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Abstract

Hydrogels are widespread soft materials, which can serve a wide range of applications. The
control over the viscoelastic properties of the gel is of paramount importance. Ongoing
environmental issues have raised the consumer’s concern towards the use of more sustainable
materials, including hydrogels. However, are greener materials compatible with high
functionality? In a safe-by-design approach, this work demonstrates that functional hydrogels
with in situ responsivity of their elastic properties by external stimuli can be developed from
entirely “sustainable” components, a biobased amphiphile and biopolymers (gelatin, chitosan
and alginate). The bioamphiphile is a stimuli-responsive glycolipid obtained by microbial
fermentation, which can self-assemble into fibers, but also micelles or vesicles, in water under
high dilution and by a rapid variation of the stimuli. The elastic properties of the
bioamphiphile/biopolymer interpenetrated hydrogels can be modulated by selectively
triggering the phase transition of the glycolipid and/or the biopolymer inside the gel by mean
of temperature or pH.



Introduction

Classical hydrogels are intended as physically or chemically cross-linked single
polymer networks with a broad set of applications, from biomedical to food science.!> They
generally offer very good mechanical properties and, when the polymer is obtained by natural
sources, their biocompatibility allows use in human-related applications. However, their
functions could be limited due to a lack of dynamic and structural complexity within the
hydrogels. Advanced engineering of parameters such as mechanics and spatially/temporally
controlled release of (bio)active molecules, as well as manipulation of multiscale shape,
structure, and architecture, could significantly widen their applications.!-?

One strategy increasingly employed to address such challenges is the incorporation of a
second polymer, resulting in interpenetrated network (IPN) hydrogels, accumulating the
properties of each component.! Such strategy is targeted by many reviews® with a large variety
of compounds, stimuli (glucose, pH, magnetism, enzyme, light, mechanics ...), methods of
preparation, experimental conditions. Van Esch et al., for example, evidenced that the catalyst-
stimulated in situ gelation of a hydrogelator occurs faster (min vs. h) and results in materials
displaying controllable stiffness in the 5-50 kPa range, depending on the concentration of the
catalyst.

Among a wide range of stimuli, pH-responsiveness has attracted increasing interest due
to practical purposes. pH is a handy tool to release locally a bioactive component based on the
acid-base conditions of various tissues targeted (e.g., tumor microenvironment, gastric fluid,
colon).!® Within this framework, however, the use of polymers is sometimes limited by their
slow kinetics against stimuli responsivity. For this reason, recent research started to look at the
benefits of low-molecular weight (LMW) amphiphiles, of which the self-assembly is reversible
and the sol-gel transition fast. Recent work was then dedicated to study the interpenetration and
responsivity of low molecular weight gelators (LMWG), either in combination with polymers
gelators (PG), or self-combined.t-°

Adams et al. synthetized a multicomponent supramolecular gel, of which the unusual
phase behavior, driven by two opposite ionizable pendant groups on different components,
allows access to two different gel states both at acidic and basic pH.'* A similar difference in
pH sensitivity LMW systems was also studied by Piras and Smith,*® who inversely switched
“off” and “on” two networks, one containing an amine and the other an acid. Cornwell and
Smith proposed a two-component hybrid system in which the contribution of each network and
the self-sorting notion are put in evidence.'* Despite these and other examples, the development

of multifunctional hydrogels able to respond to multiple stimuli remains challenging. To
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achieve this, IPN hydrogels based on multiple networks could be designed to respond to
different stimuli. Some temperature/pH dual responsive systems already exist and exhibit an
efficient additional control over the delivery of therapeutic drugs and proteins.81°

If the improvement of the mechanical properties in IPN systems under equilibrium
conditions has been discussed before,?>-?? including our own work,? there has been no effort
devoted to the dynamic control of the rheological properties through stimulation of phase, and
state, transitions of the LMW network. To the best of our knowledge, phase transitions are
rarely triggered inside the gel phase and poor attention was paid to their effect on the mechanical
properties. 824

In this regard, this work aims at developing a stimulable, synergistic, IPN composed of
a LMWG and a PG, where the self-assembly of the LMWG, induced by a dynamic variation of
a given external stimulus (pH or temperature), occurs in the hybrid gel matrix. The stimulated,
reversible, sol-gel transition of the LMWG controls the elastic properties of the PG, promoting
a prompt recovery of its elastic modulus. On the other hand, the PG improves the elastic
properties of the LMWG, notoriously weaker and more sensitive to external perturbations than
the PG. The second objective of this work is to show that such a complex soft system can
entirely be developed from functional bio-based molecules, a biopolymer and a bioamphiphile,
without the need of any otherwise classical chemical engineering approach.

The selected bioamphiphile, G-C18:1 (Figure 1a), is a fermented bolaform glycolipid
composed of a single f-D-glucose hydrophilic headgroup and a C18:1 fatty acid tail. Due to its
double amphiphilic nature and its free-standing COOH group, G-C18:1 is negatively-charged
under alkaline conditions, displaying a complex multiphase behaviour under diluted conditions
in water.?> When negatively-charged, G-C18:1 forms a micellar phase®®?’ in the presence of
Na* and a fiber phase with Ca?* (Figure 1b).28?° Reducing pH from alkaline to acidic drives a
micelle-to-wormlike-to-vesicle-to-lamellar phase transition (Figure 1b).2%?7 Recent work has
even shown its ability to enrich its own phase diagram by strongly binding to cationic
polyelectrolytes (e.g., poly-L-lysine or chitosan), but not to amphoteric polymers, like gelatin,
under like-charge conditions.?*3%3! Considering the importance of the electrostatic interactions
between surfactants and polymers,3 the selected biopolymers for this work are gelatin,
chitosan and alginate (Figure 1a).3*3 Not only they have an amphoteric, positive and negative
character, respectively, they are also among the most studied and commercially-exploited
biopolymers, thus opening formulation perspectives of this work in the fields of cosmetics or

medical science.



The present work shows that a safe-by-design approach can be successfully employed
to prepare soft IPN composed of a PG and a LMWG with mutual synergy. Combination of
rheology and small angle X-ray scattering using synchrotron radiation allows pH- and
temperature-responsive in situ experiments, which show that bioamphiphiles and biopolymers
can interpenetrate into an orthogonal network, where the sol-gel transition of each component
can independently be stimulated. Besides modulating the overall hydrogel’s elastic properties,
the effect of orthogonality is such that as a function of given conditions of pH or temperature,
either the bioamphiphile or the biopolymer prevent the overall hybrid’s gel collapse, which
would occur in single components hydrogels.
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Figure 1 — a) Chemical formulas of G-C18:1, alginic acid, chitosan and gelatin. IP: isoelectric point. b)
Known phase behavior in water at room temperature (C< ~5 wt%) of G-C18:1. Micelles form at basic pH
(counterions: Na*) and undergo a wormlike-to-vesicle-to-lamellae transition.??” Crystalline fibers form

from the micellar phase at pH> 7 by adding Ca?*.282%:%



Experimental section

Chemicals

Glycolipid biosurfactant, glucolipid G-C18:1, is purchased from the Bio Base Europe Pilot
Plant, Gent, Belgium, lot N° APS FO06/F07, Inv96/98/99 and used as such. The
monounsaturated glucolipid G-C18:1 (Mw = 460 g.mol™) contains a B-D-glucose unit
covalently linked to oleic acid. The molecule is obtained by fermentation from the yeast
Starmerella bombicola AugtB1 according the protocol given before.®” The molecular purity of
G-C18:1 exceeds 95%. According to the specification sheet provided by the producer, the batch
(99.4% dry matter) is composed of 99.5% of G-C18:1, according to HPLC-ELSD
chromatography data. NMR analysis was performed elsewhere.?” The three polymers used in
this work, gelatin (type A, from porcine skin, Mw ~50-100 kDa, isoelectric point 7-9), alginic
acid (from brown algae, medium viscosity, Mw =20-240 kDa, pKa ~4) and chitosan (high
molecular weight, HMW, from shrimp shell, practical grade, Mw ~190-375 kDa, pKa=6.5), are
purchased from Sigma Aldrich. Glucono-6-lactone, GDL, is purchased at Aldrich.

Preparation of the hydrogels

Stock solutions. The G-C18:1 stock solution at concentration, Ce-c1s:1= 40 mg/mL, is prepared
by dissolving the G-C18:1 powder in the appropriate volume of milli-Q grade water at alkaline
pH (generally 8 or 10), adjusted with 5-10 pL of NaOH 5 or 1 M solution. The stock solutions
for each biopolymer are prepared as follows.

