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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.  
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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: 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 are one of the most important classes 
of bulk chemicals produced worldwide. The 
biggest fraction is used in household and laundry 
detergents and other applications include a 
variety of industrial sectors, particularly the 
chemical industry, food industry, cosmetics and 
personal care, textile, health care, paper industry 
and agriculture2.  

A large part of the used surfactants are petrol-
derived and are produced by chemical means, 
often requiring hazardous chemicals and 
generating undesirable residual products. 
Moreover, these compounds originate ecological 
problems due to their bio-accumulation, 
biodegradability and inherent toxicity3.  
So, due to environmental concerns and 
increasing petroleum prices, surfactants from 
microbial origin, biosurfactants, are gaining 
interest. They are produced form renewable 
resources and 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 temperature4. Despite these 
commercially attractive properties, the production 
of biosurfactants and penetration into the market 
is limited due to the rather high production costs 
and limited structural variety5,6. 
Three basic strategies can be adopted in order to 
produce biosurfactants in a competitive way: i) 
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use of cheaper and waste substrates to lower the 
initial raw material costs; 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 production and a diversification of 
the available biosurfactants6,7. 
Sophorolipids (SLs) are one of the most 
promising biosurfactants. They are produced by 
nonpathogenic yeast strains as S.bombicola, by 
opposition to rhamnolipids (another glycolipid 
surfactant). SLs consists of a dimeric 
carbohydrate sophorose linked to a long-chain 
hydroxyl fatty acid and 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 with a free fatty acid tail 
or in the lactonic form 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 its hydroxyl 
groups can be located in the terminal (ω) or sub 
terminal (ω-1) position2. 
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 acid2. To reduce costs, 
deproteinized whey and soy molasses were also 
tested as alternatives to glucose8,9. Oils from 
vegetable origin are widely used as lipophilic 
carbon source. The ones rich in C16-18 fatty 
acids (for S.bombicola) are highly suitable and 
are readily incorporated into the sophorolipid 
molecule. Best results are obtained with oils rich 
in oleic acid (C18:1) as rapeseed and sunflower. 
By opposition, palm and coconut oil gave rise to 
lower yields due to their high content of mid and 
long chain fatty acids10–12. Furthermore, waste 
streams such as bio-diesel by-products streams 
and waste frying oil have been exploited13,14.  
The purification of biosurfactants is often  
underestimated, however it accounts for a big 
fraction of the production costs15. In general 
hydrophilic impurities and residual lipophilic 
carbon source must be removed from the culture 
broth. So, the amphiphilic character of these 
molecules can interfere with some separation 
techniques by forming a stable emulsion. The 
most commonly methods to recovery 
biosurfactants include acid precipitation, solvent 

extraction, crystallization, ammonium sulfate 
precipitation and centrifugation5. On laboratory 
scale, recuperation of SLs from the culture broth 
is generally done by organic solvent extraction 
with ethyl acetate2. However, residual 
hydrophobic carbon source will be (partially) co-
extracted, causing difficulties during downstream 
applications and additional extractions with 
hexane, but also with pentane16 or t-
butylmethylether17 will remove the lipidic 
residues. Chromatographic purification with silica 
gel or preparative or reversed phase columns are 
required in order to obtain a specific SL 
structure2,18. For large scale and industrial 
applications, physical separation methods are 
preferred since SLs are heavier than water, 
allowing to centrifuge them down or to just decant 
them from the fermentation medium after 
heating2. Develter and Fleuckers (2012)19 
developed an interesting improved process for 
the production and purification of sophorolactone 
in an industrial setting.  
Nowadays, by elucidation of the sophorolipids 
synthesis pathway and by using this knowledge 
for the genetic engineering S.bombicola, new-to-
nature biosurfactants can be created, like 
glucolipids and bolaform or enhance biosynthesis 
of one specific molecule.  
Glucolipids (GLs) were produced by enzymatic 
hydrolysis of the glycosidic linkage of 
unacetylated acidic (open) SLs20,21. Then, Saeren 
et al. (2011)22 created a mutant strain for GLs 
production. These molecules behave similarly to 
acidic SLs with respect to surface tension 
lowering capacity, solvent solubility and foaming 
capacity. So, they can be useful as a detergent or 
solubilizer but not as an emulsifier21.  
Bolaamphiphiles consist of a hydrophobic chain 
with two polar head groups at its extremities. A 
large variety of different structures have been 
chemically produced so far. Moreover, these 
molecules can self-assemble and form various 
hierarchical structures23, which gives them 
excellent physicochemical proprieties24,25. 
Garasmus et al. (2004)26 synthetized a new 
tetraglucolipid named MDM and it is similar to the 
bolaform SL described on this work. More 
recently, Price et al. (2012)27 discovered novel 
sophorolipids from a new Candida yeast specie 
where dimeric and trimeric structures were 
characterized.  
Bearing in mind that these new producing strains 
and molecules have different characteristics as 
the wild type biosurfactants produced by S. 
bombicola (acidic and lactonic sophorolipids), in 
this work new production processes for these 
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new-to-nature biosurfactants were developed. 
The anthrone and phenol methods were tested to 
determine bolaform SLs concentration.  
 
