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Abstract 
This study aimed to develop multicomponent oleogels to achieve desirable technological properties, affordability, 
and enhanced sensory acceptance for future food applications. Two Central Composite Rotatable Designs (CCRD) 
were performed with three independent variables, monoacylglycerols (MG), candelilla wax (CLX), and hardfat (HF). 
One design used soybean oil oleogels (SB) and the other used high oleic sunflower oil oleogels (SF). The variable 
responses evaluated were hardness (N), oil loss (%), thermal stability, and visual strength. For SB oleogels, CLX was 
related to the variable that was superior concerning all technological properties as >2 N in hardness, no oil loss, 
and higher stability to thermal treatment. For SF oleogels, the MG and the interactions of MG, CLX, and HF showed 
significant technological properties, indicating that the three oleogelators can co-crystallize better together in this 
oil, thus obtaining the same results as CLX alone in higher amounts. 

Keywords: Oleogels; Multicomponent system; Physical properties; Structuration; Low sat; Zero trans. 

Resumo 
O objetivo deste estudo foi desenvolver oleogéis multicomponentes com propriedades tecnológicas desejáveis, baixo preço 
e boa aceitação sensorial, visando a futuras aplicações em alimentos. Para isso, dois delineamentos compostos centrais 
rotacionais (DCCR) com três variáveis independentes foram utilizados. As variáveis independentes foram monoacilgliceróis 
(MG), cera de candelilla (CLX) e hardfat (HF). Um primeiro DCCR foi feito para o óleo de soja (SB) e um segundo para o óleo 
de girassol alto oleico (SF). As variáveis resposta avaliadas foram dureza (N), perda de óleo (%), estabilidade térmica e 
estabilidade visual. Em oleogéis de SB, a CLX foi a única variável significativa em todas as propriedades tecnológicas: a CLX 
foi responsável por alcançar dureza > 2 N, ausência de perda de óleo e alta estabilidade térmica. Os oleogéis de SF, além de 
CLX, MG e das interações MG, CLX e HF, também apresentaram efeito significativo nas propriedades tecnológicas. Isso mostra 
que, especialmente no SF e na presença da combinação ternária MG:CLX:HF, os três estruturantes podem cocristalizar e 
oleogéis, com propriedades tecnológicas similares às dos oleogéis com CLX, em altas concentrações, podem ser obtidos. 

Palavras-chave: Oleogéis; Sistemas multicomponentes; Propriedades físicas; Estruturação; Baixo saturados; Zero trans. 
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Highlights 
• Monoglycerides (MG), candelilla wax (CLW), and crambe hardfat (HF) oleogels were evaluated as a 

fat replacer. 
• Two different oils- soybean (SB) and high oleic sunflower (SF)- were evaluated as lipid matrix. 
• CLW was the oleogelator that primarily influenced hardness and stability for SB. 
• In SF oleogels, the MG and HF were also significant about physical properties. 

1 Introduction 
In response to new regulations (U.S. Food and Drug Administration, 2013, 2015), recommendations 

(Food and Agriculture Organization of the United Nations, 2010; U.S. Department of Health, 2015), 
and changes in consumer preferences regarding fat consumption, the search for a healthier fat 
alternative to reduce saturated and trans-fat content has drawn the attention of food scientists and 
food producers in recent years. However, if unsaturated fatty acids directly replace Saturated Fatty 
Acids (SFA), the final structure of the product will not match the desired technological characteristics 
and consumer expectations (functional and sensorial properties). Consequently, a new strategy called 
oleogelation to structure liquid edible oil has been advocated to formulate healthier alternatives 
(oleogels) for saturated and trans-fats (Vieira et al., 2015). 

Oleogels are liquid lipid materials (oils) that are structured by a three-dimensional network formed of solid 
lipid or non-lipid materials (oleogelators) added in small concentrations (<10%) (Dassanayake et al., 2011). 

