in high capillary forces retain-
ing the oil in the reservoir rock leading to poor recovery of 0il.*”® Due to failure of primary and
secondary recovery techniques to recover the oil from reservoirs, interests have evolved in tertiary
recovery techniques (MEOR) by utilizing microorganisms and/or their biosurfactant.”

There are several strategies involving the use of biosurfactant in MEOR. The first strategy
involves injection of biosurfactant-producing microorganisms into a reservoir through the
well, with subsequent in-situ propagation of microbes through the reservoir rock.* The second
strategy involves the injection of selected nutrients into a reservoir, to favor and encourage
the growth of indigenous biosurfactant-producing microorganisms. The third mechanism
involves the production of biosurfactants in bioreactors ex situ and subsequent injection into
the reservoir.

Laboratory studies on MEOR usually utilize core samples and columns containing the desired
substrate. Fermentative culture broth containing biosurfactant from Rbodococcus ST-5*" and the
thermophilic Bacillus AB-2% could release 80% and 95% oil from sand-pack columns respectively.
Studies from our lab have shown that biosurfactant from the B. subtilis strains can release appre-
ciable amount of crude kerosene oil from sand pack column reinforcing it’s potential application
in MEOR.%

Field studies involving MEOR increases the production of oil by 250% using Clostridium
acetobutylicum.** MEOR investigations in carbonate reservoirs showed an increase of 60-120%
in oil production in Hungary.®® Recently it has been demonstrated that biosurfactant pro-
duced by Bacillus strains inside a limestone petroleum reservoir may be promising candidates

for MEOR .%¢
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Use of Biosurfactants in Food Industries

Biosurfactants have several applications in food industries such as to control the agglomera-
tion of fat globules, stabilize acrated systems, improve texture and shelf-life of starch-containing
products, modify rheological properties of wheat dough and improve consistency and texture of
fat-based products.®*®#” In the food industry, biosurfactants are used as emulsifiers in the processing
of raw materials whereas in bakery and meat products they influence the rheological characteristics
of flour or the emulsification of partially broken fat tissue.¥ An improvement of dough stability,
texture, volume and conservation of bakery products was obtained by the addition of thamnolipid
surfactants.®” Recently, a bioemulsifier isolated from a marine strain of Enterobacter cloaceae was
used as a potential viscosity enhancement agent of interest in food industry especially due to the
good viscosity observed at acidic pH allowing its use in food products containing edible acids like
citric acid or ascorbic acid.”

Use of Biosurfactants in Agricultural Sectors

Surface active compounds like polymeric fatty acids, or short- chained alkyl sulfonates are used
in agricultural sector for hydrophilization of heavy soil. Good wettability and equal distribution
are the preconditions for loosening the soil. Hydrate formation between emulsifiers and water
helps in soil improvement.®”

Biodegradation of the chlorinated pesticide a- and -endosulfan by using the biosurfactant
from B. subtilis MTCC2423 was reported by Banat et al.”! The use of biosurfactant leads to around
40% biodegradation of the said pesticides.” This furnishes another example of the role of microbial
surfactant in environment protection.

The rhamnolipid biosurfactant, mostly produced by the genus Pseudomonas is known to possess
potent antimicrobial activity.”? For example, Zonix™ biogungicide, which is a trade product of
mixture of two rhamnolipid biosurfactants (known as technical grade active ingredient-TGAI)
has been claimed as biofungicide to prevent and control pathogenic fungi on horticultural and
agricultural crops. Further, no adverse effects on humans or the environment are anticipated from
aggregate exposure to rhamnolipid biosurfactants. Fengycins are also reported to possess antifungal
activity and, therefore may be employed in biocontrol of plant diseases.”**

Application of Biosurfactant as a Substitute of Synthetic Chemical

Surfactant in Commercial Laundry Detergents

Almostall surfactants, an important component used in modern day commercial laundry deter-
gents, are chemically synthesized and exert toxicity to fresh water living organisms. Furthermore,
these components often produce undesirable effects. Therefore, growing public disquiet about the
environmental hazards and risks associated with chemical surfactants has stimulated the search for
ecofriendly, natural substitutes of chemical surfactants in laundry detergents.

A recent study from our laboratory has shown that cyclic lipopeptide (CLP) biosurfactants
produced by B. subtilis strains were stable over a pH range of 7.0-12.0 and heating them at 80°C
for 60 min did not result in any loss of their surface-active property.®” Crude CLP biosurfactants
showed good emulsion formation capability with vegetable oils and demonstrated excellent com-
patibility and stability with commercial laundry detergents favoring their inclusion in laundry
detergents formulations.®

Biosurfactant as Biopesticide

Conventional arthropod control strategy involves application of broad-spectrum chemicals
and pesticides, which often produce undesirable effects. Further, emergence of pesticide resistant
insect populations as well as rising prices of new chemical pesticides have stimulated the search
for new eco-friendly vector control tools. Eventually, biocontrol of insect pests and vectors is
becoming one of the most promising alternatives to chemical pesticides. Studies have shown that
the lipopeptide biosurfactant produced by B. subrilis exhibit insecticide activity against fruit fly
Drosophila melanogaster.”
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Since mosquitoes continue to pose a serious public health problem throughout the world,
therefore, the mosquito larvicidal potency of cyclic lipopeptides (CLPs) secreted by two B. subtilis
strains were determined in our laboratory.® LCs, of the crude CLPs secreted by B. subtilis DM-03
and DM-04 strains against 3rd instar larvae of Culex quinquefasciatus was 120.0 = 5.0 mg/l and
300.0 = 8.0 mg/l respectively post 24 h of treatment. Physico-chemical factors such as pH of water,
incubation temperature, heating and exposure to sunlight did not influence the larvicidal potency
of these CLPs.® Further, B. subtilis CLPs were insensitive to UV or sunlight exposure demon-
strating the greater UV radiation stability of B. subzilis lipopeptides as compared to bactoculicide
(Bti) and B. sphaericus insecticidal toxins. Moreover, the crude CLPs secreted by B. subtilis strain
can withstand many environmental stresses like extreme pH, sunlight/UV radiation etc. and they
did not impart toxicity to the tested aquatic vertebrate Labeo robita up to a concentration that
induced mortality to the mosquito larvae.®® These properties can be exploited for the formulation
of a safer, novel biopesticide for effective control of mosquito larvae.

Use of Biosurfactants in Pharmaceutical Sectors

and Molecular Biology Research

Rhamnolipids produced by P aeruginosa,”” lipopeptides produced by B. subrilis***® and B.
licheniformis” and mannosylerythritol lipids from C antarctica® have been reported to have
antimicrobial activities. Rhamnolipid biosurfactant produced by P. aeruginosa was recently
reported to have potential algicidal activity against some harmful algac.” Surfactin was reported
to have properties like hemolysis and inhibiting fibrin clot formation that indicates its potential
use in the pharmaceutical sector.? Iturin produced by B. subtilis was reported to have antifungal
properties.”*” Pumilacidin, a surfactin analog was reported to have inhibitory effect against
herpes simplex virus 1 (HSV-1), H*, K*- Atpase and gastic ulcer in vivo. Irokawa et al'® reported
the potential application of surfactin against human immunodeficiency virus 1(HIV-1) showing
this class of biosurfactant is a deserving candidate for the development of rational anti-HIV drug.
Takizawa et al'”' reported significant stimulation of the proliferation of bone marrow cells from
BALB/c female mice by lipopeptide biosurfactant produced by S. amezhystogenes. The reports on
antibiotic effects and inhibition of HIV virus growth in white blood corpuscles have opened up
new arena in the potential application of these microbial surface active compounds in pharma-
ceutical sector.?>!%°

Gene transfection is a fundamental technology for molecular and cell biology and also clini-
cal gene therapy. Recently it was found that a biosurfactant, monnosylerythritol lipid (MEL)-A,
dramatically increased the efficiency in transfection of plasmid DNA mediated by cationic
liposomes.'®

Conclusion

During the recent years there is an increasing environmental awareness and therefore, it might
be reasonable to assume that microbial surfactants have a promising role to play in the years to
come. Considering the importance of biosurfactants, there is an urgent need to gain a greater un-
derstanding of the physiology, genetics and biochemistry of biosurfactant-producing strains and
to improve the process technology to reduce production costs for commercial level production of
biosurfactant. Therefore, an extensive cooperation among different science disciplines is needed
in order to fully characterize the biochemical properties of biosurfactant and exploration of their
potential applications in different industrial sectors.
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CHAPTER S

Microbial Biosurfactants
and Biodegradation

Owen P. Ward*

Abstract
icrobial biosurfactants are amphipathic molecules having typical molecular weights
l \ / I 0f 500-1500 Da, made up of peptides, saccharides or lipids or their combinations. In
biodegradation processes they mediate solubilisation, mobilization and/or accession
of hydrophobic substrates to microbes. They may be located on the cell surface or be secreted
into the extracellular medium and they facilitate uptake of hydrophobic molecules through
direct cellular contact with hydrophobic solids or droplets or through micellarisation. They
are also involved in cell physiological processes such as biofilm formation and detachment,
and in diverse biofilm associated processes such as wastewater treatment and microbial patho-
genesis. The protection of contaminants in biosurfactants micelles may also inhibit uptake of
contaminants by microbes. In bioremediation processes biosurfactants may facilitate release of
contaminants from soil, but soils also tend to bind surfactants strongly which makes their role
in contaminant desorption more complex. A greater understanding of the underlying roles
played by biosurfactants in microbial physiology and in biodegradative processes is developing
through advances in cell and molecular biology.

Introduction

Microorganisms synthesize an extensive array of biosurfactants, amphipathic molecules that
typically concentrate at the interfaces between hydrophobic and hydrophilic phases or surfaces,
be they solids, liquids or gasses. As with chemical surfactants, they function to reduce surface or
interfacial tensions to form emulsions, and they have the ability to form molecular aggregates
including micelles. These biosurfactants vary in their chemical structures and charges and also
vary with microbial source. Molecular weights of microbial biosurfactants generally range from
500-1500Da.! Among biosurfactants, the lower molecular weight glycolipids and glycopeptides
are typically more effective in reducing surface and interfacial tensions while high molecular
weight amphipathic polysaccharides and proteins as well as lipopolysaccharides and lipoproteins
are oil-in-water stabilizers.>* The minimum biosurfactant concentration required to form micelles,
the critical micelle concentration (cmc) typically ranges from 1-200 mg/L.

The cell membrane or cell wall of microbes represents the cell’s primary interface with the
environment and the diversity of microbial species and their unique capacities to physiologically
respond to and interact at different environmental interfaces is often mediated by cell-associated
or secreted extracellular biosurfactants. In that regard the most fundamental requirement for cell
survival and proliferation of microbial species relates to nutrient supply from the cell’s external
environment. Hence biosurfactants play diverse roles in facilitating that supply by mediating

*Owen P. Ward—Department of Biology, University of Waterloo, Waterloo, Ontario N2L 3G1,
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solubilisation, mobilization, accession and/or biodegradation of synthetic organic molecules.
They may also facilitate cell uptake of extracellular natural organic or indeed inorganic nutri-
ents, or nutrients associated with other living cells through various types of cell-cell interaction
including pathogenesis. These interfacial processes may result in formation of microbial cellular
aggregates, including microbial biofilms and microbial pellets. These interfacial phenomena may
occur naturally and passively in the environment or may be promoted or engineered in biopro-
cesses, most notably in bioremediation and biological waste treatment processes. Biosurfactants
may also impact on the physiology of microbes by exhibiting toxic or inhibitory effects, either
directly or indirectly, through pseudosolubilisation of chemicals which may be toxic to specific
microbial species.

Biosurfactant-mediated microbial biodegradation processes are particularly common in
biodegradation of synthetic organic contaminants given that all cellular processes require high
water activity (A ) while the vast majority of synthetic organic chemicals and the dominant source
of these chemicals (petroleum) are hydrophobic.

In the discussion below we will explore the mechanisms by which microbes use biosurfactants
to facilitate their access to and biotransformation/biodegradation of hydrophobic contaminants
in aqueous media and in soil environments and address in particular the concepts of direct cell
contact with hydrophobic molecules and the process of micellarization. We will also consider
microbial physiological alterations related to biosurfactant production and/or activity. In order
to more fully understand some of these concepts we will also draw on some examples of impacts
of chemical surfactants on basic or applied aspects of these topics. Because microbial biofilms are
such important multicellular structures which participate in biodegradation processes we will
consider the roles biosurfactants play in biofilm formation and detachment.

Accession of Hydrophobic Contaminants in Aqueous Media

The water insoluble nature of petroleum hydrocarbons and most petrochemicals presents a
barrier to their microbial degradation, given that microbes generally exist in aqueous phases. In
order therefore for microbes to metabolise hydrocarbons their access to these hydrophobic mol-
ecules must be facilitated. Two general mechanisms facilitating this access are recognized: direct
interaction between the microbes and the particulate or liquid droplet hydrophobic substance
and interaction with pseudosolubilized oil or molecules in the form of a surfactant-generated
oil-in-water or water-in-oil emulsion. In the latter process, extracellular biosurfactants produced/
secreted by the microorganism, promote emulsion formation which may support cellular uptake
of the hydrophobic substrate and many microbial strains which utilize hydrophobic substrates
have the capacity to produce these biosurfactants.

In the case of oil degradation by Pseudomonas species, these organisms typically synthesize
biosurfactants which solubilize hydrocarbons such as hexadecane through micellarization thereby
facilitating access.” The other mechanism used by microorganisms, by directly associating with solid
or liquid hydrophobic surfaces may also be considered in the context of biosurfactants except in
this case the pseudosolubilisation mechanism may occur at the cell surface, the hydrophobic nature
of which promotes interaction with the contaminant particle or droplet surface. For example, an
oil-metabolising Rhodococcus species was found to directly associate with crude oil droplets.’

However, mechanisms of uptake are complicated and may be strain and/or biosurfactant
specific. The mechanisms of uptake of hexadecane by Acinetobacter calcoaceticus RAG1, Rhodoccus
erythropolis ATCC 19558 and R. erythropolis BCG112 appeared to be different to that of
Psendomonas aeruginosa UG2.° Rhamnolipid biosurfactant stimulated degradation of hexadecane
by P aeruginosa UG2, the rhamnolipid-producing organism, but did not promote biodegradation
by other biosurfactant-producing strains, 4. calcoaceticus RAG1, R. erythropolis ATCC 19558 or
R. erythropolis BCG112. In addition the biosurfactants produced by these other strains did not
stimulate their biodegradation of hexadecane.

In general studies of modes of hydrocarbon uptake by bacteria in the environment,
Bouchez-Naretali et al” found that 61% of the isolates were from the group of species,
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Corynebacteria/Mycobacteria/Nocardia. Forty seven percent of the strains used direct interfacial
mechanisms of hydrocarbon uptake while 53% produced biosurfactants in hexane-containning
media. Of the latter 53%, 11% were considered to employ biosurfactant-mediated micelle
transfer as the uptake mechanism while the remaining 42% involved biosurfactant-induced
interfacial uptake.

However, it would be too simplistic to conclude the mechanism of contaminant uptake for
a particular strain was either just direct-insoluble contaminant uptake or pseudosolubilisation.
Elegant studies on hydrocarbon uptake mechanism by P aeruginosa were conducted by Beal and
Betts.® A rhamnolipid producing strain (PG202) increased apparent solubility of hexadecane in
the culture medium (from 1.84 to 22.76 ppm). While rates of substrate uptake and mineralization
by this strain were indeed higher than those observed in a rhamnolipid deficient strain (U0O299),
the difference was lower than expected. Cell surface hydrophobicity increased in both strains
when grown on hexadecane as compared to growth on hydrophilic substrates suggesting that, in
addition to rhamnolipid promoting uptake of hexadecane in the PG202 strain, both strains used
direct contact with hydrophobic droplets as a mechanism of substrate accession. Thus both uptake
mechanisms are used by strain PG202.

Prabhu and Phale’ observed that although production of biosurfactant by Pseudomonas strain
PP2 was constitutive and growth associated, greater production occurred with phenanthrene as
growth substrate as compared to glucose or benzoate. These authors also observed that cells grown
on hydrocarbons exhibited greater hydrophobicity and also concluded that hydrocarbon uptake by
this strain was due to both the increase in cell surface hydrophobicity and biosurfactant effects.

While the latter pure culture studies indicate that hydrocarbon uptake at least by some rham-
nolipid-producing Pseudomonas strains appears to be mediated by a combination of biosurfactant
secretion as well as development of a more hydrophobic cell surface the dominant accession mecha-
nisms used by Pseudomonas and Rhodococcus species appear to be different. When an oil-degrading
Pseudomonas sp. and an oil-degrading Rhodoccus species were separately cultured in aqueous media
supplemented with crude oil, the Pseudomonas was observed to exist predominantly in the aque-
ous phase and did not associate with oil droplets whereas the Rbodococcus species was observed
to concentrate at the oil-water interface.” Greatest degradation was observed when a coculture
of the strains was used. It was presumed that in the coculture the Pseudomonas predominantly
utilizes hydrocarbon which was pseudosolubilised into the aqueous phase by biosurfactant while
the Rhodococcus predominantly utilized hydrocarbon by directly contact with the oil droplet at
the oil-water interface. In somewhat analogous studies Kumar et al'® observed enhanced biodeg-
radation of oil by combining a hydrocarbon degrading Psexdomonas putida with a biosurfactant
producing bacterium in both aqueous and soil media as compare with use of the isolates separately.
The in situ biosurfactant production promoted both oil emulsification and altered the process of
bacterial adhesion to the hydrocarbons.

In a different scenario, where microbes have hydrophobic surfaces which enable them to
interact directly by surface contact with hydrophobic contaminants addition of biosurfactants
or chemical surfactants can counteract this interaction with potential to reduce rates of uptake
and transformation of the contaminants by the microbes. Rbodoccus sp. strain F9-D79 grew in
media containing crude oil by attachment to oil droplets at the oil-water interface and produced a
capsule containing mycolic acid.’ Igepal-CO630 inhibited these cells from adhering to the oil-water
interface, causing them to disperse into the aqueous phase. It was suggested that the surfactant
removed the cells from the oil phase through disruption of the cell-oil hydrophobic interactions
as a result of emulsification and/or that the surfactant may have interacted with mycolic residues
in the outer regions of the cell envelope to change the cell surface properties from being predomi-
nantly hydrophobic to predominantly hydrophilic.

A cell free high molecular weight biosurfactant produced by Psexdomonas marginalis contained
a combination of protein and lipopolysaccharide."! The phenanthrene solubilizing ability of
this biosurfactant was observed by the clearing effect observed by application of the surfactant to
an agar surface coated with an opaque film of the PAH. Incorporation of this biosurfactant into
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liquid media containing a cloudy PAH suspension prevented flocculation and settling out of the
PAH particles. Transformation of PAHs by P marginalis resting cells was enhanced by addition
of the biosurfactant.

Biosurfactants may mediate a quite different process in the de-emulsification of crude oil emul-
sions.” Oilfield emulsions, both oil-in-water and water-in-oil, are found at various stages of oil
production and recovery and it is necessary to break these emulsions to produce pipeline quality
oil (typically <1% water).'é The amphipathic nature of microbial biosurfactants and/or the hydro-
phobic properties of microbial cell surfaces may be exploited to displace emulsifiers present at the
oil-water interface of petroleum emulsions to break the emulsion. Microbial polymers including
polysaccharides, glycolipids including rhamnolipids and glycoproteins have been shown to exhibit
de-emulsification properties.!”” While this process might not be perceived as biodegradative, the
microbial cultures applied to the emulsions utilize hydrocarbon components to support growth
and biosurfactant production." Indeed such biodegradations of hydrocarbon components at the
water/oil interface may also contribute to the de-emulsification process.

Impact of Micellization on Access

Biosurfactants, like their chemical counterparts, are amphipathic molecules which means they
contain both hydrophilic and hydrophobic substituents or ends. Above a certain biosurfactant
concentration (cmc) the molecules begin to aggregate into micelles. When micelles form in aqueous
media in the presence of a hydrophobic contaminant the hydrophobic ends of the biosurfactant
molecules associate with and solubilize the hydrophobic contaminant in the centre of the micelle
while the hydrophilic ends of the biosurfactant molecules remain on the outside of the micelle in
contact with the aqueous phase. Thus biosurfactants or chemical surfactants may inhibit degra-
dation of contaminants by creation of these micelles or shells around the contaminants in effect
isolating them from the biodegrading microbes.

Makkar and Rockne' have compared performance of chemical surfactants and biosurfactants
in biodegradation of polycyclic aromatic hydrocarbons (PAHs). In some cases chemical surfactants
have been shown to inhibit PAH degradation and this has been attributed either to surfactant
toxicity, surfactant degradation or protective effects on PAHs within surfactant micelles. The failure
of many biosurfactants to produce true micelles has been reported to promote bioavailability of
biosurfactant-associated PAHs to biodegrading bacteria by direct transfer. It was concluded that
emulsan from 4. calcoaceticus RAG-1 caused inhibition of biodegradation of saturated hydrocar-
bon compounds by creating a hydrophilic shell around the oil droplets.”® Shin et al***? and others
have observed that pseudosolubilisation of phenanthrene by biosurfactants, such as thamnolipids,
does not necessarily make it all available to biodegrading organisms, such as P, putida CRE7. They
demonstrated that a significant amount of the phenanthrene was present in high molecular weight
phenanthrene-biosurfactant aggregrates.

Trehalose lipid biosurfactants at concentrations above its cme enhanced apparent solubility
of phenanthrene and increased both its rates and extent of degradation in aqueous media and in
asoil system containing loamy sand with some organic matter.” In contrast rate but not extent of
mineralization was increased in a soil-water slurry. Perhaps the slurry afforded greater opportunity
for phenanthrene to diffuse into pores in soil particles inaccessible to degrading organisms and
perhaps even to biosurfactant.

In the case of polychlorinated biphenyls (PCBs) microbial biotransformation, at chemical
surfactant concentrations above the cme, the presence of an anionic surfactant promoted while
non-ionic surfactants inhibited transformation as compared to no surfactant controls.* The inhibi-
tory effect of the non-ionic surfactant on PCB biodegradation could be eliminated by dilution
of the surfactant-PCB solution to a concentration close to the cme, suggesting that full micelle
formation protected the PCB contaminant from microbial transformation.

On the otherhand, Moran et al®® observed that the biosurfactant surfactin, produced by Bacillus
subtilis, at concentrations below its cmc neither affected growth on, nor biodegradation of HC
wastes by an indigenous microbial community. At concentrations above the CMC biodegradation
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of aliphatic hydrocarbons were increased from 20.9-35.5%, with the impact being more pronounced
with long chain alkanes. More importantly, the biosurfactant promoted biodegradation of 41% of
aromatic hydrocarbons, which were not degraded at all in the absence of biosurfactant. When chemical
surfactants of various chemical classes were investigated for their effect on biodegradation of crude oil
by a mixed culture of the nonylphenol ethoxylate surfactant substantially increased oil biodegrada-
tion.” Surfactants from other chemical classes had no affect or were inhibitory to degradation.

Accession of Hydrophobic Contaminants in Soil

Soilis an important medium for pollutants and contaminant persistence is influenced strongly
by formation of bound pollutant residues.” Indeed the majority of the vast range of bioreme-
diation processes which have been implemented involve microbial-mediated soil clean up. As
microbial growth and metabolic degradation processes only operate in the presence of water, soil
bioremediation processes have to have adequate amounts of water present in the soil to support
these processes.

Contaminants first appear to bind to soil surfaces through reversible sorbtion. This can be ob-
served in the laboratory by spiking of soil with contaminants and observing generally good removal
efficiencies in surfactant washing or biodegradation experiments. However, over time soil sorbtion
increases and bioavailability decreases partially perhaps as a result of the contaminants penetrating
deeper into soil crevices and micropores which restrict accessd by microbes or even biosurfactants.
The contaminant may also become chemically altered, for example, through chemical or biological
oxidation processes, rendering it more resistant to desorbtion and/or biodegradation. Harms and
Bosma?® have characterized the covalent attachment of chlorinated phenols and othere substances
to humic matter following reactions mediated by peroxidases, certain metals or reactive oxygen
atoms. Crawford et al*” have considered the roles of oxidizing and reducing molecular species in soil
on abiological transformation of xenobiotic compounds. The phenomenon of decreased bioavail-
ability of contaminants in soil over time is often described as weathering. Hence, soil spiking as a
laboratory bioremediation feasibility test is a poor predictor of bioremediation field performance
where there is a significant duration between contamination and remediation. Hydrophobic
contaminants tend to sorb strongly to organic matter.*

Chemical and bio surfactants have sometimes been successfully used to promote desorbtion
of hydrophobic pollutants from soil. While biosurfactants, produced by hydrophobic contami-
nant-biodegrading microbes, are presumed to mediate soil bioremediation processes, these systems
are much more complex than the systems discussed above for aqueous media without soil. In ad-
dition to the tendencies for contaminants to sorb to soil, the surfactants themselves tend to sorb
strongly to soil. This limits the application of thamnolipids, for example, in bioremediation of soil.
Consequently much higher chemical or biosurfactant concentrations are required to promote
pseudosolubilisation of hydrophobic contaminants present in soil as compared to requirements
for solubilisation in aqueous media alone. Indeed examples involving chemical surfactants show
that the surfactant concentration required for soil biotreatment may have to be increased by an
order of magnitude as compared to the amount of surfactant required for biotreatment in an
aqueous system.?*3!

Monorhamnose lipid sorbtion is concentration-dependent and its relative tendency to sorb to
different clays, metal oxides and organic matter have been characterized such that performance
may be predicted. The monorhamnose surfactant sorbs more strongly to soil when present alone
rather than in a mixture also containing the dirhamnose moiety.””

Robinson et al® reported 45-fold enhancement of mineralisation of non-aqueous and
soil-bound PCB congener 4,4'CB by Alcaligenes eutrophus as a result of addition of rhamnolipid
R1 at concentrations above its cme. In contrast, thamnolipid amendment had little effect on the
anaerobic reductive dechlorination of spiked PCBs in soil, possible due to the lack of weathering
of the contaminants.**

The complex interactions occurring in soil between such a diversity of hydrophobic molecules
and such a diversity of soil particulate types makes definition and characterization of the roles
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of biosurfactants in bioremediation difficult to interpret. Furthermore, as discussed above the
complex interactions occurring between selected biosurfactants and the diversity of soil types
makes definition and characterization of effects biosurfactant concentration for pseudosolubili-
sation obscure. Controlled laboratory experiments suggest that careful characterization of the
physical and chemical properties of the contaminants and the polluted medium offers potential to
implement biosurfactant-mediated bioremediation processes for target contaminants in soil.

The biosurfactant produced by Candida antarctica from n-undecane substrate a) promoted
emulsification and biodegradation of n-alkanes; b) altered the hydrophobicity and zeta potential
of the cell surface thereby promoting hydrophobic contaminant attachment to the cells and ¢)
also altered the zeta potential of porous media causing improved attachment of the cells to this
support.”

Addition of chemical surfactants to aqueous slurries containing particulate matter can cause
disruption of hydrophobic-hydrophobic interactions, for example between the contaminant and
the contaminated solid medium. This is illustrated by studying the effect of surfactants on sorbtion
of oil onto the surfaces of hydrophobic polystyrene beads. In the absence of surfactants, polystyrene
strongly absorbs petroleum oil or other hydrophobic contaminants, including PCBs. Sorbtion of
these contaminants is reduced by non-ionic surfactants such as Igepal CO-630.%

A number of researchers have attributed long term bioremediation ineffectiveness of
rhamnolipid application to the biodegradation of the biosurfactant. For example, when
rhamnolipids were applied to aquifer soil containing weathered diesel fuel, the biosurfactant was
preferentially degraded over the contaminant.’” One strategy which was found to be effective
in overcoming this biosurfactant degradation is to pulse apply the surfactant over time.*® It was
concluded that prolonged biodegradation of oil fractions mediated by biosurfactant isolated from
P, aeruginosa USB-CS1 was limited by loss of surface activity of the biosurfactant after 30 days,
likely due to its biodegradation.”

Severe metal contamination in soil can inhibit the microbial activity required to bioremedi-
ate organic contaminants. Rhamnolipids can complex with metals such as cadmium or lead and
counteract completely or partially metal inhibition of degradation of naphthalene or phenan-
threne.®® Pseudomonas sp. S8A, which was isolated from mine-tailings contaminated soil exhib-
ited resistance to cadmium (to 200 mg/L) and lead (to 300 mg/L), produced biosurfactant.*
Two morphologically distinct colony subtypes, characterized as small/round and large/flat were
observed and it was demonstrated. Cadmium caused immediate appearance of the large morpho-
type and this morphotype produced larger quantities of biosurfactant than the small morphotype.
The concentrations of rhamnolipid required to promote organic contaminant biodegradation are
generally much lower than the levels required for metal complexation® and this may limit the
economic feasibility of this approach.

Physiological and Morphological Changes Due to Surfactant Activity
Not surprisingly, amphoteric substances, such as surfactants, can impact on cell morphology.
Significant morphological changes result when Pseudomonas nautica 617 is transferred from a
water soluble substrate (acetate) to a hydrophobic substrate(eicosane).”! Extracellular vesicles and
filaments were observed to develop on the cell surface and biosurfactant production was observed.
Beal and Betts® observed that cell surface hydrophobicity increased in both the rhamnolipid-
producing P aeruginosa strain (PG202) and in a rhamnolipid deficient strain (UO299), when
these cultures were grown on hexadecane as compared to growth on hydrophilic substrates
suggesting both strains could access hydrophobic substrates by direct contact. Pseudomonas
strain PP2 cells grown on phenanthrene rather than on glucose or benzoate, exhibited greater
hydrophobicity.” The phenanthrene-grown cells also exhibited greater production of biosur-
factant. Perhaps, at least in part, it is the release of these amphoteric biosurfactant molecules
from the cell surface that renders the cell surface more hydrophobic. On the other hand Zhang
and Miller*” showed that addition of rhamnolipids increased cell hydrophobicity of slow
octadecane-degrading cells of P. aeruginosa. They also observed that the rate of increase of cell
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hydrophobicity was dependent on rhamnolipid concentration and correlated directly with rate
of octadecane biodegradation. In the case of fast octadecane degraders, rhamnolipid had no
affect on cell hydrophobicity.

An acidic form (dR-A) and methyl ester form (dR-Me) of the dirhamnose lipid exhibited
contrasting surfactant properties with dR-Me and dR-A decreasing interfacial tension between
hexadecane and water to <0.1 and 5 dynes/cm, respectively.® The methyl ester form enhanced
degradation of a liquid (hexadecane) and solid (octadecane) alkane by seven different microbial
strains. In the case of a further strain, characterized by its very high cell envelope hydrophobic-
ity, the dR-A enhanced degradation of the liquid alkane but inhibited degradation of the solid.
dR-A exhibited a lesser enhancement of degradation of hexadecane by the strains. In the case of
octadecane, dR-A only enhanced degradation of octadecane by cells having low hydrophobicity.

While certain chemically synthesized surfactants have often been cited as being toxic to mi-
croorganisms, this claim has rarely been made against biosurfactants. When two strains isolated
from a diesel-contaminated site in Korea were cultured in phenanthrene-containing media in the
presence and absence of rhamnolipid, the strains exhibited good cell growth and phenanthrene
degradation in the no-biosurfactant controls, whereas growth and phenanthrene degradation ap-
peared to be inhibited in rhamnolipid-supplemented cultures.”* Rhamnolipid was subsequently
shown to cause substantial toxic effects to one of the strains (3Y), but was not toxic to the other
(4-3). The results suggested different mechanisms were involved for each strain, namely that the
rhamnolipid itself was toxic to 3Y whereas the toxicity of the pseudosolubilized phenanthrene or
the increased toxicity of the biosurfactant in the presence of phenanthrene inhibited growth and
phenanthrene biodegradation by 4-3.

Biofilm Formation and Detachment

Biofilms are complex aggregations of microbes characterized by the excretion of polymeric
matrix substances with adhesion and protective properties. Biofilms typically develop on surfaces
and exhibit characteristics of microbial, genetic and structural diversity although some biofilms
may contain a single species. The microbial composition may include bacteria, archaea, fung,
algae and protozoa.

In simple biodegradative processes biofilms are essential components of the food chain in
aquatic environments. In industrial processes biofilms are essential elements in wastewater and
sewage treatment and biofilms also mediate environmental processes such as degradation of pe-
troleum oil or other chemical contaminants in water, soils and sludges.”* Biofilms are the essential
biodegradative component in air biofilters.*“¢ Biofilms also participate in a wide range of plant and
animal pathogenic processes, which are also arguably biodegradative processes mediated mainly
by microbial carbohydrases in the case of plants*’ or by microbial proteases or other enzymes in
the case of mammalian tissues or cells.®® For example, biofilms are reported to participate in the
infective processes in urinary tract, middle ear, dental plaque and gingivitis infections.”’

Initial attachments of microbes at the start of biofilm formation is due to weak van der Waals
forces. Later the biofilm is strengthened by microbial polymeric substances including pili.>**!
Biofilms exhibit co-operative metabolic capabilities among the member organisms and they also are
characterized by having increased resistence to detergents and antibiotics.> It has been suggested
that the greater antibiotic resistence of some biofilm surface bacteria, described as ‘persisters, is
due to their low level of metabolic activity.®

The influence of biosurfactants in biofilm attachment/detachment processes may also provide
insights into the roles of biosurfactants in biodegradation processes. P aeruginosa, an opportunistic
human pathogen, has been used as a model strain for study of biofilm development. When it
is cultured as a biofilm in flow chambers, mushroom-shaped multicellular structures, including
cap- and stalk-forming subpopulations, have been observed to develop™ and it has been proposed
that intramicrocolony channels and interstitial voids facilitate nutrient supply and metabolite
removal.>> Among the biosurfactants produced by P aeruginosa, 3-(3-hydroxyalkanoyloxy)
alcanoic acid (HAA), monorhamnolipid and dirhamnolipid are the most common. HAA
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synthesis is mediated by the RhlA enzyme and is converted to monorhamnolipid by the RhIB
enzyme, which in turn is converted to the dirhamnolipid by the RhIB enzyme.**** Biosurfactant
production, mediated by the RhlA enzyme, play a role in maintenance of the channels within
the biofilm and occurs in microcolonies early in biofilm development and in the mushroom
stalks of more established biofilm structures.”” A bacterial migration process mediated by pili has
implicated in formation of the mushroom cap and it has been recently shown that biosurfactant
production facilitates this migration.®

Detachment of bacteria from biofilms is characterized as a dynamic process which is regulated
by certain genes in response to specific environmental signals. Certain variants of P aeruginosa
exhibited properties of accelerated biofilm detachment under specific conditions and the detach-
ment mechanism is mediated by rhamnolipid biosurfactant.®’ This detachment process is also
characterized as restoring antibiotic sensitivity to these strains which raises the question as to how
biosurfactant production influences antibiotic resistance. The biofilm detachment process alters
biofilm structure by cavity formation.

P putida PCL1445 produces two cyclic lipopeptide biosurfactants, putisolvins I and IT which
also have roles in biofilm formation and degradation.* Synthesis of these particular biosurfac-
tants is positively regulated by a two component signaling system. There are surely potential
opportunities to apply biosurfactant amendments or control their production to alter the
characteristics of biofilms as they relate to implementing boiodegradation processes.
Correspondingly, a mutated strain of PCL1445, P, putida PCL1436 which appeared to have
a modified ORF corresponding to lipopeptide synthetases, lacked the putisolvin I and II
biosurfactants. This nonbiosurfactantant-producing mutant aggregated earlier and produced
stronger biofilms than the wild-type putisolvin-producing strain PCL1445.% These biosurfactants
inhibited biofilm formation.

Conclusion

Clearly, biosurfactants play signigicant roles in a diverse range of biodegradation pro-
cesses. They are essential mediators in processes for bioremediation or biotransformation of
hydrophobic contaminants in aqueous media, in oil-water emulsions and in soil, where they
facilitate the accession of the contaminants by the degrading microbes. They also participate in
crude oil de-emulsification processes. Many biodegradation processes are facilited by microbes
immobilized in biofilms, including many wastewater treatment processes and microbes present
in biofilms are also implicated in a variety of mammalian and plant infective processes. It has
been clearly demonstrated that biosurfactant activity plays a role in biofilm formation and also
in biofilm detachment. While some progress has been made in our understanding of the roles of
biosurfactants in the biochemistry and physiology of these processes, the precise mechanisms are
still not well-understood. It is expected that further research, supported by advances in cellular
and molecular biology, will substantially add to our knowledge of these complex processes in the
coming years. This greater understanding will greatly assist our ability to optimise, better exploit
and control these biosurfactant-mediated biodegradation processes.
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CHAPTER G

Biomedical and Therapeutic

Applications of Biosurfactants
Ligia R. Rodrigues* and José A. Teixeira

Abstract

uring the last years, several applications of biosurfactants with medical purposes have

been reported. Biosurfactants are considered relevant molecules for applications in

combating many diseases and as therapeutic agents due to their antibacterial, antifungal
and antiviral activities. Furthermore, their role as anti-adhesive agents against several pathogens
illustrate their utility as suitable anti-adhesive coating agents for medical insertional materials lead-
ing to a reduction of a large number of hospital infections without the use of synthetic drugs and
chemicals. Biomedical and therapeutic perspectives of biosurfactants applications are presented
and discussed in this chapter.

Introduction

Biosurfactants are microbial compounds that exhibit pronounced surface and emulsifying activi-
ties. These compounds comprise a wide range of chemical structures, such as glycolipids, lipopeptides,
polysaccharide-protein complexes, phospholipids, fatty acids and neutral lipids."” Therefore, it is
reasonable to expect diverse properties and physiological functions for different groups of biosurfac-
tants. Comparing with chemical surfactants, these compounds have several advantages such as lower
toxicity, higher biodegradability and effectiveness at extreme temperatures or pH values.'* Although
these compounds present interesting features as compared with their chemical counterparts, many
of the envisaged applications depend considerably on whether they can be produced economically.
Hence, much effort in process optimization and at the engineering and biological levels has been
carried out. Biosurfactants production from inexpensive waste substrates and low cost raw materials,
thereby decreasing their production cost,""* has been reported. Furthermore, these molecules can be
tailor-made to suit different applications by changing the growth substrate or growth conditions.'*?°
Most biosurfactants are considered secondary metabolites, though, some may play essential roles
for the survival of the producing-microorganisms either through facilitating nutrient transport,
microbe-host interactions or as biocide agents.® Biosurfactant roles include increasing the surface
area and bioavailability of hydrophobic water-insoluble substrates, heavy metal binding, bacterial
pathogenesis, quorum sensingand biofilm formation.?! An interface is any boundary between two di -
ferent phases and microbial life may be more common at interfaces as evidenced by microbial biofilms,
surface films and aggregates. Given that, all microbial life is impacted by interfacial phenomena and
biosurfactants are a common mechanism by which microorganisms deal with interfacial challenges.®
Biosurfactants are amphipatic molecules with both hydrophilic and hydrophobic moieties that parti-
tion preferentially at the interface between fluid phases that have different degrees of polarity and
hydrogen bonding, such as oil and water, or air and water interfaces. In addition to this behaviour,
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Universidade do Minho, Campus de Gualtar, 4710-057 Braga, Portugal.
Email: Irmr@deb.uminho.pt
Biosurfactants, edited by Ramkrishna Sen. ©2010 Landes Bioscience
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their diversity, environmentally friendly nature, suitability for large-scale production and selectivity,
has driven most of the research in biosurfactants field for environmental applications.”***> Legal
aspects such as stricter regulations concerning environmental pollution by industrial activities and
health regulations will also strongly influence the chances of biodegradable biosurfactants replacing
their chemical counterparts.”!*1*#%

Regardless of the potential and biological origin of biosurfactants few studies were carried
out on applications related to biomedical applications.'** Nevertheless, some biosurfactants
have proven to be suitable alternatives to synthetic medicines and antimicrobial agents and may
therefore be used as safe and effective therapeutic agents (‘Table 1).

