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Abstract
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cycles, rheological properties, and X-ray measurements. The results showed that, at all water to oleogel ratios studied the
CW developed structured W/O emulsions where the surface-active components of the CW (i.e., triterpenic alcohols, aliphatic
alcohols, and fatty acids) stabilized the oil-water interface, while the n-alkanes and long chain esters formed an oleogel in
the oil phase. Although, independent of the storage time, all the CW emulsions showed a frequency independent rheological
behavior, after applying a strain above the G’-G” cross point, the 40:60 and 50:50 emulsions with 1.5% to 3% CW concentration
showed the better rheological behavior and were the most stables, even after two freeze-thaw cycles. In particular, the 40:60 and
50:50 emulsion with 1.5% CW had a recovery profile similar to commercial mayonnaise. In contrast, independent of the CW
concentration, the 60:40 emulsions showed the lowest recovery profiles and higher instability to freeze-thaw cycles. These results
indicated that the CW is a multi-functional material able to develop structured W/O emulsions useful for the formulation of
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We investigated the development of water-in-oil (W/O) emulsions just using CW, evaluating the effect of
the water to CW oleogel ratio (40:60, 50:50, 60:40) and, at each ratio, the effect of the CW concentrations
(0.75% to 3%). The emulsions were developed by shearing (60 s at 25°C) using an ultra-turrax type homo-
genizer. The emulsions were immediately evaluated and after 20 days of storage (25°C) for microstructure,
water droplet diameter, emulsion stability through DSC freeze/thaw cycles, rheological properties, and X-ray
measurements. The results showed that, at all water to oleogel ratios studied the CW developed structured
W /O emulsions where the surface-active components of the CW (i.e., triterpenic alcohols, aliphatic alcohols,
and fatty acids) stabilized the oil-water interface, while the n -alkanes and long chain esters formed an oleo-
gel in the oil phase. Although, independent of the storage time, all the CW emulsions showed a frequency
independent rheological behavior, after applying a strain above the G’-G” cross point, the 40:60 and 50:50
emulsions with 1.5% to 3% CW concentration showed the better rheological behavior and were the most
stables, even after two freeze-thaw cycles. In particular, the 40:60 and 50:50 emulsion with 1.5% CW had a
recovery profile similar to commercial mayonnaise. In contrast, independent of the CW concentration, the
60:40 emulsions showed the lowest recovery profiles and higher instability to freeze-thaw cycles. These results
indicated that the CW is a multi-functional material able to develop structured W/O emulsions useful for
the formulation of trans -free, stable low-fat edible spreads.

1. Introduction

The development of oleogels has emerged as a new and exciting field of lipid research. For food systems,
the incorporation of edible oleogels allow the reduction of saturated fatty acids and the elimination oftrans
-fatty acids from the product (Dassanayake et al., 2011; Marangoni and Garti, 2018; Rogers et al., 2014)
and in cosmetics the oleogels can be used as vehicles to delivery hydrophobic bioactive compounds (Ferrari
and Mondet, 2003; Morales et al., 2009; Perez Nowak, 2011). Within this context, several vegetal waxes have
gained considerable attention in the development of oleogels mainly because of their high gelling capacity
and gel physical’s properties, some even showing reversible thermomechanical properties. Additionally, the
vegetable waxes are easy to obtain at affordable costs and most of them are already approved by the
regulatory agencies (Blake et al., 2018).

Although most plant-based waxes are heterogenous mixtures of different components, their gelling capacity
is usually associated with the major component that in the case of candelilla wax (CW) is then -alkanes,
i.e., 49%-50% n -alkanes with 29-33 carbons with hentriacontane as the n -alkane in major concentration
(Grant, 2005; Nippo, 1985; Toro-Vazquez et al., 2007). Therefore, based on the n -alkanes concentration and
gelling capacity of organic solvents (Abdallah and Weiss, 2000), our initial publications ascribed the high
gelling capacity of the CW to the development of a three-dimensional crystal structure by the molecular
self-assembly of the n -alkanes (Chopin-Doroteo et al., 2011; Morales-Rueda et al., 2009; Toro-Vazquez et
al., 2007). However, experiments done in our laboratory showed that through a simple treatment extraction
to reduce the concentration of long chain esters from the CW, resulted in a significant modification of
the crystal habit of the oleogel, and also in a reduction of the gelling capacity and, subsequently, in an
increase in the original minimal gelling concentration of CW (Romero Regalado, 2013). These results showed
that the interaction among the native components of the CW determines its gelling properties, and the
same concept applies to other vegetable waxes (Toro-Vazquez et al., 2023). On the other hand, a more
in-deep CW analysis done using gas chromatography coupled with mass spectrophotometry, showed that
besidesn -alkanes the CW also has high concentrations of triterpenes, in particular triterpenic alcohols (i.e.,
[7123%) and esters of triterpenic alcohols (i.e., [?]2%) (Ortega-Salazar, 2012). Triterpenes are a class of
terpenes composed of six isoprene units characterized by a basic steroidal backbone with the C3gHyggeneral
molecular formula. Triterpenes are commonly present in several vegetables as triterpenoid glycosides or
steroids, commonly referred to as saponins (Bottcher and Drusch, 2017; Wojciechowski, 2013). Terpenes and
triterpenoid glycosides are compounds with well-known interfacial properties capable of developing foams
(i.e., air-water interface activity) and oil-in-water emulsions (i.e., oil-water interface activity) (Liu et al.,
2011; Pagureva et al., 2016; Sharma et al., 2023). On the other hand, some pentacyclic triterpenes present
in several vegetable waxes (i.e., ursolic acid) have physical properties associated also with the development of
organogels (Lu et al., 2019) and recently, it was reported that also are able to develop water-in-oil emulsions



stabilized through the Pickering effect (Liu et al., 2022).

