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Abstract

Control of the nucleation and growth process in self-assembled fibrillary networks (SAFiN)
with the goal of preparing physical hydrogels from low molecular weight gelators (LMWG) is
well-established but mainly for temperature-driven hydrogelators. In the presence of other
stimuli, like pH, the fundamental knowledge behind gel formation still lacks. In particular,
whether pH affects nucleation and growth of the fibers and how this aspect could be related to
the stability of the hydrogel is still matter of debate. In this work, we establish a precise
relationship between the pH change rate during the micelle-to-fiber transition, observed for
stearic acid sophorolipids - a bolaform microbial glycolipid — and supersaturation. We show
that tough SAFIN hydrogels are obtained for slow pH change rates, when supersaturation is
low, while weak gels, or even phase separation through powder precipitation, are obtained upon
fast pH change. Interestingly, these results are independent of the pH change method, may it be
through manual variation using HCI, or by using the internal hydrolysis of glucono-J-lactone
(GDL), the latter being currently acknowledged as a unique way to systematically obtain tough
gel through internal pH change.

Introduction

The development of soft stimuli-responsive materials is a topic that has gained much
attention in the past decades for the applications in many fields including tissue engineering,
cosmetics, food and environmental science® and in relationship to the most recent materials’
processing techniques, like 3D® and 4D printing.® In this field, low molecular weight gelators
(LMWG), 1 small compounds commonly forming self-assembled fibrillary network (SAFiN)
hydro- or organogels, attract a large interest for their potentially infinite possibilities in terms
of the (molecular) function - (gel) property. The gelation is generally driven by weak
interactions and can be triggered by numerous stimuli like temperature,*? pH,*® salt** or
enzymes.’® In this class of materials, fluorenyl-9-methoxycarbonyl (Fmoc) amino acid
derivatives are one of the most popular class of LMWG but peptides, peptide amphiphiles and
glycolipids'®?° are also largely explored.

Temperature-driven SAFIN hydro- and organogels are by far the most common systems
benefitting of the largest knowledge. Their mechanisms of formation and relationship between
the gel mechanical properties and fiber nucleation/growth phenomena are well-understood.
Supersaturation, driven by large temperature variations between the sol and gel phases, is
responsible for high degrees of fiber branching, leading to gels with poor mechanical

properties.?t2* However, when it comes to the preparation of homogenous SAFiN hydrogels
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triggered by pH as external stimulus, control of pH variation and of mechanical properties is
still challenging. Several approaches, like generation of carboxylic acids during anhydrides
hydrolysis?® or UV irradiation of a photoacid generator?® were developed as better alternatives
to an obvious manual addition of the acid. However, since a decade, it is commonly
acknowledged that use of glucono-J-lactone (GDL, Figure 1b) is a straightforward, economic
and smart approach: in situ release of gluconic acid during the hydrolysis of GDL promotes the
formation of homogeneous SAFIN hydrogels.21%2728 However, whichever the method of
acidification, the mechanisms of pH variation in relationship to the mechanical strength of the
gel are not fully understood. This is particularly true for hydrogels prepared by manual pH
change and of which the reported variations in terms of mechanical properties are also ascribed
to the differences in shear induced by mixing during gel formation.?® Even for GDL, such a
relationship is not obvious and it is generally assumed that the final pH is practically the main
parameter that controls the mechanical properties of the hydrogels.?303!

Recently, we have described the pH-induced fibrillation of the stearic derivative of
acidic sophorolipids (SLC18:0, Figure 1a).3? Sophorolipids are the most common, abundant
and commercially-available microbial glycolipid biosurfactant in the literature,>*3* with
interesting self-assembly properties®®=" and a wide range of applications for their low
environmental impact, low cytotoxicty and good antimicrobial properties.33343® SL.C18:0 is
known to undergo a pH-driven micelle-to-fiber (twisted ribbon) phase transition at pH ~7.4
(Figure 1a), below which this compound forms a SAFiN, although the formation of a hydrogel
was never reported. To the best of our knowledge, in the broader field of glycolipid
biosurfactants, only cellobioselipids and non-acidic symmetrical sophorolipids were shown to
have gelling properties.3®*

If this compound could be expected to form a SAFiIN hydrogel, which we show as the
first result of this work, we also report an unprecedented role of the kinetics of pH variation to
control the hydrogel homogeneity and to improve its mechanical properties. In contrast to the
abundant literature on pH-driven LMWG hydrogels (often composed of Fmoc-derivatives), we
show that both heterogeneous (through external HCI addition) and homogeneous (through
internal GDL hydrolysis) acidification can induce the formation of homogeneous SAFIN
hydrogels with comparable mechanical properties. We show that fine tuning of the acidification
rate, using either HCI or GDL, controls the formation of a strong (homogeneous SAFiN), weak
gel or even no gel at all, due to the formation of spherulites. By combining rheology, multi-
scale (from nm to mm) structural analysis and exploring the pH-induced sol-gel transition by

nuclear magnetic resonance (NMR) in solution, we propose that the formation of SLC18:0
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hydrogels is not driven by the final pH but it is a diffusion-limited process. Under these
circumstances, the method of acidification (external or internal) is not as important as initially
imagined, because supersaturation plays a much more crucial role in the nucleation and growth
mechanisms of the fibers during pH variation, in analogy to what is known in temperature-
driven LMWG SAFiN.?42-4 Slow pH variation kinetics promote homogeneous fibrillation and

tough hydrogels while fast kinetics induce spherulite formation and phase separation.
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Figure 1 —a) Chemical structure of SLC18:0 microbial glycolipid and its pH-driven assembly from micelles

to fibers and b) hydrolysis of glucono-é-lactone (GDL) to gluconic acid in water.
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Experimental Section

Chemicals. SLC18:0 (Mw = 624.8 g.mol™) was obtained from SLC18:1 (Soliance, now
Givaudan Active Beauty, France). The monounsaturated SLC18:1 was first hydrolyzed in an
alkaline medium and the pH is then adjusted to ~4.5 to obtain the deacetylated open acidic form
and finally recovered using method 1 as reported previously.*® The fully saturated SLC18:0
was then obtained by a chemical modification step described elsewhere.®? Glucono-é-lactone
(GDL, Mw = 178.1 g.mol™?) was purchased from Sigma Aldrich. 5 M NaOH and HCI stock
solutions were respectively prepared by the dissolution of an appropriate amount of solid
sodium hydroxide pellets (Sigma Aldrich) in water and by diluting 37 w% hydrochloric acid
(Sigma Aldrich) in water. All solutions were prepared with Milli-Q-grade water.

Preparation of the hydrogels. The general method to prepare the hydrogels consists in
dispersing a given amount of SLC18:0 (in wt%) in water at the desired concentration, followed
by sonication during 1-2 minutes, to break up the aggregated powder. The pH of the solution is
increased to pH ~11 under gentle magnetic stirring with few uL of 5 M NaOH (generally
between 5 pL. and 20 pL, according to the sample concentration, for a typical volume of 1 mL).
The solution, turbid at the equilibrium pH, becomes mostly clear at basic pH, as discussed in
previous work,3 although slight turbidity can occur above pH 11 due to the formation of
platelets.*® Hydrogels are then obtained by acidification of the basic solution. However, the
method to decrease the pH is critical for the hydrogel stability and properties. We present three
methods of acidification, of which two of them are classical in the literature, while the third
was specifically developed in this work.