Gelatin: 80 mg of gelatin powder is dispersed in 2 mL of milli-Q water, for a concentration of
Cgelatin= 40 mg/mL. The gelatin stock solution is vortexed and set in the oven at 50°C. Once the
solution is homogeneous, pH is increased (generally 8 or 10) with a few pL ofa0.5 M -1 M
NaOH solution. The protocol to prepare the alginate and chitosan stock solutions is given
below. One should note however that, due to improved handling of the chitosan and alginate
gels, lower concentrations of the stock solutions (20 mg/mL, half the one of gelatin) were
employed. It was found that lower concentration of the stock solution only affects the
magnitude of the initial gel strength, but not the phenomena described in this work.

Chitosan: 200 mg of chitosan dispersed in 10 mL of 0.1 M acetic acid aqueous solution for a
concentration C= 20 mg/mL. For an optimal solubilisation, the chitosan stock solution is stirred
during one day before use. The pH of the acidic chitosan stock solution is increased above about
8. Typically, for 1 mL, one adds 5-10 uL of a5 M or 1 M NaOH solution. The solution, initially
viscous at acidic pH, is vigorously stirred and vortexed upon pH increase to obtain a

heterogeneous gel.



Alginate: 200 mg of alginic acid powder is dispersed in 10 mL of Milli-q water for a
concentration C= 20 mg/mL and stirred until complete solubilization. The magnetic stirrer
usually sticks upon water addition; in this case, a manual help may be required to improve
stirring. For a typical volume of 10 mL, pH is then increased to 8 or 10 with a 1-5 uL ofa5 M
or 1 M NaOH solution under stirring. Stirring and vortexing are eventually necessary to obtain
a homogeneous alginate solution. Additional protocol details are given below for each

biopolymer.

Fiber G-C18:1 hydrogels, {F}G-C18:1. Preparation of fibrillar gels of G-C18:1 were described
elsewhere.?82%% Typically, for a 1 mL sample, one adds a given volume of a CaCl. solution (1
M, Vcaciz= 33.5 pL, [Ca?"] = 33.5 mM) to 1 mL of the G-C18:1 stock solution for a total [Ca®']
: [G-C18:1]= 0.7 molar ratio. The final solution is stirred and a gel is obtained after resting a

few hours at room temperature.

{F}G-C18:1/gelatin gels. A volume of 500 pL of the gelatin stock solution (pH, 8 or 10, is
given in the figures’ legend) is mixed with 500 pL of either water (reference) or G-C18:1 stock
solution (sample). For a typical volume of 1 mL, CaCl; solution (1 M, Vcacie= 33.5 pL, [Ca?']
=33.5 mM) is manually added for a total [Ca?*] : [G-C18:1]= 0.7 molar ratio. The final solution
is stirred and a gel is obtained after resting a few hours at room temperature. For the pH-
dependent using GDL, rheo-SAXS experiment, these values are divided by a factor two. The

exact values are given in the main text below each experiment.

{F}G-C18:1/chitosan gels. Due to the heterogeneity of the chitosan gel at basic pH (8 or 10,
given in the figures’ legend), 500 mg of the chitosan gel are weighted and mixed with 500 pL
of a glycolipid solution under vigorous stirring and vortexing. To this mixture, 33.5 mM
(Vcaciz= 67 pL) of a CaCly solution ([Ca®'] = 1 M) are added, followed by further mixing. The
final concentration of CaCl; in the sample is 33.5 mM, for a total [Ca?*]: [G-C18:1] = 0.7 molar
ratio. A homogeneous gel is obtained after resting a few hours at room temperature. For the
pH-dependent using GDL, rheo-SAXS experiment, these values are divided by a factor two.

The exact values are given in the main text below each experiment.

{F}G-C18:1/alginate gels. 500 uL of the alginate viscous stock solution are added either to 500
ML water (reference) or to 500 pL of the G-C18:1 stock solution under stirring. Final pH, 8 or
10, is given in the figures’ legend. A volume of Vcaciz= 50 pL of a CaCl; solution ([Ca?*]= 1
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M) is added, for a final CaCl. concentration of 50 mM and [Ca?*] : [G-C18:1]= 0.9 molar ratio
and [Ca?"] : [alginate]= 0.0015 molar ratio. The final solution is magnetically stirred for several
hours to obtain a homogeneous gel. For the pH-dependent using GDL, rheo-SAXS experiment,
these values are divided by a factor two. The exact values are given in the main text below each

experiment.

Table 1 summarizes the reference, sample and stock solution concentrations in wt%. These

values are divided by a factor two for the pH-dependent experiments using GDL.

Table 1 — Concentration of stock solutions, volumes from stock solutions and final concentration of the
samples. Please refer to the stock solution paragraph for the justification in employing reduced chitosan and

alginate concentrations.

G-C18:1 gelatin alginate chitosan
Cstock solution / W% 4 4 2 2
V /mL 0.5 0.5 0.5 0.5
Csample / W% 2 2 1 1

Rheology

Viscoelastic measurements are carried out using an Anton Paar MCR 302 rheometer
equipped with parallel titanium or stainless steel sandblasted plates (diameter = 25 mm, gap =
1 mm). Unless otherwise stated, all experiments are conducted at 25 °C, whereas the
temperature is controlled by the stainless steel lower Peltier plate. During the experiments, the
measuring geometry is covered with a humidity chamber to minimize water evaporation. To
investigate the pH-dependence of the mechanical properties, samples containing {F}G-C18:1
and the biopolymer are mixed with the appropriate amount (values are given in the main text)
of glucono-3-lactone, GDL, and immediately vortexed during 20 s. Volumes have been doubled
and concentrations have been adapted (divided by two) for an easier dispersion of GDL powder.
Half of the sample is immediately loaded on the bottom plate, while the pH is monitored
automatically on the other half. Dynamic oscillatory and time sweep experiments are performed
by applying a constant oscillation frequency (f = 1 Hz) and a shear strain (y= 0.1 %) within the

linear viscoelastic regime (LVER).

pH monitoring
In situ pH monitoring after addition of GDL is performed using a Mettler Toledo

microelectrode connected to a Hanna scientific pH-meter, model HI 5221. The pH meter is
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connected to a computer, equipped with the fabricant’s software [HI 92000, version 5.0.28].

The frequency of pH recording is 10 s™.

Rheo-SAXS

Experiments coupling rheology and SAXS are performed at the SWING beamline of
the Soleil synchrotron facility (Saint-Aubin, France) during the run N° 20200532, using a beam
energy of 12.00 keV and a sample-to-detector distance of 1.65 m. Tetradecanol (d(o1) = 39.77
A) is used as the g-calibration standard. The signal of the EIGERX 4M 2D detector (75 um
pixel size) is integrated azimuthally with Foxtrot software to obtain the 1(q) spectrum (q =4=n
sin 6/A, where 20 is the scattering angle) after masking systematically defective pixels and the
beam stop shadow. Data are not scaled to absolute intensity. A MCR 501 rheometer (Anton
Paar, Graz, Austria) equipped with a Couette polycarbonate cell (gap= 0.5 mm, volume, ~ 1.35
mL) is coupled to the beamline and controlled through an external computer in the experimental
hutch using the Rheoplus/32 software, version 3.62. The experiments are performed in a radial
configuration, where the X-ray beam is aligned along the center of the Couette cell. The
rheology and SAXS acquisitions are triggered manually with an estimated delay of less than 2
s. Due to standard compulsory security procedures required at the beamline, the first rheo-
SAXS experimental point is systematically acquired with a delay of about 2—-3 minutes with
respect to the rheometer.

The experimental procedure for the rheo-SAXS is the same as the one described in the
rheology section: a solution of {F}G-C18:1 and the biopolymer are mixed in a vial. To the vial,
the appropriate amount (values are given in the main text) of glucono-6-lactone, GDL, is added
and the vial is vortexed during 20 s. For an easier dispersion of GDL powder, concentrations of
G-C18:1 and biopolymer are divided by a factor two, with respect to the values in Table 1.
Immediately after GDL addition, half of the sample solution is loaded in the couette cell, while
the other half is used for pH monitoring using the automatic pH acquisition. Rheology is
performed under oscillatory conditions within the linear viscoelastic regime (LVER, f =1 Hz,

y=0.1 %) as a function of time.

Scanning electron microscopy (SEM)

SEM was done on a Hitachi S3400N instrument working with an accelerated voltage of
10 kV. Samples were observed as such, without metallization. Images were magnified 500,
2000 and 5000 times. Acquisition time per image was 40 s.



