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ARTICLE INFO ABSTRACT
Keywords: Hypothesis: Organohydrogel emulsions display unique rheological properties and contain hydrophilic and lipo-
Gel emulsion philic domains highly desirable for the loading of active compounds. They find utility in various applications
Hydrogelator from food to pharmaceuticals and cosmetic products. The current systems have limited applications due to
Organogelator

complex expensive formulation and/or processing difficulties in scale-up. To solve these issues, a simple emul-
sification process coupled with unique compounds are required.

Experiments: Here, we report an organohydrogel emulsion based only on a low concentration of 12-hydroxystea-
ric acid acting as a gelling agent for both oil and water phases but also as a surfactant. The emulsification process
is based on in-situ surfactant transfer. We characterize the emulsification process occurring at the nanoscale by
using tensiometry experiments. The emulsion structure was determined by coupling Small Angle X-ray and
neutron scattering, and confocal Raman microscopy.
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Findings: We demonstrate that the stability and unique rheological properties of these emulsions come from the
presence of self-assembled crystalline structures of 12-hydroxystearic acid in both liquid phases. The emulsion
properties can be tuned by varying the emulsion composition over a wide range. These gelled emulsions are
prepared using a low energy method offering easy scale-up at an industrial level.

1. Introduction

Gel emulsions combine the virtues of both emulsions and gels [1].
They have garnered substantial interest in recent years [2]. Much like
traditional emulsions, these gel emulsions constitute two-phase systems,
with one phase dispersed as droplets in the other. However, they also
show the characteristics of a physical gel. Consequently, gel emulsions
display unique rheological behavior making them versatile and appli-
cable across a wide range of fields including foods, cosmetics, drug de-
livery, tissue engineering and the fabrication of advanced porous
materials [1,3-8]. One key advantage for applications is their high
stability against the mechanisms that lead to emulsion destabilization,
namely droplet coalescence and gravity-induced phase separation [9].

In 1966, Lissant et al. first defined gel emulsions to describe high
internal phase emulsions (HIPEs) where the volume fraction of the
dispersed phase can exceed 74 % [10]. Beyond this limit, droplets tend
to deform adopting a polyhedral morphology [11]. HIPEs are renowned
for their high elasticity, resulting from the compression of the droplets,
and their high stability [9]. However, HIPEs have inherent limitations
including the restricted range for adjusting the ratio of the two immis-
cible liquids (high dispersed phase volume fractions are required)
leading to formulation constraints and the substantial quantity of sta-
bilizer required which can be unsuitable for industrial processes notably
in the food and cosmetic sector [8,9]. One innovative strategy that ad-
dresses the limitations of traditional HIPEs is the use of low molecular
weight gelators (LMWGs) to gel the continuous phase of an emulsion
yielding gel emulsions [12]. Such LMWGs are amphiphilic molecules

that have the capability to self-assemble into fibrillar networks, effec-
tively immobilizing organic solvents (organogel) or water (hydrogel)
[2,13,14]. With LMWGs, the gelation mechanism that drives the for-
mation of gel emulsions does not any longer rely on the packing of the
dispersed droplets permitting a continuous tuning of the dispersed
phase-to-continuous phase volume ratio. The success of such an
approach is however dependent on the way the LMWGs self-assemble
themselves, which is sensitive to parameters such as concentration,
system composition, temperature and the nature of the immiscible liq-
uids [12]. A further elegant extension of such a strategy is the dual-
structured gelled emulsion, also called organohydrogel emulsion, for
which both the water and oil phases are gelled simultaneously. To date,
this innovative approach has been achieved however with the use of two
different LMWGs — one for the aqueous phase and another for the oil
phase [14]. The preparation process of organohydrogel emulsions con-
tains two key steps: high energy emulsification followed by in-situ
gelation.

