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a b s t r a c t

In this manuscript, we approach the production of biosurfactants as a cleaner alternative to the
chemically-produced surfactants currently used in a wide range of industries. Sophorolipids are
microbially produced biosurfactants of the glycolipid type that have entered the market in select ap-
plications such as detergent or cosmetic formulation ingredients. This study focuses on sophorolipid
production by the yeast Starmerella bombicola from stearic acid (C18:0), a low-cost carbon source that is
difficult to work with in submerged fermentation since it remains a solid due to its high melting tem-
perature. Consequently, optimizations of solid-state fermentation inoculated with Starmerella bombicola
were studied for conversions of stearic acid and molasses to sophorolipids. Polyurethane foam func-
tioned as the inert support. The effect of polyurethane foam density and water holding capacity was
assessed and the process was optimized in terms of substrate and inoculum ratio. The best conditions
were: foam with a density of 32 kg m�3 at 75% water holding capacity, 1.17:1 molasses/stearic acid (w/w)
and 5% (v/w) inoculum, to obtain a yield of 0.211 g sophorolipids per g of substrates. Mass spectrometry
revealed that the sophorolipids produced herein had high concentrations of diacetylated acidic and
lactonic C18:0 forms. The results of interfacial properties studies revealed that C18:0 sophorolipids had
promising surface tension lowering capacity and emulsification behavior. This study describes a new
strategy to produce biosurfactants using low environmental impact technologies as an alternative to
traditional ways to produce chemical detergents.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Current research is focusing on replacing synthetic surfactants
with other eco-friendlier molecules (Pradhan and Bhattacharyya,
2017; Muntaha and Khan, 2015). The key to success is finding
biodegradable molecules with good surfactant properties and
implementing consistent production processes for the successful
replacement of petroleum-based surfactants. Sophorolipids (SLs)
are glycolipid type microbial biosurfactants that provide an envi-
ronmentally friendly alternative to chemically-produced surfac-
tants used in a wide variety of applications. These molecules are
produced extracellularly as secondary metabolites during the

stationary growth phase and may be used as a carbon and energy
reservoir for the yeast (Hommel et al., 1994). The biodegradability
and low cytotoxicity of SLs has been reported by Hirata et al. (2009)
determining that SLs show lower cytotoxicity than other surfac-
tants (lipopeptide type biosurfactants, polyoxyethylene lauryl ether
or sodium dodecyl sulfate). SLs can be classified as readily biode-
gradable chemicals (according to the OECD 301Cmethod), showing
a biodegradation pattern like sodium laurate, which is a good
biodegradable natural surfactant. SLs are preferred over other
biosurfactants since they can be produced in high volumetric yields
(about 300 g L�1) by fermentation of non-pathogenic yeast strains
such as Starmerella bombicola (Van Bogaert et al., 2011). In fact,
these molecules are currently being produced and used commer-
cially by companies such as Ecover (Belgium), Soliance (France) and
SyntheZyme (USA) for their application in detergents, cosmetics
and more (Van Bogaert and Soetaert, 2011). SLs also have good
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anti-microbial, anti-inflammatory, anti-HIV and even anti-cancer
effects, which allow these molecules to be used in the pharma-
ceutical industry (Chen et al., 2006; Díaz De Rienzo et al., 2015:
Rashad et al., 2014).

SLs are conventionally produced by submerged fermentation
(SmFs) usingglucoseas thehydrophilic carbon sourceandahigholeic
acid feedstock (C18:1) as the hydrophobic carbon source (Kim et al.,
2009; Koh et al., 2016). Glucose can be replaced by sugarcane, sugar
beetor soymolasses,which are substrates rich in sugars andnitrogen,
allowing the exclusion of costly yeast extract and urea from fermen-
tation media (Jim�enez-Pe~nalver et al., 2016; Solaiman et al., 2004;
Takahashi et al., 2011). SL molecules consist of a sophorose bound to
a hydroxylated fatty acid (mainly C18:1) through a glycosidic linkage
(Fig. 1) (Jim�enez-Pe~nalver et al., 2016). It is well-known that SLs are
produced as a mixture of slightly different molecules with two main
points of variation: acetylation in the sophorose moiety and lactoni-
zation (Van Bogaert et al., 2011). Other variations that occur are the
fattyacidchain length (generally16or18 carbonatoms)anddegreeof
unsaturation (0, 1, or 2 double bonds) (Fig. 1).

