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A shear-induced network of aligned wormlike micelles in a sugar-based
molecular gel. From gelation to biocompatibility assays

Juliette Fitremann*?2, Barbara Lonetti?, Emiliano Fratini®, Isabelle Fabing®, Bruno Payréd, Christelle Boulé®,
Isabelle Loubinoux®, Laurence Vaysse', Luis Oriol¢
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g Instituto de Ciencia de Materiales de Aragon (ICMA),Universidad de Zaragoza-CSIC, Dpto. Quimica Organica,
Facultad de Ciencias, Pedro Cerbuna 12, 50009 Zaragoza, Spain.

A new low molecular weight hydrogelator with a saccharide (lactobionic) polar head linked by azide-
alkyne click chemistry was prepared in three steps. It was obtained in high purity without
chromatography, by phase separation and ultrafiltration of the aqueous gel. Gelation was not obtained
reproducibly by conventional heating-cooling cycles and instead was obtained by shearing the agueous
solutions, from 2wt% to 0.25 wt%. This method of preparation favored the formation of a quite unusual
network of interconnected large but thin 2D-sheets (7 nm-thick) formed by the association side-by-side
of long and aligned 7 nm diameter wormlike micelles. It was responsible for the reproducible gelation
at the macroscopic scale. A second network made of helical fibres with a 10-13 nm diameter, more or
less intertwined was also formed but was scarcely able to sustain a macroscopic gel on its own. The gels
were analysed by TEM (Transmission Electronic Microscopy), cryo-TEM and SAXS (Small Angle X-
Ray Scattering). Molecular modelling was also used to highlight the possible conformations the
hydrogelator can take. The gels displayed a weak and reversible transition near 20°C, close to room
temperature, ascribed to the wormlike micelles 2D-sheets network. Heating over 30°C led to the loss of
the gel macroscopic integrity, but gel fragments were still observed in suspension. A second transition
near 50°C, ascribed to the network of helical fibers, finally dissolved completely these fragments. The
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gels showed thixotropic behaviour, recovering slowly their initial elastic modulus, in few hours, after
injection through a needle. Stable gels were tested as scaffold for neural cell line culture, showing a
reduced biocompatibility. This new gelator is a clear illustration of how controlling the pathway was
critical for gel formation and how a new kind of self-assembly was obtained by shearing.

Keywords: supramolecular; gel; self-assembly; carbohydrate amphiphile; saccharide; triazole; fiber;
fibre; cylindrical micelle; shear; cell culture; biomaterial; LMWG; low molecular weight gelator.

Electronic Supplementary Information: Experimental section, extra electronic microscopy data,
HLPC-MS chromatograms, NMR spectra.
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Introduction

Low molecular weight (LMW) hydrogelators provide an alternative family of gelling agents compared
with polymers, leading to soft materials with possible applications in the field of wet materials,
switchable gels, controlled release or uptake, cell culture. LMW gelators belong to different structural
families (peptides, cholesteryl, nucleobase or sugar amphiphiles, etc...) and the now quite large amount
of work done on these self-assembling molecules has been well reported in several reviews [1-21]. We
are more especially interested in sugar-derived molecular gelators (see the recent review on this family
of gelators and the following references for the most recent works [22-50]). Sugar gelators provide
generally a neutral hydrophilic polar head, with a low sensitivity to temperature changes on the contrary
to PEG amphiphiles. In the context of biological applications, carbohydrate derived hydrogels will
interact differently with biomolecules or cells compared with PEG or peptide derived gelators, notably
by mimicking to some extent the saccharidic components of the glycocalix, composed of glycoproteins
and glycolipids [22].