1) Manual acidification using HCI. Manual acidification is a simple and classical
approach to decrease the pH. Despite its optimization to this specific system, one should be
careful to use it to obtain SLC18:0 hydrogels, because it lacks of precision and reproducibility.
Briefly, solutions of 1 M and 0.5 M of HCI are used to manually acidify the SLC18:0 solution
(values here are intended for a typical 1 mL solution). pH can be varied rapidly using 1 M HCI
solution until pH ~7.4. Then 2 pL of a 0.5 M HCI (for SL < 2.5 wt%) or a 1 M HCI solution
(for SL > 2.5 wt%) are added dropwise under gentle stirring (~ 100 rpm) using a magnetic bar.
If small aggregates appear in solution, the sample must be sonicated between each added aliquot
until the aggregates dissolve. The solution becomes then more and more turbid, but
homogeneous. The stirring rate of the sample should be increased (> 300 rpm) due to the rise
of the solution viscosity. Under these conditions, one can keep adding HCI until the desired

final pH is reached (tough gels are generally obtained at pH ~ 6). If these steps are not performed
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correctly, one obtains a biphasic system composed of a precipitate and a slightly turbid aqueous
phase at already pH ~ 7 and pH should be increased again to solubilize the sample and start the
acidification step again. Regeneration of the sample generates larger amounts of salt (here,
NaCl) and which may interfere with gel formation. However, salt concentrations up to at least
200 mM do not perturb gel formation. We discuss this point in the last section of the manuscript.
To increase the chances to reach the gel phase, we suggest to add a lag time of 5 min to 10 min
between each addition of HCI aliquots in the pH region between 7.4 and 6.5, when the micelle
to fiber transition occurs. In a standard successful experiment, the total amount of HCI 1 M
added should not increase 50 uL for a 1 mL solution at 5 wt%, that is final concentration of
about 50 mM HCI. The final dilution factor, after taking into account the added volume of
NaOH and HCI generally does not not exceed 1.03~1.04. Using HCI solution of molarity above
1 M is not recommended due to the sharper pH jumps, which promote the formation of a
precipitate.

2) Use of GDL. In-situ hydrolysis of GDL is known to yield reproducible, stable and
tough hydrogels in low molecular weight gelators. This method was adapted to this system as
follows. A given amount of GDL is weighted in a vial, to which the SLC18:0 solution at basic
pH is added. Mixing is immediately achieved by vortexing for approximately 20 - 30 seconds
and the sample is left at rest (no stirring is applied) with gelation taking place over few hours.
The amounts are approximately 1:0.63 (x15%) = SLC18:0:GDL molar ratio for a SLC18:0
solution at pH ~ 11, and one can also follow the data in Table 1 for convenience. These values
are indicative and we suggest the reader to optimize the amount of GDL on his/her own system.
In fact, the error in the amount of GDL strongly depends on the amount of base introduced in
the solution, that is on the initial pH of the SLC18:0 solution. Specific comments on the

employment of GDL will be given in the last section of the manuscript.
Table 1 — Typical concentration values (+ 15%) of SLC18:0 and GDL to obtain a homogeneous hydrogel

starting from a solution at pH ~11.

Csiciso/ mg/mL | Copr/ mg/mL
10 1.8
175 3.1
25 4.5
50 8.9
75 13.4
100 17.8

3) Controlled acidification using HCI.
This method was developed in this work in order to prepare reproducible SLC18:0
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hydrogels using HCI. Manual acidification is replaced by an automated and more controlled
protocol. A given HCI solution (normally 1 M for a 5 wt% SLC18:0 solution) is placed in a
syringe, which is located in a programmable syringe pump. The acidic solution is brought to
the SLC18:0 vial through a thin wall microbore PTFE tube using controlled delivery rates. The
apparatus is shown in Figure S 1. In this work we have spanned the range 30 < rate [uL/h] <
6000, corresponding to molar rates 30 mM/h and 6 M/h. The SLC18:0 solution should be kept
under stirring (~ 300 rpm) and pH can be monitored so to stop HCI injection at the desired final
pH value. One should note that the molarity of the HCI solution can vary as long as one adjusts
the acid feeding rate in order to keep the overall molar rate constant and dilution factor low.
For instance, hydrogels with similar properties can be obtained either with a 1 M HCI solution
at a rate of 30 puL/h (30 mM/h) or with a 0.5 M HCI solution at a rate of 60 uL/h (30 mM/h).
However using HCI concentrations below 0.5 M is not recommended due to the higher amount

of HCI needed to achieve pH~6, leading to a higher dilution of the final system.

Small Angle X-ray Scattering (SAXS). SAXS experiments are performed at 25°C at the
DUBBLE BM26B beamline at the ESRF synchrotron facility (Grenoble, France).*”*® Samples
have been analysed during the run SC4639 using a beam at 11.93 KeV and a sample-to-detector
distance of 2.10 m. Samples are prepared and inserted in 1 mm quartz tubes. The signal of the
Pilatus 1M 2D detector (172 x 172 um pixel size), used to record the data, is integrated

azimuthally with PyFAI to obtain the I(q) vs. g spectrum (g = 47 sin® / 1> Where 20 is the

scattering angle) after masking systematically wrong pixels and the beam stop shadow. Silver
behenate (dyef = 58.38 A) is used as SAXS standard to calibrate the g-scale. Data are not scaled

to absolute intensity.

Rheology. Viscoelastic measurements were carried out using an Anton Paar MCR 302
rheometer equipped with parallel titanium or stainless steel sandblasted plates (diameter 25
mm). All experiments were conducted at 25 °C and the temperature was controlled by the
stainless steel lower plate, which is the surface of the Peltier system. During experiments, the
measuring geometry was covered with a humidity chamber to minimize water evaporation. To
characterize SLC18:0 hydrogels, strain sweep experiments were first conducted by changing
the shear strain (y) from 0.001% to 100% to determine the linear viscoelastic region (LVER).
After loading a new sample, values between y = 0.02 — 0.05 % within the LVER were used in

the subsequent angular frequency (o) sweep from 100 and 0.01 rad.s™. To monitor the gelation
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kinetic of GDL-induced hydrogels, SLC18:0 solutions were mixed with the appropriate amount
of GDL and the final mixture was vortexed for 20 seconds and immediately loaded on the
bottom plate. Dynamic oscillatory time sweep experiments were performed by applying a
constant oscillation frequency (o = 6.28 rad.s!) and a shear strain (y) within the LVER and data
were collected during 360 minutes. A delay of 3-4 minutes occurs between the moment of

mixing and the beginning of the measurement.

