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ABSTRACT 

For decades, microorganisms have been known as producers of surfactants, one of the most important 

classes of bulk chemicals. In the framework of the current environmental concerns, biosurfactants gain 

interest due to their low toxicity and good biodegradability. Consequently, they offer a valid alternative 

to their petrol-derived counterparts. Starmerella bombicola is able to produce gycolipid sophorolipids. 

Through genetic engineering of this yeast it is possible to create new-to-nature biosurfactants like 

glucolipids and bolaform sophorolipids or enhance biosynthesis of one specific molecule instead of the 

mixture produced by the wild type. These new strains and molecules possess unrevealed characteristics 

and therefore, new production processes were studied involving both fermentation and purification. The 

efficacy of these processes was evaluated by means of HPLC-ELSD.  

Lactonic sophorolipids were purified using a “green” process comprising 8 water washing steps on the 

sophorolipid crystals, resulting in: a final 94% pure product and a yield of 98%. An alternative and quick 

quantification method was developed for bolas using the anthrone reagent and compared with the 

phenol method.  

 

 

Keywords: Starmerella bombicola, sophorolipids, glucolipids, bolaform sophorolipids, fermentation, 

purification 
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RESUMO 

Durante décadas, os microrganismos têm sido conhecidos como produtores de surfactantes, uma das 

mais importantes classes de produtos químicos produzidos a granel. No âmbito das atuais 

preocupações ambientais, estes biosurfactantes têm vindo a ganhar interesse devido à sua reduzida 

toxicidade e excelente biodegradabilidade. Consequentemente constituem uma alternativa válida aos 

seus homólogos derivados do petróleo. A levedura Starmerella bombicola é capaz de produzir 

soforolípidos e através da sua manipulação genética é possível criar novos biosurfactantes como 

glucolípidos e “bolaform” soforolípidos ou aumentar a biossíntese de uma molécula específica, ao invés 

da mistura produzida pela estirpe wild type. As novas estirpes e moléculas possuem características 

desconhecidas logo, novos processos de produção foram estudados, envolvendo fermentação e 

purificação. A eficiência destes processos foi avaliada através de HPLC-ELSD.  

A purificação dos soforolípidos lactónicos foi feita recorrendo a um processo “verde”, compreendendo 

uma lavagem dos cristais com água destilada na qual foram necessários 8 ciclos, resultando num 

produto final com um grau de pureza de 94% e num rendimento de 98%. Adicionalmente, desenvolveu-

se um método alternativo e rápido para quantificação de “bolaform” soforolípidos usando o reagente de 

anthrone, tendo sido comparado com um o método do fenol. 

 

 

Palavras-chave: Starmerella bombicola, soforolípidos, glucolípidos, “bolaform” soforolípidos, 

fermentação, purificação 
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1. INTRODUCTION 

Surfactants are surface active compounds capable of reducing interfacial tension between liquids, solids 

and gases, thereby allowing them to mix and disperse readily in water or other liquids1. They are 

amphiphilic molecules comprising both hydrophilic and hydrophobic moieties, which gives rise to their 

special proprieties. The hydrophobic “tail” is usually a hydrocarbon and the hydrophilic group appears 

in many different varieties such as carbohydrates, alcohol alkoxylates, amino acids, carboxylates, 

sulphates, sulphonates and phosphates. 

Surfactants intervene in nearly every product and every aspect of human life and they are one of the 

most important classes of industrial bulk chemicals with a total world production exceeding 18 million 

tonnes per year2. About half of that is used in household and laundry detergents, the other half in a wide 

variety of industrial sectors, particularly the chemical industry, food industry, cosmetics and personal 

care, textile industry, health care, paper industry and agriculture3. Important surfactants include linear 

alkylbenzene sulfonates (LAS), fatty alcohol ethoxylates (FAEO), and lauryl ether sulfate (LES) of which, 

respectively, 3.1, 1.1, and 0.8 million tonnes are produced per year2.  

A large part of the used surfactants are petroleum-based and are produced by chemical means. These 

compounds are often toxic to the environment, and their use may lead to significant ecological problems, 

particularly in washing applications since they will end up in the environment after use4. Moreover, 

surfactant synthesis often requires hazardous chemicals such as ethylene oxide and often results in 

undesirable residual or side products2. Regulatory measurements have been taken to avoid impact on 

aquatic systems (for instance the Detergent Regulation (EC) No 648/2004 that imposed minimal 

degradation limits as of October 2005) leading to the withdrawal of several surfactants. Even so, these 

molecules represent an environment risk due to their bio-accumulation, biodegradability and inherent 

toxicity, often requiring less than 1 mg/L to kill off or prevent water organisms from reproducing2. 

Meanwhile, surfactants with a better environmental profile found their way to the market, e.g. alkyl 

polyglucosides, alkyl polyglucamides and fatty ester methyl ester ethoxylates. However, these 

molecules, considered as first generation of biosurfactants, are not fully based on renewable resources 

and/or still imply chemical synthesis steps3.  

So, due to environmental concerns and increasing petroleum prices, surfactants from microbial origin, 

the so called “second generation biosurfactants”, are gaining increasing interest. Biosurfactants possess 

many advantages over their chemically synthetized counterparts such as lower eco-toxicity, increased 

biodegradability and biocompatibility and effectiveness at a wide range of pH and temperature values5. 

Despite possessing many commercially attractive properties and clear advantages compared with the 

chemical surfactants, the production of biosurfactants and penetration into the market are limited due to 

the rather high production costs and limited structural variety. Indeed, in 2009 only approximately 25% 

of the total surfactant production was bio-based (accounting 1st and 2nd generation)2. The production 

cost of biosurfactants is determined by the initial raw material costs, the production and downstream 

processing technologies and the intrinsic capacity of the producing microorganisms. Three basic 

strategies can be adopted in order to produce biosurfactants in a competitive way: i) use of cheaper and 
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waste substrates to lower the initial raw material costs involved in the process; ii) development of 

efficient bio-processes, including optimization of the culture conditions and cost-effective separation 

processes for maximum biosurfactant production and recovery; and iii) development and use 

recombinant strains for enhanced biosurfactant production6 and a diversification of the available 

biosurfactants.  

In this work recombinant strains of S.bombicola were used for the (enhanced) production of (new-to-

nature) biosurfactants, namely: lactonic sophorolipids, glucolipids and bolaform sophorolipids. The focus 

of this thesis was the improvement and/or development of production and purification procedures for 

these new biosurfactants.  
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2. LITERATURE REVIEW 

2.1 Biosurfactants 

Usually, the term biosurfactant refers to surfactant molecules that are produced by living cells from 

renewable resources, contributing to their “environmentally friend” character. However, as said in the 

introduction, there are also biosurfactants, like APGs, which are not produced by microorganisms but 

are also (partly) derived from renewable resources using chemical processes (1st generation). 

Surfactants are mainly known and evaluated for their ability to lower the surface tension between air 

and water. Another important feature of (bio)surfactants is their critical micelle concentration (CMC) 

(Figure 2.1).  

 

 

 

 

 

 

Surfactants are amphiphilic molecules, the polar part interacts with the water and the non-polar part is 

pushed above the surface (which allows foam formation). The presence of these molecules on the 

surface disrupts cohesive energy and thus lowers the surface tension. Increasing surfactant 

concentration in the water will decrease surface tension until the CMC is reached. Beyond this point, 

further increase of the surfactant concentration will cause no further decline in surface tension, since 

aggregates or micelles are formed. In those, the hydrophobic residues are oriented within the micelles 

and the hydrophilic parts are exposed to the water. The same principle applies to the interface oil/water, 

which is responsible for the emulsification proprieties of surfactants.  

2.1.1 Classification and types 

Biosurfactants are a class of secondary metabolites representing a wide variety of structures, 

predominantly determined by the producing organism and by culture conditions. Surfactants are 

classified according to the nature of their polar group, however biosurfactants are categorized mainly by 

their chemical composition and their microbial origin7. 

In this way, biosurfactants can be classified in five groups based on their chemical composition: 

glycolipids (1), oligopeptides and lipopeptides (2), phospholipids, fatty acids and neutral lipids (3), 

polymeric (4) and particulate (5). They can also be classified according to molecular weight: 

polysaccharides, lipoproteins or lipopolysaccharides are high-molecular-weight surfactants (1) and low-

Figure 2.1 - Surface tension as function of surfactant concentration. CMC is reached when micelles start to form75. 
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molecular-weight biosurfactants (2) includes glycolipids and lipopeptides8. Most known biosurfactants 

are glycolipids and among them, the best known are rhamnolipids and sophorolipids. In Table 2.1 the 

most important microbial surfactants and producing organisms are shown. In the following points a brief 

overview over some important biosurfactant compounds will be addressed.  

 

Table 2.1 – Microbial source and proprieties of important types of microbial surfactants organized according to their 

chemical composition7.  

