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ARTICLE INFO ABSTRACT

Keywords: Oleogels are made by structuring oils with an oleogelator, e.g., ethyl cellulose (EC), and can be used as fat re-
Carotenoids placers in foods. Also, oleogels made from oils rich in bioactives, e.g., tucuma oil (TCO), could possess additional
Rheol(;lgy L nutritional benefits. However, sensitive compounds are often degraded during the harsh conditions of most
Tocop! erols oleogelation procedures. Here we present an adapted low-temperature indirect method (IM) to structure TCO
Electron spin resonance . . g . . . . .

Microstructure with EC, which is based on emulsification with aqueous ethanol as continuous phase, and the physicochemical

properties are compared to oleogels with the same composition but produced by a direct method (DM) at high
temperature. For IM, TCO was emulsified with EC ethanolic dispersions, followed by solvent removal and
shearing. DM resulted in weak gels (G* < 10000 Pa), with low oil binding capacity (OBC) (12.63-66.26%), low
carotenoid retention (CR) (20.7-31.6%) and complete depletion of a-tocopherol. Conversely, IM provided strong
oleogels (G’ > 10000 Pa), with high OBC (87.82-100.04%), CR (>95%) and a-tocopherol content (293-322 mg/
kg). TCO oleogels with different physical properties and retention of sensitive compounds were obtained by DM
and IM, showing the potential of IM oleogelation to preserve bioactives in the oleogels and producing healthier

fat alternatives for the food industry.

1. Introduction

Oleogelation is a promising technique for the production of new food
structures termed oleogels. These are solid-like materials obtained by
structuring liquid lipids, usually vegetable oils, using so called oleoge-
lators. The main advantage of edible oleogels is the possibility of partial
or total substitution of solid saturated fats, thus improving the fatty acid
profile of foods, without significantly affecting its textural properties
(Martins et al., 2018).

The principle behind oleogelation is the formation of a three-
dimensional network that entraps the oil, changing its physical prop-
erties from liquid to a firm gel-like structure (Li et al., 2022). This can be
achieved by direct oleogelation, which consists of simply applying a
heating step to dissolve the oleogelator in the oil phase, followed by a
cooling step during which the structuring matrix is formed, and the oil
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mixture solidifies into a gel. One limitation of this technique is the low
availability of food-grade materials with direct gelling ability that can be
used as oleogelators. In fact, ethyl cellulose (EC, a semi-crystalline cel-
lulose derivative) is one of the few food-grade polymers, if not the only
one, capable of gelling oil directly (O’Sullivan et al., 2016; Pinto et al.,
2021). Heating above its glass transition (~140 °C) or melting tem-
perature (~180 °C) is necessary to dissolve it in the lipid phases. Sub-
sequent cooling promotes interactions between EC chains through
hydrogen bonding, resulting in a polymeric network (Davidovich-Pinhas
et al., 2014; Davidovich-Pinhas, Gravelle, et al., 2015). The use of high
temperatures in this process is a disadvantage since it accelerates
oxidative degradation of many components of the lipid phase, especially
polyunsaturated fatty acids, and bioactive compounds (Alongi et al.,
2022; Zhang et al., 2019).

Conversely, indirect oleogelation approaches usually do not involve
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heating. Among them, the emulsion-templated method is based on
preparation of an oil-in-water emulsion, followed by complete removal
of the continuous phase through a drying process and shearing of the
dried material (Patel et al., 2015). As a result, the microstructure of the
obtained oleogels consists of oil droplets packed inside a network
formed from the original emulsion interface (Tavernier et al., 2017).
Apart from the use of low temperatures, another advantage of this
method is the higher number of food-grade polymers suitable as emul-
sifiers/oleogelators to produce edible oleogels (Pinto et al., 2021).
Frequently, water-soluble, and amphiphilic proteins (Tavernier et al.,
2017; Vélez-Erazo et al., 2020), or polysaccharides (Espert et al., 2022;
Meng et al., 2018) are used for this purpose.

However, some biopolymers like zein and EC are poorly soluble in
both aqueous and oily phases at room temperature. Besides being food-
grade, these polymers are abundant, commercially available, biode-
gradable, biocompatible, and are obtained from renewable resources
(Ahmadi et al., 2022; Kasaai, 2018). Considering these examples of
promising biopolymers with restricted application for indirect oleoge-
lation, strategies to overcome this limitation should be created. In this
sense, the concept of oil in ethanol/water emulsions and the possibility
of emulsion stabilization based on ethanol-soluble components was
evaluated by Keshanidokht et al. (2022). The promising results obtained
suggests that a similar approach could be applied to other
ethanol-soluble polymers, such as EC, to produce oleogels by the
emulsion-templated method and thus avoid the extensive heating step
required when EC is used in the direct method. The application of the
emulsion-templated process could not only affect the chemical stability
of the oleogel in comparison to the direct oleogelation method, but also
the physical and rheological properties of the oleogel since the forma-
tion of the structuring network by the two techniques is based on
different principles and leads to distinct microstructures.

