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Abstract: The rhamnolipids will most likely be the next generation of biosurf-
actants to reach the market. They should follow closely after alkyl polyglyco-
sides, aready established in the biosurfactants market, and sophorolipids,
which can be found in several cleaning agents. However, the greatest numbers
of recent publications and patents among glycolipid biosurfactants have been
dedicated to rhamnolipids. Produced mainly by Pseudomonas aeruginosa,
rhamnolipids are mixtures of different rhamnolipid congeners, which show
physico-chemical properties that differ from those of single congeners, with the
most abundant structure in the mixture having the largest impact on the overall
characteristics of the total mixture. Characteristics of biodegradability, low
toxicity, production from renewable sources and antimicrobial (particularly
antifungal) activity together make rhamnolipid biosurfactants particularly pro-
mising for broad commercial application. Although to date, bioremediation has
been the mgjor topic filed for patents utilizing rhamnolipids, the increasing
number of patents for applications in cosmetics, agronomy and food industries,
formulation of cleaners and nanotechnology indicates their future implement-
ation in these fields.

Keywords: rhamnolipids, Pseudomonas aeruginosa; methods; production;
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1. INTRODUCTION

Research related to the characterization of microbial surfactants and their
applications has been rapidly growing in recent years. The reasons for the inc-
reased attention in these naturally derived compounds are: diversity, environ-
mentally friendly nature, biodegradability, low toxicity, excellent foaming pro-
perties, high selectivity and activity at extremes of temperature, pH and salinity,
plus the fact that they are able to be produced from industrial wastes and by-
products.! Biosurfactants have shown great potential for applications in environ-
mental protection, crude oil recovery, health care and food-processing indus-
tries. 16
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Microbial surface active compounds are important for the physiology of the
cells that produce them, as they are involved in cell motility (gliding and swarm-
ing motility as well as de-adhesion from surfaces), cell—ell interactions (biofilm
formation, maintenance and maturation, quorum sensing, amensalism and patho-
genicity), cellular differentiation, substrate accession (via direct interfacial con-
tact and pseudosolubilization of substrates), as well as avoidance of toxic ele-
ments and compounds.®

Biosurfactants are divided into low-molecular-mass molecules, which effi-
ciently lower surface and interfacial tension, and high-molecular-mass polymers,
which are more effective as emulsion stabilizing agents.6 The major classes of
low-mass surfactants include glycolipids, lipopeptides and phospholipids,
whereas high-mass surfactants include polymeric and particulate (vesicles and
whole cells) surfactants.6 Pseudomonas spp. are considered to be the most com-
mon producers of surface active compounds, synthesizing both classes of bio-
surfactants,6:7 with P. aeruginosa being the preeminent rhamnolipid (RL) bio-
surfactant-producing bacteria species.6.8

After alkyl polyglycosides, bio-based surfactants that are already accepted
on the market, and sophorolipids, which are in severa cleaning agents formul-
ations, RLs will probably be the next generation of biosurfactants to reach the
market.9 The properties of RLs, including biodegradability, low toxicity, the
possibility for production from renewable sources, together with their antimic-
robial and antifungal activity, make them particularly interesting for commercial
application.®

Aside from the environmental use of RLs*10.11 an increasing number of
patents® indicate the potential successful application of rhamnolipids in cos-
metics, agronomy, the food industry, cleaner formulations and nanotechnology.
In this review, specia attention is paid to RLs produced by P. aeruginosa, their
properties and the potential for their usein different technological fields.

2. GLYCOLIPID BIOSURFACTANTS

2.1. The most researched glycolipid biosurfactants

The most well known biosurfactants are glycolipids, which are composed of
carbohydrates linked by means of ether or ester bonds with either long-chain
aliphatic acids or hydroxyaliphatic acids. Sophorolipids, trehalose lipids, manno-
gylerythritol lipids (MELs) and RLs are the most widely researched glyco-
lipids.2:12

Sophorolipids are extracellularly produced by severa yeast species, such as
Candida bombicola, C. apicola, Rhodotorula bogoriensis, Wickerhaminella dom-
ercgiae and C. batistae.13 These compounds contain two 4-1,2 linked glucose
units, with acetylated 6- and 6'-hydroxyl groups, connected to the lipid part by a
glycosidic linkage.1# Generally, sophorolipids occur as a mixture of macrolact-
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ones and the free acid form of at least six to nine different sophorolipid con-
geners.12 Applications of sophorolipids were reported in the biomedical field, in
the synthesis of metal-bound nanoparticles in cosmetics and in the formulation of
pharmaco-dermatological products.13:15 Furthermore, these biosurfactants show
potential for some recovery processes.1

Trehalose lipids are glycolipids containing trehalose as the sugar moiety,
which is the basic component of the cell wall glycolipids in Mycobacteria and
Corynebacteria.16 Depending on the producing organism, trehalose lipids show
differences in the size and structure of mycaolic acid, the number of carbon atoms
and the degree of unsaturation. The most reported trehalose lipid is trehalose 6,6'-
-dimycolate,l” but different trehalose-containing glycolipids are known to be
produced by several other microorganisms, such as Arthrobacter, Nocardia,
Rhodococcus and Gordonia. Trehalose lipids have been applied in bioremedi-
ation to enhance the bioavailability of hydrocarbons. Recently, the increasing
interest in trehalose lipids is related to their functions in cell membrane inter-
action and their potential as antitumor therapeutic agents.1”

The mannosylerythritol glycolipids are reported as metabolites of yeasts
strains, which belong to the genera Pseudozyma sp. and Ustilago sp., produced
on soybean oil or n-akane.l’” MELs are a mixture of partially acylated deri-
vatives of 4-O-$-D-mannopyranosyl-D-erythritol, containing Co, C12, C14, C14:1,
C16, C16:1, C1s and Cyg1 fatty acids as the hydrophobic groups.18 Interesting
applications of MEL s have been reported in the biomedical field as antimicrobial,
antitumor and immunomodulating molecules, in the biotechnological field for
gene and drug delivery, and in cosmetic applications as skin moisturizers.1517,18

RLs are glycosides, produced mainly by P. aeruginosa and by the genus
Burkholderia, composed of one (for mono-rhamnolipids) or two (for di-rhamno-
lipids) rhamnose sugar moieties linked to one or two S-hydroxy fatty acid chains.
RLs in which one or two molecules of rhamnose are linked to one or two mole-
cules of g-hydroxydecanoic acid (Fig. 1) are the best-studied biosurfactant com-
pounds. While the OH group of one of the acids is involved in a glycosidic
linkage with the reducing end of the rhamnose disaccharide, the OH group of the
second acid is involved in ester formation. RLs are the principa glycolipid pro-
duced by P. aeruginosa.l2 The major field of application of RLs is in biorem-
ediation processes.1:10.19 Additionally, these molecules, due to their physico-
chemical and biological properties, have great potential for applications in the
biomedicine, pharmacology, cosmetics, food and agricultural indus-
tries.121517,19 RLs have also been used in the preparation of nanoparticles and
microemulsions.1’
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2.2. Rhamnolipids

