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ABSTRACT: Physical trapping of a hydrophobic liquid oil in
a matrix of water-soluble biopolymers was achieved using a
facile two-step process by first formulating a surfactant-free oil-
in-water emulsion stabilized by biopolymers (a protein and a
polysaccharide) followed by complete removal of the water
phase (by either high- or low-temperature drying of the
emulsion) resulting in structured solid systems containing a
high concentration of liquid oil (above 97 wt %). The
microstructure of these systems was revealed by confocal and
cryo-scanning electron microscopy, and the effect of biopolymer concentrations on the consistency of emulsions as well as the
dried product was evaluated using a combination of small-amplitude oscillatory shear rheometry and large deformation fracture
studies. The oleogel prepared by shearing the dried product showed a high gel strength as well as a certain degree of thixotropic
recovery even at high temperatures. Moreover, the reversibility of the process was demonstrated by shearing the dried product in
the presence of water to obtain reconstituted emulsions with rheological properties comparable to those of the fresh emulsion.

■ INTRODUCTION

Recently, research on the fabrication, characterization, and
applications of liquid oil-based functional soft solids and
complex fluids (such as oil gels, oil encapsulates, and structured
emulsions) has enjoyed a great deal of interest from colloid and
material scientists representing diverse academic fields such as
food processing,1−3 biomedicine,4,5 tissue engineering,6 diag-
nostics,7 and lubrication science.8−11 Some of the potential
industrial applications of structured liquid oil include
encapsulation in drug delivery,12−14 structuring in foods,15−17

stability improvement in cosmetics,18−20 lubrication in
mechanical engineering,21−23 and the templated synthesis of
novel functional systems in material science.24−26 Given the
enormous potential of structured oil in different industrial and
research sectors, it is important to identify practical and
environmentally friendly processing and the use of raw
materials from renewable sources to enable eventual
commercial yet sustainable exploitation of oil structuring.
Commonly used structurants obtained from renewable

resources such as biopolymers are mostly hydrophilic in nature,
and hence they function well only for structuring aqueous
solvents but do not have sufficient molecular structure
attributes to form strong bonds with hydrophobic oil. However,
some biopolymers that are amphiphilic in nature such as

proteins do show some affinity for the oil phase and are
accordingly used as emulsifiers.27 However, in the absence of an
aqueous phase, proteins are unable to structure liquid oil due to
their limited dispersibility in oil.28 The known ways of using
proteins to structure liquid oil into gels and/or powders rely on
the cross-linking of an absorbed protein film (through thermal,
ionic complexation, or chemical processes) at the oil−water
interfaces followed by the evaporation of water through spray
drying or lyophilization.28−33

In the present work, we report a facile approach (based on
the protein-templated method first reported by Romoscanu and
Mezzenga)28 to structure low-viscosity liquid oil into soft solids
(hardness ranging from 0.4 to 3.0 N) and oleogels (gel stiffness
G′ > 10 000 Pa) using a hydrophilic matrix of biopolymers
(gelatin and xanthan gum). The method involves the use of a
60 wt % oil-in-water emulsion (stabilized by gelatin and
xanthan gum) as a template that is subjected to high-
temperature (oven drying at 70 °C) or low-temperature
(lyophilization) drying, resulting in the complete removal of the
water phase and the consequent formation of structured
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systems containing more than 97 wt % oil trapped in the matrix
of biopolymers (Figure 1).

