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’ INTRODUCTION

Surfactants are used in a wide range of different applications,1

and currently the large majority of surfactants used are petro-
leum-based or are from other nonsustainable sources. The use of
synthetic surfactants is under increasing pressure because of their
environmental impact, and there is increasing interest in the use
of biosurfactants because of their biosustainable and biodegrad-
able potential. Biosurfactants are produced by microorganisms,
and their surface activity properties are broadly similar to conven-
tional surfactants, resulting in reduced surface/interfacial tension,
wetting, and emulsification.2 Biosurfactants do, however, have a

number of key advantages over their synthetic counterparts,
which include lower toxicity, antimicrobial properties, greater
biodegradability,3 better environmental compatibility,4 high
selectivity, specific activity at extreme temperatures, pH, and
salinity,5,6 and the ability to be produced from renewable
feedstocks.7 Biosurfactants, like their conventional counterparts,
are also amphiphilic in nature; the hydrophobic building blocks
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ABSTRACT:The self-assembly in aqueous solution of the acidic (AS) and
lactonic (LS) forms of the sophorolipid biosurfactant, their mixtures, and
their mixtures with anionic surfactant sodium dodecyl benzene sulfonate,
LAS, has been studied using predominantly small-angle neutron scattering,
SANS, at relatively low surfactant concentrations of <30 mM. The more
hydrophobic lactonic sophorolipid forms small unilamellar vesicles at low
surfactant concentrations, in the concentration range of 0.2 to 3 mM, and
transforms via a larger unilamellar vesicle structure at 7mM to a disordered
dilute phase of tubules at higher concentrations, 10 to 30 mM. In marked
contrast, the acidic sophorolipid is predominantly in the form of small
globular micelles in the concentration range of 0.5 to 30 mM, with a lower
concentration of larger, more planar aggregates (lamellar or vesicular) in
coexistence. In mixtures of AS and LS, over the same concentration range,
the micellar structure associated with the AS sophorolipid dominates the
mixed-phase behavior. In mixtures of anionic surfactant LAS with the AS
sophorolipid, the globular micellar structure dominates over the entire
composition and concentration range studied. In contrast, mixtures of LAS
with the LS sophorolipid exhibit a rich evolution in phase behavior with solution composition and concentration. At low surfactant
concentrations, the small unilamellar vesicle structure present for LS-rich solution compositions evolves into a globular micelle
structure as the solution becomes richer in LAS. At higher surfactant concentrations, the disordered lamellar structure present for
LS-rich compositions transforms to small vesicle/lamellar coexistence, to lamellar/micellar coexistence, to micellar/lamellar
coexistence, and ultimately to a pure micellar phase as the solution becomes richer in LAS. The AS sophorolipid surfactant exhibits
self-assembly properties similar to those of most other weakly ionic or nonionic surfactants that have relatively large headgroups.
However, the more hydrophobic nature of the lactonic sophorolipid results in a more complex and unusual evolution in phase
behavior with concentration and with concentration and composition when mixed with anionic surfactant LAS.
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are fatty acids and fatty alcohols, and the hydrophilic parts are
mainly carbohydrates and amino acids/peptides. Biosurfactants
can be classified into high-molecular-weight and low-molecular-
weight molecules,8 and typical examples of biosurfactants of low
molecular weight are the glycolipids, such as rhamnolipids,
sophorolipids, trehalolipids, and the lipopeptides, such as surfac-
tin. The glycolipids are the best known and most commonly
studied of the lower-molecular-weight biosurfactants. In broad
terms, they are formed from carbohydrates, in combination with
long-chain aliphatic acids or hydroxyaliphatic acids. Despite
considerable progress made in studying the production of
biosurfactants, there is a lack of understanding of many of their
fundamental physicochemical properties. Very few papers have
reported the surface and solution behavior of biosurfactant and
biosurfactant/surfactant mixtures in any detail.

We have used neutron reflectivity, SANS, and surface tension
to investigate in detail the surface adsorption and solution self-
assembly of another type of biosurfactant, rhamnolipids R1 and
R2,9 and their mixtures with an anionic surfactant, sodium
6-dodecyl benzene sulfonate, LAS.10 More recently, we have
investigated the surface adsorption behavior of another glycoli-
pid, sophorolipids LS and AS, and their mixtures with anionic
surfactant LAS, determined predominantly by NR and ST.11 In
this article, the solution self-assembly of sophorolipids, LS and
AS, and their mixtures with LAS will be presented and discussed.

There are two main structural variations of the sophorolipids,12

determined by the nature of the hydrophobic moiety (lactone or
free acid form) and the extent of esterification, and the two
dominant sophorolipid structures are shown in Figure 1.

The hydrophobic moiety is predominantly hydroxy-oleic acid,
and the headgroup consists of a sophorose unit.

Using light microscopy and small- and wide-angle X-ray
scattering techniques, Zhou et al.13 reported the formation of
giant helical ribbon structures by nonacetylated acidic sophor-
olipids under acidic conditions at pH values from 2.0 to 4.1. They
attributed the formation of such ribbons to the unique sophor-
olipid molecular structure arising from the highly asymmetrical
polar heads, the kinked hydrophobic chains, and the nonamide
polar�nonpolar linkages. At neutral pH, they observed the
formation of a clear AS solution, which was assumed to be in
the form of micelles. Zhang et al.14 investigated the effect of alkyl
ester chain length on the surfactant cmc. They found that the cmc
for sophorolipid esters decreases by 50% for each additional CH2

group attached to the carboxyl end of the alkyl ester. The extent
of esterification, by either acetylation or lactonization, also deter-
mines the solubility of the final product. Otto et al.15 reported that
crude sophorolipid mixtures had a water solubility of 2 to 3 g L�1.

In contrast, purified diacetylated C18/1 LS is much less water-
soluble (with a maximum solubility of 70 mg L�1). They also
investigated the impact of the level of acetylation on the surface
behavior of sophorolipids, and they found that monoacetylated
C18/1 LS is less surface-active and has a higher surface tension of
40 mN m�1 at the cmc than does the diacetylated form.