Within the previous context and considering that the CW is constituted by components with molecular
self-assembly and surface-active properties, this study evaluated the development of structured (i.e., gelled)
water-in-oil (W/O) emulsions at room temperature (25degC) just with the use of the CW (i.e., absence
of added surfactants). In a recent study, Penagos et al. (2023) developed W/O emulsions at 5degC using
mixtures of beeswax and carnauba wax formulated with 20%, 30% and 40% (wt/wt) of water in sunflower oil.
Based on contact angle measurement the authors discarded the CW, the berry wax, and the sunflower wax as
tentative stabilizers of W/O emulsion. However, in this study no formal W/O emulsions were done to assess
the emulsifying capacity of these vegetal waxes (Penagos et al., 2023). On the other hand, Garcia-Gonzalez
et al. (2021) showed, through dynamic interfacial tension measurements, that in the temperature interval
of 45degC to 60degC the CW significantly decreased the interfacial tension of safflower oil high in triolein
from 26.4 (+- 0.9) mN/m to 5.9 (+- 0.5) mN/m upon the addition of 3% CW. These authors attributed
this surface activity of CW to the adsorption of CW polar compounds (i.e., as fatty acids and triterpenic
alcohols and triterpenic esters) on the water-vegetable oil interface (Garcia-Gonzalez et al., 2021). Although
these authors did develop W/O emulsions (10% and 20% of aqueous phase) just with the use of 3% CW, the
study made limited discussion regarding the CW emulsion’s microstructure and stability (Garcia-Gonzalez
et al., 2021).

In the present work, we hypothesized that after developing a CW oleogel, particular compounds of the wax
(i.e., triterpenic alcohols, esters of triterpenic alcohols, long chain acids and alcohols) remaining in the oil
phase, could act as surface-active agents with the capability of emulsifying a water phase forming a W/O
emulsion. We considered that the CW oleogel present in the oil phase could provide a stabilizing mechanism
for the emulsified phase, tentatively resulting in a structured W/O emulsion. Within this framework, the
conditions investigated to develop the W/O emulsions were water to CW oleogel proportions of 40:60, 50:50,
and 60:40 (wt:wt). The concentrations of the CW in the oleogels were selected so that, after the addition of
water at the corresponding proportion, at each of the water to oleogel ratios studied the CW concentrations
in the emulsions were 0.75%, 1.5%, 2.25%, and 3% (wt/wt). The W/O emulsions developed were evaluated
for microstructure, water droplet size by NMR, emulsion stability by DSC, and rheological properties after
0 and 20 days of storage at 25degC.

2. Materials and Methodology
2.1. Materials.

The vegetable oil (VO) used was a refined, bleached, and deodorized high oleic safflower oil obtained from
a local distributor (Coral Internacional, San Luis Potosi, Mexico). Previous characterization indicated
that the major triacylglycerides (TAGS) in the VO used were OO0 (65.65% +- 0.15%), LOO (16.26%
+- 0.04), and POO (8.58% +- 0.04), and as minor TAGS components: StOO (2.64% +- 0.01%), LLO
(2.25% +- 0.02%), POL (1.70% +- 0.11), StLL (0.87% +- 0.05%), and LLL (0.46% +- 0.01%) (O =
oleic acid; L = linoleic acid; St = stearic acid; P = palmitic acid) (Alvarez-Mitre et al., 2012). The
micronized refined candelilla wax (CW), supplied by Multiceras (Monterrey, Mexico) was previously char-
acterized by gas chromatography coupled with mass spectrophotometry after derivatization of the CW with
N,O-Bis(trimethylsilyl)trifluoroacetamide following the procedure described by Ortega-Salazar (2012). The
results indicated that the main component of the CW were n -alkanes (45.75% +- 1.01),n -aliphatic alcohols
(5.27 +- 1.40),n -fatty acids (15.17% +- 2.03), long chain esters (7.45% +- 0.61), triterpenic alcohols (23.41%
+- 1.55), and esters of triterpenic alcohols (7.45% +- 0.17).

2.2. Development of the W/O emulsions

We developed CW solutions through the factorial combination of different weights of the VO (i.e., 40 g,
50 g, 60 g) and the CW (0.75 g, 1.5 g, 2.25 g, 3.0 g). The CW was fully dissolved in the oil by heating
and intermittent stirring for 40 min in an oven set at 100degC. To develop the oleogels the CW solutions

were allowed to cool until achieving 25degC (i.e., the cooling stage). For the oleogels formulated with 40
g of oil the %CW varied between 1.84% and 6.98%, for the oleogels formulated with 50 g of oil the %CW



varied between 1.48% and 5.66%, and for those formulated with 60 g of oil the %CW varied between 1.23%
and 4.76%. Afterwards, the corresponding amount of deionized water (at 25degC) was added to make a
total amount of 100 g. In this way, we obtained systems with water to oleogel weight ratios of 40:60, 50:50,
and 60:40. With these systems we developed the emulsions by stirring for 60 seconds with an ultra-turrax
type homogenizer (RIVAL Immersion blender Model IB900. The Holmes Group, Milford, MA) set at the
higher speed (i.e., the emulsification stage). The resulting emulsions at each of the water to oleogel ratios
studied, had CW concentrations of 0.75%, 1.5%, 2.25%, and 3%. The emulsions developed were analyzed
immediately and after 20 days of storage at 25degC.