'H Nuclear Magnetic Resonance (NMR): solution NMR was used to follow the kinetics of
micelle-to-fiber phase transition,**-! because it is only sensitive to fast-tumbling molecular
species in solution or in micellar environments, while crystalline solids are not detected. Time-
resolved 'H solution NMR experiments are acquired on a Bruker Avance 111 300 spectrometer
using a5 mm H-X BBFO probe at T= 25°C. Number of transient is 16 with 5 s recycling delay.
Experiments are carried out in D20 as follows: a 2.5 wt% concentrated solution of SLC18:0 is
prepared in 99.99% D0 at pD ~ 11, using a 5 M solution of NaOD (NaOH powder dispersed
in D20). The solution is split in half and the *H NMR spectrum of the first half is recorded. The
second half is added to the corresponding amount of pre-weighted GDL (refer to Table 1)
necessary to obtain a homogeneous hydrogel. The mixture is eventually vortexed and inserted
in a standard 5 mm glass tube. A technical uncompressible delay of about 6 to 7 minutes occurs
between the moment of mixing and the first recorded spectrum. The comparison between the
first spectrum and the solution at basic pH shows no real differences between the two spectra
and for this reason, the first recorded spectrum of the gelation kinetics is used for normalization.
The same experiment is repeated on a solution to which the amount of GDL is doubled, so to
obtain a precipitate instead of a homogeneous hydrogel. Attribution of the *H NMR spectrum
of SLC18:0 is provided in detail in ref. 3,

Absolute values of the peak area as a function of time are obtained using the
“integration” and “relaxation” moduli of the Topspin™ 3.5 pl7 version of the software, while
the full width at half maximun (FWHM) profiles have been automatically obtained by using of
DMFit software, available free of charge at the developer’s website.5>%® We have observed
small phasing problems affecting the peak of H20 during the kinetics experiments. Since this
is the most intense peak, poor phasing can affect the baseline in the vicinity of the anomeric
CH between 3 ppm and 4.5 ppm. This unavoidable fact strongly affects the actual value of the
peak area. For this reason, we only calculate the time-resolved evolution of the aliphatic peak

integral contained between 0.5 ppm and 2.5 ppm.
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Avrami plots. The Avrami equation is commonly used to determine the nucleation and
growth mechanism of bulk crystals®** and it has been successfully applied to the study of
fibrillar self-assembled gels.?*?>% The general form of the Avrami equation is X, = 1 —
e k™ X is the volume fraction of the crystalline phase at a given time of the reaction, k is
the kinetic constant, t is the time and n is the type of nucleation (heterogeneous or
instantaneous) and dimensionality of crystal growth, and where n is commonly contained
between 1 and 4, indicating a 1-D or fiber-like, 2-D or platelet-like and 3-D growth. The Avrami
plot is generally applied in the nucleation and growth phase, so to avoid complex crystallization
effects.>” Plotting In{—In[(1 — X,,)]} against [n(t) gives access to n (slope) and In(k)
(intercept). In this work, X, = X, where X is the fiber fraction obtained from H NMR
according to Xz = (1 — X)) = (1 — X,,),*® where X,, is the water-soluble micellar fraction,
which is experimentally obtained from the normalized peak area at 2.5 < d/ppm < 0.5, here

referred to obtained as X.

Cryogenic Transmission Electron Microscopy (Cryo-TEM). These experiments were carried
out on an FEI Tecnai 120 twin microscope operating at 120 kV equipped with a Gatan Orius
CCD numeric camera. The sample holder was a Gatan Cryoholder (Gatan 626DH, Gatan).
Digital Micrograph software was used for image acquisition. Cryofixation was done on a
homemade cryofixation device. The solutions were deposited on a glow-discharged holey
carbon coated TEM copper grid (Quantifoil R2/2, Germany). Excess solution was removed and
the grid was immediately plunged into liquid ethane at —180 °C before transferring them into
liquid nitrogen. AIll grids were kept at liquid nitrogen temperature throughout all

experimentation.
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Results and discussion
SLC18:0 forms hydrogels

The micelle-to-fiber phase transition obtained by the pH-jump method on a diluted
solution (0.5 wt%) of SLC18:0 was studied in detail in previous works by combining cryo-
TEM and pH-resolved in situ SAXS.32%° In the fiber phase region, we observed that
centrifugation of a stable colloidal solution of SLC18:0 can easily lead to a fiber-rich lower
phase by forced syneresis. This observation suggests that SLC18:0 hydrogels can most likely
be obtained by the direct pH-jump if concentration is high enough, just as observed for
analogous LMWG, where gelation is driven by pH.1827:6061 Tq test this hypothesis, we prepare
a series of SLC18:0 samples at various concentrations both by manual acidification using HCI
solution (0.5 M or 1 M) and upon addition of GDL to the initial basic solutions at pH 11. The
first method is straightforward but more user-dependent (please, refer to the experimental
section for a note on reproducibility), while the second method is user-independent, it provides
homogeneous SAFIN gels?’ but requires the addition of an extra molecule in close-to-equimolar
amounts (here optimized at 1 SLC18:0 : 0.63 GDL) with respect to SLC18:0, and which could
interfere with the self-assembly process. The rheological properties of a series of SLC18:0
samples prepared at pH 6 and various concentrations using the above mentioned methods are
shown in Figure S 2. Dynamic strain sweep experiments performed on SLC18:0 samples,
prepared both by manual acidification using HCI (Figure S 2a) and upon GDL addition (Figure
S 2b), demonstrate a typical strain softening behavior. At low shear strain values both moduli
exhibit a constant value with G'> G, demonstrating the solid-like character of the samples;
upon shear strain increase, both moduli decreases from a given shear strain named as critical
shear strain (y.) which is calculated from the extent of the linear stress (c) — strain (y)
relationship (Figure S 2c). The extent of the linear viscoelastic regime from y, is related to
structural changes and gel disruption. At higher shear strain, a G' — G''crossover is observed
and finally G'< G", reflecting the fluidization of the samples, or a gel-to-sol transition. The
angular frequency-dependent storage (G') and loss (G'’) moduli, measured for all samples both
by manual acidification using HCI (Figure S 2d) and addition of GDL (Figure S 2e), show that
G'(w) > G"(w), with no evidence of angular frequency dependence of the storage modulus
G' « «°, indicating that samples are gels over the entire angular frequency range.

Whichever the acidification method, concentration has a clear impact on the strength of
the hydrogels, where 2.10 < G'/kPa < 2 for manual HCI addition, while 2.10"! < G'/kPa < 200

in GDL. However, acidification through GDL systematically provide hydrogels with elastic

10
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moduli in the order of two log units higher. This is summarized in profiles showing the
concentration dependency of the gel plateau storage modulus G,(C) for both methods of
acidification (Figure 2a). The G,(C) behavior is very useful to understand the rheological
behavior of hydrogels and their structural organization, based on theoretical models, originally
established for polymers but extended to fibrillary systems, because self-assembled filaments
can be described as polymers with a significant bending rigidity.%? G, «< AC™, with A being a
constant and n an empirical exponent, is a well-known scaling law measured in colloidal and
polymer gels.®*®° From Figure 2a, G, scales linearly with concentration with a slope contained
between 2.0 and 2.4 for both manual HCI acidification and GDL, respectively. This
experimental G,(C) behavior is in a good agreement with scaling laws of entangled polymers
in a good solvent and in a semidilute regime with n= 2.25,% or with n = 11/5, for entangled
semiflexible biopolymers.®® Similar values are also found for fibrillary hydrogels composed of
bacterial cellulose®” and LMWG,284187 byt one should also mention that n = 5/2%° was also
reported for highly cross-linked semiflexible biopolymer networks. If G,(C) indicates that
SLC18:0 samples become stiffer with concentration, they are also more sensitive to
deformation, as highlighted by the decrease of the theoretical critical strain, y, with increasing
concentration (Figure S 2f in the supporting information and discussion therein). Such
concentration dependency of y,. is commonly attributed to the reduction of the mesh size (the
average spacing between fibers) and reduction of the entanglement length (distance between
entanglement points).®

The normalization of the strain sweep data (Figure S 2g) highlights the strain overshoot
nature of SLC18:0 samples.®® Such strain hardening overshoot was previously reported for a
wide range of complex fluids like concentrated emulsions®® or microgels suspensions,’® but also
for SAFIN without discussing its origin.”* Depending on the complex fluid, the origin of the
strain overshoot can be attributed to an increase of the effective volume of temporal structures, "
to a variation of aggregate size in suspensions’ or to a rearrangement of clusters’ during
oscillatory shear deformation.®® However it’s generally assumed that weak strain overshoot is
a result from the balance between the formation and the destruction of the network junctions.®®
Here, we observe that the intensity of the reduced loss modulus (G"'/G{') does not show a clear
dependence neither on the SLC18:0 concentration nor to the acidification technique (Figure S
2h-i). However, the mere presence of a strain hardening overshoot in this system indicates the
statistically-relevant presence of intermediate-size structures, which under large deformation

will first resist against the imposed deformation, resulting in an increase in G'"', before breaking

11
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up above a given deformation limit, beyond which the SLC180 fibers align with the flow field,

explaining the decrease in G"'. The possible nature of these structures will be discussed by mean

of microscopy tools, later on.