Regarding the lipid phase, the use of oils containing bioactive com-
pounds to produce oleogels would not only allow a reduction of satu-
rated fat in foods but also improve the nutritional value of such
products. In this sense, the fruits of Astrocaryum vulgare Mart, a palm tree
native to the Amazon rainforest, have a pulp rich in unsaturated lipids
that is consumed in natura in the northern Brazilian states. An orange oil
known as tucuma oil (TCO) is extracted from the fruits’ pulp. The oil
contains high amounts of carotenoids and tocopherols, and shows
antioxidant, anti-inflammatory and antihyperglycemic activities.
Despite these promising properties, the application of TCO in the food
industry is limited due to its instability under harsh processing condi-
tions, such as the high temperatures used during direct oleogelation
(Baldissera et al., 2017; Bony et al., 2012; Machado et al., 2022). In fact,
both carotenoids and tocopherols are easily degraded at high tempera-
tures or by oxidation (Park et al., 2018; Rodriguez-Amaya, 2001, p. 64)
and this calls for a gentle method for oil gelation that does not involve
heating.

There are no examples in the literature of the production of TCO
oleogels by any oleogelation method; in addition, emulsion-templated
oleogelation using EC as emulsifier/oleogelator has not been reported
and a direct comparison of the consequences of either applying direct or
indirect oleogelation with the same oleogelator has until now never
been evaluated as the two principles normally require oleogelators with
different solubility properties. This work is based on the hypothesis that
different oleogelation procedures can significantly affect the final
structures and physicochemical properties of oleogels presenting the
same composition in terms of oil and oleogelator. Here we present a low-
temperature process based on the emulsion-templated oleogelation,
using oil in ethanol/water emulsions stabilized by EC, to produce TCO
oleogels. Their properties in terms of rheology, oil binding capacity and
retention of heat and oxidation-susceptible bioactives have been
compared with EC oleogels of the same composition but made by the
direct method involving high temperatures. We aim to demonstrate that
by tuning the system using a third solvent (ethanol) it is possible to
expand the emulsion-templated method to the use of oleogelators
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otherwise insoluble in water and to avoid the detrimental heating step of
direct oleogelation.

2. Material and methods
2.1. Materials

TCO extracted by cold pressing was provided by Amazon Oil Industry
(Ananindeua, Brazil), according to which the fatty acid profile of the oil
consists of 23-28% palmitic acid, 2-3% stearic acid, 60-68% oleic acid,
1-2% vaccenic acid, 1-3% linoleic acid, and 2-4% linolenic acid. Ethyl
cellulose, EC (viscosity of 10 cP; 9-11 mPa s; 5% in toluene/ethanol
80:20 (v/v); 48.0-49.5% ethoxy) was purchased from TCI Chemicals
(Tokyo Chemical Industry Co., Tokyo, Japan). Hexane (95% n-Hexane,
J.T.Baker®, Deventer, The Netherlands), ethanol (96%, Univar Solu-
tions, Malmo, Sweden), ethyl acetate (CHROMASOLV®, for HPLC,
>99.7%, Sigma-Aldrich, St. Louis, USA), n-heptane (CHEMSOLUTE®,
for HPLC, min. 99.2%, Th. Geyer, Renningen, Germany) and PBN (N-
tert-butyl-alpha-phenylnitrone, 98%, Alfa Aesar, Thermo Fisher Scien-
tific, Haverhill, USA) were used to characterize the samples.

2.2. Production of tucuma oil oleogels

2.2.1. Direct method (DM)

TCO and EC oleogels were produced according to the direct method
described by Zhang et al. (2019) with adaptations. EC (2.9, 5.7 and 8.2
g/100 g) and TCO were mixed and heated at 145 °C for 30 min using a
hot plate with continuous magnetic stirring (~550 rpm), to promote
dissolution of the polymer. Then, samples were cooled at room tem-
perature (~25 °C) and allowed to set for at least 16 h before analysis.
Pure TCO was also subjected to the heating conditions described above,
and it was used as a control treatment sample. The oleogels were pro-
duced in triplicate.

2.2.2. Indirect method (IM)

An emulsion-templated oleogelation approach was adapted from
Patel et al. (2015) and Keshanidokht et al. (2022) to prepare TCO and EC
oleogels by emulsification at low temperatures. This process will be
referred to as indirect method (IM). Initially, a preliminary study was
carried out to evaluate the effects of oil loading (40-60 g/100 g), ethanol
proportion in the solvent (70:30-90:10, v/v) and concentration of EC in
ethanol solution (2-9 g/100 g) on the characteristics of the obtained
oleogels. Based on these results (data not shown), oil loading and
ethanol proportion were fixed at 50 g/100 g and 80:20 (v/v), respec-
tively, and concentrations of EC in ethanol solution of 3, 6 and 9 g/100g
were chosen. This gave IM oleogels with final EC concentrations of 2.9,
5.7 and 8.2 g/100 g (after evaporation of ethanol and water). Similar
polymer proportions were used for production of TCO oleogels by DM.

