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Abstract

The unpurified carbon source B was assessed and optimized as a fermentation feedstock for GMO
and wild species for sophorolipid production. This product is generated worldwide independently from
the demand and can be obtained at a low price. The ability to use this feedstock will provide an outlet
for this product and decrease the environmental impact of sophorolipids. The unpurified carbon source
B was tested at an initial concentration of 60 g/L to keep the same osmotic pressure in the medium for
the hydrophilic substrates tested. This was tested for different combinations of hydrophobic substrates,
medium compositions at shake flask and lab scale bioreactor. The GMO strain showed the ability to
use this substrate for growth and sophorolipid production in combination with hydrophilic substrate
A. For hydrophilic substrate B, this strain produced up to 50 g/L of sophorolipid form D in a 10L
bioreactor but only used unpurified carbon source B for growth. The metabolism on hydrophobic
substrate B was found to be preferred over carbon source B and the sophorolipid production to be
highly dependent on its concentrations. The wild type strain B is an alternative strain that showed
cell concentrations up to 45 g/L, approximately twice the GMO strain, for the same nitrogen content
leading to high consumption of unpurified carbon source B. This strain efficiently uses unpurified
carbon source B for sophorolipid production and can produce solely sophorolipids D using hydrophobic
substrate B. When using hydrophilic substrate B, this strain produces a mixture of sophorolipids B
and D proving to be the most promising strain in this work.
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1. Introduction
As the world gains momentum toward sustainabil-
ity, alternative feedstocks are being examined as
potential raw-materials to produce cheap products.
Surfactants are amphiphilic molecules with a broad
range of applications in the food, petroleum, cos-
metic and pharmaceutical industries. Chemically
synthesized surfactants have often been used in
these products for having a more resistant pro-
file in acidic and basic conditions. However, these
surfactants are often associated to ecotoxicity and
biodegradability problems. Biosurfactants are ob-
tained from biological origin surpassing these envi-
ronmental concerns but have a higher cost of pro-
duction. One of the most known Biosurfactants
are Sophorolipids (SLs) which have been reported
to be produced byCandida batistae CBS 8550
[15], Rhodotorula bogoriensis [27], Candida flori-
cola TM1502 [13], Candida riodocensis [17], Can-
dida rugosa [4], Candida kuoi [16], Candida stellata
[17], Candida tropicalis [5], Cryptococcus sp. VIT-
GBN2 [3], Cyberlindnera samutprakarnensis JP52
[20], Pichia anomala PY1 [25], Rhodotorula mu-

ciliginosa [4], Candida bombicola [23], Candida api-
cola [26][12], Torulopsis gropengiesseri [14], Toru-
lopsis petrophilum [7] and Wickerhamiella domerc-
qiae Y2A [6].

Sophorolipids result from a combination of a
sophorose sugar head with a hydrophobic fatty acid
tail. Sophorose consists of two glucose molecules
connected by a β-1,2 bond and can be acetylated
at the 6’ and/or 6” positions, although this is less
frequent [2]. The terminal fatty acid connects to the
sophorose trough a β-glycosidically bond. The car-
boxilic end determines the overall structure of the
sophorolipid, it can either exist in the acidic/open
form if the free or in the lactone form if it is inter-
nally esterified at the 4 position of the sophorose
molecule. Both structures are shown in figure
1. Besides monomeric structures some polymeric
structures have been detected in various amounts in
an experiment with five different Starmerella yeast
strains [21].

The exact structure of the sophorolipid isoform
is very important since it determines its physico-
chemical properties such as better capacity for sur-
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(a) Lactonic sophorolipid. (b) Acidic sophorolipid.

Figure 1: Sophorolipid structure representation. R’
and R” can represent OH/acetate [17].

face tension reduction for the lactonic form and
higher solubility and foam formation for the acidic
sophorolipids [28]. The mono or di-acetylated
sophorolipids have better antibacterial properties
when compared to non-acetylated lactonic ones and
acidic forms thanks to the acetyl groups [19]. Fur-
thermore acetylated sophorolipids have better an-
tiviral and cytokine stimulating effects even though
their lower solubility [19], [22]. It is also shown
that di-acetylated lactonic sophorolipids posses a
lower CMC and surface tension as compared to non-
acetylated lactonic molecules [18] (as cited on [29]).