The biosurfactants potential applications in the medical field, as well as their main mechanisms
of interaction are discussed in this chapter.

Biomedical and Therapeutic Applications of Biosurfactants

As discussed above a broad range of chemical structures have been attributed to
biosurfactants."**> Some of these biosurfactants were described for their potential as biological
active compounds and applicability in the medical field. Therefore, they are a suitable alternative
to synthetic medicines and antimicrobial agents and may be used as safe and effective therapeutic
agents.”” Recently, there has been an increasing interest in the effect of biosurfactants on hu-
man and animal cells and cell lines.?®**% Lipopeptides produced by Bacillus subtilis*® and Bacillus
licheniformis,>*>" mannosylerythritol lipids produced by Candida antartica®® and rhamnolipids
produced by Pseudomonas aernginosa,>* have been shown to have antimicrobial activities.

Biological Activity

Glycolipids

Glycolipids are the most common group of biosurfactants of which the most effective regard-
ing surface active properties are the trehalose lipids obtained from Mycobacterium and related
bacteria, the rhamnolipids obtained from Psexdomonas sp. and the sophorolipids obtained from
yeasts. Otto and coworkers'* described the production of sophorose lipids using deproteinized
whey concentrate as substrate by a two-stage process. Several antimicrobial, immunological and
neurological properties have been attributed to mannosylerythritol lipid (MEL), a yeast glycolipid
biosurfactant, produced from vegetable oils by Candida strains.**** Kitamoto et al** showed that
MEL exhibits antimicrobial activity particularly against Gram-positive bacteria. Isoda et al** in-
vestigated the biological activities of seven extracellular microbial glycolipids including MEL-A,
MEL-B, polyol lipid, thamnolipid, sophorose lipid and succinoyl trehalose lipid STL-1 and STL-3.
Except for rhamnolipid, all the other tested glycolipids induced cell differentiation instead of cell
proliferation in the human promyelocytic leukaemia cell line HL60. These glycolipids induced
the human myelogenous leukaemia cell line K562 and the human basophilic leukaemia cell
line Ku812 to differentiate into monocytes, granulocytes and megakaryocytes. STL and MEL
differentiation-inducingactivity was attributed to a specific interaction with the plasma membrane
instead of a simple detergent-like effect.

In addition, the effects of several kinds of microbial extracellular glycolipids on neutrite initiation
in PC12 cells were investigated.” The PC12 cell line derived from a rat pheochromocytoma, provides
arelatively simple and homogeneous system for studying various aspects of neuronal differentiation,
because PC12 cells can survive and proliferate without requiring the presence of neutrotrophic fac-
tors. A significant neutrite outgrowth was observed as a consequence of the addition of MEL-A,
MEL-B and sophorose lipid (SL) to PC12 cells. MEL-A increased acetylcholinesterase activity to an
extent similar to nerve growth factor (NGF). MEL-A induced neutrite outgrowth after treatment of
PC12 cells with an anti-NGF receptor antibody that obstructed the NGF action. It was shown that
MEL-A and NGF induce differentitation of PC12 cells through different mechanisms. Moreover,
MEL was found to induce the outgrowth of neutrites, enhance the activity of acetylcholinesterase
and increase the levels of galactosylceramide from PC12 pheochromocytoma cells.*
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Glycolipids have also been implicated with growth arrest, apoptosis and the differentiation of
mouse malignant melanoma cells.””*® Exposure of B16 cells to MEL resulted in the condensation
of the chromatin, DNA fragmentation and sub-G1 arrest (the sequence of events of apoptosis).
Furthermore, MEL was reported to markedly inhibit the growth of mouse melanomaB16 cells in
adose-dependent manner. Moreover, MEL exposure stimulated the expression of differentiation
markers of melanoma cells, such as tyrosinase activity and the enhanced production of melanin,
which is an indication that MEL triggered both apoptotic and cell differentiation programs.
In addition, exposure of PC12 cells to MEL enhanced the activity of acetylcholinesterase and
interrupted the cell cycle at the G1 phase, with resulting outgrowth of neutrites and partial cel-
lular differentiation.”” MEL has been implicated in the induction of neuronal differentiation in
PCI12 cells and therefore provides the basis for the use of glycolipids as therapeutical agents for
cancer treatment. Nevertheless, further studies of the molecular basis of the signalling cascade
that follows exposure of PC12 cells to MEL may ultimately lead to a better understanding of
the processes that result in the outgrowth of neutrites and the commitment to differentiation
of PCI12 cells.

In other studies, four analogs of STL-3 at their critical micelle concentration were evaluated for
their ability to inhibit growth and induce differentiation of HL60 human promyelocytic leukaemia
cells.® It was found that the effect of STL-3 and its analogs on HL60 cells was dependent on the
hydrophobic moiety of STL-3. Furthermore, a high binding-affinity of MEL towards human im-
munoglobulin G (HIgG) was shown by Im et al.* They suggested the possibility of using MEL-A
asan alternative ligand for immunoglobulins. In subsequent studies they evaluated the potential of
MEL (-A, -B and -C) attached to PHEMA beads (poly(2-hydroxyethyl methacrylate)), for bind-
ing, affinity to HIgG.*” Of these three composite compounds, those bearing MEL-A exhibited the
highest binding capacity to HIgG. More significantly, the bound HIgG was efficiently recovered
(approximately 90%) under significantly mild elution conditions, with phosphate buffer at pH 7,
indicating a great potential of the glycolipids as an affinity ligand material. Other researchers also
demonstrated that MEL-A assembled monolayers would be useful as noble affinity ligand system
for various immunoglobulins.**** Inoh et al*** reported that MEL-A significantly increased the
efficiency of gene transfection mediated by cationic liposomes with a cationic cholesterol derivative.
Amongthe cationic liposomes tested, the liposome bearing cholesteryl-3-carboxyamindoethylene-
N-hydroxyethylamine and MEL-A showed the best efficiency for delivery of plasmids encoding
luciferase (pGL3) into the target cells (NIH3T3, COS-7 and HeLa). The properties, produc-
tion and applications of MEL were widely studied by Kitamoto and coworkers™ and by Ueno
et al,**¢! particularly the exceptional interfacial properties and differentiation-inducing activities
of MEL. They also focused on the excellent biological and self-assembling actions of MEL and
examined the effect of MEL-A on the gene transfection using cationic liposomes. These results
were also demonstrated by other researchers that studied the transfection efficiency in human
cervix carcinoma HeLa cells® and the potential of these liposomes as vectors for herpes simplex
virus thymidine kinase gene therapy.®

The succinoyl-trehalose lipid produced by Rbhodococcus erythropolis has also been reported to
inhibit HSV and influenza virus.“ The deficiency of pulmonary surfactant which is responsible
for respiration failure in premature infants’ may be corrected through the isolation of genes for
protein molecules of this surfactant and cloning in bacteria for possible fermentative production
and use in medical application.”® Sano et al”” demonstrated the different actions of pulmonary
surfactant protein A upon distinct serotypes of LPS which is the major constituent of the outer
membrane of Gram-negative bacteria.

Lipopeptides

Several features and biological activities have been reported for lipopeptides, mainly for iturin
A and surfactin. They have been described as antibiotics, antiviral and antitumor agents, immu-
nomodulators or specific toxins and enzyme inhibitors. Ahimou et al® reported that lipopeptide
profile and bacterial hydrophobicity vary greatly with the producing strains, iturin A being the
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only lipopeptide type produced by all B. subzilis strains. Surfactin was found to be more efficient
than iturin A in modifying the B. subtilis surface hydrophobic character. Morikawa et al' identi-
fied and characterized a biosurfactant, arthrofactin, produced by Arthrobacter species, which
was found to be seven times more effective than surfactin. Jenny and coworkers® determined
the structural analysis and characterized surface activities of biosurfactants produced by B.
licheniformis, while several researchers described their continuous production.>*?® Yakimov and
coworkers® demonstrated the antibacterial activity of lichenysin A, a biosurfactant produced
by B. licheniformis that favourably compares to others surfactants. More recently Grangemard
et al” reported the chelating properties of lichenysin, which might explain the membrane
disrupting effect of lipopeptides.

In another study, Carrillo and its collaborators* proposed a molecular mechanism of membrane
permeabilization by surfactin, which may explain surfactin induced pore formation underlying the
antibiotic and haemolytic action of these lipopeptides. This study also suggested that the membrane
barrier properties are likely to be damaged in the areas where surfactin oligomers interact with
the phospholipids, at concentrations much below the onset for solubilisation. Such properties can
cause structural fluctuations that may well be the primary mode of the antibiotic action of this
lipopeptide. Surfactin type peptides that can rapidly act on membrane integrity rather than other
vital cellular processes may perhaps constitute the next generation of antibiotics. Lipopeptide
surfactin has been found to interact with artificial and biomembrane systems, for example bacterial
protoplasts or enveloped viruses.* Several biological activities have been attributed to surfactin
including the induction of ion channels formation in lipid bilayer membranes,* the inhibition of
fibrin clot formation and haemolysis,” the inhibition of cyclic adenosine monophosphate (cAMP),
the inhibition of platelet and spleen cytosolic phospholipase A2 (PLA2)% and antimicrobial,
antiviral and antitumor activity against Ehrlich’s ascite carcinoma cells.?® According to the differ-
ences in their amino acid sequences, different types of surfactins (A, Band C) have been identified.
Surfactin C was found to enhance the activation of prourokinase (plasminogen activator) and the
conformational change in plasminogen, leading to increased fibrinolysis in vitro and in vivo.” The
plasminogen-plasmin system is involved in blood clot dissolution, as well as in a variety of physi-
ological and pathological processes requiring localized proteolysis. In a rat pulmonary embolism
model, surfactin C increases plasma clot lyses when injected in combination with prourokinase.®
The results gathered in this study point to the possible use of surfactin in thrombolytic therapy
related to pulmonary, myocardial and cerebral disorders.

Vollenbroich and coworkers® showed that a surfactin treatment improved proliferation rates
and lead to changes in the morphology of mammalian cells that had been contaminated with my-
coplasma. Furthermore, the low cytotoxicity of surfactin to mammalian cells allowed specific inac-
tivation of mycoplasmas without significant damaging effects on cell metabolism.>** Additionally,
surfactin and surfactin analogs have been rcportcd as antiviral agents, name[y it was demonstrated
asignificant inhibitory effect of pumilacidin on herpes simplex virus 1 (HSV-1)* and an inhibi-
tory activity against H*, K*-ATPase and protection against gastric ulcers in vivo. The potential of
surfactin against human immunodeficiency virus 1 (HIV-1) was reported by Irokawa et al.*! The
antiviral action of surfactin was suggested to be due to physicochemical interactions between the
membrane-active surfactant and the virus lipid membrane, which causes permeability changes and
at higher concentrations leads finally to the disintegration of the mycoplasma membrane system
by a detergent effect.’” Furthermore, surfactin was found to be active against Semliki Forest virus,
herpcs simplcx virus, suid hcrpes virus, vesicular stomatitis virus, simian immunodcﬁcicncy virus,
feline calicivirus and murine encephalomyocarditis virus.”’

Moreover, Kim and coworkers” demonstrated that surfactin is a selective inhibitor for cytosolic
PLA2 and a putative anti-inflammatory agent through the inhibitory effect produced by direct
interaction with cytosolic PLA2 and that inhibition of cytosolic PLA2 activity may suppress
inflammatory responses.

Another lipopeptide, iturin A, produced by B. subtili was reported to have effective antifungal
properties™* which affects the morphology and membrane structure of yeast cells. This lipopeptide
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was shown to pass through the cell wall and disrupt the plasma membrane with the formation of
small vesicles and the aggregation of intramembranous particles. Iturin also passes through the
plasma membrane and interacts with the nuclear membrane and probably with membranes of other
cytoplasmic organelles. This lipopeptide has been proposed as an effective antifungal agent for
profound mycosis.”” Other members of the iturin group, including bacillomycin D and bacillomycin
Lc were also found to have antimicrobial activity against Aspergillus flavus, but the different lipid
chain length apparently affected the activity of the lipopeptide against other fungi.’” Thus, the
members of the iturin-like biosurfactant group are considered alternative antifungal agents.

Possible applications of biosurfactants as emulsifying aids for drug transport to the infection
site, for supplementing pulmonary surfactant and as adjuvants for vaccines were suggested by
Kosaric.” Mittenbuhler et al*® showed that bacterial lipopeptides constitute powerful nontoxic
and nonpyrogenic immunological adjuvants when mixed with conventional antigens. A marked
enhancement of the humoral immune response was obtained with the low molecular mass antigens
iturin AL, herbicolin A and microcystin (MLR) coupled to poly-L-lysine (MLR-PLL) in rabbits
and in chickens. Conjugates of lipopeptide—Th-cell epitopes also constituted effective adjuvants
for the in vitro immunization of either human mononuclear cells or mouse B cells with MLR-PLL
and result in a significantly increased yield of antibody-secreting hybridomas.

Other Biosurfactants

Nielsen and coworkers” reported viscosinamide, a cyclic depsipeptide, as a new antifungal
surface active agent produced by Pseudomonas fluorescens and with different properties as com-
pared to the biosurfactant viscosin, known to be produced from the same species and to have
antibiotic activity.'” Massetolides A-H, also cyclic depsipeptides, were isolated from Psexdomonas
species, derived from a marine habitat and found to exhibit in vitro antimicrobial activity against
Mycobacterium tuberculosis and Mycobacterium avium-intracellulare>*

Precursors and degeneration products of sphingolipids biosurfactants were found to inhibit
the interaction of Streprococcus mitis with buccal epithelial cells and of Staphylococcus aureus with
nasal mucosal cells."”! Gram-positive Bacillus pumilis cells were found to produce pumilacidin A,
B, C, D, E, F and G which exhibited antiviral activity against herpes simplex virus 1 (HSV-1),
inhibitory activity against H*, K*-ATPase and were found to be protective against gastric ulcers*
probably through inhibiting microbial activity contributing to these ulcers.

Although there is an increasing potential for the application of biosurfactants in the biomedi-
cal field, some of these molecules may constitute a risk for humans. For instance, P, aeruginosa
is a bacterium responsible for severe nosocomial infections, life-threatening infections in im-
munocompromised persons and chronic infections in cystic fibrosis patients; thus rhamnolipids
have to be well-investigated prior to such uses. P aeruginosa strain’s virulence depends on a large
number of cell-associated and extracellular factors.'**!% Cell-to-cell signalling systems control
the expression and allow a coordinated, cell-density-dependent production of many extracellular
virulence factors. The possible role of cell-to-cell signalling in the pathogenesis of P, aeruginosa
infections and a rationale for targeting cell-to-cell signalling systems in the development of new
therapeutic approaches was discussed by Van Delden and Iglewski.' Synthesis of thamnolipids
is regulated by a very complex genetic regulatory system that also controls different P aeruginosa
virulence-associated traits.* The possible application of rhamnolipids in the pharmaceutical in-
dustry is still being studied by some researchers.>' The cosmetic and health care industries use
large amounts of surfactants for a wide variety of products including insect repellents, antacids,
acne pads, contact lens solutions, hair colour and care products, deodorants, nail care products,
lipstick, eye shadow, mascara, toothpaste, denture cleaners, lubricated condoms, baby products,
foot care products, antiseptics, shaving and depilatory products.® Biosurfactants are known to
have advantages over synthetic surfactants such as low irritancy or anti-irritating effects and
compatibility with skin. Rhamnolipids in particular are being used as cosmetic additives and
have been patented to make some liposomes and emulsions, !> both of which are important
in the cosmetic industry.
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Anti-Adhesive Activity

Biosurfactants have been found to inhibit the adhesion of pathogenic organisms to solid
surfaces or to infection sites, thus prior adhesion of biosurfactants to solid surfaces of implant
materials might constitute a new and effective means of combating colonization by pathogenic
microorganisms.”! Precoating vinyl urethral catheters by running the surfactin solution through
them before inoculation with media resulted in a decrease of the amount of biofilm formed by
Salmonella typ/ﬂimurium, Salmonella enterica, Escherichia coli and Proteus mirabilis.'*° Given the
importance of opportunistic infections with Salmonella species, including urinary tract infections
of AIDS patients, these results have great potential for practical applications.

A role for biosurfactants as defence weapons in post adhesion competition with other strains
or species has to date been suggested only for biosurfactants released by S. mzitis strains against
Streptococcus mutans adhesion”” and for biosurfactants released by lactobacilli against adhesion
of uropathogens.”””® The biosurfactant surlactin,” produced by several Lactobacillus isolates, was
suggested as a suitable anti-adhesive coating for catheter materials. The role of Lactobacillus species
in the female urogenital tract as a barrier to infection is of considerable interest.'”” These organisms
are believed to contribute to the control of vaginal microbiota by competing with other micro-
organisms for adherence to epithelial cells and by producing biosurfactants. There are reports of
inhibition of biofilm formation by uropathogens and yeast on silicone rubber with biosurfactants
produced by Lactobacillus acidophilus."**'" Heinemann and coworkers showed that Lactobacillus

fermentum RC-14 releases surface-active components that can inhibit adhesion of uropathogenic
bacteria, including Enterococcus faecalis.'* Velraeds et al* also reported on the inhibition of adhe-
sion of pathogenic enteric bacteria by a biosurfactant produced by a Lactobacillus strain and later
showed that the biosurfactant caused an important, dose-related inhibition of the initial deposition
rate of E. coli and other bacteria adherent on both hydrophobic and hydrophilic substrata.”

Dairy S. thermophilus strains were found to be biosurfactant-producers and Busscher et a
showed that this biosurfactant inhibited adhesion onto silicone rubber and growth of several
bacterial and yeast strains isolated from explanted voice prostheses. Efforts in the development
of strategies to prevent the microbial colonization of silicone rubber voice prostheses have been
reported by Rodrigues et al.”*#2 The ability of biosurfactants obtained from the probiotic strains,
L. lactis 53 and S. thermophilus A, to inhibit adhesion of four bacterial and two yeast strains
isolated from explanted voice prostheses to precoated silicone rubber was evaluated. The results
obtained showed that the biosurfactants were effective in decreasing the initial deposition rates,
as well as the number of bacterial cells adhering after 4 h, for all microorganisms tested. Over 90%
reductions in the initial deposition rates were achieved for most of the bacterial strains tested.
Recently, the authors also demonstrated that a rhamnolipid biosurfactant containing solution
may be useful for use as a biodetergent solution for prostheses cleaning, prolonging their lifetime
and directly benefiting laryngectomized patients. Gotek et al*! assessed the adhesive properties of
several biosurfactant-producers Lactobacillus spp. strains to a monolayer of intestinal epithelium
in vitro, represented by the Caco2 cell line. All tested Lactobacillus strains showed adhesion to
Caco2 cells. A 50% reduction in the population of Klebsiella pneumoniae 2 cells adhering to the
surface previously impregnated with a solution of biosurfactants synthesised by Lactobacillus casei
rhamnosus CCM 1825, after the 3-hour contact with the tested surface was also observed.

The role for surfactants in the defence against infection and inflammation in the human body
is a well-known phenomenon. The pulmonary surfactant is a lipoprotein complex synthesized
and secreted by the epithelial lung cells into the extracellular space, where it lowers the surface
tension at the air-liquid interface of the lung and represents a key factor against infections and
inflammatory lung diseases.”
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Antimicrobial Activity

The antimicrobial activity of several biosurfactants has been reported in the literature for many
different applications.'"" For instance, the antimicrobial activity of two biosurfactants obtained
from probiotic bacteria, L. lactis 53 and S. thermaphilus A, against a variety of bacterial and yeast
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strains isolated from explanted voice prostheses was evaluated.” In another study, Reid et al''>!"?
emphasized a possible probiotic role for the biosurfactant-producing lactobacilli in the restoration
and maintenance of healthy urogenital and intestinal tracts, conferring protection against pathogens
and suggested a reliable alternative treatment and preventive regimen to antibiotics in the future.
The first clinical evidence that probiotic lactobacilli can be delivered to the vagina following oral
intake was provided''® and although only a limited set of strains have any proven clinical effect
or scientific basis, there are sufficient data to suggest that this approach could provide a valuable
alternative to antibiotic prophylaxis and treatment of infection. By the use of a rat model of surgical
implant infection, Gan et al'"* determined that the probiotic strain, L. fermentum RC-14 and its
secreted biosurfactant reduced infections associated with surgical implants, which are mainly caused
by S. aureus through inhibition of growth and reduction of adherence to surgical implants. A recent
in vitro study of Lactobacillus plantarum 299v and L. rhamnosus GG showed that these probiotic
strains could inhibit the adhesion of E. co/i to intestinal epithelial cells by stimulating epithelial
expression of mucins.'”> These strains however were also found to be biosurfactant producers.'*
These observations generally indicated that biosurfactants might also contain signalling factors
that interact with host and/or bacterial cells leading to the inhibition of infections. Moreover they
support the assertion of possible role in preventing microbial adhesion™®''¢ and their potential in
developing anti-adhesion biological coatings for implant materials.*

Conclusion

Interest in the use of biosurfactants in the medical field has been increasing in the last years
as a result of many studies published on their unique features. Biosurfactants are not only useful
as antibacterial, antifungal and antiviral agents, but also have potential for use as major immuno-
modulatory molecules, adhesive agents and even in vaccines and gene therapy. They have been
used for gene tranfection, as ligands for binding immunoglobulins, as adjuvants for antigens and
also as inhibitors for fibrin clot formation and activators of fibrin clot lyses. Promising alterna-
tives to produce potent biosurfactants with altered antimicrobial profiles and decreased toxicity
against mammalian cells may be exploited by genetic alteration of biosurfactants. Furthermore,
biosurfactants have the potential to be used as anti-adhesive biological coatings for biomaterials,
thus reducing hospital infections and use of synthetic drugs and chemicals. They may also be
incorporated into probiotic preparations to combat urogenital tract infections and pulmonary
immunotherapy.

Regardlcss of the enormous potcntial of biosurfactants in this field, their use still remains
limited, possibly due to their high production and extraction cost and lack of information on
their toxicity towards human systems. Further research on human cells and natural microbiota
are required to validate the use of biosurfactants in several biomedical and health related areas.
Nevertheless, there appears to be great potential for their use in the medical science arena waiting
to be fully exploited.
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Microbial Surfactants of Marine Origin:
Potentials and Prospects
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Abstract
arine environment occupies the vast majority of the earth’s surface and is a rich source of
I \ / I highly potent and active compounds. In recent years, microbial surfactants and emulsi-
fiers have been reported from marine microflora. Surfactant and emulsifier molecules
havingdiverse chemical nature such as exopolysaccharides, carbohydrate-lipid-protein complexes or
glycolipopeptide, glycolipids, lipopeptides, phospholipids and ornithine lipids have been reported
from various marine bacteria. These surface-active agents have been found to possess good emulsi-
fication and stabilization potentials for various lipophilic compounds such as aliphatic, aromatic
and polyaromatic hydrocarbons and their uptake and degradation by the microorganisms. Few
biosurfactant types such as glycolipids and lipopeptides have also been found to possess valuable
biological activities. Surface-active agents from marine environments thus have tremendous po-
tential to be used in industrial processes, for environmental remediation and as drugs.

Introduction

Biosurfactants are surface-active agents of microbial origin. They have both hydrophobic and
hydrophilic domains in the same molecule, due to which, they partition at the interfaces between
liquid phases. The major classes of biosurfactants include glycolipids, lipopeptides and lipoprotein,
phospholipids and fatty acids, polymeric biosurfactants and particulate biosurfactants.! They
outperform their chemical counterparts in various aspects such as their lesser toxicity, stability at
extremes of temperature, pH and salinity, higher biodegradability hence ecological acceptability
and ability to be synthesized from cheap renewable resources.? Broadly, these molecules can be
classified into two groups viz. low molecular weight and high molecular weight biosurfactants.
The low molecular weight biosurfactants (Mw: 1-2 KDa) are generally glycolipids or lipopeptides
and are more effective in lowering the interfacial and surface tension. The high molecular weight
group of biosurfactants (Mw > 1 MDa), which are mostly amphipathic polysaccharides, proteins,
lipopolysaccharides and lipoproteins are effective stabilizers of oil-in-water emulsions.? Several
groups of researchers have suggested that biosurfactants are important for microbial growth and
survival in the environment.*> However, the reason behind the production of biosurfactants by
these microorganisms is not always so obvious. Some proposed physiological roles of biosurfactants
include increasing the surface arca and bioavailability of hydrophobic water-insoluble substrates,
heavy metal binding, bacterial pathogenesis, quorum sensing and biofilm formation.’ For example,
viscosinamide production by Pseudomonas fluorescens strain is coupled to primary metabolism and
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cell proliferation in the producing bacteria.® Rhamnolipid is necessary for normal biofilm forma-
tion by Pseudomonas aeruginosa.” Hence, it might be reasonable to assume that different groups
of biosurfactants have different natural roles in the growth of the producing microorganisms.
Therefore, two closely related organisms belonging to the same genus and species, but present in
two different habitats, may produce different biosurfactant isoforms to sustain their growth in
that particular environment; one group of biosurfactants would have an advantage in a specific
ecological niche, whereas another group of emulsifier would be more appropriate for a differ-
ent niche.’ Because of their unique physicochemical properties these compounds find potential
industrial and environmental applications. They also have potential therapeutic applications
as antibacterial, antiviral and antifungal agents.® The biosurfactant producing microorganisms
reported till date are mostly obtained from terrestrial sources. The marine environment which
occupies nearly about three-fourth of the earth’s surface is a robust reservoir of diverse microflora
including biosurfactant producers. Few reports on biosurfactants from marine microbes have been
described later in the text. Most of the biosurfactants of marine origin have been evaluated for
their environmental remediation application potentials but their therapeutic potentials have not
been exploited extensively. Hence the scientific community is on an incessant quest for marine
compounds with therapeutic applications by keeping in mind the great diversity of structures
obtained from this source.

In the recent years, several types of biosurfactants such as exopolysaccharides, glycolipopeptides,
carbohydrate-lipid-protein complexes, glycolipids as well as lipopeptide, have been isolated from
various genera of microorganisms of marine origin (Table 1). A detailed description of these mi-
crobial surfactants, their composition, structure and their potential application in environmental
and therapeutic fields follows.

Marine Biosurfactants and Bioemulsifiers

Exopolysaccharide Biosurfactants

The exopolysaccharide biosurfactants form an important group of marine biosurfactants.
Microbial genera such as Alcaligenes, Pseudomonas, Halomonas and Antarctobacter have been
reported as the main producers of this type of biosurfactants. For example, tetradecan degrading
Alcaligenes sp. PHY 9L.86 was isolated from hydrocarbon polluted sea-surface water. This marine
bacterium produced surface active exopolysaccharides (extracellular carbohydrates) and lipids
which caused foam formation and emulsification of the culture medium.’ The extracellular lipid
concentration was found to attain a maximum value of 7.91 mg L' in the early stationary phase,
whereas maximum concentration of exopolysaccharides reached 12.63 mg L' at the stationary
phase. The extracellular lipids produced by this strain was composed mainly of phospholipids,
free fatty acids, triglycerides, monoglycerides and wax esters amongst which the percentage of
free fatty acids (73%) was the highest. Electron microscopy revealed the presence of fibrillar
structures made up of exopolysaccharides around the microorganism which were connected to
the lipid vesicles having a possible role in emulsification and hydrocarbon degradation. The capac-
ity for assimilation and degradation of the hydrocarbons depended on the availability of these
surface active compounds. Another EPS producing strain, Psexdomonas putida ML2, isolated
from hydrocarbon-polluted sediment, produced emulsifiers during growth on a hydrophobic
substrate, naphthalene, in the exponential and the stationary phase of growth.'” The crude EPS
emulsifier had a molecular mass between 10-80 kDa and contained no proteins. The monosac-
charide composition was rhamnose, glucose and glucosamine in a molar ratio of 3:2:1. Similarly,
another EPS bioemulsifier producer Planococcus maitriensis Anita I was isolated from seawater
collected from coastal area of Gujrat, India."" The EPS obtained from this strain contained
12.06% carbohydrate, 24.44% protein, 11% uronic acid and 3.03% sulfate. Similarly, marine
strain Antarctobacter sp. produced emulsifiers AE22 starting from the late exponential phase
of its growth.'? The carbohydrate content of AE22 was 15.4 + 0.2% dry mass. Sugar analysis
showed that this polymer contained hexoses (rthamnose, fucose, galactose, glucose and mannose)
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amino sugars (galactosamine, glucosamine and muramic acid) and uronic acids (galacturonic
acid and glucuronic acid). Fucose (16.2 = 0.2%), glucosamine (31.9 = 0.4%) and glucuronic
acid (20.3 = 0.7%) were the most abundant sugars present in this bioemulsifier. The amino
acid content of this biopolymer was 5.0 = 0.2% dry mass and three amino acids—aspartic acid,
glycine and alanine contributed to 37.3% of the total amino acid content. The active fraction
of the extracellular emulsifier AE22 had a molecular mass of more than 2000 kDa. Similar high
molecular mass emulsifiers have also been reported from bacterial strains like TG39 and TG67
later characterized as Halomonas sp.”* These cultures showed profuse growth and emulsifier
production during the exponential growth phase and the emulsions formed were stable even
up to 6 months. The carbohydrate content of the biopolymers from TG39 was 17.3 = 1.0%
which consisted mainly of thamnose (31.7 + 2.1%), glucuronic acid (27.9 = 1.9%) and galactose
(15.3 £ 0.5%) while the carbohydrate content in TG67 bioemulsifiers was 22.7 = 0.8% and had
glucuronic acid (58.8 = 0.4%), glucosamine (10.9 = 0.1%) and mannose (11.5 = 0.5%) as the
major components. The amino acid analysis revealed that the total amino acid content in bioe-
mulsifiers from TG39 and TG67 were 26.6 = 1.0% and 40.5 = 1.6% respectively and contained
four major amino acids viz. aspartic acid, glutamic acid, glycine and alanine. However, no fatty
acids were detected in its structural composition. The emulsifiers from both the strains upon
chromatography resolved into multiple fractions. TG39 emulsifiers separated into three main
components having molecular mass more than 2000 kDa, 150 kDa and 16.5 kDa respectively,
whereas TG67 emulsifiers fractionated into two major components with molecular mass of

1300 kDa and 56 kDa respectively.

Glycolipopeptides and Carbobydrate-Lipid-Protein Complexes

Another important class of biosurfactants and emulsifiers from marine bacteria are the
carbohydrate-lipid-protein complexes or glycolipopeptides being produced from bacteria
like Corynebacterium sp. and Halomonas sp. as well as yeasts like Yarrowia sp. A strain of
Corynebacterium kutscheri isolated from Tuticorin harbor, India utilized substrates like waste mo-
tor lubricant oil and peanut oil cake and produced glycolipopeptide type of biosurfactant having
achemical composition of carbohydrates (40%), lipid (27%) and protein (29%)."* The maximum
biosurfactant concentrations achieved in the early stationary phase of the growth were 3.85 gL
and 6.4 g L' using waste motor lubricant oil and peanut oil cake respectively. The biosurfactant
thus produced emulsified various hydrocarbons, vegetable oils and polyaromatic hydrocarbons.
Yansan is another bioemulsifier being produced by a strain of Yarrowia lipolytica, isolated from
Guanabara Bay in Brazil, during cultivation in glucose based YPD medium."s Although the emul-
sifier was isolated in the late stationary phase, significant emulsifying capacity was also observed
in cell free supernatant from the exponential phase. The protein content in this bioemulsifier
was found to be 15% while the lipid content was below 1%. The fatty acids present in the lipid
were palmitic acid (35.8%), stearic acid (21.4%), lauric acid (8.8%) and oleic acid (6.9%). The
monosaccharide composition of this bioemulsifier was arabinose, galactose, glucose and mannose
in a ratio of 1:6:17:31. The molecular weight of this bioemulsifier was approximately 20 kDa.
The CMC value of Yansan was found to be 0.5 g L™ and the minimum surface tension attained
at CMC was SOmN m™". Yet another emulsifier producer strain, Yarrowia lipolytica NCIM 3589
being isolated from an oil contaminated sample produced emulsifiers in the stationary phase of
its growth.'® The isolated emulsifier was found to be a lipid-carbohydrate-protein complex having
75% lipid, 20% carbohydrate and 5% protein. 80% of the lipid part comprised of palmitic acid,
mannose and galactose constituted the carbohydrate part while the major amino acids present
were aspartic acid, alanine and threonine. The emulsifier was found to stabilize oil-in-water emul-
sions with several aromatic hydrocarbons.

Glycolipids

Glycolipid biosurfactants are the types in which the molecules consist of a hydrophilic
glyco part consisting of few sugar molecules and a hydrophobic lipid portion. Various microbial
genera like Halomonas, Pantoea, Nocardioides, Rhodococcus to name a few are the ones which
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produce glycolipids type of biosurfactants. The 7-hexadecane degrading biosurfactant producer
Halomonas sp. ANT-3b being isolated from Ross sea, Antarctica, showed best growth and emul-
sifier production at low temperature of 15°C using 7-hexadecane as the sole source of carbon."”
The molecular weight of the major component of the glycolipid emulsifier was determined to be
18 kDa. The monosaccharide present in the emulsifier was mannose, galactose and glucose in a
molar ratio of 1.71: 1.00: 2.96. The lipid part of this glycolipid biosurfactant consisted in terms
of molar ratio—caprylic acid: myristic acid: palmitic acid: palmitoleic acid: oleic acid (3:1.5:1).
Similarly, Pseudomonas aeruginosa A41 isolated from the gulf of Thailand produced rhamnolipids,
another glycolipid biosurfactant." The biosurfactant yield steadily increased even after attain-
ing the stationary phase thereby lowering the surface tension of the culture media from 55-70
mN/m to 27.8-30 mN/m for a variety of carbon substrates such as coconut oil, palm oil, olive
oil, lauric acid, myristic acid, palmitic acid, strearic acid, oleic acid and linoleic acid. Highest yield
of thamnolipids (6.58 g L™!) was obtained using olive oil as the carbon substrate. Although the
rhamnolipid yield using palm oil as the carbon source was lower (2.91 g L), it was found to be
best in surface tension reduction. In general it was found that substrates with shorter fatty acid
chains (C;,>C,4>C,) and those having unsaturation (Cjs.,) resulted in biosurfactant production
with higher rhamnose content and greater oil displacement activity. Yet another bacterial strain
MMI isolated from the Isle of Borkum produced an anionic glucose lipid in batch fermentation
experiments.'” After fermentation for 91 h, the maximum biosurfactant concentration of 1.7 gL,
was achieved. HPLC revealed the sugar part of this glycolipid as glucose whereas lipid part of this
molecule consisted of 3-OH-decanoic acids. The glucose lipid produced by this strain hada CMC
value of 25 mg L' and was able to reduce the surface tension of water from 72 mN m™' to a mini-
mum value of 30 mN m™". Another glycolipid biosurfactant producing strain Nocardioides sp. was
isolated from the Antarctic soil.?* The secretion of thamnose in the n-paraffin media coupled with
a decrease in the surface tension of the medium to 35 mN m™" after 16 days of growth indicated
the production of rhamnolipids. The cell free supernatant contained 0.18 + 0.06 g L™! proteins,
0.45 = 0.15 g L' lipids and 1.1 + 0.19 g L™! carbohydrates. The biosurfactant product obtained
caused hemolysis and inhibited Bacillus subtilis cells. It was also able to emulsify n-parrafin and
several other aromatic hydrocarbons. Similarly, facultative anaerobe Pantoea sp. strain A-13 isolated
from Frazier Islands, Antarctica produced glycolipid biosurfactants when grown on n-paraffins or
kerosene as the sole source of carbon.?! Enhanced production of these glycolipids (0.8-1.2 gL™")
was detected at the stationary phase of the growth evident by increase in emulsification activity
and rhamnose concentration. These glycolipids produced after 12 days of fermentation reduced the
surface tension of the culture medium to 37 mN m™'. A CMC value of 40 mg L~! was determined
for these biosurfactants. At early stationary phase of the growth, the cell surface hydrophobicity
was found to higher (43.9 £ 1.9% to 57.5 + 3.2%) for hydrocarbon grown cells, than that of glucose
grown cells (27.2 = 1.8%). Another glycolipid biosurfactant producer was Rbodococcus erythropolis
3C-9 beingisolated from a soil sample obtained from Island of Xiamen, located on the west bank
of the Taiwan Strait.”? The strain was selected amongst the hexadecane degraders due to its high
capacity of oil degradation and emulsification. The culture did not produce biosurfactants when
cultivated on water-miscible substrates like glucose, sucrose or glyccrol and rcquired alkanes to
induce biosurfactant production. The biosurfactant produced by this strain using n-hexane as the
sole carbon source lowered the surface tension to a minimum value of 33.4 mN m™'. However, it
was found that the resting cells of this strain were unable to produce any biosurfactant. Fatty acid
analysis of the crude biosurfactant showed that there were 12 types of free fatty acids (C,o-C,,) pres-
ent, most of which were straight chain. These fatty acids were mostly unsaturated with docosenoic
acid (C,,H4,0,) as the most abundant (37.03%) component. Thin layer chromatography (TLC)
separated the glycolipids of the biosurfactant into two components, lipid 1 (Rf; = 0.51) and lipid
2 (Rf;=0.15). Staining with specific reagents on the TLC plates confirmed that both the fractions
were glycolipids. The hydrophilic sugar moiety of glycolipid 1 (GL1) was found to be glucose
while that for glycolipid 2 (GL2) was trehalose. The hydrophobic part of the GL1 consisted of
seven straight chain fatty acids ranging from C,,-C,5. Amongst these the C,, unsaturated fatty acid
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(C1,H»,0,) was found to be the most abundant component (32.93%). The hydrophobic moiety
of GL2 also consisted of seven straight chain fatty acids ranging from C,,-C 5. However the most
abundant (35.81%) component was a C4 saturated fatty acid (C,¢H;,0,). Another glycolipid
type of biosurfactant was obtained from a marine Aeromonas sp. collected from tropical estuarine
water.” The compound contained 38% carbohydrate, an unidentified lipid but no protein and thus
was classified as a glycolipid. The strain showed good growth and biosurfactant production when
crude oil, diesel or hexadecane were used as carbon substrates. However, glucose was found to be
the best substrate for biosurfactant production. Although the biosurfactant was detected as early as
day 4 of fermentation using crude oil as carbon substrate, maximum cell density and biosurfactant
production was obtained on the day 8. Yet another glycolipid producer, Alcanivorax borkumensis
DSM 11573, isolated from oil contaminated marine environments produced glucose lipid dur-
ing the logarithmic phase of growth.* This strain produced medium polarity components which
were glycolipids and highly polar components which were determined to be phospholipids. The
glycolipid fraction contained 10 medium polar glycolipid fractions with 72/z 916, 888, 860. The
main glycolipid of the A. borkumensis was found to 18-(1-B-glucopyranosyl)-6,10,14-triheptyl-
4,8,12,16-tetroxy-3-aza-7,11,15-trioxa-pentacicosanoic acid. The highly polar phospholipids
had three major fractions having 72/z 720, 746 and 748. The hydrophilic parts of these molecules
had phosphatidylglycerol while the fatty acid part consisted of palmitic acid, hexadecenoic acid
and octadecenoic acid.