’EXPERIMENTAL DETAILS

Materials and Measurements Made. The sophorolipids, So-
pholiance S, were purchased from Soliance Co. (France) and were
separated into pure lactonic (LS) and acidic sophorolipid (AS) using
MPLC, as described in detail elsewhere.9,10,16 It was not possible to
obtain pure AS (with two acetyl groups) without the presence of a trace
amount of LS (with no acetyl groups). There are four different types of
AS samples, and for clarity, the detailed compositions of those different
AS samples are listed in Table 1.

Compared with the rhamnolipids,9 the HPLC-MS analysis revealed a
much more complicated mixture for each of the sophorolipids. The
different structural variations include the length of the fatty acid chain
(C16�C22), the number of double bonds on the chain (0�2), and the
number of acetyl groups attached to the sophorose sugar headgroup
(0�2). For the separated h-LS, 13 different homologues were identified,
and among these, 87% (mole ratio) were LS with two acetyl groups and
13% were LS with one acetyl group. The most abundant structure is
C18:1 (one double bond) with two acetyl groups, and this accounts for
54% of all of the LS mixtures.

Sodium 6-dodecyl benzene-4 sulfate, LAS, (6-phenyl isomer) was
prepared, purified, and characterized as described in detail elsewhere.17

The SANS measurements were made at relatively low surfactant con-
centration, <30 mM (because of the relatively low solubility of the
sophorolipids), and inD2O at 30 �Cand using hydrogenous sophorolipids.

For binary surfactant mixtures, measurements were made for four
different LS/AS mixtures consisting of LS (diacetylated) mixed in turn
with four different types of AS (AS(S1), diacetylated-AS; AS(S2),
monoacetylated-AS; AS(S3), nonacetylated-AS; and AS(S4), nonace-
tylated-AS). The AS(S1) to AS(S3) samples all contain trace amounts of
LS, whereas the AS(S4) sample is pure AS. Taking into account the finite

Figure 1. Chemical structure of the acidic sophorolipid (AS) and the lactonic sophorolipid (LS).

Table 1. Sample Composition of Four Different AS Samples
Determined by HPLC-MS

diacetylated

AS (%)

monoacetylated

AS (%)

nonacetylated

AS (%)

LS

(%)

AS(S1) 89.4 2.2 0 8.4

AS(S2) 13.6 66.5 7.9 12.0

AS(S3) 0 0 93.2 6.8

AS(S4) 8.5 39.0 52.5 0
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LS component present restricted the composition range over which
AS/LS measurements could be made. The same LS (diacetylated)
sample was used in the LS/LAS mixture measurement. For AS/LAS
mixtures, only AS(S4) (nonacetylated AS) was used. For LS/LAS
mixtures, the SANSmeasurements were made over a composition range
from 90:10 to 10:90 at solution concentrations from 3 to 30 mM. For
LS/AS(S1) and AS(S4)/LAS mixtures, SANS measurements were
made over a composition range from 80:20 to 10:90 and for solution
concentrations from 5 to 30 mM.

SANS measurements were also made to determine the phase
behavior of ternary surfactant mixtures of LS (diacetylated), AS(S1)
(diacetylated), and LAS. A range of solution compositions of sophor-
olipid/LAS from 80:20 to 20:80 were measured at solution concentra-
tions from 5 to 30 mM for three different LS/AS compositions (2:1, 1:1,
and 1:2).
Small-Angle Neutron Scattering, SANS. The solution self-

assembly and phase behavior of the sophorolipids have been determined
predominantly from the SANS measurements. Dynamic light scattering
and optical birefringence measurements using crossed polarizers were
also used to assist in the characterization of the phase behavior but are
not described in any detail here.

The SANS measurements were made on the D22 and D11 diffract-
ometers at the ILL, France,18,19 and on the LOQ and SANS2D20,21

diffractometers at ISIS, UK. On D22, the measurements were made at a
neutron wavelength, λ, of 8 Å, at Δλ/λ of 10%, and at two sample-to-
detector distances, 3.5 and 16.5 m, to cover a scattering vector, Q, range
of 0.002 to 0.2 Å�1 (where Q = 4π/λ sin(θ/2) and θ is the scattering
angle). The D11 measurements were made at a neutron wavelength, λ,
of 6 Å, a Δλ/λ of 10%, and three sample-to-detector distances, 1.1, 5.0,
and 16.5 m, to cover a scattering vector, Q, range of 0.003 to 0.25 Å�1.
On LOQ, the measurements were made using the white beam time-of-
flight method using neutron wavelengths in the range 2 to 10 Å and a
sample-to-detector distance of 4 m to cover a Q range of 0.008 to 0.25
Å�1. All of the LOQ measurements were made with 8-mm-diameter
beam and on D11 and D22 using a beam of 7 � 10 mm2. The
measurements on SANS2D were made using the white beam time-of-
flight method with neutron wavelengths of∼2�12 Å and a 6 m sample-
to-detector distance to cover a Q range of 0.01�0.35 Å. The data were
corrected for background scattering, detector response, and the spectral
distribution of the incident beam (for LOQ and SANS2D) and converted
to an absolute scattering cross section, (dσ)/(dΩ) (in cm�1) using
standard procedures.22,23

The form of the SANS scattering patterns (Q dependence) was used
qualitatively to identify the lamellar (vesicle), micellar, and mixed-phase
regions of the overall phase behavior. In the purely micellar regions, a
detailed quantitative analysis was also made using standard modeling
procedures for mixed surfactant micelles24 adapted for the sophoroli-
pids. In the small-vesicle region observed for LS and LS/LAS mixtures,
the same basic coreþ shell model was used but with different molecular
constraints. The larger lamellar/vesicle structures were not analyzed
quantitatively.