2.2.1. Discovery

The discovery of RLs dates back to 1946, when Bergstrom et al.20.21
reported an oily glycolipid, which was named piolipic acid, composed of L-rham-
nose and p-hydroxydecanoic acid,2223 produced by P. pyocyaneus (today P.
aeruginosa), when cultivated on glucose. Further characterization of the structure
by Jarvis and Johnson?3 showed that the isolated compound was composed of
two S-hydroxydecanoic acids (connected via an ester bond) linked through a
glycosidic bond to two rhamnose moieties. Additionally, Edwards and Hay-
ashi,?4 using periodate oxidation and methylation, reported that the linkage
between the two rhamnose moietiesis an a-1,2-glycosidic linkage. Based on this,
they chemically described the RL as 2-O-a-L-rhamnopyranosyl-a-L-rhamnopyra-
nosyl-p-hydroxydecanoyl-S-hydroxydecanoate (di-RL structure). This was the
first glycolipid discovered containing a link between a sugar and a hydroxylated
fatty acid residue.2® From 1972 to 2000, various RL structures produced by P.
aeruginosa strains growing on different carbon sources (n-paraffins, glycerol, n-
alkanes, glucose, etc.), were isolated and reported. The isolated RLs included all
types of RL homologues (RL1, RL2, RL3 and RL4), and their number increased
with the progress of analytical methods.8
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Fig. 1. Structure of rhamnolipid biosurfactants: mono-rhamno-di-lipidic structure (RL1),
mono-rhamno-mono-lipidic structure (RL2), di-rhamno-di-lipidic structure (RL3) and
di-rhamno-mono-lipidic structure (RL4).
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Furthermore, some studies reported the complex composition of bacterially
produced RL mixtures, including, for example, an RL mixture composed of 67 %
di-rhamno-di-lipid, 22 % mono-rhamno-di-lipid, 9 % di-rhamno-mono-lipid, and
less than 3 % of mono-rhamno-mono-lipid.26 The development of sensitive, high
throughput analytical techniques has led to the further discovery of awide diver-
sity of RL congeners and homologues (about 60) produced in different concen-
trations by various Pseudomonas species and other bacteria.8

2.2.2. Pseudomonas spp. as producers of rhamnolipids

For more than 60 years, much work has been undertaken to stimulate the
development and establishment of RL production by P. aeruginosa.®> When
comparing the production of RLs by different Pseudomonas species, Onbasli and
Adlim27 found that P. luteola and P. putida gave higher RL yields than P. aeru-
ginosa, P. fluorescens and P. stutzerri, but the composition and distribution of
the RL homologues were not described for these strains, while the production of
RLs by P. chlororaphis had lower yield than P. aeruginosa.28 Furthermore,
reports about RLs obtained from Pseudomonas species other than aeruginosa
lack information about their surface properties, which is the most important indi-
cator of surfactant quality.

3. PROPERTIES OF RHAMNOLIPID MIXTURES FROM P. aeruginosa
3.1. Diversity

Interest in RLs arises from two contrasting facts. On the one hand, RLs show
relatively high surface activities, and are produced in relatively high yields after
fermentation processes, which are relatively well understood. On the other hand,
they are considered as virulence factors involved in the processes of P. aeru-
ginosa pathogenesis, resulting in an investigation of RL biosynthesis in order to
control their production and effects.2°

P. aeruginosa produces various extracellular mono- and di-rhamnolipids.
Two types of RLs (Fig. 1), termed RL1 and RL3, consisting of one or two
L-rhamnose units and two units of -hydroxydecanoic acid, are the principal
RLs. There are also RL2 and RL4 RLs, which consist of one or two L-rhamnose
units and one unit of R-hydroxydecanoic acid.30

3.2. Composition

Naturally produced RLs always appear as mixtures of different RL con-
geners, as was observed when produced by various strains of P. aeruginosa.31-38
The complexity of the composition of RL mixtures was found to depend on
various factors such as: origin of the bacterial strain, type of carbon substrate,3%-41
culture conditions,42 age of the culture,3* the P. aeruginosa strain itself,3438 as
well as the method of RL isolation and purification.43:44
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Some RL congeners are predominant in all RL-producing P. aeruginosa
strains and are classified as the major RL structures, while others, produced only
sometimes or with low abundance, are the minor RL structures. Both the major
and the minor RL congeners contribute to the complete profile of RLs. In all
studies of RL mixtures produced by P. aeruginosa strains, it was shown that,
aside from their varying composition, these mixtures contain mono-RL and di-
-RL structures. In the lipid part, chain lengths from Cg to C12 and Rha—C10—C1g
and Rha-Rha-C10—C1o were the predominant congeners.34384546 The ratio of
total di- to mono-RL fractions for RL produced by P. aeruginosa is reported to
range from 1 to 5.10,38,47

Despite the diversity of the reported RL structures, there are relatively few
studies which both quantitatively and qualitatively analyzed RLs.”:3843,47-49 The
composition of RL mixtures produced is important, since this defines the phys-
icochemical properties of the products, which further impacts on their potential
application.

3.3. Physicochemical properties

RL mixtures show physicochemical properties that are different from single
RL congeners. Hence, the most abundant structure will have the biggest impact
on the characteristics and dictate the behavior of the total RL mixture.

RLs can reduce the surface tension of water from 72 to 30 mN m1 and the
interfacial tension of water/oil to values < 1 mN m—1.33 RLs are weak acids due
to the carboxylic acid moieties and are known to undergo aggregation in solu-
tion.33 At concentrations above the critical micelle concentration (CMC), RLs
form micelles, vesicles or lamella, depending on the solution properties.S0 The
CMC values for RLs depend on the chemical composition of the congeners pre-
sent in each RL mixture (the ratio and composition of the homologues, the pre-
sence of unsaturated bonds, the branching and length of the alkyl chain, or the
size of the hydrophilic head group), and on their chemical environment, and was
reported to range from 5 to 200 mg L—1.38:47,4851 Fyrthermore, in a comparative
study, a statistically significant increase in the CMC values was observed on
lowering the ratio of total mono-/di-rhamnolipid and ratio of Rha—C10—-C1o/Rha
-Rha—C10—C19 (P < 0.05), indicating that mono-rhamnolipids start to form mic-
elles at lower concentrations than di-rhamnolipids.38

RLs were shown to have higher solubilization capacity, which is expressed
as the molar solubility ratio (MSR) for non-agueous phase liquids (NAPL), as
well as for solid-phase organics, such as polycyclic aromatic hydrocarbons
(PAH) and hydrocarbon mixture than some of the commonly used synthetic surf-
actants (Tween, Triton and alkylbenzy! sulfonate).3