2.3. Polarized light microscopy

The microstructure of the emulsions was evaluated using a microscope (Olympus BX51, Olympus Optical
Co., Ltd., Tokyo, Japan) equipped with a video camera (KPD50, Digital Hitachi, Tokyo, Japan), a heat-
ing/cooling stage (LTS 350, Linkam Scientific Instruments, Ltd.) connected to a temperature control station
(TP94 and Linksys32 V 1.3.1; Linkam Scientific Instruments, Ltd., Surrey, England), and a tank of liquid
nitrogen. Maintaining the temperature of the stage at 25degC we obtained images of the sample using
polarized light.

2.4. Droplet size analysis

The water droplet size of the emulsions (25degC) was determined by NMR, using the droplet size probe of a
Minispec Bruker model mq20 (Bruker Analytik; Rheinstetten, Germany). The droplet size was measured in
two independent samples (n = 2) reporting the diameter of the water droplets (um) at the 97.5 percentile
value (i.e., 97.5% of the droplets had a diameter equal or below this value, WDDygy 5¢).

2.5. Emulsion stability through differential scanning calorimetry

The stability of the emulsions developed was evaluated through freeze-thaw cycles between 25°C and -70°C
using a DSC (Discovery; TA Instruments, New Castle, USA). Initially, the emulsion samples (4 mg to 8 mg)
sealed in hermetic aluminum pans were kept for 5 min at 25°C and then cooled down to -70°C (5°C/min).
After 5 min at -70°C the sample was heated (5°C/min) until reached 25°C. After 5 at 25°C we repeated
the freeze-thaw cycle under the same time-temperature conditions. The evaluation of the thermograms to
determine the stability of the emulsions was done following the approach described by Clausse et al. (2005)
and Ghosh and Rousseau (2009).

2.6. Rheological properties of the emulsions

The mechanical properties of the emulsions were evaluated determining frequency (f ) sweeps and time-
dependent recovery measurements using a Discovery HR-3 Hybrid Rheometer (TA Instruments, New Castle,
DE, USA) equipped with a stainless-steel parallel plates’ geometry (40 mm diameter) with the surface of
the upper plate sand-blasted. The temperature of the sample (25°C) was controlled using a Peltier system
located on the base of the equipment. Initially, a sample of the emulsion (25°C) was placed on the base
of the geometry preset at 25°C to then setting the upper plate to a gap of 1000 ym. Applying a constant
strain (y) we determined the f sweeps of the emulsion measuring the storage (G’) and loss (G”) modulus.
The v applied varied between 0.06% and 0.10% as a function of the emulsion, but always was within the
linear viscoelastic region (LVR) of the material previously established from the v sweeps using a f of 1 Hz.
Additionally, to establish the plastic region of the emulsions we did an onset point analysis of the G’ values
obtained from the y sweeps determined using af of 1 Hz. With the elastic and plastic regions established
we determined the time-dependent recovery behavior of the emulsions, initially applying during 60 s an
v within the elastic region (i.e., within the LVR) of the corresponding sample while measuring G’ (G’).
Afterwards, we applied during 30 s an y within the plastic region (i.e., an y above the G’-G” cross point, y*)
followed by the measurement of G’ while applying during 300 s an y within the LVR. From a master curve
of the time-dependent recovery profile of two emulsions (n = 2), we calculated the instantaneous (R ) and
extended (Rgop s) elasticity recovery as:

Rios = (G'10)100/G’g s Equation 1



R300 s = (G300 5)100/G’g s Equation 2

where G’1g s and G309 s corresponds to the G’ mean values determined after 10 s and 300 s, respectively, of
concluding the application of y*.

2.7. X ray analysis

We determined wide angle X-ray (WAX) diffractograms of selected CW oleogels, W/O emulsions, deionized
water, and the CW using a Bruker diffractometer (Model D8 ADVANCE, Bruker Analytik, Rheinstetten,
Germany) equipped with a Cu X-rays source (A = 1.5406 A). The measurements were done at 25°C obtaining
angular scans from 1° to 40° using a step size of 0.01° at a scan speed of 0.0185°/sec. The analysis was
performed using DIFFRAC.SUITE V7.5 software and the data processing using the DIFFRAC.EVA V5.1
software (Bruker Analytik, Rheinstetten, Germany).

2.8. Statistical analysis

To evaluate the effect of the different levels of water to oleogel ratio (40:60, 50:50, 60:40), the %CW in the
emulsions (0.75%, 1.5%, 2.25%, 3%), and the storage time (0 and 20 days) on WDDygy; se,and G’; we establish
a factorial design with two replicates (n=2). The statistical significance of the treatment variables’ effect was
determined through ANOVA, followed by Student -t test of linear combinations of the corresponding means
(Statistica V 12.0; StatSoft, Tulsa, OK).

