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timuli-responsive surfactants are a

class of compounds which have re-

cently attracted major interest in poly-
mer chemistry and material science. The
control of the aggregation state, phase
behavior, and surface tension at will has
stimulated much effort both in fundamental
and applied science. Stabilization of emul-
sions, suspensions or foams, drug encapsu-
lation and delivery, hard-surface cleaning,
personal care applications, surface charge
variations, wettability control, enhancement
of viscoelastic properties, recyclability, heat-
transfer fluids, drag-reduction agents, and
dynamic templates for nanomaterial synthe-
sis are just some of the possible applica-
tions, while temperature, electric field, ionic
strength, and pH are commonly studied
“switches”. pH, in particular, is a simple tool
that induces different aggregation states of
a given molecule. Classical commercial sur-
factants are either ionic (cationic, anionic,
zwitterionic) or nonionic and do not show a
strong pH-sensitive behavior. Actually, for
some ester and amide-based compounds,
PH represents a source of molecular disrup-
tor. Block copolymers have larger sizes and
good thermal stability and are promising
tools in drug delivery applications because
of their high loading capacity of active
compounds; additionally, some of them
have very interesting pH-responsive prop-
erties. In particular, poly(acrylic acid) (PAA)-
based block copolymers are known to
form pH-sensitive nanostuctures.'? Never-
theless, their physicochemical behavior is
strongly dependent on the chemical nature
and size of the hydrophobic block; for ex-
ample, adsorption and assembly kinetics
are quite slow for poly(styrene), PS, or poly-
(n-butyl acrylate), PBA, based blocks,? and
that is the case for many block copolymer-
based systems; for this reason, interest in
finding pH-responsive systems based on
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ABSTRACT An increasing need ex- %

its for simple, bioderived, nontoxic, and =GR w coo”_

a 5 q COOH
up-scalable compounds with stimuli- U
responsive properties. Acidic sophorolipids

(SL) are glucose-based biosurfactants
derived from the yeast broth of Candida RCOONp

bombicola (teleomorph: Starmerella

bombicola). The specific design of this fy‘iu\g{_(

molecule, a sophorose head with a free %

end-COOH group at the end of the alkyl

chain, makes it a potentially interesting pH-responsive compound. We have spedifically
investigated this assumption using a combination of small angle neutron scattering (SANS),
transmission electron microscopy under cryogenic conditions (Cryo-TEM), and nuclear magnetic
resonance (NMR) techniques and found a strong dependence of SL self-assembly on the degree of
ionization, 0., of the COOH group at concentration values as low as 5 and 0.5 wt %. At least three
regimes can be identified where the supramolecular behavior of SL is unexpectedly different: (1) at
low o values, self-assembly is driven by concentration, (, and micelles are mainly identified as
nonionic objects whose curvature decreases (sphere-to-rod) with C; (2) at mid o values, the
formation of CO0 ™~ groups introduces negative charges at the micellar surface inducing an increase
in curvature (rod-to-sphere transition). Repulsive electrostatic long-range interactions appear at
this stage. In both regimes 1 and 2, the cross-section radius of the micelles is below 25 A. This
behavior is concentration independent. (3) At o = 1, individual micelles seem to favor the
formation of large netlike tubular aggregates whose size is above 100 nm. Such a complex
behavior is very unique as it is generally not observed for common alkyl-based surfactants in
concentration ranges below 5—10 wt %.

KEYWORDS: self-assembly - biosurfactants - ionization degree - pH-responsive
microbial-derived surfactants - sophorolipids - small angle neutron scattering -
cryo-TEM

small amphiphiles is still high. Common

surfactants made of an aliphatic chain (e.g, *Address correspondence to
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potassium phthalic acid* or N-erucamidopropyl-N,N,-
dimethylamine combined with maleic acid® have dis-
played the formation of pH-induced elongated worm-
like micelles, which are interesting systems for their
viscoelastic properties. Drug-delivery applications were
also targeted in binary monolinolein/phloroglucinol
systems,® but less importance was given to a specific
study on the self-assembly mechanism. Furthemore,
bolaform surfactants are also a large family of com-
pounds that contain double hydrophilic units symme-
trically located at each end of a hydrophobic spacer.
Interesting pH-responsive aggregation properties
have been observed on specific, well-designed mol-
ecules such as asymmetric bolaamphiphiles, but their
laborious synthesis procedure may prevent a possible
large-scale employment.”

In this context, a new, emerging field of biobased
surfactants has been intensively studied in the past
20 years to fulfill the expectations of replacing non-
renewable, mineral oil-derived, products'® in agreement
with the 12 principles of green chemistry. Glycolipids
are nonionic surface active agents composed of a
hydrophilic carbohydrate-based head linked to a fatty
acid or a fatty alcohol through an ester, an amide, or an
ether bond.'" They already replace, and/or are des-
tined to massively replace, classical surfactant families
like SDS or CTAB in home and personal care products.
For these reasons, their physicochemical properties
have been studied in the past 15 years. The effect of
molecular structure (e.g., chain length, number of
sugar units), concentration, use of cosolvents (short-
chain alcohol, for instance), cosurfactants on the critical
micelle concentration (cmc), surface tension, rheology,
cleaning power, and self-assembly and mesophase
formation have shown particular effects for many of
these compounds.'’ '3 These molecules are generally
synthesized via several chemical strategies, reviewed
by von Rybinski,'" from renewable compounds like
fatty acids and sugars. In terms of self-assembly, sugar-
based surfactants show classical lyotropic behavior, as
expected for ionic or nonionic compounds, but no
specific stimulus-responsive property has been attrib-
uted to them until date. In addition, they are still much
more expensive in their pure form with respect to
classical surfactants; in fact, low-cost commercial alkyl-
polyglucosides (APG) are actually sold as formulations
presenting either a nonconstant number of glucose
units or mixtures of at least two different chain lengths.
For these reasons, their use in nanoscience-related
research topics has not been highly explored yet.

In a recent paper,' we have investigated the self-
assembly and structuring properties of acidic sophoro-
lipids (Figure 1), a family of entirely bioderived glyco-
lipids. These natural compounds can be obtained in
large amounts by yeast culture in the presence of
several carbon sources, like glucose, fatty acids, and
even alkanes and waxes.'>~ '® Because of their reduced
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Figure 1. Acidic form of sophorolipids (SL) obtained from
Candida bombicola.

environmental impact biosynthesis, confirmed by a
recent life cycle analysis study,'® sophorolipids (SL)
have attracted the attention of the home- and skin-
care industry.?®=?*> Nevertheless, few recent studies
have highlighted interesting anticancer®® or self-
assembly properties.”*'® Nonetheless, the limited
number of works involving SL has prevented a deeper
knowledge and understanding of their physicochem-
ical properties. Acidic SL are composed of a sophorose
unit attached to an oleic acid moiety through an ether
bond on the C17 carbon atom of the fatty acid chain.
This particular feature leaves the COOH group unaf-
fected in contrast with most fatty acid-derived surfac-
tants obtained by chemical synthesis and in which the
carboxylic group is generally engaged in an ester bond.
Acidic SL are water-soluble, and the COOH group
constitutes a good pH-responsive probe.

