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ABSTRACT

Hypothesis: In the preparation of oleogels based on Pickering-emulsions, the choice of the preparation
route is critical to withstand drying under ambient conditions, as it conditions the composition of the
interfacial layer at the oil-water interface.
Experiments: Hexadecane and olive oil oleogels were prepared using an emulsion-template approach
from oil-in-water emulsions formulated with cellulose nanocrystals (CNC) and sodium caseinate (CAS)
added in different orders (CNC/CAS together; first CAS then CNC; first CNC then CAS). The oleogels were
formed from preconcentrated emulsions by drying at ambient temperature. The structure of the gels was
characterised by confocal laser scanning microscopy, and the gels were assessed in terms of viscoelastic
properties and redispersibility.
Findings: The properties of oleogels were controlled by 1) the composition of the surface layer at oil-
water interface; 2) the amount and type of non-adsorbed stabilizer; and 3) the composition and viscosity
of oils (hexadecane vs. olive oil). For the oleogels prepared from starting emulsions stabilized with CNC
with subsequent addition of CAS, and free CAS present in aqueous phase, the elastic component was
prevalent. Overall, the dominating species at the oil-water interface controlled the emulsion behaviour
and stability, as well as viscoelastic behaviour of the resulting oleogels and their redispersibility.
© 2021 The Authors. Published by Elsevier Inc. This is an open access article under the CCBY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

The development of structured liquid oil-based gels (oleogels)
has attracted a great deal of interest from researchers looking for
cross-linking agent-free ways to convert liquid oils into gel-like
substances [1], often aiming at using liquid oil-based soft solids
in drug delivery and food related applications. There are two main
physical approaches for preparing oleogels. It can be either a direct
oleogelation using a structuring agent in the oil phase [2,3] or an
indirect method employing emulsions as templates followed by
water removal [1,4-6].

Direct oleogelation can be achieved by using several types of
structuring agents, such as phytosterols, fatty acids, waxes, monoa-
cylglycerols or cellulose derivatives [7]. For drug delivery applica-
tions, one of the most promising structuring agents is
ethylcellulose as it is the only known polymer oleogelator directly
dispersible in oil. Ethylcellulose has been successfully used for
oleogelation of virgin olive oil [8] in combination with behenic acid
[9] or hydroxypropyl methylcellulose [10].

On the other hand, the so-called indirect oleogelation uses oil-
in-water emulsion as a template and is realised through complete
removal of the water phase. Patel, et al. (2015) studied oleogelation
using a hydrophilic matrix of biopolymers. Their method involved
oil-in-water emulsion template stabilized by gelatin and xanthan
gum [3] with water removal at high and low temperatures. In
the study of Alizadeh, et al. (2020), the oil-in-water emulsion tem-
plates of sunflower oil/beeswax were stabilized using sodium case-
inate, hydroxypropyl methylcellulose or their mixtures [11]. Here
the main challenge lies in that the emulsion must be stable enough
to withstand water removal. It implies an interfacial composition
that can accommodate the stress built during droplets confine-
ment leading to a flattening of the interface. Pickering emulsion
lend themselves well for the purpose as the interface stabilization
has shown good resistance to stress by allowing the formation of
high internal phase emulsion [12].

In the current study we build on the experience gathered in a
previously published study [13] where cellulose nanocrystals
(CNCs) were employed in combination with sodium caseinate
(CAS) to stabilize emulsions. We present an approach to produce
oleogel that employs physical trapping of a hydrophobic liquid
oil in a matrix prepared using a two-step process. The first step
comprises formulating a surfactant-free oil-in-water emulsion sta-
bilized by protein and cellulose nanoparticles, followed in the sec-
ond step by removal of the water phase by centrifugation and
evaporation. This allows the formation of a matrix of water-
soluble biopolymer and nanoparticles. Oleogels were formulated
with hexadecane and olive oil, of which the latter may find use
as a suitable carrier for bioactive lipophilic substances. The princi-
pal novelty of this approach lies primarily in using emulsions as
template, where a combination of CNC (Pickering stabilizer) and
sodium caseinate (surface active) allowed drying at room temper-
ature. The emulsions for preparing oleogels are traditionally stabi-
lized with standard polymers and biopolymers, which work by a
different stabilization mechanism, and often partly phase separate
during drying. The advantage of the reported system is also the
unique ability of CNC and CAS to form oleogels at low stabilizer
concentrations and without additional thickeners.

2. Materials and methods
2.1. Materials
Hexadecane and casein sodium salt from bovine milk (CAS)

were purchased from Sigma-Aldrich (Germany). Cellulose
nanocrystal (CNC) powder obtained via the sulphuric acid hydrol-
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ysis was purchased from CelluForce (Canada). Extra virgin olive oil
was from a local store. Calcium chloride (CaCl,) and sodium chlo-
ride (NaCl), obtained from Sigma Aldrich and Merck (Germany)
were of analytical grade. Fluorescein sodium salt (98.5-100.5%)
was from Riedel-de Haén (Germany). All studies were conducted
using Milli-Q water.