The production of a single sophorolipid form is
often a challenging task since strains synthesize a
blend of acidic and lactonic sophorolipids with dif-
ferent acetylation patterns. The production via fer-
mentation requires the presence of a hydrophilic
substrate, to work as a source of energy and a pre-
cursor of sophorose, and a hydrophobic substrate,
generally a fatty acid, to compose the hydropho-
bic chain of the sophorolipid. The biosynthesis is
triggered by changes in the environment or nutri-
ent limitation, depending on the strain used [24],
[1]. The hydrophobic substrate used can have a
major influence on the sophorolipid produced. The
structural variation (chain length, number of insat-
urations) can change de sophorolipid hydrophobic
content influencing the lactonization and acetyla-
tion pattern [8]. These differences alter the overall
properties of the sophorolipid such as the critical
micelle concentration (CMC), surface-active prop-
erties and detergent properties.

In this work the sophorolipid production was
tested using a second generation substrate with low
commercial value that can be obtained at reduced
price.

2. Materials and methods

2.1. Strain information and inoculum prepa-
ration

The lyophilizied strains obtained were re-
hydrated and grown in production medium and fur-
ther cultivated in plates with agar medium and

frozen with 50% glycerol for cryovials. The colonies
from strain plate were picked in sterile conditions
to inoculate a test tube with 5 ml of production
medium and incubated for 48h. For shake flask ex-
periments, the inoculum solution was used to in-
oculate 250 ml SFs with 50 ml of working volume
by adding 4-10% of volume. The incubated SF was
then used to inoculate other SFs. For the 10L biore-
actor, two 5 ml test tubes containing the inoculum
were used inoculate a 250 ml SF with 125ml and
incubated for 24-30h. Incubation was done at 30C
and 200 rpm.

2.2. Growth and sophorolipid production

The growth medium used for fermentation was
production medium and half production medium
(half of salts and nitrogen concentration) prepared
with starting pH of 5.8 using 2M of HCL. Carbon
source A (CSA) (120 g/l), unpurified carbon source
B (UCSB) and purified carbon source B (PCSB)
(60 g/) were tested as hydrophilic substrates. Hy-
drophobic substrate A (HSA) and hydrophobic sub-
strate B (HSB) (37.5 g/l) were tested as the hy-
drophobic substrate and added between 48-100h of
fermentation time. The fermentation medium was
sterilized in the autoclave at 125C during 30(SFs)
and 60 (10L bioreactor) minutes. SFs were incu-
bated at 30C and 200 rpm. The 10L bioreactor
operated at 30C x 600 rpm (7cm rotor diameter x
2 rushton impellers with 2.5 cm blades) x air flow
2L/min x and pH control 3.5 with fed-batch addi-
tion of the hydrophobic substrate. The fermenta-
tions were allowed to continue for up to 14 days.
The significance (p-value) in sophorolipid produc-
tion between tested was calculated by a on-way
ANOVA test with SPSS Statistics. The results were
considered significantly different for p¡0.05.

2.3. Analytical methodologies

The optical density (OD) was used to follow cell
growth and sophorolipid production Samples were
diluted with physiological solution (0.9% NaCl) and
then read in the spectrophotometer at 600nm; For
cell dry weight (CDW) samples were centrifuged
(5min, 11.500 rpm) and resuspended in physiolog-
ical solution twice, and dried in a Denver (IR60Q-
000230V1); The Protein concentration was deter-
mined by a High throughput spectrophotometric
Bicinchoninic Acid Assay using a 2 g/L bovine
serum standard; The salt concentration was as-
sessed by the sample conductivity (with WTW Pro-
fiLine Cond 3110) using distiled water as refer-
ence (1ms/cm); The concentration hydrophilic sub-
strates by HPLC-Refractive Index Detector with a
Metacarb 67H column based on the retention time
and quantification of peak area; The hydropho-
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bic content were determined by adding one volume
of 50/50 mixture of diethyl ether/n-hexane with
1µL/mL of n-hexadecane to one volume of sample
for extraction. The top phase was then analyzed in
a Gas Chromatography (ThermoQuest) with Flame
ionization detector; The sophorolipid identification
and the respective concentration was determined an
HPLC-Evaporative Light Scattering Detector, C18
column and 0.05% acetic acid and acetonitrile gra-
dient.