Zhou et al."® were the first ones to show the supra-
molecular assembling properties of SL in water supply-
ing evidence of both pH and time factors. In our recent
work,' we focused on the self-assembly of SL into
different micellar objects (spherical, cylindrical, and
wormlike), and we have shown how they can be
exploited as porogenic agents in the synthesis of silica
thin films. In this study, we provide more details on the
behavior of SL in aqueous medium by demonstrating
how their shape, long-range interactions, surface
charge, and aggregate dimensions are governed by
pH. In the domain of bioengineered glycolipids, rham-
nolipids were also reported to have a pH-dependent
behavior, their morphology changing from vesicles to
micelles in the region 4.5 < pH < 7.0.2*

In a recent review on the self-assembly behavior of
biosurfactants, Kitamoto et al.*® focused on many
compounds but sophorolipids were excluded. The
study of simple, sustainable, bioderived, monocompo-
nent, stimuli-responsive, and up-scalable molecular
systems gives new perspectives in the scientific con-
text described above. In addition, their close molecular
similarity to specific nanotube-forming asymmetric
bolaform surfactants obtained through chemical en-
gineering suggests that their self-assembly behavior is
up to now largely underevaluated.?®
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Figure 2. Schematic log—log representation of the typical
neutron scattered intensity (/(g)) under diluted (isolated
objects), interactive, and fractal regimes.

In this work, we propose a detailed study on the pH-
responsive properties of the open acidic form of SL in
water in the pH range between 4.5 and 11, correspond-
ing to a degree of ionization,?” o, between 0.2 and 1 at
concentration values below 5 wt %. We show here,
using a combination of small angle neutron scattering
(SANS), cryo-TEM, and NMR experiments that varia-
tions in the degree of ionization of SL will introduce
negative charges at the micellar surface inducing
changes in their shape, aggregation state, and surface
properties. In particular, SANS is a very powerful tech-
nique to study soft matter behavior in solution. Figure 2
shows a schematic representation of the main pieces
of information that can be extracted from a log—log
representation of a SANS spectrum. I(q) is the scattered
neutron intensity in absolute scale as a function of the
wavevector g; P(q) is the form factor and S(q) the
structure factor. For isolated objects, S(g) is unitary
and the analysis of slope of /(g) (in log—log scale) pro-
vides information on the micellar shape. In the pre-
sence of repulsive interactions between well-defined
objects, the structure factor cannot be neglected in the
intermediate g-range, and it strongly contributes, gen-
erally with a scattering peak, to the overall /(g), while it
tends to a unitary value at high g. In the case of undefined
shapes and sizes, as for fractal objects, one observes an
undefined increase of the scattered intensity at low g
values, whose slope, in some cases, can be related to the
fractal dimension of the object.

In this particular study, SANS spectra clearly show
the existence of at least three different regions where
supramolecular SL aggregates are unexpectedly differ-
ent. In contrast to many similar systems, whose rich
nature of supramolecular assemblies is mostly driven
by concentration effects above 5—10 wt %, we find
here structures as different as nanometer-sized sphe-
rical micelles and large netlike aggregates of several
hundred of nanometers can form when passing from
a=02toa=1.

BACCILE ET AL.

=y
N

B 01
50.01.
? e s
3153 T
3 A 300
g— = 400
* 500
1E4 . . ,
1E-3 0.01 1
q (A

Figure 3. Log—log representation of /(g) vs g of SANS
experiments performed on SL/D,0 at different concentra-
tions. Values are given in mg/mL. Intensity is concentration-
scaled and normalized by the SL cmc. 4 < pH < 5.

RESULTS AND DISCUSSION

In a recent paper,'* we have shown that at pH < 5
concentration of the acidic SL influences the shape of
micellar geometry, going from spherical (5 mg/mL) to
wormlike objects (220 mg/mL) in the self-assembly
process. Additionally, we supply evidence of the fact
that pH seems to have an effect on the long-range
interactions between micelles at concentration values
as low as 50 mg/mL. In the next sections, we will discuss
in more detail the self-assembly behavior of SL as a
function of pH.

Concentration Effects. In Figure 3, we show SANS
experiments of SL in D,O at 4 < pH < 5 as a func-
tion of SL concentration, which was increased up to
500 mg/mL. Data are normalized by the sample con-
centration, C, to which the cmc value of SLis subtracted
in order to consider only the micellar contribution to
the scattered signal. At low concentrations, C =5 and
50 mg/mL, the signal can be fitted using the form
factor, P(q), of, respectively, a sphere and a cylinder, as
schematized in Figure 2. With respect to our previous
estimations,'” different form factors can also be em-
ployed, as summarized in Table S1 in the Supporting
Information. A better estimation of micellar size is
given hereafter. At 5 mg/mL, a spherical or ellipsoidal
model can be applied with typical radii around R=26.1 A
for the sphere and R = 15.4 A for the ellipsoid and a
typical length of L = 61.4 A for the latter. Polydispersity
seems to play an important role for these systems, and
values as high as 30% should be employed in order to
fit the experimental data. At 50 mg/mL, the cylindrical
model is by far the best suited where R = 14.2 A and
L =139.0 A with a polydispersity of 18%. A vesicle form
factor can also be used but the polydispersity increases
up to 50%, which does not seem to be a reasonable
value. The corresponding fits are given in Figure S1 in
the Supporting Information.

When the concentration is increased up to 500 mg/mL,
a decrease in the absolute intensity at low g values
occurs, as expected for more condensed matter. At the
same time, a very weak and broad interaction peak is
detected at approximately g=8.10 2 A", corresponding
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Figure 4. log—log representation of /(g) for SL solutions at (a) 50 mg/mL and (b) 5 mg/mL at increasing pH values.

to an intermicellar distance, d, of about 70 A: a non-
unitary structure factor, 5(q), contributes then to I(g), as
also schematized in Figure 2. At this concentration,
micelles are most likely constituted of entangled
wormlike objects,'® but if one considers that the
measured cross-section of the cylinders is approxi-
mately 30 A, it can be deduced that they are not in
direct contact, but rather with an average micelle-to-
micelle distance of the order of 40 A. Despite the
relatively high SL concentration in solution, repulsive
long-range intermicellar interactions do not seem to
play a major role.

pH Effects. The role of pH on the self-assembly of SL
in solution was briefly shown by Zhuo et al.'® Using
optical microscopy and FT-IR arguments, they reported
the formation of short-range interacting micelles at
pH = 7.8 and, for concentrations above 1 mg/mL, the
formation of large aggregates (radius of gyration,
Rg > 100 nm). Nevertheless, these techniques are less
adapted to characterization of nanometer-scale sys-
tems with respect to small angle scattering techniques.
In our previous work, SANS experiments demonstrate
that long-range micellar interactions can develop as a
function of pH at a given concentration, but no details
were given about the nature of these interactions.
Hereafter, we go deeper in the understanding of these
phenomena. In Figure 4a,b we report the log—log
evolution of SANS intensity recorded on SL solutions
at different pH values for two concentrations: 50
mg/mL (5 wt %) (Figure 4a) and 5 mg/mL (0.5 wt %)
(Figure 4b). The differences among the low-angle
scattering curves allow us to identify at least three
different regimes.