The scattering from globular surfactant micelles in aqueous solution
is described by the decoupling approximation, derived by Hayter and
Penfold,24 such that

dσ
dΩ

¼ n½SðQ ÞjÆFðQ ÞæQ j2 þ ÆjFðQ Þj2æQ � jÆFðQ ÞæQ j2� ð1Þ

where the averages denoted by ÆQæ are averages over particle size and
orientation, n is the micelle number density, S(Q) is the intermicellar
structure factor, and F(Q) is the micelle form factor. The micelle
structure (form factor, F(Q)) is modeled using a standard core-and-
shell model,24 where the form factor for globular micelles is

FðQ Þ ¼ V1ðF1 � F2ÞF0ðQr1Þ þ V2ðF2 � FsÞ F0ðQr2Þ ð2Þ

and r1 and r2 are the core and shell radii, Vi = 4πri
3/3,

F0ðQRiÞ ¼ 3j1ðQriÞ
Qr

¼ 3½sinðQrÞ �Qr cosðQrÞ�
ðQrÞ3 ð3Þ

F1, F2, and Fs are the scattering-length densities of the micelle core and
shell and of the solvent, and j1(Qri) is a first-order spherical Bessel
function. The decoupling approximation assumes that for interacting
(finite S(Q)) globular micelles there is no correlation among position,
size, and orientation. The structure factor, S(Q), which quantifies the
intermicellar interactions/correlations, is included using the rescaled
mean spherical approximation, RMSA, calculation25 for a repulsive
screened Coulombic intermicellar interaction potential characterized
by the surface charge of the micelle, z, the Debye�Huckel inverse
screening length, kdh (defined in the usual way), and the micelle number
density, n.

A standard core þ shell micelle form factor, in which molecular
constraints are incorporated, is used to describe the micelle geometry24

and has been extensively and successfully used for a wide range of
micellar systems, including the rhamnolipid biosurfactants.9,10 The form
factor can be spherical or elliptical depending upon the geometrical
constraints. For spheres, the inner core radius R1 containing the alkyl
chains is constrained to have a maximum dimension of the alkyl chain, lc
(taken as 11.5 Å for the sophorolipid and 14.0 Å for LAS). This is
modified by an additional factor ext (such that R1 = lcext) to allow for
some variation in the packing constraints. In practice, here ext is in the
range of 0.95 to 1.05 and so is not documented. The outer shell of radius
R2 contains the headgropups and associated hydration and is deter-
mined simply by space filling. For aggregation numbers, ν, greater than
that accommodated in a spherical volume defined by R1 = lc, growth is
accommodated by allowing the micelle shape to become elliptical. The
ellipticity is defined by an ellipticity parameter, ee, such that the overall
dimension are R2, R2, eeR2. From known molecular volumes and
neutron scattering lengths,24 all of the parameters for eqs 1�3 can be
calculated, and the key refinable parametes are v and z. In the mixed
systems, ideal mixing is assumed and average values are taken.
Other Measurements. The dynamic light scattering, DLS, mea-

surements were made using a Malvern Zetasizer Nano ZS, and the data
were analyzed using the CONTIN approach.26 Visual inspections of the
optical properties of the solutions were supplemented by the determina-
tion of any birefringence using crossed polarizers.

’RESULTS AND DISCUSSION

Sophorolipids. Lactonic Sophorolipids. SANSmeasurements
for the lactonic sophorolipids (diacetylated) were made at
concentrations in the range from 0.2 mM to 30 mM. Figure 2
shows the scattering data for the lactonic sophorolipids across the
concentration range and demonstrates a rich pattern of evolution
in the phase behavior with increasing concentration.
At lower concentrations of 0.2, 1, and 3 mM, the scattering

data show a shallow minimum at an intermediate Q value, which
is not accounted for by a simple core�shell model for small
globular micelles. The data indicate somewhat larger spherically
symmetrical assemblies, larger than allowed by the packing
constraints associated with simple micellar structure. Quantita-
tive analysis shows that the data are consistent with small
unilamellar vesicles, Lsv. A slightly modified core�shell model
(eqs 1�3) was used to analyze the data in which the inner core
comprises solvent (D2O with a scattering-length density of 6.35
� 10�6 Å�2) and the shell is a surfactant bilayer. Hence the key
model parameters are inner and outer radiiR1 andR2, respectively,
the polydispersity, σ (described as a Schultz distribution21), the
surface charge, z, the scattering length density of the shell, F, and
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the concentration of the vesicles. The concentration of vesicles
and F are constrained by the overall surfactant concentration and
by assuming a space-filling bilayer. The refinable model para-
meters are then R1, R2, σ, and z. Figure 3 shows the model fits for
the LS that form small vesicles at lower surfactant concentrations
of 0.2, 1, and 3 mM, and the key model parameters are listed in
Table 2.
The nanovesicle model provides a less-satisfactory description

of the 0.2 mM data, although it does encapsulate the main
features of the scattering. A micelle model was not consistent
with the data, and the coexistence of micelles and nanovesicles
cannot be excluded.
The model parameters show that the vesicles grow with

surfactant concentration, and the outer radius R2 increases from
37 Å at a concentration of 0.2 mM to 104 Å at 3 mM. The
thickness of the surfactant bilayer is 15 Å at concentration of
0.2 mM, and this increases to 24 Å at the higher concentrations of

1 and 3 mM. Furthermore, these vesicles have a relatively small
polydispersity σ with a value of 0.25�0.30. They are very weakly
charged and consistent with the observation that LS is more
nonionic than ionic in nature.11

Typical vesicle radii are generally much larger, .500 Å.24

Coldren et al.26 reported vesicles formed in dodecyl trimethyl
ammonium chloride (DTAC)/SDS mixtures with radii >500 Å
with zero spontaneous curvature. Gonzales et al.27 studied the
vesicle formation of LAS/imidazoline mixtures and observed
unilamellar vesicles with radii of ∼150�360 Å and a relatively
large polydispersity of 0.35�0.60. The formation of small,
relatively monodisperse vesicles is less well known; however,
a number of recent studies have reported small vesicle
formation.26�30 Tucker et al.28 reported the formation of small
nanovesicles with a mean diameter in the range of 70�140 Å and
a low polydispersity of∼0.2 in dihexadecyl dimethyl ammonium
bromide DHDAB/C12E12, mixtures at intermediate surfactant
composition with the addition of octanol or decanol. Grillo
et al.29 have also reported similar relatively monodisperse small
unilamellar vesicles in DDAB/C12E4 mixtures, with an inner
radius of ∼25�85 Å, a shell thickness of 23 Å, and a poly-
dispersity of <0.2. Oberdisse et al.30 observed the formation of
small vesicles in the system composed ofTritonX100/octanolwhen
a small amount of cetyl pyridinium chloride is added, with vesicle
radii of ∼80�100 Å and σ < 0.2. The criteria for forming small
vesicles with relatively narrow polydispersity have been discussed by
Obserdisse et al.31,32 and Jung et al.33�35 and include a relatively high
bending elasticity and a finite spontaneous curvature,
Surfactants with a packing parameter of between 0.5 and 1 are

known to organize themselves into bilayers or vesicles according
to the packing criteria of Israelachvili et al.,36 where the packing
parameter, pp, is defined as pp = V/ Al, where V is the alkyl chain
volume, l is the extended alkyl chain length, and A is the area/
molecule. In the case of LS, the area per molecule from the
neutron reflectivity data is 72 Å 2, hence the ratio of V/l (volume
of the chain/length of the chain) should be in the region between
36 and 72 to form vesicles. The volume and length of a straight
C18 chain are 512 Å