Oleogels might have a critical role in the food industry as healthier fat sources; however, like most 
novel-designed food systems, some issues must be addressed or minimized in order to achieve 
acceptable technological properties that make them available for industrial food applications 
(Patel et al., 2020). Nevertheless, the primary challenge with oleogels relates to their ability to mimic 
the mouthfeel and texture of commonly used fats. In this regard, the synergistic interaction between 
two different oleogelators for example, can alter the microstructural network and enhance the strength 
of the solid-like systems (Doan et al., 2018a, 2018b). Some multicomponent systems with food-grade 
combinations have been studied, such as waxes combinations (Doan et al., 2017a; Jana & Martini, 
2016); candelilla wax (CLX) + high melting point triacylglycerol’s (TAG) (Ramírez-Gómez et al., 
2016); waxes + monoacylglycerol (MG) (Silva et al., 2018b; Ögutcu & Yilmaz, 2014; Pérez-
martínez et al., 2019); MG + phytosterols (Bin Sintang et al., 2017); MG + HF (Silva & Danthine, 
2021); to name a few. These studies evaluated the benefit of reducing the total amount of oleogelators 
needed by synergic binary systems. However, in some cases, a binary mixture was not satisfactory. 
As an alternative, some ternary systems has recently been studied as hardfat +sorbitan monostearate 
(SMS) + CLX (Godoi et al., 2019, 2020), MG + beeswax + propolis wax (Fayaz et al., 2017), CLX + 
MG + hardfat (Silva et al., 2018a), phytosterol + γ-oryzanol + lecithin (Okuro et al., 2018). It is 
important to note that the limits and effects of each oleogelator as well as binary/ternary combinations 
of the physical properties of fats warrant additional exploration. One of the tools with which to 
evaluate these effects is the use of statistical designs (Giacomozzi et al., 2018; Godoi et al., 2019; 
Paglarini et al., 2018). 

Based on these previous studies and the need to continue to explore the use of multicomponent oleogels, 
the objective of this study was to produce an oleogel for future application in foods by using different 
combinations of a ternary oleogelator system with MG, HF and CLX. To evaluate whether or not the 
oleogelators interact among themselves and how they influence the technological properties, a Central 
Composite Rotatable Design (CCRD) was used to screen the concentrations in two liquid oils: soybean and 
high oleic sunflower oils. 
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2 Material and methods 

2.1 Materials 

Previous research has shown that the gelling properties of waxes depend not only on the type of wax but 
also on the oil used (Martini et al., 2015). Therefore, two different oils with specific compositions were used 
in this study. Soybean oil (SB) used in the study was purchased from the local market (Campinas, SP, Brazil), 
and high oleic sunflower oil (SF) was donated by ChemyUnion S.A. (Sorocaba, SP, Brazil). CLX was 
obtained from Koster Keunen Holland BV (Raamburg, NL). MG GRINDSTED® CRYSTALLIZER was 
obtained from DuPont Nutrition & Health (Barueri, SP, Brazil), and the fully HF was kindly donated by 
ChemyUnion S.A. (Sorocaba, SP, Brazil). 

2.2 Characterization of the lipid material 

2.2.1 Fatty acid composition 

The fatty acid composition of the oils, HF and MG, were determined using an Agilent 6850 Series Gas 
Chromatography (GC) system (Agilent Technologies, Santa Clara, CA, USA) equipped with a capillary 
column, following esterification according to a method described by Hartman & Lago (1973). Fatty acid 
methyl esters were separated using AOCS method Ce 2-66 (American Oil Chemists’ Society, 2009), 
employing a 60-m DB-23 capillary column (50% cyanopropyl methylpolysiloxane; Agilent Technologies) 
with an internal diameter of 0.25 mm, coated with a 0.25-µm film. Chromatography was performed under 
the following conditions: heating at 110 °C for 5 min in an oven; followed by heating to 215 °C at a rate of 
5 °C/min and holding at 215 °C for 24 min. The detector temperature was 280 °C, the injector temperature 
was 250 °C, helium was used as the carrier gas, the split ratio was 1:50, and the injection volume was 1.0 
µL. The qualitative composition was determined via area normalization and was expressed as the mass 
percentage. The analysis was performed in triplicate. 

2.2.2 Melting point (MP) 

The MP of the pure raw materials was measured using differential scanning calorimetry (DSC, TA 
Instruments, New Castle, DE). Between 10 and 15 mg of sample was weighted and hermetically sealed in 
aluminum pans and placed in the DSC. Samples were kept at 25 °C for 1 min for stabilization in the DSC, 
and then cooled to -20 °C at 5 °C/min. In order to allow for complete crystallization, the samples were held 
at -20 °C for 90 min. Finally, the samples were heated to 100 °C at 5 °C/min, and the MP temperature was 
measured based on the peak temperature of the higher melting peak (Kerr et al., 2011). 

2.3 Samples preparation 

Samples (500 mL) were prepared in duplicate by heating the oils to 80 °C under stirring using a heated 
stirring plate (350 rpm). Once the temperature was reached, the structuring agents were slowly added at the 
concentrations predefined in Table 1 and mixed until complete dissolution. In addition, the mixture was kept 
under agitation for 3 min. Hot samples were placed in 50 mL beakers and aluminum cylinders (20 mL) and 
stored at 5 °C for 24 h plus 25 °C for 24 h in order to form the gel. The physical properties of the gels formed 
as a result of this process were measured as described in detail below. All analyses described below were 
performed at 25 °C. 
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2.4 Physical analysis 

2.4.1 Hardness 

The oleogel hardness was evaluated after conditioning 40 mL of the sample in a 50 mL beaker for 24 h at 
5 °C and 24 h at 25 °C (48 h stabilization) using a texture stable MicroSystems model TA-XT2i (Godalming 
— UK) with a cylindrical probe (25 mm of diameter and 35 mm of high) and compression speed 1.0 mm/s. 
Four replicates of each sample were evaluated (Rocha et al., 2013). 

