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Rhamnolipids are glycolipid surfactants composed by a hydrophilic head of either one (mono-RL) or two (di-RL)
rhamnose moieties coupled to hydroxyaliphatic chains that can be of different lengths. In spite of their impor-
tance in different fields of applications, as bioremediation processes for instance, self-aggregation physico-
chemical properties of RLs are not unique. This because a variety of aggregates morphologies (shape and size)
can either exist or coexist in aqueous dispersion due to mono-RL:di-RL molar ratio, hydrophobic tails length, pH
and the presence of co-surfactants and additives. Recently, a theorethical approach reported the self-assembling
morphologies of either pure mono or di-RL in aqueous environment, predicting the formation of spherical to
ellipsoidal micelles to worm-like and disk-like aggregates depending on RL concentration and fatty acid chain
length. In order to add new information to those previously available, the present work investigated the self-
assembling properties of mono-RL-C10-C10 and di-RL-C10-C10 separately in aqueous dispersion by small
angle X-Ray scattering (SAXS). A novel approach was applied to the data analysis coupling the scattering length
density profiles of the RLs chemical groups and Monte Carlo simulations. Such an approach allowed us to infer
about the preferred mono-RL and di-RL conformations that fit better in the self-assembling morphologies. In this
way, we show that mono-RL-C10-C10 self-assembles into lamella-like aggregates coexisting with 30 % of multi-
lamella aggregates (circa of 5 closed stacked lamella) from a concentration ranging from 10 to 50 mM, with
hydrophobic thickness of about 12 A, a hydrated polar head thickness of 10 A, and an area per glycolipid of 76
A2 On the other hand, di-RL prefers to self-associate into flexible cylinder-like aggregates, from 70 mM to
110 mM concentration, with hydrophobic radius on the order of 7.5 A, a hydrated polar shell of 21.5 A, with
hydropobic/polar interface of 110 A2 per glycolipid. Interestingly, the parameters obtained from the best fitting
to the experimental data associated to the volume fraction distribution of the chemical groups within the ag-
gregates revealed that the hydrophobic chains are more disordered in mono-RL planar aggregates than in di-RL
worm-like aggregates, as well as the hydration properties. Further, the addition of 100 mM NaCl in di-RL
aqueous dispersion leads to the formation of longer worm-like aggregates. Taking together, this work opens a
new avenue regarding characterization of biosurfactants self-assembling properties by using SAXS, also
contributing to prepare more efficient biosurfactant dispersions depending on the desired applications in in-
dustrial sectors and bioremediation.

1. Introduction

Rhamnolipids (RLs) are a class of biosurfactants produced by mi-
croorganisms widely studied due to their low concentration-surface
tension activity at either air-liquid or liquid-liquid interfaces. Such
characteristic allows applying RLs in different fields as the washing or
cleaning industry, environmental remediation, cosmetic industry and
pharmaceutical products [1-3]. Rhamnolipids are produced by
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Pseudomonas aeruginosa under appropriate conditions [4]. They are
composed by two moieties: a hydrophobic lipid moiety with one or more
saturated/unsaturated fatty acids chains, linked together with an ester
bond, and a Rhamnose (RHA) moiety that is hydrophilic comprising
mono or di (L)-rhamnose molecules linked through a-1,2-glycosidic
linkage. They are known as mono and di-RL, respectively. Both moieties
are linked via glycosidic linkage [5]. In particular, P. aeruginosa pro-
duces a heterogeneous mixture of mono and di-RLs with fatty acid tails
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of different lengths. The amphiphilic nature of RLs drives their inter-
action with biological membranes [6]. It has been previously shown that
di-RL intercalates into the model membranes represented by phospha-
tidylcholine bilayers producing structural perturbations [7]. Further, it
has been also shown that the mixture of di-RL and mono-RL has a DPPC
bilayer disrupting effect which may be related with the haemolytic
power of these molecules at high concentration [8]. More recently, our
group purified mono-RL-C10-C10 and di-RL-C10-C10 and investigated
each individual interaction with DOPC:Sphingomyelin:Cholesterol giant
vesicles bilayers thus representing membranes containing
Liquid-ordered (L,) - Liquid disordered (Lq) phases coexistence (lipi-
d-rafts) [9]. The results evidenced that while mono-RL (near and above
the critical micellar concentration, cmc) increases lipid bilayer area
without affecting membrane permeability, di-RL promotes L, outward
budding and pore formation in the Lq phase [9]. Certainly, such effects
may be correlated with a cell membrane mysfunction under RLs inter-
action. It is then clear that mono-RL and di-RL can act differently on
biological targets due to differences in their molecular structures.
Therefore, it is of paramount importance to investigate not only the
physicochemical properties of the RLs mixture, but also the ones of each
component focusing on potential applications [10].