3. Results and Discussion
3.1. Microstructure and water droplet size behavior of the emulsions

Overall, independent of the water to oleogel ratio and the CW concentration used we obtained systems with
a mayonnaise-like visual texture, easy to handle that showed no phase separation even after six months
of storage at room temperature. As examples the Figure 1SM (Supplementary Material) shows pictures,
after 20 days of storage at 25°C, of the W/O emulsions with 0.75% and 3% CW concentration developed at
the different water to oleogel ratios studied. Figure 1 shows photographs obtained through polarized light
microscopy (PLM) of W/O emulsions with 0.75% and 3% CW concentration developed at the different water
to oleogel ratios studied with 0 days of storage (25°C). For comparison purposes the Fig. 1SM shows PLM
photographs of the same emulsions as in Fig. 1 but after 20 days of storage at 25°C. From the visual analysis
of the photographs, it was evident that, independent of the storage time, as the water to oleogel proportion
increased the water droplets of the emulsions became larger (Figs. 1 and 1SM). Similar results were obtained
with W/O emulsions with 1.5% and 2.25% of CW (data not shown). From the visual comparisons of the PLM
photographs obtained with emulsions recently developed (i.e., 0 days of storage) with those after 20 days of
storage, it was evident that, independent of the water to oleogel ratio, just the emulsions with 0.75% CW
showed an increase in the droplet size after the 20 days of storage at 25°C (compare Fig. 1 and 1SM). This
behavior indicated that at 0.75% the CW concentration was not enough to achieve an efficient emulsification
of the water, and some coalescence occurred during the stirring and/or during storage. Nevertheless, none of
these emulsions showed visual phase separation during their storage. In contrast, the PLM photographs of
the W/O emulsions with 1.5%, 2.25%, and 3% CW at the different water to oleogel ratios studied, did not
show a significant change in the water droplet size after the 20 days of storage (data not shown). The previous
results were corroborated through the behavior observed by the WDDygy; 59 in the W/O emulsions at 0 days
and 20 days of storage (Fig. 2). Thus, as observed in the PLM photographs (Fig. 1), independent of the CW
concentration used as the water to oleogel ratio increased the system developed emulsions with larger water
droplets diameters (i.e., the WDDgy 50, increased). Additionally, the Fig. 2 showed that for a given CW
concentration and water to oleogel ratio, the WDDyg7 50, of the emulsions were statistically the same after 0
and 20 days of storage at 25°C. This WDDg7 59 behavior was observed even with the 0.75% CW emulsions
at the different water to oleogel ratios (Fig. 2). Although the PLM of the 0.75% CW'’s emulsions showed an
increase in the water droplet after storage (Figs. 1 and 1SM), it seemed that the NMR measurement of the
water droplet diameter (i.e., the WDDy7 5¢,) was not capable of detecting the tentative coalescence occurring
during storage of the 0.75% CW emulsions. The WDDyg; 59 results (Fig. 2) also showed that, independent of



the CW concentration, we developed emulsions of larger water droplet diameters as the water to oleogel ratio
increased. We explained this behavior considering that as the water proportion increased the concentration
of surface-active compounds from the CW became a limiting factor, simply because more water needed
to be emulsified. The overall result was that we developed emulsions with larger water droplet diameters
(i.e., higher WDDy7 5o, value) as the water to oleogel ratio increased, particularly above the 50:50 water to
oleogel ratio (P < 0.05; Fig. 2). A detailed statistical analysis of the WDDgy; 59, behavior (Fig. 2) showed
that, independent of the storage time of the emulsions, at the 40:60 water to oleogel proportion we required
to increase the CW concentrations above 0.75% to achieve an additional reduction in the WDDy7 59, (i.e.,
decreasing the water droplet diameter) (P < 0.05). However, in the 50:50 emulsions the additional reduction
in the water droplet diameter was achieved using CW concentrations above 1.5% (P < 0.05), and in the 60:40
emulsion just at a 3% CW (P < 0.07) (Fig. 2). It is important to note that increasing the CW concentration
in the emulsions above these values did not result in an additional reduction in the WDDg7 50, value (Fig.
2). Then, the CW effect to decrease the emulsions’ droplet diameter was lower as the water to oleogel ratio
increased (Fig. 2). Consequently, at the highest proportion of water studied (i.e., 60:40), where the emulsions
had the largest water droplet diameter, the effect of the CW to achieve lower WDDygy 59 was significant (P <
0.07) just using the highest CW concentration in the emulsions (i.e., 3%; Fig. 2). These results corroborate
the conclusion that as the water proportion increased the CW concentration became the limiting factor for
water emulsification. An additional factor that might limit the reduction of the water droplet diameter was
that the shearing efficiency of the blender could decrease as the olegels’ hardness increased. Previous studies
showed that the work of shear (i.e., the hardness) of 1% CW oleogels (25°C) increased from 37.18 g/mm
(£ 4.30 g/mm) up to 1455.54 g/mm (£ 102.44 g/mm) in 3% CW oleogels (Toro-Vazquez et al., 2007). The
CW concentration in the oleogels before adding the corresponding water proportion, had CW concentrations
even above 3% (i.e., 4.5% and 6%). These CW concentrations would result in oleogels with even higher
hardness than the previously reported in 3% CW oleogels (Toro-Vazquez et al., 2007), tentatively limiting
the efficiency of the blender to reduce the water droplet diameter in the W/O emulsions.

