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Abstract: Mannosylerythritol lipids are glycolipid biosurfactants
with promising industrial applications. However, their commercial
production is hindered due to its high production cost. The current
study investigates the use of sweetwater, a by-product of the fatsplitting industry in combination with soybean oil for the production of mannosylerythritol lipids using Pseudozyma antarctica
(MTCC 2706). The optimum sweetwater and soybean oil concentration of 22 % and 7 % (w/v) yielded 7.52 g L–1and 21.5 g L–1 mannosylerythritol lipids at shake flask and fermenter level respectively.
The structure and functional groups of mannosylerythritol lipids
were confirmed by fourier transform infrared (FTIR) spectroscopy,
liquid chromatography-mass spectrometry (LC/MS) and 1H- and
13
C-nuclear magnetic resonance (NMR) analysis. Surfactant properties, such as surface tension, critical micelle concentration, foaming
and emulsification of mannosylerythritol lipids were also explored.
Keywords: biosurfactant, fermentation, mannosylerythritol lipids (MEL), Pseudozyma antarctica, sweetwater

Fermentative Herstellung von Mannosylerythritollipiden
aus Pseudozyma antarctica (MTCC 2706) unter Verwendung von Süßwasser als Abfallsubstrat.
Zusammenfassung: Mannosylerythritollipide sind Glykolipid-Biotenside mit vielversprechenden industriellen Anwendungen. Ihre
kommerzielle Produktion wird jedoch aufgrund ihrer hohen Produktionskosten behindert. In dieser Studie wurde die Verwendung
von Süßwasser, das als Nebenprodukt bei der industriellen Fettspaltung anfällt, in Kombination mit Sojaöl bei der Herstellung
von Mannosylerythritollipiden aus Pseudozyma antarctica (MTCC
2706) untersucht. Die optimale Süßwasser- und Sojaölkonzentration von 22 % bzw. 7 % (w/v) ergab 7,52 g L–1 Mannosylerythritollipid im Schüttelkolben und 21,5 g L–1 Mannosylerythritollipid
im Fermenter. Die Struktur und die funktionellen Gruppen der
Mannosylerythritollipid wurden durch Fourier-TransformationsInfrarotspektrometrie (FT-IR), Flüssigchromatographie-Massenspektrometrie (LC/MS) und 1H- und 13C-Kernspinresonanzanalyse
(1HNMR und 13C-NMR) bestätigt. Tensideigenschaften der Mannosylerythritollipide, wie Oberflächenspannung, kritische Mizellenbildungskonzentration, Schaumbildung und Emulgierung wurden
ebenfalls untersucht.
Stichwörter: Biotensid, Fermentation, Mannosylerythritollipide
(MEL), Pseudozyma antarctica, Süßwasser
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1 Introduction

Surfactants are amphiphilic surface-active agents consisting
of both hydrophobic (tail) and hydrophilic (head) groups.
The hydrophilic group consists of amino acid, peptide, carbohydrate, phosphate, alcohol or carboxylic acid and the hydrophobic moiety include saturated or unsaturated hydrocarbon
chains of fatty acids. The surfactant character of molecules is
due to their mixed hydrophilic and hydrophobic nature. The
surfactants assist in reducing the surface tension and interfacial tension by accumulating and decreasing the intermolecular forces between two immiscible liquids or a liquid and a
solid, thus allowing them to mix and disperse readily in water
or other liquids [1, 2]. The total annual worldwide production
demand of surfactants is expected to rise over 24 million tons
by 2020 [3]. Surfactants are majorly used in household and
laundry detergents, along with applications in chemical, textile, cosmetics and personal care, food, health care and agriculture industry [4]. However, the growing awareness of the
harmful environmental effects caused by the incomplete degradation of some surfactants released majorly from household applications has led to the increasing interest in the use
of microbial-derived biosurfactants as an alternative to the
conventional petroleum-derived chemical surfactants [5, 6].
Moreover, the matters of sustainability, economic viability
and need for the use of renewable resources as substrates
have led to the turn from chemical surfactants to biosurfactants [3].
Microorganisms produce various primary and secondary
metabolites during the different phases of their growth.
Some of these metabolites, known as biosurfactants, produced by certain bacteria, yeast and fungi have been reported to reduce surface and interfacial tension [7]. Of the
various known biosurfactants, glycolipids have a significantly increased potential for commercial applications due
to their properties such as their high microbial productivity,
good environmental compatibility and excellent functionality [4, 8 – 10]. Among the glycolipids reported so far, sophorolipids are produced at a commercially viable yield of
300 g L–1 from the yeast Candida bombicola. Thus, the search
for other microbial glycolipids with high productivity is of
particular interest. Mannosylerythritol lipids (MEL) are glycolipids produced in high concentrations by the non-pathogenic yeast Pseudozyma antarctica unlike rhamnolipids,
which are synthesized in high yields by the pathogenic bacteria Pseudomonas aeruginosa. In addition, the excellent bio-
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chemical functions, low toxicity, biodegradability, biocompatibility, surface activity and high antimicrobial activity
makes MEL an attractive compound for commercial production and use [4, 5, 11, 12]. As shown in Fig. 1, MEL is structurally composed of two parts, a 4-O-b-D-mannopyranosylD-erythritol hydrophilic moiety and a hydrophobic group
consisting of a mixture of C6–C18 fatty acyl chains at the
C2’ and C3’ of the mannose moiety. In addition, MEL possesses one or two acetyl groups at the C4’ and/or C6’ of the
mannose moiety depending on the microorganism and the
substrate used. Depending on the degree of acetylation at
C4’ and C6’, MEL is classified as MEL-A, MEL-B, MEL-C
and MEL-D. MEL-A is diacetylated, while MEL-B and MELC are monoacetylated at C6’ and C4’ respectively. The completely deacetylated structure is MEL-D [13, 14].
MEL is produced by various yeast strains belonging to the
genus Pseudozyma. The MEL producing species are
P. antarctica, P. aphidis, P. crassa, P. fusiformata,
P. graminicola, P. parantarctica, P. rugulosa, P. shanxiensis,
P. siamensis and P. tsukubaensis. Based on the carbon sources
present, different microbes synthesize a different type of
MEL. Of all the species presented, P. antarctica synthesized
the highest yield of MEL of 140 g L–1 while the fungal species
of Ustilago produced MEL in low amounts [15].
MEL is considered as a multifunctional molecule with a
broad range of industrial applications, such as tertiary oil recovery, decontamination of oily areas, crop protection and
cosmetics, due to better biocompatibility and good microbial
degradability [16, 17]. In addition, MEL possesses versatile
biochemical actions such as antitumor and anticancer activities owing to their cell differentiation-inducing ability in
cell lines such as human promyelocytic leukaemia HL60,
rat pheochromocytoma and mouse melanoma cells [15, 16,
18, 19]. Morita et al. [18] recently reported the ceramide-like
skincare and hair care properties making MEL a potential
molecule in the formulation of anti-wrinkle and moisturizing skin cosmetics, skin foundations and hair care products.
They also increase the efficiency of gene transfection
mediated by cationic liposomes by membrane fusion [16].

