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Abstract

Low molecular weight (LMW) molecules of biological origin like microbial glycolipid
biosurfactants can self-assemble in water, with tunable structure by a soft chemistry approach
(pH, temperature, ionic strength). The unique molecular structure of microbial glycolipids
give possible access to a wide variety of aqueous self-assembled structures, although highly
unpredictable beforehand. The glycolipid presented here consists in a glucose group linked to
a C18:1-cis fatty acid (G-C18:1) and produced by the fermentation of S. bombicola AugtB1.
Due to the carboxylic group of the fatty acid, the supramolecular self-assembly is pH
dependent. In the pH range 5 — 7, G-C18:1 forms vesicles, while above pH 7, it forms a
micellar phase. Adding a wide range of metal salts (ion radius ascending order : APP*, Fe®*,
Ni2*, Mg?*, Cu?*, Zn?*, Co?*, Fe?*, Cr¥*, Mn?*, Au®*, Ca?*, Ag*, Sr** and Ba®"), the vesicle
phase generally precipitates. Metal salts with complex speciation (AI**, Cu?*, Co?*, Fe?")

added to the micellar phase drive the formation of wormlike gels, often observed for



surfactants in water. On the contrary, free metal ions (Cr?*, Mn?*, Ca?* and Ag") added to the
same micellar phase unexpectedly drives the formation of hydrogels with fibrillar structure,
generally observed for complex amphiphiles (peptides, peptide-derivatives) but not for
surfactants. Oscillatory rheology shows that the elastic properties vary between few tens of Pa
up to 5 kPa for a given glucolipid concentration (3 wt%). This work hence shows the first

example of preparing metallogels from biological surfactants.
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Introduction

Supramolecular metallogels receive nowadays a growing interest for their potential
applications in many areas, like medicine, drug delivery, environmental remediation,
catalysis, electronics.'® The growing interest of this family of gels comes from both the
stimuli-responsiveness of the supramolecular self-assembly, and the interesting properties of
the metal complex.*® The supramolecular self-assembly is generally driven by non-covalent
interactions, like Van der Waals contributions, z-stacking in water and the entropic effect
related to the release of water. These attractive forces are counterbalanced by repulsive
interactions like electrostatic repulsions, hydration forces or steric hindrance. In the specific
case of metallogels, metal-ligand coordination contribute to the self-assembly process.®

Metallogels have been described for a broad set of compounds, from low-molecular
weight (LMW) gelators’® to peptide amphiphiles!®'? as well as a broad set of polymers.t>7
Excluding polymer-based, metallogels from LMW compounds or peptide amphiphiles are
generally constituted of an entangled network of semicrystalline fibers. In this regard, the
other important class of amphiphiles, surfactants, rarely forms metallogels, of which the
structure is broadly accepted as an entangled network of wormlike micelles.*8°
The present communication shows that a new class of biobased surfactants is able to form
fibrous metallogels, thus behaving as LMW gelator or peptide amphiphiles rather than
surfactants. Historically developed to replace petrochemical surfactants, biological
amphiphiles, also known as biosurfactants, are produced by the fermentation process of yeasts
or bacteria in the presence of sugar and fatty acids.?®?* So far, a number of properties

(detergents, emulsion stabilizers, depollution, antimicrobials) and potential domains of



applications (food science, environmental remediation, cosmetics, agricultural science)??2*
have been reported in the literature, with a particular interest for their self-assembly in
solution and at interfaces.?® Hydrogel formation,?5-2° effect of salt on self-assembly*°-* and
heavy metals removal®*4=" have been reported in the past few years within the context of
developing soft materials or tackling depollution. However, a lot of work has still to be done
and there has been no evidence of the potential effect of cations on the formation of
biosurfactant hydrogels. The effect of cations on biosurfactants has not been much studied.
Micellar solutions of sophorolipids seem to be poorly affected by mono and divalent
cations,*® just as rhamnolipids,®? and surfactin, except, in the latter, for Ca®* and Ba?*, which
do provoke a structural change, although not well identified so far.33

The biosurfactant used in this work, G-C18:1 (Figure 1), is a glucolipid containing a
glucose headgroup (G) linked to a fatty acid (C18:1) and produced by the fermentation of S.
bombicola AugtB1.% Due to the carboxylic group of the fatty acid, the supramolecular self-
assembly is pH dependent at concentrations below 5 wt%: below pH 7, G-C18:1 behaves as a
lipid and it forms vesicles and lamellae, while above pH 7 it behaves as a surfactant and it
forms a micellar phase.®® Addition of ions to the vesicle phase drives precipitation, while
addition of alkali earth and transition metal cations to the micellar phase drives hydrogel
formation. AP*, Cu?*, Co?*, Fe?*, Cr?*, Mn?*, Ca*" and Ag" induce gelation with elastic
moduli in the kPa range, as probed by oscillatory rheology, while Fe3*, Ni?*, Mg%*, Zn?,
Au®*, Sr¥*, Ba?* induce aggregation and precipitation. A combination of small-angle X-ray
scattering (SAXS) and cryo-transmission electron microscopy (cryo-TEM) show that all
metallogels have a filamentous network. AI**, Cu?*, Co** and Fe?* promote the formation of
wormlike gels. This is in agreement with several studies showing gelification of anionic
sulfate surfactants by multivalent ions, like AI**.231° On the other hand, Cr?*, Mn?*, Ca®* and
Ag* unexpectedly promote fibrillation, a phenomenon which is never observed for metal-
surfactant systems but rather for other amphiphiles (peptide amphiphiles or LMW gelators).”~
12 Concerning biosurfactants, fibrillation has only been observed for sophorolipids and
cellobioselipids under acidic conditions, and never in the presence of salt.?®

This work does not only show the metallogel properties of a glycolipid biosurfactant,
thus broadening the perspectives of applications for this class of bio-based molecules. It also
shows the richness and complexity of their unique phase behaviour, which can span, within a
contained pH range and type of cation, from micelles to single- and multilamellar wall
vesicles but also fibers, setting this unique molecule at the cross-road of lipids, surfactants and
LMW gelators.*



Materials and methods

Chemicals. The biosurfactant used here is purchased from the Bio Base Europe Pilot Plant,
Gent, Belgium, lot N° APS F06/F07, Inv96/98/99 and used as such. According to the
specification sheet provided by the producer, the batch (99.4% dry matter) is composed of
99.5% of G-C18:1, according to HPLC-ELSD chromatography data. NMR analysis of the
same compound (different batch) was performed elsewhere.®® The monounsaturated
glucolipid G-C18:1 (Mw = 460 g.mol 1) contains a B-D-glucose unit covalently linked to oleic
acid (Figure 1). The molecule is obtained by fermentation from of the yeast Starmerella
bombicola (AugtB1) according the protocol given before.® The salts, NaCl, AgNOs,
FeCl2.4H,0, MnCl;, CrCl,, CuCl,, NiCl2.6H20 and FeCl3.6H20 are purchased from Sigma
Aldrich, CoCl2.6H20 come from Fluka, ZnCl, come from Strem chemical, CaCl. is purchased
from VWR and AICI3.6H20 come from Across Organics. NaOH (=98wt% pellets) is
purchased from Sigma Aldrich and a liquid 35wt% HCI is purchased from VWR.