Biosurfactant Organisms 
Surface  
tension 
(mN/m) 

CMC (mg/L) 

(1) Glycolipids   

Rhamnolipids 
Pseudomonas aeruginosa 29 15-100 

Pseudomonas sp. 25-30 0,1-10 

Trehalolipids 

Rhodococcus erythropolis 32-36 4 

Nocardia erythropolis 30 20 

Mycobacterium sp. 38 0,3 

Sophorolipids 

Starmerella bombicola 33 40-100 

Candida.apicola 30 40-100 

Torulopsis petrophilum   

Cellobiolipids Ustilago zeae, U. maydis   

(2) Lipopeptids and lipoproteins  

Peptide-lipid Bacillus licheniformis 27 12-20 

Serrawettin Serratia marcescens 28-33  

Viscosin Pseudomonas fluorescens 26,5 150 

Surfactin Bacillus subtilis 27-32 23-160 

Gramicidins Bacillus brevis   

Polymyxins Bacillus polymyxa   

(3) Fatty acids, neutral lipids and phospholipids    

Fatty acids Corynebacterium lepus 30 150 

Neutral lipids  Nocardia erythropolis  32  

Phospholipids Thiobacillus thiooxidans   

(4) Polymeric surfactants   

Emulsan Acinetobacter calcoaceticus   

Biodispersan Acinetobacter calcoaceticus   

Mannan-lipid-protein Candida tropicalis   

Liposan Candida lipolytica   

Carbohydrate-protein- lipid 
Pseudomonas fluorescens 27 10 

Debaryomyces polymorphis   

Protein PA Pseudomonas aeruginosa   

(5) Particulate biosurfactants  

Vesicles en fimbriae Acinetobacter calcoaceticus   

Whole cells Variety of bacteria   
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2.1.2 Glycolipids 

2.1.2.1 Rhamolipids 

Rhamnolipids (RLs) are glycosides composed by a glycon part linked to a β- hydroxyfatty acid chain via 

an O-glycosidic bond. The glycon part is composed of one or two rhamnose moieties linked to each 

other through a 1, 2 glycosidic linkage. The aglycon part consists in one or two (in few cases three) β-

hydroxy fatty acid chains that usually are saturated but can also appear mono or polyunsaturated. These 

fatty acids chains length can vary from C8 to C16
9. RLs can have a large variety of chemical structures 

and about 60 different congeners and homologs have been reported10. 

 

 

 

 

These compounds are mostly synthesized by Pseudomonas aeruginosa, the best known producer that 

can yield a production higher than 100 g/L. This fact together with the excellent surface activity 

proprieties and the broad range of applications in pesticides, food and pharmaceutical fields makes RLs 

very attractive from an industrial perspective. One of the disadvantages of RLs production is that P. 

aeruginosa is a pathogenic organism and other known nonpathogenic producing strains like P. 

chlororaphis are not able to give to the same production levels11.  

 

2.1.2.2 Trehaloselipids 

Glycolipids with trehalose sugar moieties (α-1,1 glucose disaccharide) are mainly produced by Gram-

positive, high GC content bacteria of the Actinomycetales and production by the species Rhodococcus 

erythropolis is the best known. This species produces a variety of surface active compounds that remain 

attached to the cells. The major constituents are trehalose mycolates (Figure 2.3), in which disaccharide 

trehalose is linked to two long-chain α-branched β-hydroxy fatty acids7,12.  

  

Figure 2.2 - Structure of a rhamnolipid with two rhamnose and two β-hydroxydecanoic acid units, (Rhamnolipid 

3)76. 
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2.1.2.3 Sophorolipids  

Sophorolipids (SLs) are one of the most promising biosurfactants. They are produced by nonpathogenic 

yeast strains, by opposition to rhamnolipids as noticed before. In the sixties and seventies several SL 

producing strains were identified: Torulopsis magnolia (currently called Candida apicola), Torulopsis 

bombicola and Candida bogoriensis. However during the last decades other producing strains were 

identified like Pichia anomala and Wickerhamiella domercqiae, that do not belong to the S.bombicola 

clade3.  

Sophorolipids consists of a dimeric carbohydrate sophorose linked to a long-chain hydroxyl fatty acid. 

They are synthesized as a mixture of slightly different molecules. The sophorose unit may contain acetyl 

groups at the 6´and/or 6´´ positions and the sophorolipid can occur in the acidic form (Figure 2.4B) with 

a free fatty acid tail or in the lactonic form (Figure 2.4A) with an internal esterification between the 

carboxylic end of the fatty acid and the 4´´ of the sophorose head. Moreover, the hydroxyl fatty acid can 

possess several carbon atoms (mostly 16 and 18), has one or more unsaturated bounds and the 

hydroxyl groups can be located in the terminal (ω) or sub terminal (ω-1) position3.  

 

 

This literature review will mainly focus on the glycolipids synthesized by S. bombicola and more details 

about these compounds will be discussed in the next chapters. This strain is the preferred one in most 

Figure 2.4 – Examples of sophorolipids produced by S.bombicola; lactonic diacetylated form (A) and acid non-

acetylated open-chain sophorolipid (B)78. 

 

Figure 2.3 - Structure of nonionic trehalose-dicorynomycolates from Rhodococcus erythropolis DSM 43215, n + m 
= 27 to 3177.  
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of the research groups in the SL field and possesses a huge industrial potential since is able to produce 

over 400 g/L of product. Nowadays companies like Ecover, Saraya, Solliance, Wheatoleo and Evonik 

produce SLs for commercial purposes.  

 

2.1.3 Lipopeptides/lipoproteins 

This class of molecules is composed of cyclic peptides linked to a hydroxyl fatty acid or amino fatty acid, 

produced by Baccilus and Pseudomonas species. The strain B. subtilis ATCC 21332 is able to produce 

a heptapeptide core linked to a β-hydroxy fatty acid called surfactin (Figure 2.5). Surfactin is one of the 

most powerful biosurfactants since it is able to reduce surface tension from 72.8 to 27.9 mN/m at a 

concentration of only 0.005%. Furthermore, these compounds are very attractive due to their antibiotic 

activities towards several plant pathogen organisms7.  

 

 

 

 

 

 

2.1.4 Fatty acids, neutral lipids and phospholipids  

Some micro-organisms secret simple biosurfactants such as phospholipids and fatty acids or neutral 

lipids in order to facilitate contact and assimilation of a hydrophobic carbon source (e.g. alkanes). 

Phosphatidylethanolamine (Figure 2.6) produced by R. erythropolis grown on n-alkane cause a lowering 

of interfacial tension between water and hexadecane to less than 1 mN/m. Although possessing good 

interfacial lowering capacities, this group of biosurfactants is poorly studied in terms of industrial 

applications. 

 

 
Figure 2.6 - Structure of phosphatidylethanolamine, a potent biosurfactant. R1 and R2 are hydrocarbon chains of 

fatty acids. 

Figure 2.5 - Structure of surfactin. 
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2.1.5 Polymeric biosurfactants 

Polymeric biosurfactants or bioemulsans are constituted of a heteropolysaccharide core in combination 

with peptides and fatty acids. Emulsan (Figure 2.7), synthesized by Acinetobacter calcoaceticus, is the 

best studied one. It is commercially applied due to its very high affinity for the oil/water interface and 

therefore strong stabilization of heavy oil-in-water emulsions. 

 
 

 

 

 

 

 

 

 

 

Other examples include: liposan, a carbohydrate-protein complex synthesized by the yeast Yarrowia 

lipolytica; biodispersan from A. calcoaceticus A-2 and alasan from A. radioresistens KA-53.  

 

2.1.6 Particulate biosurfactants 

There also exists biosurfactants build of carbohydrates, fatty acids and peptides, and sometimes 

external cell components or even whole cells show surface tension lowering properties. The 

Acinetobacter strain HO1-N secrets membrane vesicles that contain 5 times as much phospholipid and 

about 350 times as much polysaccharide as does the outer membrane.  

Surfactant activity in most hydrocarbon-degrading and pathogenic bacteria is attributed to several cell 

surface components, which include structures such as M protein and lipoteichoic acid in the case of 

group A. streptococci and protein A in Staphylococcus aureus7.  

 

2.2 Physiological role 

The function of a biosurfactant in a producing cell is not fully understood yet. There are a lot of structural 

varieties of biosurfactants with different physicochemical proprieties, which drives us to conclude that 

the natural role vary with the physiology and ecology of the producing organism. It is believed that the 

main function of a biosurfactant is to increase solubility and consequently the bioavailability of 

hydrophobic water-insoluble substrates8. This hypothesis is supported by the fact that non biosurfactant 

Figure 2.7 - Structure of emulsan produced by Acinetobacter calcoaceticus, in which fatty acids are linked to a 
heteropolysaccharide backbone7. 
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producing strains grow poorly on alkanes while the addition of biosurfactants to the medium restores 

the growth rate13. However, this function seems to be specific for each strain because it was observed 

that the growth of S.bombicola in alkanes is stimulated by the presence of its own sophorolipids but the 

addition of R.bogoriensis sophorolipids or synthetic nonionic surfactants resulted in inhibition or no 

effect14. Mostly, biosurfactants are secondary metabolites which are secreted and act as solubilizing 

agents (low molecular weight biosurfactants) due to micelle formation and inclusion of the oily substrate 

inside or as an emulsifier, keeping large quantities of substrate in emulsion with the water phase. 

Another applied strategy consists on accumulating the surfactant at the cell surface, which increases 

cell hydrophobicity allowing a direct contact with the oily substrate15.  

It was also suggested that sophorolipids from Candida (Torulopsis) apicola can act as an extracellular 

carbon storage material since they remain attached to the cell in the absence of any hydrophobic carbon 

source16. According to Van Bogaert et al. (2007)4 sophorolipids synthesis as a main function of 

extracellular carbon source storage, combined with survival in high sugar concentration environments 

and a defense against other competing organisms. The former was also confirmed for S.bombicola17. 

The attachment of biosurfactants to the outer cell surface changes the polarity of the cell and might have 

a function in the regulation of the attachment – detachment to surfaces. Consequently, this attachment 

to surfaces is an important step in biofilm formation. It was shown that alasan, an exocellular emulsifier 

produced by A. radioresistens KA53, can bind to the surface of Sphingomonas paucimobilis EPA505 

and A. calcoaceticus RAG-1 changing their surface proprieties8.  