Based on the behavior of SLC18:0 samples under small and large strains, we applied
three cycles of step-strain experiments to evaluate the recovery time and mechanical yield of
the hydrogels after applying a large deformation (Figure 2b). During each cycle, samples are
first subjected to a constant strain of 0.02% (in the linear viscoelastic regime, 0.02 % <y,)
before increasing the strain from 0.1% to 100% during 2 min (large deformation, 100 % >> y,.)
and the strain is decreased again from 100% to 0.02% for 30 minutes. For both SLC18:0
samples prepared using either HCI or GDL, it was observed that before applying the first large
deformation, G' is constant and greater than G''; however, when a large deformation is applied,
G' becomes lower than G"', demonstrating the liquid-like behavior of these gel at high strain
values. Immediately after removing the 100% strain, SLC18:0 hydrogels prepared using HCI
and GDL respectively recovered 82% and 77% of their original stiffness (average values after
three cycles). After three cycles, the average complete recovery time is estimated to be ~7 min
and ~3 min for SLC180 hydrogels prepared using HCI and GDL, respectively. The interesting
recovery yield and time (few minutes) highlight the self-healing feature of the SLC18:0
hydrogels.

The rheological characterization of SLC18:0 samples prepared both by manual
acidification using HCI and addition of GDL (molar ratio of 1 SLC18:0 : 0.63 GDL)
demonstrate the successful preparation of SLC180 hydrogels with interesting mechanical
properties (stiffness and self-healing properties). We highlight two important points:

1) The gain in magnitude of the storage modulus G'(w) between the HCI and GDL
approach is close to two orders of magnitude in favour of the GDL approach. This
observation is not surprising and is comparable to what was reported for Fmoc
conjugated peptides, 6272831 where GDL-driven gelation was implemented to prepare
repeatable homogeneous and strong fibrillar hydrogels. Our results confirm the true
interest in using GDL over manual HCI pH variations also for the SLC18:0 LMWG.

2) The G,(C) behavior of SLC18:0 samples span between theoretical prediction of
hydrogels driven by entanglement, although cross-linking due to tip- and side-branching
should not be excluded: highly cross-linked semiflexible biopolymer networks have
shown an exponent of n = 5/2, as predicted by the Mackintosh, Kis and Janmey theory.%®
Moreover, similar exponents were also attributed to cross-linking LMWG-derived
hydrogels.?™
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If these interesting results class SLC18:0 as a new LMWG, similarly to FMOC
derivatives and other carbohydrate-based compounds,’®8 we must highlight a drastic user-
dependent reproducibility of the hydrogels both when using HCI and non-optimized GDL
addition. We have in fact experienced many failures, consisting in powder precipitation instead
of hydrogel formation, while reducing the pH. Considering that all experiments within a given
method are performed under equal conditions of temperature, initial pH and dilution factors,
we make the hypothesis that the rate of pH change may have crucial effects in the mechanical

properties of gel.
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Figure 2 - a) Evolution of the plateau modulus (G,) with SLC18:0 concentration at pH 6. Gels are prepared
both by manual acidification using HCI 1 M (triangles) and upon GDL addition (circles, molar ratio 1
SLC18 : 0.63 GDL) to basic SLC18:0 solution (initial pH ~11). The dashed lines are theoretical scaling
predictions for entangled semiflexible polymers (De Gennes, n= 2.25;% Mackintosh et al., n= 11/5)% and
cross-linked networks (Mackintosh et al., n =5/2).6 b) Three cycles of step-strain experiments (o= 6.28

rad.s”, destructuring at y =100 % during 2 min followed by recovery at y = 0.02 % during 30 min).

The acidification rate controls the mechanical properties

If manual addition of HCI has long been questioned to provide hydrogels with lower
elastic moduli?” and probably being one of the reasons for poor quantitative agreement in terms
of hydrogel mechanical properties among different authors,® the impact of GDL amount on the
gel properties has equally been questioned.! We have ourselves tested several SLC18:0:GDL
molar ratios and we surprisingly observe that above an optimal amount of GDL, which is
empirically set at approximately 1:0.63 (x 15%), a powdery precipitate is systematically
observed. Similarly, lower GDL amounts do not promote gelation, because pH remains above

the micelle-to-fiber phase transition. To prove the direct impact of pH rate change on the
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hydrogel mechanical properties, we have also prepared several hydrogels replacing the standard
manual HCI 1 M addition (concentration of SLC18:0 was 5 wt%) with a controlled rate by
mean of a syringe pump (apparatus is shown in Figure S 1). We have spanned the pH change
rates over two orders of magnitude, between 30 pL/h and 6000 pL/h. Figure 3a and Figure 3b
respectively report the corresponding time-dependent pH profiles, while the mechanical
properties of the final hydrogels prepared using both HCI at different acidification rates and
with different GDL amounts are given in Figure 3c-e.

For samples prepared using GDL, the evolution of the pH of a SLC18:0 1 wt% solution
with time at three GDL molar ratios (0.63, 0.94, 1.25) is shown in Figure 3b, while the
corresponding evolutions of G’ are given in Figure 3c. For GDL ratios below 0.94, a
homogeneous hydrogel is systematically obtained, while at 1.25 the solution has practically no
mechanical properties and a powder precipitate is generally observed at the bottom of the vial.
The pH drop profiles with time (Figure 3b) show indeed that the rate of pH change is the same
for all samples below 20 min, that is during the initial hydrolysis of GDL and until pH settles
between 7 and 7.4. Above 20 min, the largest amount of GDL (1.25) induces a faster decay in
pH for a final pH below 5 after 250 min, compared to about 6/6.5 for lower GDL amounts. If
similar differences in terms of pH decay rate have been observed by Adams et al.,® they did
not observe an impact on the gel mechanical properties, which was rather affected by the value
of the final pH.23%3! In this work, precipitation occurs as early as 30-40 min after excess of
GDL is added, that is when pH is still sufficiently high (between 6 and 7), in contrast to what
was found with Fmoc-conjugated peptides. If final pH effects are excluded in this system, this
point will be commented in more detail in the last section of this manuscript.