RLs are also an example of a readily degraded agent, as determined by the
OECD 301 Ready Biodegradability Test.52 Furthermore, invertebrate toxicity
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tests performed in accordance with OECD 202 showed RL to have very low
toxicity.3 RLs also have high affinity for a variety of metals, including cadmium,
copper, lanthanum, lead and zinc.3

4. METHODS FOR THE CHARACTERIZATION OF RHAMNOLIPID MIXTURES

4.1. |dentification and quantification

The quest for a cost-efficient production of RL biosurfactant and alternat-
ives, plus more efficient, RL-producing strains of bacteriais associated not only
with economic aspects of their production, but also with new demands in the
analysis of RL mixtures.®3 A large variety of analytical methods have been emp-
loyed to identify and quantify the different RL species and RL production. These
methods range from indirect analysis based on the physical properties of RLs
(determination of surface tension and hemolytic test),2%:54 colorimetric measure-
ment (cetyltrimethylammonium bromide agar test, anthrone method and orcinol
test)54-56 to spectroscopic analysis of sample structure by infrared and nuclear
magnetic resonance spectroscopy and a sophisticated analysis of composition by
mass spectrometry (M S).34:43:46,57,58

One current method for RL identification and quantification is high perfor-
mance liquid chromatography (HPLC) analysis coupled with electrospray ion-
ization mass spectrometry (ESI-MS).33,34,435357 Furthermore, fragmentation of
the pseudomolecular ion using tandem MS analysis of the parent ion is often
performed in order to provide additional structural information, such as discrim-
ination of isomeric pairs with subtle structural variations.43 Matrix assisted laser
desorption ionization-time of flight MS (MALDI-TOF MS) approaches were
recently developed for high-throughput screening of naturally occurring mixtures
of RLsfrom Pseudomonas spp.>8

4.2. Tensioactive properties

Methods based on the tensioactive properties of RL biosurfactant are typical
for al surface-active compounds and involve the calculation of the value of the
hydrophilicipophilic balance (HLB), the drop collapsing test, the oil spreading
test, determination of the surface activity and the CMC values,929 as well as the
determination of the interfacial tension and the wetting properties.>®

Determination of the HLB value, which varies between 0 and 20, enables the
prediction of the behavior of surface-active compounds. 0—3 antifoaming agents,
4-6 W/O (water/oil) emulsifiers, 7-9 wetting agents, 8-18 O/W (oil/water) emul-
sifiers, 13-15 typical detergents and 10-18 solubilizers/hydrotropes. The HLB
value can only be used as a preliminary guide, and further analysis by more exact
and precise analytical techniques is required. According to Griffin,80 the HLB
can be calculated as HLB = 20x(MWyp/MWsy ), where MWyp is the molecular
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weight of the hydrophilic part and MWaga is the molecular weight of the whole
surface-active agent.®

The drop-collapsing test and oil-spreading test are methods for rapid screen-
ing of RL-producing bacterial strains.2® Both tests are based on a similar
approach, where the responses depend on the presence of RLs in culture super-
natant. In the case of the drop-collapsing test, a sample of supernatant is applied
to a polystyrene plate containing shallow wells covered with oil 61 and spreads
over the oil only if the sample of culture supernatant contains RLs. In the oil-
-spreading test, a drop of bacterial supernatant is added on top of an oil/water
interface,52 where the presence of RLs causes the oil to be repelled, resulting in
the formation of a clearing zone, the diameter of which can be correlated with the
activity of the tensioactive compounds in the supernatant.29

A more precise method for determining the surfactant properties of RLs in
bacteria culture supernatants or of isolated RL biosurfactants is the direct mea-
surement of surface activity and the determination of the CMC (specific to each
surfactant), which is performed by measurement of the surface tension after
sequential dilution of the solution.2® However, the determination of the CMC
suffers the drawbacks that it is time-consuming and not applicable for high-
-throughput screening.29 Additionally, the results of these methods, as well as of
al the previous indirect tests based on surface tension, could be affected by the
potential presence of other tensioactive compounds.

One method to quantify solid-iquid adsorption is to measure the interfacial
tension, which can be performed by tensiometry or by contact angle gonio-
metry.59.63 Surface tension and contact angle measurements as a function of surf-
actant concentration are directly related to the difference in the adsorption of
surfactants on solid—vapor (S-V) and solidHiquid (S-L) interfaces. Contact angle
measurements also aid the elucidation of the nature of interactions between a
surfactant molecule and a solid surface.4 Ozdemir and Malayoglu®4 investigated
the wetting behavior of a mixture of mono- and di-rhamnolipid and SDS (sodium
dodecy! sulfate) molecules on glass, PET (polyethylene terephthalate) and gold
surfaces by measuring the advancing contact angle, and elucidated the prefer-
ences of surfactant molecules adsorbed onto SL (solidiquid)-SV (solid-vapor)
and L-V (liquid—vapor) interfaces.

5. PRODUCTION OF RHAMNOLIPIDS FROM P. aeruginosa
5.1. Bottlenecks for production

The high cost of production, isolation and purification of RLs, and the low
yield has determined that, despite 60 years of research in the area of RL pro-
duction, the economic feasibility of these glycolipids s still pending.65 Often, the
amount and type of araw material can contribute considerably to the production
cost, as raw materials account for 10-30 % of the total production cost in most
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biotechnological processes.12 Solutions resulting in more economic production
include the use of cheap and renewable resources, optimized and efficient bio-
processes, over-production by mutant or recombinant strains,12:66 as well as the
application of response surface methodology (RSM) as a modern concept for
optimization of biotechnological processes.6”

The mgjor problems for large-scale applications of RLs are safety and yield
issues related to their main producers - strains of P. aeruginosa. Despite the fact
that in the UK, P. aeruginosa spp. are classified as type |l opportunistic patho-
gens that are not highly infective, large-scale fermentation production would
require compliance to special procedures by employees involved in the pro-
duction.®8 However, commercial-scale production is already being undertaken in
the USA, with no reported problems.68