2.1.1. Preparation of emulsions and oleogels

2.1.1.1. Preparation of emulsions. CAS dispersions with concentra-
tion of 2 wt% were prepared by dispersing CAS powder in Milli-Q
water followed with 4 h stirring at ambient temperature. Aqueous
CNC dispersions (2 wt%) were prepared by stirring the powder for
12 h followed by ultrasound treatment with UP400S sonicator
(Hielscher, Germany) operating at 60% output during three cycles
with a duration of 1 min.

Emulsions with o/w ratio of 20/80 (wt/wt) and total particle
content (CAS + CNC) of 0.2 or 0.3 wt% were formulated. The oil
was dispersed in aqueous phase and emulsified by sonication
(UP400S, Hielscher, Germany) at 60% output. The oil phase con-
sisted of hexadecane (HD) or olive oil (OO). The emulsification
was conducted using three different routes R1, R2 and R3 described
in details in Pindakova, et al. (2019). In brief, in Route R1 CNC and
CAS aqueous dispersions were mixed in a 1:1 ratio, hexadecane or
olive oil (20 wt%) was added to CNC/CAS mixture and the system
was sonicated for 1 min. In Route R2 a primary emulsion (PE-
R2) containing 40 wt% oil and stabilized by 0.2 wt% CAS dispersion
was prepared by sonication (1 min). CNC dispersion at 0.2 wt% was
then added to the emulsion and sonicated for 20 s to get the final
emulsion with a content of 20 wt% oil and 0.2 wt% particles. In
Route R3 the order of addition of CAS and CNC was inverted. A pri-
mary emulsion containing 40 wt% of oil stabilized by 0.2 wt% CNC
(PE-R3) was prepared by sonication (1 min). CAS at 0.2 wt% was
then added followed by sonication (20 s) which resulted in a final
emulsion containing 20 wt% oil and 0.2 wt% particles in total. Cor-
respondingly, emulsions with a total particle content of 0.3 wt%
were prepared.

The emulsion aqueous phase contained either NaCl (5 mM) or
CaCl, (0.5 mM) as background electrolyte, which facilitated emul-
sification [14].

2.1.1.2. Preparation of oleogels. After emulsification, each of the
samples prepared using the three above-described routes R1, R2
and R3 was centrifuged at 6 000 rpm for 3 min (35 g; Hettich
EBA 20, Germany) to separate emulsion droplets from supernatant.
The separated upper emulsion layer was then carefully transferred
to Teflon cylindrical mold (diameter of 12 mm) placed on Petri
dish, and dried for 48 h at ambient temperature to constant mass.
Content of residual moisture in dried oleogels was verified using
thermogravimetric analysis (TGA), (TGA Q500, TA Instruments,
Inc, USA) conducted in the temperature range of 20-400 °C under
N, atmosphere at heating rate 10 °C/min. The moisture content
was lower for all OO gels (max. 0.2%) in comparison with HD gels
containing 4-5% water. Hence, the moisture content depended
rather on the type of the encapsulated oil than the gel formulation.

2.1.2. Characterization of CNC/CAS-stabilized emulsions

2.1.2.1. Size and distribution of the emulsion droplets. All emulsions
were analysed at 25 °C for droplet size and distribution by laser
diffraction using a Malvern MasterSizer 3000 (Malvern Instru-
ments Ltd; UK). Emulsion droplets absorbance and refractive index
were set to 0.001 and 1.421, respectively. Mean droplet size was
reported as volume mean diameter (D4 3)).

2.1.2.2. Microstructure of the emulsion. Emulsion droplets were
studied using an Olympus CX41 optical microscope with phase
contrast (Ph3) (Olympus Corporation, Japan) equipped with the
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Quick PHOTO PRO 2.0 software. Prior to observation, a droplet of
emulsion (10 uL) was placed onto a glass microscope slide and
observed under 10-100x magnification. Glass covers were used.

2.1.2.3. Encapsulation efficiency. The encapsulation efficacy (EE) of
emulsions was determined following the method reported by
Sabliov, et al. (2015) [15]. The volume fraction of non-
encapsulated oil was determined after centrifugation of emulsions
conducted at 6 000 rpm for 3 min (Hettich EBA 20, Germany). Non-
encapsulated oil was removed by microsyringe, and the volume
fraction of the oil was re-calculated to its mass fraction using pyex-
adecane = 0.77 g.cm™ and pojive oit = 0.9087 g.cm™>. Encapsulation effi-
ciency (%; EE) was calculated using Eq. (1), where mg is mass of the
non-encapsulated oil and my is initial mass of oil phase in the
emulsion.

mp * 100

EE(%) = 100 — | ] (1)

T

2.1.3. Characterization of the oleogels

2.1.3.1. Released oil during drying. The mass of the separated emul-
sion layer before drying was weighted and let dry to constant mass
for 48 h. The mass of dried gel containing released oil was then
determined (mg+o), and finally, the mass of oil released by drying
was determined (mp). From these parameters, the amount of
released oil (%; RO) were calculated using Eq. (2).