2.4.2 Thermal stability and visual evaluation 

Conditioned samples in a 50 mL beaker after 48 h of stabilization were evaluated at 25 °C and under 
temperature cycling (120 h at 40 °C) (Silva et al., 2019a). Samples were evaluated in terms of flowing 
behavior and superficial oil exudation. For this determination, a scale was developed to quantify the stability 
of the sample based on its behavior, where samples that were visually hard and did not flow or presented 
superficial oil exudation received a grade of 5. A sample that did not flow but showed slight superficial oil 
exudation was graded with a 4. Samples that started to flow slowly but exhibited a visual strong and 
acceptable structure were graded with a 3, and samples graded with a 2 were those that flowed easily. Samples 
graded with a 1 were those that only showed an increase in viscosity and turbidity compared to oil 
(Godoi et al., 2019). 

2.4.3 Oil Loss 

The oil loss method used was based on previous research (Lopez-Martínez et al., 2015). Approximately 
20 mL of oleogels were placed in small aluminum cylinders (3 cm diameter and 2 cm high). The cylinders 
were poured onto a weighted Petri plate with a filter paper (15 cm diameter) after 48 h stabilization. The Petri 
plate + filter paper was weighed after 24 h. All oleogel excess was removed from the top of the system (plate 
+ filter) and kept in the cylinders during the weighing to ensure that only the oil loss in the filter paper was 
measured. Four replicates of each sample were measured. Oil loss was calculated using Equation 1. 

( ) % 100Mf Mioil loss
Moleogel

−
= ×  (1) 

where Mf is related to the final mass (g) of the paper filter, Mi is the initial mass of the paper filter, and 
Moleogel is the total mass of the oleogel used in each replicate. 

2.4.4 Microstructure 

The crystal microstructure was evaluated using polarized light microscopy (PLM). An aliquot of 
crystallized sample was taken and placed between a slide and cover slide. The crystal microstructure was 
evaluated using a 20× magnification objective in a PLM (Olympus BX 41 Tokyo, Japan) equipped with an 
Infinity 2 digital camera (Lumenera Scientific, Infinity 2, Ottawa, ON, Canada). The size and number of 
crystals were measured using Image Pro-Plus software version 7.0 for Windows (Media Cybernetics, 
Rockville, MD, USA). 

2.5 Experiment design 

To study the way in which the concentration of MG, CLX, and HF affects the formation of an oleogel for 
application in food systems, a CCRD for three independent variables was performed. The independent 
variables (factors) were the concentration of the oleogelators MG, CLX, and HF. The dependent variables 
(responses) were hardness, oil loss, visual stability at 25 °C, and thermal stability. Each factor in the design 
was studied at five different levels with two fractional points (−1 and +1), one central point (0), and two axial 
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points encoded as −α (-1.68) and +α (+1.68), as shown in Table 1. Three replicates at the central point were 
performed to evaluate the pure error. The ranges of the variables were determined based on our previous 
experiments (Silva et al., 2018b, 2019a). They were chosen to obtain oleogels with a maximum concentration 
of CLX of 3% and total oleogelators of 10% for future use in food applications without compromising the 
sensory properties and SFA reduction. The entire experiment plan resulted in 17 runs the levels of which are 
listed in Table 1. For modeling the responses, a second-order polynomial function was fitted to the 
experiment results. The three-dimensional (3D) surface graphs were built to visualize the primary and 
interactive effects of the independent variables on the dependent ones. From the analysis of the response 
surfaces and equations generated, it was possible to determine the better concentration of each oleogelator 
and their effect on the different physical properties measured. Validation of the equations was performed by 
comparing the experiment and equation results. 

Table 1. Experimental design matrix for optimization of oleogels according to the central composite rotatable design 
(experimental real values are in parenthesis) 