2.4. Downstream processing

Freeze drying The crystallization of water was
first induced by a quick decrease of temperature
to -40C (90min). The vacuum was then generated
to 650 µB and hold at -40C to complete crystal-
lization. The temperature was increase to 25C dur-
ing 2400 min to guarantee sublimation maintaining
the pressure at 650 µB. The temperature was main-
tained at 25C and the pressure decreased to 80 650
µB for 2000 minutes to eliminate water traces (P
scientific 35L Genesis SQ EL-85).

3. Results and discussion

3.1. GMO strain
3.1.1 Assessing unpurified carbon source B

and its contaminants

3.1.1.1 Evaluation for growth and
sophorolipid production

In this test both purified and unpurified carbon
source B were tested using CSA as reference. Cells
had the same growth and followed the same OD pat-
tern after growth and during the stationary phase
with higher values for PCSB. This showed that cells
can grow using CSB as carbon source as an alter-
native to CSA.

The addition of HSA triggered the production of
sophorolipids but this dropped considerably after a
few hours. The production was stopped when the
hydrophilic substrates dropped to low concentra-
tions (25 g/L for CSA and 15 g/L for UCSB and
PCSB). At these concentrations, cells stopped pro-
ducing sophorolipid and used the hydrophilic sub-
strate for maintenance. After a shot, the produc-
tivity recovery was much faster with CSA maybe
because this substrate was retaken easier by cells
and/or the CSB pathway could already have been
downregulated

Only sophorolipids A were produced. The fi-
nal concentration obtained was higher for the CSA
medium but very similar between UCSB and PCSB
with only 11% difference without statistic signifi-
cance.

3.1.1.2 The effects of Contaminants A

An experiment was performed to assess the ef-
fects of contaminants A. This showed that these
have no negative effects on growth but decrease
the sophorolipid production. Additional studies al-
lowed to develop a method to eliminate contami-
nants A leading to an increase in sophorolipid pro-
duction of 13% with no statistic significance. No
further information concerning the experiment and
its results is shown due to confidentiality.

3.1.1.3 Comparing unpurified with purified
carbon source B and the effects of contami-
nants B

UCSB and PCSB were directly compared using
HSB as the hydrophobic carbon source. This ex-
periment was prepared without contaminants A so
that contaminants B could be evaluated.

The OD profile showed the exact same trends for
both UCSB and PCSB during growth, stationary
and cell death stage. At the end of the fermenta-
tion the average concentration of sophorolipids was
only 4% higher using PCSB. The ANOVA analysis
confirmed that there was no statistic significance in
terms of production for the two substrates during
the fermentation. These results showed that using
either UCSB or PCSB in combination with HSB
will have approximately the same sophorolipid pro-
duction. Therefore, apart from contaminants A, the
remaining components in UCSB, mainly contami-
nants B, have effect on cells either during growth or
sophorolipid production phase. The ability to use
unpurified carbon sourbe B over the purified ver-
sion represents an economical advantage since the
price of PCSB is very high compared to UCSB.

3.1.2 Optimizing the hydrophobic sub-
strate

The hydrophobic substrate B (HSB) was tested
as an alternative hydrophobic substrate to increase
the volumetric productivity and therefore the pro-
cess economics. This substrate was compared di-
rectly to HSA to assess the sophorolipid productiv-
ity.

Both substrates lead to the production of
mainly sophorolipids A but HSA also led to
other sophorolipid A variants. This was observed
in the chromatograms with small peaks around
the sophorolipid A peak. Figure 2 shows the
sophorolipid production for both substrate which
was 43% higher for the HSB. The differences in
both the overall production and the presence of
sophorolipid variants is related with the structure
of the two substrates tested.