3 and 24 Å, the ratio of which is 21, which is
not high enough for the formation of vesicles. Hence, to meet the
criteria of Israelachivili et al. the chain cannot be fully extended.
The hydrocarbon chain of LS is in the form of a highly bent
lactone ring connected by both ends to the sophorolipid sugar
headgroup, so using the fully extended chain length for a C18

chain would not be appropriate. From the conformation illu-
strated in Figure 1, it is assumed that l is∼11 Å (effectively a di-
C9 chain), and in this case, pp ≈ 0.65 and so would be more
closely associated with that required for planar/vesicle structures.
A chain dimension of ∼11 Å is also consistent with the bilayer
thickness obtained from the modeling, 15 to 24 Å. This implies
that at the lower concentration there is interdigitation between
the two parts of the bilayer, which decreases as the surfactant
concentration increases.

Figure 3. SANS data for the LS sophorolipid in D2O at surfactant
concentrations of 0.2, 1.0, and 3.0 mM. The solid lines are core�shell
model fits to the data for the small vesicle structure using the parameters
summarized in Table 2.

Table 2. Key Model Parameters for Core�Shell Model
Analysis for Small Vesicle Structures for Diacetylated LS in
D2O

concentration (mM) R1 (Å) R2 (Å) polydispersity, σ charge, z ((1)

0.2 22( 4 37( 8 0.3( 0.1 1

1 50( 2 74( 4 0.25( 0.05 1

3 80( 2 104( 4 0.3( 0.05 1

Figure 2. SANS data for the LS sophorolipid in D2O at different
surfactant concentrations.
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At a surfactant concentration of 7mM(Figure 2), the scattering
data show a different form and has a Q�2 dependence. The
Q�2 dependence implies planar structures, and the lack of any
pronounced oscillations implies a structure, consistent with large,
flexible unilamellar vesicles .
At higher surfactant concentrations of 10, 15, 20, and 30 mM,

the microstructure is in yet another form. At lower Q values, the
scattering has a Q�4 dependence, consistent with interfacial
scattering. At higher Q values (Q≈ 0.17 A�1), a relatively broad
correlation peak is observed. The relatively broad correlation
peak at high Q is not consistent with the much sharper Bragg
peak expected from a lamellar phase or multilamellar vesicles.
This is supported by optical measurements, where viewed
through crossed polarizers the sample shows no observable
birefringence, and in a lamellar structure some birefringence
would be expected. Hence, the system exhibits short-range order
but no long-range order, and there are potentially three solution
structures consistent with the light scattering and SANS observa-
tions: a sponge phase, a disordered tubule phase, and a dis-
ordered vesicle structure.
From the SANS data for the LS sophorolipid at the higher

concentrations, the position of the correlation peak is constant
and the maximum corresponds to a Q value of approximately
∼0.17 and a d spacing of∼37 Å. This value is small compared to
the values for typical dilute sponge structures reported in the
literature. Hamilton et al.37 reported an average value for d of
100�1000 Å, and Porte38 reported a value of ∼140 Å. For
sponge structures measured by scattering (neutrons or X-rays),
the correlation peak usually appears in the low- to mid-Q region,
corresponding to a d spacing of approximately hundreds of
angstroms. Hence, it is unlikely that the data here are consistent
with the sponge phases that are commonly encountered in dilute
solution.
The scattering could be associated with a dilute disordered

solution of tubules, where the tubule is formed by wrapping the
surfactant bilayer membrane structure in a hollow cylinder.39

Tubular structures have been observed in several systems of
organic molecules, including phospholipids,40�42 glycolipids,43,44

and bile salts,45 but there is little evidence from scattering measure-
ments on such systems and their origin is the subject of different
theoretical approaches.46�48

Finally, the scattering could be associated with relatively large,
flexible, and highly disordered vesicles, where the disorder and a
small number of bilayer shells results in the relatively weak and
broad Bragg peaks observed.
Some dynamic light scattering measurements were made, and

these results assist in the assignments made on the basis of the
birefringence and SANS measurements. The data are shown in
Figure 1 in the Supporting Information. At 3 mM, the DLS is
consistent with predominantly small aggregates, nanovesicles. At
7 mM, the DLS is consistent with a very polydisperse bimodal
distribution with mean sizes of ∼3000 Å and ∼2 to 3 μm
observed, and the larger component is typical of that obtained
from lamellar fragments or large vesicles. At 30 mM, the DLS is
consistent with aggregates,∼3000 Å, but provides no conclusive
evidence of the detailed nature of the aggregates, which could be
tubules or vesicles.
Acidic Sophorolipids. The self-assembly of two types of acidic

sophorolipids (diacetylated and nonacetylated) was investigated
using SANS. As discussed previously, it is not possible to obtain
AS free from a component of LS. For clarity, the detailed
composition information of a range of AS samples is listed in