Solid-state magic angle spinning (MAS) nuclear magnetic resonance (ss-NMR).

'H and 1°C ss-NMR spectroscopy was performed on a Bruker Avance 111 700 MHz (16.4
T) spectrometer. Spectra were recorded with a 3.2 mm zirconia rotor as sample holder spinning
at MAS rate, vimas = 20 kHz. The chemical shift reference for both *H and **C was adamantane
(811 = 1.86 ppm; d13c= 38.52 and 24.47 ppm). Both H and *3C spectra were recorded using
direct polarization (*H: zg pulse scheme; 3C: hpdec pulse scheme in Bruker’s library), with a
Spinal64 decoupling scheme during the 13C signal acquisition. Recycle delay was 3 s for H
acquisition and 5 s for $3C acquisition, while number of transient was 4 (*H) and 960 (*3C). 'H
and **C nutation (90°) frequencies were 6.3 ps for both nuclei. An exponential line broadening
of 100 Hz was used during 13C signal processing. The TopSpin software, 3.6.2 version, was
used for data acquisition and treatment (Fourier transform, phasing, line broadening, baseline

correction).

Sample preparation for SEM and ss-NMR experiments.

All samples were prepared using the protocol described above and with concentrations
given in Table 1. More specifically, {F}G-C18:1 and biopolymer (gelatin, 2 wt%; alginate, 1
wit%, [Ca?*]= 25 mM) control samples were prepared at pH 10 and pH 4, plunged into liquid
nitrogen and freeze-dried during 48 h.

For the IPN samples, a 5 mL solution of {F}G-C18:1/gelatin at pH 10 was split into
four fractions of 1.5 mL each, while a 10 mL solution of {F}G-C18:1/alginate at pH 10 was
split into four fractions of 2.5 mL each. Each fraction at pH 10 containing both biopolymers
were plunged into liquid nitrogen and freeze-dried during 48 h, while GDL (CepL: 10 mg/mL
for {F}G-C18:1/gelatin and 20 mg/mL for {F}G-C18:1/alginate) was added to the remaining 6
fractions. pH was monitored for each fraction during acidification and as soon as pH hit the
desired values (6.7, 6 and 4) the corresponding sample was also plunged into liquid nitrogen
and freeze-dried during 48 h. The choice of the pH was done according to the data collected
during the pH-resolved in situ rheo-SAXS experiments, as discussed in the main text. In total,
the following freeze-dried samples were collected and analyzed by SEM and ss-NMR: {F}G-
C18:1 at pH 4 and 10, gelatin at pH 4 and 10, alginate at pH 4 and 10, {F}G-C18:1/alginate at
pH 10, 6.7, 6 and 4, {F}G-C18:1/gelatin at pH 10, 6.7, 6 and 4.

RESULTS
G-C18:1 is known to have a multiphase behaviour according to pH or type of ion, as

shown in Figure 1b.% In this work, {F}G-C18:1 refers to a stable, equilibrated, fiber hydrogel
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driven by adding Ca?* to the micellar phase of G-C18:1. The fibers, reported and characterized
for the first time elsewhere,?®? are infinitely long crystalline threads having a cross section of
about 10 nm.?° The fibers promptly form a hydrogel in water at concentrations below 5 wt%
(frequency and strain-dependent small amplitude oscillatory shear experiments are reported in
Ref. %) and undergo a gel-to-sol (fiber-to-micelle) transition between 60°C and 63°C.% The
effect of adding calcium on a G-C18:1 solution at basic pH is qualitatively shown in Figure 2:
the G-C18:1 solution (2 wt%) at pH 10 is liquid, while the corresponding fiber phase, {F}G-
C18:1, triggered by calcium itself,?° forms a stable gel.

On the other hand, the biopolymers in this work were selected for their biobased nature,
their well-known gelling properties at room temperature and at pH above 6 (Figure S 1) and
their differences in terms of charge (chitosan: neutral/positive; alginate: negative neutral;
protein: positive/negative). The micellar, vesicular or fibrillar forms of G-C18:1 was
specifically studied under equilibrium conditions in combination with the biopolymers using
both SAXS and small amplitude oscillatory rheology in a previous study.?® It was found that
the nature of the G-C18:1 phase has an impact on the elastic properties of the biopolymer’s
hydrogel: the fibrillar phase ({F}G-C18:1) systematically improves the hydrogel’s strength,
while micellar and vesicular phases soften the biopolymer’s gel. In the specific case of {F}G-
C18:1/alginate, Ca?* triggers gelation for both components individually and excess of calcium
improves the elasticity of the IPN over each component taken individually. This suggested
possible intramolecular cross-linking between the carboxylate groups of G-C18:1 and
alginate.?® The effect of mixing the biopolymer and {F}G-C18:1 at pH 10 is qualitatively shown
in Figure 2. The interpenetrated gels become more opaque and stiffer, as they are resistant to
shearing, by hand or vortexing. The effect of adding a source of calcium to the G-C18:1/alginate
(turning into {F}G-C18:1/alginate (pH 10)) system is particularly self-evident by the sol-to-gel
transition shown by the corresponding image in Figure 2.

Given the above, the elastic properties of the specific self-assembled fiber-biopolymer
network are now explored under non-equilibrium conditions, after triggering phase transitions
of G-C18:1, using an in situ approach. The structure and mechanical properties of {F}G-
C18:1/biopolymer IPN hydrogels, initially set at equilibrium at room temperature and alkaline
pH (pH 8 or 10, noted in the figures’ legends),?® are monitored in situ using a rheo-SAXS
apparatus. The properties are modified by a change in temperature or pH under non-equilibrium
conditions. Temperature is modified inside the couette cell of the rheometer while pH is
modified at room temperature by mean of glucono-é-lactone (GDL), a small hydrophilic sugar

which spontaneously hydrolyzes in water into gluconic acid.
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GDL has been reported several times in association to LMWG, alginate and even
formulation of LMWG and alginate. When employed in the presence of LMWG, GDL is known
not to interfere neither with fibrillation nor with gelation, if compared to more classical HCI.
This aspect was specifically verified by us and others*®-*® and confirmed by SAXS in this work,
as discussed later in the manuscript. Similar conclusions were established when GDL is used
with alginate and formulations of alginate and LMWG. Despite being a weak acid, GDL is
actually employed as a trigger, and not a competitor, of alginate gelation®** in the presence of

CaCOs, even in complex media containing a LMWG.*

Use of pH to control the IPN properties

pH controls the micelle-to-vesicle-to-lamellar phase behavior in G-C18:1 solutions and
the sol-gel transition in {F}G-C18:1. These were shown extensively in Ref. 26,27 and 36,
respectively. Qualitatively, the gel-to-sol transition triggered by GDL on {F}G-C18:1 (pH 10)
gel is shown in the images in Figure 2. On the other hand, pH has no effect on the gel properties
of the biopolymers, except for the magnitude, as shown on the controls measured at pH 8 and
6. According to experiments presented Figure S 1, the absolute magnitude of storage (G') and
loss (G'") moduli depend on the biopolymer : 20-50, 50-100 and ~2000 Pa for gelatin, alginate
and chitosan respectively, but, as a general trend, pH does not sensibly affect G' and G'', except
for chitosan, known to be more soluble at acidic pH.
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G-C18:1pH 10 |{F}G-C18:1 (pH 10)| {F}G-C18:1 + GDL | {F}G-C18:1 pH 10 | {F}G-C18:1 pH 10
+GDL pH 6.3 +GDL pH 5.6

G-C18:1/gelatin J{F}G-C18:1/gelatin
pH 10 (pH 10)

G-C18:1/alginate
pH 10

=

Figure 2 — Images of G-C18:1, G-C18:1/gelatin and G-C18:1/alginate aqueous solutions (composition given
in Table 1) at pH 10 before and after adding a source of Ca?*, and after adding GDL. When calcium is
added, G-C18:1 (micellar phase) becomes {F}G-C18:1 (fiber phase).?°

Time-dependent rheological measurements of all hybrid {F}G-C18:1/biopolymer
hydrogels at pH 10 before pH variation are acquired on the SAXS-coupled rheometer before
triggering the pH variation, while the corresponding frequency-dependent experiments are
reported in Ref. 2. The ex situ panel in Figure 3a, Figure 4a and Figure 5a shows that hybrid
gels made of {F}G-C18:1 and gelatin, alginate and chitosan, respectively, have a storage
modulus around 100 Pa at pH 10. After adding GDL to the hybrid hydrogels at pH 10, the
sample is split in two halves for two parallel in situ measurements: the mechanical and structural
properties are collected by rheo-SAXS on one half, while pH is measured using an automated

pH meter on the other half. The results are combined in Figure 3, Figure 4 and Figure 5 for
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gelatin, alginate and chitosan, respectively. Due to the unavoidable security constraints of the
SAXS beamline, a lag time of about 2 min systematically precedes rheo-SAXS acquisitions.