The hydrophobic substrate was generally added
after 48h which corresponded to the cell growth
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Figure 2: The sophorolipid and unpurified carbon
source B concentration over time comparing hy-
drophobic substrate A and B added 48 hours after
inoculation for the GMO strain.

period, in half production medium, and not the
sophorolipid production phase at shake flasks scale.
Another shake flask experiment was performed to
assess the differences in production when adding
the hydrophobic substrate at different cell stages.
The addition during cell growth (at 65h) and at the
beginning of sophorolipid production phase (98h)
showed no significant differences in OD values and
sophorolipid production and type of sophorolipid
produced.

The unpurified carbon source B followed dur-
ing fermentation showed no consumption after the
hydrophobic substrate B addition but not for hy-
drophobic substrate B. These results were further
explored in the 10L bioreactor with fed-batch ad-
dition of the hydrophobic substrate. The addi-
tion of the hydrophobic substrate B in both shake
flasks and bioreactors resulted in a decrease in
carbon source B consumption and an increase in
sophorolipid production. This showed that the
hydrophobic substrate B metabolism is preferred
over carbon source B for growth, maintenance, glu-
cose de novo synthesis and sophorolipid production.
In addition, the higher concentrations of the hy-
drophobic substrate lead to higher sophorolipid pro-
ductivities.

3.1.3 Evaluating the effect of additive

An additive was tested to see if it could have
an effect in sophorolipid synthesis increasing the
sophorolipid productivity. This additive was shown
by literature to be an essential nutrient for the same
cell type tested in this tested. The additive was re-
ported to be capable of expanding the lifespan at
an optimal concentration of 3.9 mg/L and showed
no negative effects growth up to 19 mg/L. The ad-
ditive was tested in 30 mg/L, using CSA and UCSB
as hydrophilic carbon sources in combination with

HSB as substrates.

The additive in combination with CSA showed no
significant effect on the OD profile and sophorolipid
A production. The sophorolipid A production
was similar in the presence and absence of addi-
tive and the ANOVA analysis proved no signifi-
cant differences in production. Regarding the hy-
drophilic carbon source, there was less substrate
consumption during both growth and sophorolipid
production for the additived medium. The fer-
mentation ended with, on average, more CSA and
sophorolipids the additive medium. This suggests
that the sophorolipid productivity is already close
to maximum values and that the CSA consump-
tion can become more efficient on energy produc-
tion in the presence of additive because of its
protection effects against cell stress. The chro-
matograms obtained for both conditions showed not
only sophorolipid A but also sophorolipids D. The
SL D peak areas were compared (for the same di-
lution) between both mediums and showed that it
was, on average, 5.3 times bigger when using addi-
tive. Based on these results the additive influence
the conversion of sophorolipids A to D.

For the test with unpurified carbon source B, ad-
ditive showed an effect in the medium containing
UCSB. The final production was, on average, 42%
more in the medium that contained additive. Due
to high variability within repetitions, the difference
in sophorolipid concentration was not statistic sig-
nificance by the ANOVA (p=0.069). Despite this
result caused, the additive was believed to have
a significant effect and thus it was tested again
in the range of 0-20 mg/L to determine the opti-
mal concentration. The sophorolipid concentration
profile showed that the lowest concentration used,
4.75 mg/L performed better by reaching a maxi-
mum sophorolipid concentration of 36 g/L which
was 76% more than the reference without addi-
tive. The typical sophorolipid productivity profile
obtained in previous experiments showed that the
production triggered by the hydrophobic substrate
addition followed by a decrease. The different con-
centrations of additive resulted in a lower loss of
productivity. The productivity after HSB addition
remained constant for the lower additive concentra-
tion tested. The ANOVA analysis proved a signif-
icance difference in production for 4.75 and 14.45
mg/L during the complete fermentation but not for
the remaining concentrations. The chromatograms
obtained for UCSB were compared with the CSA
and showed a more uniform product with a single
sophorolipid form and variant.
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3.1.4 Scale up to 10L bioreactor

The fermentation with the GMO strain was scaled
up in a parallel 10L labscale bioreactor. The
sophorolipid production was assessed with UCSB
and compared with CSA in combination with HSB.