■ EXPERIMENTAL SECTION
Materials. Gelatin (type B, mol wt ∼50 000 per the supplier’s

claim) was received as gift samples from PB Gelatins, Belgium.
Xanthan gum (Satiaxine CX 931) was received as a free sample from
Cargill, France; the pyruvate content was 1.5% per the supplier’s claim.
Nile red was purchased from Sigma-Aldrich Inc., USA. Sunflower oil
was donated by Vandemoortele R&D Izegem, Belgium. Distilled water
was used for all of the experiments.
Preparation of Samples. Stock solutions of gelatin and xanthan

gum were prepared by weighing accurate amount of polymer powders
in distilled water. Water continuous emulsions were then prepared by
first dispersing oil in gelatin solution using a high-energy dispersing
unit (Ultraturrax, IKA-Werke GmbH & Co. KG, Germany) at 11 000
rpm followed by the immediate addition of xanthan gum solution
under continuous shearing. The sequence of addition (i.e., first
xanthan gum and then gelatin solution) was also tried, and it gave
similar results.
The drying of the emulsion samples was carried out using either

high-temperature drying (70 °C), where the samples were dried in a
heating oven for 48 h, or using lyophilization, where the samples were
frozen at −23 °C, followed by sublimation under vacuum for 72 h
using a VaCo5 lyophilizer (ZirBus Technology, Germany). The
completeness of drying was confirmed by the weight difference of
emulsions and dried products.
To prepare oleogel sample, we uniformly sheared the dried product

using an Ultraturrax at 11 000 rpm for 0.5−2 min. The prepared
oleogels could also be easily transformed to water-continuous
emulsions by adding a calculated amount of water followed by
subsequent shearing using an Ultraturrax at 11 000 rpm.
Microstructure Studies. Optical, confocal, and cryo-scanning

electron microscopy techniques were utilized to study the micro-
structure of the samples. Optical microscopy was done on a Leica
DM2500 microscope (Leica Microsystems, Belgium). For confocal
microscopy, Nile red was first dissolved in sunflower oil, and this oil
was then used to prepare the emulsion and dried samples. Samples
were imaged using a Nikon A1R confocal microscope (Nikon
Instruments Inc., USA). Excitation was performed by means of a
488 nm Ar laser, and fluorescence was detected through a 525/50
bandpass filter. Images were acquired and processed with Nikon NIS
Elements software. For cryo-SEM, samples of the emulsion, dried
product, and oleogels were placed in the slots of a stub, plunge-frozen
in liquid nitrogen, and transferred into the cryo-preparation chamber
(PP3010T cryo-SEM preparation system, Quorum Technologies,
UK), where they were freeze-fractured, sublimated (only for
emulsions) and subsequently sputter-coated with Pt and examined
with a JEOL JSM 7100F SEM (JEOL Ltd, Tokyo, Japan).
Droplet Size and Zeta Potential (ζ). The droplet size (volume-

weighted mean, d (4,3)) and ζ-potential of the emulsion samples were
measured using a Mastersizer and a Zetasizer (Malvern Instruments
Ltd, UK), respectively, after appropriate dilution. All measurements

were carried out at 20 °C, and each result reported is the average of
three readings.

Rheological Measurements. The rheological measurements of
emulsion samples were carried out on an advanced rheometer AR
2000ex (TA Instruments, USA) equipped with a Peltier system for
temperature control. A parallel plate cross-hatched geometry of 40 mm
diameter was used, and the geometry gap was set at 1000 μm. A range
of experiments including amplitude sweeps (stress = 0.1−100 Pa,
frequency = 1 Hz) and frequency sweeps (0.1−100 Hz, stress = 10 Pa)
were carried out at 5 °C. For thixotropy evaluation, samples were
subjected to time sweeps at alternating shear rates (0.1 and 10 s−1).
For the oleogel sample, amplitude sweeps were carried out at different
temperatures (20, 40, 60, and 80 °C).

Fracture Studies. The large deformation fracture studies of
samples was carried out using an A 5942 Instron TA 500 texture
analyzer (Lloyd Instruments, Bognor Regis, West Sussex, U.K.). For
emulsion samples, an 11-mm-diameter cylindrical probe penetrated
the sample to a depth of 15 mm at a rate of 10 mm/s with a 0.1 N
trigger value. Similarly, a penetration test was done on emulsion
samples dried in the oven and freeze dried with the use of a needle
probe to penetrate the dried sample to a depth of 2 mm at a rate of 1
mm/s with a 0.1 N trigger value. Since the force−displacement curves
start from the point where the instrument measures its first force
values (≥trigger force), the start of the force−displacement curves for
different samples had different starting points. The displacement
distance was calculated relative to the starting point for each sample
and reported as the relative displacement.