Mo

RO(%) +100

(2)

Mgyo

2.1.3.2. Microstructure of the oleogels. Oleogel microstructure was
visualized using an Olympus Fluoview FV3000 confocal laser
microscope (Olympus, Japan). For the imaging, the stock disper-
sions of CAS or CNC (2 wt%) were diluted by fluorescein solution
(100 ppm) to concentration of 0.3 wt%. The stained dispersions
were then used to prepare emulsions and oleogel samples accord-
ing to the procedure given in 2.1.1. A thin slice of oleogel was
placed onto a glass microscope slide and observed under 40x mag-
nification. The wavelength of the laser excitation was 490 nm.
Images were acquired and processed with the Olympus FV31S
software.

2.1.3.3. Viscoelastic properties. The characterization of the gels was
conducted using a rheometer PHYSICA MCR-502 (Anton Paar, Aus-
tria) with parallel plate configuration. The diameter of the samples
was 12 mm. To avoid slipping of the samples in the instrument
geometry, the plates were adjusted by a thin layer of sandpaper.
The linear viscoelastic region was established at 1% strain (y) value.
The storage G’ and loss G” moduli were measured as a function of
the angle frequency ranging from 50 to 0.1 1.s~! at a temperature
of 25 °C.

2.1.3.4. Redispersion of emulsion from dried gels. The oleogels
obtained by drying were weighed into Eppendorf vials to which
Milli-Q water was added. Masses of the gel and water were chosen
to keep the o/w ratio at 20/80, which corresponds to original emul-
sions. The samples were vortexed for 30 s and let stand for 42—
72 h. The emulsions were then visually assessed to determine
whether or not the sample re-dispersed to emulsion droplets. Suc-
cessfully reconstituted samples were observed by optical micro-
scopy on CX41 optical microscope (Olympus Corporation, Japan)
with 10-100x magnification with the same procedure as described
in part 2.2.2.
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3. Results and discussion

3.1. Initial o/w emulsions — Comparison of the systems with
hexadecane and olive oil

The ability of CAS and CNC particles alone to stabilize
hexadecane-water and olive oil-water emulsions was tested and
compared before studying the performance of CAS/CNC mixtures
under emulsification. For this purpose, primary emulsions contain-
ing HD or OO stabilized solely with CAS or CNC particles were pre-
pared and their droplet size distributions were determined (Fig. S1,
CAS or CNC). In the case of HD primary emulsions with CAS (PE-
R2), the distributions differed from all other curves as they were
broader and more flattened. All distributions were multimodal,
which also applies to primary emulsions prepared with OO at both
concentrations of stabilizers (0.2 and 0.3%). The OO emulsions with
CAS displayed a similar course of distributions and differed only in
the droplet sizes, which depended on the CAS content. The higher
amount of CAS formed smaller droplets, whereas 0.2 wt% CAS
yielded droplets with bigger diameter. This difference was due to
a lower encapsulation efficacy of 0.2 than 0.3 wt% CAS. At 0.2%
CAS content, also a bigger amount of oil remained non-
encapsulated (as later verified by encapsulation index EE). Gener-
ally, the CAS-stabilized OO emulsions provided droplets with lar-
ger sizes than emulsions containing HD.

Contrary to CAS emulsions, the behaviour of the samples stabi-
lized by 0.2 and 0.3 wt% of CNC (PE-R3) was almost identical with
the droplet size in similar ranges and absence of free oil. The minor
differences among D3 4) of emulsions with different CNC concen-
trations resulted from the good emulsification capacity of the
CNC particles observed even at such low concentrations.

In the next step, emulsions from mixtures of CAS and CNC
added in different order were formulated, and their size (D43))
and distribution curves evaluated. As the mechanism of emulsion
stabilization with CNC and CAS added in different order was previ-
ously described [13], the current study mainly focused on compar-
ison of OO and HD emulsions in terms of their impact on the
properties of the oleogels prepared thereof. Moreover, OO used
here is more suitable for practical application as it can serve not
only as a nutraceutical, but also as a carrier of various lipophilic
active substances. Indeed, the main difference in D4 3) values was
observed between emulsions containing different oils (HD or
00), although within each group differences in Dy3) could be
observed originating from the different routes of preparation, sta-
bilizer content and types of electrolyte (Tab. S1). Irrespective of the
preparation route, the droplet sizes of HD and OO emulsions ran-
ged from 2.4 to 16.9 pum and 3.6 to 35.8 um, respectively. The val-
ues show that OO formed larger droplets than HD, which is also
confirmed by the comparison of the distribution curves of emul-
sions prepared with 0.3 wt% stabilizers and NaCl (Fig. 1a). The dis-
cussed differences likely originate from different character of the
used oil phases, which differ in physicochemical properties, such
as viscosity, and polarity. For example, the viscosity of the oil can
be mentioned; while OO is natural vegetable oil with a relatively
high viscosity (84 mPa.s), HD is a hydrocarbon with a viscosity of
only 3.4 mPa.s, which probably affects the droplet size extensively.
The effect of the dispersed phase viscosity on the droplet size was
for example mentioned by Wooster, et al. (2008) who proved that
high-viscosity oil phases formed emulsions with larger droplets
than oils with low viscosity [16]. This is also in agreement with
our observations.