Run 

Independent variables Soybean oleogels High Oleic Sunflower Oleogel 

MG CLX HF H OL 
TS VS 

SFA H OL 
TS VS 

SFA 

(%) (%) (%) (N) (%) (%) (N) (%) (%) 
1 -1 (0.81) -1 (0.61) -1 (1.21) 0.29 0.82 1 2 18.27 0.5 14.73 2 2 10.18 

2 -1 (0.81) 1 (2.39) 1 (4.79) 1.29 0 4 5 22.59 1.22 2.59 4 5 10.4 

3 1 (3.19) -1 (0.61) 1 (4.79) 0.71 0.01 3 3 23.02 1.67 3.6 4 5 11.03 

4 1 (3.19) 1 (2.39) -1 (1.21) 0.78 0.05 5 5 21.69 0.77 0 4 5 12.81 

5 -1 (0.81) -1 (0.61) 1 (4.79) 0.17 12.97 2 3 21.09 0.25 13.15 3 3 8.75 

6 -1 (0.81) 1 (2.39) -1 (1.21) 3.56 0 5 5 19.76 3 0 5 5 10.67 

7 1 (3.19) -1 (0.61) -1 (1.21) 0.3 6.56 1 4 20.19 0.81 3.51 2 3 11.15 

8 1 (3.19) 1 (2.39) 1 (4.79) 0.72 0.02 4 5 24.51 1.31 0 4 5 12.51 

9 -1.68 (0) 0 (1.5) 0 (3) 0.25 16.64 1 1 19.77 0.18 10.28 1 1 8.99 

10 1.68 (4) 0 (1.5) 0 (3) 0.65 0.23 4 5 23.01 1.31 0 3 5 12.56 

11 0 (2) -1.68 (0) 0 (3) 0.37 5.26 3 3 20.13 1.26 0.03 3 4 9.39 

12 0 (2) 1.68 (3) 0 (3) 2.28 0 5 5 22.65 2.56 0 5 5 12.15 

13 0 (2) 0 (1.5) -1.68 (0) 0.16 12.72 1 2 19.02 0.14 10.64 0 1 11 

14 0 (2) 0 (1.5) 1.68 (6) 0.57 0.24 4 5 23.76 0.61 4.51 4 5 10.53 

15-17 0 (2) 0 (1.5) 0 (3) 0.26 ± 0.03 4.31 ± 1.81 2.00 ± 0.01 3.00 ± 0.01 21.39 ± 0.01 0.33 ± 0.05 10.31 ± 1.57 2.00 ± 0.01 3.00 ± 0.01 10.77 ± 0.01 

MG: Monoacylglycerol; CLX: Candelilla wax; HF: Hardfat; H: Hardness; OL: Oil Loss; TS: Thermal Stability; VS: Visual Stability; SFA: 
Saturated Fatty Acids. 

2.6 Statistical analysis 

Statistic 7.0.0 (Stat-Ease Inc., Minneapolis, MN, USA) software was used to design the experiment and 
process the results by Analysis of Variance (ANOVA). The quality of fit of the models was expressed by the 
coefficients of determination (R2 and adjusted R2), and the F-test tested the statistical significance. 

3 Results and discussion 

3.1 Lipid material characterization 

The raw material used in this study was characterized according to its chemical composition and MP 
(Table 2). The SB oil was primarily composed of C18:2 and C18:1. Because of the higher amounts of fatty 
acids with double bonds in the oil, SB oil presented the lowest MP. The SF was composed mainly of C18:1 
and showed a higher MP than that of SB. The oleogelators studied showed similar composition between HF 
and MG, with a higher amount of C18 and C22. However, even though the oleogelators showed similar 
compositions, both the molecular structure and MP were different. 
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Table 2. Fatty acid composition and melting point (°C) of the soybean oil (SB), high oleic sunflower oil (SF), hardfat 
(HF), and monoacylglycerol (MG). 

Samples 
Fatty Acids (%) 

MP (°C) b 
C16:0a C18:0 a C18:1 a C18:2 a C18:3 a C20:0 a C22:0 a 

SB 11.10 ± 0.24 4.47 ± 0.41 27.28 ± 0.34 50.14 ± 0.76 6.44 ± 0.07 0.15 ± 0.61 0.43 ± 0.61 -12.75 ± 0.05 
SF 3.87 ± 0.05 2.84 ± 0.05 82.17 ± 0.25 9.59 ± 0.07 0.05 ± 0.07 0.88 ± 0.09 0.88 ± 0.09 4.10 ± 0.05 
HF 6.89 ± 0.17 45.74 ± 1.11 3.41 ± 0.87 1.31± 0.29 0.8 ± 0.12 4.22± 0.09 36.75 ± 0.57 61.10 ± 0.18 
MG 5.11 ± 0.50 48.05 ± 2.21 1.78 ± 1.16 1.15 ± 1.63 0.12 ± 0.17 4.91 ± 0.28 38.65 ± 2.13 76.0 ± 0.17 

 Results are means of three replicates; Means ± standard deviation. a C16:0= palmitic acid; C18:0 = stearic acid; C18:1= oleic acid; C18:2 = 
linoleic acid; C18:3 linolenic acid; C20: arachidonic acid; C22:0 behenic acid. b MP: melting point. 

It should be noted that CLX was not chemically characterized in this study. Consequently, for discussions 
on CLX, the composition obtained by Doan et al. (2017b) was used as a basis. The authors stated that CLX 
comprises approximately 72% of hydrocarbons, 15% of wax esters, 9% of free fatty acids, and 2% of free 
fatty alcohols. The hydrocarbon fraction and the wax esters are mainly composed of n-alkanes with saturated 
chains of 29–33 carbons, where C31 makes up 82% of this fraction. 