In the first step of IM, ethanol:water (80:20, v/v) dispersions con-
taining EC at 3, 6 and 9 g/100 g were made by stirring (Fisherbrand™
3D Platform Rotator, Fisher Scientific, Waltham, USA) at 80 rpm for 36
h. Next, TCO and the dispersions (1:1, w/w, i.e., oil loading of 50 g/100
g) were emulsified at 12600 rpm for 4 min (ULTRA TURRAX IKA T25
digital, IKA®-Werke GmbH & CO., Staufen, Germany). Emulsions were
dried at room temperature (~25 °C) for 46 h, to allow complete ethanol
evaporation. Then, the samples were frozen at —80 °C (Sanyo Ultra Low,
Buch & Holm, Copenhagen, Denmark) and freeze-dried for 24 h
(Edwards, Buch % Holm, Copenhagen, Denmark). Finally, dry materials
were manually sheared, resulting in TCO oleogels with final EC con-
centrations of 2.9, 5.7 and 8.2 g/100 g. During both oleogelation pro-
cesses, the samples were protected from light to avoid degradation of the
bioactive compounds in TCO. The oleogels were prepared in triplicate.
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2.3. Physical characterization of tucuma oil oleogels

2.3.1. Rheology

Rheological properties of the oleogels were evaluated using a Dis-
covery rheometer (Discovery HR-2 Hybrid Rheometer, TA Instruments,
New Castle, USA) with a temperature control system. All experiments
were carried out in triplicate (one measurement for three replicated
experimental units of each treatment), using a 25 mm parallel plate
geometry with crosshatched surface, and working gap of 1 mm. Data
were analyzed using the software TRIOS (Version 5.1.1, TA Instruments,
New Castle, USA).

2.3.1.1. Amplitude and frequency sweeps. The storage (G) and loss
modulus (G") of the samples were recorded over the range of oscillatory
strain (y) 0.01-1000% at a fixed angular frequency () of 6.28 rad s 1to
determine the Linear Viscoelastic Region (LVR) and the crossover point
(G’ = G"). Then, angular frequencies varying from 100.0 to 0.1 rad s 7,
at a fixed strain of 0.05% (within the LVR), were used to evaluate the G’
and G” of oleogels over the applied . All the measurements were per-
formed at 25 °C.

2.3.1.2. Temperature sweep. The thermal properties of oleogels, as
expressed by G’ and G’, were characterized over two temperature cycles,
consisting of an initial heating from 25 to 150 °C, followed by cooling
from 150 to 25 °C. This range was chosen based on the temperature
applied for production of oleogels by DM. Experiments were conducted
at fixed o (6.28 rad.s’'1) and y (0.05%), with a heating/cooling rate of
5 °C.min" .

2.3.2. Oil binding capacity (OBC)

The OBC of oleogels was determined by centrifugation, according to
Liu et al. (2020). About 1 g of each oleogel was added to previously
weighed Eppendorf tubes, which were then centrifuged (Fisherbrand™
accuSpin™ Micro 17, Thermo Fisher Scientific, Osterode am Harz,
Germany) at 10000 x g for 10 min, at 25 °C. Next, the top layer consisting
of released oil was removed, and the tubes were weighed again. The
OBC, in %, was determined through Equation (1):

Wi

0BC (%):wa

x 100

Equation (1)

where w; and wy are the initial and final weights of oleogel, respectively,
in g; and ¢ is the proportion of oil composing the sample. Analyses were
performed six times (two measurements for three replicated experi-
mental units of each treatment).

2.3.3. Multi-photon microscopy

The oleogel microstructure was visualized by a combination of label-
free multi-photon microscopy methods: coherent anti-Stokes Raman
scattering (CARS) microscopy was used for visualizing the oil phase
exciting the symmetric —CHy stretch (2845 cm’l), while second har-
monic generation (SHG)/multi-photon auto-fluorescence microscopy
was used for simultaneous visualization of the EC phase. Imaging was
done on a Leica SP8 microscope (Leica Microsystems GmbH, Mannhein,
Germany) equipped with a picoEmerald multi-photon laser (APE, Berlin,
Germany) operated at 1064 nm and 817 nm. The signal was recorded in
the epi-direction splitting the CARS/SHG signals by a dichroic mirror at
560 nm and passing the signals through, respectively, a broadband 510/
100 and a bandgap 661/11 Brightline HC filter (AHF analysentechnik
AG, Tiibingen, Germany) before detection on photomultiplier tube
(PMT) detectors. All images were acquired at room temperature using a
40x HC PL IRAPO 1.1 NA Leica objective and adjusting the laser in-
tensity for each sample. Samples were placed on #1.5 coverslips and
images of 388 x 388 ym? and 150 nm pixel size were acquired at z = 10
pm distance from the glass surface. Imaging was done in triplicates on
two independently prepared oleogel samples. For display,
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representative images were selected, a Gaussian blur background sub-
traction was performed, and images were contrast-enhanced to high-
light structural features.

2.4. Chemical characterization of tucuma oil oleogels

2.4.1. Total carotenoid content

Total carotenoids of the oleogels and pure TCO (heated and un-
heated) were quantified according to O’Sullivan et al. (2017) with ad-
aptations. For pure oil, about 0.01-0.03 g of sample was dissolved in 5
mL of hexane, and the absorbance of the solution was measured at 450
nm in a spectrophotometer (Evolution™ 350 UV-Vis Spectrophotom-
eter, Thermo Scientific, Waltham, USA) using a quartz cuvette and
hexane as blank. For oleogels, approximately 0.01-0.04 g of each ma-
terial was added with 5 mL of hexane, and the mixtures were vortexed at
2200 rpm for 1 min (MS2 Minishaker, IKA, Wilmington, USA). Then, 1.5
mL of the liquid was transferred to an Eppendorf tube and centrifuged
(Fisherbrand™ accuSpin™ Micro 17, Thermo Fisher Scientific, Osterode
am Harz, Germany) at 17000xg for 15 min, at 25 °C. The absorbance of
the supernatant was evaluated in the UV-VIS spectrophotometer under
the same conditions. Analyses were carried out in quadruplicate (two
measurements for two replicated experimental units of each treatment).
And the total carotenoid content, in mg/Kgsample, Was calculated from
Equation (2) (Rodriguez-Amaya & Kimura, 2004):