To the best of our knowledge, there remains an unexplored frontier
for the design of gel emulsions, where an “all-in-one” single molecule
can serve at the same time as the stabilizing surfactant, the organo-
gelator and the hydrogelator. Herein, we demonstrate that the formation
of organohydrogel emulsions can be achieved using 12-hydroxystearic
acid (12-HSA) as the only LMWG building block molecule. 12-HSA is
a well-established LMWG, which can self-assemble into both organogels
and hydrogels [15]. Its specific chemical structure gives rise to a
plethora of self-assembled structures including fibres, ribbons and tubes
depending on the medium conditions [15]. 12-HSA soaps also display
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Fig. 1. In situ surfactant generation method used to produce organohydrogel oil-in-water emulsions. (a) Schematic illustration of emulsion gel based on in situ
surfactant formation by phase transfer of 12-hydroxystearic acid from oil to water. 12-HSA and MEA were previously dissolved in oil and water at 80 °C, respectively.
When the water and the oil phases were put in contact with low stirring, phase transfer of 12-HSA from oil to water occurs leading to surfactant formation and
emulsification. During cooling, 12-HSA forms a self-assembled fibrillar network in the oil phase and micron size multilamellar rods in the water phase leading to both
oil and water gelation. (b) Chemical structures of 12-HSA and MEA. (c) Gel emulsion obtained from the standard formulation (30 % v/v with n-dodecane as oil, 20
mM 12-HSA and 4 mM MEA in water) composed of oil droplets and 12-HSA multilamellar tubes denoted by the black arrows.
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remarkable interfacial behavior giving rise to low surface tension while
forming elastic interfacial layers [16-18]. Indeed, 12-HSA combined
with other surfactants have already been used to produce gelled
bicontinous microemulsions and gelled nanoemulsions [19,20].

Our approach to create organohydrogel emulsions relies on a low
energy emulsification method known as the in-situ surfactant generation
approach [21]. Such an approach involves generating a surfactant at the
oil-water interface through gentle mixing of an organic phase contain-
ing a fatty acid and an aqueous alkaline phase [22-26]. We thus
combine the in-situ surfactant generation approach with slow mixing to
produce oil-in-water emulsions, and design dual-gelled structured
emulsions by inducing the formation of gels in the oil and water phases
with 12-HSA as the only building block (Fig. 1). The phase transfer of 12-
HSA from oil to water improves the emulsification process by increasing
the amount of surfactant at the oil-water interface enabling stabilization
of the oil droplets. The phase transfer phenomenon also leads to 12-HSA
self-assembled structures in the water phase giving rise to hydrogel
formation. Excess 12-HSA molecules that remain in the oil form the
organogel. The cosmetic grade ingredients used in these organohydrogel
emulsions, their mechanical properties, their high stability over a long
time period and the low energy process used for their production make
them a promising system at large scale production for cosmetics prod-
ucts [27].

2. Materials and methods
2.1. Materials

12-Hydroxystearic acid (>80 % purity, impurities include 15 %
stearic acid and other fatty acids in small amount, Xilong Chemical Co.
Ltd., China), monoethanolamine (>99.5 %, Sigma Aldrich, France), D,O
(>99 %, Eurisotop, France), n-dodecane (>99 %, Sigma Aldrich,
France), liquid paraffin oil (Sigma Aldrich, France), silicone oil (poly
(dimethylsiloxane) with a viscosity of 100cSt) (Sigma Aldrich, France),
isopropyl myristate Kollicream® IPM (BASF, Germany), medium chain
triglyceride oil Kollisolv® MCT70 (BASF, Germany), olive oil and colza
oil (local supermarket, France) were all used as received. MilliQ water
was used for all the experiments.

2.2. Emulsion preparation

12-HSA powder was weighed and then completely dissolved in the
oil phase at 80 °C under magnetic stirring. MEA was added to Milli-Q
water and heated to 80 °C under magnetic stirring. Emulsification of
the two phases was performed at 80 °C at 1,000 rpm for 2 min (Turbotest
equipped with a deflocculating propeller turbine, VMI Rayneri, France).
Then, the emulsion was allowed to cool to room temperature by keeping
the agitation at 1,000 rpm to promote gelation of both phases and the
subsequent formation of the structured gel emulsions. All the emulsions
were stored at room temperature before further characterization. The
same protocol was used for ex situ emulsion production, the only dif-
ference was being that 12-HSA was added to the water phase with MEA
instead of the oil phase.

2.3. Single drop technique

The experiments at a single drop scale were performed using a
tensiometer (Tracker apparatus, Teclis Scientific, France). Due to dif-
ferences in density between water and oil, the rising drop configuration
was chosen by using a curved syringe allowing us to create an oil drop
rising within a water phase. The water phase contained MEA at around
1 mM and the oil phase contained 12-HSA at 0.25 mM to ensure no
gelation of the oil droplet. The size of the drop was 1 mm and the volume
was around 10 pL. The interfacial tension was obtained by fitting the
shape of the droplet to the Young-Laplace equation.
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2.4. Characterization of gelled emulsions

Optical micrographs were taken with an Axioscope 5 microscope
with an Axiocam 208 camera (Zeiss, Germany). Samples were placed on
a glass slide and covered with a coverslip. Samples were observed at
room temperature using a 40x magnification in phase contrast mode.