The elastic properties of the hybrid {F}G-C18:1/gelatin hydrogel are lost when adding
GDL (Figure 2), with G” dropping to ~5 Pa during acidification at pH 7, below which the gel
becomes a liquid, characterized by a loss modulus higher than the storage modulus (Figure 3a).
Figure 3b shows the concomitant SAXS signature (profiles (1) to (3) correlate SAXS and
rheology in rheo-SAXS experiment), identifying the structural features of the gels. SAXS
highlights a decrease in intensity of the peaks at = 0.25 A and g= 0.31 A, both characteristics
of the crystalline structure of {F}G-C18:1 fibers, discussed elsewhere,?® visible at pH 10. The
peaks progressively disappear at more acidic pH, suggesting a structural perturbation of the
system around pH =7. The SAXS profile at pH 6.47 (Figure 3b) should be compared to the
SAXS signature of G-C18:1 under comparable conditions of dilution and pH. It is important to
note that the SAXS patterns of the GDL-containing hybrid {F}G-C18:1/gelatin hydrogel, and
recorded between pH 10 and pH 7, are comparable with the SAXS patterns of the GDL-free
{F}G-C18:1 and {F}G-C18:1/gelatin hydrogel, previously shown in Ref. 2. This fact confirms
that GDL does not have any influence on the structure of the gels, as expected from literature.38-
43

The pH-dependent self-assembly of G-C18:1 has been reported before?® and the
corresponding SAXS profiles, each associated to a given structure, are reproduced in Figure S
2a. Superposing the signal of {F}G-C18:1/gelatin at pH 6.47 shows the similarity between the
latter and the signal of G-C18:1 alone at pH 6.6, representative of a transitory wormlike micelle
phase.?® Although model-dependent fitting is often employed to extract quantitative parameters
from SAXS profiles, this approach is not adapted to the present study, due to the superposition
of more than one SAXS signal, thus making the fitting process not only complex and time-
consuming, but also unreliable. The SAXS signal of G-C18:1 was fitted with two concomitant
models, core-shell ellipsoid and core-shell bicelle form factors, to account for the micellar and
vesicle phase, respectively.?® On the other hand, the fiber phase of G-C18:1 is even more
complex, as it requires two additive form factor models (core-shell parallelepiped model,
lamellar paracrystal) and a structure factor.?® The above require a fitting process with no less
than twenty independent parameters, of which at least half are critical. To this system, one
should add the contribution of the biopolymer in the present work, most likely using a classical
flexible cylinder model,*® which requires seven additional independent parameters. Overall, this
process eventually requires not less than twenty-five independent parameters, thus making the

result highly uncertain and questionable.
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However, a simple, classical, model-independent approach consisting in measuring the
slope (log-log scale) in the low-q region confirms the wormlike micellar structure for {F}G-
C18:1/gelatin at pH 6.47. Cylindrical and flat morphologies scatter with a -1 and -2 dependency
of the wavevector at low-g,*” while wormlike micelles are generally associated to intermediate
exponents, generally in the order of -1.6%%% for their similarity with swollen polymer
chains.>®>! This is schematically illustrated in Figure S 2b, where three SAXS profiles are
simulated (SasView 3.1.2 software) using a sphere, cylinder and flexible cylinder model,*® with
a radius of 18-20 A (detailed list of model parameters are given in the caption of Figure S 2b).
Experimentally, slope values in the order of -1.6 are measured for G-C18:1 at pH 6.6 (Figure S
2a) and for which the existence of wormlike micelles was demonstrated by cryo-TEM in a
previous work.? Similarly, Figure S 3 shows a similar -1.6 slope for {F}G-C18:1/gelatin in the
6.4-6.6 pH range, while Figure S 2a shows how the profile of {F}G-C18:1/gelatin is almost
superimposable to the one of G-C18:1 alone at pH 6.6, strongly suggesting that micelles are
also formed in {F}G-C18:1/gelatin.

A closer comparison between rheology and SAXS clearly associates the loss of the
mechanical properties to a loss in structure of {F}G-C18:1 fibers. The pH-dependent 2D SAXS
contour plot centered around the fibers’ structural diffraction peaks at q= 0.25 A and g= 0.31
Al is superposed to the G'(pH) profile in Figure 3a, both synchronized within the same rheo-
SAXS experiment. The loss in structural properties, marked as (2) and also visible by the naked
eye (image (2) in Figure 3a), occurs in the same pH range, during which the structural peak

disappears.
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Figure 3 — GDL-induced acidification of {F}G-C18:1/gelatin hydrogel. pH-resolved in situ rheo-SAXS
experiment: a) mechanical properties (LVER, f=1 Hz, y= 0.1 %) and b) corresponding SAXS profiles. The
2D contour plot profile superposed to the G'(pH) evolution in a) corresponds to the full pH-dependent SAXS
experiment, synchronized with rheology. CepL= 1 Wt%, Cc-c18:1= 1 Wt%, [Ca?*] = 17.8 MM, Cgelatin= 1 Wt%.
The experimental details of the rheo-SAXS experiment are given in the experimental section. The control
rheology experiment performed on gelatin at acidic and basic pH is given in Figure S 1a. The lag time in a)

is due to the unavoidable security constraints of the SAXS beamline.

After addition of GDL to the hybrid {F}G-C18:1/alginate hydrogels, the elastic modulus
decreases with pH. Differently than gelatin, the {F}G-C18:1/alginate remains a gel in the
explored pH range (the storage modulus is one order of magnitude above the loss modulus), to
at least 5. This is qualitatively illustrated by the images of {F}G-C18:1/alginate + GDL in
Figure 2, which show that the system is still gelled at pH 6.3. Compared to the alginate controls
at pH 6 and 8 (Figure S 1b), the loss in elasticity at acidic pH is more pronounced by a factor
three to four in the IPN system, illustrating the softening effect attributed to the gel-to-sol
transition of G-C18:1, and contributing to an overall loss of the elastic properties at much more
acidic pH (3.9, Figure 2).

The structural study performed by SAXS (Figure 4b) shows that the peaks (g= 0.25 and
0.31 A%, profile (1) in Figure 4b) at pH 10, typical of the {F}G-C18:1 fiber phase, progressively
disappear in favor of a wormlike phase in the pH region between 6 and 7. This is suggested by
the SAXS profile (2) in Figure 4b. Its low-q slope is -1.56 (Figure S 3) and, similarly to the
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gelatin system discussed above, it is almost superimposable to G-C18:1 alone at pH 6.6 (Figure
S 2a). Further decrease in pH provides SAXS curves (3) to (5), which display two diffraction
peaks in a 1:2 relationship, typical of a lamellar structure. Effect of pH on {F}G-C18:1/alginate
hydrogels identifies a wormlike-to-lamellar transition, the latter reported before and expected
in the phase diagram of G-C18:1 alone (Figure 1, Figure S 2).2°% Interestingly, the vesicle
phase, generally observed between the wormlike and lamellar phases for G-C18:1 alone (Figure
1, Figure S 2) below pH 6.5,%%3¢ is not detected in the {F}G-C18:1/biopolymer systems, as also
reported for calcium-containing G-C18:1 solutions prepared below pH 7.%¢ The above is also
well-illustrated by the pH-dependent 2D contour plot associated to the full rheo-SAXS
experiment (2D SAXS panel superposed to its synchronized G'(pH) profile), which nicely
shows that the fiber (pH> ~7) to lamellar (pH< ~6.5) phase transition occurs at the same time
as the partial loss in elastic properties of the hybrid {F}G-C18:1/alginate hydrogels.

Finally, none of the effects described here are attributed to the presence of GDL. In fact,
comparison of the SAXS profiles given in Figure 4b with the ones associated to GDL-free
controls ({F}G-C18:1 and {F}G-C18:1/alginate), reported in Ref. 23, shows good agreement,
thus excluding an impact of GDL neither on the structure of the fibers nor on the gelation
properties.