The second parameter, which significantly influenced the dro-
plet size, was the total concentration of stabilizers. Two concentra-
tions (0.2 and 0.3 wt%) were chosen to investigate the effect of this
parameter on the droplet size, and subsequently on the structure of
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Fig. 1. a) Comparison of the distributions for emulsions with olive oil (O0) and hexadecane (HD) (0.3 wt%, NaCl) prepared via three different routes of CAS and CNC addition
(R1, R2, R3); b) Difference between distributions of HD-emulsions prepared with 0.2 and 0.3 wt% stabilizer, in presence CaCl,. Three different routes of CAS and CNC addition

(R1, R2 and R3) are also used.

oleogels. As expected, the emulsions formulated with total higher
amount of stabilizers (0.3 wt%) formed smaller droplets than sam-
ples prepared with 0.2 wt% of CNC/CAS due to higher amount of
stabilizer available to cover the higher surface area of smaller dro-
plets (Fig. 1b) [17]. This observation is valid for both oils. The sizing
measurements were confirmed with optical microscopy (Fig. S2).

The last parameter playing a role in the emulsion preparation
was the order of CAS and CNC addition, and the type of background
electrolyte. These parameters were studied to understand the cor-
relations among emulsion droplet size, structure and arrangement
of the oil-water interface, and composition of the inter-droplet
space with regard to the properties of the final oleogels. These find-
ings complement the knowledge gathered during our previous
study [13].

When emulsification routes were compared it was again
observed that the emulsions with HD and OO differed with respect
to D4 3). For route R1, where CAS/CNC mixture was used for stabi-
lization, CNC and CAS competed for space at the oil-water inter-
face. It is however likely that CAS dominated thanks to its higher
surface activity [18]. The hypothesis of the competitive adsorption
of CAS and CNC is probable as at the pH of emulsions which was
around 7 there is no attractive interaction between CNC and CAS;
both are negatively charged. With regard to HD-emulsions
(Fig. S3), the smallest droplets were formulated with a total stabi-
lizer concentration of 0.3 wt% and NaCl as a background electrolyte
(D¢4,3) 3.8 £ 0.1 um). Emulsions with OO followed similar trend,
however, their droplets were bigger due to the impact of oil prop-
erties, as discussed above.

The influence of the preparation route together with the effect
of particle/protein concentration and background salt is also evi-
dent from microscopy images of emulsions (see Fig. 2 R1-HD). It
can be observed that emulsion with 0.3 wt% of CNC/CAS (NaCl)
contained smaller droplets, which is in correlation with distribu-
tion curves from diffraction measurements showed in Fig. S3.
Emulsions prepared by route R1 proved that the samples with
CaCl, were more flocculated than these containing NaCl, and dro-
plets stabilized by 0.2 wt% of CNC/CAS were larger than these pre-
pared with higher 0.3 wt% CNC/CAS. The summary of droplet sizes
expressed as D4 3) is given in supporting materials (Tab. S1).
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Initial stabilization of the oil with CAS followed by the addition
of cellulose nanocrystals was used in route R2. Differences in HD
and OO0 emulsions can already be seen on primary CAS emulsions
before CNC addition and are also visible after CNC was added.
For HD-emulsions, the influence of total stabilizer content on dis-
tributions seemed to prevail, as the curves recorded for 0.3 wt%
stabilizer and NaCl or CaCl, were similar and shifted towards smal-
ler droplet sizes in comparison with the corresponding samples
containing 0.2 wt% stabilizer (Fig. 3). It is also noted that free
CAS aggregates can be found in solution. The type of electrolyte
had only marginal effect.

On the contrary, emulsions with OO appeared to be more
affected by the type of electrolyte. In presence of CaCl,, both emul-
sions with concentration in stabilizer of 0.2 and 0.3 wt¥% yielded
distributions with similarly positioned main peak and differed only
in the content of flocks (Fig. 3), visible as small peaks at higher dro-
plet size. The influence of stabilizer concentration was also
observed with optical microscopy (Fig. S4). The observed effect is
likely caused by the enhancement of the emulsification efficacy
of CNC in presence of CaCl,, as reported by Mikulcova, et al.
(2016), which is evidenced by a shift of the distribution towards
a lower droplet size [19].