Biosurfactants can also bind to heavy metals and play a role in detoxification. For instance, rhamnolipids 

can eliminate cadmium toxicity when added at a 10-fold greater concentration than the contaminant18.  

For many pathogenic microorganisms, biosurfactants may have several functions in pathogenicity and 

infection and/or invasion of the host cells. For instance, there was a study to demonstrate the importance 

of rhamnolipid production for the establishment of an infection using two in vivo models: by comparison 

with the wild type strain, an rhlA mutant was more rapidly cleared from both mice models of 

intraperitoneal foreign-body infection and pulmonary infection10,19.  

Various biosurfactants have been shown to possess antimicrobial activity, which is related with their 

amphipathic nature. They act as antibiotics by solubilizing the major components of cell membranes and 

in this way microorganisms have a better chance to survive in a harsh environments20. Sophorolipids 

display anti-microbial activity against certain yeasts such as Candida and Pichia species and Gram-

positive bacteria4.  
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2.3 Production of sophorolipids 

2.3.1 Biosynthesis pathway  

Figure 2.8 gives a schematic overview of the proposed biochemical pathway involved in sophorolipids 

synthesis. Sophorolipids production is higher when both hydrophilic and hydrophobic carbon sources 

are supplied in the production medium. So, the two main building blocks for SL production are glucose 

and a fatty acid. Sometimes, a fatty acid methyl or ethyl esters or triglycerides can also be used and 

then they will suffer extracellular hydrolysis by a lipase. S. bombicola is capable of growing on alkanes 

and related substrates as the sole carbon source since this yeast possesses enzymes required for the 

terminal oxidation of fatty acids. If no hydrophobic substrate is present in the medium, fatty acids will be 

formed de novo starting from acetyl-CoA derived from the glycolysis pathway. By opposition, when there 

is no glucose or at low concentrations, fatty acids will be undergo β-oxidation and will be used for cell 

maintenance instead of SL production3. The first step of this biosynthetic pathway is the conversion of 

the fatty acid to a terminal (ω) or a subterminal (ω-1) hydroxyl fatty acid through the action of a NDPH 

dependent monooxygenase enzyme, cytochrome P450 (CYP52M1). In the second step a glucose 

molecule is glycosidically coupled (position C1´) to the hydroxyl group of the fatty acid through the action 

of a specific glycosyltransferase I (UGTA1). Then, a second glucose is glycosidically coupled to the C2´ 

position of the first glucose moiety by glycosyltranferase II (UGTB1), which gives rise to an acidic SL. In 

the next step, acetylation of the sophorose unit at the C6´ and C6´´ positions occurs, which is mediated 

by an acetyl-coenzyme A (CoA) dependent acetyl transferase. In the final step SLs are transported to 

the extracellular space and lactionisation occurs between the fatty acid carboxyl group and the 4´´-

hydroxyl. In some rare cases, lactionisation occurs at the 6 or 6´´position. So, at the end a mixture of 

several structures of SL will be obtained, as seen before in section 2.1.2.3. 
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Figure 2.8 – Sophorolipid biosynthetic pathway of Starmerella bombicola17. (1) Hydroxylation of a fatty acid by a 

CYP52M1 monooxygenase; (2) Glucosylation of the FA-OH by the first glucosyltransferase UGTA1; (3) Second 

glucosylation step by  the glucosyltranferase UGBT1 giving rise to an acidic SL; (4) Acetylation step by the action of 

an acetyltransferase AT; (5) Transporter that releases the different SLs into the extracellular space; (6) 

Lactonesterase. 
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2.3.2 The fermentation process 

Over the last years a lot of studies were performed in order to known the effect of the feed source and 

the cultivation conditions in the yield and structural variety of these bio-products. Secondly, the use of 

cheaper carbon sources and waste streams was also evaluated and finally the use of genetically 

modified strains. The main purpose is always to optimize the production process in order to make these 

biosurfactants economically competitive.  

2.3.2.1 Culture conditions 

A typical production medium for sophorolipid production includes 100 g/L of glucose, a source of 

nitrogen such as yeast extract or corn steep liquor (1-5 g/L) and preferably additional nitrogen sources 

such as urea or NH4+, citrate, buffering compounds and minerals3. Higher yields of sophorolipids will be 

obtained when a hydrophobic carbon source is added, either in batch or fed-batch, and additional 

glucose feedings can help increase the yield as well9.  

Sophorolipids synthesis starts in the stationary phase (about 24-48h) after inoculation and it is probably 

triggered by nitrogen starvation21. In general, an optimal production process takes about 10 days, a 

longer incubation time leads to a higher sophorolipid concentration that has negative effects on both 

aeration and stirring. However, cells can be kept viable and producing in the stationary phase3,22.   

The optimal temperature for sophorolipids production is 21˚C23, however most fermentations run at 25 

or 30˚C due to practical reasons (e.g. better handling in sample taking and oil addition), without no 

significant differences in product formation3,24.  

Regarding the pH, S.bombicola cultivations are characterized by a strong drop during the exponential 

growth phase and must be further maintained at 3.5 for an optimal sophorolipid production3,23.  

The aeration conditions are also an important factor during the whole fermentation process: the yeast is 

sensitive to oxygen during the exponential growth phase and the cytochrome P450 monooxygenase, 

involved in the biosynthesis (section 2.3.1), requires molecular oxygen. Optimal aeration rates were 

investigated in shake flask experiments and the values suggested lays between 50 and 80 mM O2/L 

h3,25. 

Table 2.2 gives a summary of the fermentation processes, substrates used and the corresponding SL 

yields.  
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Table 2.2 - Brief overview of some fermentation methodologies, feed sources and the production levels achieved.  

C-source (g/L) Co-source (g/L) 
Fermentation 

mode 
Remarks 

Production 
(g/L) 

Reference 

Glucose: 100 Sunflower oil: 100 Resting cells Cultivation time:8 days 120 
Casas and Garcia-

Ochoa (1999)24 

Glucose: 350 Rapeseed ethylesters <15 (cont.) Fed-batch Cornsteep liquor used: 5 g/L 340 Davila et al. (1994)26 

Glucose:100 Corn oil: 100 
Two-step fed-

batch 
Honey added after glucose 

depletion 
>400 Pekin et al (2005)27 

Glucose:100 Frying oil: 37.5 Batch  50 Fleurackers (2006)28 

Glucose: 100 

Rapeseed oil: 
Growth phase ratio glucose/oil = 

50 w/w 
Production phase ratio glucose/oil  

= 3 w/w 

Fed-batch 
Productivity: 57 g/L.d 

C yield = 0.68 g/g 
300 Rau et al. (2001)29 

No 
Biodiesel co-product: 100 + 2x 

100 mL 
Fed-batch  60 Ashby et al. (2005)30 

Glucose: 10; 
Deproteinized 

whey:90 
Oleic acid: 100 Batch  33 

Davery and 
Pakshirajan (2010)31 

Glucose:100 
Tallow fatty acid residue: 100, 

stepwise 
Fed-batch  120 Felse et al. (2007)32 

Glucose:100 Hexadecane: 100, stepwise Fed-batch  55 Hu and Ju (2001)33 

Soy molasses: 580, 
stepwise 

Oleic acid: 40, stepwise Fed-batch  53 
Solaiman et al. 

(2007)34 

Glucose: 100 Soybean oil:100 Continuous  94 Kim et al. (1997)35 
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2.3.2.2 Substrates 

As said before, production is considerable higher when two types of carbon sources, hydrophilic 

(glycidic) and hydrophobobic (lipidic), are provided. In most cases, glucose is used as the hydrophilic 

carbon source. Sucrose and other saccharides can also be used, however sophorolipid production is 

lower36,37. In order to reduce substrate costs, deproteinized whey was used and high levels of 

sophorolipds were achieved (280 g/L), although whey lactose was not consumed by the organism38. 

Recently, a medium with mixed hydrophilic substrate was developed containing 90 g/L deproteinized 

whey and 10 g/L glucose31. Furthermore, a low-cost soy molasses was tested leading to 53 g/L of 

purified sophorolipids34.  

Over time several types of hydrophobic carbon sources were tested including: oils, fatty acids, their 

corresponding esters and alkanes and lipid-rich waste streams (e.g. frying oil and bio-diesel by-

products). The level of sophorolipids formation during fermentations using alkanes largely depends on 

the chain length of the used substrate. Hexadecane, heptadecane and octadecane give the best 

production yields and appear to be directly converted into hydroxyl fatty acids and incorporated into the 

sophorolipid molecules3,26,39. As the length further increased, the amount of direct incorporation 

decreased until there was no apparent incorporation for eicosane (n-C20)39. As a general rule, 

substrates containing carbon chains close to those of de novo synthesized sophorolipids (16 or 18 

carbon atoms for S.bombicola) are easily incorporated into the sophorolipid molecules and result in a 

most efficient production. C16 or C18 carbon chains were found to be more specific for the enzyme 

P450 monooxygenase, which is responsible for the require hydroxylation of the fatty acids before 

incorporation in the sophorolipid molecules. Long or mid chain carbon compounds along with C18:3 

structures do not show a suitable special conformation to get hydroxylated and are first desaturaded, 

shortened or lengthened to lengths close to the ideal ones, which requires additional energy and thus, 

lower efficiencies of SL synthesis. Van Bogaert et al.22 (2011) were able to overcome some of the 

previous mentions chain length drawbacks by cultivating the yeast in already hydroxylated substrates. 

The same chain length behavior is observed for fatty acids and the best results are obtained with oleic 

acid (C18:1)3. Oils from vegetable origin are also widely used as lipidic carbon source, contributing to 

the environmental friendly nature of these surfactants. Several oils were tested, such as canola, corn, 

safflower, sunflower, olive, rapeseed, grape seed, palm, coconut, fish and soybean oil.  