Rheological measurements were performed with an Anton Paar
MCR301 rheometer using a plate-plate setup. The walls of the plates in
contact with the samples were roughened to prevent slip. Temperature
control was provided using a Peltier plate. The temperature ramp used
for these experiments was 1 °C/min. An oscillatory frequency of 1 Hz
and a strain of 1 % were applied to measure the variation of the elastic
modulus (G’) and viscous modulus (G”) with temperature to determine
the temperature at which the transition between the gel state and liquid
state occurred. Under the oscillatory mode, amplitude and frequency
sweeps were performed to measure G’ and G” as a function of the strain
amplitude, y, at constant frequency, f.

Small-Angle Neutron Scattering (SANS) data were acquired on D22
at the Institut Laue-Langevin (Grenoble) (https://doi.ill.fr/10.5291
/ILL-DATA.9-10-1747). The wavelength was fixed at 6.0 A (relative
FWHM 10 %), the rear detector was at 17.6 m from the sample and the
front detector at 1.4 m with a 20° angle thus covering a continuous g-
range of 2.3x103-0.64 A1, Data were reduced with the program Grasp
v10.17, normalizing with monitor, subtracting the contribution from the
empty cell taking into account noise from the measurement with a sin-
tered 1°B4C piece at the sample position and using for transmission the
intensity from the attenuated direct beam. Samples were held in 1 mm
optical path length flat quartz cuvettes. Samples were prepared using
D40 instead of pure water. The data were fitted using SASview software.
The fitting model is detailed in the Supplementary Information.

Small-angle X-ray scattering (SAXS) and Wide-Angle X-ray Scat-
tering (WAXS) experiments were carried out on a XEUSS 2.0 device
(Xenocs, France). The instrument uses a micro-focused Cu-Ka source
with a wavelength of 1.54 A and a Pilatus3 detector (Dectris,
Switzerland). The samples were loaded in thin quartz capillaries (optical
path 1.5 mm, WJM-Glas/Miiller, Germany). The experiments were
performed at two different sample-to-detector distances: 1190 mm with
a collimated beam size of 0.5 mm x 0.5 mm and 340 mm with a colli-
mated beam size of 0.8 mm x 0.8 mm, to access a scattering wave vector
g-range of 0.01 A" to 1.8 A~

Confocal Raman microscopy and spectroscopy measurements were
conducted using a WITec Alpha 300 RAS system (Oxford Instruments,
Germany) equipped with a 532 nm excitation laser and a spectrometer
diffraction grating of 600 1/mm. A 50X Zeiss LD EC Epiplan-Neofluar Dic
50x/NA 0.55 and a Nikon CFI Plan NCG 100x/NA 0.9 objectives were
used in this study. Laser power was optimized to minimize heat induced
effects and was 15-20 mW. In the CRM mapping, a Raman spectrum is
recorded in every image pixel. The typical compound spectra and their
distribution are then identified using WITec Project Plus 5.1 software
and the reconstructed Raman maps for all individual compounds and
combined map are created. The identification is further verified using
the measured reference spectra on individual compounds. All spectra
were analysed with applied standard cosmic ray removal and baseline
correction filters.

The estimation of the concentration of 12-HSA in the aqueous phase
after emulsification was performed first by measuring the pH of the
aqueous phase and by estimating the maximum number of molecules of
12-HSA that can react with MEA molecules in the acid-base reaction
assuming a stoichiometric reaction of one molecule of 12-HSA reacting
with one molecule of MEA. This quantity of 12-HSA in water was also
estimated by weighing after destabilization of the emulsion by strong
centrifugation and drying the aqueous phase.