For 5 wt% SLC18:0 hydrogels prepared using HCI at different acidification rates, at
6000 pL/h (black squares), the pH drops below 6 within 1 minute and a powder is immediately
obtained. The corresponding G’ (~1 Pa, Figure 3e) is practically not significant but it is
analogous to the plateau modulus of GDL at 1.25 molar ratio (magenta hexagons, Figure 3c).
At lower HCI addition rates (between 100 and 1000 pL/h), the mechanical properties gradually
increase (Figure 3e) up to the kPa domain. The elastic modulus becomes comparable with a 5
wit% gel obtained with manual addition of HCI (Figure 3d), but also with a 1 wt% gel obtained
by using optimal amounts of GDL (black squares, Figure 3c). Very interestingly, for very small
HCI addition rates (30 uL/h) the time evolution of pH (diamonds, Figure 3a) matches exactly
the time-dependent pH profiles recorded in the presence of GDL at 0.63 and 0.94 molar ratios
(black and red-segmented lines, Figure 3b) up to 100 min. The elastic modulus of the SLC18:0
5 wt% hydrogel obtained at a HCI addition rate of 30 puL/h (Figure 3e) is now one order of
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magnitude superior if compared to a 5 wt% gel obtained by the manual HCI method (Figure
3d) and only a factor two (linear scale) lower compared to a 5 wt% SLC18:0 hydrogel obtained
by GDL (Figure 3d). In clear, at constant pH (here, 6) and concentration (5 wt%), controlling
the acidification rate below 50 pL/h generates the same time-dependent evolution of pH
compared to GDL (up to 100 min) and is responsible for a 50-fold improvement in the elastic
modulus compared to manual HCI addition. On the other hand, data in Figure 3d,e also indicate
that manual pH variation, although more difficult to reproduce, can still produce hydrogels with
interesting, yet not optimized, mechanical properties.

One can conclude that homogeneous and tough hydrogels with comparable elastic
moduli could be obtained both by GDL and HCI, provided a very low (< 30 uL/h for a typical
HCI 1 M used in SLC18:0 at C= 5 wt%) acidification rate when employing a HCI solution
(more general considerations on the acidification rates expressed in terms of mM/h are
commented in the last section of the manuscript). Gels are generally formed during the pH-
lowering process but, as expected, hardening occurs after one to two hours after removing the
magnetic stirrer shear. Uncontrolled acidification rates certainly explain part of the
discrepancies in terms of mechanical properties of LMWG hydrogels found in the literature. 16?7
Moreover, other parameter like stirring (i.e., shearing the sample during hydrogel formation
and fiber growth) during HCI acidification were also suggested to affect the hydrogels
mechanical properties, and which promoted the use of GDL in the past.?°

As a last remark, we highlights that for sufficiently low HCI acidification rates and for
optimum GDL amounts, the pH rises shortly after an initial abrupt drop and before decreasing
again. The length and moment in time of the pH rise varies with the acidification rate (or GDL
amount) but it is systematically observed. Adams et al.,**8! as well as other authors® reported
the same phenomenon on Fmoc-conjugated peptides acidified with GDL and they attributed it
to the difference between the pKa of the monomer with respect to the apparent pKa
corresponding to the self-assembled peptide. This is most likely due to the well-known charge
compensating process, that lies behind the origin of the apparent pka, a phenomenon often
observed in self-assembled fatty acids. When fatty acids assemble into a crystal or even a
lamellar phase, the surface charge density is initially neutralized by a diffusion of protons form

the bulk solution, which is the origin of the temporary raise in bulk pH.83-8°
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Figure 3 — Time evolution of pH time measured for SLC18:0 solutions (V=1 mL) at a starting pH 11. In a),
the pH of 5 wt% SLC18:0 solutions is lowered under stirring (~ 300 rpm) using controlled rates of addition
of HCI 1 M. In b), the pH is lowered for a 1 wt% SLC18:0 at pH 11 (V=1 mL) upon vortexing (20 s — 30 s)
with GDL, where x stands for the GDL molar ratio with respect to one mole of SLC18:0. The solution is left
at rest after vortexing. ¢) Time evolution of the elastic moduli (data are collected in the linear domain, w=
6.28 rad.s; y= 0.02%) of SLC18:0 solutions at various concentrations upon mixing with GDL. d) Plateau
elastic moduli measured at 5 wt% using the GDL and manual HCI methods. €) Evolution of the plateau
elastic moduli (w=6.28 rad.s, y=0.02%, each point is averaged over 10 minutes of acquisition) for a series

of 5 wt% SL.C18:0 hydrogels prepared from pH 11 with various rates of addition of a 1 M HCI solution.

Supersaturation and spherulite formation depend on the pH change rate. A multiscale analysis.

The data presented above are in contrast, to the best of our knowledge, with the existing
literature on the mechanistic aspects of pH-driven hydrogels for LMWG (mainly recorded on
Fmoc-conjugated peptides), and which is based on the following. GDL is preferred to HCI and
it always gives a homogeneous fibrillar hydrogel. This is shown by Adams'®?"3! and confirmed
by micro-rheology data;®>%® the rate of pH change has little influence on the gel mechanical
properties, which are rather governed by the final pH.30:31

To better understand the discrepancy between the mechanism of formation of SLC18:0
hydrogels and Fmoc-conjugated peptides, we investigate the structural and morphological

properties of the fibers over a broad scale, from the nanometer to the micrometer range,
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combining SAXS, cryo-TEM and optical microscopy. Data on the kinetics of fiber formation
are also evaluated by *H NMR. It is important to stress that, in order to avoid artifacts, all
experiments have been collected on wet samples and no observation has been performed on
neither air dried nor freeze-dried samples.

The nanoscale structure of the hydrogels prepared both with HCI and GDL has been
studied with SAXS, presented in Figure S 3. The SAXS profiles of hydrogels obtained with
HCI and GDL (Figure S 3a) and with GDL at x= 0.63 (hydrogel) and x= 2.52 (powder
precipitate) (Figure S 3b) are all comparable and they are the typical fingerprint of SLC18:0
twisted ribbons, as described elsewhere.>*® All data are characterized by a broad diffraction
peak at g= 2.36 nm™, indicative of the lipid packing in the ribbon plane, an oscillation at about
0.75 nm%, probably indicating the ribbon form factor, and a strong low-q scattering with no
plateau. The fibrillary and twisted ribbon morphology is confirmed at a larger scale (> 100 nm)
by cryo-TEM experiments presented in Figure 4al, Figure 4b2 and Figure 4c2 for, respectively,
HCI (5 M, powder), GDL (x= 0.63, hydrogel) and GDL (x= 2.52, powder) samples.
Combination of SAXS and cryo-TEM irrefutably show that neither GDL at any amount nor the
pH-change rate have perturbed the formation of twisted ribbons and the packing of SLC18:0
within the ribbons. The poorer mechanical properties observed for excess of GDL and fast pH
change rates must then be explained by differences in the morphology/aggregation at a larger
scale. Cryo-TEM of the powder precipitates obtained either by employing 5 M HCI (Figure
4a2) or GDL x= 1.25 (Figure 4cl, Figure 4c2) shows both spherulitic aggregates (Figure 4a2)
and side branching (Figure 4cl, Figure 4c2). On the contrary, cryo-TEM corresponding to a
stable hydrogel obtained with x= 0.63 GDL shows a homogeneous network of twisted ribbons
with little amount of spherulites and side-branched fibers. One should observe nonetheless that
the fiber cross section is heterogeneous, whichever the approach employed; diameters varying
between 10 nm to 50 nm are not uncommon in none of the samples, as already observed in
more diluted SLC18:0 systems;287 fibers of high cross-sectional uniformity could only be
obtained after dialysis.®’
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Figure 4 - a-c) Cryo-TEM images recorded on a series of samples prepared at 0.5 wt% SLC18:0 and
acidified using al-a2) 5 M HCI (powder precipitate), and SLC18:0:xGDL, with b1-b2) x= 0.63, c1-c2) x=
1.25.