Davila et al. (1994)26 tested under the same conditions: palm, sunflower, fish and rapeseed oil. The 

latter generated a higher sophorolipid production due to its high content of C18:1 and C18:2 structures. 

Moreover, an increased production from 255 g/L to 340 g/L was noticed when using the methyl and 

ethyl esters of rapeseed oil. Palm oil/esters, which contains slight more C16:0 in addition to C18:1, 

linseed esters (rich in C18:3) and fish oil are less favorable. Afterwards, Casas and Garcia-Ochoa 

(1999)24 compared olive, grape seed, sunflower, corn and coconut oil. They concluded that sunflower 

oil gave the best results, while coconut oil produced the lowest yields due to its high content of mid-

chain and long-chain fatty acids.  
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Furthermore, waste streams such as bio-diesel by-products streams and waste frying oil have been 

exploited28,30. The bio-diesel co-product (composed of 40% glycerol, 34% hexane-solubles and 26% 

water) yielded 60 g/L of SLs. Waste frying oil on the other hand yielded 50 g/L of sophorolipids in a fed-

batch bioreactor experiment, while tallow fatty acid residue yielded 120 g/L in a comparable fed-batch 

set-up32.  

Pekin et al (2005)27 developed an interesting and promising two-step system resulting in the greatest 

yield reported so far (more than 400 g/L). There was a cell growth phase on glucose and corn oil until 

all glucose was consumed, then ¼ of the broth was changed for new medium where glucose was 

replaced by honey. Fifty grams of corn oil were added daily to a total of 5 days, enhancing sophorolipid 

formation.  

So, it is possible to replace certain substrates by cheaper alternatives, however almost all substitutions 

result in inferior yields. Economic analysis should be performed to determine if price/kg is lower, taking 

into account all the parameters including as energy costs, staff, DSP, etc.3.  
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2.4 Downstream processing  

The recovery and concentration of biosurfactants from fermentation broth can account for 60% of the 

total production costs6. Thus, separation and purification techniques are important factors in order to 

determine the feasibility of the production process on a commercial scale. However, downstream 

process improvement is often underestimated and few publications have addressed this topic, especially 

when compared to the amount of literature review available regarding the optimization of fermentation 

conditions, genetic engineering of the producing strain and chemical modifications of the product40. 

Since biosurfactants have a wide range of applications, the associated purity that is required differs 

equally great40. Specially the pharmaceutical, cosmetic and food industries, will demand high pure 

products and the application of effective techniques6. However, in some applications the final degree of 

purity is not important as long as the final preparation exhibits the desired proprieties20, even with a 

lower associated yield. In this way, crude or impure biosurfactants obtained at initial recovery stages 

can be used for environmental applications and applications in oil recovery and at the paint and textile 

industries, and these will be available at lower costs. Alternatively, the highly pure biosurfactants 

required for the pharmaceutical, food and cosmetic industries can be obtained by performing further 

purification steps. This type of multistep recovery technique would be useful in industries producing 

biosurfactants for wide range of applications6.  

Isolation of biosurfactants from culture medium and production of satisfactory amounts of pure 

compounds presents its own set of unique challenges41. The optimal approaches vary with fermentation 

operations and the physicochemical proprieties of the desired product like its ionic charge and water 

solubility7,20. In general hydrophilic impurities and residual lipophilic carbon source must be removed 

from the culture broth. Due to this fact some problems might arise because the amphiphilic nature of 

biosurfactants can interfere with classic separation techniques such as solvent extraction by forming a 

stable emulsion, said nature also overlaps with the two main categories of impurities mentioned before 

40. The most commonly methods to recovery biosurfactants are listed in Table 2.3, including include acid 

precipitation, solvent extraction, crystallization, ammonium sulfate precipitation and centrifugation6. A 

general overview of DSP strategies of several surfactants will be addressed in this chapter.  

Surfactin, a charged biosurfactant, from collapsed foam and fermentation broth can be purified by acid 

precipitation adjusting the pH until the isoelectric point. At first, concentrated hydrochloric acid was 

added leading to a precipitate formation at pH 2 which was collected, dried and extracted with 

dichloromethane. Then the solvent was evaporated under reduced pressure to give raise to a white 

solid, which was further purified by recrystallization42,43. 

An emulsifier derived from Arthrobacter RAG-1 can be recovered from fermentation broth using 

ammonium sulfate to induce biosurfactant precipitation. It was added to 10L of cooled broth (4˚C) 

together with the cells. Then, the supernatant was collected by decantation. The solids were collected, 

suspended in a 30% saturated ammonium sulfate solution and centrifuged. Both supernatants were 

pooled together and clarified by passage through a thin layer of kieselgel. An additional portion of 

magnesium sulfate was added to reach a final concentration of 40% saturation. Finally, the precipitate 
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was centrifuged, dissolved in water, extracted with ether, dialyzed against distilled water and 

lyophilized44. 

Rhamnolipids (RLs) can also be purified using acidic or aluminum sulfate precipitation. Another common 

method is solvent extraction and different solvent mixtures like ethyl acetate or chloroform - methanol 

(2:1) are applied, bearing in mind that acidification of the sample prior to extraction enhances the net 

yield. Rhamnolipids are present in their protonated form and, hence, are less soluble in water45. In a 

continuous fermentative set-up, the most suitable purification techniques include adsorption, ion 

exchange chromatography, ultrafiltration and foam fraction. Adsorption methods are based on the use 

of hydrophobic adsorbent such as amberlite XAD 2 or 16 polystyrene resins that retain hydrophobic (or 

amphiphilic) substances through hydrophobic interactions and then the adsorbed RLs are released by 

elution using for example methanol20.  

Sophorolipids (SLs) can be extracted from the culture broth with organic solvents like ethyl acetate, 

especially in a laboratorial scale. Other option relies on the use of solvents mixtures in various ratios, 

which facilitates adjustment of the polarity of extraction agent to the target extractable material and one 

the most widely used is chloroform-methanol. The use of organic solvents has the disadvantage of 

demanding a large quantity of solvent, increasing production costs due to their high price and some 

solvents are toxic and harmful for the environment and human health46. Moreover, it is also undesirable 

that the final product contains traces of organic solvents.  

However, residual lipidic carbon source can be co-extracted and cause difficulties during further 

applications leading to the need of additional extractions with hexane, but other solvents such as 

pentane39 or t-butylmethylether29 can also be applied3. The typical purification procedure involves the 

precipitation of the poorly soluble SLs in the fermentation broth, collect the precipitate and extract it with 

ethyl acetate or other solvent. Then, the organic phase containing the product is evaporated, the residue 

is washed with hexane to remove the remaining hydrophobic carbon source and finally the hexane is 

evaporated leading to a crude SL mixture.  

Regarding large scale and industrial applications, physical separation methods are preferred. SLs are 

heavier than water, allowing to centrifuge them down or just to decant them from the fermentation 

medium after heating3. SLs produced in fermentation are always homologous mixtures containing both 

acidic and lactonic forms. The acetylated lactonic SLs are generally the more abundant components, 

however the ratios depend on the substrates and precursors used47. So, sometimes in addition to non-

SLs impurities removal, the different SL molecules have to be separated as well.  

Develter and Fleuckers (2012)48 developed an improved process for the production and purification of 

sophorolactone in an industrial setting. They were able to found a production methodology in order to 

reduce the amount of acidic sophorolipids formed and they also suppressed the formation of excess 

fatty acids in the reaction mixture so that it does not reach more than 10 g/L. These two last approaches 

lead to an easier downstream process. In first place, the broth is warmed up (T=70˚C) thereby melting 

the sophorolactone crystals, which will settle in the bottom of the fermenter and can be removed from 

the remainder. Then, this crude layer is cooled to allow the solidification of sophorolactone until a paste 

is formed. In the next step, the solid is dispersed in water (T=10˚C) and afterwards the crystals are 



18 
 

separated from the water (via decantation or centrifugation), this dispersion and separation steps must 

be repeated until a maximum of 10 times. Finally, the resulting crystals must be dried and a 99 wt% 

sophorolactone can be obtained. So, this methodology allows the lactone and acidic form to be 

separated without the use of organic solvents, yielded very low levels of residual fatty acids in the 

sophorolactone composition and it is economically feasible.  

Conventionally, lactonic SLs have been isolated from the SL mixture by crystallization in ethanol. But, a 

significant loss of lactonic SLs into the spent ethanol would occur in the process (47-77%) because 

lactonic SLs have higher solubility in ethanol than the acidic ones. Hu and Ju (2001)47 developed a more 

suitable method for the separation of lactonic sophorolipids from the crude mixture based on 

crystallization in phthalate and phosphate buffers. The authors found practical and effective two-step 

purification process using pH 6.5 and phosphate buffer leading to a final lactonic SL product with 99% 

purity.  