Table 1, and samples labeled AS(S1) and AS(S4) were used in
SANS measurements. Making a comparison between AS(S1)
and AS(S4) provides the opportunity to identify the roles of
acetylation and the finite LS component in the self-assembly.
An initial visual inspection of the appearance of solutions of

diacetylated AS(S1), monoacetylated AS(S2), and nonacetylated
sophorolipids (S3) at a solution concentration of 2 mM (above
the cmc) provides some useful insight into the effect of acetyl
groups on the phase structure of sophorolipids. The solutions of AS
with one and two acetyl groups had a hazy appearance, indicating
the presence of larger aggregates. The solution of AS with no acetyl
groups appears to be clear and is consistent with small aggregates
such as more highly curved small micellar structures.
For diacetylated acidic sophorolipid AS(S1), SANS measure-

ment were made in the low concentration range from 0.5 to
10 mM (above the cmc). Nonacetylated acidic sophorolipid
AS(S4) has a much higher water solubility and hence SANS
measurements were made over a higher concentration range from
0.5 to 50 mM (above the cmc). The SANS data for diacetylated
acidic sophorolipid AS(S1) are shown in Figure 4a, where the

Figure 4. SANS data for (a) diacetylated AS (S1) and (b) nonacety-
lated AS (S4) at different solution concentrations. The solid lines are
model calculations as described in the text and for the key model
parameters summarized in Table 3.
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micellar component is fitted using the core�shell micelle model,21

as illustrated in the Figure. The SANS data for nonacetylated acidic
sophorolipid AS(S4) are shown in Figure 4b and analyzed using
the samemicelle model. The keymodel parameters obtained from
data analysis are summarized in Table 3.
For AS(S1) (diacetylated AS with 8.4% LS), the scattering is

predominantly from globular micelles, L1, but in a mixed phase
(L1/LR, where L1 is the predominant phase) over the concentra-
tion range measured. The upturn in the scattering at low Q is
consistent with the coexistence of a much smaller fraction of
larger structures, and this minor component is assumed to be a
contribution from a coexisting lamellar component. For AS(S4)
(nonacetylated AS without LS), the scattering is consistent with
small micellar structures at all of the surfactant concentrations
measured and without any evidence of a lamellar contribution
visible. The AS(S1) micelles have a much higher aggregation
number and are larger than the AS(S4) micelles. The two extra
acetyl groups make the AS more hydrophobic than AS(S4).
However, because the S1 sample also contains 8.4% LS, which
itself has a strong tendency to form more planar structures, both
factors contribute to the increase in the aggregate size. A common
feature of both AS(S4) and AS(S4) micelles is that all of the
micelles are very weakly charged at all concentrations, confirming
that AS is weakly ionic like the LS component.
The Israelachvili, Mitchell, and Ninham packing parameter36

(PP) has been effective in predicting the general trends in the
evolution of surfactant self-assembled structures, as discussed
earlier. For AS, taking the known values of molecular volumes of
hydrophobic chain V of 512 Å3, the fully extended chain length
l of 24 Å, and the area per molecule A from surface tension or
neutron reflectivity data, the PP values for diacetyled AS(S1)
and nonacetylated AS(S4) are 0.22 and 0.20, respectively. For
nonacetylated AS(S4), the PP value is consistent with the
formation of small micelles, L1, which is in good agreement with
the SANS data. For diacetylated AS(S1), the PP value also
indicates the formation of small micelles, L1, but does not readily
account for the L1/LR mixed-phase behavior.
The micelle SANS data are modeled using a core�shell model

where the inner core contains the alkyl chains and the outer shell
contains the headgroups and associated hydration. Previously,24

the inner core radius has been constrained to be l, the fully
extended alkyl chain length, and elliptical growth is assumed for
aggregation numbers greater than that required to space fill the
volume defined by a radius l. As discussed earlier, the alkyl chain
geometry of the AS and especially the LS components introduces
some uncertainty into what value the inner radius, R1, should be
constrained to. Hence, in the modeling used here that constraint

has been relaxed and R1 and ee (the elliptical axial ratio) both
become refinable parameters while retaining the space-filling
criterion.
The parameters in Table 4 show that for both AS (S1 and S4)

samples R1 is significantly less than the fully extended chain
length of a C18 chain (∼24 Å). As discussed earlier, this would
not be surprising for the LS sophorolipid with its lactone ring
structure, and it suggests that the double bond in the AS chain
results in a highly bent alkyl chain conformation for the AS alkyl
chains in the micellar structure. The R1 values for AS (S1) and AS
(S4) are 15 and 12 Å, respectively, ∼65 and 50% of the fully
extended chain length. This implies that the chain structure and
the associated packing constraints result in a highly bent con-
formation within the micelle.
Although the relative sizes of the micelles for the acetylated

and nonacetylated AS samples can be explained in terms of the
greater hydrophobicity of the diacetylated AS and the presence of
8% LS, there are some changes in the micelle radius for which the
origin is less obvious. The radius of diacteylated AS(S1) (with 8%
LS) is ∼15 Å, compared to ∼12 Å for nonacteylated AS(S4).
This implies that the acetylation of the headgroup and its
increased hydrophobicity and the packing constraints associated
with the small amount of LS present result in a slightly larger
hydrophobic core. As observed later, this is not sustained over the
entire AS/LS composition range, where R1 is predominantly
∼12 Å, and we will return to this point later in the discussion.
Surfactant Mixtures. LS/AS Mixtures. Figure 5 shows some

typical SANS data and the associated model fits for the LS/AS
(S1) mixtures at a fixed solution composition of 40/60 and at
concentrations of 5, 10, 15, and 30 mM.
The SANS data in Figure 5 illustrate a typical variation in the

scattering for the LS/AS (S1) mixture with the increase in
solution concentration. For surfactant mixtures with concentra-
tions of up to 15mM, the scattering data are consistent with small
globular noninteractingmicelles. The scatteringwasmodeled using
themicellar core�shell model,21 and the keymodel parameters are

Table 3. Key Model Parameters from Core�Shell Micelle Analysis for Micellar Structures of the Diacetylated and Nonacetylated
AS Sophorolipids

effective concentration (mM) aggregation number, ν surface charge, z, ((1) R1 (Å), ((1) R2 (Å), ((1) ee ((0.1)