Figure 1 Chemical structure of mannosylerythritol lipids; MEL-A:
R1 = R2 = Ac; MEL-B: R1 = Ac, R2 = H; MEL-C: R1 = H, R2 = Ac; MEL-D:
R1 = R2 = H; n = 6-10 [17]
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Nowadays, a number of companies have commercialized
biosurfactants [20]. The cost of rhamnolipids with 90 % purity is around $1 250 kg–1 whereas high purity synthetic surfactants, such as 99 % (SDS), cost between $10 and $20 kg–1.
Thus, the high production cost is still one of the critical factors hampering the commercial applications of biosurfactants [21]. Designing a process to maximize the production
while reducing the process cost will further benefit the commercial growth of biosurfactants. The raw material cost
makes up to 30 % of the total production cost, whereas the
downstream processing accounts for about 60 % of the cost
[22]. Carbon sources are important for MEL production and
are one of the high cost absorbing factors. MEL is one of the
glycolipid biosurfactants produced by utilizing numerous renewable substrates such as soybean oil, palm oil, safflower
oil, cottonseed oil, coconut oil, glucose, honey, and so on
[23]. To reduce the raw material costs, MEL can also be produced using renewable waste resources such as waste cooking oil, oil refinery waste, distillery and whey wastes, potato
process effluent, soapstock, agro-industrial waste and byproducts [22 – 24]. Hence, the use of waste streams as substrates is recommended to reduce the production cost [25].
Glycerol is used in various applications in automotive, cosmetic, food, paint, tobacco, pharmaceutical, pulp and paper,
leather and textile industries and is is also considered as a potential feedstock for new industrial fermentations in the future [26]. Sweetwater, a by-product, obtained from the continuous and batch autoclave processes of the commercial fatsplitting plants contains about 10 %–20 % glycerol with little
or no mineral acids and salts as compared to the spent lye
from kettle soapmaking. The fatty acids that rise to the top of
the sweetwater after the splitting process are removed by
skimming. Then, a small amount of alkali is added to precipitate the dissolved fatty acids and neutralize the liquor which is
then filtered [27, 28]. This inexpensive by-product containing
glycerol has good availability for commercial purpose at lower
cost and can be used as an alternative to the conventional hydrophilic carbon substrates like glucose, sucrose, refined glycerol, etc. In addition, large amount of inexpensive glycerol is
expected to be available at lower cost from biodiesel plants owing to the increasing need for renewable fuels and the demand and production of biodiesel throughout the world [26,
29]. Furthermore, as glycerol can be used as a carbon feedstock in industrial microbiology, this by-product adds value to
the productive chain of the biodiesel industry, contributing to
their competitiveness [26]. Glycerol as well as sweetwater have
been used for the production of various biosurfactants such as
rhamolipids and sophorolipids [22, 26, 27, 29]. The low cost
glycerol in the form of sweetwater can thus be considered as
a potential alternative for the production of MEL [27].
Furthermore, apart from the expenses for raw materials and
investment costs, downstream processing is the highest cost
absorbing factor in biosurfactants production. As the industrial demand for biosurfactants is constantly growing, it is essential to recover and purify the biosurfactants in a cost-effective manner to reduce the overall cost of production. However,
for some applications, this purity grade will not be necessary
and thus purification costs should be more moderate [30].
The current study explores the use of sweetwater as a
waste carbon source in combination with soybean oil for
MEL production using Pseudozyma antarctica (MTCC 2706)
to reduce the raw material cost. The study also focuses on
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reducing the use of solvents in the downstream processing
of crude MEL by the one-solvent heating method. Furthermore, the surfactant and antimicrobial properties of the
synthesized MEL are also studied.
2 Experimental procedure
2.1

Substrates and chemicals

Sweetwater was obtained as a gift sample from VVF Ltd.,
Mumbai. The glycerol content was determined by the sodium-periodate oxidation method as per the AOCS method
Ea 6-51 [31]. The sweetwater was found to contain 10.6 %
(w/v) glycerol. Refined soybean oil was procured from the
local market. All other chemicals were of analytical grade
and were procured from S D Fine-Chem Ltd., Mumbai.
2.2

Microorganism

The mannosylerythritol lipids producing strain Pseudozyma
antarctica (MTCC 2706) was procured from Microbial Type
Culture Collection and Gene Bank (MTCC), Institute of Microbial Technology, Chandigarh (India), as MTCC 2706.
2.3