Acidic non-acetylated SLs are usually obtained through chemical conversion and purification procedures 

to the raw mixture of SLs, which mainly consists into: (i) hexane washing to remove residual fatty acids; 

(ii) alkaline hydrolysis at about 100°C followed by acidification; these steps remove all ester groups and 

are responsible for the production of acetic acid and salt; (iii) 1‐pentanol extraction, which allows the 

recovery of the acidic SLs, leaving salts and acetic acid in the aqueous layer; (iv) silica column 

purification, typically using methanol/dichloromethane as eluent. This procedure is effective in getting a 

pure acid non-acetylate SLs, however it as some drawbacks: (i) alkaline hydrolysis can lead to side 

reactions that add impurities to the final product; (ii) pentanol extraction is a time-consuming task due 

to its high boiling point (137-139˚C); (iii) silica column purification is not suitable for large amounts of 

product. In this way, Baccile et al. (2013)49 developed two new methodologies to recover acidic SLs: a 

cold extraction from a pentanol/alkane mixture and a consecutive filtration in a silica gel; and a silica gel 

in water/acetonitrile and methanol/dichloromethane mixtures. In the first method, a pentanol extraction 

is carried out in which the polarity was decreased by adding an equi-volumetric amount of a short chain 

alkane (pentane, hexane or heptane) to the pentanol medium. Then, this mixture can be stored at T=-

18˚C to induce precipitation of the acidic non-acetylated SLs and a simple filtration step is performed to 

recover the product with a maximum yield of 80% (the extraction should be repeated several times). In 

the second method, a double solid/liquid extraction on a C18-modified silica powder and normal silica 

gel was applied. So, the initial solvent was constituted by a mixture of water/acetonitrile 90:10 and a 

C18-SiO2 was used and removed by filtration. The aqueous liquid phase was removed under reduced 

pressure and then the solute re-dissolved in CH2Cl2/CH3OH 70:30, silica was added and filtered after 

the adsorption of the hydrophilic impurities leading to a final yield of 60%. Bearing in mind that the SL 

must be kept in the liquid phase in order to reduce adsorption/desorption phenomena which would 

decrease the final yield. 

It is possible to conclude that the typical route applied can lead to a product with higher degree of purity, 

however it needs specific equipment that is not available in every laboratory. In this way, the modified 

pentanol extraction appears as a good alternative that avoids the vacuum extraction procedure, however 
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it is a very long process. The double silica extraction is a fast method that can be easily applied but 

leads a high product loss and a high amount of impurities in the final product.  

Regarding glucolipid there are two main procedures applied so far. When these molecules are produced 

enzymatically, the reaction mixture is adjusted to pH 2 and glucolipidis are extracted twice with one 

volume of tBME. Then, the solvent is evaporated under vacuum, crystals are re-suspended in water and 

freeze-dried50,51. In other study, glucolipids were extracted with ethyl acetate (1V), the organic layer was 

separated and evaporated. Then, the resulting yellow oil was dissolved in chloroform and placed on a 

column to be chromatographed with a gradient elution of chloroform-acetone (10:0 to 0:10)52.  

More recently, after the creation of glucolipid producing strains, the purification procedure relies on an 

extraction with ethyl acetate in the presence of acetic acid53.  

 

Table 2.3 - Biosurfactant recovery methods, physicochemical properties responsible for separation and their 

relative advantages6.  

Process 
Property responsible 

for separation 
Advantages Reference 

Acid 
precipitation 

Insolubility at low pH values 
Low cost, efficient in crude 

recovery 
Cooper et al. 

(1981)42 

Ammonium 
sulfate 

precipitation 

Salting-out of polymeric or 
protein rich biosurfactant 

Effective in isolation of 
certain type of polymeric 

surfactants 

Rosenberg et 
al.(1979)44 

Organic 
solvent 

extraction 

Biosurfactants are soluble in 
organic solvents due to the 

presence of a hydrophobic end 

Efficient in crude 
biosurfactant recovery, 

reusable nature 

Rau et 
al.(2001)29 

Foam 
fractioning 

Due to surface activity, 
biosurfactants form and partition 

into foam 

Useful in continuous 
recovery procedures, high 

purity of product 

Sen and 
Swaminathan 

(1997)43 

Membrane 
ultrafiltration 

Micelle formation above critical 
CMC, which trapped 

biosurfactants in polymeric 
resins 

Fast, one step recovery, 
high degree of purity 

Mullligan and 
Gibbs (1990)54 

Solvent 
extraction 

tBME 

Biosurfactants are soluble in 
organic solvents due to the 

presence of hydrophobic end 

Less toxic then conventional 
solvents, reusable, cheap 

Kuyukina et 
al.(2001)55 
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2.5 Proprieties and applications 

2.5.1 Acidic and lactonic SLs 

The acidic and lactonic SL structures are represented in Figure 2.4 and they were discussed previously 

in section 2.1.2.3. The major different structural classes cause a wide variation in physicochemical 

proprieties. In general, lactonic SLs have better surface tension lowering and antimicrobial activity, 

whereas the acidic ones display better foam production and solubility. Furthermore, the presence of 

acetyl groups reduces water solubility, but enhances their antiviral and cytokine stimulating effects3. In 

general, sophorolipids lower the surface tension in water from 72.80 mN/m down to 40 to 30 nM/m with 

a CMC of 11-250 mg/L2,3. SLs preserver their surface lowering proprieties despite high salt 

concentrations and are active at a wide range of temperatures. However, SLs are instable at pH values 

higher than 7.5 since irreversible hydrolysis of the acetyl groups and ester bounds is observed. These 

molecules tend to form micelles in a watery environment and these self-assembly proprieties are 

interesting for nanotechnological applications. Zhou et al. (2004)56 and Baccile et al. (2012)57 has some 

attention-grabbing studies on this topic.  

As said before, SLs can find applications in a wide spectrum of fields. At the moment, they are mostly 

used as hard surface cleaners and laundry detergents due to the characteristics mentioned above2,4,48. 

Moreover, their emulsifying potential can be explored in bioremediation: derived from petroleum 

pollution, decontaminating soils and groundwater tables polluted by hydrocarbons and removal of heavy 

metals from sediments4,58. This emulsifying propriety can also be applied in food industry, for instance 

to improve quality of wheat flour products.  

The excellent wetting capability and skin compatibility has resulted in the application of sophorolipids in 

cosmetic formulations like body, skin and hair lotions and their bacteriocidal character helps in the 

treatment of acne, dandruff and body odors4,59. SLs can also find applications in the agriculture field due 

to their antifungal proprieties against plant pathogens and they can be used in pesticide formulations4,60.  

SLs are also gaining a lot of interest from medical and pharmaceutical companies due to the biological 

activity that they display. For instance these compounds inhibit growth of Gram positive bacteria such 

as Bacillus subtilis. Moreover, SLs are promising anti-inflammatory agents or immunodulators in case 

of septic shock or chronic inflammations61. In addition, they are promising as anti-cancer agents since 

they displayed cytotoxic effects towards several human cell lines62,63. 
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2.5.2 Glucolipids 

Glucolipids are sophorolipid intermediates formed after the coupling the first glucose molecule to the 

hydroxilated fatty acid through the action of the first glucosyltransferase UGTA1 (Figure 2.8). At first 

glucolipids were merely produced by enzymatic hydrolysis of the glycosidic linkage after conversion of 

wild type lactonic SLs to the unacetylated acidic (open) form by alkaline hydrolysis. Rau et al. (1999)50 

were the first to test several glycosidases and their performance in glucolipid formation. They showed 

that hesperidinase (Figure 2.9) and naringinase were most effective to catalyze this reaction. 

Then, Saerens et al. (2008)51 further optimized the protocol using naringinase from P.decumbens. 

Optimum reaction conditions for glucolipid production were found to be pH 7.0 and 50˚C, yielding 80% 

(w/w) of the desired product only after 3 h of incubation time, without a significant fatty acid formation. 

Optimum glucosidase activity is achieved at pH 3, however glucolipids were hydrolyzed and completely 

converted into fatty acids. More recently, Imura et al. (2010)52 succeeded for the first time in enzymatic 

conversion of acetylated glucolipids from di-acetylated lactonic SLs. Twelve species of glucosidases 

were tested and specially pectolyase was effective to produce acetylated glucolipids at 40˚C and pH 

4.0. At the end, final glucolipid products were characterized.  

Finally, a major breakthrough was introduced by Saerens et al. (2011)53 when the UDP-

glucosyltransferase gene UGTB1 responsible for the second glucosylation step in the sophorolipid 

biosynthetic pathway (Figure 2.8) of S. bombicola was identified, allowing the creation of a ∆ugtB1 

deletion mutant for glucolipid production. In this way, it was possible to obtain an in vivo production 

process, including fermentation on cheap substrates, for these interesting molecules.  

In general, glucolipids behave similar to acidic SLs with respect to surface tension lowering capacity, 

solvent solubility and foaming capacity. Comparisons with SLs can be found in the previous mentioned 

studies of Rau et al. (1999), Saerens et al. (2008) and Imura et al. (2010). So, comparison with alkyl 

polyglucosides will be made, since these molecules simply differ in the free carboxyl end (Figure 2.10).  

 

Figure 2.9 - Enzymatic formation of a glucolipid50. 
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Alkyl polyglycosides (APGs) belong to the first generation of biosurfactants since they can be 

manufactured using sugars and fatty alcohols derived from renewable resources and they are 

considered the most important sugar-surfactant nowadays64, finding applications as detergents and 

cleaners, personal care products and in agriculture.  

Their proprieties also vary with chain length. CMC values are comparable with typical non-ionic 

surfactants and decrease with increasing alkyl chain length, for example a C12  with one glucose 

molecule attached has a CMC of 1.7x10-4 mol/L at T=25˚C64. On the other hand, glucolipids (C18) has 

CMC around 3.5x10-4 mol/L51. APGs are able to decrease surface tension from 45 mN/m to 25 mN/m 

with a concentration of 10-2 mol/L, while glucolipids decrease it from 72 mN/m to 40 mN/m with a 

concentration of 3.3x10-4 mol/L.  

Glucolipids solubility in water (20˚C) is 280 mg/L50 and they are also soluble in high polar solvents such 

as DMSO and no solubility was observed in solvents with lower polarity indices like isopropanol and 

chloroform51. Comparing acetylated and non-acetylated GL it was found that the presence of the acetyl 

group slightly lowers CMC value, suggesting that this functional group is likely to play an important role 

to reduce the free energy in the air/water interface52.  