2.5. Application of gelled emulsions

The moldability of the gelled emulsions was demonstrated by
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(c) IPM (d) LP

Fig. 2. Effect of oil type on gel emulsion formation: Photos of oil-in water emulsions (inverted) prepared from the standard formulation (30 % v/v oil and 20 mM 12-
HSA) with different oils: (a) Olive oil, (b) medium chain triglyceride (MCT), (c) isopropyl myristate (IPM) and (d) liquid paraffin (LP).

fabricating 3D objects by injecting emulsions into different moulds. The
gel emulsion was also used as a printable ink by loading it into a 12 mL
syringe fitted with a needle (nozzle size of 0.51 mm). For the foamulsion
production, a total volume of 15 mL of 0il (30 % v/v) containing 20 mM
of 12-HSA and water containing MEA at 4 mM were put directly at 80 °C
in a 50 mL cylindrical plastic container (Falcon tube 50 mL, internal
diameter 2.5 cm, 11.5 cm in height). A one-step aeration process by
hand-shaking was used at high temperature for 5 min to produce the
foam and emulsion at the same time.

3. Results and discussion
3.1. Organohydrogel emulsion formation

In order to demonstrate proof of concept of the formation of an
organohydrogel emulsion by the use of only 12-HSA, we chose to work
first with n-dodecane as a model oil. We first started with a low volume
oil fraction (30 % v/v). Then we extended to other oils and oil volume
fractions as shown later. To emulsify the oil phase in the aqueous phase,
12-HSA at 20 mM (with respect to the entire emulsion) was first dis-
solved in the oil phase at 80 °C (above the solubility limit) and mono-
ethanolamine (MEA) counterion at 4 mM was added to the water phase
heated at 80 °C. We fixed the molar ratio (R) between 12-HSA and MEA,
R = nppa/ni2.usa = 0.2, in order to obtain gel emulsions. This standard
formulation was used for further characterization and understanding of
the emulsion properties. At higher R, liquid emulsions were obtained
(Supplementary Fig. 1). The pH of the aqueous phase was 10.3, higher
than the apparent pK, of 12-HSA and pK}, of MEA [28]. The oil-in-water
emulsion was produced at 80 °C using the in-situ surfactant production
method under low stirring, also called “slightly interfacial disturbance
method” [21]. This process involved the instantaneous transfer of 12-
HSA from oil to the water phase when the two phases were put into
contact (Fig. 1a). The generation of the surfactant soap (anionic) form of
12-HSA occurred at the oil-water interface due to the neutralisation of
12-HSA with positively charged (-NH3) MEA as a water-soluble base
(Fig. 1b). Upon cooling, the 12-HSA remaining in the oil droplets crys-
tallized leading to organogel droplets. The 12-HSA in the water phase
self-assembled to form long rods and fibrillar structures of tens of mi-
crometers in length giving rise to the gelation of the continuous phase
(Fig. 1a). After emulsification, the pH of the water phase decreased to
around 8.5. The pH was close to the apparent pKa of 12-HSA meaning
that 12-HSA in the water phase was present in both its carboxylic
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(COOH) and soap (COO-) forms [29]. The formed emulsion was an
organohydrogel emulsion which can sustain its own weight (Fig. 1c).
The average droplet diameter was around 2 um as determined by Small
Angle Neutron Scattering (SANS) (Supplementary Fig. 2). This low en-
ergy method only requires mixing at low stirring rate and gives rise to
small droplets [21]. This process also offers the feasibility of large-scale
production of the formulation [27].

To show the essential roles of both 12-HSA as building block and
MEA, we conducted several control experiments. First, we pre-formed
the 12-HSA soap by mixing 12-HSA and MEA directly in the water
phase (pH around 8.5) at 80 °C before adding the oil phase. We call this
process “ex situ”, since the surfactant was produced before emulsifica-
tion. A gel emulsion was formed but creaming occurred quickly and the
droplet size was around 2.25 times bigger than the droplets produced by
the in-situ process (Supplementary Fig. 2). Then, we replaced 12-HSA by
stearic acid (SA), a fatty acid with the same alkyl chain length but
without an ~OH group on the 12th carbon. No stable gel emulsion was
produced (Supplementary Fig. 3) [30]. Moreover, the nature of the
counter-ion affects the self-assembled structure, solubility and interfa-
cial properties of fatty acid soaps. We thus replaced MEA by sodium
hydroxide as counter-ion and no emulsion could be produced (with Na™
as counter-ion, formation of micron-sized crystals prevents the forma-
tion and stabilization of the emulsion) (Supplementary Fig. 4) [31]. The
Krafft temperature is too high with sodium as counter-ion in comparison
to MEA, leading to fast 12-HSA crystallization before the emulsion could
be efficiently stabilized [32]. However, it is possible to use other organic
amino counter-ions such as lysine and choline hydroxide known to
decrease the Krafft temperature of fatty acid soaps instead of MEA [33].
For both choline hydroxide and lysine as counter-ion, stable gel emul-
sions were obtained showing the robustness of 12-HSA as a unique
building block for the easy production of gel emulsions (Supplementary
Fig. 5). We demonstrated the universality of our approach to produce
stable gel emulsions by studying a variety of other oils including vege-
table oils, medium chain triglyceride (MCT), isopropyl myristate (IPM)
and liquid paraffin (LP) (Fig. 2).