All in all, the gel-to-sol transition of {F}G-C18:1 does not have as much effect on the
elastic modulus of the {F}G-C18:1/alginate IPN when compared to gelatin. Nonetheless, this
system nicely illustrates the synergistic advantage of the LMWG and PG networks. The PG is
softened at lower pH while the LMWG benefits of the resistance of the PG network to changes

in pH.
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Figure 4 - GDL-induced acidification of {F}G-C18:1/alginate hydrogel. pH-resolved in situ rheo-SAXS
experiment: a) mechanical properties (LVER, f=1 Hz, y= 0.1 %) and b) corresponding SAXS profiles. The
2D contour plot profile superposed to the G'(pH) evolution in a) corresponds to the full pH-dependent SAXS
experiment, synchronized with rheology. CepL= 2 wWt%, Ces-c1s:1= 1 wt%, [Ca®*] = 25 mM, Caiginaee= 0.5 wt%.
The experimental details of the rheo-SAXS experiment are given in the experimental section. The control
rheology experiment performed on alginate at acidic and basic pH is given in Figure S 1b. The lag time in

a) is due to the unavoidable security constraints of the SAXS beamline.

Hybrid {F}G-C18:1/chitosan hydrogels are also submitted to the pH-driven gel-to-sol
transition of G-C18:1 and the mechanical properties of the IPN gel are monitored by rheo-
SAXS (Figure 5a). When pH is in the order of 8, G has already lost one order of magnitude,
while at pH below 6.4, the gel has lost its properties and forms a viscous solution. This behavior
is intermediate between the hybrid gels involving gelatin and alginate, which become viscous
or remain a gel, respectively. According to the control experiment in Figure S 1c and to its
known solubility at pH below its pKa (6.5), chitosan is expected to lose its elastic properties
below pH 6. However, the strong loss in G' between pH 10 and pH 7, above its pKa, also
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demonstrates the detrimental impact of the gel-to-sol transition of {F}G-C18:1, as found for
gelatin and alginate.

The important loss of the elastic properties above the pKa (~6.5) are explained by the
fact that the method employed here to prepare chitosan hydrogels make them highly
heterogeneous at basic pH, as they tend to form gel aggregates dispersed in the water phase.
The role of the LMWG is then crucial, as it traps chitosan in a homogeneous gel matrix,
composed of {F}G-C18:1, as demonstrated by its typical SAXS signature in Figure 5b. All in
all, the dynamic self-assembly properties of the LMWG network allow a continuous control of

the elastic properties of the chitosan gel in a broad pH range, from pH 6 to 10.
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Figure 5 — a) pH-resolved in situ oscillatory rheology (LVER, f=1 Hz, y= 0.1 %) of {F}G-C18:1/chitosan
HMW using GDL as trigger of acidification. b) SAXS profile of the {F}G-C18:1/chitosan HMW hydrogel
at pH 8. Rheo-SAXS experiments could not be adapted to this system. CepL= 10 wt%, Cc-c18:1= 1 wt%o,

G,
GDL insert Lagtime ~2 min

CehitosanHmw= 0.5 wt %, [Ca?*] = 17.8 mM. The control rheology experiment performed on chitosan HMW
at acidic and basic pH is given in Figure S 1c. The lag time in a) is due to the unavoidable security constraints
of the SAXS beamline.

Use of temperature to control the IPN properties
Temperature is tested as another typical®*®* stimulus to control the viscoelastic
properties of the hybrid hydrogels. Both gelatin and {F}G-C18:1%® hydrogels undergo a

temperature-driven gel-to-sol transition, while alginate and chitosan are less sensitive, as shown
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by the control rheology experiments presented in Figure S 4. It is then of particular interest to
study the double temperature-sensitivity of {F}G-C18:1/gelatin hydrogels but also the effect of
temperature on the gel-to-sol transition of {F}G-C18:1 inside the corresponding interpenetrated
gels with alginate and chitosan.

The evolution of the storage and loss moduli of {F}G-C18:1, biopolymer and {F}G-
C18:1/biopolymer gels was investigated between 20°C and 50°C via a heating-cooling cycle.
Figure 6a shows that, as expected, gelatin gel loses its mechanical properties above 28°C and
does not reform a gel upon cooling, at least on the experiment’s time scale. On the contrary,
Figure S 4 illustrates that alginate and chitosan are not sensitive to temperature up to 50°C.
Concerning {F}G-C18:1 gels, Figure 6b shows that, although the gel has not reached
equilibrium (G increases after 15 min), the sol-gel transition is promptly reversible on the same
time scale compared to gelatin. G* of {F}G-C18:1 is affected starting at about 30°C,
culminating with complete loss of the elastic properties between 40°C and 45°C.

The hybrid IPN {F}G-C18:1/gelatin gels are also sensitive to temperature in
correspondence of the sol-gel transition of each individual component. Rheo-SAXS of the
hybrid {F}G-C18:1/gelatin gel (Figure 6) is performed to associate the elastic and structural
properties. Figure 6¢ shows that the mechanical properties of the hybrid IPN gel initially
decrease above 25°C, following the gel-to-sol transition of gelatin (Figure 6a). A second gel-
to-sol transition occurs between 30°C and 45°C, precisely corresponding to the gel-to-sol
transition of {F}G-C18:1 (Figure 6b). Upon cooling, the elastic properties of {F}G-
C18:1/gelatin immediately increase again. This is explained by the reversibility of the sol-gel
transition of {F}G-C18:1 rather than gelatin (Figure 6a,b). The contributions of both
components are thus nicely established, while the advantage of introducing a fast-responsive
self-assembled fibrillary network within a polymer gel now becomes self-evident: the rapid sol-
gel transition of {F}G-C18:1 overwhelms the slow recovery of gelatin alone. The fast sol-gel
transition of {F}G-C18:1 improves the temperature responsivity of the interpenetrated gel
compared to gelatin gel alone.

Figure 6d provides the SAXS profiles associated to the gels at 25°C (a), 50°C (b) and
25°C after cooling (c). The SAXS profiles acquired at different temperatures are characteristics
of {F}G-C18:1 and perfectly superimposed, showing that the structure of the gel is not sensitive
to temperature at least up to about 50°C. This result is in agreement with previous data, which
had shown that the sol-gel transition of {F}G-C18:1, occurring below 50°C, is actually
dissociated form its fiber-to-micelle phase transition, found between 60°C and 63°C.% This

phenomenon is not atypical and it has been reported for other hydrogels prepared from
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bolaamphiphiles,® where authors attributed it to the progressive loss of hydrophobic cross-link

interactions across fibers.
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Figure 6 — Temperature-resolved in situ rheo-SAXS experiment (LVER, f= 1 Hz, y= 0.1 %). Evolution of
storage (G') and loss (G'") moduli as a function of temperature of a) gelatin hydrogel, b) {F}G-C18:1
hydrogel and c) hybrid {F}G-C18:1/gelatin gel. Ce-c1s:1= 2 Wt%, Cgelatin= 2 Wt%, [Ca?*]= 33.5 mM, pH= 8.
d) SAXS profiles recorded during the synchronized rheo-SAXS experiments of hybrid {F}G-C18:1/gelatin

hydrogels. (1) through (3) correspond to code numbers in panel c).

Interpenetrated gels composed of chitosan and alginate were also tested against temperature,
knowing that the controls are not temperature-sensitive (Figure S 4). According to the data
shown in Figure 7a, the hybrid {F}G-C18:1/alginate gel is only slightly sensitive to
temperature, and mainly around 50°C, in correspondence of the gel-to-sol transition of {F}G-
C18:1. In this case, the alginate network compensates the weakness of {F}G-C18:1 towards
temperature. From a structural point of view, the SAXS profiles acquired at different
temperatures (Figure 7b) are identical, thus showing that the gel structure is unaffected by

temperature.
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Figure 7 — Temperature-resolved in situ rheo-SAXS experiment (LVER, f= 1 Hz, y= 0.1 %). Evolution of
storage (G') and loss (G'') moduli as a function of temperature of a) hybrid {F}G-C18:1/alginate gel. Ce.
c18:1= 2 W%, Caiginate= 1 W%, [Ca®*]= 50 mM, pH= 8. b) SAXS profiles recorded during the synchronized
rheo-SAXS experiments of hybrid {F}G-C18:1/alginate hydrogels. (1) and (2) correspond to code numbers
in panel a). The control temperature-resolved rheology experiment performed on alginate is given in Figure

S 4a.