Microorganism and culture conditions

Stock cultures of Pseudozyma antarctica (MTCC 2706) were
cultivated for 2 days at 30 8C (200 rpm) on yeast malt agar
medium containing 1 % glucose, 0.3 % malt extract, 0.3 %
yeast extract and 0.5 % peptone. They were stored at 4 8C
and renewed every 2 weeks. Seed cultures were prepared by
inoculating cells grown on slants into 250 mL Erlenmeyer
flask containing 50 mL of growth medium (4 % glucose,
0.3 % NaNO3, 0.03 % KH2PO4, 0.03 % MgSO4 and 0.1 %
yeast extract) at 30 8C, 200 rpm for 2 days (pH 6.0) [32, 33].
2.4

Effect of hydrophobic and hydrophilic carbon sources on
MEL production

To study the influence of soybean oil on MEL formation, the
concentrations of all other media components were kept
constant [34]. The different concentrations of soybean oil selected for the study were 6 %, 7 %, 8 % and 9 % w/v. Similarly, the different concentrations selected to study the impact
of sweetwater were 16 %, 18 %, 20 %, 22 % and 24 % w/v. All
the other media components including the selected soybean
oil concentration were kept constant.
2.5

Shake flask fermentation

Fermentation was carried out in a 250 mL Erlenmeyer flask
by inoculating 2 % v/v seed culture in 50 mL of production
medium (0.3 % NaNO3, 0.03 % KH2PO4, 0.03 % MgSO4 and
0.1 % yeast extract) (pH 6.0) with varying amounts of soybean oil (6 % to 9 %) and sweetwater (16 % to 24 %), followed
by cultivation at 30 8C for 7 days at 200 rpm in an incubator
shaker [22].
2.6

Bioreactor studies

The bioreactor production of MEL was carried out in a 5 L
(working volume 3 L) jar fermenter (Eppendorf fermenter,
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Germany). Fermentation was carried out by inoculating 2 %
v/v seed culture in 3 L of production medium (7 % soybean
oil, 22 % sweetwater, 0.3 % NaNO3, 0.03 % MgSO4, 0.03 %
KH2PO4and 0.1 % yeast extract) operated for 7 days. The fermenter was operated at 600 rpm with an aeration rate of
1 vvm. The temperature of the vessel was controlled at
30 8C by the heating jacket and the pH was maintained at
pH 6.0 [35].
2.7 Solvent extraction method

The MEL was extracted by solvent extraction as described by
Bhangale et al. [17]. After completion of fermentation, the
pH of the cell culture was adjusted to 2.0 using 1N HCl solution. The broth was then washed with hexane (1 : 1) to remove unconsumed oil. The aqueous phase was washed with
ethyl acetate (1 : 1) to extract MEL. The ethyl acetate washings were then evaporated under vacuum and the MEL in
the round bottom flask was weighed.
2.8

One-solvent heating method

The extraction of MEL from the cell culture was performed
as described by Rau et al. [36] with slight modifications.
Briefly, the cell suspension was washed with hexane to remove residual oil and then heated at 121 8C for 20 min.
After heating, a sticky thick liquid and an aqueous phase
was formed. The MEL was present in the thick liquid phase
which was separated by pouring off the cell debris containing aqueous phase.
2.9

Purification of crude MEL

The crude MEL was purified by silica-gel column chromatography as described by Fukuoka et al. [37]. Briefly, 5 g of
crude MEL was dissolved in 5 mL chloroform and fractionated on a glass column (1.8 cm · 30 cm) loaded with silica gel. It was then purified using a gradient elution of
chloroform/acetone mixtures (10 : 0 to 0 : 10, v/v) as the solvent system. The eluted fractions of each ratio were then
combined and evaporated to obtain the purified MEL.
2.10 Analysis of biomass, residual substrate and MEL content

Approximately 1 mL of the broth solution was centrifuged at
8 000 rpm for 15 min and the cells were re-suspended in
3 mL distilled water. The biomass was measured at 580 nm
and calibrated using dry weight by drying at 100 8C until
constant weight [22]. For residual substrate analysis, 1 mL
of the broth solution was centrifuged at 8 000 rpm for
15 min and the cell-free supernatant was collected and
washed with hexane to remove residual oil. The aqueous
layer was diluted and the free glycerol content in the sweetwater was determined by sodium-periodate oxidation method [31]. The hexane extracts were combined to determine the
residual oil content gravimetrically [22].
To analyze the MEL content, 1 mL of broth solution was
centrifuged for 15 min at 8 000 rpm. The cell-free supernatant
was washed with ethyl acetate and centrifuged for 15 min at
8 000 rpm. The ethyl acetate washings were collected, quantitatively diluted to 10 mL, and evaporated under vacuum. The
obtained residue was dissolved in 5 mL distilled water after
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cooling to room temperature and the MEL concentration was
determined by the anthrone method [38]. Standards, blanks
and unknowns were analyzed in triplicate [22].

1 min at 2 000 rpm and room temperature. After mixing,
the time required to separate the two phases was recorded.
All the measurements were taken in duplicate.