Sample preparation. The glucolipid G-C18:1 (concentrations given in the main text) is
dispersed in milli-Q water by vortexing and sonication. The pH 8 is reached by adding few
pL of concentrated NaOH (5 M). Exact pH is refined with pL-amount of NaOH solutions of 1
M, 0.5 M and 0.1 M. Salts solution are prepared at 1 M and added to the G-C18:1 solution so
to reach the chosen cation-to-G-C18:1 ratio, provided in the main text. Typically, for a total 1
mL volume, 62.5 pL of AgNO3 (1 M), or 40 puL of CaCl2 (1 M), are added to the
complementary volume of 3 wt% G-C18:1 in order to reach [AgNO3]/[G-C18:1] = 1.0 and
[CaCl2]/[G-C18:1] = 0.6, respectively. A similar procedure is employed for all cations.
Immediately after the cation addition, the solution is stirred during about 30 s. Samples
studied here are prepared between few minutes and one day before any measurement.
Throughout the text, the salt-to-lipid ratios are provided either in the form cation-to-G-C18:1
ratio, [M?*]/[G-C18:1], with M?#*= Ca?*, AI**, Fe?*... or, when relevant, in the form positive-
to-negative charge ratio, [X*]/[G-C18:1], with [X*]= 2[Ca?*], 3[AI**], 2[Fe**]..., assuming
that at pH> 8, all G-C18:1 molecules bear a negative charge related to the ionized carboxylic

acid.

Small angle X-ray scattering (SAXS). SAXS experiments have been performed on SWING
beamline at the SOLEIL synchrotron, Saint-Aubain, France and BM29, BM26 beamline at the
ESRF synchrotron, Grenoble, France. All SAXS experiments are performed using hydrogel

4



and solutions samples prepared at room temperature and analyzed into 1.5 mm quartz
capillaries. Samples are manually injected into the capillary using a 1.0 mL syringe.

The Swing beamline is used with an energy of E = 12 keV and a fixed sample-to-detector
(Eiger 4M - Dectris) distance of 2.005 m. The BM29 beamline is used with an energy of E =
12.5 KeV and a sample-to-detector distance of 2.83 m. The BM26 beamline is used with an
energy of E = 12 keV and a sample-to-detector distance of 2.6 m. q is the wave vector, with g
= 4/\ sin(0), 20 corresponding to the scattering angle and A the wavelength. The g-range is
calibrated between ~ 0.05 < g / nm™* < ~ 5, using the standard silver behenate calibrant
(d(001) = 58.38 A); raw data obtained on the 2D detector are integrated azimuthally using the
in-house software provided at the beamline and thus to obtain the typical scattered intensity
I(g) profile. Absolute intensity units are determined by measuring the scattering signal of
water (1(g=0) = 0.0163 cm™™1).

The samples have been studied as follows: a) Ca?*, Fe?*, AI** at SWING beamline, SOLEIL,
Proposal N° 20201747; b) Cu?*, Ag*, Na*, G-C18:1 alone at BM29 beamline, ESRF, proposal
N° MX 2311; ¢) Mn?*, Cr¥*, Co?", Zn?*, Ni**, Fe®* at BM26 beamline, ESRF, proposal N°
SC-5125.

Cryogenic-transmission electron microscopy (Cryo-TEM). Pictures are recorded on an FEI
Tecnai 120 twin microscope operating at 120 kV with an Orius 1000 CCD numeric camera
and on a FEG JEM 2010F microscope operating at 200 kV with a Gatan Ultrascan 4k CCD
numeric camera. For both instruments. The sample holder is a Gatan Cryo holder (Gatan
626DH, Gatan). Digital Micrograph software is used for image acquisition. Cryo-fixation is
done with low dose on a homemade cryo-fixation device. The solutions are deposited on a
glow-discharged holey carbon coated TEM nikel grid (Quantifoil R2/2, Germany). Excess
solution is removed and the grid is immediately plunged into liquid ethane at -180°C before
transferring them into liquid nitrogen. All grids are kept at liquid nitrogen temperature
throughout all experimentation. Cryo-TEM images are treated and analyzed using Fiji

software, available free of charge at the developer’s web site.

Rheology. A MCR 302 rheometer (Anton Paar, Graz, Austria) is used with cone-plate
geometry (@: 50 mm) at a regulated temperature of 25°C. A solvent trap with water is used to
minimize evaporation. ~ 0.5mL of gel is loaded on the center of the plate using a spatula to
prevent trapped bubbles, then the excess is removed. All the samples are made one day *2h
before the measurement, except the Co?*-containing G-C18:1 hydrogel, which is made 30 min



before measurement. Experiments are performed in the linear viscoelastic regime (LVER).
Value of the pseudo-equilibrium G' is taken after 5 min of oscillatory measurement at 1 Hz
and low strain y, one order of magnitude lower than the critical strain at 0.1%. Frequency

sweep experiments are performed at a strain of 0.1%.