Concerning the properties of hybrid {F}G-C18:1/chitosan gels against temperature,
results are quite similar to the ones of alginate : Figure 8a shows that the hybrid {F}G-
C18:1/chitosan gel does not have any obvious temperature-responsive property, as also found
for the chitosan gel control (Figure S 4b). In this case, chitosan strengthens the hybrid gel
compared to the gel of {F}G-C18:1 alone. The SAXS profiles given in Figure 8b demonstrate

that, as for the other biopolymers tested, temperature is not a parameter governing the gel

structure, at least not up to 50°C.
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Figure 8 - Temperature-resolved in situ rheo-SAXS experiment (LVER, f= 1 Hz, y= 0.1 %). Evolution of
storage (G') and loss (G'') moduli as a function of temperature of a) hybrid {F}G-C18:1/chitosan HMW gel.
Ca-ci8:1= 2 Wt%, Cehitosanivw= 1 Wt%, [Ca?*]= 33.5 mM, pH= 8. b) SAXS profiles recorded during the
synchronized rheo-SAXS experiments of hybrid {F}G-C18:1/chitosan HMW hydrogels. (1) through (3)
correspond to code numbers in panel a). The control temperature-resolved rheology experiment performed
on chitosan HMW is given in Figure S 4b.

Discussion

The hybrid {F}G-C18:1/biopolymer hydrogels behave differently towards the applied
stimuli and each individual component strongly contributes to improve the overall
performances of the IPN. If one of the two gel networks, polymer or LMW, collapses, the
second network systematically keeps the system in the gel state (Figure 9a,b). If both networks
collapse, the sol-gel transition of the LMW component restores the gel properties of the entire
system faster than in the PG control (Figure 9c). Besides these general remarks, which make
the present double-responsive PG-LMWG system unique, some additional comments must be
formulated.
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Interpenetrated LMW/P gel networks
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Figure 9 — Scheme of the advantages of stimuli responsive a low-molecular weight (LMW, segmented line)
and polymer (P, solid line) interpenetrated gels. Stimuli are pH and temperature and properties are

measured in situ.

Structural considerations. A set of morphological (SEM) and spectroscopic (solid-state NMR,
ss-NMR, performed under magic angle spinning, MAS) experiments were additionally
performed on two representative systems, {F}G-C18:1/gelatin and {F}G-C18:1/alginate, to
confirm the rheo-SAXS data and possibly obtain valuable information on the interactions
between G-C18:1 and biopolymers. Given the nature of the analytical techniques, involving
high vacuum (SEM) or fast MAS at 20 kHz (ss-NMR), the gel state was not adapted. All
samples required freeze-drying. Qualitatively-speaking, the freeze-dried samples of gelatin (pH
10 and 4), alginate (pH 10 and 4), {F}G-C18:1 (pH 10) and {F}G-C18:1/biopolymer (alginate,
gelatin) at pH 10 appear by the eye as typical, more or less stiff, aerogels. On the other hand,
{F}G-C18:1 at pH 4 rehydrate fast and it appears as a highly viscous liquid, while {F}G-
C18:1/biopolymer samples, especially those prepared with gelatin, lose the typical aerogel
appearance in favor of a more “gummy” look during acidification. The pH values at which
acidification was stopped were chosen on the basis of the rheo-SAXS data (Figure 3 and Figure
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4), and in particular pH 6.7, where sudden drop of G" occurs, pH 6, where G has stabilized,
and pH 4, where the lamellar phase has appeared.

The SEM images recorded at X500, x2000 and x5000 magnification presented in Figure
S 5 show that the acidified {F}G-C18:1/biopolymer samples lose their fibrous structure, always
observed at pH 10 and on all controls at both pH 10 and pH 4. The only exception is the control
{F}G-C18:1 at pH 4, showing a smooth texture. The progressive fiber loss is enhanced on
{F}G-C18:1/gelatin, compared to {F}G-C18:1/alginate, which still shows residual fibers at pH
4. Despite the fact that comparison between hydrated and dehydrated samples should be done
with care, due to possible artifacts induced by the freeze-drying process, these results
corroborate the idea that the loss in G during acidification (Figure 3a, Figure 4a) is correlated
to a partial collapse of the fibrillar network. The residual elasticity of {F}G-C18:1/alginate
(Figure 4a) at pH below 6 could be explained by the residual fibrous structure, shown by SEM
in the corresponding freeze-dried samples (Figure S 5). This seems to be most likely attributed
to the residual alginate network, less affected by pH than G-C18:1 (controls in Figure S 5).
Eventually, SEM corroborates the SAXS data, as it shows that the loss of the elastic properties
in {F}G-C18:1/biopolymer can be mostly attributed to the loss in the fibrous structure of G-
C18:1 during acidification. Unfortunately, any attempt to exploit SEM data to separate the
contribution of either G-C18:1 or biopolymer to the IPN samples was vain.

NMR is a spectroscopic technique, which allows molecular resolution in solution.
Employed with a solid-state (ss) magic angle spinning (MAS) probe, it gives access to the
spectroscopic features of solid samples.>® Typical ss-NMR spectra are characterized by broad
peaks compared to solution, reflecting the lack of molecular tumbling in the solid state.®’
Complementary 'H and *C ss-NMR experiments were then performed on freeze-dried
materials in the goal of shedding further light on the possible contributions of either G-C18:1
or biopolymer to the IPN. Results are given in Figure S 6.

Both *H and 3C spectra are characterized by the typical signal of aliphatics (~1.2 ppm
in H and ~30 ppm in 3C), CH in carbohydrates (3-4 ppm in *H and 60-80 ppm in $3C), C=C
(~130 ppm in 3C) and C=0 (~170 ppm in *3C). If the *H spectra are more difficult to interpret
than 13C spectra due to their larger line broadening, typical in *H ss-NMR due to strong dipolar
coupling, the overall trend is similar between the *H and **C spectra: spectral lines becomes
narrower and narrower upon acidification from pH 10 to pH 4 in the G-C18:1/biopolymer
samples, for both gelatin and alginate. The *3C spectra of the G-C18:1/biopolymer at pH 10 do
not show the signals of C=0, C=C and CH (carbohydrate) species (arrows pointing downward

in Figure S 6); this is explained by the rigidity of the fibrous network, even with MAS at 20
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kHz. On the other hand, from pH 6.7 and below, the peaks corresponding to the same species
appear and are narrower during acidification to pH 4 (arrows pointing upward in Figure S 6).
Comparison with the control spectra of G-C18:1 and biopolymers (Figure S 6) indicate that line
narrowing is solely attributed to the phase change in G-C18:1, from fiber (pH 10, broad
spectrum) to lamellar (pH 4, narrow spectrum). Unfortunately, the contribution of the
biopolymers is too mild to be resolved in the mixed systems, as shown by comparison with the
control 3C spectra of gelatin and alginate at pH 10 and pH 4 (Figure S 6), which are practically
dominated by the signal of the probe head (broad resonance at 108 ppm, marked by the *
symbol).

In summary, ss-NMR confirms that acidification induces structural changes in the
mixed G-C18:1/biopolymer systems so that molecular tumbling is more prominent with
acidification. This is coherent both with the typical ss-NMR behaviour of lipids®” and with the
known phase change from fiber to wormlike to lamellar of G-C18:1,% recalled earlier in the
manuscript and discussed elsewhere.?®2” G-C18:1 in liquid crystalline environment (micelles,
membranes) is expected®’ to be more mobile than in crystalline fibers. Unfortunately, similarly
to SEM, ss-NMR does not allow to identify neither the contribution of the biopolymer nor the

interactions between the biopolymer and G-C18:1 upon acidification.

The effect of charge. Cationic polyelectrolytes with high pKa values strongly interact with G-
C18:1 in their micellar and vesicular form, while amphoteric proteins, like gelatin, did not show
any remarkable interaction.3%3! More interestingly, self-assembled glycolipid nanofibers did
not show interactions with polyelectrolytes.3! In the present system, all IPN gels are stable under
alkaline pH conditions, when the LMW and biopolymers are like-charged (negative), with the
exception of chitosan, which is neutral above pH ~6.5. The structural SAXS analysis confirms
that the LMW fibers and the biopolymer coexist without interacting, similarly to what it was
reported before.3!