3.2. Low energy emulsification process coupled with surfactant phase
transfer

To assess our hypothesis regarding the underlying mechanism at the
interface leading to an optimized emulsification process combined with
hydrodynamical fragmentation, we performed experiments at the scale
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Fig. 3. Low energy emulsification process by surfactant phase transfer. (a) Evolution with time of a drop of MCT oil containing 12-HSA in water containing MEA (pH
> pKa,). The photos were taken every 20-30 sec. (b) Schematic showing the fragmentation of the initial oil droplet into smaller droplets due to the transfer of 12-HSA
across the interface. Negatively charged 12-HSA surfactant molecules were formed at the interface stabilizing the newly formed oil droplets.
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Fig. 4. Structural characterization of gel emulsions. (a) Optical image of a gel emulsion (standard formulation with 30 % v/v MCT oil and 20 mM 12-HSA) where a
confocal Raman map inside the red rectangle was measured. (b) Combined Raman map demonstrating distribution of three main components ((yellow) oil, (red)
clustered 12-HSA in water and (blue) water/HSA) as obtained by analysing Raman spectra for each pixel of image. (c) Corresponding Raman spectra identified in the
measured Raman map and used to reconstruct the component distribution maps. The color code in the spectra and Raman map is the same. (d) SANS spectrum of the
aqueous phase of 20 mM of 12-HSA with MEA with the corresponding phase contrast microscopy image showing the presence of multilamellar rods and fibers. (e)
SAXS spectra of: (orange) 20 mM 12-HSA in MCT oil after subtraction of the contribution of pure MCT oil, (blue) 20 mM 12-HSA with 4 mM MEA in water, (grey)
emulsion based on 20 mM 12-HSA in MCT oil and 4 mM MEA in water. (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)
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of one single oil drop in water using the rising drop method. A millimeter
drop of oil (MCT) containing 2 mM of 12-HSA (a concentration suffi-
ciently low to avoid oil gelation) was held at the tip of a syringe sur-
rounded by water. In the presence of 12-HSA in oil, but without MEA in
the water phase, the interfacial tension was stable with time at 23.3 mN
m ! slightly lower than the interfacial tension between pure oil and
water (24.2 mN m™!). However, immediately after adding MEA to the
water phase leading to an alkaline solution (pH > pKj,), the drop divided
into smaller droplets leaving the initial drop (Fig. 3a and Supplementary
Movie 1). The same findings have been obtained with different oils
(Supplementary Fig. 6). Small droplets were created at the interface and
a self-sustaining stream of droplets detached from the interface. The
interfacial tension of the initial drop also decreased to reach a low value
around 4.5 + 1.5 mN m ™. This interfacial tension is similar to the one
obtained between neat oil and the aqueous phase containing 12-HSA
and MEA (ex-situ process). This demonstrates that the interface of the
drop was covered by 12-HSA under its surface-active ionised form. The
reaction that occurred at the interface led to in-situ surfactant production
(Fig. 3b). As long as it remains in the oil phase, 12-HSA is in its un-
charged state. However, when surrounded by a water phase containing
MEA (alkaline solution, pH > pK,), it migrates by diffusion onto the
droplet surface where the headgroups are deprotonated and transformed
into their surface-active form (carboxylate/soap form) facing the
aqueous phase (Fig. 3b). The neutralization reaction between 12-HSA
and MEA quickly creates a non-equilibrium, high density interfacial
layer resulting in the low interfacial tension measured. This interfacial
reaction led to interfacial disturbance being the origin of oil fragmen-
tation into small droplets. These interfacial disturbances come from the
combination of surfactant transfer across the interface and the subse-
quent flows induced inside and outside the droplets in response to sur-
face tension gradients (Marangoni effect) [21]. Locally, the
concentration of 12-HSA soap at the interface can become so high
(corresponding to very low interfacial tension) that any perturbation can
grow and overcome the stabilizing effect of interfacial tension. In the
single drop experiment, gravity amplifies this perturbation (replaced by
viscous shear stresses during mixing) which eventually induce droplet
separation as the Plateau-Rayleigh instability tends to break the con-
necting liquid bridges [34]. Therefore, an initial millimeter single
droplet fragments into a multitude of smaller ones leading to an emul-
sion with micron sized droplets. The process could continue until all 12-
HSA in the oil phase is depleted. It could be also halted due to 12-HSA
crystallization induced by cooling or when the pH of the water phase
becomes too low (<pK,). The emulsification process by mixing is thus
enhanced by the in-situ surfactant generation process.