Results & Discussion

The pH-dependent phase behaviour of G-C18:1 has been reported in previous
work.3# In the range between pH 8 and pH 6, G-C18:1 undergoes a micelle-to-vesicle
transition, with a coexistence of wormlike micelles and flat open membranes around pH 7.
We have qualitatively observed that addition of salt below pH 6, in the vesicle region, induces
precipitation, most likely due to compensation of the negative charges of the lipid and
formation of multilamellar structures, as found for many other systems.*> However, upon
adding NaCl in the micellar region above pH 7, when G-C18:1 behaves as a surfactant, the
solution stays clear (images in Figure 1), without any remarkable effects on the macro scale.
SAXS experiments in Figure 1 performed on an aqueous solution of G-C18:1 at room
temperature and pH 8 confirms that NaCl does not significantly perturb the morphology of the
self-assembled G-C18:1 structures. In the absence of NaCl, the SAXS profile (red) is
characterized by a -2 dependence of the scattered intensity with g (in log-log scale), a broad
hump centered at 0.7 nm™ and an oscillation above 1.5 nm™. These features are typical of
large flat 2D structures (-2 slope) coexisting with micellar aggregates undergoing repulsive
electrostatic interaction (hump).*® These data are in full agreement with previous results
describing the micelle-to-vesicle transition between pH 8 and 6.3°% By adding NaCl to this
system, one can observe the following: 1) in the low-q and high-q regions, the scattering
profile is not significantly affected from a ratio [Na*]/[G-C18:1] 0.2 to 9.2, indicating that all
solutions are characterized by a micellar phase coexisting with transitory flat structures; 2) in
the mid-q region, the broad hump is less pronounced, and it flattens out by increasing the salt
content; this is typical of the charge-screening effect of Na*, as reported for other glycolipid
biosurfactants.>® The very good stability of the micellar phase at large ionic strength could be
explained by the bolaform shape of the molecule, of which the hydrophilic extremities are
localized on the micellar outer shell, as reported for another biosurfactant bola-amphiphile.**
The mild chao/kosmotropic character of both Na*™ and CI- could also explain the stability of
the micellar phase.*® Literature work suggests that sphere-to-rod transitions are promoted by
adding electrolytes to negatively-charged micelles,®* but it has also been shown that this
phenomenon depends on the concentration of salt.*” Simple charge-screening effects without
impacting the micellar morphology were also previously reported on sophorolipid®® and

rhamnolipid®? biosurfactants in the presence of Na* and Ca?*.
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Figure 1 — SAXS spectra of a G-C18:1 microbial glucolipid solution at pH 8 and room temperature with a
ratio [Na*]:[G-C18:1] varying from 0 to 9. Concentration of G-C18:1 and NaCl are given in the figure.
Concentration of 0.5 wt% and 2.0 wt% of G-C18:1 (Mw= 460 g/mol) corresponds to 10.8 and 43.5 mM,

respectively. Data have been scaled in the intensity axis by a factor five.

A strong impact on both the macroscopic state of the samples and the corresponding
SAXS profiles (Figure 2) is observed upon addition of multivalent cations to a G-C18:1
micellar solution at pH 8. The control profile of the salt-free G-C18:1 liquid solution at the
same pH is shown by the black line in Figure 2b for convenience.

Mn?*, Cr?*, Ag*, Ca®*, Co?*, Cu?*, AI** and Fe?* induce gelation with different gelling
Kinetics, ranging from immediate for Ca®* or Ag* to several hours for Fe?* or Mn?*. The
corresponding typical photographical picture and SAXS profiles are given in Figure 2a. On
the contrary, Fe3*, Au®*, Mg?*, Sr?*, Ba?*, Ni** and Zn?*, of which the typical image and
selected SAXS profiles are given in Figure 2b, promote aggregation and/or precipitation, with
no tendency to form stable gels. Compared to the control, all samples display very different
profiles in the entire g-range, demonstrating a complete morphological and structural change
of the initial micelles. For the samples, where a precipitate forms, one can distinguish two
type of SAXS patterns. Fe3* and Zn?* (Figure 2b) show three peaks with a 1:2:3 ratio (qo1)=

1.17 nm™), indicative of a lamellar order, and a low-q slope between -3.4 and -4, altogether



indicating the presence of lamellar precipitates with a fractal surface.*® Ni?* is on the contrary
characterized by a nice high-q oscillation and a low-q slope of -1.9, probably representative of
colloidal structures having a flat cross-section.** To note that for Au®*, Mg?*, Sr?*, Ba?*
cations, the strong aggregation prevents the SAXS measurement in solution. These samples

were not investigated further.
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Figure 2 — SAXS profiles of a) G-C18:1 solution initially at pH 8 (0.5 < C / wt% < 3) gelled by Mn?*, Cr?*,
Ag*, Ca%*, Co?*, Cu?*, Fe?* or AIF* ([ion]:[G-C18:1] molar ratio vary between 0.5 and 1.5) and b) G-C18:1
aggregates containing Fe*, Ni?* and Zn?'. Image of the reverse tube illustrate a typical gel in a) and

aggregation in b).

Metallogels in Figure 2a also display two families of SAXS patterns. Mn?*, Cr?*, Ag*
and Ca?* gels are characterized by well-defined diffraction peaks, most of which are in the
ratio 1:2:3 (qoon= 1.15 nm™ on average) and a low-q slope contained between -2 and -2.8.
Co?*, Cu?*, Fe** and AI**, on the contrary, display one or two high-q oscillations and a low-q
slope between -1.5 (AI**, Co?*) and -2.2 (Cu?*, Fe?*). The broad variation in terms of low-q
slopes makes the morphological and structural interpretation not obvious. One should recall
that the dependency of log(l)-log(q) at low scattering vectors (slope) identifies either a
specific shape (-1: rod, -2: plane)*® or mass (-1 / -3) and surface (-3 / -4) fractals.*®*° To note
that whereas wormlike micelles are generally described as swollen chains,*’ as described for
polymers in a good solvent, and of which the exponent is in the order of -1.6/-1.7.4%°! For the

systems showing a lamellar order, the first correlation peak corresponds to a repeating



distance of about 5.5 £ 0.3 nm, twice the molecular size of G-C18:1, considering the Tanford
formula for the alkyl chain,3%41:52

On the basis of SAXS alone, one could assign most of the gel structures to a lamellar
phase and class them with the rare family of lamellar hydrogels.>® This could not be so
surprising, because the glycolipid G-C18:0, the saturated analogue of G-C18:1, was reported
to form lamellar hydrogels at room temperature.> However, SAXS alone is not sufficient to
elucidate the structure and complementary techniques, like microscopy, should be employed.
Cryo-TEM images (Figure 3, Figure S 1) collected on selected diluted metallogels, Ag*, Ca®*,
Fe?* and AI®* are representative of the two families of SAXS profiles and they rather support
the formation of thread-like structures, instead of lamellar ones. Cryo-TEM of Ag* and Ca?*
samples show the presence of nanofibers (Figure 3, Figure S 1), while the Fe?* and AIP*
samples (Figure 3, Figure S 1) show an entangled network of “worms”. In this regard, the
SAXS patterns in Figure 2a should rather be associated to flat belts, when the slope is close to
-2 (e.g., Ag*, Ca*"),* or to a fractal network of aggregated “worms”, when the slope varies
between -1.6 and -2.2 (e.g., AI¥*, Fe?").*1 In the latter, the lack of structural peaks and the
broad oscillation of the form factor above 1 nm™ suggest that the cross-section of the
individual threads is micellar worm-like®® rather than flat and crystalline. Surprisingly, neither
lamellae nor vesicles, as one would reasonably expect for G-C18:1 considering previous
data,®>*! are observed, making this molecule unique.*® Altogether, cryo-TEM and SAXS data

are in good agreement.
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Figure 3 - Cryo TEM images of G-C18:1 solution at 0.5% (10.8 mM) containing Ca?* (0.61 mM), Ag* (10.8
mM), Fe?* (16 mM) and AI** (0.34 mM). Additional cryo-TEM images are provided in Figure S 1 in the
Supporting Information. The spheroidal aggregates spuriously observed in Fe?* and AIF* images are
typical artefacts due to cryo-fixation.%” Scale bar is 100 nm for all images.