Regime 1 (pH < 5). Increase in concentration drives
micellar shape from spherical (red circles) to cylinders
(black squares) to wormlike (see ref 14).

Regime 2 (5 < pH < 8). The effect of pH on self-
assembly in this pH range is reflected on the long-
range micellar interactions. A broad, but strong inter-
action peak grows in the 50 mg/mL system due to a
nonunitary structure factor, S(g) (Figure 4a), as also
schematized in Figure 2. The spectrum at pH = 6.2 is
also followed by an increase in intensity at low g values.
Both phenomena, to a lesser extent, are also observed
on the 5 mg/mL solution at pH = 7.5 (Figure 4b).
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Figure 5. Concentration and cmc-scaled data presented in
Figure 4 as a function of the ionization degree, a, calculated
according to eq 1. Details about the fits and derived micellar
geometrical data can be found in Figures S1 and S2 and
Table S1 in the Supporting Information and Table 1.
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Regime 3 (pH> 8). Higher pH values seem to
provoke a disruption of intermicellar interactions, as
shown by the loss of the characteristic peak in the
5 mg/mL system (Figure 4b) at pH = 11.0. On the contrary,
a very strong increase in /(g) occurs at g < 0.03 A~
indicating the existence of large aggregates, whose
interesting nature will be described later.

If compared to nonionic glycolipids, SL have un-
expected features; their pH-responsive behavior de-
rives from the free COOH group and its degree of
ionization, which plays a major role in the overall self-
assembling properties. The amount of residual COO™
in SL upon increasing pH can be estimated by adding
the fraction of self-dissociated COOH at equilibrium,
[COO 144 (sd stands for self-dissociation). The former
can be estimated by the dissociation constant of oleic
acid (pK, of oleic acid is 4.82%%°) in water and after
determining its equilibrium pH, and the amount of added
sodium hydroxyde, used to neutralize the carboxylic acid
groups. The concentration of COO ™, [COO ™ Inaon is then
directly proportional to the molar concentration of NaOH.
In this case, it is interesting to consider the overall degree
of ionization, o, defined in eq 1:

~ [COO "Is4 + [COO ~InaoH
N [COOH]s.

m

From now on, we will refer to all experiments in
terms of the SL ionization degree and spectra presented
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TABLE 1. Results from Fits of SANS Data Shown in Figure
S1 (o. = 0.31; o = 0.18) and Figure S2 in the Supporting
information

( (mg/mL) a form factor R (R o L(R)
5 0.31 sphere 26.1 0.30

ellipsoid 15.4 0.21 614
1 sphere 16.0 0.30

50 0.18 cylinder 142 0.18 139.0
0.21 sphere 30.7 0.40

ellipsoid 15.0 0.29 774

in Figure 4a,b can be normalized with respect to the SL
concentration (5 and 50 mg/mL), as shown in Figure 5.
Please note that, even if now data can be discussed as a
function of a, which is done afterward, unexpected
effects due to concentration may occur and a systema-
tic study is eventually needed. Hereafter we rather
focus on a new, phenomenological, self-assembling
behavior to which sophorolipids are submitted under
the selected conditions.

Data presented in Figure 5 suggest that a strongly
drives the self-assembly of SL from regime 1 through
regime 3 with limited influence on concentration, at
least for the tested values. At a. > 0.3, a transition occurs
between regime 1 and 2 while one has to reach at least
a =1 to be in regime 3.

Table 1 shows the values of the fits of SANS data for
SL solutions at C = 5 mg/mL and 50 mg/mL at different
o values. Interestingly, for the 50 mg/mL system, when
a increases from 0.18 to 0.21, spherical (R = 26.1 A) or
ellipsoidal (R = 15.0 A; L = 77.4 A) geometry models
must be employed instead of the cylindrical one. The
same models must be used to fit the lower concentra-
tion system, C=5 mg/mL, where micelles are spherical
up to o. = 0.31. At a =1, fit of the full data set becomes
challenging but an estimation of the micellar cross-
section can be done by fitting only the high-q data
region. A sphere form factor can be employed, as
shown in Figure S2 in the Supporting Information,
providing R = 16.0 A (Table 1). Nevertheless, a specific
insight on the nature of the aggregates obtained at
o = 1 conditions will be given later.

The shape of SL micelles is highly influenced by the
pH, and the above data show that, at a given concentra-
tion and increasing ionization degree, the micellar cur-
vature increases because of a cylinder to ellipsoid/sphere
transition, as shown by comparing, at 50 mg/mL, the
system at o. = 0.18 and . = 0.21. In addition, as expected,
the size of the SL micelle increases when passing from
the low to high concentration system (Table 1). In the
spherical model hypothesis, the radius goes from 26.1 A
(5 mg/mL) to 30.7 A (50 mg/mL), while in the ellipsoid
model, the radius is practically constant (R=15.0 A) but the
length varies from 61.4 A (5 mg/mL) to 77.4 A (50 mg/mL).
When decreasing the value of a at 50 mg/mL, the length
of the cylinder goes from 77.4 A to 139.0 A.
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Figure 6. Porod plot [/ g*(g)] of SL solutions at 50 mg/mL at
four different values of a. S/V stands for surface-to-volume
ratio.

These data will be discussed in depth in the follow-
ing text, but one can state that SL have interesting pH-
responsive self-assembling properties in water. Never-
theless, many questions are still open, in particular
regarding the nature of the interacting aggregates in
regimes 2 and 3.