Despite the loss of the elastic properties of all IPN gels when pH is reduced, all system
are in the gel state at least down to pH =6.7-7. Below about pH 6.7, all systems display a sudden
drop in G', corresponding to the gel-to-sol transition of G-C18:1. When the pH drops further,
each system follows its own trend. {F}G-C18:1/gelatin (Figure 3) loses its elasticity within the
time-scale of the experiment. Gelatin is positively-charged (isoelectric point between 7 and 9%)
and it could interact with G-C18:1. However, the corresponding SAXS data support coexistence
of species rather than mutual interactions. This could be most likely due to the increasing

neutrality of G-C18:1 at lower pH, as demonstrated by previous {-potential expriments.3!
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In the case of {F}G-C18:1/chitosan gels, the gel-to-sol transition of G-C18:1 drives the
drop in G observed between pH 10 and about pH 6.9, similarly to the gelatin and alginate
systems. However, G' increases again in the narrow pH gap between 6.9 and 6.4 (Figure 5),
while below pH 6.4 G drops again. This behaviour can be understood by considering the pKa
of chitosan, which is ~6.5.5 Above its pKa, chitosan is neutral and in the gel state. This can
explain the recovery of the elastic properties below pH 6.9 in the hybrid system. On the other
hand, below its pKa, chitosan becomes positively-charged and water-soluble, thus explaining
the overall loss in G of the hybrid gel. If other competing phenomena, like electrostatic
attraction between chitosan and G-C18:1 could also occur, they are expected to take place
below pH 6.5, thus playing no significant role.

Biosurfactants-biopolymers interactions were studied by us in previous works®%3! and
they were generalized between G-C18:1 and positively-charged polyelectrolytes as follows:
when a micellar solution of G-C18:1 is intimately mixed with a low-molecular weight chitosan
solution, one observes a phase transition between a complex coacervates (CC) and
multilamellar wall vesicles (MLWV), when pH is reduced from 10 to 4.5. This mechanism is
unlikely to occur in the present system, because the G-C18:1 phase in {F}G-C18:1/chitosan at
alkaline pH is fibrillar and not micellar, thus excluding the CC phase, never detected by SAXS.
Secondly, neither the CC nor the MLWYV were found to have viscoelastic properties. The rise
in G' between pH 6.9 and 6.5 could then not be explained if chitosan would be engaged in an
interaction with G-C18:1. Third point, as commented before, the mixing between {F}G-C18:1
and HMW chitosan gels is heterogeneous, thus excluding intimate mixing at the molecular
scale. Finally, if electrostatic interactions would still occur and generate a MLWYV phase, they
would be reasonably observed between pH 6.5 and pH 4.5, where chitosan is positive and G-
C18:1 still partially negative and where the MLWV phase was observed before.%® However,
even if this event likely occurs, the rheological properties of the hybrid gel shown in Figure 5
below pH 6.4 would be affected in the same way.

Finally, the {F}G-C18:1/alginate also recovers its elastic properties between pH 6.7 and
6, with G' becoming stable at least down to pH 5. This can be explained by the lower pKa (=4)
of alginic acid,*® above which complexation with Ca?* ions favors gelation. Below pH ~4,
even the {F}G-C18:1/alginate gel collapses (image taken at pH 3.9 in Figure 2).

In summary, one can identify three different pH-dependent regimes of the G-
C18:1/biopolymer systems: 1) in the neutral/alkaline regime with limit at pH 6.7, one can speak
of IPN between {F}G-C18:1 and biopolymers, of which the negative, or neutral, state of charge

favors gelification. The gel strength probably depends on the pH-controlled fiber-to-micelle
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ratio.?®% 2) The mildly acidic regime, between pH 6.7 and pH 6, is characterized by the gel-to-
sol transition of G-C18:1 and a drastic drop in G' occurs in all IPN systems. Overall, the
elasticity of the IPN gels in the pH range between 6 and 10 is controlled by the self-assembly
of the LMWG. 3) The acidic regime, below pH 6, is controlled by the properties in solution of

the biopolymer, which are essentially determined by its state of charge.

Table 2 — Storage moduli recorded during the pH- (Figure 3, Figure 4, Figure 5, Figure S 1) and
temperature-resolved (Figure 6, Figure 7, Figure 8, Figure S 4) in situ oscillatory rheology experiments in
control (biopolymers) and hybrid ({F}G-C18:1/biopolymer) hydrogels. The variations are given in
percentage of loss (-) and gain (+) with respect to the G’ values recorded either at pH 8/10 (pH-resolved

experiments) or T= 20°C (temperature-resolved).

G'/Pa
Sample
pH-resolved Temperature-resolved
pH 8/10 pH 6 pH 5 T=20°C T=50°C

gelatin 49 - 27 [ -45% 49 G'<G"
{F}G-C18:1/gelatin 100 G'<G" G'<G" 140 1.2/-99%

alginate 124 74 1 -40% - 38 371-3%
{F}G-C18:1/alginate 84 21/-75% 18 /-79% 122 89/-27%

chitosan 420 105/ -75% - 44 46 [ +5%
{F}G-C18:1/chitosan 161 5.8 /-96% G'<G" 2890 1913/ -34%

The effect of kinetics. The acidification kinetics seems to play an important impact on the elastic
properties in the entire pH range, with particular effects in the neutral/alkaline pH regime. The
difference in terms of the mechanical properties of a IPN hydrogel independently prepared at
pH 8 and pH 6 is only of few tens of Pascal.?® The difference is much more pronounced using
in situ, GDL-triggered, acidification. In the neutral/alklaine regime, G' drops of tens of Pa in
all systems. More specifically, {F}G-C18:1/alginate loses over 70% of its G' (-75% at pH 6
and -79% at pH 5, Figure 4a, Table 2). For {F}G-C18:1/chitosan, the loss in G' is even higher
already at pH 7, it reaches -96% at pH 6 and catastrophic at pH 5, where a gel no longer exists
(G'<G"") (Figure 5a, Table 2). In the case of gelatin, elastic properties (G'< G'") are entirely
lost already at pH 7 (Figure 3a).

To explain the discrepancy between the elastic properties of IPN systems measured at>
and out of (this work) equilibrium, one must consider a series of factors. First of all, {F}G-
C18:1 gels have higher G' at pH 10 than at pH 8,% probably explained by a different fiber-to-
micelle ratio between these pH values. However, this evidence does not explain the

discrepancies in the magnitude of the drops, ranging from few tens of Pascal ({F}G-
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C18:1/alginate) to a decade ({F}G-C18:1/chitosan). The discrepancy could probably be
explained by kinetics effects, where the profile of pH drops generally found with GDL is not
linear, but consists in an initial drastic pH drop, followed by progressive stabilization over
time. 33942 Considering that hydrolysis of GDL is hard to control,%! and considering that small
variations in the ratio with other acids and bases can strongly affect the material’s properties,
as seen before for similar systems,® one can reasonably suppose that the necessarily
uncontrolled initial pH drop could have a different impact on the gel’s strength from one system
to another. GDL has another intrinsic problem, it is a powder and it has to be added as such. In
this regard, even if all solutions are systematically vortexed before measurement, one should
not underestimate their gel state. Homogenization of GDL could not be even across samples.
An additional problem could also come from the concomitant acido-base reaction of the
biopolymer, each having a different pKs, and competing with G-C18:1. Finally, it is not
excluded that kinetics factors related to the diffusivity of hydronium ions generate a mismatch
between the solution pH and the actual state of protonation of each individual acid and base.
Similar effects have been observed before.®

Interactions. Differently than in other systems, where strong interactions between amphiphiles
and polyelectrolytes generally modify the scattering pattern of their mixture,30316283 the
structural SAXS data recorded on IPN gels throughout this work always show the typical
signature of the {F}G-C18:1 control. Within the limit of the present g-range, SAXS data do not
show any influence of the self-assembled fibrillar hydrogel on the mesh size of the
biopolymer.?® On the contrary, variations in the slope of the Ornstein-Zernike plots associated
to the biopolymer hydrogel control and biopolymer inside the hybrid network suggested a
qualitative relationship between the micellar phase and the mesh size of the biopolymer, as
found for other systems in the literature.®*-% According to the above, it is not unreasonable to
think that the fiber-to-micelle transition of G-C18:1 in the neutral/acidic regimes affects the
mesh size of the biopolymer network in the {F}G-C18:1/gelatin system, but not for {F}G-
C18:1/alginate and {F}G-C18:1/chitosan, of which the elasticity increases again in the mildly
acidic regime, between pH 6.7 and pH 6. Specific interactions between G-C18:1 and gelatin are
of course not excluded, as observed for anionic surfactants.®’ In fact, interactions between
anionic glycolipid biosurfactants and proteins have also been reported before.®® However, the
experimental techniques involved in this study do allow to confirm the presence of such

interactions.
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Effect of temperature. The effect of temperature is mainly observed in the gelatin-based
hybrid gels. The loss in the elastic properties occurs in a two-step process. The first sol-gel
transition is driven by gelatin at about 28°C (Figure 6a,c), while the second one above 30°C is
driven by G-C18:1 (Figure 6b,c). Interestingly, the constant signal of the associated SAXS data
tells that the loss in the elastic properties is explained by the enhanced fluidity of the fiber phase,
rather than by a fiber-to-micelle phase transition of G-C18:1, the latter reported for temperatures
above 60°C.%® The most striking contribution of {F}G-C18:1 to the gelatin gel is undoubtedly
the rapid increase in the elastic properties upon cooling, attributed to the sol-to-gel transition in
G-C18:1 (Figure 6b) and illustrating the importance of the LMWG/PG interpenetrated network
(Figure 9a,c).