Total carotenoid content (mg / kg) = (A x V x 10000) / (A}”

lem

xqua)

Equation (2)

where A = absorbance, V = hexane volume (mL), A1% = f-carotene
absorption coefficient in hexane (2560, according to Hart and Scott
(1995)); m = mass of sample (g); and ¢ is the oil fraction in the sample.

Carotenoid retention (expressed as %) in pure heated oil and oleogels
was determined by comparing the total carotenoid contents of the

samples to that of pure unheated oil.

2.4.2. a-Tocopherol content

The content of a-tocopherol in TCO oleogels was quantified by High
Performance Liquid Chromatography (HPLC), using a Supelcosil LC-
NH2 column (25 cm x 4.6 mm, 5 pm; Supelco, Sigma-Aldrich, St.
Louis, USA), and coupled with a fluorescence detector (1260/1290 In-
finity, Agilent Technologies, Santa Clara, USA). For a-tocopherol
extraction, about 0.02-0.10 g of sample was dissolved in 1 mL of hep-
tane and vortexed at 1800 rpm for 30 s (MS2 Minishaker, IKA, Wil-
mington, USA). The solutions were centrifuged (Fisherbrand™
accuSpin™ Micro 17, Thermo Fisher Scientific, Osterode am Harz,
Germany) at 10000xg for 10 min (25 °C) and filtered (0.22 pm pore
size). Isocratic elution was performed with heptane/ethyl acetate
(70:30, v/v) as mobile phase, at 1 mL/min, for 14 min. The bioactive
was detected at excitation and emission wavelengths of 295 and 330 nm,
respectively, and quantified through an a-tocopherol calibration curve.
Analyses were repeated six times (two measurements for three repli-
cated experimental units of each treatment).

2.4.3. Oxidative stability evaluation by electron spin resonance (ESR)
The susceptibility to oxidation of pure TCO and TCO oleogels was
assessed with ESR spectrometry (MiniScope MS 5000, Magnettech,
Freiberg Instruments, Freiberg, Germany), using PBN as spin trap.
Before analysis, the samples were mixed with a PBN solution in ethyl
acetate (10.65 g/L) at 1:1 (w/v), and the mixtures were vortexed at
1800 rpm for 30 s (MS2 Minishaker, IKA, Wilmington, USA). Then,
samples were stored under accelerated oxidation conditions, protected
from light in a water bath at 60 °C (Julabo, Buch & Holm, Seelbach,
Germany), for 24 h. At times 0, 4, 6, 8, 10, 12 and 24 h, an aliquot of
each solution was taken with a 50 pL microcapillary tube and analyzed
using magnetic field ranging from 325 to 350 mT, modulation amplitude
of 0.2 mT and sweep time of 60 s. Determinations were performed in
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quadruplicate (two measurements for two replicated experimental units
of each treatment), at room temperature. Results were expressed as in-
tensity of radical formation over time, which was determined by
measuring the amplitude of the second peak of each spectrum (as indi-
cated in Fig. S2).

2.5. Statistical analysis

Data were analyzed using Statistica software (STATISTICA, version
13.5.0.17, TIBCO Software Inc., Palo Alto, USA). ANOVA and post-hoc
Tukey’s tests were performed, with a significance level of 0.05.

3. Results
3.1. Preparation and physical characterization of tucuma oil oleogels

TCO was structured with EC through a direct method (DM) involving
a heating step, and by an indirect method (IM) at low temperature,
based on adaptation of the emulsion-templated approach, using oil in
ethanol emulsions rather than oil in water emulsions in order to make EC
soluble in the continuous phase. Oleogels produced by IM at all EC
concentrations were solid-like, self-standing and with an intense orange
color (Fig. 1). Apparently, increasing the proportion of EC had little
impact on the visual characteristics of these materials. On the other
hand, a clear effect of polymer concentration was observed for samples
obtained by DM, since those with 2.9 and 5.7 g of EC/100 g appeared as
viscous liquids, while a solid-like material was achieved only at 8.2 g of
EC/100 g. In addition, DM oleogels had a clearly lighter orange color
than the IM ones, which could indicate degradation of the natural ca-
rotenoids of the tucuma oil due to the heating involved in the process.

The rheological properties of the oleogels are presented in Figs. 2 and
3. According to the amplitude sweep rheograms (Fig. 2), at low strain
(LVR) G is higher than G” for all samples, independent of the oleoge-
lation method and EC concentration. Also, at 0.01% strain, IM samples
show much higher G' and G" values than DM samples (G around
10°-10° Pa for IM and 102-10° Pa for DM). For IM oleogels, the change
in polymer proportion from 2.9 to 5.7 g/100 g caused an increase of
approximately one order of magnitude in both rheological parameters
(G from ~10° to 10° Pa, and G’ from ~10* to 10° Pa), but no significant
difference was observed after further increase of EC content. In contrast,
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G and G' increased with the amount of polymer added to DM
formulations.