SL Behavior in Regime 2. Ata concentration of 50 mg/mL
(o0 = 0.18), SL form cylindrical micelles, as discussed
previously. Hereafter, we try to elucidate the evolution
of the cylindrical shape as a function of the degree of
ionization at this same concentration. This analysis will
provide valuable pieces of information concerning the
overall nature of SL aggregates. The Porod region
at high g values of the SANS spectra is of extreme
importance because it allows us to compare the overall
surface-to-volume ratio (S/V) of the scattering objects
independently from the value of the structure factor,
S(q) (gﬂwS(q) = 1). This is done by plotting Ig* as a
function of the wavevector, g. At high g, the Ig* value
extrapolated at g = 0, the Porod plateau, is directly
proportional to S/V. Since, from simple geometrical
considerations, S/V is bigger for a sphere than for a
cylinder, one can expect that, in a qualitative way, a
cylindrical or wormlike micellar system should have
low Ig*(q = 0) values. Figure 6 represents the variation
of Ig* as a function of g for C = 50 mg/mL, for various
degrees of ionization. In general, the Porod law is
dependent on the volume fraction, ¢, which, in this
case, is strictly equal for all samples allowing a straight-
forward comparison among the spectra (here, ¢ =
5.2 vol %). At a = 0.18, micelles are known to be
cylindrical objects whose length ranges between 130
and 160 A (aspect ratio around 5), as described after
Figure 3; at higher ionization degrees, o = 0.21 and
o= 0.34, the Ig* curves display a slight increase at g =0,
but they are still very close to the one at & = 0.18. On
the contrary, at a. = 0.80, the Ig* plateau, whose value
(Ig" = 27 x 107* cm™'-A™) is about 30% higher
than the corresponding value for the a = 0.18 system
(lg*=1.9 x 107*cm 'A%, suggests an increment in
S/V: the overall micellar surface increases. This phe-
nomenon, in contrast with the expected evolution of
SL micelles toward branched wormlike systems, can be
interpreted with a shortening of the micellar length.
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Interestingly, after simple geometrical considerations,
the relative gain in the calculated S/V for a rod-to-
sphere transition is about 33%, and a similar behavior
can be found in the a-driven cylinder-to-sphere transi-
tion in PS-PAA systems.3° The experimental represen-
tation of the structure factor, S(g), calculated for the
same data set (details can be found in Figure S3 and
related discussion in the Supporting Information) con-
firms the overall change of micellar shape going from
a=0.18 to a = 0.80.

As a general comment on the presence of a struc-
ture factor (one can also refer to scheme on repulsive
interactions in Figure 2), one should remember that in
many systems a minimum 5—10 wt % surfactant
concentration has to be reached in order to observe
a prominent interaction peak, related to long-range
repulsive interactions, but this value can increase up
to 20 wt %.3' 38 Furthermore, in the specific case of
alkylpolyglucosides (APG), no pH-driven long-range
ordering of micelles is found until concentration values
reach at least 10—20 wt %.'>**~%" On the contrary,
long-range intermicellar interactions for these systems
can be controlled at lower concentrations by adding
specific electrical charges at the micellar outer surface
using ionic surfactants.*? In SL-based systems, electri-
cal charges are autogenerated by pH (deprotonation of
COOH group).

Local analysis using transmission electron micro-
scopy under cryogenic conditions is performed on the
o = 0.80 sample and shown in Figure 7a,b agree with
the Porod plot analysis. The sample is constituted of
spherical micelles, specifically indicated by the arrows
in Figure 7b. The average cross-section radius (R,) and
its size distribution are shown in Figure 7c, and they
correspond to R, = 21.9 A with o = 2.2 A. Larger
micelles (R, > 60 A and L > 100 A), which could
actually explain the increasing /(g) in SANS at low g in
Figure 5 are also found in cryo-TEM images.

Finally, combination of these techniques provides
an answer to interpret the nature of the interaction
peak observed in Figure 5 for a = 0.80. In regime 2, in
close proximity to neutral pH, SL micelles undergo a
rod-to-sphere transition where long-range inter-
actions, but not long-range order (at least not at
50 mg/mL), appear.

SL Behavior in Regime 3. At higher COO™ concentra-
tion, the interaction peak in the mid-q region is not
detected anymore (Figure 4b, a = 1), while the scat-
tered intensity at low g increases without reaching a
plateau. Figure 8 focuses on the SANS experiments
performed on two samples at C = 5 mg/mL, both at
o = 1, but at different NaOH concentration. First,
spectra can be superimposed in the whole g range
indicating no apparent influence of the amount of
sodium hydroxide at o = 1. The discussion next will
be focused on the system at [NaOH] = 12.5 mM,
corresponding to pH = 11. Please remark that a slight
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Figure 7. (a, b) High-resolution (magnification: x80k) cryo-
TEM experiments performed on SL-sample at C =50 mg/mL
and a = 0.80. The darker spherical objects represent the SL
micelles frozen in a thin layer of amorphous ice. Images are
corrected for the camera noise. (c) Size distribution of the
cross-section micellar radius (R,,,) related to spherical mi-
celles observed in (a, b).

excess of base with respect to the full ionized COO™
might be required to achieve this specific regime.
Second, the signal-to-noise ratio of /(g) throughout
the whole g range is poor, if compared to the same
system (C=5 mg/mL) at oo = 0.31 (Figure 4b), meaning
that the lower concentration value is not responsible
for such loss in signal intensity. Due to the poor quality
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Figure 8. SANS experiments performed on two SL solutions
at oo = 1 but different NaOH concentrations. Data on the
[NaOH] = 12.5 mM (pH = 11) system (full circles) were
completed with ultralow angle experiments (q < 8.38.10 3
A=) to confirm the increase of I(q).

of SANS data, we prefer not to pursue a detailed
discussion based on the classical analysis of the logl/-
()] vs. log[q] slopes. A fit of the high-g region using a
sphere form factor provides a gross estimation of the
micellar cross-section (R = 16 A), as shown in Figure S2
in the Supporting Information.

On the contrary, the very strong increase in /(g) at
low g values (838 x 10 A 1< g<732x 10 2A™),
confirmed by additional experiments at very low
q (g <838 x 107> A™") for the [NaOH] = 12.5 mM
system (full circles in Figure 8a), give a strong hint of
the existence of large micellar (R > 50 nm) structures
whose size and shape cannot be determined by SANS
(for a better understanding, one can refer to the
schematic representation of fractal geometries in
Figure 2). The diffuse g behavior and very low intensity
above 0.02 A~", which could indicate unstable micellar
objects and interfaces, is more difficult to explain.
Similar data were reported by Zhang et al.*® who also
experienced diffuse high-qg scattering in alkylglucoside
solutions and attributed it to large fluctuations in the
position of molecules within the micelles which de-
pends on the less marked hydrophilic/hydrophobic
character of these surfactants. In a slightly different
system, Bendejacq et al.*® have shown a swelling effect
of COOH brushes in PS-PAA copolymers at increasing
o. Here, it can be symptomatic of both a less stable
interface and a reduction in the amount of small-sized
micelles, otherwise abundant at lower a-values.