Lipopeptides

Another major class of biosurfactants are lipopeptides. These molecules have a hydrophilic
peptide head group and a hydrophobic lipid tail. Several species of marine microorganisms such
as Bacillus, Pseudomonas and Myroides have been reported to produce this type of surfactants. For
example, two marine isolates MK90e85 and MK91CCS8, identified as Pseudomonas sp. produced
antimycobacterial cyclic depsipeptides and viscosin.” The marine isolate MK90e85 which was
obtained from a red alga produced massetolides A, B, C and D while the other isolate MK91CC8
obtained from a marine tubeworm produced massetolides E, F, G, H and viscosin. Massetolide
A, which was an optically active molecule, had a mass of 1141 Da and a molecular formula of
CssHy:NyO 6. Massetolide A and viscosin showed antimicrobial action against Mycobacterium
tuberculosis andMymbarterium avium-intracellulare. Several Bacillus sp. from marine environment
also have been reported to produce surface-active compounds. A mixture of cyclic depsipeptides
originally named as bacircines was obtained from the cultures of Bacillus pumilus KMM 150
isolated from an Australian marine sponge Jrcinia sp.* The culture growing at a temperature of
24-26°C on a mineral salts medium produced a mixture of cyclic depsipeptides with molecular
masses of 1007, 1021, 1035 Daltons. The bacircines 4 and 5 could be described by the empirical
formula C5;Hy;N,O; and had the molecular mass of 1035 Daltons. These had the amino acid
composition of Leu: Val: Asp: Glu in the ratio of 4: 1: 1: 1. The fatty acid component of these
compounds was identified as 3B-hydroxypentadecanoic acid (C;s-B-hydroxy acid). Contrastingly,
bacircines 1, 2 and 3 had molecular masses of 1007, 1021 and 1021 respectively. The amino
acid composition was similar to that of bacircines 4 and 5; however the lipophilic part of these
molecules were different. Instead this group of compounds had C,;-C ;- f-hydroxy acid as the
lipophilic side chain. Similarly, the marine bacterium Bacillus pumilus KMM 1364 isolated from
the surface of the ascidian Halocynthia aurantium produced a mixture of analogues of lipopeptide
surfactin.”” Eight different compounds were separated by RP-HPLC which gave positive ninhy-
drin test. Amino acid analysis revealed that seven amino acids were present: Asx: Glx: Leu: Val
or Ile in molar ratios 1:1:4:1. These major components of lipopeptide molecules had molecular
masses of 1035, 1049, 1063, 1077. The variations in the molecular masses of these components
were caused due to differences in the methylene groups of the lipid or peptide part of the com-
pound. The structural difference of these compounds from surfactin, a well-known lipopeptide
biosurfactant, was due to the substitution of valine by leucine at position 4 in the peptide chain
of the molecule. The lipid part of the molecule consisted of C;s5, C,4 and C,; fatty acids. These
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surfactins were quite different from similar molecules reported earlier® and thus production of
various isoforms not only depends on the culture conditions but also on the bacterial strain. These
variations in molecular structures may confer certain bioactive properties to these molecules.
Recently we reported a marine Bacillus circulans that was isolated from sea water sample from
Andaman and Nicobar Islands. The crude lipopeptide biosurfactants obtained from this culture
was resolved into six major fractions using RP-HPLC. Only one of these fractions was found to
possess profound antimicrobial action against various Gram-positive and Gram-negative bacte-
rial strains. Mild antimicrobial action was also shown against multi-drug resistant Staphylococcus
aureus (MRSA) and other MDR strains.® The biosurfactants from this strain also increased
the bioavailability of hydrophobic polyaromatic hydrocarbons (PAH) such as anthracene and
facilitated their biodegradation.”® Similar lipopeptide compounds have also been reported from
other strains. For example, a marine bacterial isolate PNG-276 was obtained from the tissues of
an unidentified tubeworm collected from the coast of Loloata Island, Papua, New Guinea and was
later identified as Brevibacillus laterosporus.? The culture produced a lipopeptide, Tauramamide,
having a molecular mass of 878.51 Da (C4sHNyOy). Arginine, tryptophan, leucine, tyrosine
and serine residues were identified in its molecular structure among which tyrosine and leucine
had p-configuration while Arginine, tryptophan and serine had L configuration. The sequence of
amino acids in the pentapeptide chain was Tyr-Ser-Leu-Trp-Arg. Tauramamide and its methyl ester
showed antimicrobial action. Other marine bacteria such as Myroides sp. strain SM1 produced
L-ornithine lipids which were able to emulsify weathered crude 0il.*® The crude biosurfactant
secreted in the culture medium was extracted through solvent extraction and purified by normal
and reverse phase silica gel column chromatography. The mass determination by FAB-MS showed
that the purified fraction had a mixture of compounds of variable carbon chain lengths. Both
the cell suspension and the culture supernatant were able to emulsify weathered crude oil and
n-hexadecane which indicated that the emulsifiers produccd are secreted into culture supernatant
as well as they remained attached to the cell walls. The results indicated that the microorganism
was able to colonize on the surface of the emulsified droplets of the weathered crude oil.*!

Environmental and Industrial Potentials

The marine biosurfactants have proved their potential in environmental bioremediation.
Studies suggested that these biosurfactants can be used for cleaning the environments polluted
with crude oil or polyaromatic hydrocarbons. Besides their applications in environmental cleaning,
these molecules have also been found to be useful for industrial emulsification and stabilization
processes (Table 2).

The high molecular weight emulsifiers such as the exopolysaccharide type of biosurfactants
isolated from various marine bacteria showed their efficacy in environmental cleaning and po-
tential for industrial application. For example, the exopolysaccharide producer marine bacterium
Alcaligenes sp. PHY 9L.86 used 0.1% tetradecan as the sole carbon and energy source. This cul-
ture was able to degrade 98% of the hydrocarbon substrate within 48 h of its growth. The high
degradation efficiency showed by this marine bacterium may be exploited in the remediation of
the crude oil contaminated sites.” Similarly, bioemulsifier producer Psendomonas putida ML2 was
also able to grow on polyaromatic hydrocarbon like naphthalene and produce biosurfactants and
hence can play a role in solubilization of aliphatic, aromatic and polyaromatic hydrocarbons.'
EPS produced by salt tolerant strain Planococcus maitriensis Anita I showed a positive oil spread-
ing test even at a low concentration of 0.1% and this oil dispersing potential was retained even
at acidic and alkaline pH ranges. The oil dispersal capacity of this EPS was found comparable to
Tween 80 and was even better than Triton X. The EPS product also possessed good emulsification
properties and could emulsify various hydrocarbons and vegetable oils. Strikingly, its emulsion
with Silicone, Paraffin and jatropa oil showed 100% stability up to 45 days and hence strain or its
biosurfactant/bioemulsifier can find potential applications in industrial applications as well as in
enhanced oil recovery.!! Emulsifier AE22 produced by Anzarctobacter sp. was found to form stable
emulsions with various food oils at neutral and acidic pH values. The results indicated that the
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AE22 biopolymer can be a better stabilizing agent than an emulsifying agent, a characteristic of
natural hydrocolloid polymers. These stabilizing and emulsification properties may find extensive
applications in healthcare and food oil formulations. The AE22 may also be applied as a biosorbent
for treatment of contaminated environments.'? Similarly emulsifiers from Halomonas sp. TG39
and TG67 showed good emulsification activity with different edible oils as well as with hexadecane
and these emulsions remained stable for several months. Both the emulsifiers were also able to
show stable emulsification under both neutral and acidic conditions. However, the emulsification
capacity at acidic pH was found to be lower (< 45%) than neutral pH. Heat treatment was also
found to increase the emulsification activity of these bioemulsifiers. The emulsifying and stabi-
lizing properties of these extracellular bioemulsifiers suggest their potential use for commercial
purposes. These novel emulsifiers may substitute the presently used emulsifiers that have limited
emulsification and stabilization potentials.’* Emulsifiers produced by Corynebacterium kutscheri
emulsified various hydrocarbons. This culture was able to degrade crude oil most efficiently with
added fertilizers. The potential of this strain of Corynebacterium and its biosurfactant product to
emulsify and degrade hydrocarbons may prove to be potent in environmental remediation pur-
poses.'* Similarly emulsifiers from Yarrowia lipolytica called Yansan showed high emulsification
activity with hydrocarbons such as hexadecane, aromatic hydrocarbons such as toluene, xylene
and styrene and perfluourocarbons (PFC). The emulsification activity was retained in a wide pH
range (3-9) and was fairly pH independent. This emulsifier has potential application in bioreme-
diation and formulation of perfluourocarbons based emulsions.” In a similar way emulsifiers from
Yarrowia lipolytica NCIM 3589 were found to stabilize oil-in-water emulsions with several aromatic
hydrocarbons such as benzene, xylene, toluene and 1-methyl naphthalene. However, interestingly,
the emulsion was not stable with 7-alkanes, though the bacterium used these as the sole carbon
source. The emulsifier was stable and retained its activity in a wide range of pH values 2-10. It was
also found to retain its activity at 80°C for 7 h and at 100°C for 3 h.'

Low molecular weight biosurfactants such as glycolipids from marine microorganisms also
have great potential for industrial emulsification and environmental remediation applications.
For example, Glycolipid producer Halomonas sp. ANT-3b, was able to degrade #-hexadecane
and use it as the sole source of carbon to produce biosurfactants. Hence this strain can be suc-
cessfully used in remediation of the oil spills especially in cold environments.'” Similarly, strain
Pseudomonas aeruginosa A41 produced rhamnolipid biosurfactants, that showed good stability
and activity in wide ranges of temperature (40-121°C), pH (2-12) and NaCl concentrations
(0-5%). Hence this marine glycolipid producer can be used for environmental cleaning in vari-
ous extreme conditions and for enhanced oil recovery purposes.'® The glycolipids produced
by MM1 were also found to be effective emulsifiers and also non toxic in nature. Hence these
glycolipids can be effectively used for the removal of marine oil pollution without harming
the marine ecology.”” In a similar manner glycolipids produced by actinomyces Nocardioides
sp. was able to emulsify n-paraffin and several other aromatic hydrocarbons and thus could be
used for the remediation of the polluted sites.?* The cell surface hydrophobicity is an important
factor that determines the microbial adhesion on surfaces including hydrophobic substrates. It
is also an important step in bioremediation as this step is required for the introduction of the
molecular oxygen. The cell surface of facultative anacrobe Panroea sp. strain A-13 becomes more
hydrophobic when grown in hydrocarbons than that when grown in water miscible substrates
like glucose. The glycolipid was able to emulsify a large number of hydrocarbons and showed
high emulsification activity against Benzene. The emulsification activity was shown in a wide
pH range, the highest being at alkaline pH value. Although the biosurfactant showed good
emulsification at mesophilic conditions (30-37°C) the emulsification power was fairly good at
thermophilic conditions (45°C).?! Another glycolipid producer strain Rbodococcus erythropolis
was able to utilize a wide range of z-alkanes (Cs-C), the growth of this strain was better using
C,4-Cs4 n-alkanes, compared using shorter alkane chains i.e., Cs, Cy, C; and Cy n-alkanes. The
study suggested that the Rhodococcus erythropolis 3C-9 biosurfactants enhanced oil degradation
by other oil degrading bacteria without causing any harm to them. The potential of this strain
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and its biosurfactants in oil solubilization and degradation makes them a promising candidate for
use in oil spill cleanup operations.?? In a similar manner, glycolipids produced by Aeromonas sp.
were able to emulsify various hydrocarbon substrates. The activity of this glycolipid biosurfactant
was enhanced at slightly alkaline pH (8.0) and NaCl concentration (5%). Activity was found
to be highcst at 40°C and decreased on further increasing temperature. However, about 77%
of activity was still retained after a temperature treatment at 100°C for 120 min. In general the
emulsification activity was better with aliphatic hydrocarbons than aromatic hydrocarbons.?
Similarly, the crude oil devouring glycolipid producer Alcanivorax borkumensis DSM 11573 has
the substrate specificity for the straight chain alkanes and can serve in cleaning the oil spills.*
Lipopeptide biosurfactants have also been reported for their emulsification potential. For ex-
ample Bacillus circulans isolated from marine samples produced lipopeptide biosurfactants that
could emulsify various hydrocarbons such as diesel, petrol, kerosene, benzene and hexadecane.
Although the microorganism was not able to uptake anthracene as a sole source of carbon, it was
able to do so in presence of another carbon source such as glycerol. The biosurfactants produced
by the bacterium utilizing glycerol increased the bioavailability of the hydrophobic anthracene
and facilitated its uptake by the cells, thus affecting its bioremediation. Thus, this strain and its
biosurfactant can find potential application in the remediation of the hydrocarbon and PAH
contaminated environments.”® Other low molecular weight biosurfactants such as L-ornithine
lipids produced by Myroides sp. strain SM1 were able to emulsify weathered crude oil. The cell
surface hydrophobicity studies indicated that the cells had maximum affinity for weathered
crude oil (85.48%) than toluene (48.40%) and xylene (28.07%) than any other hydrocarbons.
In general the affinity of cells was more towards aromatic hydrocarbons (highly nonpolar) than
aliphatic hydrocarbons. The culture was unable to utilize any hydrocarbon as the sole source
of carbon although it was able to emulsify them. This emulsifier was found to be stable in the
temperature range of 30-121°C and pH values ranging from 5-12.3%3

Biological Action of the Marine Biosurfactants

The microbial surfactants have been reported to posses several properties of therapeutic
and biomedical importance. The biosurfactants obtained from marine microbes, however,
have not been assessed extensively for their biological activities. However, a few reports on
the biological activities of marine surfactants demonstrate their potential to act as therapeutic
agents (Table 3). For example the glycolipid obtained from bacterial strain MM1 was found
to be nontoxic against a panel of marine microorganisms such as marine bacteria, microalgae
and flagellates. Hence these glycolipids can be effectively used for various biomedical applica-
tions.”” Another glycolipid obtained from Nocardioides sp. caused hemolysis and inhibited
Bacillus subtilis cells. The biosurfactant was able to modify the cell surface hydrophobicity
of the other bacterial strains which indicated their role in attachment and detachment of
bacteria on certain surfaces.”” Similarly Psexdomonas sp MK90e85 and MK91CC8 produced
antimycobacterial cyclic depsipeptides and viscosin. Massetolide A and viscosin showed anti-
microbial action against Mycobacterium tuberculosis and Mycobacterium avium-intracellulare.
Massetolide A showed a MIC value of 5-10 ug ml™' against M. tuberculosis and 2.5-5 ug ml™!
against M. avium-intracellulare. Similarly, Viscosin had a MIC value of 10-20 ug ml" against
M. tuberculosis and 10-20 ug ml™" against M. avium-intracellulare. Massetolide A was also
found to be nontoxic to mice at a dose of 10 mg kg™! body weight. Thus these potent bioactive
molecules from marine environments can prove to be effective in treating infections caused by
Mycobacterium sp.* Thus these microbial surfactants can be developed as antimicrobial agents
for clinical applications. Bacircines, yet another mixture of cyclic depsipeptides obtained from
the cultures of Bacillus pumilus KMM 150 caused anomalies in the developmental process of
ova of the Echinus and stopped blastomere fission. The bacircines had cytotoxic effect at more
than 2.5-10 ugmL~". As these possess cytotoxic effect they can be potential agents in anticancer
therapy. The ovicidal and cytotoxic effect of this compound against cells in the early stages of
development can be of potential use as contraceptive agent or an agent for safe termination of
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Table 3. Biological activities displayed by various marine biosurfactants/

bioemulsifiers
Type of
Biosurfactant/ Producer
Bioemulsifier Organism Biological Activity Ref.
Glycolipid Bacterial strain  The toxicity tests indicated that these biosurfactants 19
MM1 have no toxic effects against the marine

microorganisms such as marine bacteria, microalgae
and flagellates.

Glycolipid Nocardioides sp. Caused hemolysis and inhibited Bacillus subtilis cells. 20

Maodification of cell surface hydrophobicity of the
other bacterial strains thus affecting adhesion of bac-
teria on certain surfaces.

Lipopeptide ~ Pseudomonas Antimicrobial action against Mycobacterium 25
sp. isolates tuberculosis and Mycobacterium avium-intracellulare.
MK90e85 and
MK91CC8

Lipopeptide  Bacillus pumilus ~ Caused anomalies in the developmental process of 26
KMM 150 ova of the Echinus.

The ovicidal and cytotoxic effect against cells in the
early stages of development can be of potential use as
contraceptive agent or an agent for safe termination of
unwanted pregnancy.

Lipopeptide  Bacillus circulans  Antimicrobial activity against common laboratory 8
strains and multidrug resistant strains.
Lipopeptide  Brevibacillus Antimicrobial action against multi-drug resistant 29
laterosporus Staphylococcus aureus (MRSA) and Gram-positive
PNG-276 human pathogen Enterococcus sp.
unwanted pregnancy.” Other lipopeptides obtained from marine microbes also demonstrated a

strong antimicrobial action. For example, the biologically active fraction of the marine Bacillus
circulans biosurfactant was obtained through RP-HPLC. The bioactive fraction was found to
be antimicrobial action against various Gram-positive and Gram-negative bacterium such as
Micrococcus ﬂﬂvus, Bacillus pumilis, ]\@/cabacterium smegmatis, Escherichia coli, Servatia marc-
escens, Proteus vulgaris, Citrobacter freundii, Proteus mirabilis, Alcaligenes faecalis, Acetobacter
calcoaceticus, Bordetella bronchiseptica, Klebsiella aerogenes and Enterobacter cloacae. The lipo-
peptide biosurfactant showed MIC values as low as 10 ug ml™' against microorganisms such
as Proteus vulgaris and Alcaligenes faecalis. Mild antimicrobial action was also shown against
multi-drug resistant Staphylococcus aurens (MRSA) and other MDR strains. The biosurfactant
was also found to be nonhemolytic in nature thus indicating its use as a drug in antimicrobial
chemotherapy.® Other lipopeptide biosurfactants such as tauramamide from Brevibacillus lat-
erosporus PNG-276 also showed profound antimicrobial action. Tauramamide and its methyl
ester showed antimicrobial action against Multi-drug resistant Staphylococcus aureus (MRSA)
and Gram-positive human pathogen Enterococcus sp. Alow MIC of 0.1 ug ml™ for Enterococcus
sp. was obtained which suggests that these can prove to be potent new group of antimicrobials
against several multi-drug resistant strains.?’
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Conclusion

The marine environment that encompasses a major area of the world’s surface is a vast unex-
ploited repertoire of compounds of unique structures and activities. Various biosurfactants and
bioemulsifiers from marine microorganisms show their efficacy in emulsification and solubilization
of various aliphatic, aromatic and perfluourocarbons (PFC) and thus have tremendous potentials
in remediation of contaminated environments and for industrial emulsification. The significant
antimicrobial action and other important biological activities displayed by the marine biosurfac-
tants make these potential candidates to be developed as a drug or for other important biomedical
applications. The gradually uprising threat of multidrug resistance has led to the incessant search
for compounds with new activities and the marine microbial surfactants can be an answer to this.
More research inputs are required in this direction so that this virtually inexhaustible resource can
be tapped for human welfare.
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CHAPTER 8§

Biomimetic Amphiphiles:
Properties and Potential Use

S.K. Mechta,* Shweta Sharma, Neena Mehta and Swaranjit Singh Cameotra

Abstract

urfactants are the amphiphilic molecules that tend to alter the interfacial and surface ten-

sion. The fundamental property related to the structure of surfactant molecules is their

self-aggregation resulting in the formation of association colloids. Apart from the packing of
these molecules into closed structures, the structural network also results in formation of extended
bilaycrs, which are thcrmodynamically stable and lead to existence of biological membranes and
vesicles. From biological point of view the development of new knowledge and techniques in the
area of vesicles, bilayers and multiplayer membranes and their polymerizable analogue provide
new opportunities for research in the respective area. ‘Green Surfactants’ or the biologically
compatible surfactants are in demand to replace some of the existing surfactants and thereby re-
duce the environmental impact, in general caused by classic surfactants. In this context, the term
‘natural surfactants or biosurfactants’ is often used to indicate the natural origin of the surfactant
molecules. Most important aspect of biosurfactants is their environmental acceptability, because
they are readily biodegradable and have low toxicity than synthetic surfactants. Some of the major
applications of biosurfactants in pollution and environmental control are microbial enhanced oil
recovery, hydrocarbon degradation, hexa-chloro cyclohexane (HCH) degradation and heavy-metal
removal from contaminated soil. In this chapter, we tried to make a hierarchy from vital surfactant
molecules toward understanding their behavioral aspects and application potential thereby ending
into the higher class of broad spectrum ‘biosurfactants’. Pertaining to the budding promise offered
by these molecules, the selection of the type and size of each structural moiety enables a delicate
balance between surface activity and biological function and this represents the most effective
approach of harnessing the power of molecular self-assembly.

Introduction

Surfactants are among the most versatile products of the chemical industry appearing in essential
biological systems and industrial processes. Our food, cosmetics, medicines, house-hold items,
the drilling mud used in prospecting for petroleum and the floatation agents used in benefication
of ores, contain a wide range of surfactants. Surfactant is an abbreviation for surface active agent,
which literally means: a species, which is active at the interface. In other words, a surfactant is
characterized by its tendency to adsorb at the surfaces and interfaces. The term interface denotes
a boundary between any two immiscible phases while, the term surface indicates that one of the
phases is a gas, generally air.?® The driving force for surfactant adsorption is the lowering of free
energy of the phase boundary.

The interfacial free energy per unit area is what we measure when we determine the interfacial
tension between two phases. It is the minimum amount of work required to create unit area of

*Corresponding Author: S.K. Mehta—Chemistry Department, Panjab University, Chandigarh
160014, India. Email: skmehta@pu.ac.in

Biosurfactants, edited by Ramkrishna Sen. ©2010 Landes Bioscience
and Springer Science+Business Media.




Biomimetic Amphiphiles: Properties and Potential Use 103

the interface or to expand it by unit area. When we measure the surface tension of a liquid, we are
measuring the interfacial free energy per unit area of the boundary between the liquid and the air
above it. When the interface is expanded, the minimum work required to create the additional
amount of that interface is the product of the interfacial tension r; times the increase in the area
of the interface: W, =M x AA. When the boundary is covered by the surfactant molecules, the
surface tension (or the amount of work required to expand that interface) is reduced. The denser
the surfactant packing at the interface, larger is the reduction in surface tension.*

Surfactants may adsorb at all the interfaces listed below:

Solid—Vapor Surface

Solid—Liquid

Solid—Solid

Liquid—Vapor Surface

Liquid—Liquid

However, the discussion will be restricted to the interface involving a liquid phase. The liquid
considered here is usually, but not always water. Examples of different interfaces and products in
which these interface are important are given in Table 1. In many formulated products several
types of interfaces are present at the same time. Water-based paints and paper coating colors are
examples of familiar ones, but from the point of view of a colloidal chemist, the complicated
systems contain both solid-liquid (dispersed pigment particles) and liquid-liquid (latex or other
binder droplets) interfaces.

In addition, foam formation is a common (though unwanted sometimes) phenomenon at the
application stage. All types of interface are well-stabilized by the surfactants.” The total interfacial
area of such systems is so immense that oil-water and solid-water interfaces of one liter of paint
may cover several football fields. This can be related to an old, saying by Benjamin Franklin in
1974, reported to the British Royal Society:

“Atlength at Clapman where there is, on the common, alarge pond, which I observed to be one
day very rough with the wind, I fetched out a cruet of oil and dropped a little of it on the water.
I saw it spread itself with surprising swiftness upon the surface. The oil, though not more than a
teaspoonful, produced an instant cam over a space several yards square, which spread amazingly
and extended itself gradually until it reached the leeside, making all that quarter of the pond,
perhaps half an acre, as smooth as a looking glass.”

V ~2ml, A ~2000 m> C———,_>> thickness of layer ~ 1 nm

It was not until over a hundred years later when Lord Rayleigh suspected that the maximum
extension of an oil film on water represented a layer within the thickness of a single molecule.

Coming back to surfactant, these molecules have a strong tendency to accumulate at the inter-
faces and it can be considered as the fundamental property of these species. In principle stronger is
the tendency of accumulation better is the surfactant. The degree of surfactant accumulation at a
boundary depends upon the surfactant structure and also upon the nature of the two phases that
meet at the interface. Therefore the choice of surfactant depends upon the application potential
e.g., some surfactants molecules are soluble only at the oil-water interface.

Table 1. Examples of interfaces involving a liquid phase

Interface Type of System Product
Solid-liquid Suspension Solvent-borne point
Liquid-liquid Emulsion Milk, cream

Liquid-vapour Foam Shaving cream
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Scope

The purpose of this chapter is to provide an insight into the basics of surfactant molecules, their
behavior in solution and most importantly the application of these molecules, in special reference
to the biological systems.

Surfactants find applications in almost every chemical industry including detergents, paints,
dyestuff, cosmetics, agrochemicals, fibers and pharmaceuticals. Therefore, the fundamental un-
derstanding of the physical chemistry of surface-active agents, their usual properties and their
phase behavior is essential for most chemical industries. In addition, understanding of the basic
phenomenon involved in application of surfactants in the preparation of emulsions, suspensions
and micro-emulsions etc. is of vital importance in arriving at right system composition. In phar-
maceutical science the usage of surfactants is associated with the control release of trappcd drugs
along with their in-vivo and in-vitro preparation.

Commercially produced surfactants are not pure chemically and within each chemical type
there can be tremendous variation. This is understandable since surfactants are prepared from
various feedstocks. It is thus advisable to obtain as much information as possible from the
manufacturer about the properties of surfactants e.g., its suitability of the job, variation in the
batch, toxicity and impurity, if any.

In the chapter emphasis has been given on the basics of surfactants, their classification, the
phenomenon of self-assembly, behavior in solution and microbial surfactants in reference to their
properties and commercial potential.

Surfactant Basis

‘Surfactants are the amphiphiles’: the word being derived from the Greek word “amphi” mean-
ingboth and the term is related to the point that all surfactant species consist of at least two parts:
a nonpolar hydrophobic portion, usually a straight or branched hydrocarbon chain containing
~8-18 carbon atoms, attached to a polar or ionic portion (hydrophilic). The hydrophilic part is
referred to as the head group and hydrophobic part as the tail (Fig. 1). The hydrophobic part of
the surfactants may be branched or linear and interacts weakly with water molecules in an aqueous
environment. The degree of chain branching, the position of the polar group and the length of the
chain are important parameters in deciding the physico-chemical properties of the surfactants.

The polar part of surfactant may be ionic or non-ionic in natural. For non-ionic surfactants the
size of the head group can be varied at will but in the case of ionic surfactant this parameter is a
fixed one. The polar head group interacts strongly with water molecules (via dipole or ion-dipole
interactions) which renders the surfactant soluble in water. The cooperative action of dispersion
and hydrogen bonding between the water molecules tends to squeeze the hydrocarbon chain
out of water and hence these chain are referred to as hydrophobic. It is the balance between the
hydrophobicand hydrophilic parts of the molecule that gives these systems, their special property
of accumulation at various interfaces and behavior of self-assembly (i.e., micellization).®

water loving head oil loving tail

I

hydrophilic part fipophilic paut

hydrophobic part=hydrophobe

Figure 1. Structure of surfactant molecule.
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N'....COOH 4«—3 N....COO° 4—p NH....COO
pH<3 isoelectric pH>6

Scheme 1. pH dependent ionization of surfactant molecules anionics.

Specific Classes of Surfactants

In general surfactants are classified on the basis of the charge of the polar head group
and the common practice is to divide the surfactants into anionic, cationic, non-ionic and
zwitterions.”!! Most ionic surfactants are monovalent but there are also examples of divalent
anionic amphiphiles. The most common counterion in anionic surfactants is sodium; however
other cations e.g., Li*, K*, Ca** and protonated amines are used as counterion for specialty
purposes. The counterion of cationic surfactants is usually a halide or sulfate. The hydrophobic
group is normally a hydrocarbon (alkyl or arylalkyl) but many vary for polydimethylsiloxame
or a fluorocarbon. The common non-ionic surfactants are based on ethylene oxide and are
referred as ethoxylated surfactants. The amphoteric or the zwitterionic surfactants contain
both the cationic and anionic groups. The characteristic feature of these surfactants is their
dependence on the pH of the solution in which they are dissolved. In acidic solutions, the
molecules acquire a positive charge and behave like cationic surfactants, whereas in alkaline
solutions they become negatively charged and behave like an anionic one. A specific pH can
be defined at which both ionic groups show equal ionization, specified as the isoelectric point
of the molecule (Scheme 1).

Of the four classes of the surfactants, anionics are the most widely used. Important types
of anionic surfactants are carboxylates, sulfonates, sulfates and the phosphates. Figure 2 shows
the structure of commonly used anionic surfactants.

Important aspects of anionic surfactants are:

1. Major reason for the popularity of the anionic surfactants is their low cost of
manufacture.

2. They possess enhanced foaming and spreading properties.

3. Since sulfonate group is a strong acid, the sulfonate surfactants are soluble and effec-
tive in acidic as well as in alkaline media and thus they are useful for textile scouring
formulations.

4. Sulfates are more hydrophilic than the suflonates.

5. Sodium salts are the most common although salts with diethanolamine, thietha-
no-lamine and ammonia are used in cosmetics and shampoos.

6. Phosphate surfactants are excellent emulsifiers under strongly alkaline conditions.

\/\/\/\/\/\O/\\/O\\/\O/\/OCI'QCOO'

Alkyl ether carboxylate SO,
ST TN SO5
alkyl sulfate

alkylbenzene sulfonate

W\\/\/\/\\/OPOE}

alkyl phosphate

Figure 2. Structures of anionic surfactants.
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Figure 3. Structure of some cationic surfactants.

Cationics
Most of the uses of cationic surfactants result from their ability to adhere and modify the solid
surfaces. Figure 3 represents the structures of some typical cationic surfactants. The common types
of cationic surfactants are long chair amines and quaternary amine salts (alkyl ‘quat’). Amines func-
tion only at the protonated state and thus cannot be used at high pH. The quaternary ammonium
compounds are not pH sensitive.
Important facts about cationic surfactants are:
1. They are important as corrosion inhibitors, fuel and lubricating oil additives, germicides
and hair conditioners.
2. Other applications include their use as fabric softener, fixatives for anionic dye and drying
rate retarder for cationic dye.
3. Cationic surfactants are compatible with non-ionic and zwitterionic surfactants. However
their usage is small compared to anionic and non-jonic ones.
4. They adsorb strongly to most surfaces and their main uses are related to in situ surface
modification.

Non-Ionics

Non-ionic surfactants have cither a polyether or a polyhydroxyl unit as the polar group. In
majority of cases, the polar group is a polyether consisting of oxyethylene units, made by the
polymerization of ethylene oxide.

The non-ionic surfactants can be specified in terms of the following aspects:

1. These have diverse uses in textiles.

2. The hydrocarbon group is the hydrophobic part of the surfactant while the chains of
ethylene oxide group is hydrophilic part. The length of ethylene oxide chain determines
the hydrophilicity of the surfactants.

3. Non-ionic surfactants are compatible with all other types of surfactants.

4. Their low foaming tendency can be an advantage to the horticulture industry where they
do a good job of breaking water surface tension.

5. They are more effective than the sulfonate surfactants in removing soil from hydrophobic
fibres but are inferior to anionic surfactants for soil removal from cotton.

6. The properties of a non-ionic surfactant can be tailored somewhat for a particular use by
controlling a relative amount of hydrophilic and hydrophobic characters.

Zwitterionics

Zwitterionic surfactants contain two charged groups of different sign. Whereas the positive
charge is almost invariably ammonium, the source of negative charge may vary, although car-
boxylate is the most common. Common types of zwitterionic surfactants are N-alkyl derivatives
of simple amino acids such as glycine (NH,CH,COOH), betaines ((CH,),NCH,COOH) and
amino-propionic acid (NH,CH,CH,COOH). Structures of some of the zwitterionic surfactants
are shown in Figure 4.
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Figure 4. Structure of some zwitterionic surfactants.

Some interesting facts about these surfactants include:
1. These species provide a feel of softness to textile materials.

2. Zwitterionic surfactants are compatible with all other classes of surfactants and are soluble
and effective in the presence of high concentrations of electrolytes, acids and alkalies.
3. They exhibit cationic behavior near or below their isoelectric points and anionic behavior

at high pH.

4. 'Their uses in horticulture crop production is very rare.

5. The products from the zwitterionic surfactants are very specifically used to match the
properties of specific pesticide formulations and generally are not used in the green house

as the stand-alone products.

Surface Active Compounds are Ample in Nature

Nature’s own surfactants are the polar lipids and these are abundant in all living organisms.
In the biological systems the surface-active agents are used in the similar manner as they are used
in the technical systems: to overcome the solubility problems as emulsifiers, as dispersants and to

modify the surfaces etc. The examples of polar lipids are given in F

igure 5.

A good example of biological surfactants is: bile salts, which are extremely efficient solubilizers
of hydrophobic components in the blood. On the other hand the phospolipids packed as ordered

bilayer constitute the cell memberane.

I ﬂ
R_E_O_ Ha R—C—O0—CH, R—C—0—CH;
HC—OH HC—OH R_ﬁ_o_ Hp
HaC—OH R—C—0—CH, 0  Hy,C—O—SUGAR
monoglyceride diglyceride glycolipids
Acylglycerols
|
R—C—O0—CH, R—C—0—CH,
R—C—O0—CH, O H R—C—0—CH,
[ Hy | 3 g Hy H "
O HpC—O—P—0—C—C—NH3 HyC—O0—P—0—C—C—N(CH3)3
phosphatidyl serine phosphatidyl choline

Figure 5. Polar lipids acting as surfactants.
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Figure 6. Self-assembly of surfactant monomers.

Self-Assembly Processes

As discussed earlier the characteristic feature of surfactants is their tendency to adsorb at the
interface in an oriented fashion.'*'* This adsorption has been studied to determine:

i. The concentration of surfactant at the interface, since this is a measure of how much of
the interface has been covered (and thus changed) by the surfactant: the performance of
the surfactant in many interfacial processes (e.g., foaming, detergency, emulsification etc.)
depends on its concentration at the interface.

ii. The orientation of the surfactant at the interface, since this determines how the interface
will be affected by the adsorption, that is, whether it will become more hydrophilic or
more hydrophobic.

iii. The energy changesi.c., free energy (AG), enthalpy (AH) and entropy (AS) in the system,
resulting from the adsorption, since these quantities provide information on the type and
mechanism of any interactions involving the surfactant at the interface and the efficiency
of its operation as a surface-active material.

The nature of surfactant molecules, having both the lyophilic and the lyophobic groups, is
responsible for their tendency to accumulate at the interface and thus reduce the free energy of the
system in which they interact. Another fundamental property related to the structure of surfactant
molecules s their tendency to form self-associated structures, called the ‘micelles. Micelle formation
or the phenomenon of micellization can be viewed as structurally resembling the solid crystals
or the crystalline hydrates. Thermodynamically, the formation of micelles favors an increase in
solubility of the surfactant molecules. Micelles are generated at very low surfactant concentration
in dispersion media (which generally is water).

The concentration at which micelles start to form is called the critical micellization concentra-
tion (c7c). The emc is an important characteristic of individual surfactant.” Figure 6 depicts the
self-assembly of surfactant monomers when their concentration exceeds the critical value.

The measurement of bulk properties of solution e.g., surface tension, electric conductivity, light
scattering etc. as a function of surfactant concentration at some point reflects the changc occur-
ring in the nature of solute species (Fig. 7). This break point corresponds to the czc of a typical
surfactant. A czc of 2 mM for any surfactant means that unimer concentration will never exceed
this value, regardless of the amount of surfactant added to the solution i.c., after the concentration
of 2 mM the surfactant mainly exist in the self-assembled form.

Association Colloids

The various surfactant aggregates in general are categorized as the ‘association colloids’ where
particle size ranges between 10-100 nm. The association colloids formed by the self-aggregation
of the surfactant monomers differs from the other colloids in that they are in dynamic equilibrium
with the monomers in the solution.
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Figure 7. Break point in measured property indicate appearance of cmc.

Micelles

McBain'® proposed the presence of molecular aggregates in soap/surfactant solutions on
the basis of the unusual change in the measured bulk property of the system. Micellar colloids
represent the dynamic association-dissociation equilibrium. However, ever since the conception
of micellization, the structure of micellar aggregates has been a matter of discussion. McBain'®
suggested the formation of two distinct types of micelles: spherical structures composed of ionized
salt molecules and lamellar structure comprised of non-ionic aggregates. Subsequently Hartley’s'”
model consisted of essentially spherical micelles with diameter equal to approximately twice the
length of the hydrocarbon chain. X-ray studies by Harkin’s et al'® suggested the sandwich or the
lamellar model. Later Debye and Anacker! proposed that micelles are rod shaped rather than
spherical or disc like. The cross section of such a rod would be circular, with the polar heads of the
detergent lying on the periphery and the hydrocarbon tails filling the interior. The end of the rod
would almost certainly have to be rounded and polar. Hartley’s (1956) spherical micelle model
has been established by Reich? from the viewpoint of entropy and the spherical form of micelles
is now generally accepted as the actual structure. Figure 8 shows various shapes ascribed to the

surfactant aggregates.
—
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Figure 8. Shapes and the structure of different micelles.
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The formation of micelles by ionic-surfactant is ascribed to the balance between the hydro-
carbon chain attraction and the ionic repulsion. In general, the net charge of micelles is less than
the degree of micellar aggregates indicating the large fraction of counter-ions remains associated
with the micelles (These counter-ions form the stern layer at the micellar surface). In the case
of non-ionic surfactant, the hydrocarbon chain attraction is opposed by the requirement of the
hydrophilic group for hydration and space. Therefore, the micellar structure is determined by the
equilibrium between repulsive forces among the hydrophilic groups and the short-range attractive
forces among hydrophobic groups. In other words, the chemical structure of a given surfactant
determines the shape and size of the micelles.

Classical Theories of Micelle Formation

In classical literature two approaches/models for the micellization have been accepted: the mass
action model and pseudophase model.?! In mass action model it is assumed that an equilibrium
exists between the surfactant monomers and the micelles e.g., in the case of non-ionic (or union-
ized) surfactants, the monomer/micelle equilibrium can be written as:

NS (monomers) *=————, M (micelles)
With a corresponding equilibrium constant, K,,, given by
K, =[M]/[S]"

where n is the number of monomers in the micelles, termed as the aggregation number. In such
systems the activity of the surfactants may increase with the total concentration above c7zc, although
the size of that increase may be negligibly small.