The LVR is quite similar for all oleogels, ranging from 0.01 to ~1%
strain. The gradual decrease in both moduli above the LVR reveals that
all samples presented shear thinning response upon deformation,
resulting in eventual collapse of the polymer network and, ultimately,
liquid flow (G" > G). Aguilar-Zarate et al. (2019) reported the same
viscoelastic behavior for high oleic canola oil oleogels obtained with
varying proportions of EC and lecithin by direct oleogelation. They
observed that above the LVR (~1-5% strain), the G’ and G’ of all samples
decreased gradually, revealing elastic softening and viscous thinning
due to the applied deformation.

Regarding the crossover point, where G’ equals G’, a higher strain
was necessary to change the behavior of IM samples (~300% strain),
while values between 3 and 30% were enough to cause the same effect in
DM oleogels. Briefly, this point indicates the yielding point or the
transition of the material from a solid-like to a liquid-like behavior. The
results suggest that IM produced structures with greater resistance upon
deformation. In addition, for materials obtained by IM, the EC concen-
tration did not affect the crossover strain, while for DM samples, the
higher the amount of polymer, the higher the crossover strain. No
comparable results were found in the literature for IM oleogels, but low
crossover strains (~6%) have also been observed for high oleic safflower
oil structured with EC (4 cP, 7% w/w) and glyceryl monostearate (GMS,
0.5-1.0% w/w) by direct oleogelation (Garcia-Ortega et al., 2021).

Angular frequency sweep results (Fig. S1) revealed that rheological
properties of the oleogels prepared by IM were not significantly affected
over the studied range of frequency, while DM samples with the lowest
EC proportions (2.9 and 5.7 g/100 g) showed frequency dependence, as
revealed by a crossover between G’ and G” at values higher than 10 rad
5L, This means that IM oleogels are more structured and stronger than
frequency-dependent DM samples. Such an interpretation has also been
presented by Khiabani et al. (2020), who observed that increasing the
proportion of adipic acid in soybean oil-carnauba wax oleogels resulted
in samples with less frequency dependence and, consequently, higher
gel strength. Moreover, according to Li et al. (2017), materials with
frequency independent storage and loss modulus are classified as “true
gels”, while those presenting frequency dependence are viscoelastic
“pseudo-gels”.

The influence of temperature on the rheological parameters of the

2.9% EC

Indirect Method

Direct Method

5.7% EC

8.2% EC

Fig. 1. TCO oleogels produced by direct (DM) and indirect (IM) methods at different EC concentrations (2.9, 5.7 and 8.2 g/100 g).
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Fig. 2. Rheological properties of oleogels. Amplitude sweep curves of TCO oleogels obtained through DM and IM techniques (with 2.9, 5.7 and 8.2 g of EC/100 g) at
25 °C, over the oscillatory strain range of 0.01-1000% and a fixed angular frequency of 6.28 rad s™'. In the graph: ( @ ) G'and ( & ) G".

oleogels was also measured. The samples obtained by DM and IM show
completely different behaviors after heating/cooling cycles (Fig. 3). G
and G' of DM oleogels diminished progressively during heating from 25
to 150 °C, indicating that they become gradually softer as the temper-
ature increases. Above approximately 100-120 °C, the storage and loss
modulus could not be detected, as evidenced by the noisy curves,
probably because of intense softening of the samples. However, it is not
clear if the gels shift to liquid-like behavior at the end of heating since G
and G’ values cannot be effectively compared. Upon cooling, DM oleo-
gels turn stronger and end up with higher G'and G than observed before
heating. This difference between gel strength at the end of cooling and at
the beginning of heating is less evident as the EC proportion changes
from 2.9 to 8.2 /100 g.

IM oleogels showed almost constant G’ and G" when heated up to
~110 °C, and a sharp decrease of the parameters happened above this
temperature, revealing intense softening. Despite that, the behavior of
samples did not become liquid-like since G’ remained higher than G". As
the materials were cooled, the storage and loss modulus increased pro-
gressively until reaching a slight inflection point at about 70-80 °C, and
below this temperature, stiffening was less pronounced. In this case,
independent of EC concentration, oleogels were less strong after a
heating/cooling cycle than before analysis.

IM oleogels presented higher oil binding capacity (OBC)
(87.82-100.04%) than DM oleogels (12.63-66.26%) (Fig. 4). For

samples made by direct oleogelation, the increase in EC concentration
from 2.9 to 8.2 g/100 g resulted in significantly higher OBC values,
revealing an almost linear dependency. A similar but less evident effect
was found for IM oleogels. In this case, increasing EC proportion from
2.9 to 5.7 g/100 g improved the OBC of samples, but adding more
polymer to the formulation had no significant impact on the OBC.

The microstructure of oleogels obtained by DM and IM at different
EC proportions was evaluated by CARS (oil phase) and SHG microscopy
(EC phase) (Fig. 5). Images show that the signals from the two phases are
clearly separated from each other and complementary. The images
further show DM samples were not as SHG active, giving a weaker
signal, and that structures were more diffuse. On the other hand, the
microstructure of IM oleogels can be seen as oil droplets of quite uniform
size distribution, delimited by a thin EC network.