3 mM AS(S1) (2-acetyl 8% LS) 85( 4 0 15 20 2.7

5 mM AS(S1) (2-acetyl 8% LS) 97( 4 0.5 16 21 2.7

10 mM AS(S1) (2-acetyl 8% LS) 116( 4 1.6 15 21 3.4

5 mM AS (S4) (0-acetyl) 28( 2 0.1 11 14 2.4

10 mM AS(S4) (0-acetyl) 30( 2 0.1 11 13 2.7

15 mM AS(S4) (0-acetyl) 32( 2 0.1 12 15 2.9

30 mM AS (S4) (0-acetyl) 37( 2 0.1 12 15 2.7

50 mM AS (S4) (0-acetyl) 40( 2 1.6 11 14 3.2

Table 4. Key Model Parameters for the Core�Shell Micelle
Analysis of an LS/AS(S1) Mixture at Different Concentra-
tions from 5 to 15 mM and at a Fixed Composition of 40/60

concentration

(mM)

aggregation

number, ν

R1
(Å),

((1)

R2
(Å),

((1)

ee

((0.1)

5 53( 2 12 15 3.5

10 73( 4 12 15 5.2

15 103( 6 11 14 9.2
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listed in Table 4. At the higher solution concentration of 30 mM,
the scattering data are no longer consistent with small globular
micelles. In the low-Q region, the data tend toward a Q�1

dependence, consistent with the formation of more highly elon-
gated rodlike structures.
With an increase in surfactant concentration, the aggregation

number of mixed micelles increases and the micelle ellipticity
increases, consistent with the micelles becomingmore elongated.
The surface charge is insignificant across the whole range of
concentration measured and implies that the micelle surface is
only very weakly charged. This is consistent with the individual LS
andAS components beingweakly charged, as discussed previously.
The SANS data presented in Figure 2 in the Supporting

Information, measured at a fixed surfactant concentration of
15 mM and at different compositions, are typical of the LS/AS
(S1) mixtures. The data are also fitted to the globular micelle
core�shell model, and themodel parameters are listed in Table 1
in the Supporting Information. As the surfactant mixture be-
comes richer in the AS component, the aggregation number of

the micelles increases and the micelles also become more
elliptical. The surface charge is again negligible across the whole
range of composition measured.
From these data, it is possible to construct a phase diagram of

LS/AS (S1), and this is shown in Figure 6.
In the LS/AS (S1) phase diagram, over the majority of the

concentration and composition parameter space explored, the
self-assembly is dominated by the formation of small globular
micelles, L1, in the composition range from 20/80 LS/AS (S1) to
90/10 LS/AS (S1). Although the data for AS(S1) (Figure 4)
indicated only L1/LR coexistence, all of the subsequent measure-
ments (apart from LS only) indicated a purely L1 phase. It has
been shown previously that AS (S1) forms L1/LR structures on
its own whereas LS adopts a morphology with a lower curvature,
forming nanovesicle structures at lower concentrations (<7mM)
and a disordered tubule structure at higher concentrations. Hence,
in the LS/AS(S1) mixtures the AS(S1) component dominates the
self-assembly, and this is in contrast to the adsorption behavior at
the air�water interface where the greater surface activity of the LS
component dominates the adsorption.
In earlier measurements, it was shown that the level of

acetylation and a small fraction of the LS component had an
impact on the self-assembly. We have investigated the effect of
acetylation on the self-assembly behavior of sophorolipids at a
fixed AS/LS composition where the degree of acetylation was the
only variable. Measurements were made for a surfactant mixture
of LS/AS for the different AS isomers (AS(S1), diacetylated;
AS(S2), monoacetylated; AS(S3), nonacetylated; and AS(S4),
nonacetylated) at a fixed composition of 20:80 and at surfactant
concentrations of 15 and 30mM. Figures 7 and 3 in the Supporting
Information show the corresponding scattering data.
All of the scattering data shown in Figures 7 and 3 in the

Supporting Information are consistent with noninteracting glob-
ular micelles. The scattering data for LS/AS (S1) at a solution
concentration of 30 mM show a Q�1 dependence, indicating the
formation of more highly elongated structures. Apart from the
scattering data at the higher surfactant concentration, the other
AS samples with different degrees of acetylation (S1�S4) are
consistent with the formation of relatively small globular micelles,
which show mostly only modest variations in size. The data were

Figure 5. SANS data for the binary mixture of LS/AS (S1) at a fixed
composition of 40/60 and at different concentrations. The solid lines are
model fits using the parameters in Table 5. The straight lines illustrate
Q�1 and Q�2 scattering dependences.

Figure 6. Phase diagram for the LS/AS (S1) mixture.

Figure 7. SANS data for the binary mixture of LS/AS (S1, S2, S3, and
S4) at a fixed composition of 20/80 and at a concentration of 30 mM.
The solid lines illustrate Q�1 and Q�2 scattering dependencies.
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modeled using the core�shell micelle model,21 and the key
model parameters are summarized in Table 2 in the Supporting
Information.
With a decreasing number of acetyl groups from S1

(diacetylated) to S3 (nonacetylated), the aggregation number
and the ellipticity of the resultant micelles decreases at both 30
and 15 mM solution concentrations. This is consistent with the
surfactant mixture that contains diacetylated AS(S1) forming
larger and more elongated structures than mixtures containing
monoacetylated or nonacetylated AS(S4), and this implies that
the presence of acetyl groups increases the hydrophobicity of the
surfactant and reduces the preferred curvature of aggregates, as
was inferred earlier.
Otto et al.12 reported that the diacetylated AS was more

surface-active than the monoacetylated AS, and this is consistent
with the difference in the overall hydrophobicity of the molecule.
Unlike conventional surfactants, where the molecular structure
can be divided into two clear domains of hydrophobic (chain)
and hydrophilic (headgroup) moieties, the hydrophobic acetyl
groups of the sophorolipids are attached to the hydrophilic
sophorose sugar headgroup, and for the LS molecule, both ends
of the fatty acid chain are attached to the sophorose sugar
headgroup in a highly bent configuration. It is thought that this
unusual structure feature is responsible for the formation of the
compact monolayer described above and the relatively elongated
structures that are formed here, as was discussed earlier.
LS/LAS Mixtures. From a series of SANS measurements for