2.11 Characterization of MEL

2.13 Antimicrobial activity of crude MEL

The formation of MEL was confirmed by TLC on silica gel
plates using a solvent system of chloroform : methanol :
water (65 : 15 : 2, v/v/v). The spots were visualized by spraying the plate with chloroform : methanol (50 : 50, v/v) visualization agent and heating it in a hot air oven at 105 8C for
5 min [17]. The analysis of the functional groups of MEL
was done using FTIR spectroscopy. The FTIR spectrum
was recorded on a Shimadzu 8400S FTIR spectrometer for
the liquid sample. For the analysis, a scanning range of
4 000 cm–1–400 cm–1 was used for 45 repeated scans. All
the spectra were recorded with transmission mode [22].
The MEL purified by column chromatography was used
for LC-MS analysis. The LC-MS of the sample was carried
out by Shobhaben Pratapbhai Patel School of Pharmacy &
Technology Management (SPPSPTM), SVKM, NMIMS,
Mumbai, Maharashtra, India. The Shimadzu 8040 was
equipped with ESI and Triple Quadrupole MS spectrometer.
A 3.9 mm · 300 mm (10 lm) Waters Bondapak C18 column was used. The mobile phase consisted of solvent A
(isopropanol) and solvent B (acetonitrile). The elution was
conducted at a flow rate of 0.2 mL min–1 in a linear gradient
as follows: solvent A from 10 % to 30 % within 10 min and
then to 100 % within 55 min. The ionization parameters
were adapted to the flow rate and the mass range (200 –
1 500). A drying temperature of 325 8C was applied together
with a drying gas (N2) at a flow of 10 mL min–1, a capillary
voltage of 2.5 kV, a corona voltage of 4 kV, and a nebulizer
pressure of 35 psi (241.32 kPa). The injection volume was
5 lL [39].
The detailed structure of the purified MEL was analyzed
by 1H- and 13C-NMR with an Agilent 400 MHz NMR system
at 30 8C. NMR was carried out by dissolving & 30 mg of
purified MEL in 700 lL of deuterated chloroform (CDCl3).
The coupling constants were measured in Hertz (Hz) and
the chemical shifts (d1H, d13C) were expressed as ppm,
which were related to tetramethylsilane (TMS, d-0) [40, 41].

The antimicrobial activity of MEL was determined by the
cup-plate method using Staphylococcus aureus (DSM 3463)
as described by Sudha et al. [44]. The zone of inhibition
(ZOI) was measured in mm in triplicate.
3 Results
3.1

Effect of hydrophobic and hydrophilic carbon sources on
MEL production

The maximum concentration of soybean oil was found to be
7 % (w/v) which gave the highest MEL yield of 2.88 g L–1. As
shown in Fig. 2, the yield increased significantly with an increase in soybean oil concentration up to 7 % (w/v) and any
further increase caused the yield to slightly decrease.
In addition, 7 % (w/v) soybean oil was used as the hydrophobic source and the concentration of sweetwater as hydrophilic substrate was varied. Out of the different concentrations studied, 22 % (w/v) sweetwater concentration gave the
highest yield of 7.52 g L–1 as shown in Fig. 3.
3.2

Bioreactor studies

While the production of MEL from P. antarctica in shaking
flasks was reported in detail, only limited experiments were
undertaken in larger bioreactors [13, 36, 45, 46]. The yield of
MEL in larger bioreactors was 21.5 g L–1, which is 2.74 times
higher than the yield in shaking flasks.
3.3

Extraction of crude MEL

The extraction of MEL using solvents was compared with the
one-solvent heating method. Both methods extracted similar
amounts of MEL from the culture broth.

2.12 Testing of surfactant properties

The surface tension of MEL in distilled water was determined at room temperature using K-100 Krss tensiometer
applying the Wilhelmy plate method [25]. MEL solution of
0.1 %(w/v) concentration was used as the stock solution for
CMC measurement. Dilutions of 5 mg L–1–100 mg L–1 were
prepared by adding a specific amount of stock solution in
distilled water and the surface tension was measured at each
dilution. The CMC of the surfactant was determined by plotting a graph of surface tension versus the log of concentration [25].
The foaming properties of 0.1 % (w/v) MEL were determined using the Ross-Miles apparatus. The foam height
was measured at specific time intervals of 5 min for 30 min
[42]. The emulsification property of MEL was assessed as described by Subrahmanyam and Achaya [43] using light liquid paraffin. An equal volume (5 mL) of liquid paraffin and
0.5 %(w/v) MEL solution was mixed by vortex mixing for
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Figure 2 Effect of soybean oil concentration on the production of mannosylerythritol lipids by Pseudozyma antarctica (MTCC 2706) in a shake flask at
30 8C, 200 rpm for 7 days
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3.4

Purification of MEL

The crude MEL extracted from the culture broth after
7 days was purified by silica-gel column chromatography.
The purified fraction of MEL was mainly eluted with
chloroform : acetone (8 : 2, v/v). From 5 g of crude MEL
2.37 g of purified MEL was obtained. The fractions of purified MEL were collected, combined and the solvent was
evaporated using a rotary vacuum evaporator to obtain the
purified MEL.
3.5

Biomass, residual substrate and MEL content analysis

The biomass consumption, substrate uptake and MEL production over the 7-day fermentation cycleare are shown in
Fig. 4. The MEL production profile over the 7-day time
course was found consistent with earlier studies [17, 47,
48]. The cell growth increased during the fermentation pro-

Figure 3 Effect of sweetwater concentration on mannosylerythritol lipid production by Pseudozyma antarctica (MTCC 2706) at shake flask level at 30 8C,
200 rpm for 7 days

Figure 4 Time course of cell growth, soybean oil and sweetwater consumption and mannosylerythritol lipids production by P. antarctica using 7 % w/v
soybean oil and 22 % w/v sweetwater during 7-day shake flask submerged
fermentation at 30 8C, 200 rpm
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cess. There was no significant MEL production in the lag
phase, however, the formation increased slowly during the
exponential phase up to 3 days and then increased rapidly
from day 4 to day 7 during the stationary phase.
3.6