3.2 Effect of oleogelators on oleogel formation and physical properties 

The CCRD matrix from the experiment design with the independent variables and responses is presented 
in Table 1. Table 3 shows the regression coefficients for these responses. 

Table 3. Regression coefficient values of different responses for oleogels using Response Surface Methodology 
(RSM) 

Model Term Mean MG 
(L) 

MG 
(Q) 

CLX 
(L) 

CLX 
(Q) 

HF 
(L) 

HF 
(Q) MG*CLX MG*HF CLX*HF 

Hardness 
(N) 

SB Coefficient 0.14 -0.16 0.15 0.59 0.46 -0.10 0.12 -0.49 0.34 -0.33 
p-value 0.64 0.29 0.33 <0.01 0.02 0.49 0.43 0.03 0.10 0.11 

SF Coefficient 0.32 0.11 0.18 0.38 0.59 0.01 0.05 -0.48 0.43 -0.23 
p-value 0.17 0.30 0.14 0.01 <0.01 0.91 0.67 0.01 0.01 0.11 

Oil Loss 
(%) 

SB Coefficient 4.35 -2.54 0.77 -2.13 -1.29 -1.13 0.08 0.91 -2.34 -0.70 
p-value 0.21 0.13 0.65 0.19 0.45 0.47 0.96 0.65 0.26 0.72 

SF Coefficient 8.88 -2.98 -1.18 -2.38 -2.99 -0.67 -0.32 2.27 -0.11 0.51 
p-value 0.00 0.02 0.32 0.05 0.03 0.52 0.78 0.12 0.93 0.71 

Thermal 
Stability 

SB Coefficient 2.00 0.44 0.19 1.05 0.72 0.44 0.19 -0.12 0.13 -0.62 
p-value 0.01 0.12 0.51 <0.01 0.04 0.12 0.51 0.72 0.72 0.10 

SF Coefficient 0.95 0.25 0.52 0.69 1.22 0.64 0.52 -0.25 0.25 -0.50 
p-value 0.11 0.35 0.10 0.03 <0.01 0.04 0.10 0.47 0.47 0.17 

Visual 
Stability 

SB Coefficient 2.97 0.64 0.10 0.83 0.46 0.37 0.28 -0.25 -0.25 0.00 
p-value <0.01 0.05 0.74 0.02 0.18 0.22 0.39 0.51 0.51 1.00 

SF Coefficient 1.97 0.71 0.47 0.64 1.00 0.71 0.47 -0.37 0.13 -0.37 
p-value 0.01 0.03 0.15 0.05 0.01 0.03 0.15 0.31 0.73 0.31 

L- Linear effect; Q - Quadratic effect; MG: Monoacylglycerol; CLX: Candelilla wax; HF: Hardfat. 

Hardness: Observing the SB oleogels, the hardness is mainly influenced by the CLX amount where 
samples with at least 2.39% (+1) could form an oleogel with at least 1 N (samples 2, 6, and 12). The highest 
hardness was observed when MG and HF were in the central point or lower (samples 6 and 12). As observed 
in Table 1, the only positive factor significant for hardness was CLX linear (p = 0.003) and quadratic (p = 
0.017). The interaction CLX:MG was also significant but resulted in a negative coefficient (p = 0.028, C=-
0.49) (Table 3). Compared to other waxes, CLX presented a greater degree of hardness. It was assumed that 
the gel formation of CLX is a result of a significant reorganization of the crystalline phase at lower 
temperatures because CLX crystallizes into very fine linear particles that are further organized into an open 
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aggregate-like structure (Patel et al., 2015). The formation of such crystalline microplatelets by CLX is 
attributed to a high proportion of linear hydrocarbons (n-alkanes) (Toro-Vazquez et al., 2010). It is difficult 
to observe these very small microplatelets (~8µm), but they are present as shown in Figure 1, samples SB6 
and SB12. 

 
Figure 1. Polarized light microscopy pictures of crystals obtained for oleogels with soybean oil at 25 °C (20x). For 

samples concentration 1-17, see Table 1. 

The increase in MG and HF seems to generate a softer gel even with CLX kept at a higher concentration, 
as observed for samples 4 and 8. This is why the interaction factor MG and CLX in Table 3 presented a 
significant negative coefficient. In samples 8 and 4, it was possible to see more crystals in a needle shape 
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than in samples 6 and 12. The microstructures in samples 8 and 4 showed needle-like crystals characteristic 
of MG and HF (Kesselman & Shimoni, 2007), suggesting that MG and HF in SB oil did not interact with the 
CLX very well. 