From the distribution curves of the emulsions prepared by route
R2, it is obvious that the droplets after first emulsification with CAS
were stabilized solely by the protein, and the subsequent addition
of CNC further improved coverage of their interfaces and stability
of the emulsion. It can also be speculated that CNC particles
stabilized larger emulsion droplets formed from the remaining free
oil.

The route R3, where the primary emulsions were stabilized by
CNC and to which CAS was added in a second emulsification step,
showed the best emulsifying results with the absence of free oil;
this was actually observed already for the CNC primary emulsions.
In HD-emulsions, the addition of CAS to CNC stabilized droplets
slightly decreased their size (Fig. 4) for all formulations except
for emulsion containing 0.2 wt% stabilizer and CaCl,. This indicates
that the lower stabilizer content is not capable to compensate for
the influence of CaCl, electrolyte and agglomerates formed, which
is noticeable in Fig. 5.
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Fig. 2. Microscopy images of HD-emulsions prepared via R1: a) 0.2 wt% NaCl 5 mM; b) 0.3 wt% NaCl 5 mM; c) 0.2 wt% CaCl, 0.5 mM; d) 0.3 wt% CaCl, 0.5 mM; scale bar is

50 pm.
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Fig. 3. Distribution curves of studied a) HD-emulsions and B) 0O-emulsions prepared by route R2 (primary emulsion stabilized by CAS, subsequent addition of CNC to the

aqueous phase). HD stands for hexadecane and OO for olive oil.

The presence of CaCl, during emulsification of HD led to an
increase in droplet size and their flocculation caused by interaction
of the divalent cation with CAS in aqueous phase (Fig. 5a). On the
other hand, the synergy between CNC and CAS can be observed for
the emulsions with 0.3 wt¥% stabilizer in presence of NaCl, resulting
in monomodal emulsion size distribution (Fig. 5b).
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The introduction of CAS to OO0 emulsions primarily stabilized by
CNC shifted the distributions to higher droplet sizes (Fig. 4b).
Emulsions prepared via route R3 exhibited multimodal distribution
with larger droplets for those containing 0.2% stabilizer, with sim-
ilar profiles for samples with NaCl and CaCl,. The microscopy pic-
tures (Fig. S5) illustrate the influence of the electrolyte type on the
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Fig. 4. Distribution curves of studied emulsions prepared by route R3 (primary emulsion stabilized by CNC, subsequent addition of CAS to the aqueous phase).

Fig. 5. Microscopy images of HD-emulsions prepared via R3: a) 0.2 wt% CaCl, 0.5 mM; b) 0.3 wt% NaCl 5 mM; scale bar is 50 pm.

droplet size of the emulsions stabilized with 0.3 wt% stabilizer
content.

The stabilization of emulsions prepared by route R3 was likely
driven by a strong adsorption of CNC at the oil-water interface fol-
lowed by the introduction of the more surface active CAS mole-
cules which helped increasing the droplet curvature [13].

3.1.1. Encapsulation efficacy

Although OO-emulsions contained larger droplets and their
behaviour was more complicated, encapsulation of the oil was, in
comparison with HD emulsions, surprisingly better (Fig. S6). It is
seen from the emulsifying efficacy index (%; EE) that reached
100% for all OO containing formulations. The only exception here
was the emulsion prepared via route R2 with 0.2 wt% stabilizers
and CaCl, (EE = 95%). For HD emulsions, the EE was slightly lower
and was more affected by the route of preparation, concentration
of stabilizing agent and type of background salt (NaCl vs. CaCl,).
Emulsions prepared via route 3 showed the highest EE (98-
100%), followed by emulsions from route R1 with EE varying from
85 to 96%. The least efficient formulations displaying a larger vari-
ability were the ones prepared by R2 with values from 72 to 100%,
72% being obtained for emulsions prepared by route R2 with 0.2 wt
% stabilizers and CaCl,. This is likely ascribed to a too low CAS con-
centration used for formation of primary emulsions leading to non-
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encapsulated oil, and also by the effect of CaCl, that induced nota-
ble CAS aggregation (Ye and Singh 2001; Pind’akova, et al. 2019).

3.2. Emulsion-based gels

The emulsions stabilized only by CNC or CAS did not yield oleo-
gels and only the use of both CAS and CNC allowed drying of the
emulsion. Examples of the dried HD oleogels in Fig. 6 show trans-
parent, solid, and compact samples. Oleogels prepared from emul-
sions containing OO were also transparent but yellowish, owing to
the natural colour of olive oil, and their structures were less com-
pact and solid than that of HD-oleogels. The difference originates
from the different properties of the oils used, varying droplet sizes
of emulsions, as well as from the structure of stabilizing layer at
oil-water interface and stabilizers present at inter-droplet space.
Furthermore, it is important to note that the drying was always
preceded by a centrifugation step that allowed concentrating the
emulsion without major oil leakage.