As a short summary, on the basis of microscopy and SAXS, G-C18:1 metallogels from
Mn?*, Cr?*, Ag* and Ca®* fall in the category of self-assembled fiber networks (SAFiN),
where G-C18:1 behaves as LMW gelator or amphiphile peptide.”*2 Meanwhile, Co?*, Cu?*,
Fe?* and AI®* rather induce a sphere-to-wormlike transition, as classically found for anionic
surfactant-multivalent ion systems,'®° and seldom displaying some viscoelasticity.'®1°
Deeper structural insights in the structure of the fibers and in the mechanisms of phase
transitions are reported by us elsewhere.%5°

The elastic properties of the metallogels are probed by oscillatory rheometry. The
metallogels are prepared by adding few pL of the cation solution (1 M, Ag*, Co?*, A", Cu?*,
Ca?*, and Cr?*) in 1 mL of G-C18:1 solution at 3 wt% at basic pH 8 (Figure 4a). The ion-to-
G-C18:1 ratio is always controlled. The solution is immediately stirred few seconds after
addition of the cation. pH drops in some systems, e.g. Co?* and Cr?*, but this is not
systematic, as discussed later. The elastic properties are measured about 24 h after the cation
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addition, except for Co?* where the strong syneresis imposes a measurement few minutes
after the preparation.

+
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Figure 4 - a) Elastic modulus of G-C18:1 (C= 3 wt%) metallogels as a function of the charge-normalized
cation molar concentration for different salts. For Co?" and Cr?*, the pH refers to the final manually-
adjusted pH, required to obtain a gel. b) Frequency sweep measurement of the corresponding gel systems
in a) at the plateau (G': full symbols; G'': empty symbols). c,d) Typical images of G-C18:1 (C= 3 wt%)
metallogels after about 24 h from preparation. e,f) Co?* and Cr?* based G-C18:1 (C= 3 wt%) metallogel
freshly prepared at pH 7.7 and 6.2 for different ion-to-glucolipid charge ratio. The factor 2 in (e,f) is

employed to consider the total positive charge, [X*] (see materials and methods section).

A frequency sweep measurement is systematically performed (Figure 4b). For all
cations, the weak frequency-dependence and the loss modulus, G'', being about one order of
magnitude lower than the elastic modulus, G', demonstrates the solid-like behaviour of the
gel. The elastic modulus is taken on the plateau of the frequency sweep experiments (Figure
4b) for different ion-to-G-C18:1 ratio. However, for a matter of convenience, we report the
charge ratio, which is determined in relationship to the valence of the cation. For [Ag*], the
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charge content corresponds to [X*] = [Ag'], but for [Co?"] or [AI*'], [X*]= 2[C0?*] or 3[AI*'],
respectively. Considering that each G-C18:1 carries a COOH group and reasonably assuming
that at pH 8 all carboxylic acids are in the form of COO", one can measure the critical charge
ratio [X*]/[G-C18:1] required to obtain a gel. The values of G' against [X*]/[G-C18:1] for
each metallogel are reported in Figure 4a, while the critical ratio at which metallogels form
are indicated in Table 1. Figure 4c,d illustrate the typical macroscopic look of G-C18:1

metallogels prepared with various cations.

Table 1 — List of cations inducing gelation of a G-C18:1 solution. Here, the concentration of G-C18:1 is 3
wt% at a pH= 8. The charge ratio indicates the minimal value, above which the gel strength doesn’t
increase anymore (Figure 4a). Additional information is given on final pH after gelation, typical elastic

modulus, gelation and stability in time, color and general remarks. For all gels the G''/G' ratio is 0.1.

Final pH after ; .
Cations| [X*]/[G-C18:1] G'/Pa cation addition| CC/AtON | Syneresis Color Remarks
+01 time process
Ag* 1.0 5000 8+1 Seconds Day |White, slightly translucent| Light sensititve
acidic pH: transparent é?;?;gg':;;r
Co?* 1.6 400 6.8 Second Hours pink solution l:?asification At
pH 7.7: opaque blue gel DH7.7
AlR* 0.9 375 3+05 Minutes Days White opaque
Cu?* 1.0 280 51 Seconds Days Blue, translucent
Seconds to .
ca* 1.0 80 - 300 8 . Week White opague
minutes
Immediate
24 acidic pH: opaque grey | gelation after
Cr 1.0 S0 4.8 Seconds A day pH 6.3: opaque navy blue | basification at
pH 6.3
Mn?2* / 6.1 Day Week white translucent
Gentle mixing to
Fe?* / 4+05 Hours Days Orange translucent homogeneously
gel

Cations inducing gelation are presented by the descending order of the elastic modulus
in Table 1. The charge ratio at which metallogels form is close to 1 for all cations, thus
suggesting the crucial contribution of the charge. However, the initial morphology at which
fibrillation occurs is also crucial. Indeed, the negatively-charged micellar phase of G-C18:1
(pH > 7) can be shifted to a gel phase, differently than the vesicle phase (pH 5 — 7), which
precipitates immediately after addition of salt. The effect of the initial pH is particularly
important and it has been tested on three systems, Ca?*, Fe?* and AI** (Figure 5). Whichever
the cation, the elastic moduli at pseudo equilibrium G'o (Figure 5a) shows a drastic increase
between pH 7 and 8, indicating that abundancy of the micellar phase above pH 7 is an
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important requirement to obtain a gel. Frequency sweep experiments (Figure 5d) are shown
only for the calcium gel, which is representative of the gels characterized here. At pH 7, the
frequency dependency of G' shows a fluid, rather than a solid-like, structure if compared to
higher pH. The critical strain, yc, related to the strain required to break the network, is
determined for the calcium gel (Figure 5c¢) by the intersection of the linear fits below and
above the LVER. At pH 7, the linear viscoelastic domain doesn’t exist and associated yc
doesn’t correspond with the stiffness of the gel. Between pH 8 and 10 (Figure 5b), the critical