So, glucolipids are high surface active surfactants that could be useful for food, cosmetic and 

pharmaceutical industries52. Moreover, they can also be useful as detergent or solubilizer but not as 

emulsifier since they are not able to emulsify hexane in water51.  

 

2.5.3 Bolaamphiphiles 

Bolaamphiphilic compounds consist of a hydrophobic chain with two polar head groups at its 

extremities65, they are called symmetrical if the head group is equal (main focus of this topic), otherwise 

unsymmetrical. They attracted the attention of the scientific community when they were found in the 

membrane of Archaebacteria, being responsible for granting stability and allowing survival in harsh 

environments. A large variety of bolaamphiphiles of different structures (Figure 2.11) have been 

chemically produced so far and some examples will be displayed in this section. By variation of both 

head groups and the hydrophobic spacer it is possible to have bolaamphiphilies with the desired 

proprieties66.  

Figure 2.10 - General chemical structure of an alkyl polyglucoside.  

http://en.wikipedia.org/wiki/Fatty_alcohol
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Bolaamphiphiles molecules can self-assemble and form various hierarchical structures (Figure 2.12) in 

solutions including nanofibers, nanotubes, ribbons, cylinders, disks, vesicles, as well as hydrogels and 

liquid crystals66. These proprieties were deeply reviewed by Nagarajan (1986)67 and Nuraje et al. 

(2012)68. Moreover, an interesting overview of mixed systems including bolaamphiphiles and 

conventional charged surfactants was made by Yan et al. (2009)66.  

 

 

 

 

 

 

 

Several studies addressed the physicochemical proprieties of bolaamphiphiles in water and it was found 

that they have much weaker surface activity but stronger aggregation ability which is characterized by 

a higher surface tension but lower CMC than their conventional counterparts with the same 

hydrocarbon/head group ratio66. This poor surface activity is due to the reversed U-shaped conformation 

of bolas at the air/water interface (Figure 2.13). As a result, fewer molecules take place at the interface 

and the surface tension decreases less than in non-bola amphiphilic surfactants. CH2 groups will go to 

the interface instead of CH3 groups from conventional surfactants, that are able to promote an increased 

lowering of surface tension66,69.  

 

 

 

 

 

Figure 2.11 - Structures of bolaamphiphiles. The skeleton structures represent symmetrical bolas with flexible 

single, double, half-loop (left column top down), rigid (right upper) space chain and asymmetrical head groups (right 
down)66 .  

Figure 2.12 – Several patterns of aggregation of bolaamphiphiles67. 

Figure 2.13 - Interfaces air/water of a normal surfactant (A) and a U-shaped bolaamphiphilie69. 
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Garasmus et al. (2004)70 synthesized a new tetraglucolipid (Figure 2.14) named MDM. This molecule is 

composed of a hydrophobic spacer of 12 carbon atoms, which are bounded via two glycosidic linkages 

to two disaccharide head groups.  

 

The CMC of MDM in water was 440 ± 20 µM (low value) and exhibited supramolecular aggregates with 

small to big radius (15-350 Å), under the same conditions. The aggregation number was approximately 

14, which indicates the number of molecules present in a micelle once the CMC have been reached. It 

is known that bolaamphiphiles have a lower aggregation number than their corresponding one-headed 

amphiphile67.  

Gatard et al. (2013)71 assed the effect of the polar heads in the interfacial and membrane proprieties 

using a L-rhamnose bolaamphiphile (Figure 2.15A) and a similar derived from D-xylose (Figure 2.15B) 

Bolaamphiphilic alkenyl D-xyloses with n=7 exhibited two critical aggregation values (CAC): the first of 

5.5 µM (in the range of lower concentrations) and the second of 50 µM were obtained. So, it is assumed 

the formation of two stages of aggregation for this molecule. The first state at 5.5 µM corresponds to a 

micelle-like structure while the second could agree with a supramolecular association of the aggregated 

structures. By opposition, bolaamphiphic alkenyl L-rhamnoside have only one CAC with the value of 2.3 

µM. So, an increase of the head group polarity results into an increase of the CAC value and the addition 

of a methyl group on the D-xylose head group (i.e. rhamnose) increased the global hydrophobicity of 

the molecule which promotes aggregation.  

 

 

 

 

 

Proprieties of bolaamphiphiles also largely depend on the nature and length of the spacer. It was 

suggested that bolaamphiphiles with crown ether or sugar heads will only be able to bend with a 

hydrophobic spacer comprising more than 12 methylene groups65. Moreover, the stiffness of the spacer 

chain is also important and the introduction of bulky rigid groups seems to enhance the aggregation 

Figure 2.14 –Structure of 1,12-Bis-[4´´-O-(α-D-glucopyr-anosyl)-β-D-glucopyranosyl]-dodecane (MDM).  

Figure 2.15 –Structure of bola-amphiphile alkenyl L-rhamnoside (A) and bola-amphiphiiele alkenyl D-
xyloside (B).  
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ability of bolas66. For instance, for the formation of monolamellar vesicle systems it is important that the 

spacer arm does not fold up again65. Prata et al. (1999)72 synthesized new bolaamphiphilic molecules 

with D-galactose or lactorse as polar head group, that were attached to six, ten or twelve polymethylene 

chains and then analyzed the nature of aggregates formed.  

More recently, Price et al. (2012)73 discovered novel sophorolipids from a new Candida yeast specie 

where dimeric and trimeric structures were characterized (Figure 2.16).  

Bolaamphiphiles are a vast family of molecules with interesting hierarchical organized structures that 

can find suitable applications in various fields including: cosmetics, drug and gene delivery, electronics 

and medical imaging68. So, they can be important in the formation of soft condensed matter and 

fabrication of advanced hard materials.  

 

2.6 Conclusions 

Biosurfactants produced by microorganisms comprises a wide range of molecules with different 

physicochemical and biological proprieties. Their biodegradability and the fact that they can be produced 

from renewable resources gives them an advantage over their chemical counterparts. However, high 

production costs (estimated on 2-5€/kg) are still hampering their penetration into the market. It is still 

hard to compete in the cleaning sector (for instance APGs production cost is 2€/kg), but in cosmetic and 

pharmaceutical sectors, there are higher prices dimension standard they should be able to compete.  

In the next years lot of effort will continue to be made in order to improve the fermentation process, by 

finding the most suitable and cheap substrates aiming to improve yield and decrease production costs. 

However, more specific studies on purification and separation processes are needed since they 

represent a big fraction of total costs. At the same time, unraveling the biosynthetic pathways of these 

molecules opens new perspectives to increase yields and to create new-to-nature biosurfactants, i.e., 

different from the ones found in nature.  

Figure 2.16 - Structure of newly identified dimeric and trimeric sophorolipids. From left to right, mono-acyl-
disophorose; di-acyl-disophorose; di-acyl-trisophorose; tri-acyl-trisophorose. -OR = O-acetyl groups 
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Studies on acidic and lactonic SLs are in a more advanced stage, since a high yield was already reported 

(400 g/L) and these products are already commercialized. By opposition, glucolipids and bolaform SLs 

were recently produced in vivo and further production optimization work is required as well as a complete 

physicochemical characterization in order to find the most promising application fields.  
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3. MATERIALS AND METHODS 

3.1 Yeast strain, media and maintenance 

An engineered Starmerella bombicola yeast strains were used: oelip: lipase or lactonesterase 

overexpression for lactonic SLs production. This strain was created by Roelants (2013)17;  

Strains were maintained on plates using 3C-agar media (Table 3.1) and stored at 4˚C. The medium 

(Table 3.2) described by Lang et al. (2000)74 was used for sophorolipid production and pH was set at 

5.8 by addition of HCl. 

 

 

 

 
 
 
 

Table 3.2 - Composition of Lang production media. 

Component Concentration (g/L) 

Glucose.H2O 132 

Yeast extract 4 

3Na-citrate 2H2O 5 

NH4Cl 1.5 

KH2PO4 1 

K2HPO4 0.16 

MgSO4 . 7H2O 0.7 

NaCl 0.5 

CaCl2 . 2H2O 0.27 

 

Note: Glucose was always autoclaved (21 min at 121˚C) separately in order to avoid Maillard reaction. 

After cooling it was aseptically transferred to the rest of the medium. 

  

Table 3.1 - Composition of 3C-agar media. 

Component Concentration (g/L) 

glucose.H2O 110 

yeast extract 10 

urea 1 

agar 20 
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3.2 Analytical methods 

3.2.1 Glucose concentration 

To determine glucose concentration, 1 mL of culture broth was centrifuged for 5 min at 14000 rpm and 

the supernatant was collected. Then glucose was quantified by a blood glucose meter Accu-Check 

(Roche®). Samples were diluted with Milli-Q water in order to rely on the range of 0.1 to 6 g/L, the lower 

and the upper limit of detection. 

A 2700 Select Biochemistry Analyzer (YSI Inc.) was also used to determine glucose concentration. In 

this case, samples were diluted with Milli-Q water until the linear range of the equipment (between 0.1 

and 7.5 g/L).  

3.2.2 Sample preparation and analysis 

The concentration was determined by means of HPLC-ELSD (section 3.2.3). Analytical samples of 

bolaform SLs were prepared as follows: 1 mL of culture broth was centrifuged (5 min, 14000 rpm) and 

the SN was diluted in ethanol. If the SN was not clear, it was centrifuged again (5 min, 14000rpm) and 

placed on a HPLC vial.  