As highlighted in a recent review by Esposito et al. [3], despite
numerous studies characterizing the aggregation and surface properties
of RLs, there remains a lack of in-depth analysis regarding the
morphology of micelle-like aggregates of these compounds in response
to pH, salts, and RL compositions. Previous small-angle neutron scat-
tering (SANS) data have reported aggregated shapes ranging from
globular, cylinder-like micelles to small and large vesicles/lamellar
structures, depending on factors such as pH value, mono-RL and di-RL
molar ratio, fatty acid chain size, and the presence of additives and
co-surfactants [11-14,15]. For example, SANS investigations at pH 9
[12] showed that mono-RL-C10-C10, at concentration below 20 mM,
forms core-shell micelles that fully transform into unilamellar or bila-
mellar vesicles at concentration above 30 mM, whereas di-RL-C10-C10,
in a concentration range from 20 to 100 mM, form only micellar
structure. Recently, a dissipative particle dynamics method has been
applied to investigate the self-assembly properties of mono and
di-RL-C10-C10 and mono and di-RL-C16-C16 at concentrations varying
from circa 17-150 mM [16]. The author obtained different mono and
di-RL morphologies depending on the fatty acid tails and biosurfactant
concentration ranging from spherical and ellipsoidal vesicles to
worm-like and disc-like micelles. More recently, Baccile et al. [17]
performed an extensive study, based on small angle X-ray scasttering
(SAXS) and cryogenic transmission electron microscopy (cryo-TEM), on
the properties of mono-RL-C10-C10 and di-RL-C10-C10, together with
mono-RL-C10 and C10-C10, by varying biosurfactant concentration and
pH. Their results confirmed that di-RL-C10-C10, in a wide range of pH,
form micelles (described with a core-shell ellipsoid with uneven shell
thickness), whereas mono-RL-C10-C10, on going from basic pH to acidic
pH undergoes a transition, centered at pH = 6.5, from micelles to ves-
icles, these latter modeled as flat bilayers. To note, in all cases experi-
mental SAXS curves showed a power-law behaviour at scattering angle,
suggesting the presence of large aggregates. In order to contribute to this
field and to experimentally verify the self-assembling properties of
mono-RL-C10-C10 and di-RL-C10-C10 separately, the present work is
undertaken. To do so, synchrotron SAXS experiments were carried out
from mono-RL-C10-C10 and di-RL-C10-C10 aqueous samples at pH 7.5
for concentrations varying from 10 mM to 110 mM, respectively, well
above the cmc values (0.093 mM for mono-RL and 0.054 mM for di-RL
[9]). In the case of di-RL, salt samples containing 100 mM NaCl were
also investigated due to the interest on the use of RLs in marine biore-
mediation process. Of note, mono-RL precipitated in the presence of
NaCl. Herein, we analysed the SAXS data through a novel methodology
based on electron density profiles associated to a combination of the
volume fraction distributions of the main chemical groups constituting
the mono-RL and di-RL molecules, respectively. Such chemical group

Colloids and Surfaces B: Biointerfaces 241 (2024) 114038

approach allowed us properly considering the structure of the bio-
surfactant molecule that self-assembles in a micelle-like aggregate of a
preferred morphology (shape and size). A simple Monte Carlo analysis of
the chemical volume distributions has been further developed which
permitted us to infer the most preferred RLs conformations inside each
micellar aggregate.

2. Materials and methods
2.1. Rhamnolipids separation

Rhamnolipids from P. aeruginosa (in powder and purity of 90 %) was
purchased from Sigma-Aldrich (Poole, UK). The separation of mono-RL
and di-RL from the rhamnolipids mixture was carried out using column
chromatography as described by Sanchez et al. [18]. Briefly, silicagel 60
in chloroform (Sigma-Aldrich, purity > 99 %) was packed into a glass
chromatography column (2 x 40 cm). Subsequently, 2.0 g of the crude
rhamnolipid mixture was dissolved in 4 mL of chloroform and loaded
into the column. The column was washed with chloroform until neutral
lipids were completely eluted, followed by chloroform/methanol solu-
tions at 50:3 and 50:5 ratios, which extracted the mono-rhamnolipid
component, and chloroform/methanol solutions at 50:50 ratios and
pure methanol, which extracted the di-rhamnolipid component. The
chemical characterization of the compounds was confirmed by electro-
spray mass spectroscopy [5]: the sample containing mono-RL was
mainly composed of molecules with molecular weight of 502 Da,
whereas most of the molecules in the di-RL sample showed a molecular
weight of 648 Da. According to the literature, these molecular weights
are attributed to the structural formulas of mono-RL and di-RL,
respectively [5].

2.2. SAXS samples preparation for mono-RL and di-RL and performed
experiments

We have investigated, using SAXS technique, solutions of either
mono-RL or di-RL obtained by means of the chromatographic separa-
tion, as discussed above. Samples were dispersed in milliQ water at
different concentrations well above the cmc, from 10 to 100 mM and, for
di-RL, in the presence of NaCl. In detail, di-RL samples in pure water
have been prepared at concentrations of 70, 90 and 110 mM (thus
varying from 1296 x cmc to 2037 x cmc) and di-RL samples in the
presence of 100 mM NaCl have been prepared at the concentrations 75,
80, 85, 90 and 110 mM. Regarding mono-RL, samples in pure water have
been prepared at concentrations of 10, 18, 34 and 50 mM (thus varying
from 107 x cmc to 547 x cmc); no measurements were carried out in the
presence of NaCl since this salt causes the total precipitation of mono-
RL. The pH of all the investigated samples was 7.5 + 0.1. We have
carried out a campaign of SAXS/WAXS (Wide-Angle X-ray Scattering)
measurements at the beam-line 122 of the synchrotron Diamond (Didcot,
UK) [19]. Due to the covid-19 pandemics, samples have been sent to the
synchrotron Diamond by exploiting the mail-in program. After ship-
ment, the samples remained completely intact, with no presence of
precipitates. The same integrity conditions were also verified after the
SAXS measurements. 122 was used in transmission mode and the dilute
solutions of either mono-RL or di-RL were placed in polycarbonate
capillaries. The camera length was 3.0 m and the related range of g was
comprised between 0.008 and 3.23 A~!. All measurements were ob-
tained at 20° C. SAXS patterns were recorded with a Pilatus P3-2 M
detector operating with 1475 x 1679 pixels, each with 172 x 172 ym?
size. WAXS signals were collected by a Pilatus P3-2 M-DLS-L detector
working with the same number and size of pixels. SAXS and WAXS raw
data have been preliminary treated with the software Dawn operating at
122, in order to obtain the radial averages for both SAXS and WAXS
curves. Subsequently, we have processed all the curves by a home-made
software written under Gnuplot [20], aimed to perform a proper empty
capillary subtraction, and followed by a buffer subtraction. SAXS and
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WAXS profiles, these latter up to 0.8 A~! (before the broad diffraction
band of water), have been merged in a unique SAXS curve by optimizing
their overlap in a common g range. Absolute scale calibration has been
calculated considering the scattering of pure water.