Moreover, by studying the same interface with an optical microscope
under a planar configuration, we observed that the interfacial reaction
also led to surfactant transfer of 12-HSA from the oil phase to the water
phase. It was possible to follow the growth of 12-HSA self-assembled
fibres leaving the oil droplets (Supplementary Movie 2 and Supple-
mentary Figure 7). Thus, the in-situ surfactant formation at the interface
led to both emulsification and droplet stability against coalescence
(electrostatic repulsion) and the creation of 12-HSA self-assembled
structures in the water phase.

3.3. Stabilization mechanism and emulsion structure

The origin of the stability of the gel emulsions was studied at
different length scales by combining confocal Raman microscopy
(CRM), wide-angle X-ray scattering (WAXS) and SANS experiments.
CRM was carried out to obtain the distribution image of the different
components within the emulsion at the micron scale. First, the Raman
spectra of the reference compounds oil, water and 12-HSA were
measured to determine the specific bands associated with each com-
pound (Supplementary Figure 8). In Fig. 4a, the red frame placed in the
optical image of the gel emulsion indicates the area where the Raman
mapping was measured. The reconstructed Raman map for combined
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signals from oil, water and 12-HSA is shown in Fig. 4b-c. The super-
position of the three images using color-coding clearly shows the pres-
ence of a high amount of self-assembled 12-HSA aggregates in the
aqueous phase (Supplementary Figure 8). The oil spectra correlate well
with the reference spectra e.g. as characterized by a clear presence of
1744 em™! carbonyl C=0 band (Supplementary Figure 8). The distri-
bution of 12-HSA was confirmed by a specific CH-stretching shape with
two characteristic peak locations at 2848 cm™! and 2884 cm™!. Also,
OH-bands with two characteristic peak locations in the range of 3200
cm1-3400 cm ™! were observed and could be assigned to water mole-
cules. The red signal in the Raman map indicated higher concentration
of 12-HSA and could be assigned to the formed larger self-assembled
structures of 12-HSA, as suggested by stronger CH-stretching band in-
tensity ratio to the OH-band compared to the blue signal. Thus, appli-
cation of confocal Raman microscopy allowed visualization of oil and
the 12-HSA self-assembled structure dispersed in water. The CRM lateral
resolution was limited by the applied laser wavelength and of the
objective, and thus it could not resolve and detect nanosized self-
assembled 12-HSA structures in oil.

To probe the gelled emulsion to obtain structural information at the
nanoscale, we combined SAXS and SANS. However, it was impossible to
determine the 12-HSA self-assembled structures by SANS in the emul-
sion since its scattered intensity is completely dominated by the Q*
Porod scattering decay of the droplets (Supplementary Fig. 2). To gain
insight into the 12-HSA self-assembled structure in the water phase, we
studied instead an aqueous dispersion containing 20 mM of 12-HSA with
MEA that corresponds to the limiting case where all 12-HSA molecules
would transfer to the water phase (Fig. 4d). Optical microscopy showed
that the continuous phase contains long 12-HSA rods and fibers. On the
SANS spectrum Fig. 3d, there is a Bragg peak at Qp = 0.014 A~! followed
by two harmonics at 2Qp and 3Qy that demonstrates the formation of a
lamellar phase showing that 12-HSA self-assembles into multilamellar
rods and fibers. The position of the Bragg peaks was associated with the
interlamellar distance (d-spacing) at intermediate Q with an oscillation
at Q ~ 0.2 A™! originating from the lamella form factor at large Q. At
large Q, there is an oscillation at Q ~ 0.2 A™! originating from the
lamella form factor. The scattering curve was fitted in the intermediate
and large Q region via a model proposed by Nallet et al. to determine the
structural parameters of lamella (thickness, d-spacing and rigidity)
(Supplementary Information Note S6)[35]. This model takes into ac-
count the form factor of the lamella and the structure factor coming from
the lamellas (number of stacked bilayers and the thermal fluctuations of
the bilayers defined by the Caillé parameter (1)) [35]. It allows a good
fitting of the SANS scattered intensity showing that the 12-HSA mole-
cules do form lamellar phases with 5 layers on average and a d-spacing
of 455 A. n was equal to 0.005 showing rigid lamella with a thickness of
45 + 1 A corresponding to 12-HSA molecules self-organized into a gel
crystalline p phase [28]. Thus, when the 12-HSA has transferred from
the oil droplets, it self-assembles into micron-size multilamellar 12-HSA
aggregates in water.