3.2. Chemical characterization of tucuma oil oleogels

Oleogels made by IM had high contents of total carotenoids, which
did not significantly differ from the amount found in pure TCO (Table 1).
In fact, the retention of carotenoids in these oleogels, calculated relative
to the level of total carotenoids of unprocessed oil, was higher than 95%
regardless of EC concentration. Heated TCO and DM oleogels, had much
lower levels of total carotenoids compared to IM samples, and the
carotenoid content decreased significantly from 31.6% to 20.7% as the
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Fig. 3. Rheological properties of oleogels. Temperature sweep curves of TCO oleogels produced by DM and IM oleogelation, containing 2.9, 5.7 and 8.2 g of EC/100
g. A heating cycle from 25 to 150 °C was first performed, followed by a cooling cycle back to 25 °C. Measurements were carried out at fixed angular frequency (6.28

rad.s’1) and strain (0.05%), with a heating/cooling rate of 5 °C.min". In the graph: ( # ) G’ - heating cycle; ( ¢ ) G" - heating cycle; ( # ) G’ — cooling cycle;

( &3 ) G" - cooling cycle.

proportion of EC increased from 2.9 to 8.2 g/100 g. Regarding
a-tocopherol content, a slight decrease was seen as the amount of
polymer was increased from 0 (pure oil) to 8.2 g/100 g, for oleogels
produced indirectly, however, the decrease was found not to be statis-
tically significant. Retention of this antioxidant in IM oleogels was above
89%. In contrast, a-tocopherol could not be detected in pure heated oil
and DM oleogels most likely due to the harsher oxidative conditions
during this preparation method.

The oxidative stability of the oleogels and pure TCO was evaluated
by their tendency to generate radicals during gentle heating as evaluated
by ESR spectroscopy. The ESR spectra of the different materials (Fig. S2)
presented three broad lines with hyperfine coupling constant ay = 1.49
mT, which is typical for nitroxyl spin adducts of lipid-derived radicals
(Merkx et al., 2021; Velasco et al., 2005). The proton coupling constant
(ay) could not be determined due to line broadening. For all samples,
radical formation occurs at a slow rate during the first 12 h of storage
under accelerated oxidation conditions, but a sharp increase happens
after this time (Fig. 6). Pure TCO and oleogels produced by IM gave
higher levels of radicals, while the second group represents the pure
heated oil and DM oleogels, which showed lower rates of radical
formation.

4. Discussion

Indirect oleogelation was shown to be a gentle method for making
oleogels without major losses of heat and oxidation sensitive compo-
nents. Assessment of carotenoid retention in oleogels after gelation has
not been previously reported, but some studies have evaluated the
degradation of other bioactives during oleogelation. Alongi et al. (2022)
observed losses of a-tocopherol, tyrosol and hydroxytyrosol of ~37, 53
and 52%, respectively after structuring extra virgin olive oil with EC,
and they attributed these results to the high temperature used during the
process (140 °C). In addition, the extent of degradation was dependent
upon the type of oleogelator and its gelation temperature, since struc-
turing the same oil with saturated monoglycerides caused less oxidation
of bioactives (~31, 23 and 22%, for a-tocopherol, tyrosol and hydrox-
ytyrosol, respectively) as the result of a milder heating process (80 °C).

In the present study, DM oleogels had a visually lighter orange color
than IM gels, indicating that carotenoids were degraded due to the
extensive heating involved in the DM oleogelation, and this loss was
confirmed by the lower carotenoid content of DM samples. Besides
oxidation, carotenoids undergo cis-trans isomerization when exposed to
high temperatures, as recently modelled by Schjoerring-Thyssen et al.
(2020). The almost complete retention of carotenoids in IM oleogels can



P.D.F. Santos et al.

100 A A
S B o
2 80 .
.g a
Q
@© 60+
O
ccn b
S 404
£
[a1]
o) 20 c
0'- T T T
N\ N\ » & »
c\oo q°\°\ o\oo /\"\(’\ o\oo q‘:\(’
WQ’ 94 (,;\ o cb(.]’ D

Fig. 4. Oil binding capacity (%) of oleogels produced by DM and IM methods,
containing 2.9, 5.7 and 8.2 g of EC/100 g. Values are mean =+ standard devi-
ation (n = 6). Different lower case/capital letters indicate significant differ-
ences (p < 0.05) at varying EC proportions, for a fixed method.

thus be explained by the milder temperatures during their preparation.
A small decrease in carotenoid retention was observed for DM samples
with increased EC content. This is seemingly in contrast with the find-
ings of Cui et al. (2019), who reported that increasing the proportion of
structuring agent (monoglyceride) from 10 to 20 g/100 g improved
p-carotene retention from 49.81 to 71.85%, in corn oil oleogels stored
for 24 days at 25 °C. According to the authors, the higher content of
structuring agent produced a more compact and stronger gel network,
which acted as a physical barrier to prevent the mobility of p-carotene
within the oleogel and the diffusion of oxidative species into the sam-
ples. This protective effect was not observed for the range of EC pro-
portions evaluated in the present study.