3.2.1. Microstructure of oleogels

The oleogels were observed as structured materials with indi-
vidual oil droplets separated by a network of stabilizing materials
(CAS, CNC) using confocal laser scanning microscopy (CLSM). The
water phase was stained with fluorescein. The HD-oleogels
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Fig. 6. Dried oleogels prepared from a) hexadecane with 0.2 wt% stabilizer and CaCl, 0.5 mM and b) olive oil with 0.2 wt% stabilizer and 5 mM NacCl.

Fig. 7. Microstructure images of hexadecane oleogels a) R1, b) R2, ¢) R3 and olive oil oleogels d) R1, e) R2, f) R3 (both 0.3 wt%; 5 mM NaCl); scale bar is 30 um.
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prepared via routes R1 and R2 (Fig. 7 a, b) contained larger oil dro-
plets of irregular shape; well defined boundaries between the oil
droplets were lost in some of the displayed areas. This can indicate
possible coalescence taking place during the drying process. The
structure of these oleogels was more heterogeneous, though the
gel from the R1 route showed more a thicker polymer matrix
around the droplets in comparison with R2 gel. On the contrary,
the R3 oleogel (Fig. 7c) was well-structured and more homoge-
neous. CLSM revealed a tighter arrangement of uniform and smal-
ler droplets, with stronger network of stabilizing agent resulting in
oleogel with greater structural stability.

The 0O0-oleogels prepared via R1 (Fig. 7d) presented dense,
mesh-like network of CNC/CAS with embedded oil droplets of
smaller size. The structure of oleogel was homogeneous with
tightly packed emulsion droplets. The R2 and R3 oleogels (Fig. 7
e, f) showed oil droplets of irregular form and greater sizes. The
arrangement of droplets was less dense, with a more open
structure.

3.2.2. Release of oil under drying

During water removal, all formulations retained nicely their
shape and were stable; nevertheless, a fraction of oil was released.
The amount of oil released from the samples is given in Fig. 8.
Again, the difference between oleogels containing HD and OO is
clear. The amount of oil leaked during drying was in the range of
4-64 % and 17-39% for HD and OO gels, respectively. Here, a closer
correlation between the amount of oil released from HD oleogels
and the route of their preparation can be seen. For HD-based oleo-
gels, the lowest amount of released oil was for emulsion prepared
using route R3, which conforms well to the performance of starting
emulsions in terms of droplet size. Emulsion with the smallest dro-
plets (2.4 pum) and lowest oil release (4%) was prepared with the
route R3, 0.3 wt% stabilizers and NaCl. For 00-based oleogels, the
variability among the preparation routes is, with respect to oil lib-
eration, smaller. Surprisingly, the OO samples prepared via route
R2 released a minimal amount of oil. On the other hand, route
R2 did not yield emulsion of HD that could be dried without large
oil release.

These results underscore the joint effects of two main proper-
ties of the parent emulsion during the drying, namely the nature
of the oil and the route of preparation. With HD, the presence of
CNC during the emulsification was largely beneficial and reduced
the oil release. For olive oil, the opposite was observed and it
was for the cases where CAS was dominant that the oil release
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was at minimum. Even though a general trend relating the oil
release with the original droplet size can be put forward, the final
details of the resistance to drying depends strongly on the interfa-
cial coverage and nature of the free species in aqueous phase.

3.2.3. Viscoelastic properties of the oleogels

The viscoelastic properties of the oleogels were measured, and
the storage (G') and loss (G”) moduli, as well as loss factor (tan
(6)) were determined. The G’ is a measure of the elastic response,
whereas G” corresponds to the viscous response of the material;
the loss factor is then the ratio of loss to the storage modulus cal-
culated as tan(d) = G”/G'. In case tan(3) > 1, the viscous component
prevails [20].