Problems related to the pathogenic status of P. aeruginosa could be solved
by two strategies: heterologous production of RLs in hon-pathogenic bacteria and
identification of potential new non-pathogenic RL producers, for which the RL
yields are acceptable.2968 The heterologous production of RLs would bring
about two major advantages as compared to their production by P. aeruginosa.
The first is the increased safety when handling large amounts of culture broths,
while the second is the possibility of constitutive RL production, in contrast to
the very tightly regulated production in P. aeruginosa.?® Although several
attempts to obtain heterologous production of Pseudomonas RLs have been
reported, none of them produced RLSs at levels comparable with those of the best
P. aeruginosa strains.29 In terms of the commercial production of RLs, there is
gtill vast potential for genetic optimization.2® Other species and genera of bac-
teria were also found to be RL producers.8 Most RL -producing species belong to
the closely related genera Pseudomonas and Burkholderia.4” The most prominent
nonpathogenic RL producers from the genus Pseudomonas are P. chlororaphis,
P. alcaligenes and P. putida, and from the genus Burkholderia, they are B. glu-
mae, B. plantarii, B. pseudomallei and B. thailandensis. These species from the
genus Burkholderia primarily produce Rha—Rha—C14—C14, but a number of other
congeners, including mono-RLs, mostly Rha—C14—C14, Were recently detected in
cultures of B. pseudomallei and B. thailandensis.4’ Additionally, in the men-
tioned study, the RL mixture was further characterized and the results, such as
ratio of di-RL to mono-RL, the mgjor RL congeners and genetic background of
RL biosynthesis, were compared to RL produced by P. aeruginosa. On the other
hand, one non-pathogenic RL producer, P. chlororaphis, synthesizes exclusively
mono-RL congeners, primarily Rha-C10-C12 and Rha—C10—C12:1, under static
conditions of fermentation, with ayield of 1 g L—1.28 RLs were also detected in
cultures of many other genera and species of widely different taxonomical ori-
gins.2® However, for most of these strains, structural determination of the puta-
tive RLs was not accomplished and, sometimes, the actua identification of the
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producing strain was not firmly confirmed.2° Due to this, their biotechnological
potential is currently unknown.

Other major obstacles in the production of RL are related to the yields, the
substrates needed to produce them, and the downstream processing required. At
present, strains of P. aeruginosa produce 1020 g L1 of RL in the laboratory
(although there have been some reports of hyperproducer strains), which is low
in comparison to the yields obtained for other glycolipid biosurfactants, MEL and
sophorolipids (100 g L~1).68 One advantage of RLs, and glycolipid biosurfactants
generdly, is the possibility for production from a range of renewable substrates,
such as industrial waste. Additionally, complex regulation of RL biosynthesisin
P. aeruginosa (environment conditions, nutrition factors and quorum sensing
mechanism), which is not yet fully understood, prevents the development of
hyperproducing strains, either by mutagenesis and selection or by genetic mani-
pulation. Failure to achieve high yields may eventualy preclude rhamnolipids
from use in many possible applications.®8

5.2. Commercial production

Rhamnolipids from P. aeruginosa are officialy produced by only a few
companies in the USA.68 Small quantities of RL from the strain P. aeruginosa
NY3 are produced by AGAE Technologies (www.agaetech.com). This com-
pany produces highly purified rhamnolipid as a mixture, which can be a regular
or liquid product, or separate mono- and di-RL fractions (90 or 95 % purity). The
Jeneil Biotech Company, which is generally a food additive producer, and
Rhamnolipid Companies, Inc. (www.rhamnolipid.com), a specialist producer of
these biosurfactants, both manufacture RL on a larger scale. Jeneil Biotech RL
products range from the crudest preparation comprising fermentation broth with
approximately (2 % RLS) to partially purified products (99 % RLS).68 Rhamno-
lipid Companies, Inc. offers raw 99 % rhamnolipid in 1-25 % aqueous solutions
and 1-25 % solutions with stabilizers, refined RL in 0.1 to 7 % in silicone, min-
erd oil, alcohol or other carriers, and refined powder mono- and di-RL.

5.3. Qubstrates for improved production

RLs are considered to be secondary metabolites and as such, their production
coincides with the onset of the bacterial stationary phase.3 Production of RLS on
the cellular level, as well as under conditions for laboratory or industrial pro-
duction, are not fully mastered, even though the biosynthesis of RLs and their
regulation are partially explained.10.69.70 Traditional engineering by random and
targeted genetic ateration, process design, and recombinant strategies have not
yet proven successful.65 For enhanced process development, there is an urgent
need for in-depth information concerning the regulation of RL production during
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bioreactor cultivation of RL-producing bacteria, in order to design knowledge-
based genetic and process engineering strategies.55

Reported data indicate that the production of RLs is possible from simple
carbon sources, such as glycerol and glucose, or complex carbon sources (olive
oil, sunflower oil) or wastes (crude whey, distillery waste, molasses, corn steep
liquor, sunflower oil mill effluent, olive oil mill effluent (OOME), frying ail,
soap stock) and minerals (NaNOs, NH4CI) or combined nitrogen source (NaNOs3
and yeast extract or NH4Cl and peptone).10.29 This indicates that economically
viable levels of biosurfactant production could be achieved using renewable
resources for the carbon source, with special emphasis on the importance of the
utilization of industrial by-products and agricultural wastes as cost-effective
alternative substrates for microbial growth and biosurfactant produc-
tion.38.41,66,68-75

The study of Dubey and Juwarkar’! is an example of RL production from
renewable sources, in which P. aeruginosa BS2 was cultivated on whey for 48 h,
with an RL yield of 0.92 g L-1. In other studies, Mercade et al.”# cultivated
Pseudomonas sp. JAMM in a medium with OOME (100 g L—1) and NaNO3 (2.5
g L), which resulted in an RL yield of 14 g kg©1 OOME after 150 h of
cultivation. Haba et al.,” using sunflower and olive frying oil as carbon sources
and NaNOs as the nitrogen source, studied the production of biosurfactant by
severa P. aeruginosa strains. Most of the examined P. aeruginosa strains showed
good growth on both sources and one of them produced a yield of 2.7 g L1 of
RL. In another study, Haba et al.34 found P. aeruginosa AT10 produced an RL
yield of 16.5 g L~ on soybean residual fatty acids. Benincasa et al.39 tested P.
aeruginosa LBI for RL production by batch fermentation on soap stock as a
carbon source; the maximal production of biosurfactant was 15.9 g L—1. Rikal-
ovic et al.38 tested the effect of different carbon sources on RL production by
severa P. aeruginosa isolates. The best RL yield of 1.3 g L~ was obtained using
sunflower frying oil as a carbon source and peptone and NH4Cl as nitrogen
sources. In the study of Aparna et al.,*> Pseudomonas sp. 2B produced 4.97 g L1
of RL when cultivated on molasses, peptone and NH4Cl.

6. APPLICATIONS OF RHAMNOLIPIDS

The main properties of biosurfactants, i.e., detergency, foaming, emul-
sifying, demulsifying, solubilizing, wetting, thickening, metal sequestering, ves-
icle forming and phase dispersion properties, among others, can be exhibited by
RLs.>76 All of these properties are associated with the amphiphilic character of
the RL molecules, and confer upon them the ability to accumulate between fluid
phases, thus reducing surface and interfacial tensions.® Environmental uses of
RLs are currently considered as the major field for potential application of
RLs,3:46,77-80 put an increasing number of patents indicates the successful appli-
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cation of RLs in the food industry, agriculture, the cosmetics industry, phar-
macology, and in nanotechnology.® The applications of rhamnolipids, which will
be further discussed, are summarized in Tablel.