strain is constant.
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Figure 5 - a) Elastic moduli at pseudo equilibrium, G'o and b) critical strain, yc, of G-C18:1 hydrogels
containing Ca?* (square), AI** (triangle) or Fe?* (circle) as a function of the initial pH, pHin, of the G-C18:1
solution (Ce-c181= 3 wit%) at the molar ratio [AI**)/[G-C18:1] = 0.38, [Ca?*]/[G-C18:1]= 0.61, and
[Fe**]/[G-C18:1] = 1.4. ¢) Strain sweep experiment for calcium hydrogel, critical strain yc correspond to
intersection of fit at linear viscoelastic domain and high strain. d) Frequency sweep experiment for

calcium gel (legend in c)); curves shapes are representative of aluminium and iron derived hydrogels.

If the ion-to-lipid ratio and pH are crucial to obtain a gel, the nature of the ion is just as
important, as shown by the lack of phase transition even up to the ion-to-surfactant ratio of
9:1 when Na" is added to the micellar phase. This suggests the presence of interactions like

complexation and coordination, as found for many other anionic surfactants mixed with
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multivalent cations.'®4669-63 The broad set of data in our possession (Figure 4 and Ref.>85%64)
shows that self-assembly and gelling occurs at a well-defined ion-to-surfactant molar ratio.
Rheological experiments tend to show that metallogels form when the ion-to-glucolipid
charge ratio is close to 1, suggesting that charge stoichiometry is crucial. However, isothermal
titration calorimetry (ITC) experiments® rather show a 1:2 ion-to-glucolipid ratio, for both
Ag* and Ca** derived gels. Considering the difference valence of silver and calcium, ITC
tends to show a complexation effect for silver and a double charge-screening and
complexation mechanism for calcium. More details about the structure and mechanism of
fiber formation will be given elsewhere, including proof of metal-ligand interactions using *C
solid state NMR.%8~°

Table 2 —List of cations, which do not induce gelation of G-C18:1 in water.

Cations ['\415]3/[1? Color Homogeneity Remarks
0.44 - White T
_— 053 |translucent Viscosity increase
0.53 - White Fluid
1.8 opaque
Fet* |0-1.36| Orande Fluid
opaque
Ni2* 1 Green After basification at pH 7.7 a gel is formed during few minutes, then
opaque a phase separation occurs between aggregates and turbid solution.
Yellow
AU 0.04 - tf:?tse?a(:ﬁgt Initially yellow fluid. After one day black r_niIIimeter range
15 day : black aggregates in transparent solution.
aggregates
Mo [17-77 White Liquid phase separation, (very viscous dense phase against
9 ' ' turbid transparent light phase).
0.13- | Orange .
2+
Sr 125 |aggregates Aggregates formed at a ratio < 0.5.
0.01- | Orange
2+
Ba 125 |aggregates No soluble

When other divalent (Zn?*, Ni?*, Mg?*, Sr?*, Ba?*) and trivalent (Fe*, Au®*) cations
are added to the G-C18:1 solution, the initial micellar structure changes into aggregated
threads, rather looking like giant micelles than fibers. The structure is poorly hydrated,
insufficient to retain water and to form a gel (Table 2). For divalent alkali earth metals, Mg>*

induces phase separation in the state of a viscous liquid, while Sr?* and Ba®* are highly
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reactive, immediately generating an aggregated precipitate. In the alkaline earth series, while

only Ca?* induces the formation of a homogenous and stable gel.

Discussion

Metallogels are generally reported for polymers, LMW and peptide-based
amphiphiles,”" more rarely for anionic surfactants,'81° and never for biosurfactants, of which
the interaction with cations has only been described within the context of depollution and
impact on micellar morphology.?>31346586 According to Table S 1, where a broader list of
references is provided, mono-, di- and trivalent cations have been largely explored. Without
any doubt, Ca" is probably the most popular element (30% of all entries, Table S 1), followed
by AP (23%) and transition metal ions like copper, cobalt, iron, zinc, each representing
between 10% and 15% of the entries. The great majority of literature studies exploring the
interactions between metal ions and amphiphiles, or polymers, generally consider Coulombic
or metal-ligand interactions between the negatively-charged group (sulfate or carboxylate)
and the free ion form of the metal ions. However, in water, this assumption is mainly
(although not exclusively) correct for alkaline and alkali earth cations at pH below about 10-
11. A more general mechanism cannot disregard the well-known hydroxylation process of
cations, which depends on the type of metal ion (radius, polarizability, eletronegativity) and
pH.

All cations presented in Table 1 undergo the well-known hydroxylation reaction in
water (Eq. 1):%7

xM* + yH,0 2 M (OH)J* ™% + yH* Eq. 1

This reaction releases hydronium ions, thus strongly influencing the solution pH, and it is
extremely sensitive to pH itself, according to Le Chatelier's principle. Free metal ions are
abundant at acidic pH, while hydroxo complexes are abundant at basic pH. However, the
notion of acid and base are relative and the actual pH, at which free ions and hydroxo species
are stable, depends on the chemical nature of the ion. Species-pH plots are known as
speciation diagrams and they are reported for practically all elements.®” For this reason,
speaking of metal-ligand interactions in an indiscriminate way is not correct. Alkali metal
cations are found in the form of free ions in water at pH between 5 and 8, at which most of the

studies reported in Table S 1 are presumably performed. In this case, the assumption of metal-
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ligand interactions between amphiphiles and cations are reasonable, and they are actually
proved here by mean of 3C solid-state nuclear magnetic resonance experiments, shown
elsewhere.*>*° This may not the case for most studies performed on transition metal cations,
which display complex speciation diagrams between pH 4 and 10. Multiple hydroxo species,
each having a different charge, generally coexist at the same time.®"% Each species can not
only undergo Coulombic interactions with amphiphiles, but specific metal-hydroxo-ligand
complexes could potentially form,%® making the complete understanding more complex than
expected. Out of the literature survey performed in Table S 1, less than 20% of the entries
involving work with transition metal does mention speciation, and only one considers the
possibility of interactions between the metal hydroxo species and the amphiphile.” In a
similar way, little concern is given to the solution pH, which not only becomes more acidic
when transition metals are introduced in solution, but it has a crucial impact on the number of

coexisting species.