■ RESULTS AND DISCUSSION

Gelatin (protein) and xanthan gum (polysaccharide) are
generally recognized as safe (GRAS) approved, edible, and
natural materials used widely in the pharmaceutical, food, and
cosmetics industries. Specifically in foods, gelatin (E 441) and
xanthan gum (E 415) are primarily used as gelling and
thickening agents, respectively. In the field of dispersion
science, they have been extensively used to stabilize water-
continuous emulsions through interfacial adsorption and bulk-
phase viscosity enhancement, respectively.34 Besides the
individual contributions of proteins and polysaccharides to
colloid stabilization, the molecular complexes resulting from
protein−polysaccharide interactions at both fluid interfaces and
in the bulk aqueous phase have been investigated compre-
hensively for both theoretical as well as practical reasons.35−39

A non-surface-active polysaccharide added to an emulsion
stabilized by a surface-active protein serves to structure the bulk
phase but at the same time can also reinforce the protein
network formed by adsorbed protein molecules at the
interfaces.36,40−42 The presence of such stiffened interfacial
membranes provides oil droplets with better stability against
stresses (such as thermal processing, freezing, and dehydration)

Figure 1. Schematic representation of the process where liquid oil is first used to prepare a 60 wt % o/w emulsion (step 1) followed by the removal
of water through drying (step 2), where further shearing of the dried product (dried oil) results in the formation of an oleogel. Additional drawings
are included to explain the microstructure of depicted samples. The interface of the yellow emulsion droplet shows an adsorbed layer of gelatin (red
dots) and sheets of xanthan gum (curved green lines). The removal of water (blue background) results in dried oil with oil droplets tightly packed
together. The oleogel formed after the shearing of dried oil shows islands of packed droplets.
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as compared to emulsions stabilized by single-layer mem-
branes.43,44 Gelatin and xanthan gum are known to interact
with each other, and the interactions are believed to be
mediated via non-Coulombic interactions with the involvement
of NH and OH groups as well as hydrophobic interactions.45 In
our work, we utilized the interaction between gelatin and
xanthan gum to structure the oil−water interface (Figure 1) in
order to make emulsions more suitable for drying. Figure 2

shows the confocal microscopy images of emulsion samples. As
shown in the figure, because xanthan gum is a non-surface-
active biopolymer it did not stabilize the emulsion whereas the
emulsion stabilized by gelatin was polydisperse and fluid in
nature. However, when both gelatin and xanthan gum were
used together, a thick emulsion with more uniform droplets was
obtained. Usually when an o/w emulsion is dried, the
coalescence of oil droplets leads to the separation of a
macrophase of liquid oil. When we tried drying emulsions
stabilized by either gelatin or xanthan gum alone, we did see the
separation of the oil macrophase whereas the emulsion
stabilized by a combination of gelatin and xanthan gum could
be dried without any oil separation.
To evaluate the influence of gelatin and xanthan gum on

emulsion characteristics, emulsions with varying gelatin and
xanthan gum concentrations were prepared and characterized
using the droplet size distribution, rheology, and large
deformation fracture studies. The change in xanthan gum
concentration from 0.6 to 1.5 wt % at a constant gelatin
concentration (0.8 wt %) did not show any prominent change