Analytical detection of MEL

The formation of MEL obtained after fermentation was confirmed by thin layer chromatography as shown in Fig. 5.
The Rf of residual soybean oil was 0.88 and the Rf of MEL
was found to be 0.58. The FTIR spectrum of the purified
MEL is shown in Fig. 6 and it is similar to the spectrum reported by Patil et al. [22]. The structure of incorporated fatty
acids in the purified MEL was analyzed by LC-MS. Table 1
summarizes the list of all detected and identified masses of
fatty acid chains in the purified MEL sample. The structure
of purified MEL was confirmed by 1H and 13C NMR which
showed similar structural patterns to those already reported
[17, 32, 37, 40, 46, 49 – 53]. Table 2 represents the 1H and

Figure 5 TLC of extracted mannosylerythritol lipids using a solvent system of
chloroform : methanol : water (65 : 15 : 2, v/v/v). The spots were visualized
with chloroform : methanol (50 : 50, v/v) visualization agent

Figure 6 FTIR spectrum of mannosylerythritol lipids produced by P. antarctica (MTCC 2706)
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13

C NMR chemical shifting of D-mannose, meso-erythritol,
acetyl, and fatty acid groups of MEL.

Figure 9 shows the antimicrobial activity of MEL with a ZOI
of 13 mm against S. aureus.

matography revealed that soybean oil contains both saturated (16 : 0, 18 : 0) and unsaturated (18 : 2, 18 : 3) fatty acids
with linoleic acid and oleic acid as the most abundant fatty
acids. The moderate iodine value obtained indicated the presence of unsaturated carbon chains in the soybean oil [56].
Furthermore, a number of hydrophobic carbon sources have
been utilized such as hexoses, pentoses, soluble starch, sugar alcohols, fatty acids and triglycerides [19]. Of these, vegetable oils have been considered to be the most suitable carbon source for MEL synthesis [19]. Among all the vegetable
oils used so far (soybean oil, safflower oil, olive oil, corn oil,
palm oil, etc), soybean oil has been found to be the best hydrophobic carbon source for MEL production [13, 14]. Thus,
considering the fatty acid profile and presence of unsaturated carbon chains, soybean oil was considered as a potential carbon source for the production of MEL [23].
To study the effect of the hydrophobic substrate on MEL
production, different concentrations of soybean oil suitable
for MEL formation were analyzed. The various concentrations considered for the study were: 6 %, 7 %, 8 % and 9 %
(w/v). The low yield of MEL observed at low soybean oil concentrations may possibly be because the hydrophobic part
(fatty acid chain) of the MEL needs to be synthesized denovo in the absence of hydrophobic substrate while lower
concentrations would be utilized for cell growth with lesser
fatty acid chains for MEL production. Whereas, higher concentrations would not be completely utilized by the organism due to substrate inhibitory effect thus, 7 % (w/v) soybean oil was selected for further studies [23].

4 Discussion

4.2

4.1

Sweetwater is a waste by-product from the fat-splitting industry produced in large quantities and is thus easily available. Sweetwater is a by-product consisting of 10 % – 20 %
glycerol in water [57]. The analysis of sweetwater is shown
in Table 4 [58]. The sweetwater contained 10.6 % glycerol
and was used as hydrophilic carbon source without any purification. The use of refined glycerol to produce MEL by fermentation has previously been reported by Patil et al. [22].
Table 5 represents the various hydrophilic substrates utilized

3.7 Surfactant properties of MEL

The surface tension studies showed that MEL reduced the
surface tension of water better than the reference surfactant
Tween 80. MEL effectively reduced the surface tension of
water from 70.52 mN m–1 to 33.53 mN m–1 while Tween 80
reduced the surface tension of water from 70.38 mN m–1 to
38.21 mN m–1. As shown in Fig. 7, the CMC of the extracted
MEL was 55 mg L–1 (8 · 10–5 mol L–1) and the surface tension of water at the CMC was 30.2 mN m–1.
The foaming studies showed that the foam height of the
reference polysorbate 80 was much higher than that of MEL.
The initial foam height of polysorbate 80 was 65 mm whereas
the foam height of MEL was observed to be only 10 mm. The
emulsifying ability of MEL was studied against liquid paraffin. The emulsification properties of MEL and polysorbate 80
presented in Fig. 8 show that MEL is as effective as polysorbate 80 in emulsification. The emulsifying ability as well
as the stability of the emulsion formed by MEL was comparable to that of polysorbate 80.
3.7.1 Antimicrobial activity of MEL

Effect of hydrophobic carbon source on MEL production

Table 3 shows the physicochemical properties of soybean oil
evaluated according to the AOCS official methods of analysis [54]. It has been reported by Beck et al. and Yu et al. that
the carbon chain length and saturation variability of the hydrophobic substrate influences the number of acylation and
the length of unsaturated carbon chain of MEL during its
production [14, 55]. The analysis of fatty acids by gas chro-

Table 1

Effect of hydrophilic carbon source on MEL production

m/z

molecular mass/g mol–1

fatty acid chain

638.40

615.4

C8 : 0–C8 : 0

32.44

660.40

637.4

C8 : 1–C10 : 2

6.25

662.30

639.3

C8 : 0–C10 : 2

9.68

relative intensity

676.40

653.4

C8 : 0–C10 : 0

11.90

705.30

682.3

C12 : 2–C12 : 2

8.56

706.50

683.5

C10 : 2–C14 : 2

55.0

707.40

684.4

C12 : 1–C12 : 2/C10 : 1–C14 : 2

23.51

708.45

685.45

C12: 1–C12 : 1/C12: 0-C12: 2/C10 : 0-C14 : 2

17.50

724.30

701.3

C8 : 1–C14 : 0

8.74

732.45

709.45

C10 : 0–C12: 0/C8 : 0–C14 : 0

866.45

843.45

C16 : 3–C16 : 2

26.52
9.48

Fatty acid contents of purified mannosylerythritol lipids detected by LC-MS
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for MEL production. To study the utilization of sweetwater
as the hydrophilic carbon source, the glycerol content of
the culture broth was analyzed. The analysis showed that
glycerol was converted to mannosyl and erythritol sugar
which, in turn, was utilized by the yeast cells for the production of secondary metabolite as MEL. Thus, sweetwater can
be efficiently used as a hydrophilic substrate for MEL synthesis to reduce raw material cost as well as streamline the
waste into value-added product.
Lower concentrations of sweetwater affected the biomass
concentrations due to insufficient availability of the hydrophilic carbon source in the media, while any increase in
sweetwater concentration above 22 % (w/v) slightly reduced