In addition to the above-mentioned parameters, the oleogels
were characterized by visual observation and during measure-
ments when shear stress was applied to the samples, no leakage
of oil was observed. Considering the parameters that influence
the viscoelastic behaviour of oleogels, the total concentration of
CNC/CAS applied, and the increase of total stabilizer amount from
0.2 to 0.3 wt% raised the gel strength, as indicated by an increase in
the storage modulus G'. As an example, the G’ of HD-oleogels pre-
pared with the route R1 in presence of NaCl can be mentioned; at
angular frequency 0.1 s~!, the storage moduli were 4500 and
16,500 Pa for 0.2 and 0.3 wt% CNC/CAS, respectively. Similar find-
ings were reported by Jiang, et al. (2018), who observed that an
increase in the concentration of regenerated cellulose in emulsions
stabilized with carboxymethyl cellulose caused an increase in G’
resulting in a high gel strength of G’>15,000 Pa [1]. Also, Alizadeh
et al. (2020) concluded that concentration of hydroxypropyl
methylcellulose and sodium caseinate used to stabilize emulsion
were the factors with the most important influence on the textural
and rheological properties of the oleogels [11]. Patel, et al. (2015)
prepared oleogels by freeze-drying of emulsion stabilized by xan-
than gum and gelatine; here the protein-polysaccharide interac-
tions at the oil-water interfaces were exploited to transform
liquid oil into oleogels with the strong gel strength (G’ >
11,000 Pa) [3]. The use of two polysaccharides, methylcellulose
and hydroxypropyl methylcellulose for oleogel production via
emulsion template resulted in hard samples with high mechanical
strength. The highest G’ of 570,630 Pa was recorded for gels con-
taining 2% methylcellulose and all oleogels here produced showed
higher viscoelasticity in comparison with oleogels composed of
cellulose ethers mixed with additional components, such as xan-
than gum [21].
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Fig. 8. Amount of oil released during drying of oleogels prepared with emulsifications routes R1, R2, R3 containing a) hexadecane b) olive oil.
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For HD-based oleogels with 0.2 wt% of CNC/CAS and NaCl as
background salt, the difference among the samples prepared with
different routes were also noticeable and G’ decreased in the fol-
lowing order: GR3 > GR1 > G R2 (Fig. 9). However, when using
the 0.3 wt% concentration of CNC/CAS, the observation was differ-
ent. The values of G’ for oleogels prepared by routes R1 and R3
reached almost similar values and were both higher than G’ for
samples from the route R2. This indicated a higher contribution
of the elastic component for oleogels prepared via routes R1 and
R3. Another interesting observation for HD-oleogels was the slight
dependence of storage modulus on frequency, as the G’ with rais-
ing angular frequency increased. If we should generalize these
results, the HD-oleogels originating from R3-emulsions showed
higher elasticity than oleogels prepared via route R1 and R2, with
only one exception for HD-oleogels prepared with 0.2 wt% of
CNC/CAS and CaCl,.

The effect of CNC/CAS concentration on G’ values recorded for
00-based oleogels (Fig. 10) correlates to some extent with the
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results recorded for samples with HD. The trends of the G’ vs fre-
quency dependencies for gels prepared by route R3 were also sim-
ilar and values of G’ were higher than those recorded for oleogels
formulated using R2 and R1 routes. This again indicated higher
elasticity for this formulation. At the same time, the OO gels from
route R1 provided better elasticity than R2 gels, except for formu-
lation from route R1 with 0.3 wt% CNC/CAS and CaCl,. This outlying
behaviour may be due to the different properties of the starting
emulsions in terms of droplet sizes. Emulsions prepared via routes
R2 and R3 provided namely significantly smaller droplets (3.6 pm
and 6.3 pum, resp.) than the emulsion prepared by the route R1 with
the droplet size of 24.7 pm. The higher elastic portion of R2 and R3
oleogels can be, in this particular case, caused by different
microstructure of the oleogels. Interestingly, the loss modulus
(G") did not change with increasing frequency, which is indicated
by the course of tan(é) showing no significant variations
(Fig. 10). This can also indicate that the oil was better encapsulated
in this case and did not leak during shearing. In some cases, the
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Fig. 9. Dynamic storage moduli (G') and loss factor (tan(3)) responses of oleogels prepared from hexadecane emulsions.
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Fig. 10. Dynamic storage moduli (G') and loss factor (tan(3)) responses of oleogels prepared from olive oil emulsions.

sharp drop of tan(s) at the highest frequencies was observed show-
ing lower strength of the gel structure for samples prepared by
route R1.

Steady state course and values of G” lower than G’ (steady tan
(8)) over the entire frequency range used are typical for strong gels
[22]. Nevertheless, the sharp fall of tan(s) for some formulations at
high frequencies may indicate that these oleogels may undergo to
a gel to sol transformation.

Taking into account known properties of emulsions used for
oleogel formation and their microstructure (Fig. 7), the viscoelas-
ticity is influenced by a combination of various factors, including
the droplet sizes in the starting emulsions, the type of background
salt and by the route of emulsion preparation. Our findings support
the hypothesis that the differences in the arrangements of CNC and
CAS at the oil-water interface of the starting emulsions, and the
composition of the inter-droplet space described in the previous
work [13] play a major role on the ability of emulsions to with-
stand drying during oleogel formation and subsequently influence
their rheological properties. In other words, the nature of the inter-

facial stabilizing layers, i.e. the route of preparation, significantly
affected the microstructure of oleogels and controlled their vis-
coelastic properties.

Protein (sodium caseinate) to polysaccharide (alginate) ratio,
together with pH, influenced structural properties of emulsions
and oleogels prepared thereof in [23]. Oleogels showed a 10-22
fold G’ increase compared to emulsions thanks to the formation
of a compact protein-polysaccharide network with tightly packed
oil droplets. Also complexes of soy protein isolate and kappa-
carrageenan efficiently stabilized emulsions used for preparing
oleogels. It was shown that the accumulation of complexes at the
interface was responsible for the excellent stability and high gel
strength (G’ > 40,000 Pa) of the gels [24].