TABLE |. Fields for rhamnolipid applications

Field of application Specific processes/ purposes

Bioremediation Organic flushing agents (PAH, NAPL, hydrocarbon mixtures
Metal flushing agents (heavy metals Cu, Zn, Pb, Ni, Cr)
Biodegradation of organics (petroleum and petroleum
derivatives)
Biodegradation of organics in metal—organic co-contaminated
systems

Food industry Multipurpose ingredients (decrease surface and interfacial
tension, formation and stabilization of emulsions, improvement
of stability, texture, volume and conservation of products)
Source of L-rhamnose
Surface conditioning

Cosmetic and pharmacy Health care formulations

industries Drug delivery systems
Skin care products
Biomedicine Antimicrobial and antiviral activity

Cellular immunosuppression

Wound healing, treatment prevention of gum disease and
periodontal regeneration of ulcer

Inhibition of growth of human breast cancer cell lines

Agronomy Control of zoosporic plant pathogens by affecting motility,
causes lysis, inhibition of spore germination and mycelium
growth

Formulation of cleanersand Replacements for the synthetic compounds in liquids and

wetting agents powders cleaning formulations

Superior wetting abilities compared to synthetic surfactants on
different types of surfaces
Bio- and nanotechnologies  Synthesis of nanoparticles (metal nanoparticles)
Drug delivery systems
Formulation of microemulsions

6.1. Bioremediation

RLs have been studied and shown to have potential in bioremediation of
organics, as organic flushing agents, as metal flushing agents, and in the bio-
degradation of organics in metal—organic co-contaminated systems.3.10

6.2. Biodegradation and uptake of hydrocarbons

Numerous studies confirmed that biosurfactants, especially RLs, could affect
the biodegradation of hydrocarbons, both aliphatic and aromatic.81 Furthermore,
it was shown that the addition of RLs to pure cultures of P. aeruginosa enhanced
the biodegradation of hexadecane, octadecane, n-paraffins and phenanthrene,82-84
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aswell as degradation in soil systems in the presence of hexadecane, tetradecane,
pristane, creosote or hydrocarbon mixtures.3 Additionally, besides the role of
RLs in the biodegradation of hydrocarbons, reports showed that RLs facilitate the
uptake of hydrocarbons by P. aeruginosa.46,77,8586

Although some studies reported positive effects on the biodegradation of
petroleum hydrocarbons in presence of RL biosurfactant, a lack of influence or
even a negative effect of biosurfactant supplementation was observed just as
frequently.8” Some reports indicated that the potential reason for inhibition of
degradation is that RLs are favored as the carbon source for bacterial meta
bolism.52 Recently, it was observed that the presence of RLs, or other surfactant
compounds, may induce changes in the microbial community, which in turn cor-
responded to differences in the degradation patterns.8’” Some earlier reports sug-
gested mechanisms of hydrocarbon biodegradation facilitated by RL, and
assumed that RLs, due to their physicochemical properties, increased the hydro-
carbon solubility and bioavailability or that RLs interacted with the bacterial cell,
making the cell surface more hydrophobic and easily accessible to hydrophobic
substrates.52 On the other hand, some recently published studies proposed three
mechanisms of interaction between microorganisms and hydrocarbons: access to
water-solubilized hydrocarbons, direct contact of cells with large oil drops and
contact with pseudo-solubilized or emulsified oil,88 as well as combinations of
these interactions.8” However, regardless of whether the biodegradation process
is enhanced or inhibited, the effects are bacterial strain-specific in the sense of
strain characteristics and response to environmental conditions.83 Although much
work was realized by many groups to explain the role of RLs, and biosurfactants
generally, in the degradation of water-immiscible substrate, their significance and
exact purpose in this process still remain unclear.

6.3. Flushing agents for organic pollution

Biodegradation of NAPL and soil-phase organics, such as PAH, is often a
slow and non-feasible process.3 The addition of surfactants to a flushing solution
could enhance the flushing efficiency, either by mobilization or by an increase in
the solubilization of these compounds.3 Thus, to be effective, a surfactant must
have good solubilization capacity and/or be able to reduce interfacial tension.
RLs were shown to have an MSR for the model NAPL, hexadecane that was 20
times greater than the MSR for hexadecane alkyl benzyl sulfonate.3 In studies
examining the use of RLs for the removal of residual hexadecane from soil, it
was shown that RL (20 % removal) was more effective than either SDS (negli-
gible removal) or Tween 80 (6 % removal). Additionaly, it was shown the
optimal removal of NAPL compounds (60 %) could be achieved by altering the
pH and ionic strength, thereby maximizing the reduction of the surface tension.3
Similar results were obtained for RL solubilization of solid phase materials. For
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example, the MSR of rhamnolipid—octadecane was ten and five times higher than
the MSRs for Triton-X-114—octadecane and for Corexit 0600—octadecane, res-
pectively.3 Moreover, the MSR of rhamnolipid-phenanthrene was 1.7 to 2.8 times
higher than for 13 different synthetic surfactants that were tested.3 Furthermore,
in a comparison of the remova of a hydrocarbon mixture (undecane, penta-
decane, hexadecane, octadecane, pristane, naphthalene, phenanthrene and pyr-
ene) from soil, RLs were more effective than Triton X-100 or Tween 60 for al
hydrocarbon components.3 Finally, RL-enhanced removal of phenanthrene,
pyrene and polychlorinated biphenyls and a variety of PAH from soil were
reported.3

6.4. Bioremediation of heavy metals

Juwarkar et al.”® conducted column experiments to evaluate the potential of
environmentally compatible RL biosurfactants produced by P. aeruginosa BS2,
to remove Cd and Pb from artificially contaminated soil. Results showed that di-
rhamnolipid removed not only the leachable or available fraction of Cd and Phb,
but also the bound metals, whereas tap water removed only the mobile fraction.”®
Washing contaminated soil with tap water revealed that only ~ 2.7 % of Cd and
9.8 % of Pb in contaminated soil were in freely available or weakly bound forms
and were able to be removed, whereas washing with RL had removed 92 % of Cd
and 88 % of Pb after 36 h of leaching.”® Wang and Mulligan8 evaluated the
feasibility of using RL foam to remove Cd and Ni from a sandy soil. Application
of RL foam increased the efficiency and enabled the removal of 73.2 % and 68.1
% of Cd and Ni, respectively, whereas the RL solution aone flushed 61.7 % and
51 % of Cd and Ni, respectively.80 Mulligan et al.89 designed batch washing
experiments to evaluate the feasibility of using biosurfactants to remove heavy
metals from sediments. Thus, surfactant from Bacillus subtilis, RLs from P.
aeruginosa, and sophorolipid from Torulopsis bombicola were evaluated on a
sediment containing 110 mg kg of Cu and 3300 mg kg2 of Zn. A single wash-
ing with 0.5 % RL removed 65 % of the copper and 18 % of the zinc, whereas 4
% sophorolipid removed 25 % of Cu and 60 % of Zn.89 Avramovic et al.%0
studied the chromium(V1) tolerance of P. aeruginosa NCAIM (P) B001380 and
showed that the strain was chromium tolerant and had potential for application in
heavy metal bioremediation.