Alginate and chitosan hydrogels are practically not sensitive to temperature if compared
to gelatin. The temperature-dependent evolution of G for the controls shows a bare loss of -
3% for alginate and an actual improvement of +5% for chitosan (Figure S 4, Table 2). Such a
stability is also found in the hybrid {F}C18:1/alginate and {F}G-C18:1/chitosan gels, which
are obviously less sensitive to temperature if compared to the hybrid {F}C18:1/gelatin
hydrogel. Nonetheless, the presence of the {F}G-C18:1 fiber phase in the alginate and chitosan
network still has a non-negligible influence on the elastic properties. The loss in G between
room temperature and 50°C is of -27% and -34% for {F}C18:1/alginate (Figure 7a, Table 2)
and {F}G-C18:1/chitosan (Figure 8a, Table 2), respectively, whereas the gel structure does not
vary, as shown by the corresponding SAXS profiles (Figure 7b, Figure 8b). The data collected
on the hybrid alginate and chitosan gels are also of particular interest, as they show the strong
interest of the hybrid network compared to the individual components: the presence of {F}G-
C18:1 introduces a modest, although measurable, responsiveness to temperature. Considering
the stiffness of the control gels, temperature could then be used as a way to control their
rheological properties and make them easier to process. On the other hand, the biopolymer
network gives a much better stability to the {F}G-C18:1 hydrogels, compared to the SAFIN gel
alone (Figure 9b).

Conclusion

This work shows the stimuli responsivity of an interpenetrated hydrogel network
composed of a bioamphiphile and a biopolymer. The bioamphiphile is a microbially-produced
glycolipid, able to self-assemble, in water, in a variety of structures, fibers, micelles or vesicles,
according to the type of ion and pH. Here, a fiber phase of G-C18:1 ({F}G-C18:1) with

independent hydrogelating properties is mixed with biopolymer hydrogel (gelatin, chitosan or
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alginate). SAXS and rheology show that the self-assembled fibrillar network of G-C18:1 is
interpenetrated with the biopolymer’s network and the overall elastic properties are improved,
if compared to the properties of each individual system. The use of pH as a stimulus, here by
mean of a cyclic lactone, GDL, induces a prompt collapse of the interpenetrated {F}G-
C18:1/gelatin and {F}G-C18:1/chitosan hydrogels, whereas {F}G-C18:1/alginate hydrogels
experience a loss in G', as well, but of minor importance. Comparison with the pH-dependent
properties of each biopolymer and observations in the structure of G-C18:1 by SAXS show that
the loss in G is mainly related to the pH-dependent phase transition of G-C18:1 itself inside
the interpenetrated gels. This is confirmed by complementary SEM and solid-state *H and 3C
MAS NMR experiments.

Effect of temperature on the interpenetrated gels also varies across samples. For the
{F}G-C18:1/gelatin, temperature individually affects the elasticity of gelatin (28°C) and {F}G-
C18:1 (>30°C). However, the faster sol-gel transition of {F}G-C18:1 compared to gelatin
shows that the properties of the interpenetrated gel can be promptly recovered within minutes,
instead of hours in the case of gelatin alone. This behavior is directly associated to the {F}G-
C18:1 component. On the other hand, the elasticity of alginate and chitosan gels are much less
sensitive to temperature, compared to {F}G-C18:1. In the corresponding interpenetrated gels,
one observes that the elastic moduli are affected in the order of 30 + 5 % when temperature is
increased to 50°C. Differently than in the gelatin case, the use of chitosan or alginate shows the
importance of mixing these biopolymers with {F}G-C18:1: the gel-to-sol transition in {F}G-
C18:1 slightly reduces the elastic properties of the biopolymers, thus favoring their
manipulation, for instance. On the other hand, the stability of the biopolymers’ networks to

temperature strongly compensates, and stabilizes, the collapse of the {F}G-C18:1 gels.
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Figure S 1 — Time-dependence of G' and G'' (LVER, f=1 Hz, y= 0.1 %) for a) gelatin (2 wt%o), b) alginate
(1 wt% [Ca**]= 25 mM) and c) chitosan HMW (1 wt%b) control hydrogels at basic and acidic pH. Values of
pH are given on top of each panel.
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Figure S 2 — a) Comparison between the SAXS profiles of {F}G-C18:1/Gelatin at pH 6.47 (black line,
extracted from Figure 1b in the main text), {F}G-C18:1/Alginate at pH 6.62 (red line, extracted from Figure
2b in the main text) and an aqueous solution (0.5 wt%o) of G-C18:1 prepared at various pH values. The data
from the latter have been extracted and adapted from Langmuir, 2016, 32, 6343. For readability purposes,

intensity scaling of the SAXS profiles is arbitrary. b) SAXS profiles generated from a sphere, cylinder and
flexible cylinder model using the SasView v.3.1.2 software. Highlight is on the typical wavevector (q)
dependency of the intensity (slope), being 0 for spheres, -1 for cylinders and -1.6 for flexible cylinders. The
parameters of the models are: radius= 20 A (sphere), 18 A (cylinder, flexible cylinder), scale= 1 (all),
background= 0.01 (all), scattering length density (sld) solvent (value is calculated for H.0)= 9.4-10°¢ A2 (all),
sld core (value is typical for a hydrated organic molecule)= 10-10"¢ A2 (all), length= 1000 A (cylinder, flexible
cylinder), Kuhn length= 100 A (cylinder, flexible cylinder).
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Figure S 3 — Low-q scaling of the SAXS scattered intensity for a) G-C18:1 and b) {F}G-C18:1/biopolymer

samples.
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Figure S 4 — Temperature dependence of G' and G'' (LVER, f=1 Hz, y= 0.1%) recorded for a) alginate (1
wt%, pH= 8, [Ca**]= 25 mM) and b) chitosan HMW (1 wt%, pH 8) control hydrogels.
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Figure S5 — SEM images collected for freeze-dried hydrogels prepared from: {F}G-C18:1, gelatin, alginate, {F}G-C18:1/biopolymer. Sample preparation is given in the materials and

methods section of the main manuscript.
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Figure S 6 — 'H and *3C solid-state MAS NMR spectra collected for freeze-dried hydrogels prepared from: {F}G-
C18:1, gelatin, alginate, {F}G-C18:1/biopolymer. Sample preparation is given in the materials and methods
section of the main manuscript. Attribution of the *H spectra can be found in Baccile et al., pH-Driven Self-
Assembly of Acidic Microbial Glycolipids. Langmuir 2016, 32, 6343. Attribution of *3C spectra can be found in
Baccile et al., Chameleonic Amphiphile: The Unique Multiple Self-Assembly Properties of a Natural Glycolipid
in Excess of Water. J. Colloids Interface Sci. 2022, DOI: 10.1016/j.jcis.2022.07.130. The broad peak in the 13C
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spectra marked by the symbol * is an artifact due to the signal of the probehead.
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Figure 6 (continued) — *H and *C solid-state MAS NMR spectra collected for freeze-dried hydrogels prepared
from: {F}G-C18:1, gelatin, alginate, {F}G-C18:1/biopolymer. Sample preparation is given in the materials and
methods section of the main manuscript. Attribution of the H spectra can be found in Baccile et al., pH-Driven
Self-Assembly of Acidic Microbial Glycolipids. Langmuir 2016, 32, 6343. Attribution of *C spectra can be found
in Baccile et al., Chameleonic Amphiphile: The Unique Multiple Self-Assembly Properties of a Natural
Glycolipid in Excess of Water. J. Colloids Interface Sci. 2022, DOI: 10.1016/j.jcis.2022.07.130. The broad peak in
the 3C spectra marked by the symbol * is an artifact due to the signal of the probehead.