In current work, the size of emulsion droplets controlled by the
route of emulsification and concentration of CNC/CAS enabled their
tighter arrangement during drying, giving rise to a more compact
structure. This is supported by the microstructure of HD-oleogels
from route R3 (Fig. 7c). Therefore, the elastic portion of modulus
prevailed. On the other hand, bigger droplets are packed loosely
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with continuous phase filled with free stabilizers and aggregates of
CAS (in case Ca(Cl, is present), which led to the higher viscosity of
the gels.

The type of stabilizing particles dispersed in aqueous phase of
emulsions is another factor which influences the viscoelastic prop-
erties of the oleogels, and acts in synergy with the droplet size. For
the oleogels prepared from emulsions stabilized by the mixture of
CNC and CAS (route R1), both CNC and CAS are present between
the droplets after the drying of emulsions, as it was reported in
our previous work [13]. The oleogel elasticity is therefore influ-
enced by the presence of both CNC and CAS, of which CAS mole-
cules are globular and relatively flexible contrary to the more
rigid cellulose nanocrystals. In oleogels prepared via route R2, a
fraction of oil remained free after primary emulsification with
CAS. However, a portion of the droplets was stabilized later, after
CNC was added. Simultaneously, a portion of CNC remained free
between the droplets after this second emulsification. This resulted
in an emulsion with a mixture of droplets stabilized by both CAS
and CNC with CNC dominating in aqueous phase [13]. As CAS is a
more flexible molecule and its anchoring at the droplet surface is
not as strong for CNC, the final packing of droplets into structure
of gel was looser and the oleogel less elastic with more dominant
viscous contribution.

For the samples prepared via route R3, the situation was, how-
ever, opposite. After the primary emulsification with CNC, almost
no oil remained free and the droplets were stabilized by cellulose
nanocrystals strongly attached at the oil-water interface. The sub-
sequent addition of flexible CAS with random coil character,
induced an even stronger attachment and better deposition of
CNC at the oil-water interface, with free CAS molecules forming
the matrix between the droplets. The presence of flexible mole-
cules of CAS in the inter-droplets space could therefore contribute
to the high elastic modulus of these oleogels.

3.2.4. Redispersion of oleogels

The proof that the emulsion droplets preserved their integrity
during drying could be done by testing the redispersion of the
oleogels in water. The HD-based oleogels were successfully redis-
persed, as it is shown by optical microscopy (Fig. S7). The size of
the droplet was, however, changed, leaning towards larger size.
Moreover, the redispersion of the gels was strongly dependent of
the preparation route, and gels prepared from route R2 were the
least dispersible. The type of background salt contributed also to
differences in gel redispersion, as CaCl, induced the formation of
insoluble CAS aggregates. The 00O-oleogels were not possible to
redisperse. A tentative explanation can be based on that the water
content of HD-oleogel was significantly higher than that of 0O-
oleogels, thus offering a more hydrated network that facilitated
water penetration upon redispersion.

4. Conclusion

The study reports on the preparation of hexadecane and olive
oil oleogels with the aid of an emulsion-template approach. Start-
ing emulsions used for the gel production were stabilized with a
combination of cellulose nanocrystals (CNC) working as a Pickering
stabilizer and a surface active protein sodium caseinate (CAS). Con-
trary to previous approaches that relied only on water evaporation
[3], the stability of the emulsion allowed a preconcentration step
by centrifugation followed by drying of the concentrated emulsion
layer, and this with minute amount of stabilizer.

As hypothesized, the order of addition of the stabilizers con-
trolled the emulsion properties via the following parameters (1)
the composition of the oil-water interface, and (2) the amount
and type of stabilizers (CAS, CNC) present within the continuous
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phase. Moreover, the nature of the oil (hexadecane vs. olive oil)
played also a significant role. Accordingly, the properties of the
resulting oleogels were changed. The oleogels retained a more
elastic character when prepared from starting emulsions stabilized
by CNC with subsequent addition of CAS (route R3), owing to the
residual free CAS present in aqueous phase. The hexadecane-
based oleogel could be redispersed after drying, although the dro-
plet sizes of these reconstituted emulsions increased. However, it
was not possible to reconstitute the original emulsion for the olive
oil-based oleogels.

These results demonstrate that not only the dominating species
at the oil-water interface control behaviour and stability of the
emulsion, but also the resulting microstructure of the oleogels
after drying. A two-step emulsification process using Pickering
approach in the first step followed by the introduction of a surface
active protein allows the formation of very stable organogels that
can be redispersed, yet containing only minute amount of
stabilizer.

Multiple steps emulsification combined with a careful control of
the interactions of the species at the oil-water interface constitutes
a reliable approach to design soft materials fully redispersible.
Based on these results, we envision that the more elastic gels can
serve to encapsulate lipohilic active ingredients for release via
(bio)degradation of the gel structure. On the other hand, the more
viscous oleogels can be suitable for better spreading of topical
ingredients on the skin.
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