From a practical point of view, simple, rapid and cheap syntheses are essential when considering sugar-
based LMW hydrogelators applications. In former results, a family of hydrogelators based on a
disaccharide head has been described. It has been shown that the presence of a triazole linker enhanced
gelation, but the synthetic pathway consisted of six steps [23-26]. Other amphiphilic molecules with
close structures (namely, a sugar head, triazole linkers, and a fatty chain) have been described as well,
including hydrogelators [27-29], organogelators [30] and micelles [31-33], all of them involving also
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protection-deprotection multistep synthesis and purification by chromatography. In this work, a new
gelator inspired from these structures has been prepared with a simpler synthetic route with only three
steps starting from lactobionic acid as the polar head (Scheme 1). Another important aspect in the field
of LMW hydrogelators is to control in a precise manner the supramolecular structure sustaining the gel.
In the case of very flexible molecules many conformations are possible. It can give rise to
polymorphism. Polymorphism is the main cause for the lack of reproducible gelation [34-37].
Accordingly, the importance of controlling the conditions of the self-assembly in order to reach a
reproducible final state, with the related macroscopic properties, has been well pointed out in several
papers. But it still remains underestimated, quite unexplored and not well controlled [38-42]. Compound
3 is a typical example of such a situation. Its gelation behaviour appeared more complex than expected
and gave the opportunity to explore the effect of different pathways for the gel preparation. The self-
assembled structures have been elucidated by electronic microscopy and Small Angle X-Ray Scattering
(SAXS). The rheology and thermal transitions of the gel have also been studied. Finally, the results
related to the use of these gels for cell culture are briefly discussed.

Results and discussion
1. Preparation of the gelator

An easy access to the sugar based gelator 3 is represented in Scheme 1. The gelator was obtained
in three synthetic steps and was purified without chromatography. The fatty chain 1 was purified
by recrystallization (yield 60%) while the product 2 was obtained nearly pure by extraction and
was used without further purification in the next step. After the azide-alkyne "click chemistry™
step, leading to the compound 3, the unreacted and sparingly soluble azide was discarded by
centrifugation. The cleared and concentrated reaction medium was diluted in water and allowed
to rest for several hours, until a gel was formed. The gel was purified by ultrafiltration or dialysis,
removing water soluble by-products. Analysis of the filtrate showed that about 5% of the gelator
went out through the membrane after four volumes and 24h of ultrafiltration, evidencing a low
proportion of free molecules. A last step of filtration in methanol enabled to get rid of traces of
the azide remaining after ultrafiltration. After this sequence, the gelator was pure (yield 76%,
freeze-dried), according to NMR, HPLC-MS chromatograms (see Fig. SI-11-13). Residual
copper was analysed and it did not exceed 300 ppm (0.3ug/mg) when ultrafiltration was
performed in the presence of EDTA.

o 1) Br-(CH,)3-NH;CI
(iPr),NEt, CH,Cl, )J\
_—
CysH. PN
Cl 18731 2)NaNg, anh. DMSO  Nj N C1sHaq
recrystallization

o

61%

Bt Bty

DCC, DMF NH?
extraction 76%

Cu(OAc),
Sodium ascorbate

H,O/phosphate buffer/tBuOH 3
gelation and ultrafiltration

Scheme 1. Synthetic scheme for the preparation of the gelator 3
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2. Gelation

Gelation of the gelator 3 was at first quite puzzling. The crude product coming directly from the
reaction mixture and diluted in water (after solvent removal) provided directly the hydrogel
within 24 hours of standing. Conversely, the purified and dried samples gave a non-reproducible
gelation behaviour. The usual method consisting in heating the solution until solubilisation
followed by cooling did not lead to reproducible gelation, whatever the concentration (from 0.1
to 2%wt). It has been checked that this effect was not the result of the degradation of the
molecule. It was still intact after heating for 4 hours at 60°C (see S1-12). Heating may favour a
change of intra or intermolecular bonding leading to insoluble aggregates instead of gel.
Concentrated samples at 2% usually provided gels but sometimes, viscous turbid solutions or
suspensions are obtained instead of gels. And conversely, it happened that very diluted samples
(0,3 to 0.1%) formed spontaneously gels, but in a non-reproducible manner (see Sl-4).
Sonication did not help gelation (see SI1-7), and the purification method did not appeared either
as the key parameter for gelation.

Finally, it was observed that shearing was a key factor for triggering the gelation reproducibly
for this compound. A reliable gelation procedure was then set up. A 2% suspension in water was
prepared and the hydration and solubilisation of the solid was allowed for few hours (2 to 24h).
It provided a heterogeneous suspension containing non-cohesive white cotton-like gels
fragments. The sample was then sheared through a needle until an homogeneous opalescent
solution was obtained. Finally, the sample was let resting for gelation at room temperature (20°C
or lower). A turbid gel, macroscopically homogenous was formed within c.a. 2 hours. It can be
turned upside down (Figure 6 and SI-1 "Gelation"). Additional cycles of shear/rest were
sometimes applied to improve gelation and homogeneity. The gel was also diluted stepwise up
to 0.25% by shearing, ranking the molecule among super-hydrogelators. Time also appeared as
a key factor for gelation, notably because of the solubilisation kinetics, but also because the gel
appeared to be thixotropic, but with a slow recovery (see section E-rheology).