Functional group

Multiplicity

the MEL yield. The reduction in yield with further increase
in sweetwater concentration is expected to be due to insufficient hydrophobic substrate at higher sweetwater levels or
substrate inhibitory effect [23]. Furthermore, sweetwater
used in combination with soybean oil gave a better yield
than soybean oil alone which was similar to the results reported previously in the literature [17, 22, 32, 33, 41]. This
indicated that the production of MEL was not growth associated and it depends on the type and chemical nature of
the carbon sources used as evident from the work described
by Patil et al. [22]. In addition, the time course profile in
Fig. 4 clearly shows that P. antarctica can utilize both the
carbohydrate and the lipid content from the media to grow

d1H/ppm

Sugar

Functional group

d13C/ppm

Sugar

D-mannose

D-mannose

H-1

Doublet

4.74

C-1

99.2

H-2

Doublet

5.4

C-2

68.87

H-3

Doublet of doublet

5.23

C-3

71.8

H-4

Multiplet

5.28

C-4

65

H-5

Multiplet

3.6

C-5

75.13

C-6

62.07

H-6a

Doublet of doublet

4.12

H-6b

Doublet of doublet

4.28

Hydroxyls

Broad

2.72*2.85

H-1a’

Multiplet

3.54*3.72

C-1’

63.6

H-1b’

Multiplet

3.54*3.72

C-2’

71.1

H-2’

Multiplet

3.54*3.72

C-3’

71.5

C-4’

72.38

meso-Erythritol

meso-Erythritol

H-3’

Multiplet

3.54*3.60

H-4a’

Doublet of doublet

3.85

H-4b’

Doublet of doublet

3.98

Hydroxyl

Broad

2.72*2.85

Singlet

2.08

Acetyl
-CH3

22.52

-C=O

172.81

Fatty acids
-C=O (C-2)

173.86

-C=O (C-3)
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173.23

-CH3

Broad

0.88

14.21

-CO-CH2- (C-2)

Multiplet

2.3

34.15

-CO-CH2- (C-3)

Multiplet

2.34

34.04

-CO-CH2-CH2-

Multiplet

1.57*1.61

25.49

-(CH2)n-

Broad

1.23*1.35

22.62*34.13

-CH=CH-

Multiplet

5.23*5.40

127.71

-CH=CH-CH2-

Multiplet

1.96*2.05

25.59

1H

and13C NMR chemical shift data of purified mannosylerythritol lipids in CDCl3 to determine the structure of MEL (d: Chemical shift in ppm)
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as well as to produce MEL, thus indicating its potential application in the utilization of the fat-splitting industry waste
for the synthesis of MEL at a commercial level [25].

The use of industrial wastes as substrates will help to reduce the high cost of raw materials involved in biosurfactants production. Glucose, sucrose and glycerol are the hydrophilic substrates known to produce a higher yield of
MEL. The current price of glucose, sucrose and glycerol is
0.8 $ kg–1, 0.6 $ kg–1 and 1 $ kg–1 respectively, whereas the
cost of sweetwater is 0.14 kg–1, which is almost 60 %–80 %
less than the cost of glucose, sucrose and glycerol. The use
of sweetwater is very less expensive than that of other commonly used sugar sources which will thereby help in reducing the overall raw material cost of MEL synthesis [25].
4.3

Figure 7 Variations in surface tension with logarithmic change in concentration of mannosylerythritol lipids synthesized by P. antarctica (MTCC 2706) to
determine CMC of MEL

Bioreactor studies

It has been reported that the yield of biosurfactants in the
bioreactor can be increased to 3 to 6 times compared to the
shaking flask [27]. Therefore, MEL production in the bioreactor was investigated to determine the increase in MEL production. The increase in yield at the bioreactor level was probably
due to better control of operating conditions such as aeration,
stirring, pH and temperature [25]. The MEL yield was further
improved by optimizing media components and physical parameters such as temperature, pH, agitation and aeration.
4.4

Extraction of MEL

In the extraction of MEL by heating described by Rau et al.
[36], the amount of oil in the MEL extract was more as compared to that of the solvent extraction method. However, washing the culture broth with hexane before heating reduced the
amount of residual oil in the product since the oil dissolved
better in hexane. Thus, the one-solvent heating method can
be efficiently used as an alternative extraction method to the
conventional solvent extraction technique as it helps to reduce
the use of 2 solvents without affecting the final product.