2.3. SAXS analysis for mono-RL and di-RL-containing solutions

All SAXS curves have been analyzed in the whole range of the scat-
tering vector modulus, (@ = 4zsinf/4, 26 being the scattering angle and
A =1 A the X-ray wavelength) by using the Genfit software [21].
Different models were adopted, all available in the Genfit platform, and
their reliability was evaluated not only by considering the reduced
chi-square but also the physical adequacy of the optimized parameters.
At the end of this fitting strategy, the most suitable model to interpret
mono-RL SAXS data was that of planar bilayers with very large lateral
dimensions and lamellar interactions. Regarding the di-RL SAXS data,
the most suitable model was that of flexible cylindrical (worm-like)
micelles spatially organized according to a fractal distribution. For both
models, the electron density profile was described as a combination of
the volume fraction distributions of the main chemical groups consti-
tuting the mono-RL and di-RL molecules, respectively. For mono-RL, the
so-called modified scattering density profile (MSDP) model, described in
detail by De Rosa et al. [22] and working in planar geometry, was
adopted. For the di-RL case, the same chemical group approach but
operating in cylindrical coordinates and described by Yoneda et al. [23],
was exploited. To note, in both geometries, the volume fraction distri-
bution function of each group is expressed by a combination of error
functions. The advantage of the chemical group approach, compared to
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more traditional approaches, in which SAXS data are analyzed only in
terms of thicknesses and electron densities, is the possibility to properly
consider the structure of the surfactant molecule, thus avoiding to give
credit to solutions which, despite are leading to a good fit of the data, do
not agree with the composition of the sample. In the next sections, we
summarize the main features to the two models.

2.4. SAXS model of mono-RL

The macroscopic differential scattering cross section (shortly
referred to as the scattering intensity) of randomly oriented and partially
interacting planar bilayers is given by

dx v 22Ty

o @ = 5,7 @A @ [1+ e (S5 (0) 1) |- @
In this equation, cy is the dry surfactant volume fraction, Dg is the so-
called Luzzati length, corresponding to the thickness of the dry lipid
bilayer, r. is the classical radius of the electron (0.28179 - 1012 cm) and
Xcorr 1S the fraction of bilayers that form lamellar stacks. The two func-
tions that depend on the modulus of the scattering vector, g, are Ax(q),
the Fourier transform of the excess electron density profile, p(z) — po,
along the direction z perpendicular to the bilayer (po being the solvent
electron density) and Sh:(q), the structure factor of stacked bilayers,
here described by the para-crystal (PT) theory [24-27-30]. In the MSDP
model, the electron density profile is written as a linear combination of
the volume fraction distribution, ¢;(2), of all the N chemical groups
(including hydration water) that form the surfactant molecule, p(z) =
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Fig. 1. Structure (top) and ball-and-stick representation (bottom) of mono-RL (left) and di-RL (right). Red, orange, magenta, and blue, correspond to CH,, CH3, the
negatively group CR ((CH)(CH2)(COO)(CH)(CH2)(COO)), the rhamnose group RHA (O(CHO)(CHCH3)(CHOH)3) or the rhamnose-rhamnose group RHA-RHA ([O

(CHO)(CHCH3)(CHOH),(CH)]>(OH)).
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SN 0:0:(2), where p; = e;/v; is the electron density of the i-group, cor-
responding to the ratio between the number of electrons contained in
the group (e;) and the group volume (1;). Fig. 1 presents the chemical
groups of mono-RL molecule here considered. Since bilayers are
considered totally symmetric, the functions ¢;(z) are symmetrical in
respect to the bilayer center (z = 0) and, according to the MSDP
approach, they are defined by the position z; of the peak, corresponding
to the coordinate where the volume fraction distribution of the i-group
shows a maximum, the peak width 2w; and the peak smoothness o; (the
standard deviation of the error function). To note, by definition, the
volume fraction distributions, for any z, should respect the constraint
SN . ¢:(z) = 1. Moreover, they are related to both the area per surfac-
tant molecule, a, and the chemical composition of the surfactant by the
equation [° ¢;(z)dz = n;/a, where n; is the number of i-chemical
groups of the surfactant. The dominant hydrophobic group (typically
CH,, labeled with i = 1) and the hydration water molecules (group with
i = N) are treated differently from all the other groups in order to ensure
that they occupy all the available volume in the hydrophobic and in the
polar domains of the surfactant, respectively. It is worth commenting
that the dry volume fraction of mono-RLs is related to their molar
concentration, Cp, by cy = C,Na Zﬁ]l v;, where N, is Avogadro’s
number. The parameters of the structure factors are the average bilayer
distance, ¢, the number of correlated bilayer, N, and the so-called
distortion factor, g., which is the ratio between the standard deviation
o. of the Gaussian describing the staking disorder and the average dis-
tance c.