Then we used WAXS on emulsions to probe the formation of 12-HSA
crystalline structures inside both the aqueous and oil phases (Fig. 4e).
The diffractogram showed the presence of several correlation and Bragg
peaks that we compared to those of two reference samples, respectively
pure 12-HSA in oil and an aqueous solution of 12-HSA with MEA
(Fig. 4e). The three peaks of 12-HSA in water (0.619, 1.02 and 1.45 /O\)
confirmed the presence of crystallized 12-HSA in the water phase. These
peaks are characteristic of the crystalline structure of 12-HSA inside the
lamella of multilamellar rods [31]. For 12-HSA in the oil phase, four
peaks were evidenced at 0.133, 0.397, 1.39 and 1.61 A that are char-
acteristic of 12-HSA molecules aggregated in double-plane layers
forming long fibers in accordance with literature [36-38]. It turns out
that all peaks coming from the crystalline structure of 12-HSA in the oil
phase and in the water phase were recovered on the emulsion dif-
fractogram. It is proof that 12-HSA not only self-assembles in the water
phase but 12-HSA also remains in the oil droplets as a crystalline self-
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(b)

30 %

Fig. 5. Formulation, stability and rheological properties of gel emulsions. (a) Photos of 30 % v/v dodecane-in-water emulsion (inverted) at different 12-HSA
concentrations from 8 to 80 mM. (b) Photos of gel emulsion (inverted) at 20 mM 12-HSA with dodecane after emulsion production (t = 0) and after one year of
storage at room temperature. (c) Strain amplitude sweep and (d) steady-state flow curve for a gel emulsion (30 % v/v MCT and 20 mM 12-HSA) at different times in
days at room temperature. The dashed line in (d) is a power law with an exponent —0.7 indicating the scaling behavior at high shear rates. (e) Photos of dodecane-in
water emulsions (inverted) prepared at a constant concentration of 12-HSA = 20 mM but with different oil volume fractions as indicated.

assembled structure. The same conclusions were obtained when the oil
in the emulsion is liquid paraffin (Supplementary Figure 10). It is
important to recognise that a possible growing of the 12-HSA structure
could happen with time depending on the oil and the formulation used
[37].

3.4. Organohydrogel emulsion versatility, stability and rheological
properties

Next we studied the effect of 12-HSA concentration, with respect to
the overall emulsion, on the emulsifying ability of 30 % v/v n-dodecane.
Below 20 mM surfactant, a fluid emulsion or a gel emulsion exhibiting
creaming were observed (Fig. 5a) whereas stable gel emulsions were
obtained up to 80 mM. We estimate that the concentration of 12-HSA in
the aqueous phase after emulsification was 4 mM (0.12 wt%) for a
concentration of 20 mM of 12-HSA in the whole emulsion, i.e. the lowest
enabling gel emulsion formation. This concentration is lower than the
ones reported for the most efficient LMWGs to produce a gel emulsion (5
mM/0.2 wt% for dehydroabietic acid derivative although the gel
emulsion shows creaming)z. Furthermore, we did not take into account
the 12-HSA at the interface; it is thus likely that the concentration in the