3.2. Stabilizing mechanism of the W/O emulsions developed by the CW

The PLM photographs of the W/O emulsions included in Figs. 1 and 1SM showed that the water droplets
were surrounded by a birefringent material. This birefringent material, indicated in the Fig.1 with black
arrows, was uniformly distributed around the surface of all the water droplets. It is important to point
out that none of the PLM photographs of the W/O emulsions showed the presence of wax crystals on
the water-oil interface, indicating that the water droplets were not stabilized through the Pickering effect.
These results contrast with the microstructure of the W/O emulsions formulated with 5% carnauba wax
(40% water) or with 5% beeswax (20% water) developed through a pilot scale two-step process, consisting
of a pre-emulsification step (90°C) followed by dynamic crystallization step (5°C) (Penagos et al., 2023).
These authors showed through PLM and confocal laser scanning microscopy, that the water droplets of the
carnauba wax and beeswax W/O emulsions were stabilized by wax crystals surrounding the droplets (i.e.,
Pickering effect) and by a crystal network developed in the oil phase by the corresponding wax (Penagos
et al., 2023). On the other hand, as previously indicated pentacyclic triterpenes like the ursolic acid, can
develop W/O emulsions tentatively stabilized also through the Pickering effect (Liu et al., 2022). Within this
context it is important to note that the different stabilizing mechanisms observed in the emulsions developed
in the present study with that reported by Penagos et al. (2023), might be associated with the different
conditions used to develop the W/O emulsions and with the differences in wax composition. Carnauba wax
consists mostly of long chain (C26 to C30) aliphatic esters ([?]40%) and diesters of 4-hydroxycinnamic acid
([7121.0%), and a significant amount of long chain w-hydroxycarboxylic acids ([?] 13.0%) and fatty alcohols
([7112%) (Wolfmeier et al., 2016). Beeswax consists of [?]71% esters (mainly including [?]35% monoester,
[?7114%diesters, [?]3% triesters, and [?]12% of hydroxymono- and hydroxypoly-esters), [?]14% n -alkanes, and
[?7]13% free fatty acids and alcohols (Tulloch, 1980). In the study of Penagos et al. (2023) the emulsification
step was done at temperature conditions where the vegetable wax components were soluble in the oil phase.
Under these conditions the surface-active molecules (i.e., fatty acids and fatty alcohols) of carnauba wax ([7]
25%) and beeswax ([?] 13%) would be adsorbed at the oil-water interface through their polar groups with



their aliphatic chains pointing toward the oil. We consider that because the molecular compatibility between
the aliphatic chains of the adsorbed surface-active molecules and the long chain esters of the wax still in the
oil solution, their nucleation and further crystallization on the oil-water droplet surface could occur during
the cooling stage, followed by the additional crystallization in the continuous oil phase of the remaining long
chain esters. The overall results would be that under the emulsifying and crystallization conditions used by
Penagos et al. (2023) the carnauba wax and the beeswax developed O/W emulsions stabilized by Pickering
and by a network of long chain ester crystals distributed through the continuous oil phase. In contrast, in
the present study the emulsification was done at 25°C using mixtures of water and CW oleogels (i.e., 40:60,
50:50 and 60:40). The cooling thermograms included in Fig. 3 showed that, although most of the components
of the CW were already crystallized at 25°C (temperature indicated with a dotted line in the thermograms
of Fig. 3), still some CW components remained in the oil solution (i.e., required lower temperatures to
crystallize in the oil phase). Within this context, the thermograms included in Fig.3 indicate the % of solid
content achieved at 25°C (%SFCasoc, determined by NMR) in the corresponding CW oil solution. With
the values of %SFCas-c we calculated the percentage of the CW that crystallized at 25°C in the oleogels
(%CWasec). The corresponding statistical analysis showed that the %CWas-¢ was statistically the same in
all the CW oleogels, i.e., the %CWas5.¢ was the same independent of the CW concentration in the oleogel.
The corresponding mean value of the %ACWasec was 73.6% (+ 5.0%). The %CWas-c value mainly included
the crystallization of the n -alkanes and long chain esters, components mainly involved in the development of
the tridimensional crystal network of CW oleogels (Chopin-Doroteo et al., 2011; Morales-Rueda et al., 2009;
Romero Regalado, 2013; Toro-Vazquez et al., 2007). However, the %CWas-¢ value indicated that [?]26%
of the CW components remained in the oil phase at 25degC. We considered that these CW components
included the surface-active compounds involved in developing the W/O emulsion and, subsequently, forming
the birefringent material present around the surface of all the water droplets (Fig. 1). Given the composition
of the CW above reported (see section of “Materials”), these compounds tentatively involved the triterpenic
alcohols, esters of triterpenic alcohols, aliphatic alcohols, and fatty acids. The PLM photographs of the
CW emulsion also showed the presence of highly birefringent crystals in the oil phase (shown in Figs. 1
and 1SM with dashed arrows), particularly evident in the W/O emulsions with a final CW concentration
of 3%. These birefringent microstructures, also present in CW oleogels, are characteristics of the crystals
developed mainly by the co-crystallization of n -alkanes with long-chain esters. As a reference the Fig. 2SM
includes PLM photographs of 1.5% and 3% CW oleogels developed following the same time-temperature
and shearing conditions used in the development of the oleogels used for the development of the emulsions.
The PLM photographs show the characteristics crystals found in CW oleogels (Fig. 2SM). From here we
concluded that under the conditions used the systems developed by the CW were structured W/O emulsions
where, tentatively, the triterpenic alcohols, esters of triterpenic alcohols, aliphatic alcohols, and fatty acids
acted as surface-active agents at the oil-water interface, while the n -alkanes and long chain esters gelled the
continuous oil phase.