2.5. SAXS model of di-RL

The SAXS curves of di-RL have been successfully analyzed by
modeling flexible and cylindrically shaped micelles with possible fractal
interactions between them,

dz

a0 (q) = CNAT2Pyi(q)A

2(q)Sm(@), @
where C is the molar concentration of such worm-like particles. Here,
P,i(q) is the form factor of thin chains according to the Pedersen-
Schurtenberger [31] model, where the chains are seen as sequences of
ny, statistical segments of length b (Khun length). The function A(q) is
the Fourier transform of the excess electron density profile in the radial
direction r perpendicular to each chain segment, depicted by the equa-
tion p(r Zl 19:(r), where ¢(r) accounts for the radial volume frac-
tion dlstrlbutlon of the i-chemical group (Fig. 1), with the constraint
SV @i(r) = 1. The functions ¢;(r) are modeled by a combination of
error functions, hence they are defined in terms of the radial position of
the peak, r;, the peak width 2w; and the peak smoothness ;. However, in
the radial geometry, these functions should respect the integral property
2r fo @;(r)dr = ngnjv;, where n, is the ratio between the number of
surfactant molecules contained in the cylinder associated to each
segment of the chain and b. A detailed explanation of the method is
reported in the Sections S1-S4 of Supplementary Material (SM). Notice
that, according to this model, the hydrophobic radius, Ryyq, the radius of
the dry cylinder, Rp, conceptually similar to the Luzzati length of a
bilayer as well as the overall radius of the cylinder, R, which include the
hydration water molecules around the polar heads can be determined
(see Egs. S17-S19 of SM) as a function of the set of N radial volume
fraction distributions ¢;(r). The area per molecule at the hydrophobic
polar-head interface and at the polar-head water interface are anyq =
27Rpya/N, and a = 27Rp/M,, respectively. The overall aggregation
number of surfactant molecules in the worm-like micelle is Nqgg = fiampb,
hence the molar concentration of worm-like particles reads C = C4/N,

where Cg is the molar concentration of di-RL molecules. The term Sy(q)
in Eq. 2 is the so-called measured structure factor, which takes into
account the possible correlation between rigid segments belonging of
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different worm-like chains, according to Sp(q) = 1 + p(q)[S(q) — 11,
where f(q) is the coupling function defined in terms of the geometry of
the rigid segment (see Eq. S64 in SM) and is the structure factor here
described by the Teixeira fractal model (see Eq. S63 in SM). Parameters
of this model are the radius of the inhomogeneities, ry, the fractal
dimension, dy, and the average correlation distance ¢ between two
inhomogeneities.

2.6. Global fit of SAXS data

The list of mono-RL’s and di-RL’s chemical groups and their physical-
chemical features are shown in Table S1 of the SM. There are two hy-
drophobic groups, CHy and CHs, and four polar groups, CR, RHA or
RHA-RHA for either mono-RL or di-RL (Fig. 1), Na* and H,0. Notice
that, since for both surfactants the lyophilisation pH was 7.5, the
carboxyl group in CR is almost fully dissociated so that there is nomi-
nally one sodium counter ion for each of the two molecules. However,
the fraction of Na™ that effectively remains within the polar head in the
water dispersions of mono-RL and di-RL, ana, is considered a fitting
parameter. In order to derive in an efficient manner the model param-
eters, it is preferable to fit with a unique calculation a set of SAXS curves
measured for the same kind of sample and for some chemical-physical
conditions. In this way it is possible to define parameters that are
common to all the curves (common fitting parameters) and other fitting
parameters that belong to a single curve (single-curve parameters). In
our models, we have selected as common parameters only the volume of
the methylene group, vcy,, the ratio between the volume of the methyl
group and the one of the methylene groups, r13, and the volumes of the
three polar groups, vcr, vrua and vrga.rua- All the other parameters
have been considered single-curve parameters. However, in order to
increase the robustness of SAXS data analysis and to avoid unlikely os-
cillations of structural as well as scattering parameters when the
physical-chemical conditions of two samples are very close, we have
exploited a regularization algorithm [32-34]. On this framework, the
ensemble of SAXS curves, recorded for either mono-RL or di-RL samples,
has been simultaneously analyzed performing the minimization of the
score function H = y2 + oW, where 42 is the classical reduced chi square
of the set of N,; SAXS curves,

1 do Jon g [ Be() — B (@)
e domex\ A1)~ dom.in A1)
" Ny mg ,:Z Ngm om(q:) ®

Ng,m being the number of points of the m-experimental scattering curve,
%m «(4i), with experimental uncertainty or(qy), that should be fitted by

the theoretical SAXS curve %  (g;). ¥ represents the regularization

dQm,th
factor
N, N, 2
s m X
v (1_:ﬂ), @
; m=1 Xi=m

where X; , is the i-th, among N, single-curve fitting parameters used to
fit the m-th curve and X,y the parameter of the same kind used to fit the
m'-th curve. This m’-th curve is that of the sample which has the
chemical-physical characteristics (RL concentration or NaCl concentra-
tion, see the next Sections) most similar to those of the sample of the m-
th curve. The constant a is selected in such a way that near the end of the
minimization, when y?> ~ 1, the product a¥ is 10-20 % of y2. By
repeating several times (typically 50 times) the minimization of H, the
standard deviations of all fitting parameters can be estimated.
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3. Results and Discussion
3.1. SAXS from mono-RL aqueous solutions

Log-log plots of the SAXS curves recorded at Diamond (122 beamline)
from mono-RL samples are shown in Fig. 2, panel A. To note, at low g,
corresponding to the region of the 2D detector closer to the beam-stop (a
region that will be described by a small number of pixels - some of them
have indeed been masked in order to avoid considering spurious re-
flections) the points are affected by a higher error bar.