LS/LAS mixtures, it has been possible to construct a phase
diagram for LS/LAS, and this is shown in Figure 8.
At the higher surfactant concentrations and for surfactant

mixtures rich in LS, predominantly planar structures are formed.
Over much of the phase diagram, there is a large region of L1 and
LR coexistance that can be subdivided into two distinct regions,
one where LR dominates and the other where L1 dominates. For
pure LAS, highly curved micellar structures, L1, are formed at
these relatively low surfactant concentrations.
In Figure 9, the scattering data for the LS/LAS mixture at a

fixed composition of 90/10 and at different concentrations of 3,
7, 10, 15, 20, and 30 mM are presented.
At all of the concentrations measured at this composition, the

scattering data are consistent with an Lsv/LR mixed phase, with
the small vesicle, Lsv, component making the dominant con-
tribution to the scattering. In the low-Q region, the upturn in the

scattering has a Q�2 dependence, consistent with planar struc-
tures and unilamellar vesicles. At an intermediate Q value, as the
surfactant concentration increases from 3 to 30 mM, the broad
peak in the scattering pattern becomes more pronounced. This is
due to the increased repulsive interaction between the nanove-
sicles as the concentration increases. In the region of relatively
higherQ values, the distinctive shallow minimum is the signature
of the formation of small vesicles Lsv, and this is similar to pure LS
data at concentrations of up to 7 mM, as discussed previously.
The SANS data at a concentration of 3 to 30 mM are modeled by
the small vesicle model as described previously, and the model
parameters are summarized in Table 5.
The size of the nanovesicles goes through a weak maximum at

a surfactant concentration of ∼10 mM. At the higher surfactant
concentrations, there is an increasing contribution from the LR or
large vesicle component to the scattering. With increasing
concentration, the internanovesicle interaction peak becomes
more pronounced. This is in part due to the increased concen-
tration (and hence the volume fraction contribution to the
interaction) but also due to an increase in the surface charge.
The surface charge arises from the LAS contribution, but because
the measurements were made at a fixed composition, this
increase would imply a change in the distribution of the LS
and LAS components between the two competing microstruc-
tures. This would also be consistent with the change in the size of

Figure 8. Phase diagram for the LS/LAS mixture. Figure 9. SANS data for the binary mixture of LS/LAS at a fixed
composition of 90/10 and at different concentrations (the plots are
shifted vertically for clarity). The solid lines are model calculations as
described in the text and for parameters in Table 5.

Table 5. Key Model Parameters for Core�Shell Micelle
Analysis for Small Vesicle Structures by LS/LAS Mixtures at a
Fixed Composition of 90/10 and at Different Concentrations

concentration

(mM)

R1/Å

((2)

R2/Å

((2)

polydispersity,

σ ((0.05)

charge,

z

3 22 38 0.2 1 ( 1

7 23 41 0.2 1

10 25 46 0.2 1

15 20 36 0.25 5 ( 3

20 20 36 0.25 5

30 22 40 0.025 7
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the nanovesicles to smaller, more highly curved nanovesicles as
the charge increases. In principle, this change could be measured
by H/D isotopic substitution, but probably not with sufficient
accuracy to determine the relatively subtle changes that would be
required to show the effect. The quality of the model fits in the
intermediate Q region, where the contribution from S(Q) and
hence the surface charge is important, shows some variability.
This is a result of the uncertainty associated with the contribution
from the scattering from the minority LR component. The
uncertainty in the surface charge values in Table 5 reflect this,
but the qualitative increase with increasing concentration is
nevertheless evident.
Figure 10 shows the scattering data at a fixed LS/LAS

concentration of 10mMand at different surfactant compositions.
For surfactant mixtures rich in LAS (composition from 10:90

to 50:50 LS/LAS), the scattering profiles are consistent with
L1/LR coexistence but with the L1 component contributing
predominantly to the scattering. For the mixtures at these composi-
tions, the broad peak in themid-Q region indicates repulsivemicellar
interaction arising from the micellar charge due to the LAS
component. These SANS data are fitted to the micellar core�shell
model, and the key model parameters are listed in Table 6.
For surfactant mixtures that are relatively rich in LS (50/50) to

the mixtures rich in LAS, the aggregation number decreases from
74 at LS/LAS 50/50 to 47 at 10/90. At these concentrations, the
pure LS tends to form larger planar structures whereas the pure
LAS tends to form smaller globular micelles. The trends ex-
hibited in these mixtures are consistent with the competition

between the preferred curvatures and the structures of each
individual component such that at 70/30 there is LR/L1 coex-
istence and at 90/10 there is Lsv/LR coexistence.
AS (S4, Nonacetylated)/LAS Mixtures. Figure 11 shows the

typical SANS data for AS(S4)/LAS mixtures. The data are con-
sistent with small globular micelles, and the broad peak at inter-
mediate Q values arises from repulsive intermicellar interactions.
The pure AS (0-acetyl) and the pure LAS both form small

globular micelles (L1), and hence it is not surprising that the
AS(S4)/LAS mixtures of different compositions form an L1
phase. The SANS data have been modeled using the interacting
micellar core�shell model, and the key model parameters are
listed in Table 3 in the Supporting Information. The variations in
the aggregation number and the degree of ionization of mixed
micelles are shown in Figure 4 in the Supporting Information. As
shown in Figure 4 in the Supporting Information, the micellar
aggregation number increases modestly with surfactant concen-
tration but is within error invariant with solution composition.
The other notable trends shown in Figure 4 in the Supporting
Information are that the degree of ionization of the micelles,
expressed as δ = z/γ, decreases with the increase in surfactant
concentration and increases with the increase in LAS concentra-
tion. A similar trend was described previously for binary surfac-
tant mixtures of R2/LAS.

10 The increase in the micelle charge
with increasing LAS composition is not entirely unexpected
because the sophorolipid is only weakly ionic and LAS is strongly
ionic. However, the charge does not increase linearly with
composition but saturates at a solution composition of ∼50 to
60 mol % LAS. Furthermore, the charge decreases with increas-
ing surfactant concentration. Both effects are linked and are
related to a self-screening effect of the neighboring micelles,
which is more significant for the higher LAS compositions and
higher surfactant (and hence micelle) concentrations.
As previously discussed, for purely ionic surfactants, δ is

typically between 0.25 and 0.3.24 Lower values of δ and their
variations with solution composition for SDS/nonionic surfactant
mixtures were reported by Penfold et al.49 In that study, values of δ
e 0.1 were reported for SDS/C12E6 and SDS/C12E8mixtures that
were rich in the nonionic surfactant (>80 mol % nonionic).