a-Tocopherol was preferentially oxidized over carotenoids in TCO
oleogels, as carotenoids could be quantified in DM samples, whereas the
a-tocopherol content was below the detection limit. Oxidized caroten-
oids can be regenerated by a-tocopherol thus preserving the pigments
(Shibasaki-Kitakawa et al., 2004; Yi et al., 2011). These results have an
interesting relationship with those of ESR analysis. Pure heated oil and
DM samples showed a lower intensity of radical formation than un-
heated TCO and IM oleogels, which had the highest carotenoid levels.
According to Menezes et al. (2022), TCO contains approximately 65%
oleic acid, 26% palmitic acid and a low level of polyunsaturated fatty
acids (less than 10%). This makes the oil only moderately sensitive to-
wards radical initiated autoxidation. It is therefore likely that the main
oxidation and radical generating event occurring in TCO and the oleo-
gels is the degradation of the more easily oxidized carotenoids and to-
copherols, rather than the oxidation of unsaturated fatty acids. This is in
agreement with results found by Shibasaki-Kitakawa et al. (2004) who
studied the oxidation kinetics of p-carotene in oleic acid in the presence
of a-tocopherol. Considering that carotenoids may act as antioxidants or
prooxidants depending on medium characteristics and that p-carotene
(the major carotenoid in TCO) has been demonstrated to have proox-
idant effects (Ribeiro et al., 2018; Zeb & Murkovic, 2011, 2013), the
high concentration of these pigments in the pure oil and IM oleogels
might have accelerated their oxidation, leading to intense radical for-
mation. This hypothesis corroborates with the findings of a study by
Henry et al. (1998), in which the presence of p-carotene at low levels did
not affect the oxidative stability of heated safflower oil, but where
concentrations higher than 500 ppm resulted in pro-oxidant activity and
faster lipid degradation (Henry et al., 1998).

The macroscopic appearance of TCO oleogels reveals that the oleo-
gelation method had a major impact on the physical properties of the
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samples. In fact, IM resulted in solid-like, self-standing oleogels even at
the lower EC concentration, which indicates that the dissolution and
arrangement of EC molecules may be more important than polymer
concentration on defining the oleogel structure.

The production of stiff polymeric gels relies on the formation of many
interactions between polymer chains, which occur more easily when
their dispersion in the oil/solvent is thermodynamically favorable
(Gravelle et al., 2016). Considering the oleogelation processes used in
this study, it is possible that the IM facilitated hydrogen bonding be-
tween EC molecules, since the polymer was completely dissolved in the
ethanol solution before emulsification, and consequently that its chains
were more extended and likely to interact with each other during
gelation. This, in turn, would result in a higher level of structure for-
mation, i.e., in a more organized and stronger microstructure. On the
other hand, during DM, incomplete dissolution of EC possibly happened
in the heating step, thus reducing the number of chains available for
network formation after cooling, producing a weaker microstructure
(Davidovich-Pinhas et al., 2014; Liu et al., 2020). Indeed, samples were
heated just above the glass transition temperature of EC, not above its
melting temperature, so the polymer was likely not fully dispersed in the
oil/solvent. The information above may explain why DM oleogels were
much softer and less resistant to deformation than the IM samples,
despite their composition being the same.

Imaging of the oleogels by multi-photon microscopy also showed
clear microstructural differences between samples obtained by DM and
IM. The weak SHG signals in DM oleogels may be related to the for-
mation of a weak and amorphous polymeric network, since this type of
microscopy has been used before for evaluation of semi-crystalline and
crystalline materials (Briiggemann et al., 2010; Song et al., 2018; Soto
et al., 2017). In fact, fading of SHG signal was associated with loss of
crystallinity during heating and swelling of starch in previous works
(Brackmann et al., 2011; Nessi et al., 2018). The translucent aspect of
DM oleogels obtained in the present study is further evidence of their
amorphous character. The three-dimensional network assembled after
direct gelation of EC-oleogels was previously elucidated as a coral-like
polymer frame, with irregular pores of micrometric size which are fil-
led with the oil phase (Zetzl et al., 2014). Conversely, the effective
assessment of IM oleogels’ microstructure by SHG suggests that
polymer-polymer interactions were possibly favored during solvent
removal, leading to a more dense and organized, semi-crystalline
structure, which explains the improved rheological properties of these
samples compared to DM ones. These results also make sense when
considering the OBC of the samples, since IM oleogels showed little to no
oil loss, due to their strong and highly structured polymeric network.

Regarding the thermal behavior of the oleogels, all samples were
thermo-reversible, regardless of gelation method and EC concentration,
meaning that they could restore their gel properties after thermal
treatment. However, hysteresis between the rheological parameters
obtained in the heating and cooling steps suggests only partial revers-
ibility, as demonstrated by findings of previous works (Davidovich-Pi-
nhas, Gravelle, et al.,, 2015; Principato et al., 2021). Increasing
temperature caused continuous weakening of DM oleogels due to
disruption of hydrogen bonds stabilizing the three-dimensional
network. In the case of IM oleogels, slight changes in both moduli
occurred during heating up to ~110 °C, indicating these samples were
more thermostable than DM oleogels over this temperature range. It is
possible that the higher level of organization of IM oleogels, as evi-
denced by the microscopy analysis, could have protected the gel struc-
ture from destabilization, even at high temperatures.