" . WCOOH
Micellar solution €= " __ —p No gelation
' o + -
D @ Na ) Fe3*, Au* Mg?,
OO 8 ® o pH 8 Sr2+, Ba2+' Ni2+, Zn?t
h e ]

Micellar solution

1

C32+’ Cr2+ ,Mn2+, Ag* A|3+, Fe2+' C02+, Cu2+
Fibrillar gels Micellar gels

Figure 6 — Schematic representation of the self-assembly of G-C18:1 microbial glycolipid at room
temperature in water as a function of pH and in the presence of ions at pH > 8. For a broader insight of

the phase behavior of G-C18:1 under diluted conditions in water, refer to ref. 4.

The present work shows that microbial glycolipid G-C18:1 has metallo-responsive
properties, similar to many other amphiphiles in the literature (Table S 1). The ability of G-
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C18:1 to form metallogels occurs with a number of both alkaline earth and transition metal
ions (Table 1), also in agreement with many other amphiphiles (Table S 1). Metal-induced
gelation adds further complexity to the phase diagram of G-C18:1.%C Top of Figure 6 gives an
illustration of the metal-free, pH-dependant self-assembly of G-C18:1 in water. G-C18:1
forms morphologies with high curvature, micelles, when the carboxylic acid is ionized, and
low-curvature membranes upon partial and complete neutralization.®® Similarly to other
literature studies,*? cations induce precipitation of multilamellar structures when added to the
vesicle phase. However, except for Na*, wormlike and fibrillar objects, possibly followed by a
sol-gel transition, form when cations are added in the micellar region of the phase diagram,
when G-C18:1 is fully ionized. May them be wormlike micelles or fibers, each of these
phases enrich the phase diagram of G-C18:1, making this molecule unique, not only
compared to any other known biosurfactant,? but also to many other amphiphiles, including
LMW gelators, peptide-based or surfactants (Tables S 1). This aspect was specifically
discussed in Ref. %°

All cations employed in this work, except Na*, stimulate a sol-to-gel transition of G-
C18:1. However, the fibers’ morphology and structure vary according to the type of cation
and gel formation is not systematic. Furthermore, from Figure 2, the structure of the gels may
not be the same. These qualitative observations suggest that the interaction between the
glucolipid and the ions are different from one ion to the other. Two main interactions could
occur, charge screening and complexation. According to cryo-TEM and SAXS, G-C18:1
forms either fibers or wormlike micelles. The former is shown in Figure 2c and characterized
mainly by a long-range lamellar order in the hydrate state (Figure 2a,c, e.g., Cr?*, Mn?*, Ca*,
Ag"), while the latter is shown in Figure 2d and characterized by a scattering profile more
often observed for wormlike micelles (Figure 2a,c, e.g., Ni%*, Cu?*, Co?*, etc...). Table 3
summarizes the known aqueous species of the cations used in this study, as well as their effect

on the structure and physical state of G-C18:1.

Table 3 — Summary of the structural and physicochemical properties of metallogels composed of G-C18:1
microbial glucolipid found in this work. Properties of cations: expected colour, coordination, speciation
form and ionic radii in aqueous solution.”%72 Oh: octahedron; dOh: distorted octahedron; Th:
tetrahedron; dTh: distorted tetrahedron; Lin: linear; SA: square antiprism. Ox: oxidized form. *

Oxidation occurs; Lam: lamellar; SAFIN: self-assembled fibrillar network.

: Expected . .
. Morphology . Experimental | Expected Known - lonic Radius /
Cation Gel Structure Final pH color color coordination S':pi?gfzzt
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Mn?2* YES Lam 6.1 pale pale pink Oh Mn?2* 0.86
Ox ->Cr*:
Cr# Cr(OH)*
*(Ox -> Cr**) YES Lam (48>)6.3 grey->blue blue Oh/Th Cra(OH), ** 0.65
Cr(OH),*
Ag* YES | (SAFIN) Lam 5 white - dTh/Lin Ag* 0.98
Ca* YES | (SAFIN) Lam 6.8 white - SA Ca* 1.12
Zn2+
Zn?* NO Lam - White - Oh Zny(OH)* 0.74
Zn(OH)*
Fe(OH)**
Fe¥* NO Lam - Orange pale violet Oh Fe(OH),* 0.66
Fes(OH)
ink or Co
Co* YES Micellar 6.8>)7.7 pink--> blue pbl OhorTh Co(OH)* 0.53
ue
Co(OH),
Cu2+
Cu® YES Micellar 5.1 light blue light blue Oh/dOh Cuz(OH),* 0.62
Cu(OH)*
Fe?t
Fe2 [Ox->Fe®*:
- 34 YES Micellar 4 orange green Oh Fe(OH)*, 0.74
(Ox->Fe’) Fe(OH),"
F93(OH)45+]
3+
APt YES | Micellar 3 White - Oh o 053
13
e . . Ni%*
Ni NO Micellar Green green Oh Ni(OH)* 0.62

Although a comprehensive understanding of the effect of each specific cation on G-
C18:1 is out of the scope of this work, one can observe some general trends, which help
understanding the differences and similarities across the samples. Ag* and Ca?* form SAFIN
gels with an unexpected lamellar association in the gel state and described in more detail
elsewhere.>® Mn?* and Cr?* gels show the same SAXS profile and, by analogy, one can
conclude in the formation of similar SAFIN with lamellar order. Similar conclusions can be
drawn for Zn?* and Fe®*" samples, although they do not form gels. All other cations (Co?*,
Cu?*, Fe**, AP and Ni?*) form micellar gels except Ni%*.