3.3. Stability of the W /O emulsions developed by the CW

The stability of the W/O emulsions was evaluated through freeze-thaw cycles between 25degC and -70degC
using a DSC. This methodology is particularly useful when considering that many types of edible W/O
emulsions, such as whipped toppings and table spreads, are frozen to improve long-term storage and then
thaw for further processing or consumption. Considering the concepts described by Clausse et al. 2005 and
Ghosh and Rousseau (2009), after freeze-thaw cycles stable emulsions ought to crystallize developing just one
exotherm. For simplicity purposes we discuss just the behavior of the cooling thermograms obtained from
the second freeze-thaw cycle (see section 2.5. Emulsion stability through differential scanning calorimetry)
of the W/O emulsions after 20 days of storage at 25degC. Within this context, Figure 4 shows the cooling
thermograms for the W/O emulsions developed at the different water to oleogel ratios used. The thermograms
show the corresponding CW concentration in the emulsion. For comparative purposes Fig. 4 includes the
cooling thermograms of the water and of the vegetable oil, obtained under the same time-temperature
conditions as for the W/O emulsions. The corresponding exotherms had peak crystallization temperatures
of -19.6degC (+- 0.3degC) and -45.1degC (+- 1.2degC) for the water and the vegetable oil, respectively (Fig.



4E). These thermograms were used as references to establish the tentative position of exotherms associated
with the water or the oil released (i.e., “free”) from the microstructure of unstable W/O emulsions because
of the freeze-thaw cycles. Within this context, the results shown in Fig. 4 indicated that the W/O emulsions
having CW concentrations between 1.5% and 3% at water to oleogel ratios of 40:60 and 50:50, were the only
ones that showed just one well-defined crystallization exotherm. This crystallization exotherm had, in all
cases, a peak temperature at [?] -40degC (Fig. 4). The rest of the emulsions (i.e., 0.75% CW emulsions at
all water to oleogel ratios, and the 1.5%, 2.25% and 3% CW emulsions at the 60:40 water to oleogel ratio)
also showed the major exotherm with peak crystallization temperature [?] -40degC (Fig. 4). However,
independent of the %CW, the emulsions developed with the 60:40 water to oleogel ratio also showed the
presence of a large shoulder at temperatures above the major exotherm (indicated with a black arrow in
the Fig. 4). In some emulsions, i.e., the emulsions with 0.75% CW at all water to oleogel ratios, we also
observed a small shoulder at temperatures below the major exotherm (indicated with a doted arrow in
Fig. 4A). Considering the crystallization behavior of the water and the vegetable oil (Fig. 4E) and the
concepts discussed for the characterization of W/O emulsions by DSC (Clausse et al., 2005; Ghosh and
Rousseau, 2009), we associated the shoulder observed at a temperature above the major exotherm with
“free” water, while the shoulder observed below the major exotherm with “free” oil. These “free” water and
oil, released from the emulsion microstructure during the freeze-thaw cycles, were now dispersed throughout
the still stable water droplets of the emulsion. From here and considering the results discussed for the
PLM photographs (Figs. 1 and 1SM) and for WDDyg; 59, (Fig. 2), we concluded that the W/O emulsions
formulated with water to oleogel ratios of 40:60 and 50:50 and with CW concentrations between 1.5% and
3%, were the most stables even after two freeze-thaw cycles applied to the emulsions after storage for 20
days at 25degC.

3.4. X-ray analysis and rheology of the structured W/O emulsions

To have additional evidence of the microstructure of the systems developed, we obtained WAX diffractograms
for 1.5% and 3% CW oleogels and the corresponding 1.5% and 3% CW W /O emulsions formulated with 40:60
and 60:40 water to oleogel ratios. The corresponding diffractograms are shown in Figure 5. As a reference to
support the analysis of the diffractograms of the CW oleogels and the W/O emulsions, Fig. 5 includes the
WAX diffractograms for deionized water (Figs. 5A and 5B) and CW (Fig. 5C). It is important to note that,
except for the CW and the water, the diffractograms of the emulsions and the oleogels showed an amorphous
signal with at peak at scattering that peaks centered at d = 4.55 A (]?]19.5 29). This amorphous signal was
associated with the

liquid phase of triacylglycerols from the vegetable oil (Larsson, 1972). On the other hand, the diffractogram
for the CW diffraction peaks at 20 = 21.5° and 20 = 23.8° corresponded to d values of 4.1 A and 3.7 A,
respectively (Fig. 5C). These diffraction peaks are characteristic of the orthorhombic perpendicular subcell
packing of the n -alkanes of the CW (Chopin-Doroteo et al., 2011; Dassanayake et al., 2009) and were also
present in the 1.5% and 3% CW oleogels (Fig. 5D) and in the 1.5% and 3% CW emulsions formulated
with 40:60 and 60:40 water to oleogel ratios (Fig. 5A and 5B). These results indicated that an oleogel
microstructure, developed mainly by the n -alkanes and long chain esters of the CW, was present in the
W/O emulsions. Additionally, the characteristic amorphous broad signal of the water with a peak at 20 [7]
29° corresponding to a d [?] 3.15 A (Maciel et al., 2016) observed in the water diffractogram, was observed as
a shoulder in the WAX diffractograms for the W/O emulsions formulated with 1.5% and 3% CW and water
to oleogel ratios of 40:60 and 60:40 at 29 [?] 29° (d [?] 3.16; Figs. 4A and 4B). This shoulder was larger
and, subsequently, more evident in the emulsions formulated with the higher water proportion (i.e., 60:40
water to oleogel ratio). We considered that these results indicated the presence of a water phase confined
throughout the microstructure of the oleogel. Based on these results and the ones obtained through PLM
(Figs. 1 and 1SM) we consider that this water phase was emulsified, tentatively by the triterpenic alcohols,
esters of triterpenic alcohols, aliphatic alcohols, and fatty acids. Therefore, the system studied was a W/O
emulsion structured (i.e., stabilized) by an oleogel developed in the continuous oil phase by the n -alkanes
and long chain esters of the CW.