To complete SANS experiments and better ex-
plain the nature of the aggregates, we performed
transmission electron microscopy under cryogenic
conditions on the sample at a = 1 and [NaOH] =
12.5 mM, (Figure 9a—d). The amount of individual
micelles seems to be far less important with respect
to systems studied in Figure 7; most attempts to
observe them inside the amorphous ice holes were
unfruitful, but the low-intensity signal at high g in
SANS, as shown by the fits in Figure S2 in the Support-
ing Information, cannot completely exclude their pres-
ence. On the contrary, we could observe separate
regions composed of a dense system of elongated,
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Figure 9. Cryo-TEM images performed on the SL solution at
a = 1 and [NaOH] = 12.5 mM. Note that the gray homo-
geneous background is the classical amorphous holey
carbon layer on top of the TEM copper grid while the
circular shapes indicate the amorphous-ice covered holes
within the membrane.

branched aggregates, as shown in the overview image
in Figure 9a. A close look at the micellar region shows
an ill-defined system composed of interconnected
tubules whose average side diameter is about 13 £+
3 nm (see arrows in Figure 9b). The overall dimensions
of the clusters comprise between 100 and 500 nm,
and the unorganized network identifies hollow ca-
vities whose size ranges between few nanometers to
100 nm. Individual branches of much smaller size or
long (>100 nm) flexible objects are also observed
(Figure 9b,c). The exact description of the supramole-
cular aggregates formed under high pH conditions is a
difficult task as well as the explantion of their origin. We
could not easily find in the literature a similar surfactant
system with such a different behavior as a function of
pH. Nevertheless, several synthetic asymmetric bola-
form surfactants have been reported to form nano-
tubes, generally referred to as lipid nanotubes.** In
these works, individual nanotubes were clearly iden-
tified, and random aggregation, similar to what it is
observed here, does not occur as much. For one
particular surfactant, whose molecular structure is
close to the one of sophorolipids, well-defined nano-
tubes are obtained under acidic conditions, but more
globular, ill-defined structures were reported at higher
pH values.?® Unfortunately, the authors did not further
investigate the influence of high pH on the supramo-
lecular assembly of their compounds. In the SL-based
system obtained under basic conditions we could
seldom observe isolated elongated aggregates, and
in any case, they cannot be closely related to well-
defined nanotubular objects. On the contrary, as one
can observe in Figure 9b (black circles), where these
structures could be isolated, they are composed of an
elongated tubular scaffold with local hemispherical,
vesicle-like protuberances. An interesting tubular-
to-vesicle transition as a function of temperature
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was described by Imae et al.** during the study of a

fluorinated—hydrogenated glucophospholipid. They
attributed such a phenomenon to a local molecular
variation of the surfactant packing. The average side
diameter of our tubules is comparable with the one
reported by several authors on lipidic nanotubes.?6**
In particular, Masuda and Shimizu®® were able to
correlate the stacking periodicity and the size of the
inner tube diameter with the chain length and packing
of their bolaamphiphiles. In our system, sophorolipids
have a C18 chain, which according to the model
proposed by Masuda and Shimizu and in the case that
it could be applied to this specific system, should
provide tubules whose diameter ranges between 18
and 20 nm. The average side diameter observed here
(13 £ 3 nm) is slightly smaller, but one should probably
consider the influence of the SL C=C double bond on
the local molecular packing.

SL Molecular Configuration. The degree of ionization
introduces negative charges determining, at mild a
values, electrostatic repulsive forces with a strong
influence on both the shape and size of the aggregates.
An important issue is the local conformation of the SL
molecule and, in particular, the localization of the
COOH/COO™ group within the micelle as a function
of o. Upon neutralization, one can also reasonably
suppose that COO™ groups move toward the external
micellar surface, being responsible for their negative
charge. {-potential, ¢, experiments are useful to deter-
mine in a qualitative way the charge at the micellar
surface. For instance, at C = 5 mg/mL, the following
values for {-potential, { = —29.7 mVand { = —49.1 mV,
were measured, respectively, for the o = 0.31 and o =
0.62 systems, while at C =50 mg/mlL, ¢ varies between
—10.0mV and —25.0 mV for 0.2 < a. < 0.8. As expected,
in all cases the micelles show a negative surface
charge, whose absolute value seems to increase with
o at a given concentration. Local electrostatic repul-
sions between COO™ groups may also account for the
increase in the micellar curvature at C = 50 mg/mL,
going from cylinders to spheroids when o shifts from
0.18 to 0.80, as discussed previously.

To draw a picture of the local molecular conforma-
tion of SL within the micelles, we ran a set of '"H—'H
two-dimensional nuclear Overhauser enhancement
spectroscopy (2D NOESY) NMR experiments on three
SL solutions at variable a values, each corresponding
to a specific regime. 2D NOESY NMR is an effective
method to study the three-dimensional structure of
large molecules that have a long motional correlation
time, such as proteins.*>*® This type of 2D spectrum
displays NOE cross-peaks located at the chemical shift
of protons that are correlated through magnetization
transfer mediated by dipole—dipole interactions. The
effect occurs through space and is independent of
covalent bonds. It is strongly distance-dependent, and
protons normally need to be separated by less than
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5 A to be observed in NOESY spectra. Cross-signals in a
NOESY spectrum rely on the cross-relaxation of long-
itudinal magnetization during a selected mixing time.
2D NOESY is currently employed to characterize inter-
nuclear distances and molecular conformation in sur-
factants micellar systems*”**® and it will be employed
here to probe proton—proton proximities within SL; in
particular, we will focus on the interactions involving
the COOH group.

"H—"H 2D NOESY experiments (Figure 10 a,b) were
run on solutions at o = 0.18, o. = 0.80 (C = 50 mg/mL),
and a = 1 (C = 5 mg/mL; [NaOH] = 12.5 mM), while
mixing time, 7,,, = 300 ms, was selected on the basis of a
build-up curve run for 50 ms < 7, < 900 ms, typical
values used in the study of surfactant-based systems
in water above their cmc value (the acidic SL has
cMCs;_coon= 0.11 mg/mL while its cmc after deproto-
nation is cmcs;.coo. = 0.15 mg/mL. Refer to Sample
Preparation and Figure S4 in the Supporting Infor-
mation for more details on cmc data of SL). The 'H
chemical shift attribution is done on the basis of
the 1D spectrum (top of the 2D NOESY maps and
scheme in Figure 10c):'” (1) oleic acid moiety: H,
(HOOCCH,CH,—) at 2.15 ppm; H3 (HOOCCH,CH,—) at
1.51 ppm; Hg, 1o (—HC=CH—) at 5.30 ppm. 2) Sophorose
moiety: Hy, Hy» (anomeric —OCHO—) at 4.45 ppm;
Hia—6y, Ha—6y" (—OCH—) at 3.16—3.8 ppm.

The Hs signal, in close proximity to the carboxylic
acid, is good for interactions between the end of the
oleic acid (OA) chain and the sophorose headgroup.
The NOESY response of the sample at oo = 0.18
(Figure 10a) shows several cross-peaks, highlighted in
gray in the F1-dimension and connected through the
black lines, related to the Hs carbon signal. Dotted lines
identify close neighbor connections between Hs with
the oleic acid backbone (6 = 1.26 ppm) and H,, while
solid lines identify several interesting long-range con-
nections with Hg 1o and sophorolipid head (Hy, Hy»,
He—6y, Ha—ey). For comparison, at oo = 0.80 and at
equal mixing times (Figure 10b), short-range interac-
tions like Hs—H, are still detected, as expected, while
the long-range connections with sophorose are almost
completely lost. At o = 1 (map not shown), no cross-
peaks at all are detected, except for those relating to
close neighbors interactions. In Figure 10d, we com-
pare, as a function of a, the slices extracted from the 2D
NOESY map at 7,,= 300 ms, corresponding to the Hs
resonance (0 = 1.51 ppm; refer to the solid arrow
in Figure 10): the intensity of the corresponding
Hs-sophorose cross-peaks decreases with a. A similar
trend was observed at lower mixing times (z,, = 50 ms), at
which "H—"H spin diffusion artifacts may considered to
be minimized.