The benefit of shear on gelation has already been observed in few examples of organogels
[43,44], hydrogels [45,46] and micellar solutions [47]. Shearing can affect, first, the distribution
of the aggregates in the solution and can help to get a more homogeneous distribution of the
growing self-assemblies. The shear can also affect the shape of the self-assemblies, by
lengthening the aggregates or even by changing the growth pathway and thus, the polymorph
formed, as it has been observed in the examples cited above. Shearing can also provide foam,
namely a large air-water interface on which the amphiphilic molecules can absorb and organize
before coalescence. The walls of the needle used to shear may also act as an interface for
organizing the molecules. In our case, the effect of shear on the gels of 3 will be discussed in the
light of SAXS, electronic microscopy and rheology (see section D).

Alternative preparation with DMSO as cosolvent (DMSO/H20 1/2 v/v) was less challenging.
Gels with good mechanical strength were obtained easily by the conventional heating-cooling
method (see S1-8 for TEM). They were rinsed several times to remove DMSO, providing purely
agueous gels. The solvent change did not alter their mechanical properties and stability, during
and after rinsing. However, introducing a solvent for gel formation is often undesirable, notably
for biocompatibility assays. For this reason, unravelling the conditions for gel formation in pure
water, as described above, was more challenging, but necessary.
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3. Thermal transitions

The thermal transitions have been studied by DSC and by visual inspection of the sample (Figure
1). For a gel at 2wt% prepared by shearing, two transitions were observed. A first transition
starting at 17°C and ending at 30°C (5 J/g with respect to the gelator; 0.2 J/g if considering the
entire gel) corresponded to the loss of the macroscopic gel integrity, but large gel domains were
still visible floating in a liquid phase. A second transition starting at 35°C and ending at 55°C
fitted with the complete disappearance of all macroscopic gelled fragments. Over 55°C, the
sample was completely liquid and clear. Both transitions were partly reversible, and the gel was
recovered after 30 min at 5°C. However, repeated heating over 60°C caused the formation of a
precipitate and prevented any recovery of the gel state.

m

x

o

[«
)

— first heating
....... second heating

Heat flow (mW/g)

10 20 30 40 50 60
T (°C)
Figure 1. Two consecutive heating curves of hydrogel at 2wt% prepared by shearing (2°C/min).

4. Morphology

The morphology of the self-assembled aggregates has been observed with different microscopic
techniques and detailed by SAXS.

Microscopy. In a 2wt% gel obtained by shearing, two morphologies were mainly observed by
TEM and cryo-TEM: intertwined helical fibres (Figure 2-e-f-g), and large and flexible ribbons
or sheets (Figure 2-a-b-c). Both of them have a substructure. The wide helical fibres are made
by the intertwining of thinner 10-13 nm "single™ helical fibres. These 10-13 nm fibres themselves
resulted from the stacking of structures with a 5-6 nm spacing. These structures are pairs of two
bright bands (=2.5 nm) separated by a darker one, thus can be interpreted as bilayers (Figure 2-
g and SAXS). Sheets are made of long structures with 7 nm width organized in parallel side-by-
side on a long range, over several millimetres (Figure 2-b). These long structures typically look
like long cylindrical, wormlike micelles. Concentration played a role in the formation of the
sheets. At high concentration (2wt%), sheets are the main structures observed (and confirmed
by SAXS). Conversely, at lower concentration, helical fibres are the main ones. The latter are
generally not able to sustain a gel. In the 2 wt% and sheared gels of Figures 2-a, b, c, helical
fibres can however be seen (Figure 2-¢), but they are a minority population. Shear also played a
role. Without shear, the structures formed at 2wt% looked like short platelets by TEM (SI-2).
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They are too short to sustain a intertwined network and the sample often did not gel. After shear,
the intertwined long sheet-like structures are observed. These ones are able to form a persistent
network throughout the sample and are able to sustain a gel. The more the sample is sheared, the
more extended is this interconnected sheets structure. Besides, a population of short and
randomly arranged wormlike micelles with 6-7 nm width was also observed by cryo-TEM (this
population was the main one just after shearing but was still observed, to a lesser extent, after
resting as well)