The addition of MG also modified the network morphology of BEW-based oleogels, adding a 
combination of spherulitic crystals with tiny needle-like crystals in the background (Barroso et al., 
2020). Similar behavior in which crystal sized CLX-oleogels increase in higher concentrations of HF 
followed by a softer gel was observed for different HF (palm, soybean, crambe, and palm kernel 
sources) (Silva et al., 2019a). However, the negative effect was observed only for higher 
concentrations of HF in the system (50% or more). When used in lower amounts (0.25HF/0.75CLX), 
the combination resulted in improved physical properties and a synergic interaction (Silva et al., 
2019a; Ramírez-Gómez et al., 2016) 

For SF oleogels, CLX was not the most and only positive significant factor affecting hardness. 
Conversely here, the interactions with MG (MG and CLX; MG and HF) also showed a positive effect 
on hardness (p  <  0.05; Table 3). Table 1 shows the confirmation of these results by runs 3, 8, 10, 
and 11 which also showed hardness higher than 1N in addition to runs 2, 6, and 12 (higher in CLX). 
This means that the increase in the levels of MG and HF in samples with higher amounts of CLX did 
not negatively affect hardness in SF, as observed for SB samples. These results are very interesting 
as using only waxes to structure oleogels results in acceptable hardness. However, the complete 
replacement of saturated fats with waxes-oloegels also reduces the solid content, plasticity, and 
spreadability in the final products. Additionally, this might result in a waxy mouthfeel that would 
negatively affect the sensorial properties. Therefore, a combination of waxes with fat hardstocks (MG 
and HF) could both limit the high consumption of saturated and/or trans-fats and achieve the desired 
spreadability and sensory appeal (Doan et al., 2018a). 

This difference in hardness due to the different oils used for samples 8, 10, 11, and 13 can be observed 
on the crystal microstructure (Figures 1 and 2). For example, the lower amounts of CLX formed runs 3 
and 11 which showed a lower amount of crystals in the SB oil (Figure 1) than in the SF oil (Figure 2). 
On SF oleogels, these runs presented an increase in the number of crystals, indicating that more MG and 
HF could crystallize (needles-like), forming a harder network in the SF oil. High amounts of 3 
oleogelators form runs 10 and 8. In this case, the MG and HF might have co-crystallized with the 
microplatelets of the CLX in the SF because we could not see the MG/HF needle-like crystals in these 
samples as we observed for the SB. 

The positive influence of high amounts of MG and HF in SF and not in SB might be due to the difference 
in chemical composition between the oils. The high content of oleic in SF and consequently higher MP (Table 
2) can influence oleogel stabilization because the first 24 h of oleogel formation occurs at 5 °C, slightly 
higher than SF MP. Some higher MP components from the SF might crystallize at this temperature, enabling 
interactions between the oil, MG, and HF, further influencing the CLX network. Even after oleogels were 
placed at 25 °C, the resultant stable crystals remained. A similar benefit using only MG was found when a 
high oleic oil was used and stabilized at a lower temperature (Palla et al., 2017). On the other hand, the higher 
level of unsaturation (18:2 versus 18:1 in SB versus SF) could also influence and promote a lack of 
structuration as observed in the MG-flaxseed oil oleogel (Barroso et al., 2020). According to the authors, this 
would be due to the fact that the presence of a greater degree of unsaturation represents a solvent with a larger 
molar volume (higher conformational freedom caused by the bended chains and hydrophobicity), which may 
reflect oleogelator–solvent interactions. 

Oil loss: In SB samples, oil loss was zero (Table 1) only for the samples that showed hardness higher than 
1 N, such as runs 2, 6, and 12. However, none of the factors was significant (p > 0.05; Table 3), even though 
oil migration was previously influenced by crystal size, shape and distribution, the degree of branching, 
elasticity, and the mechanical strength of the material (Blake & Marangoni, 2015). 
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Figure 2. Polarized light microscopy pictures of crystals obtained for oleogels with high oleic sunflower oil at 25 °C 
(20x). For samples concentration 1-17, see Table 1. 

SF sample runs 4, 6, 8, 10, and 12 did not present any oil loss (Table 1). However, MG (L) and CLX (L 
and Q) were significant factors for oil loss in SF oleogels (Table 3). Previous oleogels optimized with MG 
showed good oil loss only with 10% of MG (Palla et al., 2017), whereas the maximum used in our study was 
4%, reinforcing the importance of multicomponents to reduce the amount of oil loss using less amount of 
oleogelators (Silva et al., 2019a). This influence of MG and CLX on oil loss can be examined in Table 1, 
where sample 6, for example, showed no oil migration and a total oleogelator of 4.41%. The MG 
concentration, in this case, was only 0.81%. The oil loss results confirmed our theory regarding the interaction 
of MG, HF, and CLX with high oleic oils when oleogelation was induced at 5 °C. 
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Thermal stability and visual stability: Observing the thermal stability and visual stability of the samples, runs 2, 4, 
6, 8, 10, 12, and 14, showed samples visually hard and graded as 5 for both oils before thermal treatment (Table 1). 
This was because the samples did not flow when the beaker was turned, and no superficial exudation was observed, 
indicating that the ternary oleogelator mixture had formed a self-sustainable crystal network (Godoi et al., 2019; 
Wijarnprecha et al., 2019). The only difference in visual stability between SB and SF samples scored as 5 was noted 
in run 3. As discussed above, the MG and HF in high amounts could compensate for the lack of CLX in SF and form 
a firmer gel. This improvement could also be observed visually. 