in the droplet distribution with an average volume mean
diameter of less than 10 μm. However, the increase in the
gelatin concentrations from 0.6 to 1.6 wt % at a constant
xanthan gum concentration (0.6 wt %) resulted in a decrease in
the volume mean diameter of droplets as evident from Figure 3.
The ζ-potential values were also measured for all of the
emulsion samples (provided as Table S1), and the values
obtained were between −65 and −80 mV. Gelatin, being a
protein, is amphoteric in nature due to the presence of both
amino and carboxyl groups in its structure. The isoelectric point
of gelatin (type B) is in the range of 4.5 to 5.6, and thus, at pH
higher than 5.6, gelatin has a net negative charge. Xanthan gum,
being an anionic polymer, also has a negative surface charge
due to the ionization of pyruvate and glucuronic groups present
on the trisaccharide side chain of its molecule. The pH of the
emulsion was around 6.0, and hence all of the measured values
of the ζ-potential were negative.
To study the effect of gelatin and xanthan gum

concentrations on the structural properties, rheological
measurements were made on the emulsion samples on the
same day of their preparation, and the large deformation
fracture studies were carried out on the samples stored at 5 °C
overnight. The rheological properties of viscoelastic materials
are best determined through small-amplitude oscillatory shear
(SAOS) rheometry. The linear response of samples was studied
to identify parameters such as the viscoelastic limit (critical
oscillatory stress), crossover point, and elastic (G′) and viscous
(G″) moduli. The linear response in an oscillatory measure-
ment means that when the stress or strain amplitude is changed
by a certain factor, the resulting strain or stress amplitude of the
sinusoid also changes by the same factor, thus material
functions like elastic and viscous moduli are independent of
the applied stress. The viscoelastic limit or critical oscillatory
stress indicates the onset of a nonlinear response at higher
amplitudes owing to the structural changes in the sample. Data
from amplitude sweeps conducted on emulsion samples made
using different concentrations of gelatin and xanthan gum are
shown in Figure 4a,b. The increase in the concentration of
either gelatin or xanthan gum resulted in a progressive increase
in the gel strength as indicated by an increase in the values of
the elastic modulus, G′, as well as an increase in the critical

Figure 2. (Left to right) Confocal microscopy images of emulsions
stabilized by xanthan gum, gelatin, and a combination of gelatin and
xanthan gum. (Image width = 300 μm.) All of these emulsions were
prepared using oil doped with Nile red.

Figure 3. Droplet size distribution curves (A) and volume-weighted mean droplet size, D[4,3], (B) of emulsion samples prepared at different
concentration of gelatin (G) and xanthan gum (X). Notice how the distribution curves shift to the left with the increase in gelatin concentration.
Please note that for emulsions where the concentration of gelatin was varied, the concentration of xanthan was kept constant at 0.6 wt % whereas for
emulsions where the concentration of xanthan gum was varied, the concentration of gelatin was kept constant at 0.8 wt %. Hence, the curves for X,
0.6 wt % and G, 0.8 wt % refer to the same sample in this figure and following figures.
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oscillatory stress. The increase in the “solid” dominant behavior
with an increase in the polymer concentration (either gelatin or
xanthan gum) may be related to the stronger network
formation in the continuous water phase of the emulsion. For
all of the samples, G′ was always greater than G″ at lower
amplitudes, but at higher amplitudes, a distinct crossover point
(G″ > G′) was observed, suggesting the yielding of structure at
higher stress. The stress values at the crossover point (or
oscillatory yield stress) for different emulsion samples are
provided as Supporting Information (Table S2), and as
expected, a clear pattern of increase in the value was obtained
with the increase in the polymer concentration.
The dependence of the material response to the applied

frequency (i.e., the rate of deformation) was further studied by
subjecting the samples to a constant stress (10 Pa) that was
within the region of linear response and varying frequencies
(0.1 to 100 Hz). As seen from Figure 4c,d, all emulsions
showed the characteristics of a weak gel (curves with slightly
positive slopes), with higher values of G′ throughout the
frequency range for emulsions with increased polymer
concentrations as expected. However, the emulsion samples
when stored overnight at 5 °C formed strong, elastic, self-
standing gels which were then characterized using large
deformation fracture studies. Figure S1 shows the graph of
yield force (hardness) of emulsions plotted as a function of
xanthan and gelatin concentrations. As expected, the gel
hardness increased with the increase in the polymer
concentrations, with values of the fracture force ranging from