Both fermenters showed that not only
sophorolipids A were produced but also
sophorolipids D. The GMO strain is a genetically
modified strain that can only produce sophorolipids
A, B , C and D and mostly sophorolipids A were
obtained in SF experiments. In the CSA fermenter
both sophorolipids A and D were produced and in-
creased over time having a sophorolipid A/D peak
ratio around 4-4.5 throughout fermentation with
a final sophorolipid A and D concentration of 105
g/L and 41 g/L, respectively. The UCSB fermenter
started with a similar sophorolipid production
profile as the one obtained with CSA but then the
production shifted to only sophorolipids D. The
pO2 and pH profiles showed approximately the
same values during the shifting phase in the UCSB
fermenters which meant that these parameters
had no influence. This fermenter ended with
approximately 38 g/L of only sophorolipids D. The
significant differences in production between CSA
and UCSB are related to additional steps related
the biosynthesiss. These steps also take place at
shake flask scale which also justifies the differences
in production at this scale.

The fact that sophorolipids D were not obtained
in shake flasks shows the mixing and oxygen trans-
fer are crucial parameters for the production of
these sophorolipids with the GMO strain.

Another parallel fermentation was performed
with UCSB and HSB in half production medium
and the results for sophorolipid D production were
not reproduced showing that the concentration of
the components in the complex medium have a ma-
jor influence in the type of sophorolipids produced
at higher scale.

A new single fermentation in the 10L bioreactor
was performed to validate the results obtained pre-
viously for the production of sophorolipids D since
these are more desirable and have more value than
sophorolipids A. In addition, sophorolipids D are
reported in literature to be harder to obtain. In
this fermentation, the production of sophorolipids
D was successfully re-produced reaching 50 g/L.
This showed that the ideal fermentation conditions
were production medium and UCSB for growth
and HSB as the hydrophobic substrate added in
fed-batch in high concentrations. However, some
sophorolipids A were produced during fermenta-
tion. Figure 3 shows the different sophorolipid pro-
ductions obtained with this single and previous par-
allel fermentation with sophorolipid D production.
The sophorolipids A were produced but later con-

Figure 3: Comparison of sophorolipid concentration
over time for the parallel and single fermentation on
a 10L labscale bioreactor using UCSB and HSB as
substrates in production medium.

verted to D and the fermentation ended with only
this sophorolipid form. During this period no sig-
nificant changes were found in the operational pa-
rameters that could explain the production of the
sophorolipids A. The mechanisms for the latter con-
version of sophorolipids A to D are not discussed
due to confidentiality.

3.1.5 Downstream processing

The fermentation broth containing only
sophorolipids D for the UCSB and HSB bioreactor
was further processed. Different purification
methods were applied to remove the contami-
nants present in solution. The best method was
selected and scaled up to treat the full volume
obtained. Finally the sophorolipids were freeze
dried, a HPLC-ELSD standard was created for
sophorolipids D and the concentrations during fer-
mentation were re-calculated. In addition, a total
of 46.4 grams of freeze dried sophorolipids D were
obtained and the global DSP yield was 25%. The
DSP method developed was further applied to the
second fermentation broth containing sophorolipids
D.

3.2. Wild type strain A

Known to have the genes capable of synthesiz-
ing sophorolipids A to H, the UCSB and HSB
were tested with this wild type in half produc-
tion medium similarly to what was done with the
GMO strain. The same effect in unpurified carbon
source B consumption was observed in this strain
after HSB addition showing the preference of HSB
metabolism over UCSB. The OD profile was identi-
cal to the ones obtained with the GMO strain show-
ing a similar behavior for growth and sophorolipid
production. Cells started producing sophorolipids
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A and these were then converted to sophorolipids
H. This change in sophorolipid production suggests
that the genes responsible for the conversion are
triggered by the presence of sophorolipids A.