However, when submitted to thermal treatment, few samples kept the visual structure as 5 (Figure 3 and Figure 
4). For example, runs 6 and 12 were the only samples that kept their structure for both oils, which were also the 
hardest ones, even though all oleogelators showed a MP (Table 2) much higher than the cyclization temperature used 
(40 °C). Similar results were found for a ternary oleogel with CLX:HF:SMS, where only oleogels with CLX as the 
major structuring agent were able to return their primary structure after thermal treatment, regardless of the 
oleogelator MP (Godoi et al., 2020). We can thus assume that the microstructure formed on samples with lower 
amounts of CLX was not strong enough to survive thermal cycles. Sample SF13 was the only score of 0 due to the 
fact that this sample showed phase separation after storage, as shown in Figure 4. There are three criteria for oleogel 
stability: (1) temperature of cooling; (2) the oleogelator concentration necessary to immobilize a liquid component; 
and (3) the length of time that a gel persists in a sealed tube at room temperature without macroscopic phase separation 
or flowing when inverted. Clearly, the longer the n-alkane, as in CLX, or the carbon chain, for MG and HF, the more 
efficiently the carbon chain acts as a low molecular oleogelator (Abdallah & Weiss, 2000). 

 
Figure 3. The soybean oleogels (Sb) visual appearance at 25 °C after thermal stability, for samples concentration (1-

17), please see Table 1. 
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Figure 4. The visual appearance of the high sunflower oleogels (SF) at 25 °C after thermal stability, for samples 

concentration (1-17), please see Table 1. 

In fact, the p-values lower than 0.05 (Table 3) were considered for ANOVA (Table 4) hardness, oil loss, 
and thermal and visual stability. The coefficient of determination (R2) of the model could be used to check 
the experiment data variability. R2 values indicated that the models were able to explain in percentage 66.81 
(SB)/83.07 (SF); 64.41(SF); 56.89 (SB)/63.26 (SF); 53.91 (SB)/ 68.22(SF) of experimental data variability, 
for hardness, oil loss, thermal stability, and visual stability, respectively. The computed F-values for 
regressions were much more significant than the tabulated F-values, reflecting the statistical significance of 
the models which are described in the footnote in Table 4. 

Table 4. ANOVA of different responses for oleogels preparation by using RSM. 

Source of 
variation Sum of squares Degrees of freedom Means Squares F-values 

SB H OL TS VS H OL TS VS H OL TS VS H OL TS VS 
Model 8.8 - 20.3 15.0 3.0 - 2.0 2.0 2.9 - 10.2 7.5 8.7 - 9.2 8.2 

Residual 4.4 - 15.4 12.9 13.0 - 14.0 14.0 0.3 - 1.1 0.9 27.6 - 0.0 0.0 
Total 13.1 - 35.8 27.9 16.0 - 16.0 16.0         
SF H OL TS VS H OL TS VS H OL TS VS H OL TS VS 

Model 9.2 289.4 24.7 27.4 4.0 3.0 3.0 4.0 2.3 96.5 8.2 6.9 14.7 7.8 7.5 6.4 
Residual 1.9 159.9 14.3 12.8 12.0 13.0 13.0 12.0 0.2 12.3 1.1 1.1 36.5 1.0 0.0 0.0 

Total 11.0 449.7 39.1 40.2 16.0 16.0 16.0 16.0         
SB- soybean oleogel; SF= high oleic sunflower oleogel; Hardness (H) - adjusted R2 (%) = 66.81 (SB)/83.07 (SF); F3;13;0.05 = 3.26, F4;12;0.05 = 
3.26; Oil loss (OL) - adjusted R2 (%) = 64.41(SF); Thermal Stability (TS) - adjusted R2 (%) = 56.89 (SB)/63.26 (SF); Visual Stability (VS) – 
adjusted R2 =53.91 (SB)/ 68.22(SF). 
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Equations that represent the models with the significant factors for the experimental data are 
presented in Table 5, and the effects of the independent variables (MG, CLX, and HF) are illustrated 
in the response surfaces in Figure 5. A desired oleogel for shortening replacement would present a 
hardness value higher than 2 N, no oil loss, and visual and thermal stability of 5 scores within the 
total concentration of oleogelator no higher than 10%. The model was validated using the 
multicomponent system of 2:3:3 of MG:CLX:HF. The surface responses show that for hardness and 
oil loss, there is a good match between values obtained through the model and experimental 
(difference <0.3 N and 0%), with low relative deviations (<12%). For thermal and visual stability, 
acceptable results are also achieved but with a higher relative deviation (>18%), except for the visual 
attribute for SB samples (0.8%). This means that the model accurately could predict the effect of the 
variation on MG, HF, and CLX on oleogel formation and technological properties. 