0.54 N for the weakest gel (emulsion prepared at 0.6 wt % G
and 0.6 wt % X) to 2.69 N for the strongest gel (emulsion
prepared at 1.6 wt % G and 0.6 wt % X).
The emulsion samples prepared at different concentrations of

gelatin and xanthan gum were subjected to water removal
through high-temperature drying (oven drying at 70 °C for 48
h) and low-temperature drying (lyophilization). It was observed
that all emulsion samples dried very well (as solid units) except
for the sample prepared at the lowest polymer concentration
(0.6 wt % G and 0.6 wt % X), which showed oil separation
indicating a low droplet coverage by gelatin and xanthan gum.
In all other cases, emulsions proved to be a very good template
for obtaining dried oil products (containing >97 wt % liquid
oil). The dried products obtained by oven and freeze drying are
shown in Figure 5a,b, and the oven drying of the emulsion was
also carried out in molds to obtain dried products with
predetermined shapes (Figure 5d). Moreover, the dried
products could also be transformed into oil gels (oleogels) by
simple shearing (Figure 5c). The possibility of converting liquid
oil into solid dried products and gels by simply drying the water
phase is very fascinating and opens up the possibility for many
useful applications in both biorelated field such foods,
pharmaceuticals, and cosmetics for the structuring of lipid-
based products without the use of hydrogenated fats or tropical
fats (such as palm oil) and nonbiorelated fields to obtain
lubricating grease using natural, sustainable biopolymers.
The microstructure of emulsion and dried products was

studied using a range of microscopy techniques (Figures 6 and

Figure 4. (A) Amplitude sweeps for emulsions prepared at different gelatin (0.6, 08, 1.2, and 1.6 wt %) and constant xanthan gum (0.6 wt %)
concentrations. (B) Amplitude sweeps for emulsions prepared at a constant gelatin (0.8 wt %) and different xanthan gum (0.6, 0.9, 1.2, and 1.5 wt
%) concentrations. (C) Frequency sweeps for emulsions prepared at different gelatin (0.6, 08, 1.2, and 1.6 wt %) and constant xanthan gum (0.6 wt
%) concentrations. (D) Frequency sweeps for emulsions prepared at a constant gelatin (0.8 wt %) and different xanthan gum (0.6, 0.9, 1.2, and 1.5
wt %) concentrations. All measurements were carried out at 5 °C.
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7) to enhance our understanding of these systems. The
microstructure of the emulsion confirms the concentrated
nature of the emulsion and also explains the reason behind the
gel-like rheological behavior of these emulsions. There are
several factors contributing to the consistency of the
concentrated emulsions stabilized by polymers: (a) the bulk

phase viscosity due to the hydrated polymers; (b) the large
number of dispersed oil droplets packed together; and (c) the
interfaces that are structured by surface-active and non-surface-
active polymers.46−49 To visualize the network of polymers in
the bulk phase as well as at the droplet interface, the freeze-
fractured sample of the emulsion was subjected to sublimation
in the cryo-preparation chamber for 60 min to get rid of all of
the water. As seen in Figure 6c, the oil droplets appear to be
embedded in a continuous phase structured via the network of
polymers. Figure 6d further clearly shows the oil droplets
interconnected via the network with a distinct layer of polymers
at the interface (marked by red arrows). The increase in the gel
strength of the emulsions with the increase in the polymer
concentration as seen earlier from the results of SAOS
rheometry and large deformation fracture studies can be
related to the strength of the network formed by these
polymers in the bulk phase as well as at the interface. Because
of this structuring effects of polymers, we were able to dry the
emulsion without causing any coalescence of oil droplets. The
microstructure of dried products was quite interesting as seen
in Figure 7. Under the confocal microscope, the freeze-dried
product appeared to be composed of oil encapsulated in the
fibrillar network of polymers (Figure 7a), where the volume
view created from stacked images shows a uniform open
structure (Figure 7b). The cryo-SEM images of freeze-dried
and oven-dried samples shown as Figure 7c,d further confirms
that the oil droplets are distinct (i.e., no internal contact) and
are tightly packed together in nonspherical shapes, resembling
the microstructure of a high-internal-phase emulsion. The
presence of a layer of polymers around the oil droplets as seen