SAFIN gels are systematically obtained in the pH range below 8 and mainly for those
cations, which have larger radius and are known to be in their free ion form, according to their
speciation.%” Their strong affinity towards carboxylates®® suggests the formation of
coordination complexes. Interestingly, most of these ions prefer tetrahedral or linear
coordination, rather than the most classical octahedral one. In the literature, cation-induced
fibrillation and possible gelation is often observed for LMWG, peptides, or peptide
derivatives, as summarized in Table S 1. However, in the case of G-C18:1, fibrillation occurs
in its micellar phase, that is when it behaves as a surfactant. Exception made for specific (e.g.,

gemini) surfactants interacting with chiral organic counterions,? fibrillation of surfactants and
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lipids in the presence of metal ions is generally never observed (Table S 1). Free metal ions,
like Ag*, Ca?* or Mn?*, then switch the behaviour of G-C18:1 from surfactant-like to peptide-
or LMWG-like. This effect, and fibrillation of G-C18:1 in general, is then quite unique.
Micellar gels of G-C18:1, on the contrary, are mainly observed for ions of smaller size
and with a richer speciation in water at pH below 8. They are characterized by a classical
octahedral coordination, most likely provided by hydroxyl and free water. Coordination by
the carboxylate or carboxylic acid (according to final pH) is not excluded, but the richness in
the metal hydroxyde species and the kinetics of pH change®® during gelation probably prevent
the formation of one-single coordination complex involving G-C18:1. These results are more
in line with the literature of anionic surfactants, which often form cylindrical®®® or
wormlike®®™ micelles in the presence of multivalent ions like AI**, among others (Table S 1).
Wormlike gels are sometimes observed, although this is not a systematic behaviour.*®° Most
of the literature studies invoke several classical mechanisms of interactions between the
cations and the surfactant. However, except for some few example (ref to Table S 1),87074-78
most studies involving the use of transition metal ions do not consider speciation of the ion,
making it unrealistic to satisfactorily describe the nature of the metal-ligand interactions.”
Some ions need specific comments. Fe?* is soluble as a free ion in solution at pH
below 8 and one could expect it to form a SAFIN gel, as found for Mn?*. However, Fe?" is
known to be unstable in water and undergo prompt oxidation towards Fe3*. This is confirmed
by the orange, instead of green, colour of the Fe?* gel (Table 3). Cr?* is also unstable in water
and it undergoes oxidation to Cr3*°" as suggested by its UV-Vis spectrum (Figure S 2).
Speciation of Fe** and Cr® in solution is more complex than Mn?* or Ag*, and micellar gels
should be expected. However, for Cr3*, SAFIN gels are formed in the pH region between 5
and 7, upon increase of pH. According to the corresponding speciation diagram, free Cr®* ions
are the most abundant species in solution in this pH range. The tetrahedral coordination
reported for Cr* could also explain the similarity with Mn?* or Ag* in terms of structure and
properties of the corresponding gels. Variation of the coordination (octahedral or tetragonal)
around the metal ion could explain the loss in the gel properties of chrome metallogels, which
are stable only up to the ion-to-glucolipid ratio of 1.4 (Figure 4f). The importance of the
coordination is also supposed for Co?* metallogels. Figure 4e shows the images of Co?*
metallogels at pH 7.7 for different charge ratio, thus illustrating the color change. The colors
of the gels vary from pink (ratio 0.6) to blue (ratio 2.0) for the sol and gel, respectively,
whereas the blue color is characteristic of a tetrahedral complexation of Co?*, while the pink
color indicates an octahedral complex of Co?" (Table 3). A similar evolution was also
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reported for triazole cobalt complexes.” Interestingly, by increasing the charge ratio up to 3
(Figure 4e), blue aggregates precipitate in a translucent pink environment, which would
indicate the coexistence of two gel networks stabilized by two forms of Co?*.

Despite the effort to rationalize the metal-induced gelation of the micellar phase of G-
C18:1, one must acknowledge the lack of data to explain many observations. For instance,
Zn?* and Fe** do not form gels at all, similar as to Ni**, but have a lamellar and micellar
patterns, respectively. They all accommodate an octahedral arrangement of the ligands and
display a complex speciation behaviour. The formation of neutral species, such as Fe(OH)s,
could explain the poor gel formation properties, although, a full understanding lacks at the
moment.

Complete rationalization is unfortunately prevented by the concomitantly occurring
combination of: acido-base reactions of both metal ions and G-C18:1, metal-ligand
interactions, unknown for G-C18:1, and kinetics. Below, a non-exhaustive list of factors,
which prevent a full understanding of this system.

1) pH. pH plays a crucial role in the gelling mechanism, as it affects, at the same time:
the COOH/COO ratio, the phase behaviour of G-C18:1 and the type and relative abundancy
of metal species. Metallogel formation generally occurs upon addition of the metal ion to the
G-C18:1 solution and pH generally drops. In some specific cases, gelation is triggered by a
mild alkalinization of the solution (see Final pH column in Table 3), although this is not
systematic. The way pH is controlled certainly deserves more attention, as found elsewhere
for a fibrillating glycolipid biosurfactant,?” although this is not the scope of this work.

2) Chemistry of metal ions and ligand. The reactivity of most metal ions (refer to Eq
1) has an impact on pH and consequently on the type and number of aqueous and hydroxy
metal species. Meanwhile, pH variations strongly impacts the carboxylate-to-carboxylic ratio
of the glucolipid and its phase behaviour. Here, the pH drops for most systems, often in an
uncontrolled way and depending on time and the effect on gelation can sometimes be very
important. When Co?* or Cr?* are added to the micellar solution of G-C18:1 at pH 8, the pH
drops to about 6.8 and 4.8, respectively, and the solution is fluid. The sol-to-gel transition is
promoted by increasing the pH to 7.7 and 6.3, respectively. On the contrary, AI®* and Cu?*
systems, which also acidify the solution to pH 3 and 5.1 (Table 1), readily form gels. A
tentative explanation to this opposite phenomenon is given in point N°7, below.

3) Metal-ligand coordination. The coordination geometry depends on the cation but
for the same metal, different coordination geometries can occur. For instance, the geometry of

Ag*-carboxylate complexes is known to vary with the chemical environment® and Co?* itself
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was shown to exist under two concomitant coordinations (pink, octahedral and blue
tetrahedral, Figure 4e). In general, the aptitude of a metal to form complexes is hard to
predict, as it strongly depends on the ligand’s chemical structure, affinity, competition, etc...%°
The variation of affinity between divalent alkali earth metal and COO" group is also known,8!
the hydration of self-assembled structure is also modulated according to the cation nature in
despite of its charge by the water loving/hating effect of the cation.®2 The impact of the metal-
ligand coordination on the type of gel structure for the present system has been studied by *C
solid-state nuclear magnetic resonance and shown elsewhere. %>

4) The ion-to-ligand molar ratio. This parameter is often related to the chemical nature
of the ligand, especially if the latter can self-assemble into various structures,23#* as observed
for Fmoc-based hydrogels, where the Fmoc : Zn?* ratio produce at 2:1 a B-sheet structure, at
1:1 a helical ribbons while at 1:2 one can see a random coil structure.®> In most systems
studied in this work, gelation seems to occur at the stoichiometric charge ratio, although
complementary ITC® and in situ®® experiments show that the exact ratio may vary with the
kinetics of the metal addition.