An approach to tune SLs properties is by their chemical modifi-
cation. For example, esterification of lactonic sophorolipid with n-
alkanols of varying lengths resulted in elongation of the hydro-
phobic tail (Zhang et al., 2004). This proved to be a useful strategy to
improve their interfacial properties with oil phases (Koh et al., 2016,
2017). As would be anticipated, differences in the SLs structure
impact their biological and physicochemical properties. This is
especially important in improving their cost-performance relative
topetroleumbased surfactants in selected applications (Ashbyet al.,
2008; Koh et al., 2016). Modified SLs can be obtained either by post-
fermentative modification (Peng et al., 2015; Zhang et al., 2004), or
during the microbial synthesis. Examples of the latter are use of
geneticallymodified strains (Roelants et al., 2016; Van Bogaert et al.,
2016) and variation in the hydrophobic carbon source which can
change the SL hydrophobic tail composition (Ashby et al., 2008; Hu
and Ju, 2001). Some potential hydrophobic carbon sources are solid

at the fermentation temperature (e.g. stearic acid, C18:0, melting
point 69.3 �C), which complicates their use as substrates in SmF
processes. In such instances, solid-state fermentation (SSF) provides
a potentially useful alternative fermentation approach. Also, SSF
avoids problems that typically occur during production of SLs by
SmF such as foaming or high viscosity (Krieger et al., 2010).

There has been increased interest over the past decade in SSF for
many processes including the production of biochemicals like en-
zymes (Abraham et al., 2014; Pitol et al., 2016; Cerda et al., 2017)
and the pretreatment of lignocellulose (de Barros et al., 2017). This
has spurred work in SSF bioreactor design to increase efficiency
(Mitchell et al., 2006). A key variable in SSF processes is the se-
lection of a suitable inert support. Advantages of polyurethane
foams (PUF) as an inert support is its high porosity, low density and
high water holding capacity (Ramadas et al., 2013). The use of PUFs
as inert support in SSF systems has been investigated for the pro-
duction of bioplastics (Ramadas et al., 2013), enzymes (Hu et al.,
2011; Martin del Campo et al., 2015; Subbalaxmi and Murty,
2016) and organic acids (Mata-G�omez et al., 2015). However,
PUFs have not been explored for biosurfactant production.

Little researchhasbeenperformedon theproductionof SLsbySSF.
Jim�enez-Pe~nalver et al. (2016) have recently used SSF for the pro-
duction of SLs using a winterization oil cake from the oil refining in-
dustry and obtained 0.251 g of SLs per g of wet substrates at day 10.
Mango kernel olein has also been used to produce SLs by SSF with a
yield of 0.175 g g�1 substrates at day 10 (Parekh et al., 2012). These
authors also produced SLs from SA under SmF and SSF and obtained
2.5 times higher substrate to SL conversion by SSF (0.085 g g�1 sub-
strates, day 10). Research presented here is the only published work
producing SLs from stearic acid by SSF, performed with 4 g of sub-
strates (2 g glucose and 2 g SA) blendedwithwheat bran (6 g) and, as
such, did not deal with scale-up issues such as compaction. Neither
optimizationof the fermentationnor characterization of the obtained
biosurfactants was performed in this work.

This study approaches the production of biosurfactants as a lower
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Fig. 1. Structures of C18:1 sophorolipids (A) lactonic form and (B) free acid form, and C18:0 sophorolipids (C) lactonic and (D) free form.
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