o

Figure 2. Morphologies observed in 2wt% gels in water: (a) Interconnected ribbons and flexible sheets (cryo-TEM,
bar = 500 nm). (b) close-up within the sheet-like assemblies: ribbons of thin 7 nm fibres assembled in parallel side-
by-side (cryo-TEM, bar = 200 nm). (c) Interconnected ribbons and flexible sheets (TEM, bar = 1 um). (d) random
wormlike micelles (6 nm width) observed in the background just after shearing (cryo-TEM, Bar = 200 nm). (e) single
and intertwined 10-13 nm helical fibres (cryo-TEM, bar = 200 nm). (f) Thick twin fibres (cryo-SEM, bar = 500 nm),
width of one single fibre = 21 nm. (g) close-up within the helical fibres revealing the twisted assembly of 5 nm thick
structures (bilayers) (TEM, negative staining, bar = 200 nm).

To better understand the effect of shear on those morphologies, cryo-TEM and TEM images
were also recorded just after hydration of the solid and just after shearing. The microscopy (and
also the SAXS, see below) of the solid hydrated for 16h at 2wt% in water and before shearing,
already revealed the presence of 2D-sheets (Figure SI-3). Just after shearing, they were no longer
observed. Instead, numerous small spots were seen on the whole grid, corresponding to dried
wormlike micelles fragments (Figure S1-3). By using cryo-TEM, that avoids the formation of
ambiguous drying figures, short and random 6-7 nm wide wormlike micelles were mainly
observed (Figure 2-d).
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The shear thus mainly broke and dispersed the sheets into individual and short wormlike
micelles. After resting, these micelles re-assembled slowly into long wormlike micelles.
Shearing also favoured their assembly side-by-side instead of randomly. It has been already
shown that shear induced the formation of aligned wormlike micelles bundles in solutions of
ionic surfactants. This association led to the formation of gels (transient or stable gels)[47].
However in the case of the gels of 3, the structures observed are much longer (more than several
microns long), and are organized in 7 nm thin sheets instead of bundles. They are able to sustain
a gel stable over the long term reproducibly. These structures are also reminiscent of the unusual
self-assembled lamellar plagues observed by Stupp et al. for amphiphilic peptides. These plagues
split under shear into bundles of parallel fibres made of long cylindrical micelles [48]. Another
example of long range and flexible 2D-self-assembly leading to gelation at relatively low
concentration are lamellar hydrogels. They are also quite scarce in the literature. They have a
purely lamellar organisation [49],[50]. This is not the case here. Besides, samples containing
mainly the intertwined 10-13 nm helical fibres often failed to gel. Probably the helical fibres
entanglements do not percolate through the whole sample or are not rigid, long and persistent
enough to sustain a macroscopic gelation [51].

In contact with a surface (TEM grid), drying figures were formed. In the background of nearly
all the TEM images of gelled samples, spots, but also holes with a typical jagged shape were
observed (Figure 3-b). By AFM, the same jagged shapes were observed. They looked like the
ones obtained for lipid bilayers dried on a surface. A constant thickness equal to 5-6 nm was
measured (Figure 3-a). It matches well with the thickness of a single bilayer of gelator molecules
with interdigitating alkyl chains and a polar head partly bended (Figure 5 and SI-15). Quite
intriguingly, stacked layers displaying the same mosaic of jagged holes with this typical shape
were observed also by cryo-SEM in addition to TEM and AFM (Figure 3-c).

10.19 nm

slow [um]

fast [um]

l\\\ 1\*‘! ‘\|

Height (nm)
432101234

aa o5 10 15 20 25 20 35
Offset (um)

Figure 3. Figures with "jagged holes" formed after drying. (a) bilayer membrane on mica (AFM height and profile), (b) same
membrane pattern on TEM grid, mixed with helical fibres (bar = 2 um) (c) same pattern in cryo-SEM (bar = 1 um).