In the phase separation or the pseudophase model the micelle is assumed to be a separate but
soluble phase, which appears when the surfactant concentration reaches the czzc. The cnc therefore
may be viewed as a solubility limit or the saturation concentration for the monomeric specics.
According to such a concept the concentration of individual surfactant molecules should not
increase beyond that attained at the point of micelle formation. The assumption for the pseudo-
phase model that the activity of the monomeric species remains constant above the ¢z is related
to the observation that the surface tension of a surfactant solution normally remains constant
above that concentration.?

Micelles and Ahead

The associations of surfactants into simpler structures like spheres, rods and discs allow a direct
analysis of the fundamental aspects of their behavior.

However, the amphiphiles which can not pack themselves into closed structures result in
the assembly of extended bilayers. Such molecules have relatively small head groups or bulky
hydrocarbon network. Although extended bilayers are thermodynamically favorable, there are
the conditions under which it is more desirable to form the closer bilayers systems, leading to
existence of biological membranes and the vesicles. Considering the impact of surfactants and
the membranes on the biological systems, it has been a goal in many allied fields to develop
a well-characterized synthetic model of biological membranes and enzymes. From biological
point of view the development of new knowledge and techniques in the area of vesicles, bilayers
and multiplayer membranes and their polymerizable analogue provide new opportunities for
research in the respective area.

Emaulsification

Emulsification—the formation of emulsions from two immiscible liquid phases is probably
the most versatile property of surface-active agents for practical applications.” Paints, polishes,
pesticides, mettle cutting oils, margarine, ice-cream, cosmetics, metal cleaners and textile processing
oils are all examples of emulsions in one form or the other.
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An emulsion is a significantly stable suspension of particles of one liquid (say water) of certain
particle size within the second, immiscible liquid (say oil). For this suspension, surfactant due to
their polarity acts as a good stabilizing agent. The solution eventually remains transparent and
aggregation of surfactants encircling the oil becomes sufficiently large that the oil in the center
has the properties similar to that of bulk oil. This oil could be considered to be emulsified by the
surfactant and not the solubilized. So, as long as the mixture forms spontaneously, is not turbid
and does not separate, it would merit the name microemulsion. Basically the size of dispersed
particles count for the three types of formulations: (i) macroemulsions, the opaque emulsions with
particle size >400 nm that are easily visible under the microscope, (ii) microemulsions, transparent
dispersion with particle size <100 nm and (iii) miniemulsions, a recently suggested type that is
blue with particle size between 100-400 nm.

Recently explored are the multiemulsions where the dispersed particles themselves are the
emulsions of the all types. Microemulsions has remained the area of significant research because
of their wide spread application potential which vary from miniature house hold products to large
scale enhanced oil recovery. In the case of microemulsions the dual character of surfactants provides
away to the stable mixing of two entirely different phases (say: water and oil). These two phases
in turn provide the microenvironment to the solubilization of external entity, which occupy the
space in microemulsion media according to their physico-chemical aspects. The avenue of such
formulations has largely been explored in biological applications e.g., in pharmaceuticals where
microemulsions act as drug carrier molecules in vivo, in agricultural and house hold products, as
dry cleaning fluids, in beverages and as dying agents.

Biosurfactants and Their Potential Uses

The particulate properties of surfactants confer excellent detergency, emulsifying, foamingand
dispersing traits, which makes them one of the versatile chemical products.» More than 4500 tons
of environmentally harmful surfactants (classified as emulsifiers, floatation aids and surfactants)
were used in Sweden during 1999. A good surfactant should begin with the user and end up
friendly to the environment.** ‘Green Surfactants’ or the biologically compatible surfactants are in
demand to replace some of the existing surfactants and thereby reduce the environmental impact.
In this context, the term ‘natural surfactants or biosurfactants’ is often used to indicate the natural
origin of the surfactant molecules. Biosurfactants are the amphiphilic compounds produced on
living surfaces, mostly on the microbial cell surfaces and contain the hydrophobic and hydrophilic
moieties that have the ability to accumulate between the liquid interface, thus reducing the surface
and interfacial tension.” Originally, biosurfactants attracted attention in the late 1960s and their
applications have been greatly extended in the past five decades as an improved alternative to the
chemical surfactants (carboxylates, sulphates and esters), preferably in food, pharmaceuticals and
the oil industry.?** The reason for their popularity as high-value microbial products is primarily
because of their specific action, low toxicity, higher biodegradability, effectiveness at extreme
temperatures, wide spread applicability and their structure which provide different properties
than that of the classical surfactants.

Activity of Biosurfactants

The activities of biosurfactants can be determined by measuring the change in physico-chemical
property, stabilization or destabilization of emulsion and the hydrophilic-lipophilic balance (HLB).
When surfactant is added to air/water or oil/water system at increasing concentration, a change
in measured property is observed up to a critical level, above which supramolecular structures
corresponding to surfactant assemblies are formed. This critical value is called the c7zc and is the
parameter to measure the efficiency of any surfactant.

Biosurfactants may stabilize (emulsifiers) or destabilize (de-emulsifiers) the emulsion. The
emulsification activity is determined by the ability of surfactant to generate turbidity due to sus-
pended hydrocarbons such as a hexadecane-2-methylnephthalene in an aqueous assay system.?
The de-emulsification activity is derived by determining the effect of surfactant on a standard
emulsion by using a synthetic surfactant.””
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The HLB value indicates whether a surfactant will promote water-in-oil or the oil-in-water
emulsion. Emulsifiers with HLB value less that 6 favor stabilization of water-in-oil emulsification
whereas the HLB value in the range 10-18 gives the opposite effect and favor the oil-in-water
emulsification.

Classification of Biosurfactants

Unlike chemically synthesized surfactants, which are classified on the basis of polar head-groups,
biosurfactants are classified by their chemical composition and microbial origin. Rosenberg and
Ron* have suggested that biosurfactants can be divided into low-molecular-mass molecules, which
efficiently lower the surface and interfacial tension and the high-molecular-mass polymers, which
are more effective as emulsion-stabilizing agents. In general, the structure of biosurfactants includes
the hydrophilic moiety consisting of amino acids or peptide anions or cations; mono-, di-, polysac-
charides; and a hydrophobic moiety consisting of unsaturated or saturated fatty-acids.’! The major
types of biosurfactants and the microbial species of origin are listed in Table 2.

Glycolipids

Most of the biosurfactants are the glycolipids, which are the carbohydrates in combination
with long chain aliphatic acids or hydroxyaliphatic acids. The linkage is by means of cither ether
or an ester group.

Rhamnolipids: In this class one or two molecules of rhamnose are linked to one or two
molecules of B-hydroxydecanoic acid and are the best studied glycolipids. While the ~-OH
group of one of the acids is involved in glycosidic linkage with the reducing end of the rhamnose
disaccharide, the —OH group of the second acid is involved in ester formation. Production of
rhamnose containing glycolipids was first described in Psendomonas aeruginosa by Jarvis and
Johnson.*> L-Rhamnosyl-L-rhamnosyl-B-hydroxydecanoyl-B-hydroxydecanoate (Fig. 9) and
L-Rhamnosyl-fB-hydroxydecanoyl-B-hydroxydecanoate, referred to as rhamnolipids 1 and 2,
respectively, are the principal glycolipids produced by P aeruginosa.

Trehalolipids: Various types of microbial trehalolipid biosurfactants have been re-
ported.”® Disaccharide trehalose linked at C-6 and C-6' to mycolic acids is associated with
most species of Mycobaterium, Nocardia and Corynebacterium. Mycolic acids are long-chain,
o-branched-B-hydroxy fatty acids. Trehalolipids from different organisms differ in the size and
structure of mycolic acid, the number of carbon atoms and the degree of unsaturation. Trehalose
dimycolate produced by R. erythropolis (Fig. 9) has been extensively studied. Trehalose lipids
from R. erythropolis lowered the surface and interfacial tension in the culture broth to 25-40
and 1-5 mN m™, respectively.

Sophorolipids: Sophorolipids, which are produced mainly by yeasts such as 7. bombicola, T.
apicola and T. Petrophilum consist of a dimeric carbohydrate sorphorose linked to a long-chain
hydroxyl fatty acid (Fig. 9). These biosurfactants are a mixture of at least six to nine different
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Figure 9. Structures of some common glycolipids.
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Table 2. Microbial sources and major types of microbial surfactants

Biosurfactant Organism Surface Tension (mN m™)
Glycolipids
Rhamnolipids P. aeruginosa 29
Pseudomonas sp. 25-30
Trehalolipids R. erythropolis 32-36
N. erythropolis 30
Mpycobacterium sp. 38
Sophorolipids T. bombicola 33
T. apicola 30
T. petrophilum
Cellobiolipids U. zeae
U. maydis
Lipopeptides and lipoproteins
Peptide-lipid B. licheniformis 27
Serrawettin S. marcescens 28-33
Viscosin P. fluorescens 26.5
Surfactin B. subtilis 27-32
Subtilisin B. subtilis
Gramicidins B. brevis
Polymyxins B. polymyxa
Fatty acids, neutral lipids, phospholipids
Fatty acids C. lepus 30
Neutral lipids N. erythropolis 32
Phospholipids T. thiooxidans
Polymeric surfactants
Emulsan A. calcoaceticus
Biodispersan A. calcoaceticus
Mannan-lipid-protein C. tropicalis
Liposan C. lipolytica
Carbohydrate-protein-lipid ~ P. fluorescens 27

Protein PA
Particulate biosurfactants

Vesicles and fimbriae
Whole cells

D. polymorphis
P. aeruginosa

A. calcoaceticus
Variety of bacteria

hydrophobic sophorosides. Although sophorolipids can lower the surface and interfacial tension,
they are not effective emulsifying agents.

Lipopeptides and Lipoprotiens

A large number of cyclic lipopeptides including decapeptide antibiotics and lipopeptide
antibiotics, produced by Bacillus brevis and Bacillus polymyxa, respectively, possess remarkable
surface-active properties. An aminolipid biosurfactant called serratamolide has been isolated from
Servatia marcescens NS.38. Studies on serratamolide-negative mutants showed that the biosurfac-
tants increased cell hydrophilicity by blocking the hydrophobic sites on the cell surface.
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Figure 10. Structure of surfactin obtained from Baxcillus subtilis.

The cyclic lipopeptide surfactin (Fig. 10) produced by B. subrilis ATCC21332, is one of the
most powerful biosurfactant. It lowers the surface tension from 72 to 27.9 mN m™ at concentra-
tion as low as 0.005%.

Recently, Yakimov et al** have showed the production of a new lipopeptide surfactant, lichenysin
A, by B. licheniformis BAS-50 containing the long-chain -hydroxy fatty acids.

Fatty Acids, Neutral Lipids, Phospholipids
Several bacteria and yeasts produce large quantities of fatty acids and phospholipid surfactants
during growth on n-alkanes. The HLB is directly related to the length of the hydrocarbon chain in
their structure. In Acinetobactor sp. strain HO1-N phosphatidylethanolamine (Fig. 11) rich vesicles
are produced, which form optically clear microemulsion of alkanes in water.
Phosphatidylethanolamine produced by R. erythropolis grown on n-alkane caused alowering of
interfacial tension between water and hexadecane to less than 1 mN m™ and a ezc of 30 mg 1.

Polymeric Surfactants

The best-studied polymeric biosurfactants are emulsan, liposan, mannoprotein and other
polysaccharide-protein complexes. Acinetobacter calcoaceticus RAG-1 produces a potent poly-
anionic amphipathic heteropolysaccharide bioemulsifier called emulsan (Fig. 12). Emulsan is a
very effective emulsifying agent for hydrocarbon in water even at a concentration as low as 0.001
to 0.01%. It is one of the most powerful emulsion stabilizers known today and resists inversion
even at a water-to-oil ratio of 1:4. Biodispersan is an extracellular, nondialyzable dispersing agent
produced by A. calcoaceticus A2. It is an anionic heteropolysaccharide, with an average molecular
weight of 51,400 and contains four reducing sugars.

Liposan is an extracellular water soluble emulsifier synthesized by Candida lipolytica and is
composed of 83% carbohydrate and 17% protein. The carbohydrate portion is a heteropolysac-
charide consisting of glucose, galactose, galactosamine and galacturonic acid.

Particulate Biosurfactants

Extracellular membrane vesicles partition hydrocarbons, to form a microemulsion which plays
an important role in alkane uptake by microbial cells. Vesicles of Acinetobacter sp. strain HO1-N
with a diameter of 20 to 50 nm and a buoyant density of 1.158 g cm™ are composed of protein,

Il
HzC_O_C'R-]
i
HC-0—C-R,
Q Hy Hp +
H2C—O—P-0-C~C=NH;
&

Figure 11. Structure of phosphatidylethanolamine, a microbial surfactant produced by
Acinetobactor sp.
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Figure 12. Structure of emulsan, produced by Acinetobacter calcoaceticus.

phospholipids and lipopolysaccharide.’> Surfactant activity in most hydrocarbon-degrading and
pathogenic bacteria is attributed to the cell surface components.

Properties of Biosurfactants

Biosurfactants are of increasing interest for commercial use because of the continually growing
spectrum of available substances. The main distinctive features of biosurfactants and a brief descrip-
tion of their properties are as given below:

Surface and Interfacial Activity

A good surfactant can lower the surface tension of water from 72 to 35 mN m™" and the inter-
facial tension of water/hexadecane from 40 to 1 mN m™'. Surfactin from B. subtili can reduce the
surface tension of water to 25 mN m™ and interfacial tension of water/hexadecane to <1 mN m™.%¢
Rhamnolipids from P aeruginosa decreases the surface tension of water to 26 mN m™" and the inter-
facial tension of water/hexadecane to <1 mN m~.%

Temperature, pH and Ionic Strength Tolerance

Many biosurfactants and their surface activities are not affected by environmental conditions
such as temperature and pH. Mclnerney et al*® reported that lichenysin from B. licheniformis JE-2
was not affected by temperature up to 50°C, pH 4.5-9.0 and by NaCl and Ca*? concentrations up
o 50 and 25 g1, respectively.

Biodegradability
Unlike synthetic surfactants, microbial-produced compounds are easily degraded and particularly
suited for environmental applications such as bioremediation and dispersion of oil spills.

Emulsion Forming and Emulsion Breaking

Stable emulsion can be produced with alife span of months and year. Higher molecular-mass bio-
surfactants are in general better emulsifier that the low-molecular-mass biosurfactants. Sophorolipids
from 1. bombicola have been shown to reduce surface tension, but are not good emulsifiers. By
contrast, liposan does not reduce the surface tension, but has been used successtully to emulsify
edible oils. Polymeric surfactants offer additional advantages because they coat droplets of oil,
thereby forming the stable emulsions. This property is especially useful for making oil/water
emulsion for cosmetics and food.



116 Biosurfactants

Chemical Diversity
The chemical diversity of naturally produced biosurfactants offer a wide selection of surface-ac-
tive agents with properties closely related to specific applications.

Low Toxicity

Microbial surfactants are generally considered as the low or nontoxic products and therefore
are appropriate for pharmaceutical, cosmetic and food industries. A report suggested that a
synthetic anionic surfactant (corexit) displayed an LC50 (concentration lethal to 50% of test
species) against Photobacterium phosphoreum ten times lower than rhamnolipids, demonstrat-
ing the higher toxicity of chemical-based surfactants. It was also reported that biosurfactants
showed higher EC50 (effective concentration to decrease 50% of test population) value than
synthetic surfactants.”’

Potential Applications of Biosurfactants

Most important aspect of biosurfactants is their environmental acccptability, because they are
readily biodegradable and have low toxicity than synthetic surfactants. These unique properties
of biosurfactants allow their use and possible replacement of chemically synthesized surfactants
in a great number of industrial applications. Some of the major applications of biosurfactants
in pollution and environmental control are microbial enhanced oil recovery, hydrocarbon
degradation, hexa-chloro cyclohexane (HCH) degradation and heavy-metal removal from
contaminated soil*:

Microbial Enhanced Oil Recovery (MEOR)

An area of considerable potential for biosurfactant application is microbial enhanced oil
recovery. In MEOR, microorganisms in reservoir are stimulated to produce polymers and sur-
factants, which aid MEOR by lowering interfacial tension at the oil—rock interface. To produce
microbial surfactants in situ, microorganisms in the reservoir are usually provided with low-cost
substrates, such as molasses and inorganic nutrients. However, to be useful for MEOR in situ,
bacteria must be able to grow under extreme conditions encountered in oil reservoirs such as high
temperature, pressure, salinity and low oxygen level. Several aerobic and anaerobic thermophiles
tolerant of pressure and moderate salinity have been isolated which are able to mobilize crude oil
in the laboratory.*!

Hydrocarbon Degradation

Hydrocarbon-utilizing microorganisms excrete a variety of biosurfactants. An important group
of such surfactants is mycolic acids which are the a-alkyl, B-hydroxy very long-chain fatty acids
contributing to some characteristic properties of a cell such as acid fastness, hydrophobicity, adher-
ability and pathogenicity. This product has many applications in agrochemistry, mineral flotation
and bitumen production and processing. Further, the product may be used as an emulsifying and
dispersing agent while formulating herbicides, pesticides and growth regulator preparations. The
constituent fatty acids of biolipid extract also have antiphytoviral and antifungal activities and
therefore, can be applied in controlling plant diseases.*

Hydrocarbon Degradation in the Soil Environment

Degradation is dependent on presence in soil of hydrocarbon-degrading species of microor-
ganisms, hydrocarbon composition, oxygen availability, water, temperature, pH and inorganic
nutrients. Addition of synthetic surfactants or microbial surfactants results in increased mobility
and solubility of hydrocarbon, which is essential for effective microbial degradation.

Lindley and Heydeman® have reported that the fungus Cladosporium resinae, grown on al-
kane mixtures, produces extracellular fatty acids and phospholipids, mainly dodecanoic acid and
phosphatidylcholine. Supplement of the growth medium with phosphatidylcholine enhances the
alkane degradation rate by 30%. Foght et al* has reported that the emulsifier, Emulsan, stimulated
aromatic mineralization by pure bacterial cultures, but inhibited the degradation process when
mixed cultures were used.
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Hydrocarbon Degradation in Aquatic Environment

When oil is spilled in aquatic environment, the lighter hydrocarbon components volatilize
while the polar hydrocarbon components dissolve in water. However, because of low solubility
(<1 ppm) of oil, most of the oil components will remain on the water surface. The primary means
of hydrocarbon removal are photooxidation, evaporation and microbial degradation. Since
hydrocarbon-degrading organisms are present in seawater, biodegradation may be one of the most
efficient methods of removing pollutants.®

Emulsan, a high MW lipopolysaccharide produced by A. calcaoceticus RAG-1, has been
proposed for a number of applications in the petroleum industry such as to clean oil and sludge
from barges and tanks, reduce viscosity of heavy oils, enhance oil recovery and stabilize water-in-oil
emulsions in fuels.

Biosurfactant and HCH Degradation

Hexa-chlorocyclohexane (HCH) is still the highest ranking pesticide used in India and many
other countries. Of the eight known isomers of HCH, the alpha-form constitutes more than 70%
of the technical product, which is not only known insecticidal but also a suspected carcinogen.
The poor solubility is one of the limiting factors in the microbial degradation of alpha-HCH.
Presence of six chlorines in the molecule is another factor that renders HCH lipophilic and
persistent in the biosphere.

It has been reported that addition of biosurfactant from Pseudomonas Ptm* strain facilitied
250-fold increase in dispersion of HCH in water. Addition of either this organism or biosurfactant
dislodged surface-borne HCH residues from many types of fruits, seeds and vegetables as well.*
Laboratory-scale studies have revealed that microbial surfactants are very efficient in cleaning the
containers where HCH residues were sticking to the wall.

Some more applications of biosurfactants include:

i. Binding of heavy metals. A rhamnolipid biosurfactant has been shown to be capable of
removing Cd, Pb and Zn from soil. The mechanism by which rhamnolipid reduces metal
toxicity may involve a combination of thamnolipid complexation of Cd and rhamnolipid
interaction with the cell surface to alter Cd uptake.

ii. Food industry. Lecithin and its derivatives, fatty acid esters containing glycerol, sorbitan
or ethylene glycol and ethoxylated derivatives of monoglycerides including a recently
synthesized oligopeptide are currently in use as emulsifier in the food industry.

iii. Cosmetic industry. A large number of compounds for cosmetic applications are prepared
by enzymatic conversion of hydrophobic molecules by various lipases and whole cells.”
The cosmetic industry demands surfactants with a minimum shelflife of 3 years. Therefore,
saturated acyl groups are preferred over the unsaturated compounds. Monoglycerides, one
of the widely used surfactants in the cosmetic industry, has been reported to be produced
from glycerol-tallow (1.5:2) with a 90% yield by using P, fluorescens lipase treatment.

iv. Medicinal uses. A deficiency of pulmonary surfactant, a phospholipid-protein complex,
is responsible for the failure of respiration in prematurely born infants. The isolation of
genes for protein molecules of this surfactant and cloning in bacteria has made possible its
fermentative production for medical application. 1% emulsion of rhamnolipids is success-
fully used for the treatment of Nicotiana glutinosa infected with tobacco mosaic virus and
for the control of potato virus-x disease.

Association Properties of Biosurfactants

The association properties or self-assembly of biologically based amphiphilic molecules into
potentially useful structures has been the area of interest. Owing to their dualistic structure these
molecules self-assemble to form wide variety of morphologies including micelles, vesicles, tubes
and coacervates. The micellar aggregation of biosurfactants is originated at the critical micellar
concentration (c7zc) and interestingly, they have about 10- to 40-fold lower c72c compared to
chemical surfactants. This fact narrows the gap between the cost and efficiency of biosurfactants.
However, bulkier structure of biosurfactants makes them more prone to the result in the formation
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of bilayered aggregates prior to the formation of routine microaggregates. It has been found that
the single component of glycolipid biosurfactants, mannosyl-erythritol lipid-A (MEL-A) forms
the sponge phase (L;) together with the usual vesicle formation.* Later, it has been observed that
the addition of phospholipids to glycolipid sponge phase (L;) induces the formation of thermo-
dynamically stable vesicle (L,;).* The formation of micellar aggregates followed by higher order
aggregates for dirhamnolipids (diRL) extracellular biosurfactant has been observed by Sanchez et
al®. As determined by surface tension measurements, at pH 7.4, the czc of dirhamnolipid is 0.110
mM whereas at pH 4.0 the value falls to 0.010 mM, indicating that the negatively charged diRL
has a much higher ezc than its neutral species. In comparison to other relevant biosurfactants
like surfactin (cz72¢ = 0.0075 mM), the cze of diRL is one order higher in magnitude, suggesting
that dirhamnolipids behave as weak detergents. At higher concentration the diRL results in the
formation of mainly multilamellar vesicles of heterogeneous size.

The chemical character of respective hydrophobic portion and the hydrophilic part allows a
wide range of variation in the physical and biological properties. Selection of the type and size of
each moiety enables a delicate balance between surface activity and biological function and this
represents the most effective approach of harnessing the power of molecular self-assembly.

Toxological and Ecological Aspects of Surfactants

The environmental impact of surfactant volume merging directly to the surrounding has become
an important area of concern. The rate of biodegradation of surfactant in combination with the
degree of toxicity produced, majorly determines the ecological impact.”!

Dermatological Aspects

A number of dermatological problems of day life can be related to exposure of skin to surfactant
solutions. Many of the formulations contain significant amount of surfactants e.g., cutting fluids,
rolling oil emulsion, house-hold cleaning formulations and personal care products. The physiological
aspects of surfactant on the skin has been investigated by various dermatological laboratories, starting
with the surface of skin and progressing via the horney layer and its barrier function to the deeper
layer of the vessel cells. Surfactant classes that are generally known to be mild to the skin include the
polyol surfactants (alkyl polyglucosides), zwitterionic surfactant (betaines, amidobetaines and iso-
thionates) and many polymeric surfactants. Alcohol ethoxylates are relatively mild but not as mild as
the polyol-based non-ionics (the alkyl polyglucoside). In addition, alcohol ethoxylates may undergo
oxidation to give by-products (hyperoxide and aldehydes) that are skin irritants.

Anionic surfactants are generally greater skin irritant than non-ionics. For examples, sodium
dodecyl sulphate, which is commonly used in toothpaste, has relatively high skin toxicity. In
contrast, ether sulphates are milder and are recommended for use in hand dishwashing formula-
tions. However, some amphoteric surfactants such as betaines can also reduce the skin irritation
of anionics.

Aquatic Toxicity

Aquatic toxicity may be measured on fish, daphnia or algae. Toxicity is given as LCs (for fish)
or ECy, (for daphnia or algae), where LC and EC stand for lethal and effective concentration,
respectively. Values below 1 mg 1" after 96 h testing on fish and algae and 48 h on daphnia are
considered toxic.

Bioaccumulation

Bioaccumulation can be measured directly on fish in experimental way but is more often
calculated from a model experiment. Partitioning of the surfactant/compound between two
phases, organic and water is measured and logarithm of the values, log P, is used. The value of
log P usually tells us about the hydrophobicity of the surfactant. A surfactant is considered to be
bioaccumulated if:

Log Porganicrwacer > 3
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Most of the surfactant have log P values below 3. Bioaccumulation therefore is not considered
to be a critical issue.

Biodegradability

This is the biological process carried by bacteria in nature. Through a series of enzymatic reac-
tions, a surfactant molecule is finally converted into CO,, H,O and oxides of other elements.
However, stable and persistent compound does not undergo natural biodegradation. For surfac-
tants the rate of biodegradation varies from 1-2 h for fatty acids, 1-2 days for linear alkylbenzene
sulfonates and months for branched alkylbenzene sulfonates. The rate of biodegradation depends
upon the factors such as concentration, pH and temperature. The temperature effect is the most
important factor. The rate at which chemicals are broken down in sewage plants may vary by as
much as a factor of five between summer and winter in Northern Europe.

Conclusion

The chapter provides an insight into the basics of surfactant molecules, their behavior in
solution and most importantly the application of these molecules. The dualistic structure of
surfactant molecules results in the stubble balance between the hydrophobic and hydrophilic
interactions. This results in their special property of accumulation at various interfaces and
behavior of self-assembly (i.c., micellization).

The properties of surfactant molecules make them the most versatile of process chemicals ap-
pearing in wide range of product starting from house-hold usage, to medicinal chemistry and then
to industries. The last decade has seen the extension of surfactant applications to high-technology
areas such as electronic printing, magnetic recording, microelectronic, biotechnology and diversified
medicinal research. In surge of green chemistry, the biologically compatible surfactants are in demand
to replace some of the existing chemical surfactants. The reason for the popularity of biosurfactants
as high-value microbial products is primarily because of their specific action, low toxicity, higher
biodegradability, effectiveness at extreme temperatures, wide spread applicability and their structure
which provide different properties than that of the classical surfactants.

Biological surfactants are highly sought after biomolecules as fine specialty chemicals, bio-
logical control agents and new generation molecules for pharmaceutical, cosmetic and health care
industries.
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CHAPTER 9

Applications of Biological Surface
Active Compounds in Remediation

Technologies

Andrea Franzetti,* Elena Tamburini and Ibrahim M. Banat

Abstract
P 1 any microorganisms synthesize a wide range of surface active compounds (SACs),
classified according to their molecular weights, properties and localizations. The low
molecular weight SACs or biosurfactants lower the surface tension at the air/water
interfaces and the interfacial tension at oil/water interfaces, whereas the high molecular weight
SACs, also known as bioemulsifiers, are more effective in stabilizing oil-in-water emulsions. The
ability to biosynthesize SACs is, often, coupled with the ability of these microorganisms to grow on
immiscible carbon sources, such as hydrocarbons. Different mechanisms are involved in the SACs
interactions between microbial cells and immiscible hydrocarbons including: (i) emulsification,
(ii) micellarization, (iii) adhesion-deadhesion of microorganisms to and from hydrocarbons and
(iv) desorption of contaminants. These naturally occurring phenomena can be exploited by adding
bioemulsifiers and biosurfactants into environments where bioremediation/biodegradation rates
of organic pollutants is to be enhanced. However, analysis of the current literature show some cases
where the complex interactions among SACs, microbial cells, organic substrates and environmental
media led to an inhibition of the biodegradation. The understanding of the different physiological
roles of SACs in microbial communities is fundamental in order to develop more effective remedia-
tion technologies exploiting both synthetic surfactants and microbial SACs. The physio-chemical
properties of some microbial SACs have been exploited in hydrocarbon-contaminated soils wash-
ing and in mobilisation of soil-bound metal in metal-contaminated soils. Our ability to analyse the
microbial diversity in the natural environments will expand our knowledge on microbial SACs with
respect to their exploitation for commercial applications and their roles in the physiology of the
producing microorganisms.

Microbial Surface Active Compounds

Structures and Properties

Many prokaryotic and eukaryotic microorganisms synthesize a wide range of structurally differ-
ent amphiphilic molecules containing both hydrophilic and hydrophobic (typically a hydrocarbon)
moieties. The structural features of amphiphiles confer them the ability to concentrate and alter
the conditions at interfaces. Interface is a term describing a surface which forms a boundary be-
tween two different phases, such as gas/liquid, two immiscible liquids, solid/liquid. Due to their
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superficial properties, amphiphilic microbial metabolites have been usually referred to as Surface
Active Compounds (SACs). Neu! divided SACs into three different classes: (i) biosurfactants are
defined as low molecular weight SACs (e.g., glycolipids, lipopeptides); (ii) amphiphilic polymers
are defined as high molecular weight SACs with a hydrophobic region at one end of the molecule
(e.g., lipopolysaccharides, lipoteicoic acids); (iii) polyphilic polymers are defined as high molecular
weight SACs with hydrophobic groups distributed across the entire polymeric molecule (e.g.,
hydrophobic polysaccharides, emulsan). The low molecular weight SACs or biosurfactants lower
the surface tension at the air/water interfaces and the interfacial tension at oil/water interfaces,
whereas the high molecular weight SACs, also called bioemulsifiers, are more effective in stabiliz-
ing oil-in-water emulsions.”

Comparing the properties of different biosurfactants, surface and interfacial tensions are
parameters used as a measure of biosurfactant effectiveness. When a biosurfactant is added to
air/water or oil/water systems at increasing concentrations, a reduction of the surface tension is
observed up to a critical level, above which the amphiphilic molecules associate readily to form
supramolecular structures, such as micelles, bilayers and vesicles.” The concentration at which
surfactants begin to form micelles is known as the critical micelle concentration (CMC) which is
used to evaluate biosurfactant efficiency.

In a heterogencous system, an emulsion is the mixture of two immiscible liquids which is
formed when one liquid phase is dispersed as microscopic droplets in an other continuous phase.?
The activity of different bioemulsifiers is compared by assaying their ability to stabilize a water/oil
emulsion or generate turbidity due to suspended hydrocarbons in an aqueous system.**

The best studied low molecular weight SACs so far are glycolipids and lipopeptides.” Glycolipids
are disaccharides acylated with long chain fatty acids or hydroxyl fatty acids. Among them, the
best-characterized structural subclasses are rhamnolipids produced by several Pseudomonas spe-
cies, sophorolipids synthesized by different species of the yeast Candida (formerly Torulopsis) and
trehalolipids found in Rhodococcus and other actinomycetes.®” Most of the biosurfactants produced
by rhodococci are trehalose mycolates consisting of a trehalose residue linked by an ester bond to
mycolic acids, long a-alkyl B-hydroxy fatty acids.® Lipopeptides are low molecular weight SACs
showing potent surface activities. A variety of structurally different variants is produced by several
Bacillus species. Bacillus subtilis produces a cyclic lipopeptide called surfactin or subtilisin which
has been reported as the most active biosurfactant discovered todate.”

High molecular weight SACs are produced by a wide diversity of Bacteria (Gram-positive and
Gram-negative) and Archaea. Most of the emulsifiers are composted by mixtures of hydrophobic
and hydrophilic polymers. The most extensively studied bioemulsifiers are the ones produced by
different Acinetobacter species.” An example of well-characterized high molecular weight SAC
is Emulsan, an effective emulsifier produced by the Acinetobacter lwofii strain RAG-1 (formerly
Acinetobacter calcoaceticus). Emulsan is a complex mixture of an anionic heteropolysaccharide and
proteins. It presents a polyphilic structure being composed of fatty acids attached, over the entire
molecule, to the polysaccharidic backbone. Its emulsification activity is due to the tight affinity of
emulsan for oil/water interfaces. Emulsan has been found to exibit high specificity: it is not able
to emulsify pure aliphatic, aromatic, or cyclic hydrocarbons but it efficiently emulsifies mixtures
containing the appropriate proportions of aliphatic and aromatic (or cyclic) alkanes.

Novel Microbial Surface Active Compounds

Most research on microbial SAC has been confined, mostly, to few well-characterized molecules
produced by a small number of microbial genera (Pseudomonas, Candida, Bacillus, Acinetobacter).
Consequently, our understanding of the diversity, physiological roles and potential applications of
microbial SACs is limited to a relatively narrow spectrum of microbial metabolites and biological
systems. Only few studies were concerned with the phylogenetic diversity of SAC-producing mi-
croorganisms and the majority of the producing microorganisms has been isolated from a narrow
range of environments, mainly undisturbed and hydrocarbon contaminated soils or heavy metal
contaminated soils.!*1?



Applications of Biological Surface Active Compounds in Remediation Technologies 123

In the last few years, a growing number of new SAC-producing microorganisms have been
described although their products often remain uncharacterized in respect to their chemical struc-
tures. Bodour et al'* reported a new glycolipid class, the flavolipids, produced by a Flavobacterium
strain isolated from soil. Flavolipids exhibit a unique polar moiety which features citric acid and
two cadaverine molecules and display strong surfactant and emulsifying activities. The cold-adapt-
ed Halomonas sp. strain ANT-3b, isolated from Antarctic seawater, has been also recently reported
to produce a new high molecular weight glycolipidic bioemulsifier."” Bonilla et al' also reported
the production of an exopolysaccharide with emulsifying activity by a Pseudomonas strain which
has a significantly different chemical composition to previous reports.

The Roles of SACs in Hydrocarbon Metabolism

Microbial ability to biosynthesize SACs is, often, coupled with their ability to grow on im-
miscible carbon sources although many produce amphiphilic metabolites from miscible carbon
sources.'” SACs can be intracellular, cell surface bound or extracellular compounds.! The kinetics
of SAC production differ among various biological systems® and are produced by a variety of
microorganisms in heterogeneous growth conditions leading to varying roles in the physiology of
the producing microorganisms.” The physiological roles proposed for microbial SACs have been
recently reviewed by Van Hamme et al." SACs appear to play a role in different behaviours which
microbial cells carry out when they contact interfaces. Among the roles proposed for microbial
SACs are motility (gliding, swarming, de-adhesion from surfaces), cell-cell interactions (biofilm
formation, maintenance and maturation, quorum sensing, amensalism, pathogenicity), cellular
differentiation, substrate accession as well as avoidance of toxics elements and compounds.

In this chapter, we examine the proposed roles for SACs with respect to the interactions
between microbes and hydrocarbons. Particularly, we discuss the different strategies evolved by
microorganisms to overcome the low solubility of hydrocarbons, access to hydrocarbons before
transportation into cells and adhesion-deadhesion of microbial cells from and to hydrocarbon
surfaces.”*?* Understanding of the different physiological roles of SACs in microbial communities is
fundamental in order to develop more effective remediation technologies exploiting both synthetic
surfactants and microbial SACs and techniques useful in evaluating the impact of treatments on
microbial communities and outcomes of remediation processes.

Microbial Access to Hydrocarbons

Hydrocarbon metabolism is always restricted to water/hydrocarbon interfaces since the oxy-
genases involved in their catabolic pathways are never extracellular but always membrane-bound
enzymes.'” Thus, microbial growth on hydrocarbons can be limited by the interfacial surfaces lead-
ing to alinear growth rather than exponential one. Extracellular biosurfactants and bioemulsifiers
increase oil/water interfaces enhancing substrate mass transfer and allowing more microorganisms
to contact the hydrocarbon substrates. Emulsifiers increase the hydrocarbon/water interfaces
stabilizing oil droplets in the water/oil emulsion. On the other hand, when a surfactant is present
in an oil/water system at concentrations above its CMC, the oil solubility, dramatically, increases
due to the aggregation of surfactant micelles. The hydrophobic moieties of the surfactant molecules
cluster together exposing the hydrophilic ends to the aqueous phase on the exterior. Consequently,
the core of micelles becomes a compatible environment for hydrophobic organic molecules. The
process is known as pseudosolubilization.?!

The ability of different microorganisms to access hydrocarbons depends on their cell surface
hydrophobicity. High cell-hydrophobicity allows them to directly contact oil drops and solid
hydrocarbons while low cell hydrophobicity permits their adhesion to micelles or emulsified
oils."? Three different mechanisms of cell access to hydrocarbons have been postulated: (i) ac-
cess to water-solubilize hydrocarbons, (ii) direct contact of cells with large oil drops, (iii) contact
with pseudosolubilized or emulsified oil. The first mechanism is limited to low molecular weight
hydrocarbons since the hydrocarbon solubility, dramatically, decreases with increased molecular
weights. In rthodococci, cells are hydrophobic due to the presence of a hydrophobic mycolic acid
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layer in their cell walls and the major hydrocarbon accession mode is likely to be direct contact
of hydrophobic cells with large oil drops (Fig. 1A).**! Rbodococcus genus belongs to mycolic
acid-containingactinomycetes includingalso Gordonia, Nocardia, Corynebacterium, Tsukamurella
and Mycobacterium genera. In Rhodoccoccus spp., mycolic acids are found attached to the cell wall
arabinogalactans and partially free in the form of trehalose mycolates. Arabinogalactan-bound
mycolic acids, as well as free trehalose mycolates, are thought to be localized in the outer layer of the
cell wall, where they form the basis of an outer lipid permeability barrier.” Thus, the cell-associated
amphiphilic trehalose mycolates seems to play a structural role in the rhodococci cell wall. On the
other hand, the access to hydrocarbons in Pseudomonas strains relays on the release in the culture
broths of the extracellular surfactants, rhanmolipids, which enhance the hydrocarbon apparent
solubility. The hydrophilic surface allows Psexdomonas cells to interact with the hydrophilic outer
layer of the hydrocarbon-containing micelles (Fig. 1B).%

SACsare thought to play a role in regulating the cell surface hydrophobicity thereby controlling
adhesion-deadhesion of microbial cells to and from hydrocarbon surfaces."?** Microorganisms
either increase or decrease their cell hydrophobicity by respectively exposing outwardly or inwardly
the hydrophobic moieties of the cell-bound SACs. For example, the cell-surface hydrophobicity
of A. hwoffii RAG-1 is reduced by the presence of emulsan, a cell-bound bioemulsifier.>** During
the exponential phase of growth on oil mixtures, RAG-1 cells are attached to the oil droplets
and emulsan is cell-bound in the form of a minicapsule. After bacteria have consumed long chain
n-alkanes in the oil droplets, RAG-1 cells become starved being unable to metabolize any of the
other oil components which leads to the release of emulsan minicapsule from the cell surfaces
desorbing starved cells from hydrocarbons and forminga polymeric film on the 7-alkane-depleted
oil droplets. This hydrophilic film layer is laid over the exhausted droplets to which RAG-1 cells

cannot attach anymore therefore compelling them to attach to fresh oil droplets.?