The f sweeps of the W/O emulsions formulated with 1.5% and 3% CW concentrations at the different water
to oil ratios studied after 20 days of storage are shown in Figure 3SM. Similar results were obtained with
the W/O emulsions with 0.75% and 2.25% of CW (results not shown). All the emulsions studied showed a
f independent rheological behavior, i.e., a gel-like rheological behavior. From the f sweeps of the emulsions,
we obtained the corresponding G’ value at an f of 1 Hz. From here we evaluated the elasticity of the W/O
emulsions at 0 and 20 days of storage at 25degC as a function of the different water to oleogels ratios and
CW concentrations used (Fig. 6). The results showed that, independent of the CW concentration, the G’
of the emulsions increased as the water to oleogel ratio increased (P < 0.05), a behavior directly associated
with the increase in the volume fraction of the emulsified water. Other studies also had shown that the
increase in the volume fraction of the dispersed phase resulted in an increase of the emulsions’ elasticity
(Farah et al., 2005; Pal, 2006; Poling-Skutvik et al., 2020). Additionally, we observed that for the same
water to oleogel ratio, the G’ of the emulsions increased exponentially as a function of the CW concentration
in the emulsions (P < 0.05). The G’ increment was partly associated with a larger reduction in the water
droplet diameter achieved as the CW concentration increased, an effect previously discussed regarding the
WDDyy 59 behavior as a function of the CW concentration (Fig. 2). It is well-known that emulsions with
smaller droplet size have higher elasticity (i.e., higher G’) than emulsions with larger droplet size (Pal, 2006,
1996). Another factor associated with the G’ behavior observed in the emulsions formulated at same water to
oleogel ratio was that, as the CW concentration increased the hardness of the oleogel phase ought to increase.
This behavior of the CW oleogels was previously reported by our group (Toro-Vazquez et al., 2007). Because
the systems developed were W/O emulsions structured by the oleogel developed in the continuous oil phase,
as the CW concentration increased, we obtained emulsions with a harder oleogel phase and, subsequently,
emulsions of higher elasticity (i.e., higher G’, Fig 6). It is important to note that at all CW concentrations
studied, after the 20 days of storage we observed a decrease in the elasticity of all emulsions. Nevertheless,
independent of the CW concentration in the emulsion, the decrease in G’ was significant just in the emulsions
formulated with the 60:40 water to oleogel ratio (P < 0.01; Fig. 6). In the 40:60 and the 50:50 emulsions
the storage time effect on the emulsions’ G’ was not significant at any of the %CW used (Fig. 6). These
results corroborated that at the highest proportion of water utilized (i.e., 60:40 water to oleogel ratio), the
amount of surface-active compounds present in the CW was insufficient to achieve an efficient emulsification
of the water phase. Therefore, independent of the %CW used in the emulsions, we obtained larger water
droplet diameters in the 60:40 emulsions (Figs. 1, Fig. 1SM, and Fig. 2) that resulted in emulsions with
higher instability when compared with the 40:60 and 50:50 emulsions (Fig. 4).

As indicated in the methodology section, the Rigs and Rggp s of the emulsions were determined from the
corresponding time-dependent recovery profiles of the emulsions. The Fig. 4SM shows the time-dependent
recovery master curves for the 1.5% and 3% CW emulsions developed at the different water to oleogel ratios.
As a reference the Fig. 4SM-B indicates the points where G'ys, G'1ps, and the G’3p9 s were determined
to calculate, using the Egs. 1 and 2, the corresponding Rig s and Rggg s of the W/O emulsions stored 0
and 20 days at 25degC. The corresponding Rig s and Ragg s values were plotted as a function of the %CW
and the water to oleogel proportion in the emulsions (Fig. 7). The results showed that, independent of
the storage time, the emulsions with the highest Rig s and Rs3pg s were those formulated between 0.75% and
2.25% CW in the emulsions using water to oleogel proportions of 40:60 and 50:50. In contrast, the emulsions
developed with CW concentrations between 0.75% and 3% at the 60:40 water to oleogel proportion always
had the lowest Rig sand Rsgg s values. These results indicated that the 60:40 emulsions, the ones with the
larger water droplet diameters (Figs. 1 and 2), showed lower recovery capacity after deformation than the
emulsions with a smaller water droplet diameter (i.e., the 40:60 and the 50:50 emulsions). From here and
considering the previous results we concluded that the W/O emulsions formulated with water to oleogel
ratios of 40:60 and 50:50 with CW concentrations between 1.5% and 3%, provided the better rheological
behavior and were the most stables, even after two freeze-thaw cycles after storage for 20 days at 25degC.