6.5. Bioremediation of co-contaminated sites

Sandrin et al.91 studied the effectiveness of RL biosurfactants in the reme-
diation of a Cd and naphthalene co-contaminated site. They observed that
reduced cadmium toxicity as a result of the addition of P. aeruginosa RL led to
enhanced naphthalene biodegradation by Burkholderia sp. NCBI U37342.91
These authors suggested that reduction of metal toxicity by RL might involve a
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combination of RL complexation with cadmium and RL interaction with the cell
surface to alter Cd uptake, resulting in enhanced rates of bioremediation. In
another co-contaminant study, it was observed that the inhibition of phenanthrene
mineralization in the presence of Cd was reduced by the pulsed addition of RL .52
Dahrazma and Mulligan’8 reported higher rates of Cu and Ni removal from
sediments by adding 1 % NaOH to a solution of RL. Efficient removal of Zn and
Cu from co-contaminated soil with a 12.6 % oil content using RLs was also
demonstrated.92

6.6. Food industry

Some properties of RLs, such as emulsion formulation and stabilization, as
well as anti-adhesive and antimicrobial activity, make them interesting for the
food industry as multipurpose ingredients.4 Apart from their role as surface
active agents, there are reports that RLs could have several other functions in
f0od.12.93 Some examples are an improvement of dough stability, texture, vol-
ume and conservation of bakery products, obtained by the addition of RL surf-
actants, %4 while some other authors suggested the use of RLs for improvement of
properties of butter cream, croissants and frozen confectionery products.93

Finally, RLs could serve a source of L-rhamnose, a compound used com-
mercialy in the production of high quality flavor compounds. L-Rhamnose is a
methyl pentose natural sugar, classified as one of the rarer sugars, and isfound in
several animal, plant and bacterial polysaccharides, as well in RLs. This com-
pound was already successfully obtained by hydrolyzing RL surfactants pro-
duced by P. aeruginosa.% L-Rhamnose is a sugar that the Food and Drug Admi-
nistration (FDA) has approved as a food additive and hence, it has found use in
the flavor industry as a precursor for the production of 2,5-dimethyl-4-hydroxy-
-3(2H)-furanone, the high-quality flavor aroma furaneol (trademark of Firmenich
SA, Geneva),12 which resembles strawberry and raspberry. It is also the starting
raw material in the reaction flavors developed during the preparation of various
foods, such as bread, grilled meats, etc. Thus, there is a great deal of interest in
obtaining commercia quantities of rhamnolipids to provide a source of L-rham-
nose, which already has the above mentioned applications in the food industry.

6.7. Surface conditioning

Bacterial biofilms present on surfaces in the food industry are potential
sources of contamination, which may lead to food spoilage and disease trans-
mission, and thus, controlling the adherence of microorganisms to food contact
surfaces is an essential step in providing safe and quality products to con-
sumers.% The promising results from studies of the disruption of Bordetella
bronchiseptica biofilm by RL® and reduction of adhesion of Streptococcus
salivarius and C. tropicalis by RL98 suggested a potential application of RLs for
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surface conditioning in the food industry. Moreover, studies by Meylheuc et
al 99,100 showed inhibition of the adhesion of the pathogen Listeria monocyto-
genes to two types of surfaces typically used in the food industry using bio-
surfactant obtained from P. fluorescens, while Dagbert et al.101 showed that the
surfactant produced by P. fluorescens also has good potential as a corrosion inhi-
bitor.

It is important to note that RLS, as products obtained from P. aeruginosa,
which are considered to be opportunistic pathogens, still face some difficulties
(particularly the long process required by regulations for the approval required by
governmental agencies) related to application in food industry as food ingredients
or integration of these biosurfactants in industrial processes on any large scale
level .4 This obstacle could, in the future, be prevented by using RL produced by,
as dready mentioned, nonpathogenic bacterial species, such as P. chlororo-
phasis.

6.8. Cosmetic and pharmacy industries

Cosmetic surfactants perform detergency, wetting, emulsifying, solubilizing,
dispersing and foaming effects.1> Biodegradability, low toxicity and ecological
acceptability, which, at the same time, are the benefits of a naturally derived surf-
actant that promises cosmetic safety are, therefore, in high demand. In particular,
application of RLs in the field of cosmetics and pharmaceuticals as emulsifiers,
penetrating agents and drug delivery systems is an emerging area of research,102,103

RLs are used in health care products in several different formulations,° for
example, in insect repellents, antacids, acne pads, anti-dandruff products, contact
lens solutions, deodorants, nail care products and toothpastes.3104 These for-
mulations require surfactants with high surface activity and, in particular, emul-
sifying activities, 105 which is the essence of the texture consistency of these
products.#8 Furthermore, requirements for the biological activities for cosmetics
should expand the application of RLsS, and a delivery system has been achieved,
not only for emulsions but also for liposomes.106 Patents for cosmetics con-
taining RLs have been granted for anti-wrinkle and anti-aging products,107 which
were launched in several dosage forms as commercial skin care cosmeticslo8
because of their skin compatibility and extremely low skin irritation.48

6.9. Biomedicine

Early on, the wide-ranging antimicrobial properties of RLS were noted.
Interestingly, they were shown to be active against a large variety of bacteria,
including both Gram-negative and Gram-positive species.8 In several studies, the
antimicrobial properties of mixtures of RL congeners produced by three different
strains of P. aeruginosa were investigated.31:33,34 The various RL combinations
displayed antimicrobial activity against nearly all the tested Gram-positive spe-
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cies, including Staphylococcus, Mycobacterium, and Bacillus, and significant
activity against a number of Gram-negative species, with Serratia marcescens,
Enterobacter aerogenes, and Klebsiella pneumoniae being especially sensitive.29
Rhamnolipids were also shown to affect cellular immunosuppressionl and
wound healing, treatment and prevention of gum disease and periodontal regen-
eration,110 and to display differential effects on human keratinocytes and fibro-
blast cultures.111 Moreover, Piljac et al.112 reported the successful treatment of a
decubitus ulcer with an ointment containing 0.1 % of a di-rhamnolipid.
Thanomsub et al.113 tested the cytotoxic activity of acrude RL extract, Rha—
—Rha—C10-C1g and Rha—Rha—C10—C12, produced by P. aeruginosa B189 iso-
lated from a milk factory, against herpes simplex virus, insect and cancer cell
lines. Rha—Rha—C10—C1g exhibited significant inhibition of growth of human
breast cancer cell lines (MCF-7), with minimum inhibitory concentration (MIC)
of 6.25 ng mL—1, Rha-Rha—C10—C12 had an MIC of 50 pg mL-1 against insect
cell line C6/36, while the crude RL extract showed no cytotoxic activity.113 The
potential mechanism of activity, regarding the structure of the biosurfactant, is a
toxicological effect on the cell membrane permeability. Furthermore, Rha—Rha—
—C10-C10 and Rha—Rha—C10—C12 had no inhibition effect on the normal cell line
(Vero cell) at concentrations up to 50 pg mL—1. This confirmed the specific
toxicity of these compounds to the cell lines used. However, the inhibitory mech-
anisms against these cell lines are as yet unknown and are under investigation.113