Altering Access Mode

Franzetti et al** recently suggested that some microbial SACs play a role in changing the
substrate access mode during the different growth stages on hydrocarbons. They observed
that Gordonia sp. strain BS29 grown on hydrocarbons synthesizes both cell-bound glycolipid
biosurfactants and extracellular bioemulsifiers. During early exponential phase of growth on
n-hexadecane, BS29 surface is hydrophobic and cells access large oil drops through direct contact
(Fig. 1A). During the late exponential phase, the cell surface becomes hydrophilic. This change in
surface hydrophobicity may be due to cell-bound SACs which expose their hydrophilic moieties
toward the water phase masking the highly hydrophobic character of the mycolic acid layer.
Consequentially, the hydrophilic surface allows cells to attach to the hydrophilic outer layer of the
emulsified oil droplets (Fig. 1C). Ron and Rosenberg’ have suggested that there are conceptual
difficulties in understanding the evolutionary advantages of producing extracellular bioemulsi-
fiers, since it is impossible to obtain an oil emulsion available only for the producing strain in an
open system. However, the population-specific interaction between BS29 and microemulsion
(mediated by the regulation of cell hydrophobicity and emulsifier biosynthesis) could allow BS29
to take advantage of the emulsion over the other microbial populations.

Remediation Technologies

SACs have recently been evaluated in bench and field-scale experimentations as substitutes for
chemically synthesized surfactants to improve rate of contaminant removal in soil and water reme-
diation processes. Microbial SACs find potential applications within physicochemical technologies
for remediation of both organic and metal contaminations, such as in situ soil flushing and ex situ
soil washing for remediation of unsaturated zone, pump and treat for aquifer remediation,*** and
also in bioremediation technologies to improve the biodegradation rate of organic compounds.?
A wide range of other different potential commercial exploitations have been described not only
for oil industry, such as microbial enhanced oil recovery, oil transportation and tank cleaning, but
also in medicine, cosmetics and food industries.>?3°
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Bioremediation

Physicochemical properties of SACs are involved in the interaction between microbial cells and
immiscible hydrocarbons by the following mechanisms®*': (i) emulsification, (ii) micellarization,
(iii) adhesion-deadhesion of microorganisms to and from hydrocarbons and (iv) desorption of
contaminants. These naturally occurring phenomena can be exploited to enhance bioremediation
treatments by adding biological SACs (Table 1) and chemical surfactants (Table 2).

Emulsification

Despite their potentials, microbial emulsifiers have been rarely evaluated as enhancers of
hydrocarbon biodegradation in bioremediation. Barkay et al** showed that Alasan, produced by
Acinetobacter radioresistens more than doubled the rate of ['“C] fluoranthene mineralization and
significantly increased the rate of ['“C] phenanthrene mineralization by Sphingomonas paucimo-

bilis EPAS05.

Micellarization

When a surfactant is present at concentrations above its CMC, a significant fraction of the
hydrophobic contaminants partitioned in the surfactant micelle cores. This, generally, results in an
increase in the bioavailability of the hydrophobic contaminants to the degrading-microorganisms
thus enhancing their biodegradation rate.’’ Several researchers demonstrated that rhamnolipid
addition to contaminated soils above CMC both accelerated the biodegradation of hexadecane,
octadecane, z-paraffins, creosotes and other hydrocarbon mixtures and enhanced the bioremedia-
tion of petroleum sludges.* Furthermore, the addition of glycolipids improved the biodegrada-
tion of chlorinated hydrocarbons.”” Pesticide biodegradation was also reported to be promoted
by surfactin.?®

On the other hand, other studies showed the organic contaminants trapped into micelle cores
become less bioavailable to the microorganisms resulting in an inhibition of their degradation.
Witconol SN70, a non-ionic alcohol ethoxylate surface active compound, inhibited the mineral-
ization of hexadecane and phenanthrene.” Doses of four surfactants (Tween 20, sodium dodecyl
sulfonate, tetradecyl trimethyl ammonium bromide, Citrikleen) at = CMCs, inhibited mineraliza-
tion of phenanthrene in a soil-water system.” In aqueous media, the biodegradation of four PCB
congeners by Pseudomonas LB-400 was inhibited by Igepal CO-630, a non-ionic surfactant, at
concentrations above its CMC.*! Also other cases of inhibition of biodegradation due the addi-
tion of surfactants have been observed and believed to be due to the surfactants providinga more
easily degradable carbon source alternative to the contaminants. ™

Regulation of Adhesion-Deadhesion of Microorganisms to Hydrocarbons

A proposed role for microbial SACs is the regulation of the adhesion-deadhesion of microor-
ganisms to and from hydrocarbons. The exploitation of this natural roles consists in the addition
of surfactants to increase the hydrophobicity of degrading microorganisms which allows cells to
access to hydrophobic substrates more easily.**> Al-Tahhan et al* demonstrated that sub-CMC
levels of thamnolipids caused the release of LPS by Pseudomonas spp.,a phenomenon that rendered
the cell surface more hydrophobic allowing a more efficient uptake of hexadecane. Normann et al*®
demonstrated that thamnolipid by P aeruginosa UG2 stimulated the degradation of hexadecane by
the same organism facilitating the hydrocarbon uptake. This thamnolipid did not stimulate to the
same extent the biodegradation of hexadecane by four other strains (4. fwoffii RAG1, Rhodococcus
erythropolis DSM 43066, R. erythropolis ATCC 19558 and strain BCG112), nor was degradation
of hexadecane stimulated by addition of their own biosurfactants. More recently, Zhong et al”’
studied the adsorption of dirhamnolipid biosurfactants on cells of 2 aeruginosa, B. subtilis and
Candida lipolytica. Their results showed that the adsorption was specific to the microorganisms
and depended on the physiological status of their cells. Furthermore, biosurfactant adsorption
caused the cell surface hydrophobicity to change depending on both the rhamnolipid concentra-
tions and the cell physiological conditions.
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Cases of inhibition of microbial degradation due to surfactant-induced change in surface h -
drophobicity have also been reported. Chen et al®® observed that low concentration (0.09 CMA)
of Triton X-100 inhibited the growth on solid anthracene of a Mycobacterium sp. strain and a
Pseudomonas sp. strain. The causes of inhibition were believed to be the sorption of the surfactant
onto both microbial cell surfaces and anthracene particles.

Desorption of Contaminants

Organic compounds can often strongly bind to particles on porous materials, such as soils
therefore, becoming trapped into micropores. This, usually, does not allow rapid remediation and
can lead to extended remediation periods. Several studies have shown that the mass transfer from
ab/adsorbed phase to liquid is the controlling mechanism of biodegradation rate.”” In these cases,
biosurfactants can enhance the bioavailability of contaminants even at concentrations below the
CMC.?® Phenomena associated with this mechanism include a reduction of surface and interfa-
cial tensions, capillary force and wettability and an increase of contact angle. At concentrations
below CMC, surfactants reduce the surface and interfacial tensions between air/water, oil/water
and soil/water systems. In a soil/oil system, surfactants increase the contact angle and reduce the
capillary force holding together oil and soil particles due to the reduction of the interfacial force.
Surfactants have been used to stimulate the dissolution of non-aqueous phase liquids initially
present in soils,” the dissolution of solid contaminants® and the desorption and transport of
soil-sorbed contaminants.’*

Noordman et al* investigated the effect of the thamnolipid biosurfactant on hexadecane degrada-
tion in the case of substrate entrapped in small soil pore sizes (6 nm). Even in low mixing conditions,
rhamnolipids stimulated the release of entrapped substrates and enhanced uptake by cells.

Soil Washing

Hydrocarbon Contaminated Soils

The prospects of using biosurfactants in hydrocarbon-contaminated soil washing depend on the
capacity of these compounds to enhance the desorption and dissolution of the polluting organic
compoundsand increase the rate of transport of contaminants in soils. The mechanisms involved in
the hydrocarbon removal from soils are related to the mechanisms involved in increasing bioavail-
ability for bioremediation purposes. The properties of stabilizing oil/water emulsions and increasing
hydrocarbon solubility may enhance both the biodegradation rate and the hydrocarbon removal
rate from soils.>’ These mobilization and solubilization effects occur at both concentration below
and above the CMC. The application of microbial SACs to remove contaminants from soils is a
technology characterized by some minor degree of uncertainty than the SAC-enhanced bioreme-
diation, since only the chemicophysical properties of the biosurfactants and not their effects on
cell surface properties and microbial metabolisms drive the removal efficiency.

The use of chemical surfactants has been reported to be efficient in removing hydrocarbons from
soils. Lee atal.> reported that non ionic surfactants removed more than 80% of total hydrocarbons
from soils. Billingsley et al*! demonstrated interesting differences in the effects of non-ionic and
anionic surfactants on the removal and bioavailability of PCBs. Non-ionic surfactants washed
more PCBs from soils while the substrate into anionic surfactants micelle cores were more avail-
able for biodegradation by a PCB-degrading Psexdomonas sp. Microbial SACs often exhibited
better capacity of removing hydrocarbons than their synthetic counterparts. The more commonly
studied biosurfactants, such as rhamnolipids and surfactin, have been successfully evaluated in
washing of soils contaminated by crude oils, PAHs and chlorinated hydrocarbons.?® In several
cases, the removal efficiency was very high (up to 80%) and depended on both the contact time
and biosurfactant concentration.’*>” Rhamnolipids have been reported to release three times as
much oil as water alone from the beaches in Alaska after the Exxon Valdez tanker spill.”® Van Dyke
et al*” have reported that thamnolipids, at a concentration of 5 g/l, could remove approximately
10% more hydrocarbons from a sandy loam soil than sodium dodecyl sulfate. Biosurfactants
appeared to be more effective in increasing the apparent solubility of PAHs by up to five times
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as compared to chemical surfactants.®*¢! Biosurfactants have also found applications in aquifer

remediation due to their ability to reduced interfacial tension between dense the non-aqueous
phase liquids and groundwaters.®*¢

Metal Contaminated Soils

The interactions between surfactants and metals are not fully understood. It is known that
surfactants can remove metals from surfaces by different mechanisms. Non ionic metals can form
complexes with biosurfactants, enhancing their removal from porous media.** Anionic surfac-
tants interact with cationic metals leading to their desorption from surfaces.” Nevertheless, also
cationic surfactants can play a role by competitive binding to negative charged binding sites. The
first studies on biosurfactant-metal complex were carried out by Tan et al® They demonstrated the
rapid formation of monorhamnolipid-metal complex. Rhamnolipids have been evaluated for their
affinity to metal cations.® K* < M ** < Mn* < Ni** < Co*" < Ca* < H ?* < Fe** < Zn* < Cd* <
Pb** < Cu?* < AP’* are the cations in order (from lowest to highest) of affinity with rhamnolipids.
Mulligan and coworkers extensively studied the potential of rhamnolipids, sophorolipids and
surfactin in washing of metal-contaminated soils and sediments.*® Mulligan and Young®” studied
the effect of biosurfactants by Pseudomonas sp., Bacillus sp. and Candida sp. on zinc and copper
removal from soils and demonstrated that anionic surfactants are able to selectively remove metals
oxide, carbonate and organic fraction from soils. Rhamnolipids successfully removed heavy metals
from an oil cocontaminated soil** and heavy metal contaminated sediments.?® Batch soil washing
experiments were carried out to evaluate the feasibility of using surfactin for the removal of heavy
metals from contaminated soils and sediments. By a series of five soil washings, removals of 70%
and 22% of copper and zinc, respectively were reported.’ Surfactin was able to remove the metals
by both sorption at the soil particle interphase and metal complexation.

Future applications of bioemulsifiers in remediation of heavy metals and radionuclides can
be now envisaged. Several microbial polysaccharides have been shown to bind heavy metals.
Emulsan by 4. lwoffii RAG-1 forms stable oil-in-water emulsions. In this system, metal ions bind
primarily at the oil/water interphase enabling their recovery and concentration from relatively
dilute solutions. Cations bound to the emulsion can be completely removed to the water phase
when pH was lowered.”

Conclusion and Prospects

The heterogeneity of SAC structural types and properties results in a broad spectrum of
potential applications in environmental remediation as well as in the oil industry, agriculture,
medicine, cosmetic and food industries.”” Our increasing ability to analyze the microbial diversity
in natural environments is expected to expand our knowledge on microbial SACs with respect to
their exploitation for commercial applications and their roles in the physiology of the producing
microorganisms. During the past few years, high throughput methods have been generated for the
systematic screening of SAC-producing microorganisms.”®”" Unfortunately, only a small percent-
age of microorganisms can be cultivated from environmental samples using traditional cultivation
techniques.”” In order to overcome the problems associated with cultivation of microorganisms,
new cultivation methods have been developed in order to increase the number of culturable
bacterial species and investigate the previously inaccessible resources that these microorganisms
potentially have.”
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CHAPTER 10

Possibilities and Challenges
for Biosurfactants Use in Petroleum
Industry

Amedea Perfumo, Ivo Rancich and Ibrahim M. Banat*

Abstract

iosurfactants are a group of microbial molecules identified by their unique capabilities to
B interact with hydrocarbons. Emulsification and de-emulsification, dispersion, foaming,

wetting and coating are some of the numerous surface activities that biosurfactants can
achieve when applied within systems such as immiscible liquid/liquid (e.g., oil/water), solid/
liquid (e.g., rock/oil and rock/water) and gas/liquid. Therefore, the possibilities of exploiting
these bioproducts in oil-related sciences are vast and made petroleum industry their largest
possible market at present. The role of biosurfactants in enhancing oil recovery from reservoirs
is certainly the best known; however they can be effectively applied in many other fields from
transportation of crude oil in pipeline to the clean-up of oil storage tanks and even manufactur-
ing of fine petrochemicals. When properly used, biosurfactants are comparable to traditional
chemical analogues in terms of performances and offer advantages with regard to environment
protection/conservation.

This chapter aims at providing an up-to-date overview of biosurfactant roles, applications and

possible future uses related to petroleum industry.

Introduction

Petroleum has been driving the modern world for the past 100 years; however the high-quality
and easily extractable light crude oils are limited. The ultimate recoverable resources are estimated
at between 2-4 trillion barrels,' which poses two major issues. Firstly, the high priority need for
maximizing the efficiency over all the stages of processing in the current petroleum industry. For
example, less than half of the crude oil content of any reservoir can be actually extracted by the cur-
rent techniques and improvements are sought after. Secondly, the challenge of utilizing heavy crude
oils, bitumen and tar sand that are abundant in many parts of the world and which may represent
the hydrocarbon-based energy of the future. Such poor-quality cruds being extremely viscous with
densities higher than water, some solid at ambient temperature and additionally rich in sulphur
and metals, are in need of novel technologies for upgrading. Traditional methods for production,
transportation and refining are not suitable for such heavy oils and need to be improved.

In the above reasons, biotechnology may find a special niche within the related research areas
asimportant links between microbiological and biotechnological research and petroleum industry
have been built up in the recent years with regard to several areas of interest such as biocorrosion
and biofouling, degradation of hydrocarbons within oil reservoirs, enzymes and biocatalysts for
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petroleum upgrading. Biosurfactants and bioemulsifiers are a novel group of molecules and among
the most powerful and versatile bioproducts that the modern microbial biotechnology can offer.
In this chapter we discuss some roles and applications of these microbial compounds in oil-related
sciences, presenting the processes that exploit commercially available biosurfactant technologies
and highlighting those in which they may be potentially applied and have a greater impact on in the
near future. Recent laboratory-scale researches along with field trials and patents will be described.
Where possible information about technical aspects of the marketed systems will be included.

Surfactants and Biosurfactants in Petroleum Industry

Surfactants are molecules with two functional groups, namely a hydrophilic or polar end and
a hydrophobic or nonpolar chain. Due to the affinity towards both polar and nonpolar phases,
surfactants present in a mixed system (e.g., oil/water) move from the bulk phase to preferably
adsorb at the surface or interface where they cause remarkable changes in surface and interfacial
tensions, viscosity, wettability, charge and elasticity.?

Most surfactants currently in use are of petrochemical origin and therefore face the increasing
environmental awareness and tightening of regulations in this regard. Microorganisms have long
been known to be able to produce a variety of surface active compounds that display properties and
activities comparable to those of synthetic surfactants. Numerous research describing biosurfactants
produced by bacteria, yeasts and fungi have been carried out over the past years and many reviews
covering various aspects of the topic are available in literature (see refs. 3-6).

Biosurfactants can potentially replace chemical analogue compounds, even offering additional
advantages in all the aspects of petroleum processing including: 1- Extraction, 2- Transportation,
3- Upgrading and refining and 4- Petrochemical manufacturing,

Microbial Enhanced Oil Recovery

Classical oil production technologies involving ‘primary’ and ‘secondary’ can only partially
recover the oil present in the field, with an efficiency estimated at 30-40% of the overall amount of
oil available. Such efhiciencies are expected to decrease during the gradual depletion of light crude
reservoirs leaving the viscous crude oils. This requires the development of the ‘tertiary” processes
which aim at enhancing oil recovery (EOR).” Among these, microbially enhanced oil recovery
(MEOR) exploiting microbial activities and metabolites, is at present gaining increased attention
due to some advantages such as:

e Natural products are generally harmless and less detrimental to the environment;

¢ Microbial processes do not require large thermal consumption of energy;

o Costs of microbial products are not affected by crude oil price and can be produced using
inexpensive raw-substrates or even waste materials;

¢ Microbial products/activities can be stimulated in situ within the reservoir, potentially
allowing both tailor-made and cost-effective treatments.

Several metabolites are of interest for applications in MEOR including gas (e.g., carbon dioxide,
methane and hydrogen), acids (e.g., acetate and butyrate), solvents (e.g., acetone, n-butanol and
ethanol), biomass for selective plugging and biosurfactants/biopolymers.® Biosurfactants in par-
ticular have several benefits enhancing oil displacement and movement through oil-bearing rocks
by means of three main mechanisms: (i) reduction of interfacial tension between oil-rocks and
oil-brine; (ii) modification of the wettability of porous media; (iii) emulsification of crude oil. In
addition, biosurfactant production contributes to the metabolism of viscous oils by microorgan-
isms that release lighter hydrocarbon fractions thus making the oil even more fluid. The strategies
investigated so far for MEOR involving biosurfactants include:

e Injection of ex situ produccd biosurfactants into the reservoirs;

o Injection of laboratory-selected biosurfactant-producing microorganisms into the
reservoirs;

e Stimulation of indigenous microbial population to produce biosurfactants in situ through
supplying suitable nutrients.
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Injection of Ex Situ Produced Biosurfactants into Oil Reservoirs

Biosurfactants can be produced in industrial-scale through fermentation technologies. However,
the cost for the final product is still high for applications in this specific arca. Several reasons are
implicated and include costs for activity and maintenance of bioreactor apparatus, product extrac-
tion and purification, production of biosurfactants at generally low yields (1-10 g/1) by natural
bacteria, reduced fermentation efficiency due to foaming and other metabolic-associated problems.
Thus, while this option is not yet economically sustainable, experimental evidences supported
the efficacy of the flooding technique in which biosurfactants replaced or assisted conventional
chemical surfactants.

Lichenysin is one of the most powerful biosurfactants ever characterized. It is synthesized by
Bacillus licheniformis JE-2 (ATCC 39307), isolated from well injection water’ and recently reclas-
sified as B. mojavensis.® Lichenysin, even at low concentrations (10-60 mg/1), is able to reduce
interfacial tension to ultra low values (less than 10> mN/m) required to release the trapped oil.
In addition, it is not affected by temperature (<140°C), pH (from 6 to 10), salinity (up to 10%
w/v NaCl) and calcium concentrations (<340 mg/l CaCl,)."" It has been tested in core flooding
experiments in a partially purified form and showed that, when included into the formulation of
a flooding solution containing 2, 3-butanediol and 1g/I1 of partially hydrolyzed polyacrilamide
(PHPA), residual oil was recovered from sandstone cores at up to 40%, compared to 10% recovered
by the fluid containing chemical surfactants only."?

Similar results of improved flooding performance were obtained with rhamnolipid biosur-
factants. In particular, it was observed that in the presence of rhamnolipids the adsorption of the
surfactant alkylbenzene sulfonate (ORS) to sandstone was reduced by 25-30% and consequently its
loss decreased. Thus, the oil recovered increased 7% when biosurfactants were added to the flooding
solution. It was suggested that rhamnolipids acted as sacrificial agents by adsorbing preferably to
oil sands thus both altering the wettability of porous media and making the chemical surfactant
more available for displacement activity."

Even more effective than low-molecular weight biosurfactants are the higher mass bioemulsifiers
and biopolymers. For example, emulsan by Acinetobacter venetianus RAG-1 (ATCC 31012) used
ata concentration of 0.1 mg/ml removed 89% of crude oil pre-adsorbed to limestone samples and
up to 98% when used at 0.5 mg/ml."4

Injection of Laboratory-Selected Biosurfactant-Producing

Microorganisms into Oil Reservoirs

Most studies focuses on the possibility of introducing biosurfactant-producing bacteria along
with nutrients into the oil wells to allow their growth and activity. However to be suitable for this
MEOR strategy, bacteria are required to thrive and be metabolically active at the extreme condi-
tions typical of petroleum reservoirs." Although extremophilic microorganisms have been isolated
from different environments, native strains from oil reservoirs would be optimal candidates. The
use of exogenous strains is disadvantageous due to competition with indigenous bacteria.

Most of biosurfactant-producing bacteria so far described and tested for in situ MEOR ap-
plications belong to Bacillus genus that commonly includes thermo- and halotolerant, facultative
anaerobic strains. Among them, B. mojavensis JE-2 has been extensively investigated. This strain
can grow while producinglichenysin under both acrobic and anacrobic conditions and at relatively
high temperature (40°C),"e which makes it a good candidate for in situ activity. Various processes
exploiting JF-2 strain for oil recovery applications have been proposed including injection into
oil-bearing formations alone'” or as part of a microbial consortium.'® An increase of 14% in oil
production was observed after flooding with B. mojavensis JE-2 and the presence of living cells in
the production fluids were detected 6 weeks after injection.'??°

Most other biosurfactant-producing microorganisms are not suitable for MEOR applications
due to reservoir conditions. However, some thermotolerant Psexdomonas aeruginosa strains have
been isolated from injection waters and found effective in displacing trapped oil both in labora-
tory tests and within low-temperature reservoirs.?»** Rhamnolipid biosurfactants produced by this
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species are very active compounds, with a critical micelle concentration (CMC) of 70 mg/liter,
stable at high temperatures up to 90°C, best performing at lower pH and only slightly affected
by salinity and calcium ions. The use of P aeruginosa for in situ MEOR techniques is however
limited for several reasons: (i) it is classified as risk-group 2 organism with restriction and regula-
tion on its handling and dispersion into the environment; (ii) thamnolipid synthesis is controlled
by a complicated quorum-sensing system related to environmental stimuli; (iii) it is typically an
aerobic mesophile that could not be actively growing under reservoir conditions. The possibility
to overcome such limitations by engineering microorganisms in order to produce rhamnolipids
in situ has been suggested and cloning biosynthetic genes into host organisms was attempted with
limited success.”>?

Synthesis of biosurfactants under anaerobic conditions is of particular interest for applica-
tion of MEOR processes, though most biosurfactant-producing microorganisms are strictly
acrobic or facultative anaerobes. Few strictly anaerobic bacteria have been so far characterised
as biosurfactant-producers. Anaerophaga thermobalophila strain Fru22" (DSM 12881") for
example, is a strictly anaerobic bacterium able to grow at elevated temperature (50°C) and
high salinity (7.5% w/v NaCl) while producing a surface active compound preliminary char-
acterized as a low-molecular weight lipopeptide (<12 kDa) which may include sugar moieties.
Although no further attempt of investigating oil displacing activity has been reported, on the
basis of its unique physiological properties strain Fru22" appears to be a good candidate for in
situ MEOR.*¢

Mixed microbial consortia can be particularly effective for in situ treatments as they offer
a broader range of activities and products in comparison with single species. A recently patent
“MMMAP” (Multi-strain Mixed Microbial Application) consisting of thermophilic, barophilic,
acidophilic and anaerobic strains belonging to Thermoanaerobacterium sp., Thermotoga sp. and
Thermococcus sp. isolated from oil well water is claimed to be active in producing biosurfactants,
fatty acids, alchools, methane and carbon dioxide at in situ temperature up to 90°C. Its injection
into wells supplemented with specific nutrients resulted in 3-fold increased oil recovery.”

Stimulation of Indigenous Biosurfactant-Producing Microorganisms

within Oil Reservoirs

The third strategy of MEOR is based on the concept that oil reservoirs are inhabited by in-
digenous microbial communities able to grow or survive under extreme conditions. Knowledge
of such microbial ecosystems is still limited due to obvious difficulties in collecting representative
samples as well as carrying out in situ analyses. Therefore whether indigenous microorganisms are
native or contaminants exogenously introduced through water flooding, drilling or other oil well
operations is still to be confirmed as well as their metabolism and activities established.”

Technologies involving injection of nutrient solutions (e.g., carbon substrates and minerals)
into the oil well to stimulate the resident microbial communities have long been known and are
available on a commercial basis. Benefits such as enhanced oil recovery, reduced oil viscosity and
prolonged well lifetime are generally claimed, though a scientific monitoring of in situ activities
is difficult and untreated controls are impossible to include. For example, in recent field trials,
Youssef et al*® provided direct proof that the presence of biosurfactant-producing bacteria in a
nutrient-stimulated oil well was likely due to exogenous contamination and therefore could not be
maintained over the duration of the treatment. As a result, in the wells treated with only nutrients
no significant surface activities were detected.

MEOR Field Trials

The real potential of biosurfactants in MEOR applications can however be fully assessed
only in field-scale. Several yet sporadic trials have been carried out during the past years and
tentatively reviewed.?”?! The real impact of biosurfactant-based MEOR techniques however
has never been estimated because of lack of both quantitative information regarding micro-
bial processes in situ and consistency in data collection and processing. Only recently a small
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field-scale MEOR experiment provided for the first time data of in situ metabolism and activities.
Molecular techniques combined with traditional methods showed that Baci//us strains injected
into oil wells maintained activity, consuming the glucose and nutrients supplied and releasing
CO, and fermentation products including a lipopeptide biosurfactant leading to an increased
production estimated as one barrel of oil/day over 7 weeks after the treatment.?®

Crude Oil Transportation in Pipeline

Crude oil often needs to be transported over long distances from the extraction fields to the
refineries. One of the major factors affecting pipelining is oil viscosity that slows the flow. Heavy
oils in particular are characterised by viscosities ranging from 1000 cP to more than 100,000 cP at
25°Cand cannot be transported through conventional pipelining systems that optimally requires
viscosities of <200 cP. Heating or diluting with solvents were the traditional methods applied to
reduce oil viscosity. However, a promising technology consisting of producing a stable oil-in-water
emulsion that facilitates oil motility has been recently developed and introduced new routes to
the application of the bioemulsifier-type of biosurfactants which have been found particularly
suitable for this application. They are high-molecular weight surfactants characterised by different
properties compared to glycolipids and lipopeptides. They are not effective in reducing interfacial
tensions, but have excellent capability to stabilize oil-in-water emulsions. Due to the high number
of reactive groups in the molecule, bioemulsifiers bind tightly to oil droplets and form an effective
barrier that prevents drop coalescence. Among the bioemulsifiers, emulsan (Fig. 1) and its analogs
synthesised by 4. venetianus RAG-1, are certainly the most powerful, yet others such as alasan and
biodipersan produced by different Acinetobacter strains have been extensively studied.*

Emulsan was applied in a field trial for pipeline transportation of a Boscan heavy crude oil of
viscosity of about 200,000 cP. The bioemulsifier was used at a surfactant-oil ratio of 1:500 and
produced a 70% w/w oil-in-water stable emulsion named hydrocabosol with viscosity reduced to
70 cP which was pumped through 380 miles over 64 hours. It was estimated that under optimal
conditions the emulsion could have been transported for 26,000 miles.® Once transported to the
refinery, hydrocarbosols can be either de-emulsified and utilized directly without de-watering or
treated with specific enzymes called emulsanes to depolymerise the bioemulsifier thus breaking the
emulsion before use.* To our knowledge there are no commercial applications of bioemulsifiers
yet. Low-molecular weight biosurfactants can also be effective emulsifying agents. Rhamnolipids
produced by P, aeruginosa strain USB-CS1 for example were able to emulsify a viscous crude oil
to give an emulsion with viscosity reduced to less than 500 cP and stable for 14 days.®

In the case of waxy crude oils, their transportation is generally affected by the problem of paraf-
fin precipitation that can cause numerous negative consequences from reduction and eventually
block of the internal diameter of pipes to changes in the oil composition. Traditional techniques
for treating wax included thermal, mechanical and chemical methods but all they failed to be fully
successful as energy consuming, detrimental to the pipes and highly toxic respectively. Thus, over
the past decade microbial treatments became an increasing valuable alternative.** Many bacteria
are known to be able to grow on paraffinic hydrocarbons while producing biosurfactants that
act as dispersing and solubilizing agents and make the paraffinic fractions more available for the
up-take by cells. In this way not only wax deposits can be dissolved and prevented but also heavy
crude oil fractions can be degraded by bacteria to lighter fractions.

Bacteria capable of degrading #-paraffins belong predominantly to Pseudomonas and Bacillus
species and a mixed consortium was found particularly effective in the treatment of two paraffinic
oils by Lazar et al.’” Laboratory pilot tests were carried out by using a flow equipment containing
ten liters of paraffinic oil to simulate a pipeline system. Bacterial consortium supplemented with
brine and essential microelements (nitrogen and phosphorous) was circulated along with the oil
for 5 days alternating flowing and stationary periods. Microbial activity was monitored and bio-
surfactant production was detected all through the experiment. As a result, the authors reported a
decrease of total paraffin content up to 10% and consequently of the freezing points up to 7-9°C.
The viscosities also resulted much lowered especially at low temperatures.
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Figure 1. Structure of emulsan bioemulsifier produced by A. venetianus RAG-1. It is composed
of a backbone of a repeating trisaccharide motif bound to fatty acid chains. Redrawn from
reference 3.

Biological solutions to paraffin control problem find nowadays concrete application. Several
commercial bioproducts have been formulated over the past few years and are currently available
in the market. Micro-Bac International for example (Round Rock, TX) is manufacturer of a wide
product line containing a proprietary combination of natural microorganisms able to control
paraffins of chain length ranging from C,¢ up to Cg, through the production of biosurfactants
and other metabolites.

Clean-Up of Oil Containers/Storage Tanks

Large amounts of crude oil are daily moved and distributed to refineries with oil tankers,
barges, tank cars and trucks, thus increasing the problem of the clean-up and maintenance of the
containers.

A process for cleaning tanks used in oil transportation and storage by means of microbial
bioemulsifiers was proposed for the first time in 1981 in a patent by Gutnick and Rosenberg.*
The process included: (i) awashing phase with an aqueous solution of emulsan derivatives (a- and
B-emulsans) produced by 4. venetianus ATCC 31012 where an oil-in-water emulsion was induced
by vigorous agitation into the tank; (ii) removal of such emulsion from the clean tank and (iii)
recovering of the hydrocarbon residues by breaking the emulsion by physical or chemical methods.
However, this potential application remained limited to this report as we are not aware of further
development into a commercially available technology.

In 1991, Banat et al*’ described the application of microbial biosurfactants for the clean-up of ol
storage tanks. Sludge and oil deposits normally accumulate at the bottom and on the walls of stor-
age tanks thus requiring periodical cleaning operations. Traditional methods are generally manual,
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Figure 2. Structure of mono- and di-rhamnolipid produced by P. aeruginosa species. The
predominant compounds are composed of one or two rhamnose units linked to two units of
B-hydroxy-decanoic acid. Some minor congeners are also synthesised as part of a mixture.

hazardous, time-consuming and expensive. Biosurfactants can effectively drive the cleaning activity
as demonstrated in a field trial conducted at the Kuwait Oil Company. Two tonnes of thamnolipid
(Fig. 2) biosurfactant-containing culture broth were produced, sterilised and added to an oil sludge
tank along with fresh crude oil and water and circulated continuously for 5 days at ambient tem-
perature of 40-50°C. The oil sludge was effectively lifted and mobilised from thebottom of the tank
and solubilised within the emulsion formed. The treatment recovered 91% of hydrocarbons in the
sludge. The value of the recovered crude covered the cost of the cleaning operation.

Since then, long and accurate researches and experiments carried out over the years lead to a
substantial improvement of such technique and the development of the BioRecoil® process patented
in 2004 by Idrabel Italia (Italy) and Jeneil Biosurfactant Company (USA).%

The process consists of three main steps:

i. Feasibility study. Data collection, tank survey, evaluation of sludge composition and
concentration, laboratory tests as well as risk assessment, environmental impact and cost
analysis are initially carried out in order to set-up the optimal working conditions and
design a tailor-made treatment.

ii. Oil tank treatment. A mixture composed of water, biosurfactant and fluidizing agent is
circulated onto the tank until obtaining an uniform emulsion (Fig. 3a,b). Rhamnolipid
biosurfactants are preferably used to this end as capable of efficiently dispersing heavy
hydrocarbon fractions by means of both micro- and macro-emulsions, with consequent
reduction of the sludge viscosity. When the circulation is stopped, the emulsion breaks and
separates in an upper phase containing hydrocarbons and alower phase containing water,
while inorganic residual matter and sand sink to the bottom (Fig. 3c). The hydrocarbon
fraction is recovered, analysed and, according to its specific characteristics, transferred to
other storage tanks or alternatively to refining plants to be processed.

iii. Disposal of wastes and residues. The treatment ends with the safe disposal of the wastes
(Fig. 3d). The water used in the process or extracted from the sludge, is sent to the waste-
water facilities of the refinery and analysed for oil content, organic content (e.g., COD)
and temperature before being discharged or reused. The inorganic phase that remains at
the bottom of the tank and that is mainly composed of sediments, metal residues, sand
or gravel is in practice the only material that needs to be disposed.

This process can offer numerous benefits including recovery of oil (generally >90%) and re-
duction of material to be disposed of (<5%), safer in situ operations, use of natural biosurfactant
products hence high environmental compatibility and reduction in the tank downtime and risk
of damage.

Formulation of Petrochemicals

A totally unexplored area for potential applications of biosurfactants is the formulation of
petrochemical products. Biotechnological alternatives to the existing bulk petroleum-derived
products have generally failed for various reasons and mostly for not satisfying economic criteria.



142 Biosurfactants

'
b
‘ d

l a

l C
Figure 3. BioRecoil® process for the clean-up of oil storage tanks. Before the treatment, aged
oil and residues are deposited at the bottom and on the walls of the tank (a). A rhamnolip-
id-containing solution is circulated and oil is mobilized and entirely emulsified (b). To end the
treatment, emulsion separates in a hydrocarbon-containing upper phase and a lower water
phase (c); the former is recovered, while the latter is discharged or reused in the refinery plant.

Inorganic materials are safely disposed (d) and a final make-up of the tank can be applied if
necessary. Courtesy of Idrabel Italia.

However, those market niches where environmental concern is a major factor might look at
biotechnological solutions with increasing interest in the near future. One such area includes the
manufacturing of emulsified fuels.

Diesel fuel blended with water has been known since the early 1900s and is currently applied
especially in Europe for public transport fleets, marine engines, locomotives but also heat facilities
in industrial and institutional complexes. The advantages of diesel emulsions are:

¢ Improved combustion efficiency due to the microexplotions of water particles;

e Reduction of emission of hazardous pollutants such as nitrogen oxides (<25%), carbon
oxide (=5%), black smoke (<80%) and particulate matter (<60%);

¢ Reduction of diesel consumption.

An additional aspect is that such fuels are easily applicable without need of engine
modification.

Emulsified fuels are technically water-in-diesel emulsions with a typical content of water of
10-20% (v/v). They are prepared using specific surfactant packages along with a variety of addi-
tives (e.g., detergents, lubricity enhancers, antifoaming agents, ignition improvers, antirust agents
and metal deactivators). Surfactants are expected to stabilize the emulsion and ensure that the
finely dispersed water droplets remain in suspension within the diesel fuel (Fig. 4). Non-ionic
surfactants such as alcohol ethoxylates, fatty acids ethoxylates and sugar esters of fatty acids are
currently the most used. "4
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Figure 4. Typical aspect of a drop of emulsified diesel with dispersed microdroplets of water.
Surfactants control the water droplets size and prevent their coalescence.

We investigated the possibility to replace traditional chemical compounds with microbial
biosurfactants to formulate fuel or diesel emulsions. Preliminary experiments (unpublished data)
were carried out in collaboration with Idrabel Italia (Genoa, Italy), in which rhamnolipid mixture
produced by P aeruginosa AP02-1 were used in order to prepare a water-in-diesel emulsion consist-
ing of 15% water and 85% diesel (v/v). Five major parameters were evaluated: stability, density
(optimally 0.76 to 0.79 g/cm? at 15°C), viscosity (optimally 2 to 4.5 mm?/s at 40°C), water and
sulphur content (optimally less than 2 mg/kg). Among them, emulsion stability was the most
relevant factor as phase separation should not occur over 4 months. Stability depends on many
factors both physicochemical (e.g., temperature, energy supply, order of mixing the components)
and distinctively related to the surfactant properties. Biosurfactant potential candidate was required
to satisfy the following basic criteria:

e The molecule should contain only carbon, hydrogen and oxygen and be free of sulphur
and nitrogen atoms. The absence of aromatic rings is further requisite;

o 'The hydrophilic-lipophilic balance (HLB) should be in the range of 3-6;

e It should be used in a very pure form. This may limit the potential use of biosurfactants
from microorganisms due to the difficulties of achieving high-grade purification;

e It should have a very low critical micelle concentration (CMC);

e It should burn readily without release of soot.

We produced several diesel emulsions generally satisfying some of the test factors (density,
viscosity and sulphur content); however they lacked in stability and had inadequate consistency.
An excess of air content likely due to an inappropriate mixing was the main cause of the destabi-
lization of the phase equilibrium. It is important to note however that rhamnolipid may not have
been a suitable choice of biosurfactant in order to achieve a stable emulsion. One of the longer
chain heteropolysaccharides and proteins emulsifying-type biosurfactants may have been a better
candidate. Although further investigations will be needed, to the best of our knowledge this aspect
of biosurfactant applications has not been reported before.

Conclusion and Future Perspectives

During the past 20 years microbial biosurfactants and bioemulsifiers have been extensively
investigated and their potential in most fields of the petroleum industry highlighted by the large
number of related patents. Only few however had successful commercialization mainly due to
the well-known problem of the high production costs. Several other aspects should be taken into
consideration to realise their potentials. Though many different types of biosurfactants have been
described from a variety of microorganisms, the literature focused predominantly on Bacillus sp.,
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Pseudomonas and Acinetobacter sp. A number of other promising genera are known and should
be closely examined. For example, Rhodococcus sp. produces trehalose lipid-type biosurfactants
mainly during the growth in presence of hydrocarbons but limited efforts to evaluate their poten-
tial utility in petroleum industry have been carried out. More attention should also be directed
towards extremophilic and hyper-extremophilic biosurfactant-producing microorganisms to allow
use in oil field conditions. Although the biotechnological importance of such microbial groups
is well-documented with regards to enzymes (extremozymes) in particular, lack of information
about production of bioactive compounds remains.