Property

Figure 8 Emulsifying power and emulsion stability of mannosylerythritol lipid
and polysorbate 80 at 0.5 % (w/v) surfactant concentration against liquid
paraffin

Acid value (mg KOH g–1)
Saponification value (mg KOH
Iodine value (mg I2

g–1)

g–1)

AOCS
method of
analysis [54]

Valuea)

Te-la-64

0.49 ± 0.03

Tl-la-64

192.3 ± 0.35

Tg-la-64

126 ± 0.5

Unsaponifiable matter (%)

Tk la-64

1.5 ± 0.5

Peroxide value (mEq kg–1)

Cd-8-53

9.2 ± 0.35

Viscosity (cP) at 28 8C

Ja-10-87

Specific gravity (28 8C)(g

cm–3)

Fatty acid composition (wt%)

41.3 ± 0.5
0.919 ± 0.06

Ce-1-62

Palmitic acid (C16 : 0)

9.36

Stearic acid (C18 : 0)

4.19

Oleic acid (C18 : 1)

23.31

Linoleic acid (C18 : 2)

54.23

Linolenic acid (C18 : 3)

8.11

a)The values given are means of three consecutive experiments ± standard
deviations

Figure 9 Antimicrobial activity of synthesized mannosylerythritol lipids
against S. aureus with ZOI of 13 mm
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The purified MEL is shown in Fig. 10. The crude MEL obtained after fermentation was purified to determine as accurately its structure and mass using NMR and LC-MS respectively [49]. Solvent extraction and column chromatography
has been the most widely used downstream processing method for MEL at laboratory scale. However, no advancement in
downstream processing of MEL appropriate for pilot and industrial-scale production has been reported [59]. Ultrafiltration (UF), a membrane filtration method used to concentrate,
recover and purify various biomolecules based on their size
and molecular mass, is an alternative method that can process large volumes of culture supernatants quickly, continuously and cost-effectively [21, 60]. In the case of biosurfactants, selective separation by UF can be achieved due to its
unique ability to form micelles at and above their CMC.
These supramolecular micellar aggregates are retained by
the relatively high molecular weight cut-off (MWCO) membranes, while lower molecular weight contaminants such as
peptides, small proteins, salts and free amino acids are
washed out [21, 61]. Mulligan and Gibbs [61] reported the recovery and purification of surfactin and rhamnolipids from
complex fermentation broths in one UF step, while Lin and
Jiang [62] used two-stage UF to recover 95 % surfactin from
fermentation broths. In addition, Andrade et al. [40] successfully used UF to recover 80 % MEL with 86 % purity in one
UF step in the laboratory and 500 ml scale-up batch (using
cross-flow filtration) [40]. Thus, membrane filtration can be
used like ultrafiltration as an efficient and scalable process
for the recovery and purification of biosurfactants including
MEL [21].

Table 4

Table 5
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4.5

Biomass, residual glycerol and oil, and MEL content
analysis

The initial low MEL concentration indicated that the MEL
was synthesized and stored intracellularly initially in the
log phase and was then secreted out of the cells as it entered
the stationary phase. The rapid use of oil showed that fatty
acids not only provided the carbon source to the cells but
also induced the extracellular production of MEL along with
being a precursor of the hydrophobic moiety in the glycolipid biosurfactant. MEL is a secondary metabolite and hence
its production and secretion is higher in the stationary
phase than the log phase.
During fermentation, the rate of hydrophobic substrate
utilization by P. antarctica cells depends on the forces interfering with direct cell-substrate contact. The cell-substrate
contact is in turn dependent on the outer membrane of the
cell that forms the initial cell component to contact with the
substrates. Various cultivation conditions such as temperature, pH, nutrient availability, medium composition and
aeration influence the outer membrane of the cell [23, 63,
64], thus, the adaptation of the outer membrane is vital in
the attachment and the utilization of hydrophobic substrates
[23, 63]. The addition of hydrophobic substrate in excess
leads to an accumulation of oil in the culture medium which
increases the broth viscosity, decreases the dissolved oxygen
and causes the product inhibition by obstructing access of
nutrients to the microbes in the fermentation medium,
thereby impacting the microbial growth and productivity [23]. Dolman et al. [65] reported that the existence of two
separate phases remarkably reduces the oxygen mass transfer coefficient due to the resistance of the mass transfer at
the air/liquid interface which increases the viscosity of the

Test

Method

Value

Water content (% w/w)

Oven drying method (at 105 8C)

86.4
10.6

Glycerol content (% w/w)

AOCS method Ea 6-51 [31]

Alkalinity (OH–) (normality)

Back titrations with 0.1 N HCl and 0.1 N NaOH

0.051

Specific gravity (25 8C/25 8C)

Specific gravity bottle

1.018

Viscosity (cP)

Brookfield viscometer

1.15

Total residue (at 160 8C) (% w/w)

Oven drying at 160 8C till constant weight [58]

1.52

Analysis of sweetwater

MEL yield/g L–1

Hydrophobic substrate

Hydrophilic substrate

–

Glucose

5.6

[49]

–

Glucose

5.4

[45]

Soybean oil

Glucose

–

Xylose

4.8

[45]

Soybean oil

Sucrose

13.5

[17]

29

Reference

[13]

–

Honey

5.61

[17]

Soybean oil

Glycerol

3.62

[22]

Effect of various hydrophilic carbon sources on MEL yield
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medium leading to an oxygen limitation and non-homogeneity of the broth [23, 65]. In case of soybean oil, increasing
the concentration from 7 % (w/v) to 8 % (w/v) may lead to a
reduction in the biomass concentration due to the oxygen
limitation, thereby decreasing the MEL yield [23].
4.6

TLC and FTIR

The TLC results shown in Fig. 5 were similar to the values
previously reported by Patil et al., Fukuoka et al., and Kitamoto et al. [22, 35, 47], thus confirming the presence of MEL.
The FTIR spectrum displayed in Fig. 6 shows a peak at
3 007 cm–1 indicating the presence of a hydroxyl (–OH) group.
The peaks in the range of 3 000 cm–1–2 800 cm–1 at 2 926 cm–1
and 2 854 cm–1 represented an alkyl (–C–H) chain. The sharp
peak at 1 741 cm–1 indicates the presence of carbonyl (C=O)
group. The peak at 1 456 cm–1 signified a (–C–H) bond. The
peaks at 1 240 cm–1 and 1 174 cm–1 confirmed the presence of
(–C–O) linkage and the peak at 1 093 cm–1 showed the presence of a dialkyl ether (–C–O–C) linkage [22].
4.7 LC-MS