A standard dilution series of pure (lyophilized) product dissolved in dH2O was prepared and analyzed 

on the HPLC system. The product was quantified through peak area: a standard curve was made by 

plotting product concentration as a function of the total peak area of biosurfactants. Fermentation 

samples were prepared like previous explained and they should be analyzed in the same run as the 

dilution series.  

3.2.3 High Performance Liquid Chromatography (HPLC) 

Samples were analyzed for product content and to assess purification degree on a Varian ProStar HPLC 

system (Agilent Technologies Inc., Santa Clara, CA) equipped with a Chromolith® Performance RP-18e 

100-4.6-mm column (Merck KGaA, Germany) and connected to an Evaporative Light Scattering 

Detector (Alltech, Deerfield, IL).Compounds were eluted by means of an acetonitrile/acetic acid (0.5% 

in Milli-Q water) gradient (5/95–95/5 in 40 min). However, a shorter method was also applied: the 

gradient started at 30% acetonitrile, 70% acetic acid in aqueous solution during 5 minutes and linearly 

increased till 100% acetonitrile in 10 min. The mixture was kept this way for 5 min and then was brought 

back to 30% acetonitrile in 5 min. Column temperature was set at 30˚C and a flow rate of 1 mL/min was 

used in both methods. 

3.2.4 Anthrone assay  

The anthrone reagent was prepared by pipetting 0.5 mL of absolute ethanol into a 10 mL falcon, then 

20 mg of anthrone (Sigma®) was added and the final volume of 10 mL was completed with 75% sulfuric 

acid (Sigma-Aldrich®).  
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To assay, 100 μL of cell-free supernatant were added to 500 μL of anthrone reagent, followed by heating 

during 9 min (Biometra® TB1 thermoblock). Samples were cooled until room temperature for 1 h and 

the absorbance was measured at 630 nm in a microplate reader (Bio-Rad® Model 680 XR).  

A standard curve was made by using pure samples of glucose at concentrations ranging from 0-1 g/L 

using the same procedure.  

In order to obtain final bolaform SLs concentration it is necessary the following procedure: 

1.  Measure glucose concentration in the sample (methodology of section 3.3.1 ); 

2. Apply quantification method in order to obtain the absorbance value relying on the linear range 

of the calibration curve and convert it to concentration taking into account the dilution factor. At 

the end of this step, total glucose concentration (initial glucose in sample plus the derived from 

bolas) is known.  

3. Subtract the initial glucose measured in 1 to the total glucose obtained in 2 to get glucose 

concentration from bolas; 

4. Correlate glucose concentration with bolas concentration (Equation 1) taking into account 

sophorose molecules at each side (MW=684 g/mol) and the fatty acid moiety that leads to a 

bola molecular weight of 946 g/mol. 

 

[𝐵𝑜𝑙𝑎𝑠] = [𝑔𝑙𝑢𝑐𝑜𝑠𝑒] ×
𝑀𝑊𝑡𝑜𝑡𝑎𝑙 𝑏𝑜𝑙𝑎

𝑀𝑊2×𝑠𝑜𝑝ℎ𝑜𝑟𝑜𝑠𝑒

 Equation 1 

 

3.2.5 Phenol assay 

To assay, 100 µL of cell free sample was mixed with 100 µL of a 50 g/L phenol solution and vortexed 

on maximum for 5 seconds. Then, 500 µL of 98% sulfuric acid was added and the sample was quickly 

vortexed again. The treated samples were allowed to develop for 30 min. Finally, the absorbance was 

measured at 488 nm in a microplate reader. A standard curve with a glucose concentration ranging from 

0 to 0.1 g/L was used. To obtain final bola SLs concentration the same 4 steps mentioned before (section 

3.3.6) need to be applied.  

 

3.3 Downstream processing  

3.3.1 Lactonic SLs  

Culture broth was collected, heated until T=65˚C and placed in a separating funnel. Then, the lower SL 

fraction was collected, washed 3 times with dH2O. Water was added and the mixture was placed at the 

4˚C chamber .The water phase (upper) was removed and fresh dH2O was added until approximately 

the initial volume. The flask was placed on the shaker (4˚C, 175 min-1) and then allowed to stand. The 

washing steps were performed several times.  
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3.3.2 Freeze drying 

Lyophilization or freeze-drying was used to create a final purified, stable and anhydrous product. After 

all the purification steps, the product was dissolved in dH2O, frozen at T=-80˚C and freeze-dried (Christ® 

type ALFA 1-4). 
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4. RESULTS AND DISCUSSION 

This master thesis focuses on the development of production processes for new biosurfactants. Thus, 

this chapter presents the purification or “downstream processing” (DSP) for lactonic SLs and analytical 

methods for bolaform SLs quantification.  

It is crucial to optimize fermentation conditions in order to maximize productivities and to develop 

practical methods to recover the product ending up with cost-effective, scalable, reliable and effective 

processes. 

4.1 Lactonic sophorolipids 

Lactonic SLs were produced by fermentation of a Starmerella bombicola lactonesterase overexpression 

strain (Roelants, 2013)17. When compared to the wild-type, this transformant allows the production of a 

more homogenous SL mixture, with a clear shift to lactonic SLs and a low amount of the acid form.  

However, the bioreactor experiment was ended before the beginning of the thesis, therefore only the 

DSP results will be discussed here. In short, a cyclic fermentation was run. Each cycle was ended by 

pumping out part of the broth from the bioreactor. The broth was harvested by stopping the stirring and 

aeration of the bioreactor, which resulted in a precipitation of the produced lactonic SLs, which are not 

very soluble at the low pH occurring in the bioreactor (pH=3.5). This lower fraction, highly enriched in 

the lactonic SLs, was pumped out of the vessel together with some culture broth and cells. DSP was 

thus further investigated with the bottle depicted in Figure 4.1, and will be described in the following 

point. 

 

 

 

 

 

 

 

  

Figure 4.1 - Broth collected from oelip fermentation that was further used for DSP studies. 
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4.1.1 Downstream processing  

The goal of this DSP is to obtain pure lactonic SLs and thus removing residual substrates like sugars, 

salts, proteins and acidic SLs. The first step of DSP consisted of the heating (T=65°C) of the collected 

fraction described above. The molten sophorolipids mixture was allowed to settle as a brown viscous oil 

(Figure 4.2), since it is heavier than water. Then, the oil was washed with distilled water (dH2O) and 

allowed to settle again at 65°C, this was done three times.  

 

 

 

 

 

 

 

The spontaneous precipitation in the reactor in combination with the heating, washing and precipitation 

of the oily SLs already results in a first purification as can be decided by comparing samples of the 

stirred broth before harvesting (Figure 4.3A) and the oily SL fraction after three washing steps with dH2O 

(see Figure 4.3B). Lactonic SLs correspond to the highest peak, eluting at 28 minutes, whereas acidic 

SLs elute between 18 and 25 minutes. Hydrophilic impurities elute between 1 and 4 minutes, whereas 

hydrophobic impurities (fatty acids) elute between 35 and 41 minutes. After these steps it can thus be 

decided that the majority of hydrophilic impurities like salts, sugars and proteins and even hydrophilic 

unwanted acidic SLs were removed, moreover the precipitation in the reactor allowed the very efficient 

removal of the residual unwanted fatty acids as they did not co-precipitate with the SLs (results not 

shown). However, the subsequent heating and washing steps with water also result in the unwanted 

hydrolysis of the lactonic diacetylated SLs in diacetylated acidic SLs (peak appearing at 24.4 minutes), 

which is unwanted.  

Figure 4.2 - Crude lactonic SLs after heating the broth until T=65˚C and settling of the molten crystals (low brown 
oily layer). 
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The following aim was to get rid of the brown pigment associated with the SLs and remaining acidic SLs 

and subsequent drying of the lactonic SLs to get a stable and pure product. The brown SL oil was thus 

separated, fresh dH2O was added and the mixture was placed at 4˚C to allow SLs crystallization and 

settling. Afterwards, the upper water phase (Figure 4.4A) was carefully separated from the paste, fresh 

dH2O was added until the initial volume and the flask was shaken overnight (4°C). This dispersion and 

separation process was repeated 8 times until the achievement of a satisfactory removal of residual 

acidic SLs (peaks between 18 and 25 minutes) and more importantly pigments from the lactonic SLs. 

In Figure 4.4A, it is possible to notice that there was a clear removal of pigments during these washing 

steps. After the first washing step the resulting water phase turned yellow and there was a progressive 

color loss until the last washing step. The SL fraction after the last washing step occurs like a nice white 

paste of SL crystals (Figure 4.4B). 

 

 

 

 

 

 

 

  

Figure 4.3 – HPLC chromatograms of a sample taken from the bioreactor one day before harvesting (A) and sample 
taken of the oily SLs after subsequent heating and washing steps (B). 

Figure 4.4 - Wash waters after the first washing step (left) and the last one (right) (A) and lactonic SLs crystals that 

sediment as a paste (B).  

  

10 20 30 40 50 Minutes 
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Along the washing steps, there was a progressive increase in the purity degree of lactonic SLs. 

Sophorolipids present in the dispersion are fractionated: the acid SLs remains in water, whereas the 

lactonic ones are separated in the form of crystals. After freezing (T=-80 °C) and lyophilization of the 

crystals, a fluffy white powder was obtained (Figure 4.5).  

 

 

 

 

Figure 4.6 shows a HPLC analysis after product drying and dissolution in water. Through the 

quantification of peak area it is possible to estimate that the final product still contains 6% of the acidic 

form. However, there is an underestimation of the acidic SLs content because in the HPLC-ELSD 

system these molecules will give rise to smaller signals as compared to the lactonic SLs. An accurate 

quantification has to be done with a dilution series of acidic SLs to determine their concentration in the 

sample, but these molecules are in the diacetylated form and no standard was available. Then, the 

same should be done for lactonic SLs. 