Figure 5. Photographs of dried products obtained by using emulsions
as a template. (A, B) Dried products obtained by oven and freeze
drying, respectively. (C) Oleogel prepared by simply shearing the
dried product and (D) dried product obtained by the oven drying of
emulsions in number-specific molds. Because the water phase was
completely removed, these dried products contain >97 wt % liquid oil.

Figure 6. Optical (A) confocal (B) and cryo-SEM (C, D) images of an
emulsion prepared using 0.8 wt % gelatin and 0.6 wt % xanthan gum.
Notice the network of polymers in the bulk phase and the presence of
distinct interfaces (marked by red arrows) in the cryo-SEM image (D).
Scale bars: (A) 100, (B) 25, (C) 10, and (D) 1 μm.

Figure 7. (A) Confocal image of the dried product obtained by freeze
drying (scale bars = 100 μm). (B) Volume view created from stacked
confocal images of the dried product (image depth = 25 μm). (C, D)
Cryo-SEM images of freeze dried and oven dried samples (scale bars =
10 μm). (E) Distinct layer of polymers around the oil droplets in the
dried product (scale bar = 100 nm). (F) Cryo-SEM image of an
oleogel prepared by simply shearing the dried product (scale bar = 50
μm).
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in Figure 7e is responsible for preventing the coalescence of oil
droplets. The oleogels prepared by shearing these dried
products showed scattered islands of droplet clusters in the
oil continuous phase (Figure 7f), where most of the droplets
were still identifiable as distinct (also refer to the confocal
image provided as Figure S2).
The large deformation fracture study of dried products was

carried out to understand the effect of varying polymer
concentrations on the structure properties. The force−
displacement curves and the fracture force data shown in
Figure 8 suggest that the variation of xanthan gum at a constant
gelatin concentration did not show a major difference in the
fracture properties of the samples dried by freeze drying or
oven drying with the fracture force (hardness) ranging from 0.6
to 1.19 N and 0.46 to 0.63 N, respectively. However, on varying
the levels of gelatin at a constant xanthan gum concentration,
we observed a significant enhancement in the fracture force for
both freeze-dried and the oven-dried samples. The results are
consistent with the results obtained from the fracture studies
carried out on gelled emulsions where the increase in gelatin
concentration also had a relatively greater effect on the
enhancement of the hardness (Figure S3).
The oleogel prepared by shearing the freeze-dried sample

was subjected to rheological evaluation (oscillatory and flow
measurements). The data obtained from the frequency sweep is
presented in Figure 9a. The strong gel strength of the oleogel
was evident from the following observations: (a) the G′ of
more than 11 000 Pa that was higher than G″ by more than a
decade at all frequency values; (b) G′ was independent of the

frequency as indicated by a more or less straight line, and (c)
the complex viscosity (η* = complex modulus/angular
frequency) showed a proportional decrease with the increase
in frequency.50−52 The practical applications of oleogels is
greatly determined by their sensitivity to shear (structure
recovery) as well as temperature in some cases (lubrication
technology).8,22,53 The thixotropic behavior of oleogel was
studied by subjecting the samples to an alternate cycle of low
and high shear rates (0.1 and 10 s−1) and monitoring the
change in viscosity over a certain duration at four different
temperatures (20, 40, 60, and 80 °C) (Figure 9b). At all
temperatures, we observed that there was a progressive
decrease in the viscosity with time at a constant shear rate
(0.1 s−1), and though the shear sensitivity of the gel was evident
from the decrease in viscosity at a higher shear rate (10 s−1),
the gel did show a partial structure recovery at all temperatures,
which is very encouraging. It was also interesting that the initial
viscosity values were higher at higher temperatures and the
viscosity drop over 10 min increased with the increase in
temperature. The higher initial viscosity values at higher
temperatures are also in agreement with the oscillatory
measurement results (Figure S4), and as seen from the figure,
the linear viscoelastic region (LVR) was broader at higher
temperatures with higher G′ and critical stress values. It was
also interesting that none of the curves showed a crossover
point suggesting that there was a gel−sol transition at higher
oscillatory stress.
The polymer network in the dried product could also be