Small Angle X-Ray Scattering (SAXS). SAXS investigation was performed to detail the
changes in the morphology at the nanometre scale. SAXS curves of a 2% gel from 20°C to 70°C
and the one of the freeze-dried solid are shown in Figure 4. The fit results are summarized in
Table 1. All curves displayed two main features as the scattering vector, g, changes: (i) a power
law trend, 1(g) o g%, in the low q region and, (ii) a broad interaction peak in the high g region.
In gel sample, at 20°C, the whole scattering curve can be described by isolated sheets with 7.1
nm thickness to which two Gaussian peaks must be added in order to fully describe the high g
region of the curve. These extra peaks correspond to a highly ordered state with a precise
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correlation length very similar to a solid state. A progressive morphological change from sheets
to cylinders with a diameter of about 10 nm and a length higher than 60 nm was observed from
20°C to 60°C. This transition was witnessed by the change in the low g region of the curves, i.e.
the power law exponent went from about 2 to 1 as the temperature increased from 20°C to 60°C
(see Table 1). In this region, the exponent scales with the dimensionality proper of the scattering
object. 1-D morphologies (cylinders, rods, wires, etc.) give an exponent o of 1, while 2-D
morphologies (disks, lamellae, etc.) result in an exponent of 2. In general values between 1 and
3 are usually associated to a mass fractal dimension where the limit of 3 is reached for full solids.

As already said, the high g region of the scattering curves is characterized by the presence of
interaction peaks. In the freeze-dried solid, these peaks were ascribed to the coexistence of two
polymorphs having two different organizations, one with a 6.3 nm spacing (I11, polymorph "L",
more abundant) and the other with a 5.5 nm spacing (12, polymorph "C"). Given the flexibility
of the polar head, it is very likely that the molecule can take two distinct conformations (at least)
giving rise to different bilayer packings (Figure 5). In modelling, the size of a fully extended
molecule is 4.2 nm (S1-15). According to the models, bilayer thicknesses should be within the
range from 8.4 nm (fully extended molecule and not interdigitated) to 4.3 nm (strongly bended
polar head and interdigitated).

Sheet Cylinder Cylinder
sample T["C] CL Thickness Radius Length Iy [mm] Iz [mmi]
[rm] [rmi] [rm]
solid 20 2.7+0.1 - - - 6.310.1 5.5x0.1
hydrated solid 20 2.320.1 7.41£0.2 - - 6.5x0.3 5.5+0.3
gel 2% 20 2.1+0.1 7.1+0.5 - = B0 6.710.3 5.5+0.3
30 1.5+0.1 7.1+0.6 4.59+0.3 = B0 6.5+0.2 E.ex0.2
{0.000154)
{0.00035)
A0 1.8+£0.1 7.1x0.6 4.7+0.2 = B0 7.0+0.2 5.4+0.2
(0.00027) (0.00023)
=] 1.4+£0.1 - 5.0+£0.1 = B0 7.0+0.2 E.ex0.2
B0 1.1+0.1 - 4.5+0.1 3215 7.0+0.4 5.ex0.4
50 back 1.1+0.1 - E.0+0.2 = B0 - 5.5+0.2
20 back 1.3+0.1 - 5.Bx0.2 = 60 - 5.8+0.2

Table 1. Results of fitting of SAXS curves: dry solid, solid after 24h hydration, gel 2wt%. « = power-law index in the
q region between 0.009 A and 0.03 A™* for gel samples and 0.009 A and 0.04 A for the solid; |1 and 12 = spacing
distances obtained from the Gaussian interaction peaks positions from | = 27/q (Table SI-14-2). In brackets are
indicated the weight of each specie in the curve fits at 30 and 40°C.
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Figure 4. SAXS curves of the freeze-dried solid at 20°C (in black, at the top) and of a 2wt% gel prepared by shearing, then
heated from 20°C to 60°C. L = sheets. C = cylinders