2. MATERIALS AND METHODS 
 
2.1 Sampling 
 
Culture broth was collected and centrifuged (5 
min, 14000 rpm). The SN was collected and used 
to determine glucose concentration. It was diluted 
with Milli-Q water and quantified with a blood 
glucose meter Accu-Check (Roche®) or with a 
2700 Select Biochemistry Analyzer (YSI Inc.). 
Analytical samples were prepared and analysed 
for product content by HPLC-ELSD. For bolaform 
SLs, culture broth was centrifuged (5 min, 14000 
rpm) and diluted in ethanol. If the SN was not 
clear, it was centrifuged again 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.  
 
2.2  High Performance Liquid Chromatography  
 
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). Column 
temperature was set at 30˚C and a flow rate of 1 
mL/min was used. 
 
2.3  Downstream Processing (DSP) 
 
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 
distilled water (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. 

 
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®).  
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 

 

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 
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the same 4 steps mentioned before (section 2.4) 
need to be applied.  
 
3. RESULTS AND DISCUSSION 
 
3.1 Lactonic SLs purification 
 
The goal of this DSP is to obtain pure lactonic SLs 
and thus removing residual substrates like 
sugars, salts, proteins and acidic SLs. The broth 
was harvested after allowing the precipitation of 
the produced lactonic SLs, which are not very 
soluble at the low pH occurring in the bioreactor 
(pH=3.5). This spontaneous precipitation in the 
reactor in combination with the heating, washing 
and precipitation of the oily SLs already resulted 
in a first purification (data not shown). 
In Figure 1A there is a sample of the broth one 
day before harvesting: 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. 
The majority of the hydrophobic impurities did not 
co-precipitate with the SLs (data not shown) 
allowing an efficient removal of the residual 
unwanted fatty acids. Then, the washings on the 
molten crystals (Figure 1B) resulted in the 
removal of a big fraction of the hydrophilic 
impurities and even unwanted acidic SLs were 
removed. However, the subsequent heating and 
washing steps can also result in the unwanted 
hydrolysis of the lactonic diacetylated SLs in 
diacetylated acidic SLs.  
So, the following washing steps at T=4°C aimed 
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 dispersion and separation process 
was repeated 8 times until the achievement of a 
satisfactory removal of residual acidic SLs and 
more importantly pigments from the lactonic SLs.  
It was 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 1C).  
Through the quantification of peak area it is 
possible to estimate that the final product still 
contains 6% of the acidic form (Figure 1D). 
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 washings at 4°C, 
which lead to a final yield of approximately 98%. 
 
3.2 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, 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. 
The 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 a fermentation 
for bola SLs production and the results are 
present in Table 1.  
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).  
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.  
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Table 1 - Anthrone and phenol methods applied to a culture broth sample and comparison with the bolaform SL 

concentration obtained by HPLC. 

 
 

 

 

 

4. CONCLUSIONS AND FUTURE 
PERSPECTIVES 

 
Using the lactonesterase overexpression strain 
less unwanted acidic SLs are produced in the 
bioreactor, which will give rise to a more 
economical process. So, the process described 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 environmentally friendly and the 
resulting products are free of traces of solvent. 
However, the process still needs further 
optimization, since the number of washing steps 
must be reduced as well as the amount of water 
used (expenditure of 800 mL/wash) in order to 
reduce wastewater generation, save time and 
avoid product degradation. Moreover, the first 
three washing/heating steps already resulted in 
the unwanted hydrolysis of the ester bound of the 
lactonic SL form into acidic SLs and the minimal 
temperature to do this should thus be 

investigated. The peak of di-acetylated acid SLs 
does not appear in culture broth (Figure 1A), 
however it is present in the final product (Figure 
1D), which confirms this unwanted hydrolysis.  
Along the washing process at T=4°C there was a 
pigmentation removal, which gave rise to a final 
dry white powder that is suitable for 
commercialization. 
Both methods for bolaform SL quantification 
should only be used to get a rough estimation of 
the concentration 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. Despite 
being for laborious, the anthrone method is 
preferable over the phenol method.  
The molecules under study in this work are 
regarded as promising biosurfactants. The world 

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 

Figure 1 - HPLC chromatogram of the sample taken from the bioreactor one day before harvesting the broth (A); Crude 

lactonic SLs (brown oil) after heating the broth (T=65°C) and settling of the molten crystals (B); Lactonic SLs that 
sediment as a paste at T=4°C (C); HPLC chromatogram of lyophilized product after dissolution in distilled water with a 
concentration of 3,3 g/L. 
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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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