We first observe that at low g the behavior of the curves does not
follow a q 2 trend, typical of infinite or large bilayer or a ¢ * trend,
characteristic of large aggregates. Conversely, such a trend is observed
in the SAXS data recently published by Baccile et al. [17] for
mono-RL-C10-C10 and di-RL-C10-C10 samples at pH close to 7.5. This
notable difference can only be attributed to a difference in the purifi-
cation procedure of our samples compared to that followed by Baccile
etal. [17]. Moreover, at intermediate ¢ ~ 0.2 A%, a quite broad peak is
clearly present, with a profile different from that typical of a bilayer
band. On the basis of these observations, and after having attempted to
analyze the data with different types of micellar aggregates, we evalu-
ated that the model more suited to analyze these SAXS curves was that of
a mixture of vertically correlated and uncorrelated bilayers, as discussed
in Section 2.4. The global-fit analysis, which includes the regularization
method, of all mono-RL SAXS curves has led to the best fitting curves
shown as solid black and white lines in Fig. 2A. Final values of the merit
function H, the reduced chi squared y? and the regularization term ¥,
obtained with @ = 107}, are 1.09, 1.05 and 0.04, respectively. The
common fitting parameters, together with their validity ranges, are
shown in the first part of Table S2 of the SM. It is worth noticing that the
volume of rhamnose (200.7 + 0.8 As) is close to the one predicted by the
ACD/Labs Percepta Platform [35]. The single curve fitting parameters
are shown as a function of mono-RL concentration in Figure S1 of the
SM.

Considering their uncertainties, it is evident that they are almost
independent of the biosurfactant concentration. Their average values,
including their standard deviations as well as their adopted validity
ranges, are reported in the central part of Table S2 of the SM. Other
parameters derived from the fitting parameters are reported in the
bottom part of Table S2 of the SM. The area per polar head (76.5 + 0.4
A?) is in agreement with a structural organization of two-chain
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amphiphilic molecules in flat bilayers [36-38]. The fraction of sodium
counter ions close to the polar heads is approximately 40 %, a result that
should be evaluated considering that there are 25.0 + 0.3 water mole-
cules per polar head, with a mass density relative to bulk water of 0.966
+ 0.009. The trends of the volume fractions of the chemical groups,
shown in Fig. 2B, show a markedly enlarged distribution of both the
methyl group (orange curve) and the methylene groups (red curve),
suggesting a high disorder of the two hydrophobic chains. The two polar
groups, CR and RHA (magenta and blue curves, respectively), have
partly overlapping distributions, indicating a partial side-by-side posi-
tion of them with respect to the vertical axis of the bilayer. Finally, the
peculiar distribution of water (green curve), slightly overlapped with the
ones of hydrophobic groups, further confirms the high degree of chains’
disorder. The fraction of vertically correlated bilayers is ~ 30 %, with a
repetition distance ¢ = 33.1 & 0.3 A (Table S2 of the SM), a distortion
factor of approximately 0.12 and a small correlation number of =~ 5. To
note, ¢ is comprised between t and 2D, the former being the bilayer
thickness calculated only considering position and wideness parameters,
the latter including also the smoothness parameters. This result indicates
that few correlated bilayers are almost in contact. A final note deserves
the short thickness of the hydrophobic domain, Dypyg = 5.80 + 0.02 A,
corresponding at the z coordinate where ¢cy, () = 0.5 (Fig. 2B): it can
be further deduced that the two short chains of 7 carbon atoms are
rather distributed in the lateral direction in order to cover, on average,
the area of about 76 A2 (Table S2 of the SM). Fig. 2C presents the
correspondent electron density profiles from each group in the planar
bilayer (colored lines) as well as the total electron density profile (dark
line). Of note, such a profile points to the fact that the total electron
density can be well represented by two levels of distinct electron den-
sities in respect to the electron density of the aqueous solution around
0.33 e/A3, thus representing the polar and apolar environments, as
usually considered to analyse SAXS data of lamella-like micelle aggre-
gates. In this scenary, the maximum electron density is around 0.4 e/A3
at circa 10 A from the center of the bilayer, whereas the mininum
electron density is centered in the middle of the bilayer with value of
0.26 e/A3.