4. Conclusions

A recent publication (Penagos et al., 2023) showed that carnauba wax and beeswax can develop structured
W/O emulsions stabilized through the Pickering effect and by a network of wax crystal dispersed through



the oil phase. Based on contact angle measurement these authors discarded the CW as a tentative stabilizer
of W/O emulsions, although under the conditions used (i.e., pre-emulsification step at 90degC followed by a
dynamic crystallization step up to achieving 5degC) no W/O emulsions were done with the CW (Penagos et
al., 2023). The results obtained in the present study showed that, under the time-temperature conditions used
initially to develop a CW oleogel (i.e., cooling stage from 90degC to 25degC) followed by an emulsification
process at 25degC, the CW can develop structured W/O emulsions with stability to freeze/thaw cycles
even after 20 days of storage at 25degC. Under these processing conditions [?]26% of the CW components
remained in the oil phase (i.e., triterpenic alcohols, esters of triterpenic alcohols, aliphatic alcohols, and fatty
acids) and [?]73% of the CW components, mainly n -alkanes and long chain esters, developed an oleogel.
We considered that the CW components remaining in the oil phase, could act as surface-active agents at the
oil-water interface during the emulsification process stabilizing the water droplets. An additional stabilizing
phenomenon of the CW emulsions was the hardness (i.e., elasticity) of the oleogel phase surrounding the
water droplets. This oleogel, developed during the cooling stage before water addition, was structured
through the crystallization of the constitutive n -alkanes and long chain esters of the CW. Consequently, a
great extent of the rheological properties of the oleogel, essentially determined by the CW concentration,
determined the elasticity (i.e., G’) of the W/O emulsions (Fig. 6). Thus, at a constant water to oleogel ratio
the G’ of the emulsions increased exponentially as the CW concentration increased. An additional factor
that determined the CW emulsions’ rheology was the reduction in the water droplet diameter (i.e., decrease
in the WDDyg7 59, of the emulsions) associated with the emulsifying effect of the surface-active component
of the CW. However, the emulsifying effect of the CW to decrease the WDDygy 59 of the emulsions (Fig. 2)
that subsequently resulted in an increment in the emulsion’s G’, depended on the water proportion in the
emulsions. This was because, as the water fraction increased the amount of surface-active compounds of the
CW became the limiting factor to achieve an efficient emulsification of the water phase. Consequently, when
compared with the WDDgr7 59, observed in the 40:60 and 50:50 emulsions, we obtained larger water droplet
diameters (i.e., higher WDDyg7 50, in the emulsions) in the 60:40 emulsions (Fig. 2). Therefore, independent
of the CW concentration the emulsions developed at the higher water to oleogel proportion (i.e., 60:40), were
also the ones showing the lower stability, as assessed by the freeze-thaw cycles applied by DSC (Fig. 4).
The emulsions developed with the lower CW concentration, which represented the condition of most limiting
concentration of surface-active compounds of the CW, also showed low emulsion stability that became more
evident as the water to oleogel proportion increased (Fig. 4A). Our results indicated that the W /O emulsions
formulated with water to oleogel ratios of 40:60 and 50:50 and with CW concentrations between 1.5% and
3%, were the most stable even after two freeze-thaw cycles applied emulsions stored for 20 days at 25degC.
Finally, commercial standard and light mayonnaises observed similar rheological behavior than several W/O
emulsions developed with the CW. Within this context, Figure 8 shows the time-dependent recovery profiles
of commercial standard mayonnaise (M-1 with 46.4% +- 0.2% water and 40.3% —+- 0.2% vegetal oil; M-2
with 12.0% +- 0.1% water and 85.3% +- 3.2% vegetal oil) (Fig. 8A) and commercial light mayonnaise
(LM-1 with 61.3% +- 1.3% water and 22.4% +- 0.2% vegetal oil; LM-2 with 49.9% +- 0.2% water and
17.4% +- 4.7% vegetal oil) (Fig. 8B). The rheological profiles of these commercial mayonnaise are shown in
comparison with the recovery profiles of structured W/O emulsions formulated with 40:60 and 50:50 water
to oleogel ratios and 1.5% CW after 20 days of storage at 25degC. Evidently, the recovery profiles of the
1.5% CW emulsions formulated with water to oleogel ratios of 40:60 and 50:50 even after 20 days of storage,
showed a rheological behavior closer to the ones observed by the standard mayonnaise (Fig. 8A). This
in spite that, according to the mayonnaises’ manufacturers, the water emulsification was done using highly
efficient industrial homogenizers and stabilized with a combination of emulsifiers (i.e., egg yolk, whey protein,
ovalbumin/egg white powder) and gelling agents (i.e., xanthan gum, modified starch). Consequently, when
observed under the PLM the water droplets’ diameter of the commercial mayonnaise was substantially smaller
(data not shown) than the ones obtained with the blender used to develop the CW emulsions. The results
of this study showed that CW is a multifunctional ingredient suitable for the elaboration of stable edible
structured W/O emulsions. It is important to point out that under similar processing conditions other
vegetable waxes (i.e., rice bran wax, carnauba wax) developed W/O emulsions. However, the emulsions
developed by these waxes showed poor texture that after a few hours (i.e., rice bran wax) or after 3 to 4

10



days (i.e., carnauba) showed phase separation. In contrast, the mayonnaise-like W/O emulsions developed
with CW concentrations between 1.5% and 3% using water to oleogel ratios of 40:60 and 50:50 did not have
the waxy flavor characteristic of the CW oleogels, and were stable not showing phase separation even after
6 months at 25degC. Currently we are evaluating the development of CW emulsions utilizing a tabletop
homogenizer under different time/temperature and shearing rate conditions using vegetable and mineral oil
as the continuous phase.
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