Further progress is expected to be achieved when more advanced methods are developed and
applied. Molecular techniques and in particular gene expression monitoring would significantly
contribute to the detection and control of activities and processes in situ and in real time. To this end
the current knowledge of biosurfactant genes is still insufficient and needs to be explored with the
aim of gaining better control of the production technologies and improvement of products yields.
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CHAPTER 11

Bacterial Biosurfactants, and Their Role

in Microbial Enhanced Oil Recovery
(MEOR)

J.M. Khire*

Abstract

urfactants are chemically synthesized surface-active compounds widely used for large number
S of applications in various industries. During last few years there is increase demand of bio-

logical surface-active compounds or biosurfactants which are produced by large number of
microorganisms as they exert biodegradability, low toxicity and widespread application compared
to chemical surfactants. They can be used as emulsifiers, de-emulsifiers, wetting agents, spread-
ing agents, foaming agents, functional food ingredients and detergents. Various experiments at
laboratory scale on sand-pack columns and field trials have successfully indicated effectiveness of
biosurfactants in microbial enhanced oil recovery (MEOR).

Introduction

There are large number of reports of various chemicals, produced synthetically or occurring
naturally, showing the properties of surfactant which show specific and preferential interaction
at surfaces and interfaces between fluid phases having different degrees of polarity and hydrogen
bonding e.g., oil and water or air and water interfaces.' This is the result of the presence of both
hydrophobic and hydrophilic moieties at the surface of these molecules which results in their
orientation at the interface and is known as surfactants. Surfactants are very versatile and have
found uses in as detergents lowering the interfacial tension, emulsifiers, dispersants, deemulsifiers,
wetting agents, foam retardants, stabilizers, gelling agents etc.® Chemical surfactants are gener-
ally produced as by-products of the petrochemical industry and consist primarily of alkylbenzene
sulfonates, alkyl phenol ethoxylates, synthetic fatty alcohols and their derivatives. These products
are believed to account for 70-75% of the surfactant consumption in the industrialized countries.
The current worldwide production of surfactants is around 12.5 M tones per year, worth around
US $28 bn and growing by about 500,000 tones/y. Around 60% of surfactant production is used
in household detergents, 30% in industrial and technical applications, 7% in industrial and insti-
tutional cleaning and 6% in personal care.®

Although chemical surfactants are both inexpensive and efficient, they have adverse effect on the
environment causing pollution. The potential advantages of biosurfactant include biodegradability
resulting in lower levels of pollution, low toxicity, biocompatibility and digestibility which allows
their application in cosmetics, pharmaceuticals and as functional food additives, can be produced
from cheap raw materials which are available in large quantities. Similarly they show selectivity
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Table 1. Major types of biosurfactants produced by bacteria

Bacteria Biosurfactant Type
Aeromonas sp Glycolipid™™
Bacillus subtilis Lipopeptide'

B. subtilis ATCC 21332 LB5a Lipopeptide'
Bacillus subtilis A8-8 Lipopepetide'”
Bacillus subtilis Lipopeptide*
Bacillus sp Lipopolysaccharide'®
Klebsiella oxitoca Lipopolysaccharide®
Pantoea sp Glycolipid®°

Ps. aeruginosa NCIMB 40044 Rhamnolipid*

Ps. aeruginosa AT10 Rhamnolipid??

Ps. aeruginosa strain BS2 Rhamnolipid?®’

Ps. aeruginosa DS10-129 Rhamnolipids?

Ps. aeruginosa LB1 Rhamnolipid®*

Ps. aeruginosa Glycolipid*

Ps. aeruginosa HR Glycolipid®

Ps. fluorescens HW 6 Glycolipid*

Ps. aeruginosa S2 Rhamnolipid?®®

Ps. aeruginosa RB 28 Rhamnolipid®’
Pseudoxanthomonas kaohsiungensis sp nov* —

Pseudomonas sp DSM 2874 Rhamnolipids®'
Pseudomonas XD-1 Liopeptide*? Glycopeptide
Streptococcus thermophilus A Glycolipid*

and specificity towards hydrocarbon substrates. Their compatibility with chemical product gener-
ally leads to novel formulations. Earlier work on biosurfactants mainly focused on the properties,
biosynthesis and chemistry which have been reviewed by many workers.”!® However, during the
last few years significant work has been reported on biosurfactant production by new strains,
hyper secretary mutant, lab scale and field trials for microbial enhanced oil recovery which forms
the subject matter of the present chapter.

Biosurfactant Producing Bacteria

Large number of microorganisms especially bacteria are reported to produce biosurfactants
however the chemical nature of biosurfactant is dependent on the producing species.'” Table 2
summarizes few recently reported biosurfactant producing bacteria.

4,7,11

Selection of Biosurfactant Producer

One of the simplest criterions for the primary isolation of biosurfactant producing bacte-
ria is to look for haemolysis on blood agar*** and an emulsification index value (E-24).¢ In
rapid ‘drop-collapse’ method for screening rhamnolipid biosurfactant by microorganisms the
microwell plate with polystyrene platform having small wells was used. If the culture broth



148 Biosurfactants

contained biosurfactant, the droplets of the broth in the oil-coated wells collapsed.”” In axisys-
mmetric drop shape analysis profile (ADSA-P) method suspension of biosurfactant producing
organism was placed on solid surface coated with fluoroethylene-propylene and the profile of
the droplet was determined with contour monitor and surface tension was measured.”® The
indicator methylene blue was used to form colored complex in case of determination of bacte-
rial peptidolipid biosurfactant.’ Very specific and sensitive reverse phase HPLC method with
C18 column was used for the analysis of a biosurfactant produced by Bacillus licheniformis
JE-2.% Enzyme-linked immunosorbent assay (ELISA)* was used for detection of lipopeptide
biosurfactant from B. lichenifirmis JK-2. The method was very sensitive (as low as 0.01 mg
dm™) and capable of handling large number of samples simultaneously. In case of surfactin®
production from Bacillus subtilis genetic locus (sfp) plays major role. They demonstrated the
utility of using PCR of the sfp gene as a tool of identifying Bacillus sp that produce surfactin
along with hemolysis zone assay, quantification by HPLC and NMR in parallel to ensure that
the PCR provided correct results.

Factors Affecting Production of Biosurfactants

The fermentation process is the key factor which governs the overall economics of biosurfactant
production as the raw materials account for about 10-30% of the overall cost of biosurfactant
production. Their production is either

1. Growth-associated as in case of production of thamnolipid by Pseudomonas aeruginosa®
and probiotic bacteria (Lactobacillus lactis 53 and Streptococcus thermophilus A).*

2. Growth limiting conditions as in case of biosurfactant production by Pseudomonas
aeruginosa strain BS2 in synthetic medium supplied with distillery and whey wastes a
crystalline biosurfactant was produced after the onset of nitrogen-limiting conditions.”
Low phosphate concentration stimulated bioemulsifier production in Pseudomonas aerugi-
nosa during cultivation on ethanol.* During rhamnolipid production by Psendomonas
aeruginosa the iron conc. in the medium plays important role. Thus threefold increase in
production of biosurfactant was found when cells were shifted from medium containing
36 uM iron to medium containing 18 uM iron without change in biomass yield.’

3. Resting cells: Pilot plant production of rhamnolipid biosurfactant by resting cells of
Pseudomonas aeruginosa resulted in the reduction of cost of product recovery as the growth
and the product formation phases can be separated.” The resting cells of Pseudozyma
antartica T-34 has been reported® to produce mannosylerythritol lipids (12 g/lit) by
feeding the cells on glucose only.

4. Precursor supplement: Addition of certain precursors in the fermentation medium causes
both qualitative and quantitative increase in biosurfactant production. Thus increase in
production of rhamnolipid biosurfactant in Pseudomonas aeruginosa by 3-(3-hydroxy-
alkanoyloxy) alkanoic acid has been reported.®® Use of soybean waste frying oil as the
substrate for production of biosurfactant by Pseudomonas aeruginosa mutant EBN-8 in
the presence or absence of rhamnolipid precursor, under fed batch conditions produce
9.3 g thamnolipid/lit with the addition of precursor.”!

Factors Affecting Biosurfactant Production

The type, quality and quantity of biosurfactant production of bacteria are influenced by the
carbon source,’ nitrogen source and ratio of C/N.>* The trace elements also play crucial role in
biosurfactant production. The appropriate supplementation of iron***® and manganese” resulted
in substantial enhancement in surfactin production. Iron concentration also markedly affected
rhamnolipid production from Pseudomonas aeruginosa.! During surfactin production by Bacillus
licheniformis JF-2, three-fold increase in yield of biosurfactant was found by decreasing 50% of the
phosphate content in the medium.* The two times increase in the production of surfactin (3.34
g/1) production by Bacillus licheniformis ATCC 21332 was reported®® by statistical experimental
design (Taguchi method) in which interactive correlations of selective metal ions (Mg*, K**, Mn**
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and Fe?*) was studied. Surfactin like biosurfactant was reported™ from Bacillus subrilis MTCC 2423
in which sucrose and potassium nitrate were the best carbon and nitrogen source. Similarly the
addition of various metal ions (Mg*, Ca?", Fe?* and trace elements) increased the two fold yield of
biosurfactant when they were added together rather than individual. Amino acids such as aspartic
acid, aspargine, glutamic acid, valine and lysine increased the yield of biosurfactant by about 60%.

Among water-insoluble substrates the vegetable oils and oil wastes were used as cheap raw
material. e.g., rapseed oil was used for lipopeptide biosurfactant® production by Psexdomonas sp
DSM 2874. Similarly sunflower and soybean oils were used for the production of thamnolipids
by Psendomonas aernginosa DS 10-129, lipopeptide by Serratia marcescens sophorolipid® bio-
surfactants. The palm oil is used as carbon source for biosurfactant production by Pseudomonas
aeruginosa A41.°" Even vegetable oil refinery waste (COD = 20 g/1) supplemented with sodium
nitrate has been reported® for improved production of biosurfactant by Pseudomonas aernginosa
mutant strain. The whey produced in dairy industries was most cheap and viable substrate for pro-
duction of thamnolipid type biosurfactant by Pseudomonas aeruginosa strain BS2,®* Lactobacillus
lactis 53 and Streptococcus thermophilus.®* Similarly starchy substrates such as potato process ef-
fluent has been reported as substrate for production of lipopeptide biosusurfactant by Bacillus
subtilis>% The cassava flour wastewater was reported as substrate for lipopeptide biosurfactant
by Bacillus subtilis ATCC 21332 and Bacillus subtilis LB5a.'**® The clarified blackstrap molasses
was used as a sole carbon and energy source with or without auxiliary synthetic nitrogen source
for rhamnolipid production by Psendomonas aeruginosa EBN-8 mutant.” Various agriculture
residues like barley bran, corn shoots and Eucalyptus globus chips were used as raw material for
biosurfactant production by Lactobacillus pentosus for simultaneous production of lactic acid
and biosurfactant.”" Recently statistical optimization fermentation medium for production of
biosurfactant from Bacillus licheniformis K51 has been reported’” in which important medium
ingredients were identified by initial screening method of Plackett-Burman which was followed by
Box-Behnken response method in which further optimization of medium ingredients was carried
out. Thus the relative biosurfactant yield as critical micelle dilution (CMD) was increased from
10x to 105x, which is ten times higher than the nonoptimized rich medium.

Biosurfactant Production by Extremophiles

Although there are various reports on mesophilic microorganisms producing biosurfactants
or bioemulsifiers, reports of thermophilic organisms secreting these surface-active compounds
are rare.”> Microorganisms growing above 50°C are generally considered thermophiles. Main
advantage of use of thermophiles for biosurfactant production is due to faster reaction rates,
reduced risk of contamination, reduced viscosity of growth, higher solubility of molecules in the
fermentation medium and elimination of pathogens due to higher incubation temperature.”*”
Both Gram-positive and Gram-negative thermophiles has been reported from thermal and
nonthermal environments. Large number of thermophilic bacteria that can utilize hydrocarbon
as their sole source of carbon and energy.” From oil-field injection water novel strain of Bacillus
licheniformis JF-2 was isolated”” which was growing in medium with NaCl conc. up to 10%, at
temp up to 50°C and in the pH range 4.6-9.0 secreting biosurfactant, lichenysin under anacrobic
conditions. Among thermophilic halophiles bioemulsifier was isolated from Methanobacterium
thermoautotrophicum’® which was growing up to 80°C and active over a wide range of pH (5-10)
at very high salt conc. (up to 200 g/1).

In our laboratory, after screening more than 30 different bacterial isolates from hot water spring
for their capability to synthesize biosurfactant under thermophilic conditions, we reported novel
biosurfactant production by strain of Bacillus stearothermophilus VR-8.”° Emulsification activity
produced by this strain was stable over a wide pH (2-8) range as compared to liposan® which was
active in a narrow pH range of 2-5. It was also 100% stable at 80° C for 30 min and 60% at 90 and
100°C as compared to liposan which was reported to be stable only up to 70°C. At a 5% NaCl
conc. only an 8% loss of activity occurred, compared to total loss of emulsification activity in the
presence of salt conc. above 5% in the case of Candida tropicalis and Debaromyces polymorphus®!
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Very few reports are available in the literature for biosurfactant production from psychrophiles.
Novel biosurfactant from antartica strain Arthrobacter protophormiae® was produced during growth
of an organism on an immiscible carbon source, n-hexadecane; it reduced the surface tension of
the medium from 68 nNm™ to 30.60 nNm™" and exhibited good emulsification activity. The
biosurfactnt was thermostable and pH-stable. The strain was able to produce biosurfactant up to
aNaCl conc. of 10% and was able to recover 90% of the oil from sand pack column.

Recovery of Biosurfactant

One of the most important steps in production of biosurfactant is fast, efficient and cheap re-
covery process which amount to around approximately 60% of the total production cost. Generally
the steps of recovery of biosurfactant depend upon the end use of the product. Thus the biosur-
factant required for the MEOR does not necessarily be extra pure as required in pharmaceutical
preparation especially in cosmetics and medicine.

The most common biosurfactant recovery methods are either extraction with solvents (e.g.,
chloroform-methnaol, dichloromethane-methanol, butanol, ethyl acetate, pentene, hexane, ace-
tic acid, ether) or acid precipitation. However, there are reports of the use of ammonium sulfate
precipitation, crystal[ization ccntrifugation, adsorption, foam precipitation etc. Various processes
employed for the recovery of biosurfactants are shown in Table 2. Precipitation of biosurfactant
by ammonium sulphate has been reported for biosurfactant from Arthrobacter™ and Acinetobacter
calcoaceticus™ which does not require much infra-structure and used for recovery of crude biosur-
factant. Partially purified lipopeptide biosurfactant from Bacillus subtilis A8-8 was obtained by
HCI precipitation, methanol treatment and silica-gel chromatography.'” The biosurfactant from
Bacillus coagulans was isolated from fermented broth by acid precipitation followed by neutral-
ization and lyophilization.® The biosurfactant from Pseudomonas aeruginosa EBN-8 was isolated
from the supernatant by acid precipitation followed by solvent extraction (70) while acetone was
used to precipitate biosurfactant from Psexdomonas PG-1.% The use of methyl tertiary butyl ether
was reported for the extraction of biosurfactant from Rhodococcus.*” Membrane ultrafiltration is

Table 2. Downstream processes for recovery of biosurfactants

Recovery Process

Biosurfactant Source

Batch process
Ammonium sulphate
precipitation

Acid precipitation
Solvent precipitation

Methanol
Acetone

Methyl tertiary butyl ether
Continuous process
Ultrafiltration
Assymetrical flow field-flow fractionation (AsFIFFF)
Foam fractionationation
Wood based activated carbon

Adsorption and elution on lon exchange chromatography

Arthrobacter RAG-1%
Acinetobacter calcoaceticus®

Bacillus subtilis' Bacillus coagulans®

Bacillus subtilis'
Pseudomonas PG-1%¢

Rhodococcus®

Bacillus subtilis®®

Pseudomonas sp”

Bacillus subtilis®

Pseudomonas aeruginosa BS2%°

Pseudomonas aeruginosa*®
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fast, one-step recovery process with high level purity but requires special ultrafiltration units with
porous polymer membrane with specific cut-off molecular weight which was reported for purifica-
tion of lipopeptide biosurfactant from Bacillus subtilis.*® For charged biosurfactant, thamnolipid,
from Pseudomonas aeruginosa ion-exchange chromatography is used to adsorb biosurfactant on
ion-exchange resin and then eluted with appropriate buffer.”® Foam fractionation requires spe-
cially designed bioreactors which facilitates foam recovery during fermentation and was reported
for the first time during continuous surfactin production.® The biosurfactant recovery methods
including solvent extraction, precipitation, crystallization, centrifugation and foam fractionation
cannot be used when distillery wastewater was used as the nutrient for biosurfactant production
by Pseudomonas aeruginosa BS2, because these methods imparts colour to the biosurfactant. The
biosurfactant obtained was nonesthetic in appearance with lowered surface-active properties.
Hence they used new down streaming technique using wood-based activated carbon. In this
method WAC (1%) was equilibrated for 90 min in the pH range 5-10 at 40°C to achieve 99.5%
adsorption efficiency and eluted with acetone with 89% recovery of biosurfactant. The recovery
process was continuous as the WAC can be reused for three consecutive cycles.” Purification of
biosurfactant from Pseudomonas sp G11 by asymmetrical flow field-flow fractionation (AsFIFFF)
using pure water as the carrier has been reported.”!

Biosurfactant Production by Biotransformation

During past few years there are several reports of production of biosurfactants through the
biotransformation route. For this microbial surfactants are produced by fermentation to obtain
various hydrophobic and hydrophilic moieties of biosurfactants which are then joined by enzymatic
treatment to produce commercial surfactants. Compared to chemical synthesis these enzymatic
methods have several advantages such as low energy requirement, minimal thermal degradation,
high biodegradability and high regioselectivity. There are various reports of this easy transformation
using selected yeast strains to upgrade oil quality by desaturating or saturating the components
of fatty acids.”*** The conversion of oleic acid to recinoleic acid by soil bacterium BMD-120 and
conversion of soybean lecithin to a new biosurfactant by phospholipase D from Streptococcus chro-
mofuscus has been reported.”” The major disadvantage of applying enzymes for the production of
surfactants is high enzyme costs and difficulty in solubilizing both hydrophilic and hydrophobic
substrates in the reaction media. But these problems can be solved by using immobilized enzymes
and enhancement in enzyme stability and activity by genetic engineering. Similarly recent advances
in multiple-phase enzymatic reaction systems and supercritical fluid techniques will help to solve
the problem of low substrate solubility. Similarly advances in metabolic engineering and the
development of novel fermentation techniques such as self-cycling fermentation®” will help in
enhancing the productivity of biosurfactants.

Improved Strains for Biosurfactant Production

One of the most important factors for economical production of biosurfactant is use of mutant
strain which may be hyper secretary or recombinant which can grow on cheap raw material sup-
ported with efficient recovery process.

The Pseudomonas putida PCL1445 produces two cyclic lipopeptide biosurfactants, puti-
solvins I and II. Studies on the regulation of putisolvin production indicate that dnak, together
with the dnaj and grpE heat shock genes were involved in the possible regulation (directly or
indirectly) of putisolvin biosynthesis at the transcription level.” A gamma ray induced mutant
viz. B. subtilis AB01335-1M4 and B. subtilis AB02238-1R2 showed 5 and 3 times more sur-
factin production, respectively, compared to parent strains when grown on minimal medium.”
Isolation of facultative anacrobic strain which could produce biosurfactant with crude oil as
carbon source and reduce surface tension from 16.36 mN/m to 6.49 mN/m has been reported.!®
They isolated the mutant of this strain by both UV and EMS which could further reduce the
surface tension by 32.8%.
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Biosurfactants and Microbial Enhance Oil Recovery (MEOR)

The majority of the world’s energy comes from nonrenewable fossil fuel source. The crude oil
produced from these resources by currently used methods leads to only 8-30% recovery of the
total oil present in the reservoir.'” MEOR is the use of microorganisms to retrieve additional
oil from existing wells, thereby enhancing the petroleum production of an oil reservoir. In this
technique, selected natural microorganisms are introduced into oil wells to produce metabolic
products including biosurfactant or bioemulsifier which are considered to be useful for the release

of trapped oil.
Types of MEOR

MEOR is used in the third phase of oil recovery from well, known as tertiary oil recovery.
Recovering oil usually requires three stages.

Stage 1: Primary recovery: 12-15% of the oil in the well is recovered without the need to
introduce other substances into the well.

Stage 2: Secondary recovery: The oil well is flooded with water or other substances to drive
out an additional 15 to 20% more oil from the well

Stage 3: Tertiary recovery: This stage may be accomplished through different methods, includ-
ing MEOR, to additionally recover up to 11% more oil from the well.

The Science of MEOR

The microorganisms used in MEOR can be applied to asingle oil well or to an entire oil reservoir.
They need certain conditions to survive, so nutrients and oxygen are often introduced into the well
at the same time. MEOR also requires that water to be present. Microorganisms grow between the
oil and the well’s rock surface to enhance oil recovery by the following methods.

Reduction of 0il viscosity: Oil is a thick fluid that it does not flow easily. Microorganims help
break down the molecular structure of crude oil, making it more fluid and easier to recover from
the well.

Production of carbon dioxide gas: As a by-product of metabolism, microorganisms produce
carbon dioxide gas. Over time, this gas accumulates and displaces the oil in the well, driving it up
and out of ground.

Production of biomass: When microorganisms metabolize the nutrients they need for
survival, they produce organic biomass as a by-product. This biomass accumulates between
the oil and the rock surface of the well, physically displacing the oil and making it easier to
recover from the well.

Selective plugging: Some microorganisms secrete slimy substances called exopolysaccharides to
protect themselves from drying out or falling prey to other organisms. This substance helps bacteria
plug the pores found in the rocks of the well so that oil may move past rock surfaces more easily.
Blocking rock pores to facilitate the movement of oil is known as selective plugging.

Production of biosurfactants: Microorganisms produce bioactive compounds called biosurfac-
tants when they breakdown the oil. These biosurfactants act like slippery detergents, helping the oil
move more freely away from rocks and crevices so that it may travel more easily out of the well.

The selection of microbes and subsurface environment of the reservoir plays very important
role in the MEOR.'*? Thus Pseudomonas aeruginosa (P-1) isolated from crude oil contaminated
water for biosurfactant production and showed its successful application under laboratory test
and pilot plant for enhanced oil recovery from Daquing oilfield, China.'® They used metabolic
products (PIMP) of 10% could enhance the oil recovery in the model reservoir by 11.2% and
also decrease injection pressure by 40.1%. PIMP which served as biosurfactant, could reduce
the crude oil viscosity by 38.5%. In the pilot tests, about 80% of wells used showed a signifi-
cant increase in crude oil production after PIMP injection and shut-in for about 1 month. The
pilot tests also revealed that PIMP could prolong cycle of oil well washing so that the total oil
production was increased.
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Naturally fractured oil reservoirs represent over 20% of the world’s oil reserves.'” However,
relatively little success has been achieved in increasing oil production from these complex
reservoirs.'® The in situ MEOR in fractured porous media has been demonstrated'® by using
etched-glass micromodels having different fracture angle orientation along with nonfractured
model to compare the efficiency of MEOR in fractured and nonfractured porous media. They
used surfactin producer Bacillus subtilis and dextran producer Leuconostoc mesenteroides for
this experiment. Their results show that higher oil recovery efficiency can be achieved by using
biosurfactant-producing bacterium in fractured porous media. Biopolymer producing (dextran)
Leuconostoc mesenteroides does not help to increase oil recovery due to matrix-fracture plugging
effect. The increase in oil recovery was related to reduction in viscosity and interfacial tension by
surfactin production by Bacillus subtilis.

The MEOR in a high temperature (73°C) reservoir, Dagang oilfield in China has been report-
ed.'” They have isolated three microbial strains viz. Arthrobacter sp (A02), Psendomonas sp (P15)
and Bacillus sp (B24) from the reservoir sample. The strains A02 and P15 demonstrated a good
capacity in degradation of oil and B24 was more effective in reduction of interfacial tension of oil
and formation brine due to its production of biosurfactant from fermentation of crude oil. When
these organisms were inoculated with nutrients into all the 7 production wells in the unit the oil
production steadily increased. After 6 months of inoculation about 8700 t of additional oil was
obtained compared with the predicated oil production by water flooding alone.

First time well-documented MEOR has been reported recently.!® They showed that in situ
biosurfactant production by Bacillus strains injected into Viola limestone petroleum reservoir su -
ficient to mobilize the oil. For this they have selected five wells. Two wells received an inoculum (a
mixture of Bacillus strain RS-1 and Bacillus subtilis subsp spizizenii NRRL B-23049) and nutrients
(glucose, sodium nitrate and trace metals), two wells received just nutrients and one well received
only formation water. Results showed that inoculated organisms grow profusely and produced
lipopeptide biosurfactant about 90 mg/liter which was approximately nine times higher than the
amount required to mobilize entrapped oil from sandstone cores. Carbon dioxide, acetate, lactate,
cthanol and 2, 3-butanediol were detected in the produced fluids of the inoculated wells while
only carbon dioxide and ethanol were detected in the produced fluids of the nutrient-only-treated
wells. Technical data of modeling in situ MEOR indicate growth rates (0.06 = 0.01 h™'), carbon
balances (107% = 34%), biosurfactant production rates (0.02 + 0.0001 h™') and biosurfactant
yields (0.015 = 0.001 mol biosurfactant/mol glucose) which clearly demonstrate the technical
feasibility of microbial processes for oil recovery.

Successful utilization of stratal microflora has been reported for enhanced oil recovery'” in
the high-temperature horizons of the Kongdian bed (60°C) of the Dagang oil field (China). They
have pumped water-air mixture and nitrogen and phosphorus mineral salts into the oil stratum
through injection oil wells in order to stimulate the activity of the stratal microflora which produces
oil-releasing metabolites. They observed the cell numbers of thermophilic hydrocarbon-oxidizing,
fermentative, sulfate-reducing and methanogenic microorganisms increased 10-10,000 fold. The
rates of methanogenesis and sulfate reduction increased in the near-bottom zone of the injection
wells and of some production wells. The microbial growth was associated with the accumulation
of bicarbonate ions, volatile fatty acids and biosurfactants in the formation waters, as well as of
CHjand CO, both in the gas phase and oil. As a result the water content in the production liquid
from the trial site decreased and the oil content increased. This allowed the recovery of more than
14,000 tons of additional oil over 3.5 years.
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Conclusion and Future Perspectives

Large number of biosurfactant producing organisms has been reported during last few years
with novel properties. Their effectiveness in MEOR has been clearly demonstrated. Efforts were
also being made to enhance the yield of biosurfactants by isolating hyper secretary mutants and
recombinant strains and efficient recovery methods to compete with chemical surfactants. But
still combined efforts are needed among microbiologists, petroleum and reservoir engineers and
geologist to revolutionize the process of MEOR.
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CHAPTER 12

Molecular Engineering Aspects
for the Production of New
and Modified Biosurfactants

Alexander Koglin, Volker Doetsch and Frank Bernhard*

Abstract

iosurfactants are of considerable industrial value as their high tenside activity in
B combination with their biocompatibility makes them attractive for many applications.

In particular members of the lipopeptide family of biosurfactants contain significant
potentials for the pharmaceutical industry due to their intrinsic antibiotic characteristics. The
high frequency of lipopeptide (LP) production in common soil microorganisms in combina-
tion with the enormous structural diversity of the synthesized biosurfactants has created an
abundant natural pool of compounds with potentially interesting properties. Unfortunately, the
bioactivity of lipopetides against pathogenic microorganisms is often associated with problem-
atic side effects that restrict or even prevent medically relevant applications. The accumulated
knowledgc of lipopetide biosynthesis and their frequent structural variations caused by natural
genetic rearrangements has therefore motivated numerous approaches in order to manipulate
biosurfactant composition and production mechanisms. This chapter will give an overview on
current engineering strategies that aim to obtain lipopeptide biosurfactants with redesigned
structures and optimized properties.

Introduction

Biosurfactants comprise a heterogenous group of low molecular weight microbial amphiphilic
polymers that combine structural features of conventional surfactants with a variety of biological
activities. They are usually water-soluble with a relatively low critical micellar concentration in
the order of 10> M. Producers are a wide range of bacteria and lower fungi, while biosurfactants
from higher eukaryotes remain the exception. Microbial biosurfactants can roughly be grouped
into the classes of heteropolysaccharides, lipids and peptides as well as any mixtures thereof
like lipopeptides, glycolipids or protein-lipid-carbohydrate compounds. Their environmentally
friendly nature based on high biodegradability and biocompatibility, that is often associated
with less toxicity if compared with synthetic surfactants, becomes more and more appreciated in
particular as ecological concerns increasingly gain importance. The general capability to emulsify
hydrocarbons play important roles in soil remediation by solubilization of poorly soluble or-
ganic contaminants like oil spills or pesticides. Mixtures of biosurfactants with chelating agents,
organic solvents and others are used for the bioremediation of metal contaminated land sites.!
An interesting perspective is the microbial enhanced oil and bitumen recovery from natural
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deposits by lowering interfacial tension at the oil-rock interface. Biosurfactants are further used
in tank oil cleaning, as ingredients in laundry detergents and for reducing viscosity in heavy oils,
thus facilitating transportation and pipelining.

An application with promising perspectives for future developments is the biological control of
pathogens with biosurfactants and their use as antibiotics in therapeutic treatments of infections
as antibacterial, antifungal or antiviral drugs.>® Biosurfactants represent interesting alternatives
to chemical drugs and pesticides for combating human and crop diseases. Inmunomodulation,
antitumor effects and specific inhibition of enzymes are some already described bioactivities.
Precoating medical insertion materials like implants or catheters with biosurfactants can help to
prevent adhesion of microbes and biofilm formation.

Surface activity and bioactive performance are often not optimal for specific applications and
still contain a high potential for improvements. However, the scaffolds of biosurfactants are often
too complex to become efficiently amenable to chemical synthesis or modification, in particular
under economic aspects. The continuous demand to decrease production costs and to generate
compounds with improved properties for extended applications has therefore initiated biosurfac-
tant engineering projects based on a variety of biotechnological, molecular or genetic approaches.
Directed and combinatorial strategies have been attempted to generate arrays of modified products
in particular of lipopeptide derivatives. Optimized and even artificial biosurfactants could be syn-
thesized in future by rational design, while production cost could be minimized by increasing the
overall production yields, by improving the secretion of synthesized biosurfactants and by reducing
the biosynthetic heterogeneity for better streamlined purification processes. We will provide an
overview on progress that has been achieved in lipopeptide engineering. Based on recent insights
in the dynamics and new structural features of lipopeptide synthetases, we will further emphasis
on engineering strategies that might become considered in the near future.

Lipopetides as Targets for Engineering

Lipopeptides (LPs) are one major class of biosurfactants that was mostly in focus of recent
engineeringapproaches due to the particular interest in their high surface activities and antibiotic
potentials. Their immense natural diversity and versatility in functions provide a robust platform for
combinatorial rearrangement strategies. Basic prerequisite for the design of molecular engineering
approaches is the thorough understanding of the general biosynthetic machineries including the
posttranslational processing and transportation pathways of a selected biosurfactant. In addition,
detailed knowledge of its three-dimensional structure would be essential. The hydrophobic parts
of LPs are generally composed of long-chain fatty acids, hydroxyl fatty acids or a-alkyl-B-hydroxy
fatty acids while the hydrophilic moieties contain amino acids and derivatives thereof, in addition to
other compounds such as carboxylic acids or alcohols. Bacteria and filamentous fungi are the main
producers of LPs. Their relatively low complexity, the availability of complete genome sequences
in many cases and the possibility to cultivate the producers in large scales by routine fermenter
techniques and at reasonable costs considerably support molecular engineering approaches.

LPs are synthesized by large nonribosomal peptide synthetase (NRPS) systems via a thioem-
plate mechanism (Fig. 1). Bacterial NRPSs are usually composed of multiple subunits and
organized in operons. The biosynthetic pathway of LP production, in particular the synthesis of
the peptide moiety, is well-understood and a series of excellent reviews have been published.*”
An interesting feature of NRPS systems is their modular design where the individual modules
act as building blocks for the incorporation of the single amino acid components in the final
LP product (Fig. 1). These modules act as the minimal biosynthetic active units of NRPS
systems and they are constructed of three basic domains. The amino acid adenylation domain
(A-domain) recognizes and generates the activated amino acid substrates by ATP hydrolysis
and the N-terminal condensation domain (C-domain) catalyses the actual peptide bond for-
mation by a condensation reaction between two activated substrates. The thiolation domain
(T-domain) located C-terminally of the A-domain serves as shuttling unit which transfers the
activated substrates and the growing peptide chain tethered as thioesters to a covalently bound



Biosurfactants

160

"91INJ/W0D°30UBIISOIGSIPUR|" MMM JB d[qE|IBAR S| 93BLI SIY] JO UOISIDA
10]0D V "sutewop-] pajejAdesiw sajelauadal SWAZUS [|3] Y] "ParedIsn||l S S9|NpPoW [enpIAIpUl Y} Aq pasA|eIed unoeyns jo uteyd apidad Suimousd ay |
onpoud spndad [euly sy sasea|al ydIym ulewop [ [BUIWIS) Y} SUIBIUOD [[A S|NPOW S| "Ulewop (Uolezliawida) 3 ue uonIppe ul UIBIUOD |A PUe
|1l S9|npow 3y IN0JOd Aq pajedipul ale surewop-y ayl jo mw:_u_tuwo_m dJelisgns Jualayjig "(uonejolyy) | pue (uonejAuape) y ‘(uonesuapUOD) D) surew
-0p 3y} JO SISISUOD S|NPOW YoeT "Pajedipul aJe syungns 11 ayl JO [JA-| SS|NPOW Y| ‘|| 95eI9)$201Y} dY3 10} Suipodusd 4IS uidjoid Alossadde ay) pue
D-VHS PUB g-VHS “V-VHIS SHUNgns 9a1y3 oyl uistidwod walsAs 95e1ayluAS UlldeLINS ay) JO MIIA DITRWYDS "SWISAS SJYN JO USISap Jejnpoiy | 2indi4




Molecular Engineering Aspects for the Production of New and Modified Biosurfactants 161

4'-phosphopantetheine (4'-PP) cofactor from the upstream catalytic domains to the downstream
C-domains. These core catalytic domains of a minimal NRPS module are arranged in the se-
quence of C-A-T giving a total molecular weight of approx. 120 kDa. A full length assembly
line containing several modules can therefore easily reach the mega-Dalton range. Individual
modules can furthermore be supplemented with additional domains catalyzing the specific
modification of activated amino acids linked to the T-domains. Epimerization from the L- to the
D-configuration as well as N-methylation can be catalyzed by such integrated enzymatic domains
and these modifications are often important for the bioactivity of the corresponding LPs.

Native NRPS systems are continuously subject of vigorous natural rearrangements. Deletions,
insertions and replacements of complete catalytic units as well as the combination of different en-
zyme systems in covalently linked assembly lines are frequently observed and characteristic features.®
A remarkable heterogeneity in LP structure and production has therefore already been evolved by
nature. Rearrangements of NRPS systems and structural redesigns appear therefore to be natural
mechanisms in order to constantly expand the diversity of microbial produced LPs. These features
implicate molecular engineering approaches for the directed reprogramming of NRPS systems
resulting in the rational design and tuning of LP structures in order to generate new therapeutics
or to obtain better suitable bioactivities. The individual modules, enzymatic domains and subunits
of NRPS systems can be considered as a pool of relatively independent building blocks that could
be specifically arranged for the production of desired compounds. Sequence alignments of NRPS
modules clearly identified highly conserved sequence motifs of the distinct enzymatic domains
and less conserved linker regions where natural rearrangements preferentially occur.” The already
existing and rapidly increasing collection of natural NRPS sequences provides therefore a sound
basis for the design of engineering strategies.

Common Strategies for the Engineering of Biosurfactants

The individual choice of an engineering strategy depends on the anticipated goals of the
project and on the desired requirements of the final product. General motivations and aspects
for engineering projects can be (I) the modulation of the bioactivity of LPs according to specific
requirements, (II) the elimination of residues causing nondesired side effects in particular in
medical applications, (III) the general optimization of emulsifying, solubilization and foaming
properties, (IV) the modification of the chemical stability in order to accelerate decomposition
after environmental applications and to improve the biocompatibility of the compound, (V) a
restricted variability in the pathways for the LP biosynthesis in order to enhance the productivity
of compounds of primary interest, (VI) reducing the production costs by increasing production
yields, product recovery and by streamlining expression processes that facilitate less complex
purification protocols and (VII) improving the fitness of surfactant producers in order to make
them competitive against indigenous microorganisms. Microbial organisms often produce a set
of related LPs and the composition of their production profile can be influenced by abiotic and
nutritional culture conditions. Biosurfactant production can thus already be modulated by the
fermentation conditions and by feeding of specific precursors.!*!!

General molecular engineering strategies for the production of newly designed LPs are il-
lustrated in Figure 2 as exemplified with the surfactin biosynthetic operon comprising seven
modules organized in the three subunits SrfA-A, SrfA-B and StfA-C. Structural targets for LP
engineering can be type and sequence of amino acid residues in the peptide backbone as well
as the nature, length and branching of the fatty acid chain moiety. Engincering approaches
can in principle target on: (1) Deletion of modifying domains such as epimerization domains.
This could result in the incorporation of L-amino acids into the LP product instead of the
D-derivatives. (2) Complete modules could be deleted from the NRPS system resulting in the
production of shorter LPs. (3) Terminal communication domains required for the recognition
and specific interaction of subunits could be exchanged resulting in altered sequences of LP
synthesis. (4) Exchange of A-domains or (5) of complete modules responsible for the selection
of substrates could result into incorporation of new compounds. (6) The exchange of NRPS
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Figure 2. Engineering strategies for the modification of lipopeptides. The different approaches
are exemplified with the surfactin synthetase cluster comprising the three subunits SrfA-A,
SrfA-B and SrfA-C and the associated SrfD protein. Structures of the NRPS system before
and after engineering are illustrated. 1) Deletion of modifying E-domains; 2) Excision of com-
plete modules; 3) Manipulation of terminal COM-domains for the interaction of subunits; 4)
Swapping of A-domains; 5) Swapping of complete modules; 6) Exchange of complete subunits;
7) Insertion of complete modules; 8) Site directed mutagenesis in order to modify substrate
specificities. The individual domains of the modules are indicated. C: Condensation domain;
A: Adenylation domain; T: Thiolation domains; E: Epimerization domain; TEI: Thioesterase |;
TEII: Thioesterase Il. Colours of the A-domains indicate different substrate specificities. A color
version of this image is available at www.landesbioscience.com/curie.

subunits with e.g., corresponding subunits of related systems could alter the composition of
parts of the LP product. (7) The insertion of new modules could result in the production of
extended LPs. (8) Specific directed mutagenesis could be used to modify the enzymatic activity
of distinct domains such as the substrate specificity of A-domains or of the terminal thioesterase
I (TEI)-domain responsible for cyclization and release of the LP. However, it should be con-
sidered that all these approaches affect the structure of the NRPS and the impacts on folding
pathways and protein interactions as well as on kinetics and coordination of enzymatic reactions
can not be predicted.