The dimensions measured by the interaction peaks are thus consistent with packings in which the alkyl
chains are interdigitated and the polar head is more or less bended. Two examples of such packings
providing a 6.5 nm (I1, extended) and a 5.3 nm (12, partly bended) thickness are represented in Figure
5, keeping in mind that they are only illustrative [16,37,52]. The Gaussian interaction peaks were also
seen in the gel samples at 0.91 nm™ and 1.14 nm™. After hydration of the solid, without shear, the
interaction peaks correspond to 6.8 nm (I11) and 5.5 nm (12) spacing and shearing had no main effect at
this microscopic scale (SI-14-1). The shift of 11 from 6.3 nm to 6.8 nm can be attributed to the
intercalation of water in inter-lamellar spaces in the gel. These interaction peaks are indicative of the
presence of solid-like inhomogeneities in the gel, after hydration. We assumed that the spacing measured
in these solid-like inhomogeneities is directly related to the molecular organization once the aggregates
are dispersed in the solution.

1.2 nm 4.1 nm 1.2 nm

6.5 nm 0.6 nm 4.1nm 0.6 nm

5.3nm

Figure 5. Illustration of possible conformations and packings of gelator 3 . Up: a bilayer model with molecules in a
fully extended conformation. Below: a bilayer model with molecules in a semi-bended conformation (molecular
modelling suite Avogadro 1.1.1. with the Universal Force Field [53]. Colour code: C=grey, O=red, N=blue and
H=white).
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From the analysis of the high g region, the ratio polymorph "L" / polymorph "C" is high in the
solid. Conversely, in the gel sample this ratio is drastically reduced (almost five times less). This
decrease is indicative of the fact that polymorph "L" in its hydrated form is more easily
solubilised and provides the sheet-like aggregates at 20°C. Accordingly, the dimension of
polymorph "L", 11 = 6.8-7.0 nm, is consistent with the mean thickness of the sheets (7.1 nm).
And the dimension of the polymorph "C", 12 = 5.5 nm, appeared to be correlated to the cylinders
in the gel state. Temperature did not influence much the peaks position, but it affected their ratio.
Actually, the weight of the peak at 1.14 nm™ increased with temperature and qualitatively the
spectra moved at higher q values.

Discussion. From the results of the different experiments we concluded that after hydration,
mainly two kinds of self-assembled objects are formed and dispersed in the solution: assemblies
of cylindrical shape with a mean diameter around 10 nm (polymorph "C") and sheet-like
assemblies with a sheet thickness of 7.1 nm (polymorph "L"). The sheet-like assemblies are the
prevalent objects in solution at 20°C and in concentrated samples (2 wt%). They are the only
ones detectable by scattering experiments. Their size is in good agreement with the one measured
by cryo-TEM in the sheet-like assemblies made of long 7 nm-wide wormlike micelles,
assembled parallel and side-by-side (Figure 2a-b). Besides, the 10-13 nm wide helical fibres
found in cryo-TEM images (Figure 2e) match well the 10 nm diameter cylindrical objects
detected in SAXS experiments above 30°C. The diameter of these cylinders is too big to
correspond to cylindrical micelles. It can instead be explained by the twisting of bilayers with a
5-6 nm width observed by TEM (Figure 2g) and corresponding to the correlation length 12
(polymorph "C™)[16,36,54]. The relative ratio sheet / cylinder in the low g region of the curves
also decreases with temperature. The cylinders can be detected in scattering experiments only
above 30°C, as their concentration increases, even though a fraction already exists at room
temperature, as evidenced by the TEM images. The morphological transition from sheets to
cylinders with temperature may be induced by a change in the molecular conformation. It is
likely that the increase of temperature favours a bended conformation of the molecule, like in
the polymorph "C", more stable and characterized by a shorter molecular spacing.