As described by Onghena et al. [50], the varied peak pattern
observed in the LC-MS separation with the C18 column is
based on the hydrophobicity; i. e. the fatty acid chains that
are incorporated in the MEL. MEL was eluted due to their
polarity with respect to the polarity of the mobile phase.
The slight differences in the mass-to-charge ratio are due to
the use of Pseudozyma antarctica cells in the work. As shown
in Fig. 11 adducts of sodium [M + Na]+ was detected as the
most abundant ion for MEL [50, 51].

analyzed and compared to that of the non-ionic chemical
surfactant polysorbate 80 (Tween 80). Depending on the hydrophilic and the lipophilic part of molecules, MEL shows
variations in their surfactant properties like surface tension,
interfacial tension, CMC, etc. [25]. The ability of MEL to reduce the surface tension of water better than polysorbate 80
indicates that MEL can replace chemical surfactants such as
Polysorbate 80 when reducing the surface tension of liquids.
4.8.2 Critical Micelle Concentration (CMC)

The CMC of a surfactant is defined as the minimum concentration at which the surfactant solution provides maximum reduction in surface tension. Thus, low CMC values
indicate that the surfactant can effectively reduce the surface
tension at minimum concentration. The CMC of a surfactant depends on the surfactant molecule structure, so structural variations can influence the ability of a surfactant to reduce surface tension [25]. The low CMC value shown in
Fig. 7 reveals that MEL reduces surface tension well even at
lower concentrations, making MEL a potential alternative to
a chemical non-ionic surfactant [17].
4.8.3 Foaming studies and emulsion stability

Surfactants are amphiphilic compounds consisting of a hydrophobic moiety and a hydrophilic group. Thus, the addition of surfactants to liquids reduces the surface tension in
an aqueous medium. The synthesized MEL are non-ionic
glycolipid biosurfactants and thus their surface tension was

One of the crucial parameters in selecting a biosurfactant is
its foamability. Thus, foaming characteristics of MEL were
evaluated and compared to polysorbate 80 which is a nonionic chemical surfactant. The low foaming obtained for
MEL could be due to the presence of more fatty acids in
the crude MEL structure since the presence of fatty acid affects the foaming ability of surfactants. The foaming stability studies shown in Fig. 12 evaluated that the foam produced by MEL was stable for 30 min thus indicating the
good stability of foam produced by the biosurfactant.
An important criterion for selecting a surfactant in food
and cosmetic application is the emulsifying power. The
emulsion formed by MEL was more stable than that formed
by polysorbate 80. Hence, chemical surfactants like polysorbate 80 can be efficiently replaced by the biosurfactant
MEL for use in food and/or cosmetic industries [25].

Figure 10 Purified mannosylerythritol lipids produced by Pseudozyma antarctica (MTCC 2706) at shake flask level, 30 8C, 200 rpm, 7 days

Figure 11 LC-MS spectrum of purified mannosylerythritol lipid to study the
structure of MEL with Shimadzu 8040 equipped with ESI and Triple Quadrupole MS spectrometer

4.8

Surfactant properties of MEL

4.8.1

Surface tension measurement
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4.8.4 Antimicrobial activity of MEL

MEL are strongly active against gram-positive bacteria and
weakly active against gram-negative bacteria, but inactive
against fungi [13, 66]. The synthesized MEL showed growth
inhibition against gram-positive S. aureus due to its high
surface activity, which damaged the bilayer cell membranes
of the microbe [49]. Previous studies showed that S. aureus
cells treated with MEL became irregular, holey and shrunk.
In addition, they exhibited anomalies with voids from the
edge to the cell wall, affecting cell membrane permeability
and integrity, leading to electrolyte leakage and metabolic
pathway damage [67]. Kitamoto et al. [66] reported that
MEL showed relatively good antimicrobial activities among
the biosurfactants studied so far. It has also been reported
that the number and/or position of the ester fatty acid influences the antimicrobial activity of MEL. Therefore, biosurfactants with higher hydrophobicity among homologues
were more effective against the gram-positive bacteria. The
antimicrobial activity of MEL in the present study was similar to that of the synthetic surfactants of the glycolipid type
as well as that of the other biosurfactants [66]. This shows
that MEL has good antimicrobial activity and can be used
in the pharmaceutical, food and biomedical industries [49].
5 Conclusion

Fermentative production of mannosylerythritol lipids using
sweetwater as the hydrophilic substrate by Pseudozyma antarctica yielded 7.52 g L–1 MEL after 7 days. The production of
MEL was also studied in 5 L bioreactor and the obtained yield
of the product was 21.5 g L–1. The combination of sweetwater
with soybean oil gave a better MEL yield because both the hydrophilic as well as the hydrophobic part were readily available for MEL production and did not require any de-novo synthesis. The production using sweetwater delivered a yield of
MEL comparable to that of conventional substrates. This confirmed the use of sweetwater as the hydrophilic carbon
source. Hence, by-product like sweetwater can be efficiently
used for MEL to reduce the raw material cost and convert a
by-product into a value-added product. The one-solvent heating method can efficiently be used for the extraction of MEL.
It showed an advantage over the solvent extraction method in

Figure 12 Foaming studies of mannosylerythritol lipids produced by Pseudozyma antarctica (MTCC 2706) compared to polysorbate 80 of 0.1 % (w/v)
surfactant concentration
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terms of better extraction and higher recovery. Additionally,
the solvent used was recovered to extract the product. Thus,
the one-solvent heating method can be used in order to extract MEL with lesser solvent use thereby further trying to reduce the downstream processing cost. The antimicrobial and
surfactant properties of MEL open up possibilities for its application as an active ingredient in cosmetics and skincare
formulations.
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