6.10. Agronomy

RLs aso showed the ability to control certain zoosporic plant pathogens,
including Phytophthora cryptogea and Pythium spp.114-116 pyrified mono- and
di-RL, in concentrations ranging from 5 to 30 mg L1, caused cessation of motil-
ity and lysis of the entire zoosporic population in less than 1 min.3 This obser-
vation led to the development of a RL-containing biofungicide formulation, used
to prevent crop contamination by pathogenic fungi.® This product is considered
to be non-mutagenic and of low acute toxicity to mammals. It was approved by
the FDA for direct use on vegetables, legumes and fruit crops.4 Dorey et al.117
reported the role of RLs in triggering defense responses and protection against
the fungus Botrytis cinerea in grapevines.11” The authors showed that RLs inhi-
bited spore germination and mycelium growth, thus efficiently protecting grape-
vines against the fungus by inducing the plant defense system. A product based
on an aqueous RL solution (0.01 %) was claimed to act as a novel agent for
stimulating the natural defense reactions of plants against pathogenic fungi.>117

6.11. Formulation of cleaners and wetting agents

One of the major commercial domestic applications of biosurfactants is in
the field of cleaning and laundry products. The interfacial chemistry created by
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adsorbed surface-active molecules, of either biological or chemical origin, domi-
nates the end-use properties of materials in many different applications.>® The
properties and efficacy of detergent formulations are critically dependent on the
interfacial activity of various surfactants, which are present in their compo-
sition.64 At present, the liquids and powders generally contain alkyl sulfonates,
such as linear alkylbenzene sulfonates, but the glycolipid biosurfactants and
among them rhamnolipids, produced by P. aeruginosa, are possible candidates to
be used for the, at least, partial replacements of these synthetic compounds.®8
One of the mgjor challenges in the use of RLs is the fact that they are produced
as a mixture of different congeners, which affects physicochemical properties
and behavior, as mentioned previously.

Bafghi and Fazaelipoorl18 investigated RLs in the formulation of a washing
powder. The results showed that the biosurfactant was effective in removal of ail
from the samples. The formulation presented in this study was also compared
with some commercial powders for the removal of edible oil, chocolate and
albumen stains. The results showed that the RL-inclusive formulation was com-
parable to the commercial powders in terms of stain removal. Biodegradability
tests performed on pure RL and the RL-inclusive formulation confirmed the good
biodegradability of this biosurfactant.

Ozdemir and Malayoglu®4 investigated the wetting behavior of a mixture of
mono- and di-rhamnolipid (in 1:1 ratio of mono:di-rhamnolipid) on glass, PET
and gold surfaces by measuring the advancing contact angle, and elucidated the
preferences of the surfactant molecules adsorbed onto SL-SV and L-V inter-
faces, with SDS as the reference surfactant. The study showed that at low con-
centrations of RL and reference surfactant, the contact angle varied in a certain
range depending on the character of the surfactant interactions with the surface.t4
Moreover, on hydrophobic surfaces, the adhesion tension had a specific dynamic,
depending on surfactant concentration, while on hydrophilic surfaces a steady
decrease in adhesion tension was observed with both surfactant solutions.64

Costa et al.>® also studied the wetting behavior of RLs produced by P. aeru-
ginosa LBI grown on a waste oil substrate, and the chemical surfactant SDS, on
glass, PET, poly(vinyl chloride) (PVC), poly(e-caprolactone) (PCL) and a poly-
mer blend (PVC—PCL) by measuring the contact angle of sessile drops. The
comparison of the wetting profiles showed dynamic changes in the contact angle
at low SDS and RL concentrations — the contact angle increased and when the
concentration of the surfactant increased further, the contact angle decreased.>®
The results showed that RLs produced by P. aeruginosa LBI exhibited superior
wetting abilities compared to SDS. This is the first work that evaluated the
wetting properties of RLs on polymer blends.
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6.12. Bio- and nano-technology

Biosurfactants have been increasingly attracting attention in the field of
nanotechnology as a “green” aternative for high-performance nanomaterials.1?
During the last decade, unique properties of biosurfactants, including versatile
self-assembling and biochemical properties, which do not usually occur among
chemically derived surfactants, were studied and analyzed.119-121 RL s, alone or
in combination with other glycolipid biosurfactants, have potential roles as sys-
tems for drug delivery, synthesis of nanoparticles and formulation of microemul-
sions.

6.12.1. Drug delivery systems

In 1988, RL liposomes were patented as drug delivery systems, useful as
microcapsules for drugs, proteins, nucleic acids, dyes and other compounds, as
biomimetic models for biological membranes and as sensors for detecting pH
variations.1” These novel liposomes were described as safe and biologically
decomposable, with suitable affinity for biological organisms, stable and with
long service and shelf life.l” Recently, in a study of Sharma et al.,122 RLs and
sophorolipids were mixed with lecithins to prepare biocompatible microemul-
sions in which the phase behavior was unaffected by changes in temperature and
electrolyte concentration, making them desirable for cosmetic and drug delivery
applications.1’

6.12.2. Synthesis of nanoparticles

Another interesting aspect of the applications of RL isthe synthesis of metal
nanoparticles as an aternative (a more ecological technology) to traditional
methods of production.12! There are several reports with RL applications in this
field. Kumar et al.123 synthesized silver nanoparticles using purified RLs from P.
aeruginosa BS-161R, which showed a broad spectrum of antimicrobial activity.
Xie et al.124 successfully synthesized silver nanoparticlesin RL reverse micelles.
Palanisamy and Raichurl? demonstrated a simple and eco-friendly method for
synthesis of spherical nickel oxide nanoparticles by a microemulsion technique
using RLs as an dternative surfactant.