These transitions agree with DSC results and macroscopic observations. In particular, in DSC
curves (Figure 1) a first peak at 20°C was observed, corresponding to the sheet-like structures
(polymorph "L"). This transition is over at 30°C. The sheet-like objects coming from the
polymorph "L" are responsible for the reproducible gelation after shearing, at the macroscopic
scale. Sheets are the main species in the 2% gel after shearing, at 20°C, but are based on weak
interactions. They disappear in favour of the more stable helical fibres, that exist in solution till
60°C. This assumption fits well with the second transition observed in DSC, at 55°C. After
heating the sample over 30°C, gelled fragments were still observed floating in the solution: these
fragments are sustained by the helical fibres. In some cases, these assemblies sustained also the
macroscopic gelation, even in very diluted samples (0.5 %wt or less). Inthose samples only the
transition at 55°C was observed (see Sl-4). By heating up to 70°C and cooling back to 20°C,
only the cylinders' signature was recovered, proving that this form corresponds to a
thermodynamically controlled self-assembly, while the sheet-like aggregates are not. Instead
they are closely related to the use of shear in concentrated samples.
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Another point concerning the effect of heating is shown by the SAXS curve at 20°C relative to
the heated sample, which failed to gel and gave a precipitate (SI1-5). The curve displays an
interaction peak corresponding to a 4.7 nm spacing (Figure SI-14-3), that is, lower compared
with 11 and I2. It can correspond to a more bended conformation producing big aggregates which
eventually precipitate. The presence of this third polymorph "P" is observed in the interaction
peaks of samples once they have been cooled down from 70°C (see Figure SI-14-3, curves “50°C
back” and “20°C back”). The formation of a third polymorph can explain the detrimental effect
of heating on gel formation. This is why heating cannot be chosen as a robust protocol for
producing the gels in a reproducible way.

Besides, low concentration gels at 0.5% were obtained in a reproducible manner by diluting and
shearing the 2% samples. Their SAXS curves only displayed the signature of cylindrical
structures (see Figure SI-14-2), indicating that the sheet-like structures did not withstand
dilution. Using this method, the network of helical fibres produced was able to sustain the
formation of a macroscopic gel.

E Rheology

Viscoelastic and thixotropic properties of gels at 2%wt have been measured. The frequency
sweep from 10Hz to 0.01Hz displays a typical rheogram of gel, with G' > G" over the whole
frequency range (Figure 6-a). G' is around 500 Pa, and G" between 30-60 Pa, featuring a quite
fragile gel. The gel is thixotropic, namely after being sheared, it was able to recover its
viscoelastic properties after resting. This point is illustrated in Figure 6-b-c. In Figure 6b, a gel
(t=0, turned upside down) was vortexed for 15s. It flowed when turned upside down. One hour
later, it had recovered its gel state and did not flow when turned upside down. In Figure 6-c, a
gel (2%wt) was first sheared by passing through a needle, placed in the rheometer, and then G'
and G" were monitored for 4h. G' in the destructured gel started at around 10Pa and progressively
increased as the gel restructured up to 1000 Pa. The monitoring of the gel restructuration after
shearing both with TEM and rheology has showed that the gel is dynamic, but with a very slow
rate. According to macroscopic observations, this process of gel structuration with time kept on
over several days and even weeks, since it was observed that some weak gels finally did not flow
when turned upside down far later, after several weeks. From the microscopic point of view, the
shear broke down the self-assembled structures formed after hydration into small objects (see
section D "Microscopy”, Figure 2d and SI-3). These fragments coalesced back slowly, into the
long wormlike micelles assembled side-by-side, providing again the cross-linking points
sustaining the gel network.

In relation to the slow dynamics of this restructuring, interestingly, it has been shown that the
introduction of a sugar polar head in a dipeptide gelator (cyclo-L-Tyr-L-Lys) led to a strong
slowing down of the gelation process[46]. But conversely, a nucleobase-derived gelator
appended with a monosaccharide group displayed a quick gelation[28]. These different examples
raise the question on how the introduction of sugar polar heads may affect more generally the
self-assembly kinetics. Besides, in the case of LMW gels, thixotropy is known to be affected by
the nature of self-assembled structures formed (e.g. spherulites versus fibres)[55]. In our case
too, possibly only one of the two networks may sustain this rheological property. The
viscoelastic changes with temperature have also been monitored by rheology, from 10 to 40°C.
An abrupt decrease of the elastic modulus G' was observed from 25 to 30°C (Figure 6-d). The
sharp increase of the phase from 5 to 70° in this temperature range evidenced the transition from
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384 a gel to a sol. The elastic (G") and viscous (G") moduli crossed at 29°C. This measurement
385  showed clearly the loss of the gel integrity in this range of temperature. It is consistent with the
386  transition measured by DSC and SAXS and ascribed to the loss of the entangled sheets network
387  of the polymorph "L".
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Figure 6. (a) Variation of G' (elastic modulus, squares) and G" (viscous modulus, circles) with frequency, at 1 Pa,
20°C. (b) Recovery of gel after shearing and resting for 1h. (c) Recovery of the elastic (G') and viscous (G") modulus
with time, after shearing, measured at 0.1 Pa and 1 Hz. (d) Variation of G', G" and the phase (delta) with temperature,
measured at 0.8 Pa and 1 Hz.