Additional options for the structural tailoring of biosurfactants are to manipulate precursor
pathways or modifying enzymes that act posttranslationally on the synthesized compounds, e.g.,
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by attachment of specific residues. The LP syringomycin for example is chlorinated on a threonine
residue and hydroxylated on an aspartic acid residue after peptide biosynthesis.'* An outstanding
feature of NRPS systems is the incorporation of unusual compounds. These can be primary me-
tabolites like ornithine or substances having their own biosynthetic pathways. Feeding modified
precursors or manipulation of specific precursor pathways can thus result in new products.” The
N-terminal fatty acid moiety determines to a large extent the biological properties of LPs. Mutation
of external enzymes involved in selection and activation of the fatty acid can result in the forma-
tion of LPs with modified fatty acid chains.!* Increases in yield of natural LPs can be obtained by
general engineering approaches of the producer strains. Modifying the regulatory regions involved
in biosurfactant expression by up-mutations may be considered. Straight forward would be to
replace weak endogenous promoters with strong promoters that can even be better controlled by
stable inducers. Specific producer strains like spore-forming microbes could be selected as ideal
candidates to become developed as biopesticides for the direct application to contaminated land
sites. The high resistance against dryness of Bacillus spores would be in particular beneficial for
formulations into stable products.

Complex combinatorial platforms that comprise a set of different approaches like enzymatic
module swapping, complete protein subunit exchanges, modification of accessory tailoring en-
zymes, or manipulation of precursor structures are often employed.*!> The common strategy for
molecular engineering approaches is to modify the desired parts of the cloned biosynthetic path-
ways by standard techniques in E. co/i, to transfer the modified genetic elements into the producer
strain and to obtain stably engineered producer strains by recombination. Alternatively, modified
partial or even complete biosurfactant assembly lines could be transferred and expressed in trans
from suitable vectors into corresponding deletion mutants. This strategy is independent from
recombination events that are often difficult to select. Essential prerequisites are that the producer
organisms are susceptible for basic genetic manipulations and that corresponding vectors, efficient
gene transfer and selection techniques as well as cultivation protocols have already been developed.
While this might be the case for many bacterial producers, it still represents a major bottleneck
for the engineering of filamentous fungi and higher eukaryotic organisms.

Surfactin and Daptomycin as Case Studies for Applied
Lipopetide Engineering

One of the most potent biosurfactants is the heptalipopeptide surfactin produced by Bacillus
subtilis. Concentrations as low as 0.005% already reduce the surface tension below 30 mN/m.
Surfactin consists of a loop of seven amino acids in the chiral sequence LLDLLDL that is modi-
fied by attachment of a B-hydroxy fatty acid containing 12-15 carbons (Fig. 3A).1¢ It folds into a
B-sheet structure with a horse-saddle conformation. The acyl chain enables the rapid penetration
of cellular membranes and confers surfactin a broad antibacterial and antiviral activity. As the
membrane disintegration property is nonspecific, it will be associated with cytotoxic and haemo-
lytic side-effects upon clinical applications. Nevertheless, potential applications already exist in
the curing of mycoplasma infected cell cultures as at lower biosurfactant concentrations, the more
sensitive mycoplasma membranes are preferentially penetrated. Its property as biotensid makes
surfactin furthermore effective in remediation of oil or heavy metal contaminated soils or water.
The solubility and surface-active properties of surfactin depend on the nature and orientation of
the individual residues. The presence of two negatively charged amino acid residues in surfactin,
aspartate and glutamate, facilitate the binding of heavy metals."”

The three surfactin synthetase subunits StffA-A, SrfA-B and StfA-C (Fig. 1) provide seven mod-
ules for the incorporation of the seven amino acid residues of the surfactin peptide moiety. Surfactin
synthesis starts with the loading of an activated -hydroxyl fatty acid to the C-domain of module
1 of StfA-A, probably with help of the associated protein Stf TEII representing a thioesterase
Type II enzyme also responsible for the editing and recycling of mis-acylated T-domains.'®"” A
Type I thioesterase integrated at the C-terminus of StfA-C catalyzes the lactone bond formation
between the carboxyl group of the final amino acid residue (L-Leu) and the -hydroxyl group of
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Figure 3. Structures of lipopeptides. A) Surfactin. B) Daptomycin. Residues incorporated by
the individual subunits of the NRPS systems are separated by lines.

the fatty acid to form mature surfactin. Beside the generalized organization of a standard module
for NRPSs, the surfactin synthetase is carrying additional catalytic functions. Two epimerization
domains are located at the C-terminal ends of the StfA-A and SrfA-B subunits adjacent to the
C-domains of module 3 and module 6. The epimerization domains are responsible for balancing
the population of the D- and L-stereoisomer of cognate amino acids at the a-position to a 50/50
ratio. The epimerization reaction is carried out after condensation of the activated amino acid
residue to the growing peptide chain. Only the D-stereoisomer is recognized by the subsequent
biosynthetic system and incorporated during the biosynthesis of surfactin. The mechanism of dis-
crimination between L-Leu and D-Leu by the subsequent domains in the case of surfactin has not
been analysed yet. The in trans acting enzyme phosphopantetheine transferase Sfp is responsible
for the modification of the T-domains with the 4'-PP cofactor.
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The peptide moiety of surfactin follows the classical NRPS paradigm and engineering ap-
proaches resemble therefore those generally designed for NRPSs and also polyketide synthases, that
show a strikingly similar architecture.” Signature sequences determining the pockets for substrate
specificity within A-domains have been postulated and indicate amino acid positions interesting for
directed mutagenesis approaches.” In fact, corresponding point mutations introduced in related
NRPS systems successfully altered substrate specificities.”! Shortened surfactin derivatives have
been constructed by translocation of the terminal TEI enzyme catalysing peptide release from the
seventh module to the fourth or fifth, respectively.”” Rearranged or chimeric surfactin synthetases
as well as enlargements or reductions of the peptide backbone were generated by fusion, swapping,
deletion or insertion approaches. The terminal leucine activating module of StfAC was modified by
exchanging the A-T domains against several corresponding regions from the gramicidin S and the
d-(a-aminoadipoyl)-cysteinyl-D-valine synthetase systems.”® Accordingly, A-T domains from the
second and fifth module were exchanged.” In some cases, the resulting surfactin derivatives were
produced, although always at significant lower levels. However, the incorporation of ornithine
specific A-T domains in the second module of SrfA-A obviously resulted in global conforma-
tional alterations of the surfactin structure, presumably resulting in premature cyclization or in
the formation of branched derivatives. It has become evident that the choice of fusion points is
extremely critical for the resulting hybrid enzyme. As the precise boundaries between individual
domains or modules are difficult to determine, highly conserved signature motifs within the C-,
A-, or T-domains could serve as general and easy to identify fixed fusion points. A systematic
evaluation of the suitability of such motifs for the recombination of surfactin synthetase domains
revealed few conserved sequence motifs in a hinge region of A-domains and at the N-terminus
of C-domains as potentially effective boundaries for the construction of hybrid enzymes.”*¢ In
contrast, fusions at arbitrary sequences or at other conserved motifs resulted in partially or com-
pletely inactive hybrid enzymes.

Daptomycin is a member of the A21978C family of acidic lipodepsipeptides produced
by S. roseosporus (Fig. 3B) and the complete NRPS cluster is encoded by the three subunits
DptA, DptBC and DptD."* Daptomycin is the active compound of the antibiotic Cubicin
and marketed in the United States for the treatment of skin infections caused by Gram-positive
pathogens. Its 13 amino acid core is cyclized by an intramolecular ester bond at position Thr4
to form a 10-residue ring in addition to a 3-residue side chain (Fig. 3B). Two nonproteino-
genic amino acids, ornithine and kynurenine, are found in position 6 and 13, respectively.
Several strategies have been applied to generate modified daptomycin derivatives with altered
properties.”®* (I) Hybrid NRPS systems were created by exchanging the gene encoding for
the terminal third subunit DptD with the terminal subunits of two related NRPS cluster from
Streptomyces sp.*® Favourable for the successful exchange was the very similar preference of
the first modules in the two replacement subunits as well as in DptD for 3-methyl-Glu. These
mixed NRPS systems resulted in the replacement of the terminal nonproteinogenic amino acid
kynurenine usually incorporated by DptD with Trp and Ile/Val now incorporated by the second
modules of the replacement subunits. (II) The modification of individual residues could be
altered by elimination of the modifying enzymes. The deletion of the Glul2-methyltransferase
gene resulted in L-Glul2-daptomycin. (IIT) Module exchanges at intradomain linkers of Ala8
resulted in D-Ser8, D-Asn8 or D-Lys8 and at Serl1 in D-Ala or D-Asn. Most of the derivatives
retained in vitro antibacterial activities similar to that of daptomycin and some showed even an
improved activity pattern. These combined engineering strategies generated libraries of novel
daptomycin lipopeptides which were produced in substantial amounts of up to 250 mgs per
litre of fermentation.**?*

Problems and Considerations for Biosurfactant Engineering

A basic intrinsic problem for many engineering approaches that focus on the construction of
hybrid enzymes is the fact that the enzymatic units of NRPS systems are not completely autonomic.
Substrates and intermediate products have to be passed to and accepted by adjacent domains. The



166 Biosurfactants

efficient production of new or altered peptides needs to rely on close cooperation and interac-
tion between modified and original parts of the NRPS system. Spatial domain arrangements and
the formation of protein interfaces must not be disturbed. Often unclear remains what confines
enzymatic units like modules or domains and how can the exact borders be identified. Origin
and location of donor domains selected for swapping experiments might impact their function.
A key question addresses the specificity of the enzymatic reactions. Besides selection of the amino
acid constituents by the A-domains, potential specificities of peptide bond formation, amino acid
modification, peptide transfer or peptide cleavage have to be considered. The acceptance of the
newly designed LP by the recombined assembly line might be restricted. Modifying domains
might prefer distinct characteristics of amino acids. The recently reported relatively low substrate
specificity of some epimerization domains adds a promising perspective to that question.’!

A rather nonspecific target selection could be described for the NRPS associated enzyme
Stf TEIL" This crucial repair enzyme regenerates functional 4'-PP cofactors of holo-T-domains.
The thiol function of the 4'-PP cofactor is essential for its function to transfer tethered substrates
covalently bound as thioesters from one catalytic active domain to the next. Mispriming of 4'-PP
cofactors by acetyl- and short-chain acyl- residues interrupts the biosynthetic system. Due to the
large variety of acyl modifications and due to the fact that the Stf TEII has to be able to interact
with all seven 4'-PP cofactor-modified T-domains of the entire surfactin assembly line, the Stf TEIT
has to be—in contrast to TEI at the end of the last module—rather nonspecific. The structures of
the Stf TEII and its active complex in comparison with TEI enzymes show how modulation of the
conserved thioesterase fold is used to change the function of the enzyme from one that recognizes
relatively specifically the final product of an assembly line to one with a shallow but easily accessible
active site that provides a rather unspecific but indispensable repair function.'®*

Any change in biosurfactant structure might cause significant problems for the physiology of
producer strains. Although much knowledge has accumulated on the biosynthesis of LPs, only few
is known on their secretion mechanisms and metabolic routes inside the cell. Compounds with
altered bioactivities could become toxic to the producer or they might have negative side effects to
other cellular processes. Export systems might not efficiently recognize modified LP structures or
they could become overloaded by increased biosurfactant synthesis resulting in intracellular product
accumulation. Manipulation of precursor or posttranslational modification pathways could affect
also other biosynthetic systems with consequences that are difficult to predict. Co-engineering
of associated pathways and enzymes might therefore be necessary in order to establish stable and
efficient producer cell lines for modified or newly designed biosurfactants.

Future Aspects for Lipopeptide Engineering as Revealed by Recent

Structural Details

During the last couple of years several structures of isolated domains®~" proteins,'®* functional
complexes'®***% and just recently, the first crystal structure of a full length module of NRPS
systems*' and structures of related full length fatty acid synthase clusters* have been reported.
Interestingly, most of the reported structures demonstrate a particular structural flexibility or
restricted dynamics. Well-defined interaction surfaces or at least specific residues are elucidated
to be involved in the recognition between proteins or domains. Unfortunately, this inherent
interdomain mobility is hampering crystallization or the crystallized molecules may even not
represent the active domain orientation.

So called communication (COM) domains have been identified in NRPS assembly lines and
they are described as less ordered pairs of helices responsible for the communication in stable
interactions between NRPS subunits. COM domains are sequentially isolated, almost completely
unravelled peptide sequences of 15-20 amino acid residues in length located on correspondingsites
of the full length subunits.*“* The analysis of the NRPS system for the biosynthesis of tyrocidine
revealed that COM-domains direct the docking of the individual subunits and thus ensure the
correct assembly of the biosynthetic NRPS cluster.#¢ This observation is interesting in order to
understand how multi-subunit enzyme clusters can interact in general and how assembly lines of

33-37
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secondary metabolites can be structurally organizcd. The interaction between the two not native[y
interacting subunits TycA and TycC of the tyrocidin biosynthetic cluster could be enforced by
interchanging the corresponding COM sequences. A similar result was found for the surfactin
synthetase.? Furthermore, subunits of two complete different NRPS assembly lines could be mixed
by using matching pairs of COM domains.>*%

The importance of protein-protein interactions and of an efficient communication within
engineered NRPSs is increasingly recognized. Specific protein contacts modulate the necessary
temporary association of functional enzymatic units as well as the communication between
domains and modules that directs the timing and dynamics of LP product formation. The often
observed low biochemical activity of the newly designed nonnative assembly lines might therefore
indicate that probably still unknown processes involved in the three-dimensional assembly and
structural orientation of NRPS systems are not fully restored. When larger units of NRPSs have
to be rearranged by domain or module swapping or by the construction of hybrid systems, lack
of an efficient communication of the newly inserted enzymatic unit with the rest of the assembly
line could constitute a major bottleneck for the efficient production of modified LPs. Interfaces
for the recognition and interaction of domains, modules, subunits and accessory modifying
enzymes have to be conserved or restored upon molecular engineering approaches.

Changes in enzyme activity or different interaction events of a protein often require a switch
in structural components. Natural product assembly lines like NRPS systems must be dynamic
entities in order to ensure progress of the biosynthetic process. Particularly two conceptual models
are mainly discussed in order to describe those conformational changes, the induced fit mechanism
where the binding of effectors induce a modification of the protein structure and the shift of a
pre-existing equilibrium of different protein conformers.**#” A native protein can therefore exist
as an ensemble of potentially partial overlapping conformational sub-states that could differ at
ligand binding sites or interaction surfaces. Binding partners can specifically select their cognate
conformation thus biasing the preformed equilibrium towards the binding state. A slow con-
formational exchange of domains in NPRS systems is observed in several clusters including the
surfactin synthetase.'*** The observed exchanges are usually in a time range of 100 s~ and slower
and they can be described as distinct movements of either Single sccondary structural elements
or of even entire domains by high-resolution NMR spectroscopy. Structural mobility was so far
described for T-domains as well as for associated thioesterase enzymes responsible for maintain-
ing full activity of NRPS systems and for releasing the final product.'***% This conformational
exchange is discussed as an important driving force for the selective interaction with other cognate
domains of the NRPS system. The dynamics of the central T-domains could act as pacemaker that
directs the kinetics of peptide synthesis. The underlying structural mechanisms that control this
conformational exchange are just about to emerge. It is furthermore not known how general the
observed dynamics of T-domains are and whether different time ranges are involved in order to
modulate the kinetics of the biosynthesis process of the entire assembly line. At the moment, it
is also not clear how specific those interactions are and how stringent protein-protein recogni-
tion process within NRPS systems will be controlled. However, these mechanisms will certainly
become important for engineering approaches that result in larger impacts of the NRPS structure
like manipulations of entire domains, modules or subunits.

Conclusion

Experimental tools as well as large pools of sequenced NRPS systems are available providinga
basic platform for engineering strategies. The first successful reports on the engineering and high
level production of LPs are encouraging that the routine de novo design of compounds might
become feasible in future. The current amount of information from intramodule and intersubunit
protein-protein interactions and substrate recognition is still too limited to draw general conclu-
sions for the more efficient engineering of LPs. However, the presently available data already
demonstrate how the internal dynamic of a protein structure can contribute to the specificity of
protein-protein interactions as well as to the mechanisms of substrate recognition. They further
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suggest that the timing of structural exchange processes could also contribute to the interaction
between domains or isolated proteins. Future structures of full length modules or even subunits
will allow gaining more detailed insight in the NRPS architecture while dynamic movements and
structural exchanges are difficult to assess. More details on the specificity of the protein-protein
interaction and substrate recognitions are needed, even on isolated domains, to gain insights into
these processes and to allow a specific and efficient modification of isolated domains and even
full length assembly lines.
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CHAPTER 13

Rhamnolipid Surfactants:
Alternative Substrates, New Strategies

Maria Benincasa, AnaM* Marqués, Aurora Pinazo and Angels Manresa*

Abstract

This chapter concentrates on the various possibilities of using alternative substrates and
new strategies. Such strategies include an integrated production system to reduce the envi-
ronmental impact and an attempt to minimize residues, which reinforces socio-economic and
region-structural development. Additionally, we offer an overview of the physicochemical
and biological properties of rhamnolipid surfactants associated with the applications of these
molecules in different circumstances.

Introduction

For many years efforts have been made to find alternative surfactants to those that are tradition-
ally synthesized and as a result biosurfactants have emerged as an increasingly popular competitor.
The growth of these biosurfactants has become even more achievable given the current trends
towards eco-efficiency. The likelihood that products derived from renewable resources will be
successful increases if they can be shown to have a quality and price comparable to that of their
synthetic counterparts.' There are several features that make biosurfactants commercially promis-
ing: their effectiveness at high salinity and within a wide pH range and the fact that they offer new
possibilities for industrial applications. Their most important advantage is probably their ecological
applicability, they are biodegradable and they are produced by a variety of microorganisms that
occur naturally in soils.

As Van Hamme* pointed out, a wide variety of microorganisms that occur naturally in soils
produce biosurfactants. In terms of the problems associated with interphase contact, there are
many different types of low molecular weight surfactants®® that offer solutions. These include
glycolipids, lipopeptides, flavolipids, proteins, sulphonolipids, hetero-glycolipids lipo-polysac-
charides, fatty acids, conronmycolyc acids, phospholipids and high molecular weight products,
such as liposan or emulsan. To date, several glycolipid surfactants have been characterized.
The hydrophobic moiety is a hydroxyl or a-alkyl-B-hydroxyl-fatty acid of different carbon
chain length, the hydrophilic moiety includes: sophorose in the sophorolipids of Zorulopsis,
celobiose in the surfactants produced by Ustilago maydis* and mannosylerithryrol which is the
polar head of the biosurfactants accumulated by different strains of Candida antarctica® Within
the prokaryote microorganisms few genera produce surface active glycolipids, such as those
produced by Rhodococcus,"'" or the well-known rhamnolipids produced by Psexdomonas>*
This chapter thus attempts to address various possible scenarios of using alternative substrates
and novel production strategies to minimize wastes and residues.

*Corresponding Author: Angels Manresa—Laboratori de Microbiologia, Facultat de Farmacia,
Universitat de Barcelona, Joan XXIII s/n 08028 Barcelona, Spain. Email: amanresa@ub.edu

Biosurfactants, edited by Ramkrishna Sen. ©2010 Landes Bioscience
and Springer Science+Business Media.
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Substrates

Despite the advantages and potential applicability of these biological compounds, their
success depends upon economic processes and the use of low-cost raw material. Such material
accounts for 10-30% of the final product.”® Therefore, the use of inexpensive substrates like
agro-industrial by-products or waste may represent an interesting and achievable strategy.
However, much effort is still needed to achieve the level of competitiveness of their chemical
counterparts. The selection of waste substrates involves the complicated search for a waste or
by-product with the right nutrient balance to support optimal growth and production. The
nature and composition of such complex substrates should be evaluated for each microorgan-
ism. It is difficult to create guidelines for optimal biosurfactant production due to the large
metabolic diversity of surfactant-producing microorganisms.

In 1988, with the aim of exploiting lactic-whey from local industry, Kock et al'* used the
genetically engineered lactose-using Pseudomonas aeruginosa strain to produce rhamnolipids.
Despite the efforts to produce rhamnolipids from lactose-whey, or corn step liquor from the
cane-sugar industry, production was very low."*'> A variety of cheap raw materials have recently
been shown to support rhamnolipid production. For example, glycerol, a sub-product form the
oil and fat industry, has been suggested as a substrate that could produce approximately 3-4 g/L
of rhamnolipids (calculated in terms of rhamnose).!® Another example is the use of soy molasses
to produce sophoroselipids from Candida bombicola."” However, water-soluble substrates have
alow production yield.

Various attempts have been made to exploit agroindustrial residues: Mercadé et al'® reported
that Pseudomonas aeruginosa 47T2 could grow and produce rhamnolipids when cultivated
with olive oil mill efluent (OOME). The black water from olive oil production is acidic
(pH 3-4.5) and is a major pollutant (TOC:80.000 mg/L) in the agro-industrial industry in
Mediterranean countries. This substrate is rich in carbohydrates (2-8% w/w) and is made up
of 1% w/w fatty acids (mainly oleic acid), other organic acids, minerals and vitamins. The
yield was 14 g of rhamnolipid per kg of OOME. Waste frying oil (WFO) has great potential
for microbial growth and transformation: of the thirty-six strains screened, nine Pseudomonas
strains showed satisfactory growth and surface activity properties. This decreased the surface
tension of the medium to 34-36 mN. Other genera such as Rbodoccocus and Candida also
produced glycolipids from waste frying oil."” Recently, Ali Raza et al***! reported a feed batch
process with waste soybean frying oil for rhamnolipid production (9.3 g rhamolipid/L) with
a production yield of 2.7 g/L.

The application of LC-MS has shown that the composition of rhamnolipids depends upon
the nature of the substrate. The surfactant produced is a mixture of rhamnolipid homologues
of mono-rhamnosidyl (R,), or di-thamnosidyl (R,) residues, with a variety of alkyl-chains,
which depend on the composition of the substrate supply in the culture (Table 1). Nevertheless,
the main homologues produced (regardless of the substrate or strain) are L-rhamnosyl-
B-hydroxydecanoyl-B-hydroxydecanoate (R,C,,C,y) and L-rhamnosyl L-rhamnosyl-B-
hydroxydecanoyl-B-hydroxydecanoate (R,C,,C,). 2%

Abalos et al (2001)* identified a mixture of up to seven rhamnolipid homologues, using
the strain P aeruginosa AT10 when cultivated on soybean oil refinery wastes. Optimization
of the culture medium, applying the full factorial central composite rotational design and the
response surface methodology, increased production from 3.6 to 16.5 g/L of rthamnolipids.”
The LC-MS analysis of the product showed that the different homologues containing either
one or two rhamnose residues and varying contents of saturated or unsaturated alkyl-chains
chains appeared during the incubation time (Fig. 1), R,C;,C,, being the major component
(85%).” When sunflower-soapstock (vegetable oil refinery waste) was used as the substrate, P
aeruginosa LB, gave a mixture of six rhamnolipid homologues (Table 2). In that study, most
of the rhamnolipid was produced by the time cell growth had ceased. Product yield increased
from 5.33 to 12.5 g/L after 48 hours of incubation. The final production was 15.6 g/L, with
63.4% of substrate conversion.”
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Table 1. Chemical composition of the rhamnolipids produced by P. aeruginosa from
different substrates

Sunflower Soapstock and
RLs Mw [M-H 1~ RGLA Soy** WFO¥ Soapstock* VINHACA™
R,C14Cio 650 649 31.9 35.20 28.9 22
RiC:0Cio 504 503 25.2 23.29 23.4 54,4
RiCi0Cio 504 503 25.2 23.29 23.4 -
RiCioCiza 530 529 7.1 10.21 7.9 -
R,C10Ch24 676 675 6.7 6.59 23.0 39
R,C10Cqo 650 649 319 35.20 289 -
R,Ci0Ciaa 676 675 6.7 6.59 23.0 -
R,CoCha 678 677 12.9 12.05 11.3 -
RiCioCiz 532 531 2.8 10.19 5.5 3,9
RiC;0Cs 476 475 - 1.26 - -
R,C0Cs 622 621 - 1.18 -
R, Ci,Ciyy 706 705 0,6
R,Ciz 358 357 6.4 - - -
R,Cs., 302 301 6.8 - - -
R,CsCoy 652 651 - - - 9,3

*From references, **unpublished information.
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Figure 1. Time course of rhamnolipid homologues accumulation in a submerged culture of P.
aeruginosa AT10 incubated in aerated mineral medium with free fatty acids from soybean at
30°C. Rha-C8:2 (e); R1-C10-C12:1(#);R2-C10-C12:1 (¢0); R1-C10-C10 (m); R2-C10-C10 (0);
R1-C12:2 (x); R1-C10-C12 (V); R2-C10-C12 (A). From reference 25.
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Table 2. Surface properties of R,C,,C;, and rhamnolipid mixtures (M;, M;) in water

at 20°C
Compound CMC (x10* mg/L) Yeme (MN/m) P 2 I, (x10” mg/cm?)
R,C,0Cy 1.1 28.8 0.93 1.04
M, 2.3 27.3 0.09 1.16
M, 1.5 26.8 0.42 1.23

From reference 22.

Integrated Systems

There are various approaches to reducing the cost of a biotechnological process: one approach
is to obtain several products in the same process. However, this often affects the productivity of
the accumulated products. Examples of such a process include the simultaneous accumulation
of polyhydroxyalkanoates and rhamnolipids® or thamnolipids and lipases.'**' Other integrated
processes follow different strategies. Early in the 1980s Kosaric planned an integrated process
involving a municipal water treatment plant. In this strategy several goals were achieved: the
anaerobic process produced methane, which could be used as biogas and CO,, which was used as
a substrate for microbial-lipid accumulation and autotroph microorganisms. The second step was
the conversion of this lipid into biosurfactants.*

The sunflower-oil refining process gives two main waste products: a greasy alkaline (pH
10-12) substance, called soapstock and acidic water (pH 2.6). Previous studies*® demonstrated
that soapstock was an efficient substrate for thamnolipid production by Psexdomonas aeruginosa
LBI. However, besides water for dilution, large quantities of acid had to be added to achieve the
physiological pH needed for growth (pH 6.8). Thus, Benincasa and Accorsini® proposed the use
of soapstock and wastewater from sunflower oil processing as an integrated system for rhamnolipid
production. This new culture medium only required the addition of acidic wastewater and varying
amounts of NaNOj as a nitrogen source. When C/N was 8/1, cell growth lasted 48 hours, during
which time rhamnolipid accumulated to 7.3 g/L. Although most of the rhamnolipids reported
are R,C,,C,p and R,C, the final rhamnolipid composition depends not only on the production
strain, but also on the nature of the carbon substrate.

Another integrated system designed for thamnolipid production involves soapstock as the main
carbon source and vinasse, from sugar-cane ethanol production. The current need for an alternative
energy source to reduce the petroleum dependence of transportation systems led to the adaptation
of the sugar-cane industry for ethanol production. In the ethanol process, 10 L of vinasse (distillation
process wastewater) is produced for every litre of product. This large volume of wastewater repre-
sents a significant environmental problem for the ethanol industry. As stated above, soapstock is an
important substrate in thamnolipid production. However, besides the water for dilution, it requires
large amounts of acid to achieve the optimum pH for microbial growth. Vinasse has a pH of around
3.5 and it contains nutrients such as phosphorus and potassium. The addition of NaNO; (4.6 g/L)
is essential since both residues are poor in nitrogen. Maximum biosurfactant concentration (6.5 g/L)
was achieved after 48 hours of cultivation. The volumetric production (Qy) was 0.15 g/L.h. However,
productivity was lower than that of other refinery wastes, such as carbon sources in a mineral medium
used by Pseudomonas sp.® It is important to highlight that this medium significantly reduced the
production costs and helped to minimize the environmental problem associated with wastewater
discharge, since the COD (Chemical oxygen demand) of the substrate had been reduced by 94%
at the end of the fermentation. In contrast to previous studies*? where rhamnolipid concentration
increased significantly during the stationary growth phase, the biosurfactant production in this inte-
grated system was growth associated. This behavior is related to the fact that vinasse is rich in readily
metabolisable carbon source, such as sugars (8 g/L), which led to an increase in production during the
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carly stages. Similar behavior was observed by Patel and Desai,* when they cultivated P aeruginosa
GS3 on sugar-cane molasses. Another factor that may contribute to this production pattern is the high
C/N ratio in the culture medium, which was 14.5/1. The integrated process of soapstock and vinasse
produced (Table 1) a mixture of six thamnolipid homologues (RL; sy9). The major proportion of the
mixture corresponded to  ,C,oCy (54.4%) and R,C,,C, (22%). These are the typical thamnolipids
usually found in mixtures produced by Psexdomonas sp.** Comparing the homologues obtained in
the integrated process using soapstock and oil refinery wastewater, five homologues were identical
(RyC10Ci0:R2C10C12RC14C 1R C14C 10, R C10C12.1,R C1oC 1), whereas homologues containing Cy
and C,,C,; (R,Cy: 2.6%; R,C,,,,Cy, and R,C,,C .2 0.60%) were obtained only when vinasse was
used as a substrate. The integrated process development for biosurfactant production might be an
interesting strategy, not only economically, but environmentally.

Physicochemical Properties

Rbamnolipid Solutions

Some basic physicochemical properties that characterise rhamnolipid solutions depend on the
hydrophile-lipophile balance in the compound molecule. Some of these properties are surface ten-
sion, critical micellar concentration (cmc) and interfacial tension. Properties like the formation
of emulsions and microemulsions, wetting solid surfaces, the effect of electrolytes on the surface
behaviour and rhamnolipid interactions with keratin can be described in terms of the basic proper-
ties. Other properties, such as the influence of pH on the aggregation and the formation of thin
liquid films, depend on the protonation degree of the carboxyl group in the polar head. In the
sections that follow, both categories of properties are reviewed.

Rhamnolipids produced from oily waste substrate by 2 aeruginosa result in a mixture of tham-
nolipid homologues. The properties of this mixture depend upon the amount of each homologue
present, which is determined by the specific bacterial strain applied, culture conditions and medium
composition. In general, rhamnolipids reduce the surface tension of water from 72.3 mN/m to
approximately 30 mN/m. The interfacial tension of water/oil systems is reduced from 43 mN/m
to less than 1 mN/m.*

Several authors have studied the physicochemical properties of rhamnolipid mixtures obtained
from different waste sources and bacterial strains. Abalos et al** used soybean waste as a carbon
source; one pure homologue (R,C,,C,o) and two different mixtures (Mg, M) were obtained after
purification. Surface tension as a function of increasing concentrations of R,C,,C 0,M4 and M; was
measured. For all the concentrations tested the surface tension decreased gradually with increas-
ing concentration of surfactant before reaching a constant value. The break point in the surface
tension was taken as the cme. The maximum adsorption Ty, at the interface was calculated using
the Gibbs adsorption isotherm. Values of cme, Y. and T, are given in Table 2.

The cmc of pure surfactant R,C,,C,, was 1.1 x 10> mg/L, which is consistent with other values
reported for pure thamnolipids.” The cmc for the Mg mixture was 2.3 x 10> mg/L, which is clearly
different from that of the pure compound. The rational for this value is as follows: firstly, the high
hydrophilic character of the molecules in the mixture directly affects micellisation, resulting in
higher cmc values. Secondly, assuming that the unsaturated rhamnolipid molecules in Mg are
involved in micellisation, the presence of insaturations affects the conformation of the molecules
in the micelles. This therefore alters both the aggregation number and the cmc values. To measure
the rhamnolipids efficiently, Abalos et al** calculated the pC,, as defined by Rosen.* The resulting
values are given in Table 2 and indicate that the most efficient compound was  ,C,,C.

When waste frying oils were used as a carbon source, a mixture of eleven rhamnolipid homo-
logues with some unsaturated fatty acid were obtained.” Unsaturated C,,,, and C,4,, hydrophobic
chains were present in the mixture at up to 18.95%. Surface tension measurements yielded a cme
value of 108 mg/L and a y,;, of 32.8 mN/m. The cmc was larger than that of the mixture in which
all the hydrophobic chains were saturated.*®* This indicates a possible correlation between the
degree of unsaturation and the cme. The carbon source used by Benicasa et al?* was a soapstock.
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The resulting rhamnolipid mixture contained 31% of unsaturated fatty acids; it had a cme 0of 120
mg/L, asurface tension of 24 mN/m and an interfacial tension of 1.31 mN/m. Various waste frying
oils were recently evaluated as possible substrates for rhamnolipid production in the presence or
absence of a rhamnolipid precursor.?' The surface tension of the cell-free culture broth (CFCB)
was 29.1 mN/m and the interfacial tension against n-hexadecane was lower than 1 mN/m.

A mixture of rhamnolipid surfactants, obtained from corn oil rich in R,C;,C};, and R,C,,C .1
species,” had a cmce of 37 mg/L and a surface tension of 36 mN/m, compared to the species with
a high content of R,C,,C,, which had a cmc of 53 mg/L and a surface tension of 31 mN/m. The
authors suggested that the presence of longer fatty acid chains increased the hydrophobicity of
the molecules and so there was a tendency to aggregate as micelles at concentrations lower than
those at which species rich in C,, chains aggregate.

Emulsions and Microemulsions

Rhamnolipid surfactants emulsify hydrocarbons and, in general, stabilise emulsions. Haba
et al”’ tested the ability of rhamnolipids to emulsify oils used in a number of industries such as
the cosmetic, agrochemical, or bioremediation industries. Table 3 illustrates the stability of some
oil-in water emulsions where pure rhamnolipid compounds were added.

Linseed oil formed a strong, stable emulsion, whereas isopropyl palmitate formed a weak emul-
sion, which collapsed within a week. Unstable emulsions were formed with C,,-C 4 n-alkanes and
mineral oil, whereas stable emulsions were obtained with crude oil. No emulsion was formed when
either almond oil or toluene was added.

Similar emulsion tests were carried out with a mixture of thamnolipids produced from soap-
stock and vinasse (Table 4): all the oils tested formed emulsions. The most stable emulsions were
obtained using petroleum oil, isopropyl palmitate and almond oil. Emulsions formed with mineral
oil, toluene and linseed oil were moderately stable. In general, emulsions formed with rhamnolipid
mixtures formed easily and their stability was higher than those formed with pure rhamnolipids.
Xie et al* studied the influence of alcohols on the phase behaviour of microemulsions formed by
R, and R, rhamnolipid biosurfactants. Xie et al® concluded that increasing the chain length of
the linear alcohol reduced the range within which the two-phase microemulsions were formed.

Table 3. Stability of the o/w emulsions for rhamnolipids with some organic

compounds
Substrat RL:Substratet:H,O %E,, %E 5
Linseed oi 0.10:0.56:0.34 90 90
Almond oil 0.10:0.56:0.34 - -
i-Propilpalmitate 0.10:0.56:0.34 30
0.05:0.75:0.20 30 -
Crude oll 0.10:0.50:0.40 66.6 40
0.10:0.15:0.75 77.7 70
0.15:0.31:0.54 62.5 40
Kerosene 0.15:0.31:0.54 80 -
0.05:0.45:0.50 50 -
Toluene 0.15:0.31:0.54
n-Alkanes (Cy,.14) 0.15:0.31:0.54 60 -
Mineral oil 0.15:0.31:0.54 50 -

From reference 37.
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Table 4. Emulsification index (E24) shown by the rhamnolipid mixture against
hydrocarbon sources of rhamnolipids produced in the integrated system
sunflower soapstock-vinasse

Hydrocarbon Source E24 (%)
Petroleum crude oil 75 0.3
Benzene 60 +1.5
Kerosene 50 +0.2
Mineral oil 42 0.7
Toluene 3306
Isopropy! plamitate 73 0.3
Castor oil 67 0.2
Linseed oil 28 0.4
Almond oil 8304

Unpublished information

Moreover, when n-butanol was used, the phase existence range of single-phase microemulsion was
wider than the others. Thus, when rhamnolipids are used to form microemulsions, the results are
similar to, or even better than, those yielded by other surfactants.*

Wetting Properties

Surfactants in aqueous solutions tend to be adsorbed by solid surfaces, which alter the adhe-
sion tension of the surface. This behaviour may cause partial or complete wetting of the surface
by the aqueous surfactant solution. This is the basis of many industrial and biological processes.
Rhamnolipid surfactants have been used for this purpose. Ishigami et al* carried out one of the
carliest studies in this area. They modified polymer surfaces with sodium salt and methyl ester of
rhamnolipid B. Surfaces treated with methyl ester showed a larger wetting action than the surfaces
treated with sodium salt. More recently, the wetting properties of thamnolipids R; and R, and their
mixtures were studied by advancing the contact angles of sessile drops. For a comparison of wetting
performance, sodium dodecyl sulphate (SDS) was chosen as the commercial reference.> A hydro-
philic glass surface, a hydrophobic polymer, polyethylene terephthalate (PET) and a gold surface
were used as solid surfaces. At low surfactant concentration similar contact angles were obtained
with rhamnolipids and SDS for the three surfaces tested, but the wetting ability of rhamnolipids
increased with concentration. SDS and rhamnolipids gave similar rhamnolipid concentrations,
which were one order of magnitude lower than those of SDS. Surface tension data were also included
in the studies and were related to the contact angles by adhesion tension calculations. Compared to
SDS, the rhamnolipid solutions rendered lower adhesion tension profiles for all surfaces.

Effect of Electrolytes

The addition of an electrolyte to a surfactant solution causes a decrease in the repulsive forces
between similar charges.* Thus, for ionic surfactants in general, the surface activity increases with
added electrolyte and both micelle formation and micellar growth are enhanced.

The effect of NaCl on the surface and bulk properties of rhamnolipid structures was investigated
by Helvaci and Ozdemir.* The presence of NaCl in the bulk phase was reported to shield the
carboxylate groups of the thamnolipid molecules, causing them to behave like non-ionic surface
active agents. For the more hydrophobic R; molecules the effect of reduced repulsive interactions
in terms of the compaction of the monolayer was strong: the surface tension and the cmc values
were reduced and the surface concentration and coefhicient elasticity were increased.
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Figure 2. pH-Sensitive conversion of molecular aggregates of rhamnolipids. From reference
48, with permission.

Effect of pH on Aggregation Morphology

Rhamnolipid B andits precursor thamnolipd A, under weakly acidic conditions within a
narrow pH range of about 5-7, reversibly altered the morphologies of their molecular aggregates
from vesicles to lamella, then to lipid particles and finally to micelles” (Fig. 2). Moreover, the
pH dependent conversion of molecular aggregates of rhamnolipids may be associated with the
biological functions inside and outside the bacterial membrane under weakly alkaline or neutral
conditions in the hydrocarbon-assimilating bacterium. When growing in acidic conditions, the
bacterial cell membrane seems to be protected by rhamnolipids.*

To further study how pH affects the morphology of rhamnolipids, Champion et al®® used
cryo-transmission electron microscopy to examine the morphology of vitrified, frozen hydrated
suspensions of rhamnolipid over a pH range between 5.5 and 8. They determined the effect of
0.8 mM octane, which is a model alkane and 0.5 mM cadmium, which is a model of heavy metal;
as pH increased, the morphology changed from lamellar to vesicular and then to micellar.*®
According to Israclachvili, these changes may be attributed to the molecular structure and charge
of the rhamnolipid. Considering that the pKa reported” for thamnolipid was 5.6, the negative
charge of the polar head of the rhamnolipid would increase when the pH increases from 5.5 to
8 and thus the repulsion between the adjacent polar heads would also increase and increase the
head diameter. This would explain the observed progression in morphology from bilayer sheets
to vesicles to micelles.