rehydrated by shearing in the presence of water, leading to the

Figure 8. (A, B) Force−displacement curves for freeze-dried and oven-dried samples, respectively. (C, D) Fracture force (hardness) values as a
function of gelatin and xanthan gum concentrations for freeze-dried and oven-dried samples, respectively.
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formation of an emulsion. The reconstituted emulsions showed
comparable properties to the fresh emulsion in terms of a
unimodal droplet size distribution and comparable rheological
properties (Figure 10), suggesting that the drying process did
not have any untoward effect on the polymer network. While
the reconstituted emulsion from the oven-dried product
showed identical rheological behavior (overlapping LVR
curve), the reconstituted emulsion from the freeze-dried

product showed an increase in the gel strength as indicated
from a relatively broader LVR, higher critical stress, and higher
G′ values throughout the applied oscillatory stress. The increase
in the gel strength could to be attributed to the better hydration
of polymers in freeze-dried samples. The positive effect of
freeze drying on polymer hydration is also evident from the
shift in the droplet size distribution curve to the left, indicating
emulsion formation with a smaller average droplet size. The
rheological properties of the reconstituted emulsion were
compared to those of a fresh emulsion using flow measure-
ments as well (Figure S5), and as seen in the figure, the
reconstituted emulsion exhibited slightly higher viscosity values
as compared to those of a fresh emulsion, again emphasizing
the positive effect of freeze drying on polymer hydration.

■ CONCLUSIONS

The protein−polysaccharide interactions at the oil−water
interfaces were exploited to transform liquid oil into soft solids
and oleogels (containing >97 wt % oil) using biopolymers−
gelatin and xanthan gum. The dried product had an interesting
microstructure wherein the oil droplets were seen to be tightly
packed together (akin to a high-internal-phase emulsion) with a
distinct layer of polymers preventing the coalescence of oil
droplets. The possibility to obtain an oleogel with a high gel
strength that showed a certain degree of thixotropic recovery
(even at high temperatures) could be of significant interest to
colloid scientists working in the field of sustainable structuring
for bio- and non-bio-related applications.
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ζ-potential values for gelatin, xanthan gum solutions, and the
emulsions prepared at different concentration of gelatin and
xanthan gum. Oscillatory yield stress values of emulsions
prepared at different concentrations of gelatin and xanthan
gum. Effect of changing the concentrations of gelatin and
xanthan on the fracture force of the gelled emulsion. Confocal
image of oleogel showing clusters of oil droplets surrounded by
a polymer network in an oil-continuous phase. Force−
displacement curves for gelled emulsions prepared at different
concentrations of xanthan gum and gelatin. Amplitude sweeps
on oleogel at different temperatures. Viscosity versus time for
flow measurements carried out at alternating low and high

Figure 9. (A) Viscoelastic parameters (G′, G″, and η*) of the oleogel
evaluated as a function of angular frequency. (B) Thixotropic property
of the oleogel measured in terms of different temperatures. The
oleogel was prepared by shearing the freeze-dried product.

Figure 10. (A) Volume-weighted mean droplet size of a fresh emulsion compared to that of reconstituted emulsions prepared by shearing oven-dried
(OD) and freeze-dried (FD) products. (B) Data from amplitude sweeps (stress sweeps) carried out on fresh and reconstituted emulsions.
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shear rates. This material is available free of charge via the
Internet at http://pubs.acs.org.
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