Further observations at a larger scale using optical microscopy confirm the above
assumptions. A homogeneous gel (obtained with x= 0.63 GDL) displays a broad fibrillar
network (SLC18:0 at 1 wt%), where sporadic nucleation centers are not uncommon (Figure 5a).
Similar results are obtained for the hydrogel prepared at 5 wt% using HCI at a rate of 60 uL/h
(Figure 5¢). In contrast, spherulites strongly characterize those samples that form a precipitate
in solution, regardless the method of preparation: excess of GDL (x= 1.25, Figure 5b) and fast
HCl rates (6000 puL/h, Figure 5d). Interestingly, the presence of both spherulites and branched
interconnected fibers is compatible, and it can actually explain, the peculiar strain hardening
overshoot characterizing the strain sweep data (Figure S 2a,b), and put in evidence in the
reduced viscous modulus (G"/Gg') as function of the reduced shear strain (y/y.) profiles
(Figure S 2g,h,i). Rheology data, briefly commented in the mechanical properties section and,
more extensively, in the Supporing Information, the support the existence of spherulites and
branched structures from a statistical point of view.
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Figure 5- a,b) Optical microscopy images of SLC18:0 (1 wt%o) after xGDL with a) x= 0.63 and b) x= 1.25,
being the SLC18:0:xGDL molar ratio. ¢,d) Optical microscopy of SLC18:0 (5 wt%) after HCI (1 M) addition
at ¢) 60 pL/h and d) 6000 pL/h. For all samples, initial pH ~11 and final pH is contained between 6 and 6.5.

The Kinetics of crystallization can be followed via *H NMR spectroscopy, which is only
sensitive to the compound in a fast-tumbling (e.g., micellar phase), but not crystalline,
environment (e.g., fibers). Figure S 4a shows the evolution of the crystalline fraction (as defined
in the materials and method section), X, of SLC18:0 (2.5 wt%) with time after adding GDL at
x= 0.63 and x= 1.25, where the former produces a homogeneous gel and the latter a powder
precipitate. In both cases, the final X is about 0.8, thus excluding the possibility that the poor
mechanical properties in the x=1.25 GDL sample depend to a smaller fraction of self-assembled
fibers. The time evolution of the full width at half maximum (FWHM) shows larger values for
the gel (up to 35 Hz compared to ~25 Hz for the powder), in agreement with a more
homogeneous environment, where the mobility of micellar SLC18:0 is further reduced due to
hydrogel formation. One should note that the discontinuities in both X, and FWHM plots are
most likely artifacts due to problems in a satisfactory baseline subtraction and consequently to
the signal integration, as explained in the materials and methods section.

The multi-scale study shows that the only major difference between two SLC18:0
samples prepared at the same concentation and temperature but different pH change rates (either
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using GDL or HCI) is constituted by the morphology at the micron scale: spherulites, originated
by tip- and side-branching phenomena during crystallization and growth, are systematically
detected. Previous studies on pH-driven formation of hydrogels using LMWG did not show
similar features and spherulitic domains where only obtained in solvent-triggered gels.>6:88
Tip- and side-branching phenomena are well-documented in LMWG systems, they are well-
understood and described for temperature-driven hydro and oleogels.?224344 The correlation
between mechanical properties of the gel and branching was also established: at high branching
degree, spherulites dominate the gel and the mechnical properties become lower than in more
homogeneous gels.*>4

Branching occurs when growth prevails over nucleation rate. When nucleation occurs
at the surface of an existing fiber, the crystallographic mismatch nucleation barrier is inversely

proportional to supersaturation, o,

C—Ceq

o= Eq.l

Ceq
where C is the actual molar fraction and C,, the equilibrium molar fraction of a solute in
solution at a given temperature. It has been widely demonstrated for LMWG that the higher the
supersaturation, the lower the mismatch nucleation barrier, the higher the branching degree,
with a consequent loss in the mechanical properties. If temperature, cooling rate and even
seeding are commonly regarded at as the main factors impacting supersaturation in LMWG,

pH variation was seldom systematically investigatigated.
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Figure 6— Time-evolution of the soluble micellar molar fraction, X,,,, of SLC18:0 (2.5 wt%) in water upon
addition of optimum (x= 0.63) and excess (x= 1.25) of GDL. The pH change profile is also provided. Initial
pH is ~11. x is the amount of GDL in the molar ratio SLC18:0:xGDL.

Figure 6 demonstrates the link between pH rate change and supersaturation according
to the assumption that o is not only temperature but also pH-dependent, o(pH). In this case,
Eq. 1 can be rewritten as in Eq. 2, where dependency on pH is now explicited and dependency

on temperature is omitted, assuming that all experiments are performed at the same temperature.

C(pH)—Ceq(pH)

G(pH) - Ceq(pH)

Eq. 2

Ceq(pH) is now the pH-dependent equilibrium concentration of SLC18:0; although we do not
know the exact values, C.,(pH) is inversely proportional to the concentration of [H*] in
solution (SLC18:0 precipitates in the form of twsted ribbons by lowering the pH). C(pH), on
the contrary, can be estimated through H NMR and its evolution with pH is simply
C(pH) = Cpy11 * Xin(pH), Where Cy,py44 is the SLC18:0 concentration at pH ~11, when it is
totally dissolved in solution, and X,,(pH) is the molar fraction of SLC18:0 in a micellar
environnement determined through *H NMR. Eq. 2 can then be rewritten and rearranged as a

function of X,,,(pH), as follows,

C
a(pH) = X, (pH) Ce:’gj;) -1 Eq. 3
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When pH decreases,
Ceq(pH)

is always higher than 1 and it is independent of the pH change rate.
On the contrary, even if Hlim y Xn(pH) = 0, the rate at which this event occurs may vary
pH-aci

from system to system. o (pH) is then maximized when pH is low (small C.,(pH)) and when

Hlim y X (pH) remains close to 1 as long as possible. In other words, if X,,,(pH) is close to
pH-aci

unity all along the decrease in pH, supersaturation is enhanced and branching occurs. This is
experimntally observed for the SLC18:0. Figure 6 shows that x=0.63 GDL after about 70 min,
pH ~6 and X,,, has dropped much below 0.8. In this case, one expects small supersaturation and
low branching: at x=0.63 GDL a homogeneous hydrogel is always obtained for any SLC18:0
concentration (Figure 3d, Figure 3c). On the contrary, in excess of GDL, X,,,(pH) decreases at
a much slower rate, while pH drops fast: after 70 min, pH ~6 and X,,, ~0.92. In this case,
supersaturation and branching are promoted, as verified experimentally (Figure 4c1,c2, Figure
5b,d).

The following intriguing question should be answered at this point: why do pH change
rate and supersaturation have such an impact on the self-assembly of SLC18:0, while they do
not on the hydrogel formation of most Fmoc-conjugated peptides, for which GDL concetrations
as high as 2 M are used to form stable hydrogels??” To answer this question one could question
both the probability and diffusivity of the acido-base reaction in our system. Literature data
concerning SAFIN hydrogels based on Fmoc-conjugated peptides suggest that in the general
R—CO0O~+H" 2R —CO0H (R being a general aliphatic backbone) equilibrium, the
reaction is shifted towards the acid, of which the formation is fast upon acidification and
diffusion is rapid. On the contrary, the data presented in this work on the SAFIN hydrogel
formation of SLC18:0 suggest small reaction probabilities and/or slow diffusion. At a molecular
level, the presence of a micellar phase at basic pH for SLC18:0%28 could explain the
discrepancy between SLC18:0 and the literature. Two possible sources of rate-limiting steps
can be identified: 1) low reaction probability of the hydronium ions with the carboxylate groups;
2) slow diffusion of R — COOH from the micelle to the nucleation site. Although, at present,
none of these hypotheses can be easily verified, we can formulate the following comments.
Reaction rates in micellar solution are well-known to be affected by the presence of the
micelles.®® In the present system, it could be possible that the reaction probability between
hydronium ions and the carboxylate group in the micelle is not high because the latter does not
necessarely lie at the micelle-water palisade, as in classical head-tail surfactant micelles, but it