NOESY experiments qualitatively show that the
COOH environment of oleic acid backbone is in close
interaction with the sophorose moiety at low «,
while this is not the case at higher ionization degrees.
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Figure 10. "H—"H 2D NOESY NMR experiments performed at a mixing time of 300 ms for SL solution at C = 50 mg/mL at (a) o.=
0.18 and (b) o. = 0.80. (c) SL molecule with typical convention for "H chemical shift assignment. (d) Comparison of extracted
rows at ;4 =1.51 ppm (black arrow) from the corresponding 2D NOESY experiments. Note that both samples are prepared at
the same concentration and 2D NOESY spectra are acquired using the same NMR parameters and, most importantly,

postacquisition treatment (e.g., contour plot height).

Strong hydrogen bonds between COOH and OH groups
in sophorose may explain this behavior even if it is
impossible to discriminate between interactions occur-
ring within the same or between two adjacent SL
molecules. In the field of bolaform surfactants having
an all-trans conformation of the aliphatic chain, adja-
cent molecules are proposed to be eitherin a parallel or
an antiparallel configuration,®**° as also shown in
Figure 11. In this case, NOESY experiments could help
probing interactions in close spatial environments and
one could probably discriminate between them. Un-
fortunately, if folding of the alkyl chain occurs, as it
could be the case for sophorolipids (one should not
forget that SL are mostly produced in their close
lactone form and are characterized by a cis- C=C
double bond), clear-cut discrimination through NOESY
NMR experiments becomes highly challenging, if not
impossible. In this case, one would expect the same
spatial proximities in both the parallel and antiparallel
configurations, as sketched by the pointed lines in
Figure 11 (cis configuration).

In the a.= 1 system, one can observe the absence of
long-range intermolecular interactions, which is partly
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unexpected even if that confirms the absence of large
amounts of small micellar objects. Yet, it is not excluded
that the diffusion dynamics of the large aggregates
observed in cryo-TEM are too slow and their transverse
relaxation time too small to be observed under the
actual conditions; the signal for this particular system
may actually corresponds to free SL molecules. Further
experiments are ongoing to verify this hypothesis. To
account for these observations one can formulate the
hypothesis that the large micellar aggregates contain
mobile SL molecules, probably forming a monomole-
cular layer, which are solvated with large amount of
water, both inside and outside the tubular structures,
implicitly suggesting a hollow tubular configuration, as

often reported for related systems.?>°
Overview on SL Conformation and Self-Assembly. The mo-
lecular structure of SL resembles the one of glycolipids
but COOH group has an important impact on the self-
assembly process and the stability of micelles as a
function of pH and time. Unfortunately, most studies
on natural surfactants were done on classical glyco-
lipids, and no specific term of comparison involving SL
is available at the moment. The theoretical micellar
VOL.6 =
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Figure 11. Scheme of the possible parallel and antiparallel
configurations of bolaform surfactants in the case of an all-
trans configuration of the alkyl chain, as proposed in ref 26,
and in the presence of a cis C=C double bond as it occurs in
sophorolipids. Dotted lines represent close-rage through-
space interactions.

radius of a fully elongated SL molecule, corresponding
to a f-anomer conformation, should include the con-
tribution of oleic acid (OA) (approximately 22 A>'?)
and sophorose, whose size can be estimated to be
below 10 A. This value is obtained by comparison with
N-dodecyl--maltoside (C;,G,), in which, according to
experimental and modeled data, maltose (a common
disaccharide comparable to sophorose) does not con-
tribute to more than 6 A to the size of C;,G, in its linear
conformation (S-anomer).>®

Under these conditions, one expects a cross-
sectional radius for SL micelles of approximately 30
A. In reality, the experimental data measured by SANS
are 30% to 50% lower depending on the micellar shape
(sphere, ellipsoid, or cylinder) in the low ioniza-
tion degree regime, as discussed before and shown
in Table 1. These discrepancies are too large to be
neglected. Typical cross-sectional radius reported in
literature for sodium oleate micelles is 26 A>* while for
an oleic-acid based glycolipid, whose polar head is
constituted by a disaccharide and referred to as
OM,**3 s 25 A It is very interesting to note that almost
no discrepancy exists between the cross-section sizes
of sodium oleate and OM, despite the additional
disaccharide group in the last compound. As shown
by Abel et al.>® for C;,Gs, this can strongly depend on
the a (right angle bending between the sugar and tail)
or 3 anomeric configuration of the disaccharide with
respect to the aliphatic chain. The same authors have
also outlined the importance of the strong hydrogen
bonding in which the maltose head is involved and
that 10% of the hydrophobic chain is permeable to
water. The cross-sectional radius measured by SANS for
SL spherical micelles (5 mg/mL, o = 0.31) is 26.1 A,
which suggests that the sophorose group acquires a
a-anomer conformation. Nevertheless, this is in con-
trast with previous works in which f3-conformation
was reported for SL.'”*® As a first conclusion, one can
then say that the OA moiety probably does not acquire
a fully elongated conformation. When a sphere-to-cylinder
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transition occurs or when an ellipsoid form factor is
used, the cross-sectional radius determined by SANS is
even smaller (about 15 A). Cross sections for cylindrical
micelles are reported to be equal or even slightly smaller
(<10%) than the corresponding spherical systems in
many spheres for systems ranging from classical surfac-
tants like CTAB®® to glucose based compounds>3¥*°
Nevertheless, a 40% difference as observed in SL is too
large to be explained by chain conformation, packing or
curvature differences, as usually done.