139

water phase is indeed even lower. The formed organohydrogel emulsion
also offered a long shelf-life and remained stable for at least one year at
room temperature as shown in Fig. 5b and the standard formulation
could resist high centrifugal forces (Supplementary Figure 11). We
determined the rheological properties of the emulsion produced using
our standard formulation (oil volume fraction 30 %) (Fig. 5c, d). There
was a range of low amplitude where the elastic modulus (G’) is higher
than the viscous one (G”), indicating a solid-like behavior. Then, at
higher amplitudes, the emulsions started to flow above a yield point and
viscosity eventually dominates elasticity. The mechanical behavior did
not evolve with ageing since it was reproducible after several days of
storage of the emulsion at room temperature. Such behaviour was also
observed for the gel emulsion based on liquid paraffin (Supplementary
Figure 12). The transition from a gel emulsion to a liquid one was fol-
lowed by rheological measurements, and the gel emulsions were stable
for a wide range of temperature until 77 °C for liquid paraffin and 68 °C
for MCT (Supplementary Figure 13). Their complex modulus then de-
creases by almost 2 orders of magnitude at this threshold temperature
since emulsions were completely destabilized. This threshold tempera-
ture corresponds to the melting point of 12-HSA that leads to the
disappearance of the gel network in the oil and water phases
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Air bubbles

Emulsion
droplets

Fig. 6. Versatility of organohydrogel emulsions. (a) Photo’ of an object shaped after 1 h from the standard formulation emulsion based on 20 mM 12-HSA in n-
dodecane by using a mold. (b) Same emulsion as in (a) was used for writing letters by extrusion through a needle showing the processability of the gel emulsion.
Photo’ taken 1 day after generation. (c) Photo’ of an inverted foamulsion produced by handshaking the standard formulation used in (a). The corresponding optical

microscopy image shows that air bubbles are surrounded by emulsion droplets.

(Supplementary Figure 14). The excellent long-term stability was
attributed to both the gelled continuous aqueous phase and the gelled oil
dispersed phase preventing flocculation and coalescence of the droplets
with time. Moreover, the flow curve of the emulsions showed a strong
shear-thinning behavior as demonstrated by the dependence of the
viscosity as a function of shear rate (n1~y™ with m = 0.7) encountered
classically for HIPEs but not for emulsions at low oil volume fraction
(Fig. 5d)8.

We also studied the effect of o0il volume fraction in emulsions con-
taining 20 mM 12-HSA. At low volume fraction (5 %), a liquid emulsion
was obtained. However, at 10 % oil a gel emulsion was formed which
exhibited some creaming. Stable gel emulsions were obtained for oil
volume fractions from 15 % to 70 % showing that emulsion gels could be
obtained for a wide range of oil volume fraction even if some systems
exhibited a wider range [2].

We took advantage of the excellent stability and unique viscoelastic
properties of the organogel emulsions to test their processability. We
showed that these emulsions were moldable materials by creating stable
3D object with a mold and could be extruded with a nozzle (Fig. 6a-b and
Supplementary Figure 15). To show that these gel emulsions could also
serve to build more complex structured multiphase systems, we studied
the production of emulsion foams or foamulsion by air incorporation
[39]. Foamulsion was easily produced as illustrated in Fig. 6b and was
stable for at least 1 month (Supplementary Figure 16). The high foam
stability was mainly attributed to the highly viscoelastic hydrogel
network in the continuous phase as well as the clogging of the oil
droplets in the liquid channels.

4. Conclusion

For the first time, we experimentally demonstrate that organo-
hydrogel emulsions can be produced by surfactant transfer which aids
emulsification by using 12-hydroxystearic acid as the only building
block. This chemical engineering approach not only helps to produce the
emulsion droplets stabilized by surfactant but also leads simultaneously
to the formation of self-assembled structures of 12-HSA in the water
phase and in the oil phase. 12-HSA formed both organogel droplets and
gelled the water phase. This enhances the emulsion stability even at low
oil volume fraction and low 12-HSA concentration. Unlike previous
research on organohydrogel emulsions based on LMWGs, each of which
requires a high energy emulsification process and two components to gel
the oil and water phases, our method is applicable to various oils with a
wide range of polarity and to a large range of oil:water ratios'2. We also
demonstrated that it was possible to create foamulsions of high stability
in which air bubble surfaces are covered by 12-HSA surfactant mole-
cules. The organohydrogel emulsions shown here for 3-D printing and
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inks could have several advantages in comparison to traditional inks,
since both water-soluble and organic-soluble components could be
included into these emulsions which could give rise to new functional-
ities®. Our organohydrogel emulsions have already been used to create
hair coloration cream at large scale for cosmetic applications leading to
a facile, fast and environmentally friendly process (decrease of energy
consumption) [27]. We therefore expect that these novel gel emulsion
systems could also be used for a broader range of sustainable applica-
tions in foods, pharmaceuticals and biological fields and also for the
design of functional materials [5,40].
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