could diffuse between the micelle interior and surface. SLC18:0 is a bolaamphiphile and its
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micellar structure is not as well-defined as the structure of a common head-tail surfactant. We
have specifically studied the structure of sophorolipid micelles®®°! and found that the carboxilic
group could be located within the entire volume of the micelle. In the second hypothesis, two
scenarios could hold. In the first one, the diffusion rate of a single SLC18:0 molecule after
protonation is slow compared to the pH change rate; in the second scenario, the micellar
aggregate is able to retain a critical number of protonated SLC18:0 and above which the micelle
burst out, thus releasing its entire molecular population, which diffuses immediately towards a
nucleation site. Unfortunately, we do not dispose of any quantitative data to support these
scenarios, but we have nonetheless shown that the micelle-to-fiber transition in SLC18:0 occurs
in a narrow pH range and without any morphological transition between the micelle and the
fiber, possibly supporting the second scenario.®® It goes without saying that further
understanding of the nature of the supersaturation requires further experimental data, but this is
out of the scope of this work. Nonetheless, Avrami plots (please refer to the materials and
method section form more information) for the gel and powder samples obtained from *H NMR
data (Figure S 4c) indicate a value for the exponent n= 0.45, where values of n below unity,
although uncommon, are typically found in systems with diffusion-controlled crystallization

growth and heterogenous nucleation,>®57929 thus supporting the overall mechanistic

hypothesis.
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Figure 7— The pH-dependent mechanism of hydrogelation of SLC18:0 (at room temperature) strongly
depends on the supersaturation level of the solution. For slow pH variations in time (black curve on top),
supersaturation is low and the SAFiN is compatible with a diffusion-limited nucleation and growth of the

fibers, leading to homogenous tough gels. For fast pH variations in time (black curve on the bottom),
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supersaturation is high and the fibrillary network is rich in side branching and spherulites, leading to weak
gels or loss of a gel due to precipitation. The red dotted line represents the theoretical solubility line of
SLC18:0 with pH.

Figure 7 summarizes the main findings of this work; at basic pH, which can be contained
between 8 and 11, SLC18:0 is soluble in water in its ionic form and from previous studies we
know that it forms micelles, although coexisting with a minority of nanoscale platelets (these
can be actually visible in suspension by the eye at pH above 10.5-11).3246:5% When pH is reduced
gradually (upper part of scheme in Figure 7 at controlled low rates (< ~ 50 mM/h, please refer
to the last section for more comments on the rate), either using GDL or HCI, both acido-base
reactions at the micelle-water palisade and diffusion of SLC18:0 molecules from the micellar
environment to the nucleation sites are allowed enough time to occur. Growth can then take
place without crystallographic mismatch, because supersaturation is kept at minimum due to
the fact that the molar fraction of soluble solute follows the reduction in the equilibrium
concentration at each pH. A homogeneous fiber network with low degree of branching is
eventually formed and the hydrogel mechanical properties are maximized. On the opposite, if
pH is decreased rapidly, the equilibrium concentration drops too fast with respect to both acido-
base reaction probability and diffusion rate of SLC18:0. In this case, supersaturation is high due
to the large difference between the amount of soluble lipid, still high, and the actual low pH,
which imposes small value of the equilibrium concentration. The high supersaturation
decreases the crystallographic mismatch energy barrier and tip and side branching become then
possible, thus forming spherulites; the mechanical properties of the gel are reduced or even
inexistent, as a powdery precipitate forms. These facts now explain the strong differences in
terms of mechanical properties between the hydrogel obtained by GDL hydrolysis and manual
addition of HCI (Figure S 2), as well as the difficulty to reproduce a hydrogel when HCI is
added manually. Manual addition using HCI solutions of typical molarity between 0.1 M and 1
M is responsible for small, but sensitive, pH jumps, which can be at the origin of supersaturation
phenomena and high degrees of branching. When precipitation due to spherulite formation is
not favored over gelling (most common result), the resulting gel is generally weaker between
one and two orders of magnitude (Figure 3). Using HCI solutions of molarity below 0.1 M
would on the contrary result in an overall dilution of the initial compound, which would also
lead to a weaker gel. In the end, to prepare a reproducible tough hydrogel composed of
SLC18:0, slow (< 50 mM/h) and continuous addition of HCI (generally 0.5 M or 1 M is
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acceptable) under stirring (< 300 rpm), or appropriate amount of GDL (leaving the solution at

rest), should be employed.

Conceptual and practical considerations

Effect of charge and relevance of final pH. Most of the previous literature work states
that the final pH strongly determines the strength and stability of the gel. This effect could be
explained by the neutralization of the negative charges on the fibers. Although side-branching
and spherulite formation could not be explained by such an argument, we have tested the effect
of pH on the stability of the gel for the SLC18:0 system. Electrophoretic mobility experiments
run from pH ~11 to pH ~2 (Figure S 5a) on a diluted solution (0.25 wt%) of SLC18:0
qualitatively show that negative charges (the exact origin and localization of which are
impossible to determine in this qualitative experiment) are persistent to at least pH 4 and
become negligible below pH 3, below which one should not expect to obtain a stable gel. In
fact, when GDL or controlled addition of HCI solutions are employed, gels are easily obtained
at pH values as low as 2 and they are stable over an “infinite” period of time. At the same time,
spherulite formation, weak gels or precipitation can be observed at pH between 6 and 7, that is
during the nucleation and growth phase and when the system presents negative charges. This is
shown on Figure S 5c,d, where the gel formation is followed in-situ as a function of time for a
SLC18:0 concentration of 5 wt% and using large amounts of GDL. In all cases, G'~ 100 Pa, a
value that is two orders of magnitude lower that G’ recorded on the same sample, prepared with
the optimized amount of GDL (Figure S 2b). Figure S 5d even shows the loss of all mechanical
properties after about 400 minutes (shrinkage is excluded because the gap is allowed to adjust
setting normal force to zero during measurement). The loss of the properties is simply due to
sedimentation of the spherulites. Sedimentation can actually be observed visually in the
solution. These experiments show that final pH and surface charge are not involved in spherulite
formation and, eventually, precipitation, resulting in the loss of the gel mechanical properties.

Effect of salt. When spherulites form, one should not expect to have strong gels or even
no gels at all. However, one can increase the pH again above 8 and lower it again by changing
the rate of addition, or adding GDL, for instance. However, starting from basic pH values, and
multiple pH changes in general, generate salt (NaCl in this work), which may have a deleterious
effect on fibrillation, as we have also supposed in a previous work.** In a standard experiment
performed for 1 mL solution and SLC18:0 concentration of 5 wt%, one can typically generate
50 mM of NaCl or less, according to the initial pH value. Figure S 5b1 compares the mechanical
properties of two gels prepared under exactly the same conditions (please refer to the
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Supporting Information for more details). One contains about 20 mM NaCl, simply generated
by the pH change process, and the other one has an additional content of 250 mM of NacCl,
introduced in the solution at basic pH, before the pH change process. The system with high salt
content has slightly worst mechanical properties (G'~ 150 Pa against G'~ 350 Pa) and a larger
strain overshoot (Figure S 5b2), suggesting the presence of more spherulitic structures.
However, the effect is far from being impressive and one can consider that both gels still have
mechanical properties in the same order of magnitude. These data suggest that, if needed, one
can regenerate the same gel several times before considering that salt may have an actual effect
on the mechanical properties. Although a thorough study of salt effects are out of the scope of
this work, our experience shows that gels become difficult to reproduce above at least 0.5 M of
NaCl.