NOESY experiments above may provide an expla-
nation to these discrepancies. The folding of the OA
moiety, which was described before for SL,*® can be
driven by hydrogen-bond interactions between the
COOH group and the sophorose, either within the
same or, most likely, between two adjacent SL mol-
ecules. In this case, the effective length of the SL
molecule and, consequently, of the micellar radius is
smaller, especially if sophorolipids molecules are par-
allel to each other and the oleic acid backbone is
folded, as shown in Figure 11 (cis configuration). Never-
theless, one should also consider the possibility of an
antiparallel configuration (Figure 11), as also proposed
in ref 26 for bolaform surfactants and discussed above.
Further experiments and structural modeling are
needed to confirm this assumption. At a higher ioniza-
tion degree, the COO™ has weaker interactions with
sophorose and its hydration degree is probably higher,
which may induce a non-negligible water intrusion at
the micelle/solvent palisade and, eventually, within the
micellar core. Under these conditions we expect an
increase in the micellar radius, which seems to be
confirmed by cryo-TEM analysis in Figure 7 indicating
an average 21.9 A radius for the 50 mg/mL system at
o= 0.80. At even higher o, the overall ionization effect
on the structure of SL and the corresponding effect on
the overall aggregate size, morphology and cross-
section is not very clear, yet. Larger micellar aggregates
are identified by the combination of SANS and cryo-
TEM but the lack of any cross-peaks in 2D NOESY NMR
experiments could reveal a strong SL mobility and an
unstable micellar interface, probably integrating big-
ger amounts of water within the large tubules shown
by cryo-TEM experiments. 'H 1D NMR experiments
(results not shown) may corroborate this hypothesis:
the "H NMR signal corresponding to the H, group of SL
for a = 1is systematically narrower than at lower a.and
its chemical shift is slightly deshielded. This last feature
is also observed for free oleate molecules below their
critical micelle concentration.’” In any case, under
these conditions, the antiparallel arrangement of two
adjacent SL molecules is a hypothesis to be considered
with good probability where the free COO™ group
would be solvated by water both inside and outside
the tubule. Whatever the configuration adopted by
adjacent SL molecules, the micellar surface becomes
negatively charged with pH.
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Scheme 1. Schematic Overview of SL Self-Assembly in D,O
as a Function of Concentration and lonization Degree within
24 h of Preparation of the Solution. Note that drawings are
not scaled.

Scheme 1 provides a schematic overview over the
possible a-driven micellar regimes of SL in water
described above. Please note that adjacent SL mol-
ecules are presented in a parallel configuration but one
should not exclude, especially at high ionization de-
gree, the possibility of an antiparallel form, as proposed
elsewhere,?® and discussed above.

Low a: micelles form above the cmc and their
shape evolves from spherical to wormlike (curvature
decreases). The micellar surface is mostly neutral and
excluded volume drives intermicellar interactions, in
which electrostatic effects do not play a major role. The
behavior of SL in this regime is similar to classical
glycolipid-based surfactants. Locally, the COOH groups
seem to interact through hydrogen bonding with the
sophorose moiety. Entanglement of adjacent oleic acid
chains cannot be excluded. Such a hydrogen bonding
configuration is explicitly shown in Scheme 1.

Intermediate o: deprotonation of COOH into COO™
introduces electrical charges located at the surface of
the micellar objects. Micellar shape is strongly affected
since its curvature increases: at a given concentration,
a rod-to-sphere transition is observed and a mix-
ture of spherical and obloidal micelles is largely ob-
served. The introduction of electrostatic intermicellar
repulsive effects result in long-range interactions at
concentration values as low as 50 mg/mL. The effect of
concentration at intermediate a was not studied here.

o = 1: when all COOH turn into COO™ and in
probable excess of added base, the shape and size of
micelles is drastically affected: very long (>100 nm)
tubules (diameter >10 nm) entangle together to form
micellar aggregates of ill-defined shape and surround-
ing water-rich gaps. The amount of free micelles is
largely reduced according to high-gq SANS and cryo-
TEM arguments while solvation of SL molecules by
water within the large aggregates is not excluded. The
hydrophilic/hydrophobic balance of SL is drastically
reduced causing a higher SL solubility and rapid

disruption of the micelle/water interface. The exact
nature and composition of these aggregates and the
local conformation of SL in this regime needs further
studies to be better understood.

CONCLUSION

In this work, we have investigated the self-assembly
properties of acidic sophorolipids (SL), a bioderived
glycolipid containing a free COOH group, as a function
of the degree of ionization of its internal COOH group.
SL are biosurfactants with a very low cmc and form,
under acidic conditions, spherical, cylindrical, and
wormlike micelles as a function of concentration.
Above 300 mg/mL, the micellar entanglement strongly
increases but SANS experiments show that long-range
interactions are not directed by electrostatic repulsive
forces, as it usually occurs for ionic surfactants, but by
the higher volume fraction occupied by the com-
pound. This behavior, which is identified in this study
as regime 1, is very close to many other sugar-derived
surfactants and it depends on the nonionic nature of
these compounds. On the contrary, slight increase in
pH induces the ionization of the COOH group, and
the consequent increase in the ionization degree, a. At
a < 1, the nature of intermicellar interactions drastically
change and regime 2 starts: two phenomena occur at
the same time: (1) micelles undergo a low-to-high
curvature transition (cylinder-to-sphere/ellipsoid) due
to the introduction of negative charges at their surface;
(2) electrostatic repulsive forces drive long-range inter-
actions between micellar objects, as observed both by
SANS and nicely confirmed by cryo-TEM microcopy.
Interestingly, SL behavior in regime 1 and 2 clearly
indicates that one can tune, for a given shape, the
properties of micellar surface, from neutral to nega-
tively charged, making these objects very versatile for a
number of applications in nanoscience related fields.
At oo = 1 (5 mg/mL) a new, unexpected, state of SL
supramolecular assemblies occurs. In regime 3, all SL mol-
ecules are negatively charged and their hydrophilic/
hydrophobic character is less pronounced. The micelle/
water interface seems to be disrupted (SANS behavior
at high g) and the presence of monomers is now
favored (as also seen by 'H NMR); nevertheless, SANS
experiments agree on the existence of very long
(>100 nm) micellar tubular (average diameter is 13 nm)
aggregates organized in a net-like structure of ill-
defined shape, as also shown by cryo-TEM experi-
ments. The true SL behavior in this regime needs still
to be clarified. At a local scale, NOESY experiments
suggest that intra/intermolecular COOH-sophorose hy-
drogen bonding characterizes the low o regime but they
do not bring any clarification on the local SL parallel or
antiparallel configuration.

These experiments show that sophorolipids constitute
an extremely versatile micellar system whose pH-driven
properties make them an interesting stimuli-responsive
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compound at very low concentration values (<5 wt %),
which is quite atypical for comparable surfactant-based
systems. The three different regimes, neutral and