The behaviour of rhamnolipids as emulsifiers is determined by the way molecules pack at the
interface. Packing, in turn, depends on the polar head charge, which is determined by the pH of
the medium. To determine how R, and R, behave as emulsifiers, Ozdemir et al*® measured the
surface and interfacial tensions of pure R; and R, solutions at two pH values. The pH values were
chosen based on their potential applications, using decane and hexadecane as oil phases. Results

148
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revealed that both R, and R, form compact phases at the surface beginning from very low con-
centrations. R, is more surface active at concentrations below the cmc and is independent of the
bulk phase pH. Nevertheless, neither the value of cmc nor the minimum surface tension at cme
was significantly affected by the type of thamnolipid. They depended only upon the solution pH;
there are significant interactive forces between the undissociated rhamnolipid molecules ac pH 5,
which increase the compaction at the surface monolayer.

Foam Film

Foam consists of a high-volume fraction of gas dispersed in a liquid. The macroscopic proper-
ties of foam depend on the properties of the individual particles and on the interaction between
them. In general, a fluid dispersion can have different particle size, composition and thus different
surface tension.

Cohen et al* applied the free thin liquid foam (foam film) method to study the interaction of
rhamnolipid thin liquid foams by measuring the surface forces in each of the two interfaces present
in the foam. The equilibrium film thickness was measured as a function of the electrolyte concen-
tration. Film thickness gradually decreased from approximately 100 to 5 nm and three different
types of film were found: common films thicker than 30 nm, common black films ranging from 6
to 20 nm in thickness and 5 nm thick Newton black foam films. At a later stage, disjoint pressure
isotherms were measured. Measurements corroborated the common film type and demonstrated
the presence of an aqueous core in the common films and common black films. Measurements
also confirmed the bilayer structure of the Newton black films. The experimental studies revealed
that surface forces play an important role in the stability of the common films. Nonsurface forces
led to an additional positive component of the disjoining pressure and became operative in the
region of the thinner common black films and Newton black films.

Applications

Biosurfactants and Petroleum

The pollution of water and soil with oil products is a frequent occurrence that has increased
with the rise of industrial activity: more than 5.6 million of tons of oil has been released into the
environment by oil spills since 1970.%" Diesel oil spills from pipeline ruptures, tank failures, storage
problems and transportation accidents are the most frequent causes of soil and water oil pollution
(Lee et al, 2006). For example, the Prestige oil spill of 660,000 tons of a Russian heavy fuel (type
M-100) in November 2002 affected more than 800 km of the north-western Spanish coast.*

Many microorganisms have been reported to degrade fuel and diesel oil in different habitats
or conditions. Surfactant activity and hydrophobicity favour the interaction between the micro-
organism and the insoluble substrate, overcoming the diffusion limitation during the substrate
transport to the cell. In recent years, many studies have examined the ability of new surfactants to
accelerate oil-product degradation in both laboratory and field conditions.>® Biosurfactants have
recently received much more attention as an environmentally friendly alternative to conventional
chemically synthetic surfactants.”®

Rhamnolipids produced by Psexdomonas aeruginosa AT 10 were investigated for their potential
to enhance bioavailability and thus the biodegradation of crude oil by a microbial consortium in a
liquid medium. The addition of rhamnolipids accelerated the biodegradation of total petroleum
hydrocarbons from 32% to 61% after 10 days of incubation. When the addition of the biosurfac-
tant increased, the result was more apparent in the group of targeted isoprenoids; biodegradation
increased from 16% to 70%. Furthermore, the biodegradation of some alkylated PAHs increased
from 9% to 44%.>* There are two possible mechanisms for enhancing biodegradation: to increase
the solubility of the substrate, which facilitates its uptake by microbial cells, or the interaction
with the cell surface, which increases the hydrophobicity of the surface and allows hydrophobic
substrates to associate more easily. Results indicate that in situ biosurfactant production not only
increased emulsification of the oil but also promoted the adhesion of the hydrocarbon to the cell
surfaces of other bacteria. The emulsification (solubilisation) of hydrocarbons with surfactants
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favours the influx of hydrophobic organic pollutants from soil and water to microbial cells and
thereby also favours their degradation. This is crucial for rapid biotechnological environmental
purification.>

Biosurfactants have also been tested in enhanced oil recovery and in the transportation of crude
oils. Thcy were shown to be effective in the reduction of several factors; thcy reduced the interfacial
tension of oil and water in situ, the viscosity of the oil, the removal of water from emulsions prior
to processing and the release of bitumen from tar sands.” Low concentration of rhamnolipids
produced by P aeruginosa PA1 can also be effectively used for paraffinic or aromatic oil removal
in contaminated sandy soils.>

BioSurfactants and Heavy Metals

The rapid increase in industrial activity has gradually redistributed many toxic metals from the
Earth’s crust to the environment increasing the chances of human exposure.’” The movement of
metals in soils is limited by soil texture, structure and organic matter content. Additionally, metal
toxicity hinders microbial degradation and only some redox transformations or methylations can
lead to solubilisation or increase the solubility or volatility.

The traditional treatment of contaminated soils has disadvantages in that it cannot completely
remove hazardous contaminants. Other methods such as soil washing are slow, although, the
kinetics can be enhanced by using an agent that promotes desorption of the soil bound metals
and facilitates their transport through the soil matrix. Thus, a surfactant that would be an ideal
complexing agent in mobilising metals must be soluble in water, chemically stable under environ-
mental conditions, not strongly bound to soil particles and have a high affinity for complexing
metals.”” Surfactants can be added to washing water to assist in the solubilisation, dispersal and
desorption of contaminants from excavated soils or sediments in a washing unit. The cleaned soil
would then be returned to the original site.’®>

The anionic rhamnolipids carry a negative charge. Thus, when the molecule encounters a
cationic metal that carries a positive charge, an ionic bond is formed. This bond is stronger than
the bond between the metal and the soil. The polar head groups of micelles can bind metals,
making them more soluble in water. Micelles help recover the metals from the soil surfaces and
move them into solution, making them easier to recover by flushing.“” Rhamnolipids have been
used to extract copper from mine ores; with 2% rhamnolipid, 28% of copper was extracted from
a mining residue.®’ Rhamnolipids were also investigated® for their potential to recover Cd (II)
from kaolin, a representative soil component. Results obtained by Asei et al® indicated that the
soil-washing process with added rhamnolipids was successful in remediating low permeable clayey
soil. Rhamnolipids have also been used to extract heavy metals (copper, zinc and nickel) from
sediments by a continuous flow configuration. The removal was up to 37% of Cu, 13% of Zn
and 27% of Ni when rhamnolipids without additives were applied. Adding 1% NaOH to 0.5%
rhamnolipid enhanced the removal of copper fourfold compared with the use of 0.5% rhamnolipid
alone.””® Juwarkar et al*” used rhamnolipid biosurfactant on column experiments to remove Cd
and Pb; di-rthamnolipid removed not only the leachable or available fraction of Cd and Pb, but
also the bound metals. In comparison, tap water only removed the mobile fraction. Additionally,
the microbial population of the contaminated soil was increased after using the biosurfactant
technology and revealed no toxic effect.

Rhbhamnolipids and Antimicrobial Activity

Although most biosurfactants are considered to be secondary metabolites, some may play essen-
tial roles in the survival of biosurfactant-producing microorganisms acting as biocide agents.®

The antibacterial effects of various thamnolipids are described in the literature; Abalos et a
identified seven rhamnolipids in cultures o P aeruginosa AT 10 from soybean oil refinery wastes and
showed inhibitory activity against the bacteria Escherichia coli, Micrococcus luteus, Alcaligenes faecalis
(32 ug/ml), Serratia marcescens, Mycobacterium phlei (16 ug/ml) and Staphylococcus epidermidis (8
ug/ml). Furthermore, they exhibited excellent antifungal properties against Aspergillus niger (16
wl/ml) Chaetonium globosum, Penicillium crysogenum, Aerobacidium pullulans (32 ug/ml) and
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phytopathogenic Bozrytis cinerea and Rhizoctonia solani (18 ug/ml). Benincasa et al* also reported
rhamnolipid from P aeruginosa LBI as having good antimicrobial behaviour against bacteria (S.
aureus, S. faecalis and P. aeruginosa) and as being active against phytopathogenic fungal species.
In 2005 Yilmaz and Sidal® reported antimicrobial activity of rhamnolipds for beta-hemolytic
Streprococcus sp. They reported the lowest activity of thamnolipds in P aeruginosa. The addition
of rhamnolipids to irrigation lines resulted in a 100% control of zoosporic plant pathogens in
recirculating systems where pants were hydroponically cultivated.®®

Biosurfactants in Food, Cosmetics and Pharmaceuticals

In the past five decades, biosurfactants have attracted a great deal of attention as potential
alternatives to chemical surfactants, especially in food, cosmetics and pharmaceuticals. Industrial
processes frequently involve extreme conditions including high pressures or temperatures, alkaline
and acidic conditions and ionic concentrations, but much biosurfactant activity is not affected.
In particular, biosurfactants from extremophile microorganisms could be of commercial interest
due to their unique properties.®

Owing to their association with emulsion formation and stabilisation, foaming, wetting,
solubilising activities,”® biosurfactants could be exploited in food processing and formulation.
Such complex systems have minimal stability, which may be improved by additives such as sur-
factants.”” High-molecular-mass biosurfactants are good emulsifiers and are useful for making
oil/water emulsions for pharmaceutical, cosmetics and food products. In dairy products the
addition of emulsifiers improves texture and consistency. This quality is of special interest for
low-fat products.® Despite the advantages of biosurfactants, few reports are available regard-
ing their use in food products and food processing.® Biosurfactants are not yet used in food
processing on a large scale due to the numerous regulations set by governmental agencies for
new food ingredients and the lengthy approval process. Nevertheless, an increasing number of
patents are being issued on biosurfactants®®”® demonstrating the current interest in using these
microbial-derived products in cosmetics, pharmaceuticals and foodstuffs.

Although few data are available in the literature regarding the toxicity of microbial surfac-
tants," they are generally considered low or nontoxic products and are therefore appropriate for
use in products for human consumption. The increase in consumer awareness of adverse allergic
effects caused by artificial products has stimulated the development of alternative ingredients
such as biosurfactants. For this reason, was studied the cellular toxicity of P aeruginosa 47T2
rhamnolipid with keratinocyte and fibroblast cultures and compared to SDS.”" The result
(Fig. 3) showed that 47T2 rhamnolipid was less toxic to keratinocites than SDS, whereas on
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Figure 3. Comparative cytotoxicity of rhamnolipids from P. aeruginosa 4772 vs SDS in keratino
cytes (A) and fibroblasts (B) as detected with neutral red uptake NRU and MTT assays. Results
are expressed as IC50 (the dose inhibiting viability to 50%). Unpublished information.
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fibroblast, toxicity was higher with biosurfactant than with SDS. Stipcevic et al”> demonstrated
that di-rhamnolipid BAC-3 (50 ul/ml) in the presence of serum and under certain condi-
tions that favour keratinocyte differentiation, the proliferation of fibroblasts was inhibited
and the proliferation of keratinocytes stimulated. These results support the efficacy of BAC-3
shown in skin treatment and wound healing. Furthermore, Thanomsub et al”® reported that
di-rhamnolipid a from P, aeruginosa B189 showed strong antiproliferative activity in a human
breast cancer cell line (MCF-7) at minimum inhibitory concentration (MIC) at 6.25 ug/ml.
In contrast, rhamnolipid b showed MIC against insect cell line C6/36 at 50 ug/ml. Despite
the advantages of biosurfactants, few reports are available regarding their use in food products
and food processing.”’

To avoid adverse reactions like skin or eye irritation, the concentrations of ingredients used in
commercial formulations must be carefully controlled. To predict the effect of rhamnolipids on
skin and hair, experiments were conducted to asses the interactions of these surfactants with keratin
and stratum corneum. Ozdemir® investigated the adsorption characteristics of keratin-rhamnolipid
(RL-Keratin) and keratin-SDS (SDS-Keratin) at the air/liquid interface. Tests were conducted at
pH 6.2 and 5.0 and revealed weaker interactions for RL-Keratin than for SDS-Keratin.

Food processors do not yet use biosurfactants on a large scale due to the many regulations
regarding the approval of new food ingredients required by governmental agencies, which is
a particularly long process. Nevertheless, an increasing number of patents have been issued on
biosurfactants’”¢ demonstrating the current interest in using these microbial-derived products
in cosmetics, pharmaceuticals and foodstuffs.

Despite their potential, only a few studies examine applications in the biomedical field such as the
compilation by Rodrigues et al.> Among the main activities described are antimicrobial, antiviral,
antitumor, anti-adhesive and cell differentiation induction. Some are suitable alternatives to synthetic
medicines and antimicrobial agents and may be used as safe and effective therapeutic agents in the
future. Possible applications as emulsifiers for drug transport to the infection site, such as agents
supplementing the pulmonary surfactant or adjuvants for vaccines have also been suggested.

The high production costs could be compensated by the requirement of a small amount of
biosurfactant with higher efficacy.”” Moreover, these molecules can be tailor-made to suit different
applications by changing the growth substrate or growth conditions. Additionally, the toxicological
aspects of a new biosurfactant should be emphasized in order to certify the safety of these com-
pounds for use in the cosmetic and especially pharmaceutical and food industries.*®

Various programs are now underway all over the world aimed at constructing a sustainable
society. Among such programs is the introduction of green technology, which is one of the most
important challenges. Considering the current social and technological circumstances, the use of
biosurfactants, which are environmentally friendly and highly functional materials, is an attrac-
tive option.

Conclusion

This chapter primarily deals with the possibilities and prospects of using various cheaper alter-
native substrates and new strategies for the production of thamnolipid biosurfactants. The nature
and structure of a biosurfactant molecule can be tailored for a particular application by changing
the carbon substrate. An integrated production system towards enhancing product yield, reducing
adverse environmental impact and effectively utilizing agro-industrial residues that adequately
addresses socio-economic development issues. The chapter also attempts to offer an overview of
the physicochemical and biological properties of thamnolipidic biosurfactants for their potential
commercial, environmental and biomedical applications.
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CHAPTER 14

Selected Microbial Glycolipids:

Production, Modification and Characterization
Olof Palme, Anja Moszyk, Dimitri Iphofer and Siegmund Lang*

Abstract
his chapter deals with two types of biosurfactants that are not in the spotlight of general
research: glycoglycerolipids and oligosaccharide lipids. The main focus is on glycolglyc-
erolipids from marine bacteria like Microbacterium spec. DSM 12583, Micrococcus luteus
(Hel 12/2) and Bacillus pumilus strain AAS3 and on oligosaccharide lipids from Tsukamurella
spec. DSM 44370 and Nocardia corynebacteroides SM1. General and special structures, microbial
producers, production conditions and chemo-enzymatic modifications as well as properties are
outlined.

Introduction

Biosurfactants have long since been in focus of international research for their interesting prop-
erties. As surface active compounds they can replace chemically synthesized surfactants, involving
benefits such as production from renewable resources, low toxicity and good biodegradability
(Mukherjee et al'). Besides usual surfactant applications in cleaning or remediation (van Bogaert
etal?, Whang et al?), they offer quite many biological activities, making them interesting issues of
pharmaceutical research (Stipcevic et al,* Hardin et al,” Rodrigues et al®).

There are three types of biosurfactants that should be mentioned here for their importance
in rescarch over the years: Rhamnolipids from Pseudomonas aeruginosa, Mannosylerythritolipids
from Pseudozyma aphidis and Sophorolipids from Candida bombicola. They were discovered in
1949, 1956 and 1961, respectively and have ever since been targets of major research interest (e.g.,
Nitschke et al,” Fukuoka et al®).

Nevertheless, this article deals with different kinds of biosurfactants, which have not been
in spotlight recently: Glycoglycerolipids and Oligosaccharide Lipids. Both are diverse classes of
glycolipids, ranging from membrane compounds of eukaryotic cells and thermophilic bacteria to
microbial secondary metabolites. Their production has been reported to be in a range of about
100 mg to 10 g, which makes them interesting candidates for different practical applications.
Recent progress in research concerning glycoglycerolipids and oligosaccharide lipids shall be the
topic of the following chapters.

Glycoglycerolipids

General Information
Glycoglycerolipids are abundant membrane constituents of plants and bacteria and can also
be produced by chemical synthesis. In general they are composed of carbohydrate unit(s), a
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glycerol moiety and a variety of short or long chained saturated or unsaturated fatty acids. As for
glycoglycerolipids of natural origin, both our group (Lang and Trowitzsch-Kienast,” Lang'’) and,
in particular Holzl and Dormann,!' presented very interesting overviews. In the latter review,
the structures, their biosynthesis pathways and possible functions have been summarized in a
comprehensive manner. In brief, as for chloroplasts of plants the monogalactosyldiacylglycerol
(MGDG) and digalactosyldiacylglycerol (DGDG; with 0 Gal(1—6)BGal linkage) and addition-
ally, sulfoquinovosyldiacylglycerol (SQDG) are dominant and seem indispensable for maximal
efficiency of photosynthesis. Galactolipids are also crucial for growth under normal and phosphate
limiting conditions. Among the photosynthetic bacteria the anoxygenic ones contain a large
variety of phospho- and glycoglycerolipids in their membranes. A number of studies suggest that
these compounds play a specific role in anoxygenic photosynthesis. As for nonphotosynthetic
bacteria, galactolipids with a head group structure related to plant and cyanobacterial MGD and
DGD are absent. In general, those glycoglycerolipids are mostly composed of one or two sugars
or sugar derivatives (e.g., glucose, galactose, mannose, glucuronic acid) bound to diacylglycerol.
The head group diversity is further increased by the variety of different glycosidic linkages. The
carbohydrates occur in 0 or f-anomeric configuration and are connected in (1-2), (1—3), (1—4)
or (1->6) linkage. Compared to this high diversity, the hydrophobic part is rather simple with
a preponderance of saturated or monounsaturated fatty acids. However, the degree of structural
variability of glycoglycerolipids found in the phyla Firmicutes, Actinobacteria, Proteobacteria,
Deinococcus-Thermus, Thermotogae and Spirochaetes surpasses that in photosynthetic bacteria.

Considering the number of additional studies on glycoglycerolipids (GGL) published recently,
we would like to distinguish as follows: 1. GGL from eukaryotic cells, 2. GGL from prokaryotic
cells and 3. GGL from a synthetical route.

Glycoglycerolipids from Eukaryotic Cells

Terasaki and Itabashi'? found the well-known MGDG and DGDG in Cladosiphon okamuranus
and, additionally, a galactolipase activity responsible for hydrolyzing the acyl groups of above
glycoglycerolipids. The initially observed large amount of free fatty acids (45% of the total lipids;
e.g., 16:3n-3, 18:3n-3) in this brown alga could be confirmed by proof for the corresponding
enzyme. The authors claim that this is the first report on the presence of acyl-hydrolase activity
in seaweeds.

Asfor the glycoglycerolipids of the sea alga Laminaria japonica, Lee et al”® performed studies on
some physico-chemical properties and their ability to become incorporated into immunostimulat-
ing complexes (ISCOM:s), used as a delivery system for microbial and tumor antigens in vesicular
form. ISCOM modification by embedding glycolipids such as MGDG, DGDG and sulfoquino-
vosyldiacylglycerol (SQDG), instead of the phospholipid component in vesicles, showed a drastic
increase of the used antigen presentation efficiency of ISCOMs to immunocompetent cells.

Using commercially available plant galactoglycerlipids Popova and Hincha'® investigated the
effects of the sugar head group on the phase behaviour of phospholipid model membranes in the
dry state. They showed that all additives decreased T,, the gel to liquid-crystalline phase transition
temperature, of the dry phosphatidylcholine bilayers. Nevertheless, DGDG was much more ef-
fective than DLPC (1,2-dilinolenoyl-sn-glycero-3-phosphatidylcholine) or Gal (galactose). diGal
had a similar effect as DGDG, pointing to the sugar head group and not to the lipid unsaturation,
with the strongest influence on membrane phase behaviour. However, the degree of unsaturation
in the fatty acyl chains of DLPC leads to a larger spacing in the model membranes, even in the
absence of sugar and thus allows the sugars easier access (Rog et al'®).

From the cultured marine dinoflagellate Amphidinium carterae, Wu et al'® isolated a new
unsaturated glycoglycerolipid, (25)-1,2-0-6,9,12,15-dioctadecatetracnoyl-3-O-[a-D-galacto-
pyranosyl-(1""—6"")-O-p -D-galactopyranosyl]-glycerol. It has been isolated together with two
known saturated ones, (2S)-1,2-distearoyl-3-O-(6-sulpho-a-D-quinovopyranosyl)-glycerol and
(2S)-1-stearoyl-3-O-(6-sulpho-a-D-quinovopyranosyl)-glycerol. Their structures were elucidated
on the basis of chemical and spectral data (e.g., IH- or 13C-NMR).
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Glycoglycerolipids from Prokaryotic Cells

After growing the thermophilic bacterium Meiothermus taiwanensis at 55° C aerobically, Yang
et al'” isolated and determined the structure of the main glycoglycerolipid to be a-Gal(1-6)-
B-Gal(1-6)-B-GalNAcyl(1,2)-a-Glc(1,1)-glycerol diester, where N-acyl is a C17:0 or hydroxy
C17:0 fatty acid and the glycerol esters were mainly iso- and anteisobranched C15:0 and
C17:0. The fatty acids were examined by gas chromatography coupled with mass spectrometry
(GC-MS) analysis of their methyl esters derived from methanolysis, whereas the structure of the
carbohydrate moiety was elucidated by MS/MS and NMR spectroscopic analyses. The authors
claim that this is the first complete glycolipid structure from thermophilic bacteria.

The relative amounts of the polar lipids and nonpolar waxes in chlorosomes isolated from
Chlorobium tepidum (green sulfur bacterium) have been determined by Serensen etal.”® The main
component of the polar lipid fraction of chlorosomes was identified as thamnosyldiacylglycerol,
which together with monogalactosyl-diacylglycerol comprises more than 55% of the lipid species
on a molar basis. Together with phospholipids and aminoglycosphingolipid, these components
presumably form a lipid monolayer surrounding. Thus the observed lipid distribution can be used
to compare the polar lipid content with the surface area of chlorosomes.

Mycoplasmae are wall-less, parasitic, Gram-positive bacteria and the smallest organisms capable
of self-replication. They are pathogens infecting a broad spectrum of diverse hosts such as animals,
plants and humans, where they cause several invasive or chronic diseases. For instance, it is suggested
that Mycoplasma fermentan is involved in triggering the development of AIDS in HIV-positive
individuals, acting as a cofactor in pathogenesis. Although little is known about the molecular
mechanisms underlying M. fermentans pathogenicity, it is reasonable to assume that the interactions
with host cells are mediated by components of its plasma membrane. In this context, Brandenburg
et al” report on the comprehensive physico-chemical characterization and biological activity of a
certain glycoglycerolipid, 6'-O-(3"-phosphocholine- 2"'-amino- 1"-phospho- 1", 3""-propanediol)
-a-D-glucopyranosyl- (1'-3)- 1,2-diacyl-sn-glycerol (MfG1-II), from this strain. Compared to LPS
(lipopolysaccharide from deep rough mutant Salmonella minnesota), the <=0 gel-to-liquid crystal-
line phase transition behaviour of the hydrocarbon chains exhibits high similarity between the two
glycolipids. A lipopolysaccharide-binding protein (LBP)-mediated incorporation into negatively
charged liposomes was observed for both compounds. The determination of the supramolecular
aggregate structure confirmed the existence of a mixed unilamellar and cubic structure for MfG1-1,
similar to that observed for the lipid A moiety of LPS. Additionally, the biological data indicated that
M{GI1-II was able to induce cytokines such as tumor necrosis factor-o. (TNF-c) in human mono-
nuclear cells, although to a significantly lower degree than LPS, while the effect was higher than that
of other bacterial activators like glycosphingolipid from Spingomonas paucimobilis. Furthermore, it
could be shown that inflammatory response in primary rat astrocytes such as activation of protein
kinase C, secretion of nitric oxid and prostaglandine E2 is triggered by MfG1-11, too.

Another organism of this group is Acholeplasma laidlawii. Glycoglycerolipids de-
rived from the membranes of this bacterium bind to human cell lines. In addition, the
3-0-[2'-O-(a-p-glucopyranosyl)-6'-O-acyl-a-glucopyranosyl]-1,2-di- O-acyl-sn-glycerol
(GAGDG) augments the HIV-1 infection through binding both lymphoid cells and HIV-1 virus.
This glycoglycerolipid shows the highest binding efficiency to HIV-1 (Shimizu et al*®). In connec-
tion with these findings, the acyl chain at the C¢' position of glucose may play an important role
for binding ability. Thus the variation of the acyl chain at C{' shows that the branching forms of
acyl chains with C14 or C16 are necessary for efficiently capturing HIV-1.

Glycoglycerolipids from Synthetical Route

Recently, the potential of glycoglycerolipids for cancer chemoprevention has been
observed. Antitumor-promoting effects could be shown by glycoglycerol- or glycoglycer-
lipid-mediated inhibition of the tumor-promoting activity caused by the tumor promotor
12-O-tetradecanoylphorbol-13- acetate (TPA), by using a short-term in vitro assay for
Epstein-Barr virus early antigen (EBV-EA) activation. Colombo et al*' claimed that their research
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Figure 1. 1-O-(3-Methylbutanoyl)-2-O-[6-O-(3-methylbutanoyl)-f o galactopyranosyl]-
sn-glycerol (modified according to Colombo D. et al*?).

groups have thoroughly explored the structure-antitumor-promoting activity relationships of
some glycoglycerolipid analogues with the aim of obtaining new active cancer chemopreventive
agents which are structurally related to the natural compounds. In all chemically synthesized
compounds, the ester function was replaced by different metabolically more stable groups like
ether, alkyl or ketone. The only example of these occurring naturally is the abundant ether bond
in Archaebacteria. The studies show that the ester function replacement caused a loss in activity
that was rather small compared to the effect caused by the acyl chain length. In that case, a strong
reduction of the inhibitory effect on EBV activation was evidenced when compounds with acyl
chains very short (C2) or longer (C12-C18) than C10 were tested. When investigated in an in
vivo two-stage carcinogenesis test, two of the alkyl derivatives exhibited remarkable inhibitory
effects on mouse skin tumor promotion.

In additional studies on altering the acyl chain, Colombo et al** could show that branched
acyl chains enhance the in vitro antitumor-promoting activity whereas aliphatic or aromatic rings
display a negative effect. The most potent product is shown in Figure 1.

Selected Glycoglycerolipids from Prokaryotes

Molecular Structures

The marine bacterium Microbacterium spec. DSM 12583, isolated from the Mediterranean
sponge Halichondria panicea, is able to form a glucosylmannosyl-glycerolipid (GGL 2), 1-O-acyl-3-
[a-glucopyranosyl-(1-3)-(6-O-acyl-a-mannopyranosyl)] glycerol, when grown on a complex
medium with glycerol. Its molecular structure could be elucidated and is shown in Figure 2. It
consists of a constant carbohydrate and a variable fatty acid moiety.

Another marine strain, Micrococcus luteus (Hel 12/2), was isolated from the North Sea.
This bacterium produces a dimannosyl-glycerolipid (GGL 5), Mannopyranosyl(la-3)-6-
acylman-nopyranosyl(la-1)-3-acylglycerol on artificial secawater supplemented with glucose
(20 g/L), yeast extract (3.5 g/L), peptone (3.5 g/L) and suitable nitrogen/phosphate sources. Its
molecular structure is shown in Figure 2 as well and shows the same composition of a constant
carbohydrate and a variable fatty acid moiety.

A third marine bacterium, Bacillus pumilus strain AAS3, could be isolated from the
Mediterranean sponge Acanthella acuta and synthesizes a diglucosyl-glycerolipid (GGL 11),
1,2-O-diacyl -3-[B-glucopyranosyl-(1-6)-B-glucopyranosyl) Jglycerol, when grown on artificial
seawater supplemented with glucose (20 g/L), yeast extract (10 g/L) and suitable nitrogen/phos-
phate sources. Figure 2 shows its chemical structure. Like both other glycolipids it is made from
a constant carbohydrate and a variable fatty acid moiety.

Production, Downstream Processing and Analysis

Glucosylmannosyl-Glycerolipid from Microbacterium Spec. DSM 12583

Submerse cultivations of Microbacterium spec. DSM 12583 were performed with artificial
seawater medium containingall important salts and trace elements. Glucose and glycerol served as
energy and carbon sources. Glucose was the first substrate where the glucosylmannosyl-glycerolipid

production with Microbacterium spec. DSM 12583 was reported (Wicke et al*®). After medium
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Figure 2. 1) GGL 2 produced by Microbacterium spec. DSM 12583 complex medium with
glycerol—R =anteiso-C15:0and C17:0, butalsoiso-C16:0; 2) GGL 5 produced by Micrococcus
luteus (Hel 12/2) grown on artificial seawater supplemented with glucose (20 g/L), yeast extract
(3.5 g/L), peptone (3.5 g/L) and suitable nitrogen/phosphate sources, and 3) GGL 11 produced
by Bacillus pumilus strain AAS3 grown on artificial seawater supplemented with glucose (20
g/L), yeast extract (10 g/L) and suitable nitrogen/phosphate sources—R = anteiso-C15:0 and
-C17:0, but also traces of iso-C16:0.

variation experiments, glycerol was determined as a carbon source with higher production capa-
bility (Lang et al**).

Bioreactor fermentations were pcrformcd at a stirring rate of 500 rpm, temperature of 30°C,
pH adjusted at 6.5 and acration rate of 0.4 L/(L-min). Besides glycerol, the medium contained
3.5 g/L peptone and 3.5 g/L yeast extract as carbon and energy sources.

After cultivation, the product was obtained by extraction with a mixture of CH,Cl,/CH;OH
(2/1,v/v). After extraction, the cell residues were separated from the organic phase. Freeze-drying
reduced the dichloride methane/methanol phase containing the glycoglycerolipids. There were
four different cell-associated glycoglycerolipids produced, which were isolated by chromatography
on silica gel columns. The main compound was GGL 2.

The glucosylmannosyl-glycerolipid concentrations were determined via thin-layer chromatog-
raphy (TLC, stationary phase: silica gel plates, mobile phase: CHCl,/CH;OH/H,O (65/15/2,
v/v/v), detection reagent anisaldehyde/sulphuric acid/acetic acid) coupled with densitometry.

The glucosylmannosyl-glycerolipid is formed dependent on bacterial growth and is catabolized
very fast after reaching the stationary phase.

In bioreactor experiments, the results shown in Table 1 could be obtained.

In recent studies, an HPLC-based analysis method was developed to determine the glucosyl-
mannosyl-glycerolipid concentration. Therefore the HPLC-system was calibrated by using purified
GGL 2 in different concentrations which was isolated from cell extracts using MPLC. A silica
gel column was used as stationary phase. The mobile phase was a mixture of CHCL/CH,;OH/
H,O (65/15/2) with a flow rate of 0.5 mL/min. Detection was performed with an ultraviolet
detector at A = 240 nm.

Figure 3 shows the chromatogram of the crude extract from Microbacterium spec. DSM

12583.
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Table 1. Cultivation results of Microbacterium spec. DSM 12583 in 10 L bioreactor on
artificial seawater medium + 20 g/L glycerol as carbon source (30°C, 500 rpm,
0.4 L/(L min), pH-value 6.5)

Parameter Results
Reactor operating time [h] 54
Biomass,, [g/L] 14.0
GGL 20y Img/L] 522.0
Py [mg/[L-h]] 11.8
Umax [17h1] 0.137
Ypx [mg/gl 46.0
Yes [mg/gl 30.1

By using 10 g/L glycerol and 15 g/L complex components (10 g/L peptone and S g/L
yeast extract) as carbon source, a yield of the glucosylmannosyl-glycerolipid of 789 mg/L
was achieved in bioreactor scale. With a maximum of nearly 14 g/L biomass, a specific pro-
duction of 57 mg/g biomass or 32 mg/g carbon source (peptone, yeast extract, glycerol) was
obtained, respectively.

Compared to earlier values, an increase by the factor 1.5 of the glucosylmannosyl-glyc-
erolipid concentration could be achieved. In addition, the previous method of TLC with
consequent densitometry for the determination of GGL 2 concentrations was replaced by
an HPLC method.
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Figure 3. Chromatogram of crude extract from Microbacterium spec. DSM 12583. Silica gel
column as stationary phase, CHCl,/CH;OH/H,O (65/15/2, v/v/v), pump rate 0.5 mL/min,
measuring time 30 min, room temperature, detection with UV (A = 240 nm).
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Table 2. Cultivation conditions for Micrococcus luteus (Hel 12/2) in 10 L bioreactor on
artificial seawater medium

Parameter Conditions
Working volume [L] 8

Temperature [*C] 30

pH-Value Unregulated
Revolutions per minute 500

Aeration [L/[L-min]] 0.4

C-Source 20 g/L glucose
N-Source 5.0 g/L NaNO,
P-Source 0.89 g/L Na,HPO,
Yeast extract [g/L] 3.5

Bacto Peptone [g/L] 3.5

Dimannosyl-Glycerolipid from Micrococcus Luteus (Hel 12/2)

Cultivations with Micrococcus luteus (Hel 12/2) were done in artificial seawater medium con-
taining yeast extract and peptone. Main energy and carbon source was glucose. Detailed cultivation
conditions are shown in Table 2.

The product was obtained by extraction with a mixture of CH,ClL,/CH;OH (2/1, v/v). After
separating the different product molecules via MPLC, single glycoglycerolipid concentrations
were determined via TLC (stationary phase: silica gel plates, mobile phase: CHCL,/CH;OH/
H,O (65/15/2,v/v/v), detection reagent anisaldehyde/sulphuric acid/acetic acid) coupled with
densitometry.

This dimannosyl-glycerolipid is produced dependent on bacterial growth as well. After reaching
the stationary phase it is decomposed very quickly.

Table 3 summarizes the results obtained in bioreactor cultivation experiments producing this
glycoglycerolipid.

Medium variation experiments showed that adding Na,HP Oy as phosphate source had a posi-
tive effect on bacterial growth. Furthermore, the addition of only small amounts of glucose yields

higher amounts of the glycoglycerolipid.

Diglucosyl-Glycerolipid from Bacillus pumilus Strain AAS3
The strain Bacillus pumilus strain AAS3 was grown in artificial seawater media containing yeast
extract. Main energy and carbon source was glucose.

Table 3. Cultivation results of Micrococcus luteus (Hel 12/2) in 10 L bioreactor on
artificial seawater medium

Parameter Results
Reactor operating time [h] 56
Biomass.x [g/LI 16.5
GGL 5.4 [mg/L] 182.5
Py [mg/[L-hI] 5.49
Unmax [1/0] 0.12
Yex [Mmg/g) 11.0

Yps [mg/gl 10.7
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Table 4. Cultivation results of Bacillus pumilus strain AAS3 in 50 L bioreactor on artificial
seawater medium 20 g/L glucose 10 g/ yeast extract (30°C, pH 7.5, 500 rpm,

0.4 L/(L-min))

Parameter Results
Reactor operating time [h] 20
Biomass,, [g/L] 10.5
GGL 11y [mg/L] 91.0
Py [mg/[L-h]] 8.27
max [17h] 0.55
Ypx [mg/gl 8.7
Yris IMg/gl 5.1

The glycoglycerolipid was purified by extraction with methanol. Quantitative measurements
were performed by TLC/Densitometer CD 60 with silica gel 60 as stationary phase, CHCl,/
CH;0H/H,0 (65/15/2, v/v/v) as solvent system and a-naphthol/sulphuric acid as detecting
reagent at 580 nm.

Table 4 gives an overview of the results obtained in bioreactor cultivations using Bacillus
pumilus strain AAS3.

When grown on marine broth containing peptone and yeast extract as carbon and nitro-
gen sources, 2 maximum yield for the diglucosyl-glycerolipid of only 30 mg/L was achieved.
Compared with the maximum yield achieved in artificial seawater medium, the yield could be
increased to 90 mg/L.

Chemo-Enzymatic Modification of Glycoglycerolipids

The glycoglycerolipid from Microbacterium spec. DSM 12583 could be hydrolysed enzymati-
cally usinglipase from Candida antarctica (Novozyme Lipase 435). This site-specific enzymatic
hydrolysis removed the fatty acids completely, yielding the glycoglycero-moiety (Fig. 4).

The enzymatic hydrolysis of the glucosylmannosyl-glycerolipid was performed in two steps.
First, the fatty acid on the glycerol residue was cleaved. Afterwards the ester bond at the sugar
was split. By using Novozyme Lipase 435 it was possible to produce glucosylmannosyl-glycerol
(GG2) as well as the intermediate GGL 2a. Under optimised conditions (50°C, tert. amyl alco-
hol (H,O < 1%) and the addition of 0.9% (v/v) water) a yield of 90% was achieved. Comparable
results could be obtained in the works of Ramm et al.” In this work the diglucosyl-glycerolipid
could be enzymatically hydrolysed with a lipase. Differently to the enzymatic hydrolysis of
glucosylmannosyl-glycerolipid the working temperature was lower (40°C). At this temperature,
only the intermediate GGL 2a was produced. By using immobilized lipase, both products of the
enzymatic hydrolysis (GGL 2a, GG 2) could be produced and isolated easily.

For the enzymatic hydrolysis it was exceptional that the reaction was performable in
organic solvents with low water content (< 1%). Experiments at similar conditions are men-
tioned in Inada® and Haas et al.”” There, immobilized lipase was used for the hydrolysis of
Phosphatidylcholin. Best yields could be achieved in the organic solvents butyl alcohol or tert.
amyl alcohol.

Like the glucosylmannosyl-glycerolipid from Microbacterium spec. DSM 12583, the
diglucosyl-glycerolipid from Bacillus pumilus strain AAS3 could be hydrolysed enzymatically
using lipase from Candida antarctica (Novozyme Lipase 435). The result of this site-specific
enzymatic hydrolysis is GG 11. By the enzymatic acylation of GG 11 with 4-pentenoic acid the
main product GGL 12 (doubled acylated glycoglycerolipid), the byproduct GGL 13 (ternary
acylated) and the intermediate product GGL 14 (mono-acylated) were produced (Fig. 5). The
yield of GGL 12 was 88%.
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Figure 4. Enzymatic conversion of glycogylerolipids from Microbacterim spec. DSM 12583
with a lipase (Novozyme Lipase 435) to produce first GGL 2a and than GG 2.

Oligosaccharide Lipids

General Information

Acylated oligosaccharides are common structures in pro- and eukaryotic cell surfaces and thus
play important roles in cell-cell interaction. In 