To give a step forward in the data representation, a Monte Carlo (MC)
method has been developed with the aim of correlating the volume
fraction distributions of the chemical groups extracted from the SAXS
curves (Fig. 2B) to the mono-RL possible conformations that take place
inside the bilayer model, as described in Section S5 of SM. Accordingly,
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Fig. 2. A) Log-log plot of SAXS curves from mono-RL samples and their best fits obtained with the MSDP model. Curves have been stacked by a factor 10, where k is

the index of the curves, starting from the one at the bottom with k = 0. The short straight lines on the top and on the bottom represent a g2

and a ¢ * trend,

respectively. B) Volume fraction distribution of the chemical groups of mono-RL resulting from the fit of the curve at C,, = 50 mM. Red, orange, magenta, blue, dark-
green and green lines correspond to CH,, CH3, CR, RHA (the reader must referred to Fig. 1), Na* and H,0 groups. The curve of Na™ has been multiplied by a factor
100 for clarity. C) Electron density profile (black line) calculated from the volume fraction distributions shown in panel B along with the contribution of each

chemical group (colored lines).
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in the bilayer geometry (planar model) a set of mono-RL conformations
gives rise to the volume fraction distributions through Eq. S74 which
best fit the volume fraction distributions obtained from SAXS. As an
example, Fig. 3A presents the 20 most representative mono-RL con-
formers obtained by the best MC method fitting to the volume fraction
distributions retrieved from the SAXS curve of 50 mM mono-RL aqueous
solution in the absence of salt (Figures S3 and S4), whereas Fig. 3B
represents the corresponding bilayer formed by the organization of these
conformers according to the best fit parameters described on Table S2 of
the SM.

It should be remarked that a previous work [16] investigated the
influence of the chemical structure of RLs on their self-assembly
morphology. Simulations of four rhamnolipid congeners at surfactant
concentrations ranging from 20 to 180 mM were considered. In partic-
ular, the result for mono-RL-C10-C10 predicted that at concentration of
20 mM irregularly shaped aggregates are formed. It was observed that
the hydrophilic beads are packed inside the hydrophobic beads, showing
a tendency of vesicular formation. As the concentration increases (for
70 mM, for instance) the enclosed water space expanded into a
vesicle-like aggregate for higher mono-RL concentrations. Here, we
experimentally show that mono-RL-C10-C10 self-assembles into planar
bilayers of same dimensions, independent of the concentrations from

HAEAY
P
EE TS

Fig. 3. A) The 20 most preferred mono-RL structural conformations within the
planar bilayer model, calculated by the Monte Carlo method (Eq. S74), which
best associate to the volume fraction distributions derived from the analysis of
the SAXS curve with C,, = 50 mM and [NaCl]=0 mM (Figures S3 and S4). B)
Representation of a mono-RL planar bilayer obtained with the best 20 con-
formers shown on panel A. Vertical double arrows indicate the hydrated
monolayer thickness, D, the thickness of the hydrophobic monolayer domain,
Dyyq, and the average bilayer distance, c, respectively.
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10 mM to 50 mM.
3.2. SAXS from di-RL aqueous solutions

SAXS curves of di-RL samples, recorded at the 122 beamline of Dia-
mond at 0 and 100 mM NacCl, are shown in Fig. 4A and 5A, respectively.
To note, the WAXS branches are easily identifiable at high g, as they
show a lower standard deviation.

Results clearly show that the presence of 100 mM NaCl (Fig. 5A)
mainly modifies the low g region, which show a positive deviation with
respect to the flat behavior, as seen for the curves in the absence of NaCl
(Fig. 4A), which is typical of weakly interacting particles. We also stress
that, at low q values, none of the curves displays a ¢~ trend, as observed
in the SAXS data published by Baccile et al. [17]. This further confirms
the distinction, attributable to differences in the purification procedure,
between our samples and those of Baccile et al. [17]. The solid black and
white lines in Figs. 4A and 5A represent the best fits that we have ob-
tained with the flexible and cylindrically shaped micelles model, intro-
duced in Section 2.5. All curves have been fitted by a unique calculation,
with the regularization method introduced above and separately applied
to the two sets of SAXS curves at 0 and at 100 mM NacCl, respectively.
Final values of the merit function H, the reduced chi squared y? and the
regularization term a¥, obtained with a = 10’1, are 0.92, 0.83 and 0.09,
respectively. In Table S3 of the SM, the model parameters (distinguished
in three groups, common parameters, average of single-curve parame-
ters and average of derived parameters - these two groups separately
calculated for 0 and 100 mM NaCl) are reported, together with their
validity ranges.

The volume of the methylene group, 26.42 + 0.08 A3, is approxi-
mately 6 % lower than the one obtained for mono-RL, suggesting a lower
disorder degree of the chains. On the contrary, vcg does not change from
mono-RL to di-RL case. We note that the volume of the di-rhamnose
group, which differs by one OH group in respect to two rhamnose
groups, is 362 + 4 A3, Regarding the single-curve fitting parameters, we
notice that the ones related to the hydrophobic groups (n,, ocu,, WeH,»
and ocn,) do not change with the amount of NaCl. Hence the radius of
the hydrophobic domain, Rpyq, remains as large as approximately 7.5 A,
a value that exceeds of 2.5 A the one obtained for the mono-RL case in
planar geometry, confirming the lower degree of chains’ disorder. The
polar groups’ parameters are slightly more sensitive to the presence of
NaCl: in particular, the fraction of sodium counterions increases from ~
0.3-1.0 on going from 0 to 100 mM NacCl, as expected. The Luzzati-like
radius, Rp, is ~ 11.4 A for the two set of samples, whereas the radius
calculated from the model error functions parameters, R, is much larger
and amounted to 29 A at 0 mM NaCl and 36 A at 100 mM NaCl. As a
consequence, being in cylindrical geometry, the surfactant area at the
hydrophobic - polar interface is ~ 110 A%, whereas the one at the polar -
bulk water interface is much larger, corresponding to ~ 450 2 so that
there is space to accommodate approximately 200 hydration water
molecules. All these features regarding the form factor can be better
appreciated by observing the volume fraction distributions reported as a
function of the radial distance in Figs. 4B and 5B. The methyl distribu-
tion (orange curves) show a more marked peak than the one of the
mono-RL shown in Fig. 2B, whereas the blue trends representing the
RHA-RHA volume fraction distribution spans a large distance when
compared with the analogous of the RHA group for mono-RL. To note,
the large green band attributed to the hydration water molecules. The
effect of NaCl can be evaluated by comparing the dark-green curves
(both multiplied by a factor 100 for clarity) in Figs. 4B and 5B: this latter
is not only, on average, more intense, due to the higher values of ay;, at
100 mM NacCl, but its maximum is slightly shifted toward the CR group,
indicating an higher penetration of the sodium cation in the polar head.
Similar differences can also be observed in Figs. 4C and 5C, where the
radial electron density profiles of each group (illustrated by colored
lines) as well as the total electron density profile (represented by the
dark line) are plotted. It is noteworthy that, compared to the electron