 

Moreover, all the crystals settled in the water phases along the washing steps were collected in order 

to quantify the amount of lost product. So, at the end 61,4 g of lactonic SLs were obtained and 1,5 g 

was lost during the process, which lead to a yield of approximately 98%. 

Figure 4.5 - Lactonic SL white powder obtained at the end of the purification process. 

Figure 4.6 – HPLC chromatogram of lyophilized product after dissolution in distilled water with a concentration of 
3,3 g/L. 



35 
 

It is also important to analyze the influence of fatty acids in the purification process. In this case, residual 

fatty acids levels were low (Figure 4.3B) and there was no need to perform hexane extractions. However, 

crystallization of lactonic SLs will not occur when a significant amount of fatty acids is still detectable. 

After collecting a broth with a high level of fatty acids, the same treatment was applied (section 3.4.1) 

and no crystal formation was observed. Then, one hexane extraction (1V) was performed in order to 

remove fatty acids, the residual solvent was evaporated in the rotavapor, water was added and the 

mixture was placed in the shaker at T=4˚C and crystallization was observed. So, it is believed that fatty 

acids are responsible to inhibit crystal formation and Develter and Fleurackers (2012)48 suggested 

keeping the levels between 1-5 g/L in the reaction mixture.  
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4.2 Analytical methods for bolaform SLs quantification 

Bolaform SLs concentration in the culture broth is usually measured by means of HPLC, running a series 

of dilution standards like explained in section 3.2.2, which is laborious and time consuming. So, the goal 

of this experiment is to find an alternative method to evaluate bolaform SLs concentration in the 

fermentation broth. Two different methods, anthrone and phenol, were tested and compared. 

The anthrone assay is a colorimetric method to determine the concentration of total carbohydrates in a 

sample. Sugars are converted into furfurals under heat and acidic conditions and they will react with the 

anthrone to yield a blue-green color. There is a linear relationship between the absorbance and the total 

amount of sugar that is present in the original sample. The working principle of the phenol method is 

similar, except sugars will react with phenol/sulfuric acid to yield an orange/yellow color.  

First, the anthrone method was applied to synthetic samples, mimicking culture broth, in order to test 

the protocol and its effectiveness. A standard curve (Figure 4.7) was prepared using a serial dilution of 

glucose ranging from 0 to 0.05 g/L. Concentrations of 1 g/L led to absorbances that could not be 

measured by the equipment. The standard curved is showed just to prove that there is a linear 

relationship between glucose concentration and absorbance. 

Synthetic samples, which were treated under the same conditions as the standard, had a known 

concentration of glucose (60 and 20 g/L) and bolaform SLs (60, 90 and 120 g/L). The results obtained 

are displayed in Table 4.1: the anthrone method might be a suitable strategy to get a rough estimation 

of bolaform SLs concentration in culture broth since the values obtained through the method were close 

to the real ones.  

Table 4.1 - Results of anthrone method applied to synthetic samples. 

Sample ABS σ 
Glucose 

(g/L) 

Glucose 
measured 

(g/L) 

Total 
glucose 

(g/L) 

Glucose 
from 
bola 
(g/L) 

Bola  
Anthrone 

(g/L) 

Real 
Bola 
(g/L) 

A1 0.64 0.023 60 56.8 97.2 40.4 55.8 60 

A2 0.78 0.011 60 53.8 122.9 69.1 95.5 90 

A3 0.45 0.010 60 51.6 126.9 75.3 104.2 120 

A4 0.38 0.003 20 18.3 101.4 83.1 114.9 120 

y = 5,4459x + 0,1059
R² = 0,9959

0

0,1

0,2

0,3

0,4

0,5

0 0,01 0,02 0,03 0,04 0,05 0,06

A
B

S

Glucose (g/L)

Figure 4.7 - Standard curve obtained with the anthrone method. 
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Then, anthrone and phenol methods were applied to broth samples taken from a bolaform SL 

fermentation broth and the obtained values were compared with the ones obtained via HPLC. Methods 

were applied to four different samples taken from different time points of the fermentation and the results 

are present in Table 4.2.  

Table 4.2 - Anthrone and phenol methods applied to a culture broth sample and comparison with the bolaform SL 

concentration obtained by HPLC. 

 

 

 

 

It is possible to conclude that anthrone method is more accurate than phenol, however the latter is easier 

to apply as the anthrone reagent has to be prepared fresh for the measurement since it is prone to 

degradation and there is a 1 h waiting time for the sample to cool down (that it not the case of the other 

method).  

Both methods should only be used to get a rough estimation of concentration of bolaform SLs and HPLC 

is the most reliable. These methods has the disadvantage of requiring high dilution factors (between 

800 and 2000) in order to rely on the linear range of the standard curve, that needs to be prepared for 

each measurement and final bola concentration is highly depended on it. Culture broth components 

such as glycerol and cell wall compounds can also interfere with the measurements.  

According to data showed in Table 4.2, the differences between bola SL concentration measured and 

the real value are higher at low product concentration and therefore at high glucose levels (sample S1). 

So, the methods seem to have better performance when applied to samples latter in the fermentations.  

  

Sample Culture time (h) Anthrone (g/L) Phenol (g/L) HPLC (g/L) 

S1 64 15.9 22.2 5.8 

S2 108 11.2 18.8 12.5 

S3 204 31.8 31.3 37 

S4 373 57 - 50.2 
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5. CONCLUSIONS AND FUTURE PERSPECTIVES 

Due to the current environmental concerns, biosurfactants gain interest because of their low toxicity, 

good biodegradability and effectiveness. They can be seen as a valid alternative to traditional petrol-

based surfactants, however production costs hamper commercialization. Nowadays, genetic 

engineering of S.bombicola yeast strain allow the production of new-to-nature biosurfactants. These 

new strains and molecules have different characteristics as the wild type biosurfactants produced by 

S.bombicola and therefore new fermentative and purification processes are needed.  

Lactonic SLs were produced with a lactonesterase overexpression strain and obtained with a significant 

final degree of purity (94%) after 8 washing steps. A final lactonic product with 6% of di-acetylated acidic 

SLs was obtained as mentioned before. However, a previous experiment conducted in InBio.be resulted 

in a final product with 4% of acidic SLs, even using less washing steps. Additionally, a similar purification 

process described by Develter and Fleurackers (2012)48 lead to a final highly pure product that could 

comprise 99% of lactonic SLs and 1% of the acidic form using the wild type strain. With the 

lactonesterase overexpression strain less unwanted acidic SLs are produced in the bioreactor, which 

will give rise to a more economical process. So, this is an easy separation process because lactonic 

SLs are able to crystalize instead of working with the more common viscous oil that is harder to handle. 

Moreover, this method does not require the use of solvents, so it is more environmentally friendly and 

the resulting products are free of traces of solvent. This is a simple, scalable and economically feasible 

process that can be applied for industrial production.  

However, a high number of washing steps were used, which may generate large volumes of residual 

water that needs to be treated or recycled. It was estimated the expenditure of 800 mL of dH2O per 

wash. So, the protocol still needs further optimization since the amount of used water should be as 

minimal as possible to reduce wastewater generation, save time and avoid product degradation since 

the first three washing/heating steps already resulted in the unwanted hydrolysis of the ester bound of 

the lactonic SL form into acidic SLs. The minimal temperature to do this should thus be investigated. 

Moreover, 2% of product can be recovered from washing waters and thus it is possible to increase the 

global yield. Along the process there was a pigmentation removal, which afforded a final dry white 

powder that is suitable for commercialization. Residual oil/fatty acids in the reactor seems to be an 

important parameter since high levels might block crystallization. In this case, it is advantageous to keep 

levels low by applying a controlled oil feeding strategy in order to allow a paste formation and avoiding 

hexane extractions to keep it a “green” process. This will have to be investigated in parallel bioreactor 

experiments balancing the productivity with oil/fatty acid accumulation and determination of the 

optimum. 

Finally, two analytical methods (anthrone and phenol) were evaluated to quantify bolaform SLs in culture 

broth and find an alternative to HPLC. It was possible to conclude that the anthrone method is more 

accurate and should preferably be used, but phenol method is easier to apply. Both methods can only 

be used to obtain a rough estimation of bola SLs concentration. It was also showed that these methods 

gave poor estimations for low product concentrations (and high glucose levels).  
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The molecules under study in this thesis are regarded as promising biosurfactants. Despite possessing 

excellent physicochemical proprieties, chemical versatility and functionalities, these molecules should 

be further investigated to indicate their industrial potential. The latter can only be done by producing 

substantial amounts of these biosurfactants to generate samples and at the same time define the 

production processes at a larger scale to assure industrial production in the future. For this InBio.be has 

a cooperation with the Bio Base Europe Pilot Plant in the harbor of Ghent, which will allow up scaling of 

promising strains for which promising processes at the lab scale were developed. This will finally result 

in an increased industrial interest in the coming years, since the world is demanding the development 

of safer, greener and environmentally friendly processes towards a bio-based economy. However, both 

production and purification processes still need optimization work in parallel with strain genetic 

engineering to result in a breakthrough penetration in the overall surfactant market.  
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7. APPENDICES 

A1. Anthrone and phenol methods  

The bolaform SLs concentration values showed in Table 4.2 were obtained from the following standard 

curves: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

y = 4,5386x + 0,0798
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Figure 7.1 - Standard curve anthrone method. 
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Figure 7.2 - Standard curve phenol method. 
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