EXPERIMENTAL SECTION

Synthesis of SL. Sophorolipids were produced by Candida
bombicola (teleomorph: Starmerella bombicola) ATCC 22214,
The yeast was cultivated on medium as described previously.*®
A fed-batch fermentation was run in a Biostat B culture vessel
(Sartorius-BBI Systems) with a maximum working volume of
1.5 L. Temperature (30 °C), pH (3.5), stirring rate (800 rpm) and
airflow rate (1 vvm) were controlled by the Biostat B control unit.
100 mL of an overnight grown shake flask culture was used to
inoculate the fermentor. For maintaining pH, 5 M NaOH was
used. There was no correction for a too alkaline pH and
fermentation started at pH 5.8 and was allowed to drop
spontaneously until 3.5. Later unalterable incensement was
seen as the end of the fermentation process. Feeding of rape-
seed oil (Sigma) was started 48 h after inoculation, and was
adjusted to the consumption rate. Additional glucose (50 g/L)
was added 150 h after inoculation. Sophorolipids were ex-
tracted by the following procedure: 3 volumes of ethanol were
added to the fermentation medium and yeast cells were
removed by centrifugation. The water—ethanol mixture of the
supernatants was removed under reduced pressure in a rota-
vapor. Two volumes of ethanol were added to dissolve the
sophorolipids and the residual hydrophobic carbon source. The
mixture was passed over a Whatman filter to remove the water-
soluble components, and ethanol was evaporated under re-
duced pressure in a rotavapor. Solid substances were dissolved
in water (pH 6.5), and residual oil and fatty acid were extracted
by an equal volume of hexane. The sophorolipid mixture (about
80% C18:1) is comparable to what it was reported by other
authors.>® Finally, hydrolysis of the mixture to obtain the acidic
COOH form of SL is performed with 5 M NaOH solution and
extracted with pentanol according to the procedure described
in ref 60. The product is then further purified on a chromato-
graphic column using silica gel 60 as stationary phase and a
80:20 dichloromethane/methanol mixture. Thin-layer chroma-
tography was performed on silica gel 60 plates (Whatman)
using the same solvent mixture. Staining is done with phos-
phomolybdic acid (5 g in 50 mL ethanol solution), and revela-
tion is performed by warming the substrate. Analysis is done
with "H and "*C NMR (CDCl5/CH50D = 1:1). An average down-
field 5 ppm shift from 172 ppm to 177 ppm is used as reference
to verify the ester hydrolysis of the COOH group. The final
compound is mainly (>90%) constituted by acidic sophoro-
lipids, as also verified by "H NMR (results not shown).

Sample Preparation. Different amounts of SL are added to D,O
(Aldrich) solutions at concentration ¢ = 5, 50, 300, 400, and
500 mg/mL corresponding to volume fraction, ® = 0.52%, 5.20%,
31.25%, 41.6%, and 52.08%. pH was increased using umolar
amounts of 0.5 and 1 M NaOH solutions, which were prepared
in D,O, in order to limit the incoherent scattering in SANS
experiments. pH was measured with a classical pH-meter on
the corresponding H,O-based solutions. All samples, analyzed
within 24 h from their preparation, are prepared well above the
SL cmc, which is reported to be between 0.02 and 0.25 mg/mL°"
In particular, Imura et al.*? have reported a cmc value for the
acidic form of SL of about 0.11 mg/mL. As for the fully ionized
form (e = 1), we performed the measurement ourselves as cmc
was never reported before under these conditions, to the best of
our knowledge. Surface tension experiments (Figure S4 in the
Supporting Information and related discussion) in H,O as a
function of the concentration of the fully ionized sophorolipid
form provide a cmc value of about 0.15 & 0.05 mg/mL, which is
slightly higher but still comparable within error with the corre-
sponding protonated form.

Experimental Techniques. Transmission electron microscopy
under cryogenic conditions (Cryo-TEM) were run on two differ-
ent microscopes. Lower resolution images in Figure 9 were
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charged micelles at low-medium degree of ionization
followed by large netlike aggregates at high a clearly
show the potential versatility of these molecules.

taken on a FEI Tecnai 120 Twin microscope operating at 120 kV
(magnification 30000 fold) and equipped with a high resolution
Gatan Orius CCD 4k x 4k numeric camera. Higher resolution
images in Figure 7 were obtained on a JEOL 2010F at the PFMU,
Institut Pasteur (Paris, France). The microscope operates at
200 kV and magnification was 80.000 fold. A Gatan ultrascan
4000 camera was used to acquire the image. On both micro-
scopes, DigitalMicrograph software was used for image acquisi-
tion. Cryofixation was either done on a EMGP, Leica (Austria)
instrument or on a homemade cryo-fixation device. Liquid
samples at desired concentrations were deposited on holey
(10 um) carbon coated TEM copper grids (Quantifoil R2/2,
Quantifoil, Germany). Excess sample was eliminated, and the
grid was immediately blotted into liquid ethane. All grids were
kept at liquid nitrogen during storage and throughout all
experimentation. Sample was observed with a Gatan Cryo-
holder (Gatan 626DH, Gatan).

Surface tension (y) experiments were performed to evaluate
the cmc using a Tracker tensiometer, from Teclis (France), in the
needle pendant drop configuration. Values are collected as a
function of time and averaged after equilibrium is reached.

H solution NMR spectra were acquired on a Bruker AV300
Ultrashielded Avance spectrometer equipped with a 5 mm
(1H/BBF) BBO probe with Z-axis gradient using a standard 30°
flip angle; intermolecular contacts were studied from a series of
"H—"H nuclear Overhauser effect spectroscopy (NOESY) NMR
experiments with mixing times from 50 to 900 ms, performed
with a standard three-pulse sequence.*®

Small angle neutron scattering (SANS) was performed at the
Léon Brillouin Laboratory (Orphée Reactor, Gif-sur-Yvette,
France) on the PAXE beamline. The spectrometer configuration
was adjusted to cover two different g-ranges. The small angle
region 8.38.10 2 A" < g < 7.32 x 1072 A" is obtained with a
neutron wavelength, 1, of 6 A and a sample-to-detector dis-
tance, D, of 5 m. An acquisition time of 4800 s was used; the
medium angle region covers a g range 3.50 x 10 2 A" < g <
2.80 x 10" A~ "at A =6 A with D=1.20 m. An acquisition time of
1800 s was used in that case. Wavevectors lower than 8.38 x
1073 A~" were obtained using D=5mand 1 =12 A. g is defined
as 4zt/Asin /2, where 6 is the scattering angle between the
incident and the scattered neutron beams. All samples are
introduced in a 2 mm quartz cell and studied at T =22 °C. The
blank sample is composed of 99.9% D,O, whose signal is
subtracted from the experimental data. Data treatment is done
with the PAsiNET.MAT software package provided at the beam-
line and available free of charge®® Absolute values of the
scattering intensity are obtained from the direct determina-
tion of the number of neutrons in the incident beam and the
detector cell solid angle. The 2D raw data were corrected for the
ambient background and empty cell scattering and normalized
to yield an absolute scale (cross section per unit volume) by the
neutron flux on the samples. The data were then circularly
averaged to yield the 1-D intensity distribution, /(g). The in-
coherent scattering was approximated from the high g intensity
plateau and subtracted from the corresponding reduced data.
Finally, data collected at the different configurations were used
together without the need of introducing a correction factor,
given the same acquisition wavelength under both configura-
tions. Scatter software® was used to fit the form factor of
selected SANS data sets using classical equations for sphere,
cylinder, disk and vesicle models.®® Ellipsoidal shape was de-
rived from the cylindrical form factor. All fits were executed
considering an homogeneous core system. The relationship
between the scattering wavevector, g, and distance is d = (271/q).
Relative considerations on the surface-to-volume ratio are done
on the basis of the classical Porod law at high g:°* (g)4—o= ¢(271/
q")ApS/V, where I(q) is the SANS measured intensity in absolute
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scale, Ap is the difference in the scattering length density
between the solvent and the irradiated object, S is the total
exposed surface, V is the total irradiated volume of all objects,
and ¢ is the volume fraction.
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