A.M. Motta et al.

Colloids and Surfaces B: Biointerfaces 241 (2024) 114038

10} ——————
E CF70mMM o A 1F — C
N Cd=90mM ] .
102 b Cr110mMM & =
E E S o8l
: F o« 1 &
T 100 ER-
5 al 1 F 06
s 10 1 =
g g 2 04
g 10 { £
F E [}
- 1 E o2
1072 | 4 9
g E 0.05 |- .
10—3 7\””\ MR | M A 0 | | | | | 0 = L l
0.01 0.1 0 5 10 15 20 25 0 5 10 15 20 25
g(A™ r(A) rA)

Fig. 4. A) Log-log plot of SAXS curves of di-RL samples at 0 mM NaCl and their best fits obtained with flexible cylinders (worm-like model within the MSDP approach
- see text for details). Curves have been stacked by a factor 10%, where k is the index of the curves, starting from the one at the bottom with k = 0. B) Volume fraction

distribution of the chemical groups of di-RL at 0 mM NaCl resulting from the fit of
correspond to CHy, CHs, CR, RHA-RHA (Fig. 1), Na™ and H,0 groups. The curve

the curve at C; = 110 mM. Red, orange, magenta, blue, dark-green and green lines
of Na™ has been multiplied by a factor 100 for clarity. C) Electron density profile

calculated from the volume fraction distributions shown in panel B (black line) together with the contribution of each group (colored lines).
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Fig. 5. A) Log-log plot of SAXS curves of di-RL samples at 100 mM NaCl and their best fits obtained with flexible cylinders (worm-like model within the MSDP
approach - see text for details). Curves have been stacked by a factor 10%, where k is the index of the curves, starting from the one at the bottom with k = 0. B) Volume
fraction distribution of the chemical groups of di-RL at 100 mM NacCl resulting from the fit of the curve at C; = 110 mM. Red, orange, magenta, blue, dark-green and
green lines correspond to CH,, CHs, CR, RHA-RHA (Fig. 1), Na* and H,0 groups. The curve of Na™ has been multiplied by a factor 100 for clarity. C) Electron density
profile calculated from the volume fraction distributions shown in panel B (black line) together with the contribution of each group (colored lines).

density of the water solution (0.33 e/A%), the apolar groups exhibit a
lower electron density, reaching a minimum of approximately 0.25 e/A3
at the axis of the cylinder. Due to the significant presence of water, the
electron density of the polar domain reaches a maximum value slightly
exceeding 0.35 e/A3: in the absence of NaCl (Fig. 4C), the maximum is
attained at a radial distance of approximately 10 A, which decreases to
around 8 A at 110 mM NaCl (Fig. 5C). By looking to the SAXS data, the
more marked effect of NaCl is the modification of the curves at low gq.
The larger differences are seen in either the worm-like chain parameters
and in the fractal structure factor parameters. In fact, the Khun length b
changes from ~ 50 to ~ 90 A and the number of statistical chain seg-
ments from 4 to 13, indicating that the presence of NaCl induces longer
worm-like micelles. Moreover, the structure factor parameters are in
agreement with this result: the average inhomogeneity radius, ry is
lower in the presence of NaCl ( = 190 A) than in its absence ( ~ 330 A),
and the same trend is seen for the correlation length &, which decreases
from = 2000 A to ~ 1400 A when 100 mM of NaCl is added. The fractal

dimension dy is close to 3 both in the presence and in the absence of
NacCl.

To get the di-RL conformations in flexible cylindrical-like micelles,
we also applied the MC methodology (Eq. S75) described in Section S5 of
SM, combined with SAXS data analysis results (Table S3 of the SM).
Fig. 6A and 7A present the 20 most preferred di-RL conformations ob-
tained by MC from the best fittings (Figs. S5 and S6) to the volume
fraction distributions of the chemical groups obtained from the SAXS
results (Figs. 4B and 5B) from 70 mM di-RL in the absence of NaCl and
from 100 mM di-RL at 100 mM NaCl, respectively. The corresponding
worm-like micelles formed by these conformers are displayed in Figs. 6B
and 7B in the absence and presence of NaCl, respectively.