The same test was done in production medium
and unexpectedly no sophorolipids were performed
using unpurified carbon source B. This was com-
pared in parallel with carbon source A and both
mediums showed identical OD profiles proving
that cells were able to survive without produc-
ing sophorolipids. This could indicate that the
higher concentration of components in the produc-
tion medium in combination with UCSB might in-
hibit the sophorolipid production on this strain.

3.3. Wild type strain B

The wild type strain B was reported in litera-
ture to be able to selectively produce one type of
sophorolipids and thus was tested. When assessed
in half production medium with unpurified carbon
source and HSB, this strain showed the ability to
produce sophorolipids D in shake flasks with a final
concentration of 22 g/L. In addition, high UCSB
consumption was registered showing that this strain
can use this substrate effectively for growth, main-
tenance and sophorolipid production.

In another experiment the sophorolipid D pro-
duction was assessed by combining different sub-
strates in production medium. The UCSB and CSA
were compared in combination with HSA, and the
hydrophobic substrate HSA and HSB compared in
combination with UCSB. The results showed that
using HSB as the hydrophobic substrate, both CSA
and UCSB led to the production of sophorolipids
D. Contrary to what happens with the GMO and
wild type A strains, the unpurified carbon source
B proved to be a better hydrophilic substrate than
CSA. Sophorolipids D were observed in the CSA
tests but the HSB was not consumed during the
whole fermentation time. The HSB could be seen
floating in shake flasks and chromatograms showed
the presence of this hydrophobic substrate during
the whole fermentation. This leads the conclusion
that the sophorolipids D were produced de novo
with CSA and that the HSB addition did not trig-
ger the sophorolipid production. The test using
HSA and UCSB showed the production a mixture of
sophorolipids B and D, and this was further studied
at the 10L bioreactor scale.

These results were confirmed in a parallel 10L
fermentation comparing CSA with UCSB for HSA.
In this fermentation, low to no HSA was consumed
during fermentation with CSA. This showed that
the metabolism for sophorolipid synthesis with de
novo fatty acid production using CSA seems to
be preferred over the uptake of hydrophobic sub-

strates by cells. On the other hand, cells from the
UCSB and HSA fermenter were able to use both
substrates for sophorolipid production. Similar to
the shake flask results, the HSA led to the produc-
tion of sophorolipids B and D during the complete
fermentation with no shifts in production. As de-
scribed earlier, HSA has additional steps needed
in the biosynthesis pathway and these can par-
ticularly affect the type of sophorolipid produced
with this type of strain. The OD and CDW pro-
file showed high values for both fermenters demon-
strating higher growth and cell concentration in the
fermentation when compared with the GMO and
wild type A strains. The cell concentration was
on average 44.5 g/L after cell growth which is ap-
proximately twice as much obtained with the GMO
strain. This shows that this cell type can grow con-
siderably more using the same nitrogen content in
the medium. The higher cell concentration, com-
bined with the ability to fully use UCSB, leads to
high consumption of this second generation sub-
strate.

4. Conclusions

The sophorolipids are surfactants that have
gained special interest due to numerous advanta-
geous and applications compared to petrochemical
based ones. The major drawback in the production
of these surfactants from biologic origin is their rel-
atively high cost of production. To overcome this
barrier, the unpurified carbon source as feedstock
for fermentation was assessed as a strategy to de-
crease the economics of the process but also to de-
crease the environmental impact from the produc-
tion process.

The unpurified carbon source B was compared
with the purified version proving no significant
differences in growth and sophorolipid production
caused by its contaminants.

The three strains tested showed the ability to
use the unpurified carbon source B for growth but
only wild type strain B could efficiently use this
substrate for sophorolipid production. The GMO
and wild type strain B are two candidates capable
of using unpurified carbon source B and produc-
ing high-valuable sophorolipids. These strains can
produce sophorolipids D that have a higher com-
mercial value than other sophorolipid forms. The
GMO strain produced up to 50 g/L but the wild
type strain B demonstrated to be the most promis-
ing strain for having a high consumption rate of
unpurified carbon source B and still be able to pro-
duce sophorolipids D.
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