F Biocompatibility

Several molecular gels have been already tested as scaffold for cell culture, most of them
belonging to the family of gelling peptides [2,56]. Compared with polymer gels, they can provide
a different environment to cells, including different stiffness, a looser internal structure and
higher clearance, that would help cells to grow through. Injectability, related to thixotropy, is
also expected [2,7].

The gels of 3 have been tested as scaffold for cell culture with a neuronal cell line (Neuro
2A)[57]. After 3 days cultures, cell viability tests were performed (Figure 7). Cells adhered to
the gel but only a poor number of viable cells was observed (<10%) (Figure 7-b). The gels did
not appear suitable, whatever the method used for purifying the gelator or for preparing the gels.
This result is in contrast with other low molecular weight hydrogels with close chemical
structures on which cells were grown up to three days [58,59] or ten days [28]. Among the two
networks sustaining the gel, one of them was dissolved at 37°C. It may have provided a high
concentration of free gelator molecules, increasing the cytotoxicity. For comparison, the
cytotoxicity of surfactants with close structure (sugar-triazole-fatty chain) was studied in ranges
below 1 mmol/L, showing that surfactants with chains <6 carbons or >12 carbons had no toxicity
on mammalian cells in this range [60]. In our case, gels at 0.1% correspond to a concentration
of 1.4 mmol/L and gels at 1%, 14 mmol/L, far above the concentration range of this study. The
molecular gels differ strongly from polymer gels on this point, since there is no bioavailability
of small molecular units if biological degradation mechanisms do not provide fragments. This
difference in the mechanism of gelation may affect the biocompatibility.

. ‘. =
Figure 7. Cell viability assay. Neuro 2A cells have been cultured for 3 days on a 0.25%wt gel. Red staining indicates
dead cells, green staining indicates live cells. The gel also appears by green autofluorescence. Fluorescence images
at (a) low magnification and (b) high magnification. (c) Control cells after 3 days on cell culture plate. Scale bar 30

um.

In addition, the mechanical strength of the scaffold is known to affect the cell survival, and in
our gels, the dissolution of one of the two networks clearly decreased a lot the strength of the
gel. Accordingly, we observed that the surviving cells were exclusively aggregated on the
remaining gel fragments. It has been also demonstrated, in the case of amyloid peptides, that the
nature of the polymorph, namely the way in which the molecules self-assemble, affected the
cytotoxicity[40]. The same effects may occur in the case of supramolecular gelators. It points
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out that the cell death is related not only to the chemical nature of the gel, but also to its
mechanical properties and to subtle molecular organisation differences.

Conclusions

This new sugar-based gelator, despite an easy synthetic access, displayed quite a complex
gelation behaviour in pure water due to polymorphism. The presence of two amides bonds, but
separated from each other by a rigid spacer (triazole), forces the molecule to bend and favours
the polymorphism. This observation may help the design of gelators. Without shearing, the
gelation was capricious. Starting from 2wt% solutions and applying a strong shear enabled to
get reproducible gelation. The resulting gels were diluted up to 0.25wt%. As a result of this
method, the gel was sustained by a double network, one network of thin helical fibres with 10
nm of diameter and an unusual network of large interconnected 2D-sheets made of thin 7 nm
wide wormlike micelles assembled side-by-side in parallel. The thermal transition of this second
network was within the room temperature range. The resulting gel was partly thermoreversible
and was thixotrope. Further heating, above 60°C, led to changes in the aggregation mode, giving
shorter aggregates which could not sustain gelation and a precipitate was formed. This work
illustrates that gelation can be highly dependent on the pathway used for the solubilisation and
the dispersion of the gelator molecules. In our case, it involved both the hydration and
solubilisation of the dry solid at room temperature in a range of concentration around 2wt%,
before shearing. This work illustrates also that full solubilisation by heating, followed by cooling
down can impair the self-assembly at the long range. It also showed that shearing induced the
formation of new self-assembled and dynamic structures able to sustain a stable gel.
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