Table 6. Key Model Parameters from Core�Shell Micelle
Analysis for LS/LAS Mixture at Fixed Concentration of
10 mM and at Different Compositions

composition

LS/LAS

aggregation

number, ν

surface charge, z,

((1)

R1 (Å),

((1)

R2 (Å),

((1)

ee

((0.1)

50/50 74 ( 4 13 16 18 1.8

30/70 60 ( 3 14 15 17 1.8

10/90 47 ( 2 13 14 16 1.8

Figure 10. SANS data for the binary mixture of LS/LAS at a fixed
concentration of 10 mM and at different compositions. (The plots are
shifted vertically for clarity.) The solid lines are model calculations for
globular micelles for the parameters in Table 6.

Figure 11. SANS data for AS(S4)/LAS mixtures at fixed composition
(60:40) and for different surfactant concentrations. The solid lines are
model calculations from the core�shell micelle model using the
parameters in Table 3 in the Supporting Information.
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However, for solutions >50/50 mol ratio of SDS/nonionic
mixtures the micelle surface charge was similar to that for pure
SDS micelles. The AS(S4)/LAS micelles are much more highly
charged, especially at lower surfactant concentrations. The abso-
lute values of ν and δ are consistent with those previously reported
for rhamnolipid/LAS mixtures,10 for LAS/nonionic mixtures,17

and for SDS/nonionic mixtures.49 The general trends observed for
δwith surfactant concentration are consistent with those reported
by Hayter and Penfold24 and elsewhere.49 This trend was con-
sidered in more detail by Hayter50 in the context of the “dressed
micelle” model of Evans, Mitchell, and Ninham.51 An analytical
expression was derived for the excess ion adsorption onto the
micelle surface and provided good agreement with experimental
data24 and describes the observed decrease in δ with increasing
surfactant concentration.
Ternary LS/AS(S1)/LAS Surfactant Mixtures. Figure 5 in the

Supporting Information shows some typical SANS data for the
ternary mixture of LS AS(S1) (1:1)/LAS at a composition of
60/40 and at different concentrations. Similar to AS/LAS
mixtures, all of the scattering data for the ternary mixtures are
consistent with interacting small globular micelles. The broad
peak in the intermediate Q region indicates a relatively strong
repulsive micellar interaction at higher surfactant concentrations.
The data shown in Figure 5 in the Supporting Information are
typical of all of the SANS data for the ternary surfactant mixtures.
That is, in all three ternary systems with different LS/AS(S1)
ratios (2:1, 1:1, and 1:2), only small interacting globular micelles
are formed. It has been possible to analyze the SANS data using
the interacting micellar core�shell model, and the micelle
aggregation numbers from the model fitting are listed in Table
4 in the Supporting Information. Because of the similarities to the
analysis of the AS(41)/LASmixtures, amore detailed description
of the model parameters is not included.
Similar to the AS(S4)/LAS binary mixtures, the aggregation

numbers for the three ternary systems are broadly similar at the
different compositions and show a modest increase with surfac-
tant concentration. The aggregation number is relatively small,
the micelles are globular, and the micelle surface charge increases
modestly with increasing LAS content and decreases with
increasing surfactant concentration, as observed in the AS-
(S4)/LAS binary mixtures. In the binary mixtures of LS/AS(S4),
the major region of the phase diagram is in the form of L1.
However, for the LS/LAS mixture, a more complicated phase
evolution is observed, from planar structures formed by mixtures
rich in LS to an L1-dominant L1/LRmixed phase formed by LAS-
rich compositions.
In all three ternary mixture systems, only the L1 phase is

formed. It is therefore clear that AS(S1) dominates the phase
behavior, resulting in higher curvature structures being formed
by the surfactant mixtures of different compositions. This trend is
in marked contrast to the surface behavior discussed earlier in
conjunction with the neutron reflectivity results. In that case, the
LS component dominates the surface behavior for all three
ternary mixture systems. The particular structures of the LS
and AS sophorolipid components therefore result in different
behavior at the surface and in solution.

’SUMMARY AND CONCLUSIONS

The unusual molecular structure associated with the lactone
ring of the LS sophorolipid component results in an unusual
evolution in its self-assembly in aqueous solution. Measurements

weremade at relatively low surfactant concentrations because the
hydrophobicity of the LS component limits its solubility.
Furthermore, because the LS sophorolipid is only weakly ionic
the resulting aggregates are only weakly charged. The packing
constraints associated with the lactone ring structure of the alkyl
chains resulted in the formation of small unilamellar vesicles,
nanovesicles, at low surfactant concentrations. At higher con-
centrations, there was a transformation via a large, flexible
unilamellar vesicle phase to a disordered lamellar phase, and
there was no evidence of a simple globular micellar phase.

In contrast, the AS sophorolipid component forms small
globular micelles over a wide concentration range. However,
the double bond in the alkyl chain results in a highly bent chain
conformation in the micelles, and the micelle sizes reflect this
constraint. The degree of acetylation of the headgroup of the
AS component affects the degree of hydrophobicity and the
micelle size.

In AS/LS mixtures, the micellar structure of the AS compo-
nent dominates, and apart from the LS-rich compositions, the
resulting mixed surfactant microstructure is predominantly small
globular micelles. The addition of the LS component acts in a
similar way to the increased acetylation of the AS component and
promotes modest micellar growth. Mixtures of AS with anionic
surfactant LAS and the LS/AS/LAS ternary mixtures are domi-
nated by the preference for the higher preferred curvature of the
AS and LAS components and form small globular micelles over
most of the composition range studied.

The unusual molecular structure of the LS sophorolipid
component also has an impact upon the structure of the mixed
LS/LAS aggregates. For LS-rich compositions, the region of
occurrence of the nanovesicles is extended. Micellar/lamellar
coexistence occurs over much of the composition range, and the
solutions rich in LAS are predominantly micellar. The contrast-
ing behaviors of the LS component with the AS component and
LAS suggest that the headgroup geometry plays an important
role in determing themixedmicrostructure in addition to the role
of the alkyl chain structure.
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