GDL against controlled HCI. Our data show that the gel properties strongly depend on
the Kinetics of acid addition, independently of its nature and final pH. To further support this
statement, we have prepared a gel by adding a concentrated solution of gluconic acid to a basic
solution of SLC18:0, where gluconic acid is directly prepared from hydrolyzing GDL in water
overnight. Figure S 5b1,b2 show that the mechanical properties of two gels (concentration of
SLC18:0is 2.5 wt%, volume is 1 mL), respectively prepared by adding a solution of either HCI
or gluconic acid (both at 0.25 M and added at a rate of 20 pL/h), are comparable, with G'ranging
between 200 Pa and 350 Pa. Interestingly, these values are still one order of magnitude smaller
with respect to the use of GDL (G'> 10° Pa for SLC18:0 at 2.5 wt%). These data show that: 1)
the nature of the acid is not an important factor; 2) the use of GDL/gluconic acid does not bring
any specific added value to the system, nor it interferes with fibrillation; 3) the rate of GDL
hydrolysis, or the rate of addition of gluconic acid, are, again, the main critical parameters to
control the gel mechanical properties. Of all the experiments that we have performed, it is clear
that use of GDL has systematically provided the strongest gels. However, we stress the fact that
GDL can also induce spherulite formation, weak gels and precipitation. In Table 1, we provide
the optimum amounts of GDL, that we have found for this system. Lower amounts will not
reduce the pH enough while higher amounts provoke a rapid pH transition, favouring spherulite
formation. Nonetheless, the reader should be aware that these values strongly depend on the
initial pH, that is on the amount of base that it is introduced in the system. In fact, reproducibility
of gel with GDL may actually be very poor and should systematically be optimized, because
the amount of initial base may not be strictly identical from one experiment to another. In
addition, hydrolysis rate of GDL is strongly dependent on temperature, which may also limit

the reproducibility of a given experiment. These are certainly the main drawbacks of using
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GDL. On the contrary, a controlled addition of HCI (or gluconic acid) guaranties a direct control
of the rate and pH at all time, thus ensuring a better reproducibility of the experiment,
independently on the initial pH value.

If having a good control of the addition rate of the acid guarantees a more reproducible
result from one user to another, gels prepared through GDL still seem to have better mechanical
properties. Although GDL hydrolysis is not homogeneous in time, one can qualitatively
evaluate an equivalent corresponding acidification rate. For practical reasons, acidification rates
throughout this work are reported in plL/h, but using mM/h units will help comparing
acidifications rates with GDL and HCI. For a typical SLC18:0 concentration of 5 wt% in 1 mL
at pH 11, we have employed a 50 mM solution of GDL (Table 1). If the experiment is run over
300 min, one can estimate an average hydrolysis rate of 10 mM/h. Interestingly, if the same
system is acidified with a 1 M HCI solution added at 30 uL/h (Figure 3e), the rate is 30 mM/h,
that is three times faster, resulting in a weaker gel. These considerations reinforce the idea that
the hydrolysis rate is the actual key to control the mechanical properties of the gel.

Other factors. It may not be excluded that other factors may play a key role and are
worth exploring in the future: 1) constancy of the acidification rate; 2) initial pH; 3) stirring; 4)
volumes; 5) nucleation centers. The acidification profiles of GDL and HCI are not the same in
the beginning of the acidification curve (Figure 3a,b). At the moment, it is not clear whether or
not the rate of pH change before fibrillation has any significant impact, nor it is clear whether
or not the initial pH plays a role. According to our experience, good quality gels can be obtained
starting when initial pH is 11 (data in this work) or 9. We have also obtained strong gels both
when acidification rate is either constant or not. However, these qualitative results do not mean
that these parameters may not have an effect on branching, and consequently on gel strength.
Stirring, only employed here upon HCI acidification, may also have an important effect. We
have experienced good gels both under strong (> 500 rpm) and mild (< 200 rpm) stirring
conditions, but it may not be excluded that the better mechanical properties of the GDL-
acidified systems are related to its steady state. In this case, when employing HCI, one could
prefer mild stirring conditions, which, however, may not guarantee satisfactory
homogenization. Adapting the size of the stirrer to the volume of the solution may also be an
important parameter to explore. Finally, the entire process described in this work is governed
by heterogenous nucleation phenomena, whereas the presence of a substrate lowers the energy
barrier. It may not be excluded that small heterogeneities may favor spherulite nucleation and
growth. Spurious use of ultrasounds can be possible during the nucleation phase to help dissolve

the nuclei before lowering the pH.
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Conclusion

In this work we explore the pH-driven hydrogel properties of stearic acid sophorolipid,
a microbial glycolipid. This compound is known to undergo a micelle-to-twisted ribbon phase
transition around pH 7.4 and we show here that above 1 wt% it is possible to form a self-
assembled fibrillary network (SAFiN) hydrogel. At a first glance, this system behaves as
fluorenyl-9-methoxycarbonyl (Fmoc) amino acid derivatives, which form hydrogels below a
given pH. In particular, we show that use of internal acidification using the hydrolysis of
glucono-o-lactone (GDL) provides a homogenous and stronger hydrogel than a more classical
manual pH variation approach using HCI. Oscillatory rheology experiments show that
acidification through GDL provides elastic moduli in the range between 10 kPa and 100 kPa,
while after using HCI the elastic moduli are rarely higher than 1 kPa. These results corroborate
the data recorded on other pH-responsive hydrogels prepared using FMOC derivatives.
However, the admitted mechanistic behavior in pH-responsive hydrogels is that the final pH
governs the gel mechanical properties, which is not what we find in this work.

In the second part of the paper we demonstrate that mechanical properties of SLC180
hydrogel do not actually depend on the acidification method itself but on the rate of
acidification, may it occur through HCI addition, provided a strict control over the addition of
HCI to the solution, or GDL hydrolysis. In contrast to what is generally known, both HCI and
GDL can induce a phase separation observed through precipitation of spherulites in the solution.
If SAXS experiments show that whichever the method of preparation, SLC18:0 always
nucleates into self-assembled fibers below neutral pH, cryo-TEM and optical microscopy
experiments allow to associate side branching and spherulite formation of fast HCI acidification
rates or excess of GDL. Rheology shows, on the contrary, that hydrogels with similar
mechanical properties can be prepared with low HCI acidification rates or optimal GDL
amount. Solution NMR spectroscopy performed on two systems, one containing excess
(leading to precipitation) and the other an optimal amount (leading to gel) of GDL, reveals an
important mismatch between the expected equilibrium and measured SLC18:0 concentrations
as a function of pH when excess of GDL is employed. This experiment proves the existence of
supersaturation when pH changes too fast. Supersaturation is known to decrease the
crystallographic mismatch nucleation energy, a necessary and sufficient condition to observe
side branching and spherulite formation in SAFiN prepared with low molecular weight gelators.
In clear, slow acidification rates promote strong SLC18:0 hydrogels with low, or no, degree of

branching, while high acidification rates promote highly branched fibers forming weak gels, or
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no gels at all. Although the origin of this phenomenon is still not clear, we think that the micellar
environment in the pH region prior to nucleation and growth of the fibers establishes a limited
process, slowing down the SLC18:0 molecular diffusion from the micelles to the nucleating

fibers. Additional experiments are needed to better understand this phenomenon.
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