In two recent studies, RL biosurfactants were used as capping agents for the
synthesis of ZnS nanoparticles.126.127 Narayanan et al.126 demonstrated a novel
method for the synthesis of ZnS nanoparticles in agueous medium and showed
that RL biosurfactant has potential as an effective capping agent for the synthesis
of uniform nanoparticles. Hazra et al.127 reported a facile eco-friendly procedure
for biosynthesis of RL capped ZnS nanoparticles, their structural character-
ization, biocompatibility, cytotoxicity assessment and their applicability as a
nanophotocatalyst for the degradation of a textile azo dye. The results obtained
explained the importance of environmentally friendly RLs as an effective and
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inexpensive capping and stabilizing agent for the development of stable and
biocompatible ZnS nanoparticles as nanophotocatalysts in the textile industry and
for wastewater and effluent treatment.127

6.12.3. Microemulsions

Xie et al.128 showed that RLs have potential for application in the for-
mulation of microemulsions with medium-chain acohols as co-surfactants.
Furthermore, the same authors observed that the phase behavior and micro-
structure of these microemulsions were related to the conformational changes of
the RL molecules at the oil/water interface.128.129 |n another study, RLs were
successfully used as the surfactant to synthesize spherical nickel oxide nano-
particles by amicroemulsion technique.12®

Nguyen and Sabatini130 focused their research on developing alcohol-free
biosurfactant-based microemulsions. RL-based mixtures were found to have
doubled the solubilization parameter as compared to sodium bis(2-ethylhexyl)
sulfosuccinate/sodium dihexy! sulfosuccinate/sodium mono- and di-methylnaph-
thalene sulfonate at the same total molar concentration.130 Additionally, these
authors developed a phase diagram for surfactant mixtures containing methyl
ester ethoxylate, RL and oleyl alcohol with limonene oil, which could be used as
a guideline for selecting a surfactant system and surfactant ratio to formulate
microemulsions with a given oil. The RL biosurfactant used by Nguyen and
Sabatini130 was the least hydrophobic type (fatty acid tails of Cg chain length),
since its tail length was the shortest within the typical range (the tail length
usually varies from Cg to Cy4). Potential application of longer tail RL would
make the surfactant system more hydrophobic and, as a result, either the opti-
mum formulation at lower salinity for the studied oils would be achieved, or it
would be easier to formulate microemulsions with oils that are more hydrophobic
than the studied 0ils.130 In a recent report, Nguyen et al.12! formulated and
evaluated microemulsions of lecithin/RL/sophorolipid biosurfactants with a
range of ails.

7. CONCLUDING REMARKS AND FUTURE PERSPECTIVE

Next to the aready established biosurfactants alkyl polyglycosides and
sophorolipids, RLs shows the highest economic potential among all the currently
investigated microbial biosurfactants.9 The reasons for this are their environ-
mental friendly properties (biodegradability, low aguatic toxicity, production
from renewable resources or industrial wastes), as well as additional benefits of
their physicochemical characteristics and biological origin. In spite of the several
drawbacks discussed above, strains of P. aeruginosa are the most promising
candidates for RL production, because they can metabolize a variety of carbon
sources, including renewable sources, with good yields of RL surfactants and
their RL mixtures contain all types of RL structures. In comparison to other gly-

Available on line at www.shd.org.rs/JSCS/

(CC) 2015 SCs. All rights reserved.




300 RIKALOVIC, VRVIC and KARADZIC

colipid biosurfactants, RLs have a broader range of applications, from environ-
mental to industrial spectra. The increasing commercial importance of RL is
suggested by the number of companies that are official manufacturers of RL bio-
surfactant produced by P. aeruginosa, and the great number of related patents.
However, in the near future, it seems that the most likely progress in the appli-
cation of RLs will be in the field of bioremediation, biodegradation of hydro-
carbons and removal of heavy metals. In addition to the research focused on
commercia application of RLs in bioremediation, further investigation and
understanding of the mechanisms of action of these compounds in the environ-
ment appears to be of importance.

Acknowledgment. This work was supported by Project 111 43004, funded by the Ministry
of Education, Science and Technological Development of the Republic of Serbia.

U3BOJ
PAMHOJIMIIUIHU BUOCYPOAKTAHT U3 Pseudomonas aeruginosa — Ol OTKPURA JO
[TPUMEHE Y CABPEMEHOJ TEXHOJIOTHJH

MUJIEHAT. PI/IKAIIOBI/IB1, MHPOCJIAB M. BPBUR' n HBAHKA M. KAPALII/I'B1

1Xemujcxu paxyniteii, Ynusep3utiien y Beoipagy, Ciygeniticku wpi 12—16, Beoipag u ZMeguu,uHcrcu
paxynitienwi, HHciuty 3a xeMmujy y meguyunu, Ynueep3uiieii y beoipagy, Buweipagcka 26, Beoipag
PamHonmunuou cy, HajBepoBaTHHje, cieneha reHepauuja OuocypdaxrtaHata koja he
IOMHUHHUpATH Ha TPXKUIITY cypdakranara. Hamase ce ogMax u3a aJKkWiI-NIOMUIIIMKO3UIA, KOjU
cy Beh mpuxsaheHu Ha TPKULITY, ¥ CODOPOIUINIA, KOjHU CE 3a caja Hajase y HEKOIUKO (op-
mynauuja 3a ynmhemwe. Mnax, Hajpehu 6poj HOBUX MydnuKanMja U MaTeHaTa BE3aHUX 3a IVIU-
KonunugHe duocypdaxkTaHTe ce OFHOCH Ha PAaMHOJIMNHKAE. [7TaBHHU NPOISYLEHTH PAaMHOJIH-
nuna cy Pseudomonas aeruginosa. OBu OuocypdakTaHTH Cy CMelle Pa3IHYUTHX PAaMHOJIH-
MUIHUX CTPYKTYpa, Koje TMoKa3dyjy (PpuU3nIKo-xeMHjcke 0COOHHE pa3TuuuTe Of MOjefHHAYHUX
CTPYKTypa, IIPH YeMy Haj3acTyIubeHHje PaMHONHUINIHO jeduierme MMa Hajsehu yTuiaj Ha
YKYIIHE KapakTepucTuke cMmerie. OcobrHe paMHONMMIIN/A, Kao IITO Cy OMOpasrpaguBoOCT, HUCKA
TOKCHYHOCT, NMPOAyKUHja U3 ODHOB/BMBHX M3BOpA, aHTUMUKPOOHa (mocedHO aHTHU(YyHranHa)
aKTHBHOCT, 33jeJHO UX YMHE NMOTEHUHjaIHO MOTOAHUM 3a IIHWPOKY KOMepLUjalHy NPUMEHY.
Jlo capa je rmaBHa MpUMeHa paMHOIHUNKAA dumna y obnactu duopemenujanuje, a pactyhu dpoj
naTeHaTa Be3aHHUX 3a NPUMEHY PaMHOJIMNHKAA Y KO3METHUYKO]j, arpo- U npexpamdeHoj UHIyC-
TpHju, popmynanujama 3a ydirhewme U HAHO-TEXHOJOTHjU YKa3yjy Ia je muxoBa OymyhHocT
UMIUIEMEHTalYja y OBUM 001aCTUMa.

(ITpumsbeHo 27. jyHa, peBunupano 19. cenrembpa, mpuxsaheno 20. centembpa 2014)
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