5) Counterion and temperature. Although not explored in this work, counterions and
temperature can have a strong impact, as well.88” For Ag* - melamine complex, for instance,
the gelation occurs only with NO3", as NOs™ could be sufficiently small to be entrapped during
the crystallization process, allowing a sufficient layer of solvent entrapped through
crystallization producing a gel.23® In other systems, counterions could induce faster
crystallization kinetics, which would hinder trapping of the solvent. It was found for
bipyridine - Ag" complex in the solid state, that increasing the counter anion size favors a
self-assembly from helical to lamellar structure.® The temperature can also induce some
change into the internal structure of the self-assembly, as shown for lanthanum-cholate
complex, where the self-assembly change from helical fiber at 15°C to flat nano-ribbons at
50°C.%

6) Kinetics. The synergy between metal ion reactivity and ligand self-assembly have a
strong, uncontrollable, impact on the gelation kinetics. Qualitative estimation of the gelation
time shows a broad, cation-dependent, time-span, practically instantaneous for Cu?* to about a
day for Mn?*, following this order: Cu?* < Ag* < Ca?* < AI¥* < Fe?* < Mn?*. Gelation time for
Co?" and Cr?* is also fast, occurring within less than a minute, however it cannot be directly
compared to the other systems due to the difference in the protocol (increase in pH). Syneresis
is generally observed for all gels, although at different time scales. Co?* based hydrogel

displays the strongest syneresis, which is visible after few hours, while that occurs only after
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one day or more for others cations (Table 1). Interestingly, in many cases, as that of Cu?*, the
water expulsed from the gel is colorless, thus suggesting a low amount of Cu?* in solution and
demonstrating its role in the fiber formation.

Kinetics could also play an important role in the acido-base reaction of both G-C18:1
and metals, as explained more precisely in 7b), below.

7) Tentative overall mechanism. When a given metal is introduced in the G-C18:1
solution, there are two possible mechanisms.

7a) If according to Eq. 1 the metal exists as a free ion (e.g., Ca?*, Ag"), the pH of the
solution is not immediately modified and G-C18:1 promptly interacts the metal center via a
metal-COO" coordination: SAFIN forms. The pH of this system may remain constant, as
found through in situ experiments,®® but we have experienced spurious pH drops over time
from one experiment to the other. Spontaneous variations of pH after gelification do not seem
to have an impact on the gel strength.

7b) If according to Eq. 1 the metal exists as a complex mixture of species (e.g., for
iron: Fe(OH)?*, Fe(OH)." or Fe3(OH)s>"), the pH of the solution becomes more acidic and the
outcome may depend on the relative acido-base kinetics of the metal and G-C18:1 and the
effective rate of pH change. If the acido-base reaction of G-C18:1 is slow (compared to the
metal), the metal-induced phase transition towards wormlike micelles and gelification can
then occur before the competitive micelle-to-vesicle transition, classically observed upon
acidification in the absence of metal ions.>**' The content of COO™ may then still be
important even at a formally acidic pH. This scenario could be the case for gels containing
A" or Fe?*. In situ SAXS experiments® show that the sphere-to-wormlike transition occurs
when the pH is still above 6 and that worms are stable below this pH, where vesicles are
otherwise formed in the absence of metal ions.3**! However, if the acido-base reaction of G-
C18:1 is fast, there will not be enough carboxylates to interact with the metal species at acidic
pH, and gelification does not occur. In this case, pH must be increased, as found for Co?* or
Cr?*. It is not excluded that this process is influenced by the rate of addition of the metal ion
solution, in analogy to the impact of the rate of pH variation during the gelification process of
sophorolipids.?” Further work is certainly needed to better understand and control the
gelification of G-C18:1.

In spite of a full understanding of the mechanisms, the metallogel properties of G-
C18:1 microbial glucolipid can be exploited to test their water purification from heavy

metals,® thus opening the perspective of this biobased molecule to water remediation, by
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acting as a flocculent for heavy metals, similarly as other biosurfactants®'3* and thus possibly

replacing petrochemical surfactants.”

Conclusions

In this work we explore the accessible self-assembly properties of a bolaform
glucolipid microbial amphiphile composed by free-standing COOH group, an unsaturated
C18:1 alkyl chain and a glucose headgroup. To its micellar phase at basic pH, the addition of
alkaline earth and transition metal ions induces a micelle-to-fiber phase transition, while
addition of sodium, even in large amounts, does not have any impact on its micellar phase.

A combination of SAXS and cryo-TEM shows that the gels are composed of a self-
assembled fiber network (SAFIN), never reported for the specific G-C18:1 glucolipid. Cr?*,
Mn?*, Ca®* and Ag" based hydrogels are composed of entangled well-defined fibers and
locally forming lamellar rafts in the gel bulk. Meanwhile, AI**, Cu?*, Co?" and Fe?* based
hydrogels seem rather composed of fractal aggregates of wormlike micelles. Gelation kinetics
varies across the cations, and it can be instantaneous for Ca?*, or it can occur over up to 24
hours for Mn?*. Other cations, like Fe3*, Ni?* or Zn?* induce aggregation of G-C18:1 with
similar structures, but they do not induce gel formation. Finally, the reactivity of other cations
like Mg?*, Au®*, Sr¥*, Ba?* is so high that aggregation and precipitation is observed when the
cation and glucolipid solutions are put in contact.

For the most of the cations tested, the prominent role of the electrostatic interactions in
the self-assembly process and gel formation is strongly suggested by the maximum gel
strength reached at an ion-to-glucolipid charge ratio of 1. However, isothermal titration
calorimetry data presented in a sister work, suggest the formation of coordination complexes
between the carboxylic acid of the glucolipid and the metal center, at least for the fibrillar
metallogels. For the fractal metallogels, a broader screening of the intramicellar electrostatic
interactions with consequent sphere-to-wormlike transition is rather supposed. Interestingly,
the complexation forming crystalline fibers are obtained with free ion at the pH of the
experiment, contrary to the fractal metallogels, generally observed for those cations known to
have a more complex speciation (mixture of free ions, aqueous and hydroxo species) in
solution.

Due to the water thickening aspect (reaching the kPa at 1 wt%) combining to a good
stimuli responsiveness and the specific effect of the cation used, the microbial glucolipid

biosurfactant G-C18:1 is a potential candidate for a number of applications. In a sister work,
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we have tested the ability of this compound to trap heavy metals in water in a gel make it also

a potential candidate for water remediation.
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Metal ions trigger fibrillar or micellar hydrogels when associated to a glycolipid biosurfactant
composed of glucose and oleic acid and obtained by fermentation of vegetable oils
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