Table 5. Equations and validation (experimental values and predicting values) obtained from the models. 

Responses Oil Equations Validation 
YPRED YEXP RD (%) 

Hardness (N) SB Y1 = 0.42 + 0.59 x2 + 0.40 x2
2 - 0.49 x1 x2 2.54 2.28 12.00 

SF Y1 = 0.54 + 0.38 x2 + 0.54 x2
2 - 0.48 x1 x2 + 0.43 x1 x3 2.70 2.56 5.40 

Oil Loss (%) SB Y2=0 - - - 
SF Y2 = 7.41 - 2.98 x1 - 2.38 x2 - 2.65 x2

2 0.00 0.00 0.00 
Thermal 
Stability 

SB Y3 = 2.37 + 1.05 x2 + 0.63 x2
2 5.91 5.00 18.2 

SF Y3 = 1.97 + 0.69 x2 + 0.99 x2
2 + 0.64 x3 5.92 5.00 18.4 

Visual Stability SB Y4 = 3.65 + 0.64 x1 + 0.83 x2 5.04 5.00 0.80 
SF Y4 = 2.90 + 0.71 x1 + 0.64 x2 + 0.79 x2

2 + 0.71 x3 6.20 5.00 24.00 
SB- soybean oleogel; SF-High oleic sunflower oleogel; YEXP: Experimental real value; YPRED: predicted response; RD: relative deviation; x1- 
monoacylglycerol; x2: candelilla wax; x3: hardfat. 

An earlier study compared the CLX oleogelator power to its primary chemical pure compound, the 
n-alkane 32C. It was observed that the minor compounds present in CLX changed the microstructure 
and physical properties, positively increasing solubility and structuring power (Ramírez-Gómez et al., 
2016). These connections might be what make binary, ternary, or multicomponent systems sometimes 
very fascinating. The oleogelators in some cases complement each other’s and form satisfactory 
oleogels, sometimes even with lower amounts of oleogelators which is very interesting for the food 
industry since, as observed in Table 1, these new ternary systems formed have no more than 23.76% 
(w/w) of SFA. The lower amounts of SFA in the oleogels (Table 1), compared with shortenings for 
fillings available on Brazilian market (~50%) (Silva et al., 2019b), would result in at least 50% of 
replacement in the SFA and moreover, 100% of trans-fatty acids replacement for food application. 

In order to show the potential of the mixture between MG, HF and CLX, this system was further 
applied in fillings for cookies (Silva et al., 2021) and margarine (Silva et al., 2018b). When the 
appropriate concentration of each oleogelator was used per individual food product, an acceptable 
product with good technological properties such as oil binding capacity, consistency, adhesiveness, 
and melting properties can be produced (Silva et al., 2021) along with highly important sensory 
acceptance like that of a commercial product and the same shelf-life (Silva et al., 2018b). 
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Figure 5. Response surfaces for high oleic sunflower oleogels, hardness (a), (b) and (c), oil loss (d), thermal stability (e), and 
visual stability (f), (g), and (h) as a function of the MG: monoacylglycerol, CLX: candelilla wax and HF: hardfat. 

4 Conclusion 

Oleogels can have a uniquely critical future role in the food industry by enhancing the health 
attributes of many food products. In this experiment, we observed that the CCRD represented an 
excellent statistical tool for predicting the oleogelation process for multicomponent systems 
oleogelators by predicting the technological properties of the oleogels as a result of oleogelator 
concentrations and interactions. 

The results obtained for the multicomponent oleogel formed by CLX:MG:HF in SB and SF oils were 
dependent on the type of oleogelators and the lipid matrix used. In SB oil, CLX was the oleogelator that 
contributed mainly to hardness, oil loss, and thermal resistance. In SF, besides CLX alone the interactions of 
CLX with MG and HF were also significant and positively affected the physical properties of the oleogels as 
hardness, oil loss, and thermal and visual stability. 
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The significant interaction among CLX, MG, and HF emphasizes the benefit of using a multicomponent 
system. The synergic combinations can reduce the amount of each oleogelator necessary to achieve the 
required physical properties that will impact directly the price, waxy-mouth feel, and sensory acceptance. 
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