The different behavior of DM and IM oleogels at the end of the
heating/cooling cycles may be understood considering the effects of EC
dissolution and the cooling rate on gel strength. According to Davido-
vich-Pinhas, Gravelle, et al. (2015), the lower the cooling rate after
gelation, the stronger the oleogels, because the polymer chains have
enough time to arrange themselves in a more organized network, with
more junction zones, resulting in higher strength. This hypothesis can
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Fig. 5. Microscopy images of oleogels made with IM and DM using 2.9 and 8.2 g of EC/100 g. The oil-phase (blue) is visualized with CARS microscopy, while EC
(yellow) is visualized using SHG microscopy. The overlays show the complementary signal of the two phases. Scale bars 50 pm (notice that the bottom panel has a
longer scale bar). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

explain the thermal behavior of DM oleogels, considering that the
cooling rate was not controlled during oleogelation, and led to the for-
mation of a weak structure, as confirmed by microscopy images.
Conversely, a controlled and low cooling rate was applied during
rheology experiments (5 °C-min~1), allowing the EC molecules to form a
stronger network. In the case of IM oleogels, their stiff and more orga-
nized structure was partially lost after the heating cycle, and,

considering the absence of the ethanol solution that ensured complete
EC dissolution during IM oleogelation, and the properties of the samples
became similar to the DM oleogels. As a result, the restructuring of the
gel network during cooling was limited by a lower number of junction
zones between EC chains, leading to softer IM oleogels. However, these
explanations are limited by the lack of analyses evidencing the poten-
tially different number of interactions/bonds among EC molecules in the
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Table 1
Contents of bioactive compounds of pure TCO and TCO oleogels obtained by
direct and indirect oleogelation methods.

Sample  Total Carotenoid a-tocopherol a-tocopherol
carotenoid retention” (%)  content (mg/ retention” (%)
content (mg/ kg)
kg)
Indirect method
TCO 1129 + 127 - 330 + 287 -
2.9% 1123 + 232 97.5 £ 2.0° 322 + 32% 98 +12%
M

5.7% 1096 + 26 95.2 + 2.3% 300 + 6°° 91 +£ 72
M

8.2% 1105 + 8* 95.9 + 0.7° 293 + 17° 89 + 9%
M
Direct method
HTCO 326 + 39* 28.3 £ 3.4* - -
2.9% 364 + 13* 31.6 + 1.1 - -
DM

5.7% 265 + 9° 23.0 £ 0.8° - -
DM

8.2% 239 + 12° 20.7 + 1.0° - -
DM

Values are mean + standard deviation (n = 4-6). Different lower case/capital
letters in the same column indicate significant differences (p < 0.05) at varying
EC10 proportions, for a fixed method. TCO: pure oil; HTCO: pure heated oil; IM:
indirect method; DM: direct method.

2 In terms of the carotenoid content in the pure oil.

Y In terms of the a-tocopherol content in the pure oil.
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Fig. 6. Formation of PBN spin adducts detected by ESR spectroscopy due to
oxidation of pure TCO and TCO oleogels produced by DM and IM, during
storage at 60 °C in the dark. Signal intensity is reported as the amplitude of the
second peak in the ESR spectra. Values are mean =+ standard deviation (n = 4).
In the graph: (—>—) pure oil; (—+p—) pure heated oil; (——) 2.9%
IM; (—@—) 2.9% DM; (—7/=—) 57% IM; (—%—) 57% DM;
(——) 8.2% IM; (—#—) 8.2% DM.

DM and IM oleogels, which could confirm the correlation of the level of
polymer arrangement and network organization with the strength of
oleogels.

According to Patel et al. (2015), structured materials with a hardness
in the range 0.4-3.0 N are defined as soft solids, while oleogels should
present a gel stiffness G’ > 10000 Pa. Using this definition, none of the
samples produced by DM in the present work could be classified as
oleogels, since their storage modulus ranged from 71 to 1325 Pa.
Nevertheless, recent papers report the direct oleogelation of different
oils using EC as oleogelator, and define the obtained materials as
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oleogels, despite most of them also showing G’ < 10000 Pa (Eisa et al.,
2020; Fu et al., 2020; Liu et al., 2020; Zhang et al., 2019). Herein, only
the materials obtained by IM can be called oleogels based on their
rheological properties (90786 Pa < G’ < 795403 Pa).

5. Conclusion

An adapted oil in ethanol emulsion-templated approach and direct
oleogelation were successfully applied to structure TCO with EC,
resulting in oleogels with completely different physical and chemical
properties. The use of EC for indirect oleogelation, reported here for the
first time, promoted high levels of structuring even at low polymer
concentrations, which is interesting from industrial production
perspective due to reduced cost and smaller percentage of non-oil
components in the final product. In addition, the obtained samples
may find many applications in the food industry, including in formula-
tions processed under high shear and heating conditions, such as bakery
products, processed meats, and cheeses. In fact, the functionality of IM
oleogels would be retained after harsh food processes, considering their
physicochemical and rheological properties. Moreover, the visual aspect
of the oleogels, i.e., the orange color, could provide interesting sensory
attributes to the cited products. Overall, it is concluded that TCO oleo-
gels possess promising characteristics for replacement of saturated fat in
foods in parallel to their enrichment with bioactive compounds,
resulting in nutritionally improved products.
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