Interestingly, formation of worm-like micelles by di-RL-C10-C10 was
previously predicted by simulation [16], and is now determined by our
SAXS analysis.
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Fig. 6. A) The 20 preferred conformers (Figures S5 and S7) of di-RL obtained
by the fit with the Monte Carlo method of the volume fraction distributions
derived by the analysis of the SAXS curve with C; = 70 mM and [NaCl]=0 mM.
B) Representation of di-RL worm-like micelles obtained by using the best 20
conformers shown in panel A organized according to the best fit parameters of
the SAXS curve. According to the definition of Khun length, the represented
Kratky-Porod chains have been obtained by using n; segments of length I, with
lo = b(1 —cost) /(1 + cosh) and n; = np(1+ cosd)/(1 — cosd), where the bond
angle 0 was fixed at 45°. Horizontal and vertical green double arrows indicate
the radius of the hydrated monolayer cylinder, R, and the hydrophobic radius,
Ruyq, respectively.

4. Concluding remarks

Rhamnolipids are a kind of glycolipid biosurfactant produced by
Pseudomonas aeruginosa and other bacterial species. The variety of RLs’
chemical structures [5] features their wide range of applications [1,39,
40]. In spite of their importance, many RLs self-assembled morphologies
have been reported in the literature from globular, cylinder-like micelles
and small and large vesicles/lamellar structures depending on pH value,
mono-RL and di-RL molar ratio, fatty acid chains size, and the presence
of additives and co-surfactants [3,11,13,14]. Here, we carefully sepa-
rated mono-RL-C10-C10 from di-RL-C10-C10 at pH 7.5 (Fig. 1) to shed
light onto self-aggregation properties of each molecule in aqueous so-
lution. To do so, SAXS experiments were carried out in the absence and
presence of 100 mM NaCl and increasing concentrations of mono-RL
and di-RL. SAXS data analysis made use of MSDP methodology
coupled to a MC method, where the best volume distribution of the
chemical groups within a micelle-like aggregate was determined. Such
an approach helped us verifying that mono-RLs prefer to assemble into

Fig. 7. A) The 20 preferred conformers (Figure S6 and S8) of di-RL obtained by
the fit with the Monte Carlo method of the volume fraction distributions
derived by the analysis of the SAXS curve with C; = 110 mM and [NaCl]=
100 mM. B) Representation of di-RL worm-like micelles obtained by using the
best 20 conformers shown in panel A organized according to the best fit pa-
rameters of the SAXS curve. According to the definition of Khun length, the
represented Kratky-Porod chains have been obtained by using n; segments of
length lp with Iy = b(1 —cos6)/(1 + cosd) and n; = ny(1+ cosh)/(1 — cosh),
where the bond angle 0 was fixed at 45°.

planar bilayers independent of C, (from 10 mM to 50 mM) whereas
di-RLs associate into flexible cylinders (from 70 to 110 mM). More
specifically, we show that mono-RLs form bilayers that are 29.2 A-thick,
with hydrophobic domain of 2Dhyq of 11.6 A (Fig. 4). In this way, the
two polar groups, CR and RHA, occupy a layer of circa 9 A in each
monolayer. Considering the whole polar space including hydration
water (Fig. 2B), the bilayer thickness expands to 41 A (2D, Table S2 of
the SM), resulting in 25 water molecules per polar head and 40 % of Na™
counter ions. Taking into account that the hydrophobic region is thinner
than that considered for 7 carbon atoms-long and the wide volume
fraction distribution occupied by the tails (Fig. 2B), we suggest that the
hydrophobic chains are rather disordered to cover an area per glycolipid
of circa 76 A2 Interestingly, the data also indicated that 30 % of the
bilayers are closely stacked (c = 33.1 4+ 0.3 A, Table S2 of the SM) with a
small number of correlated bilayers ( ~ 5). On the other hand, di-RLs in
the absence and presence of salt self-assemble into worm-like micelles.
The hydrophobic region is similar in both cases (Ryyq on the order of 7.5
A, Table. S3 of the SM) but it is larger than that found for mono-RL (Ruyd
= 5.8 A, Table S2 of the SM) as well as the hydrophobic-polar interface
of 110 A2 (Table S3 of the SM). This suggests that the hydrophobic tails
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of di-RLs may be less disordered into the cylindrical geometry in com-
parison to those of mono-RLs in planar bilayer geometry. Interestingly,
the radius of the cylinder including the hydration water is larger in the
presence of 100 mM NaCl (R = 36 A) than for salt-free di-RL micelles (R
~ 29 A, Table S3 of the SM). In this way, the polar region, the CR and
RHA-RHA groups, occupies a 21.5 A and 28.5 A thick-layer including
183 and 290 water molecules per polar head in the absence and presence
of salt, respectively. In the presence of NaCl, all Na* counterions are
placed in the polar head region (Fig. 3B). Further, the addition of
100 mM NaCl leads to the formation of longer flexible cylinders (Fig. 6B)
in respect to di-RLs in salt-free aqueous solution (Fig. 6B), but does not
change their morphology. In the future, we plan to expand the number
of experimental conditions to be investigated, also including pH varia-
tions, the type of buffer, and the presence of different monovalent and
divalent salts. Furthermore, to consolidate the validity of the MSDP
methodology here employed, we plan to combine SAXS data with
small-angle neutron scattering (SANS) measurements in the future work,
in the presence of different mixtures of light water and heavy water. In
this way, it will be possible to modify the scattering length density
contrast of the different chemical groups and therefore fully exploit the
advantages of the MSPD method through a simultaneous analysis of the
SAXS and SANS data measured on the same samples. In conclusion, the
ability of mono-RL-C10-C10 and di-RL-C10-C10 molecules to differ their
self-assembling features in aqueous solution, as well as their interfacial
properties, favors the use of these biosurfactants for novel specific
applications.
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