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A B S T R A C T   

Alternative plant-derived fat replacers have experimented a rising interest in the food industry for their versa-
tility and functionality. The aim of this work was to optimize the formulation of a gelled oil-in-water emulsion 
using echium oil (EO) or extra virgin olive oil (EVOO) and different hydrocolloids (alginate, cellulose with 
collagen and k-carrageenan) as a butter substitute, and assess their technological properties and oxidative sta-
bility. Out of 36 initial formulations, 6 were ultimately selected using a two steps process: firstly, on basis on 
hardness value (considering hardness of butter at room temperature as reference), and secondly searching for 
minimum syneresis. Oxidative stability of selected formulations was assessed after Schaal oven test. Oxidation 
parameters were influenced by the unsaturation degree of the oils (with statistically lower values for TBARs for 
gelled emulsions elaborated with EVOO as compared to those elaborated with EO), as well as by the required 
heating for the preparation of each gel type (with carrageenan showing statistically higher values in EO gels). 
Volatile profile of samples was characterized by the presence of aldehydes (35–45% of total area identified), 
followed by alcohols (11–21%) and esters (21–27%), with a statistically significant increase in aldehydes after 
24 h in EO gels.   

1. Introduction 

Butter is a semi-solid fat, result of transforming dairy cream, an oil- 
in-water emulsion, into a water-in-oil emulsion through a process of 
mechanical phase-inversion known as churning. Up to 82% of butter 
composition is fat, most of it saturated (~70%) (Pancharoen, Leelawat, 
& Vattanakul, 2019; Sert & Mercan, 2020). This fatty acid (FA) 
composition, along with water content, processing and storage condi-
tions, plays an important role in the physical and sensory properties of 
butter. Same properties that allow it to be used in several different food 
products to provide the required structure, texture and mouthfeel (Curti 
et al., 2018; O’Callaghan et al., 2016; Truong, Palmer, Bansal, & 
Bhandari, 2018). 

Even though saturated fatty acids (SFA) possess technological ben-
efits, its excessive consumption along with trans fatty acids (TFA) has 
been associated to several health issues (Mozaffarian, Katan, Ascherio, 
Stampfer, & Willett, 2006). Additionally to the health impact, for being 
from animal origin, butter production has a negative repercussion on the 
environment linked to greenhouse gas emissions from livestock related 
production activities (Liao et al., 2020). 

Alternative plant-derived ingredients and formulations have been 
developed and studied over the years with different purposes: to reduce 
the use of animal fat, to introduce different arrangements of FAs 
(polyunsaturated (PUFA) and monounsaturated fatty acids (MUFA) >
SFA) to incorporate other bioactive compounds to different food 
matrices (United Nations, 2015; WHO, 2015). Successful functional 
products have been produced using fat substitutes formulated as oleo-
gels in cakes and cookies (Pehlivanoglu et al., 2018; Yilmaz & Ögütcü, 
2015), emulsions in puff pastry and muffins (Gabriele et al., 2008; 
Gutiérrez-Luna, Ansorena, & Astiasarán, 2020; Gutiérrez-Luna, 
Astiasarán, & Ansorena, 2021) that included different vegetable oils and 
gelling agents (GAs). The quality and stability of these fat substitutes can 
differ according to the unsaturation degree of the oil of choice and the 
requirement of heat during their preparation. 

For their contrasting FA profile, high content of bioactive compounds 
and the related health benefits of their consumption, echium oil (EO) 
and extra virgin olive oil (EVOO) are two appropriate options to be 
incorporated to fat replacers. Echium oil (Echium plantagineum L.) is 
obtained from an annual plant, invasive weed of Boraginaceae family 
(Prasad, Anjali, & Sreedhar, 2021). The oil contains 33% of α-linolenic 
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acid and 9–16% stearidonic acid, a very uncommon FA in plants and an 
intermediate in the biosynthesis of EPA (eicosapentaenoic acid) and 
DHA (docosahexaenoic acid). It also presents a unique ratio of omega-3 
to omega-6 FA of 1.8:1, suitable for a variety of applications (Berti et al., 
2007; Comunian et al., 2016; Pires, Barros, Rodrigues, Sichetti Mune-
kata, & Trindade, 2020). 

Extra virgin olive oil (Olea europaea L.) is a well-known key 
component of the Mediterranean diet, as it provides high quality FAs; 
mainly oleic acid (~72%), and important amounts of plant sterols 
(Maestri et al., 2019; Skiada, Tsarouhas, & Varzakas, 2020), and other 
minor components with proved health benefits when consumed in the 
recommended amounts (EFSA, 2009). 

The choice of gelling agent (GA) for fat replacers preparation usually 
depends on their practical applications (method of preparation, solubi-
lity, stability, availability, cost, dosage, among others) and adequacy to 
the intended purpose. A great variety of fibers, gums and proteins have 
been described in the literature as GAs and their behavior according to 
their particular nature. Among them, alginate, powdered cellulose, 
collagen and carrageenan are of frequent use. Alginate is a water-soluble 
polysaccharide, extracted from brown seaweed, consisting of linear 
copolymers of β-(1–4) linked D-mannuronic acid and β-(1–4)-linked L- 
guluronic acid units (Davidovich-Pinhas & Bianco-Peled, 2010; Dorothy 
et al., 2020). Powdered cellulose is a fiber composed of thousands of 
repeating D-glucose units linked by β-1,4 glycosidic bonds and charac-
terized by its hydrophilicity and chemically modifying capacity (He 
et al., 2021). As regards to collagen, it is an animal protein (a by product 
obtained basically from waste products as skin, tendons, etc.) containing 
three polypeptide chains (Loureiro dos Santos, 2017), whereas carra-
geenan are sulfated galactans extracted from different species of red 
seaweeds, made up of alternating disaccharide repeating units of 
3-linked-β-D-galactopyranose and 4-linked-α-D-galactopyranose, with 
gelling properties influenced by temperature and the presence of cations 
(especially K+ and Ca+2) when in aqueous environments (Geonzon et al., 
2020). Some of these GAs have been explored and tested in combination 
with different sources of lipids and bioactive compounds to develop 
novel fat replacers for meat products (Alejandre, Ansorena, Calvo, 
Cavero, & Astiasarán, 2019; Poyato, Ansorena, Berasategi, 
Navarro-Blasco, & Astiasarán, 2014), bakery (Martínez-Cervera, Salva-
dor, & Sanz, 2015) and dairy products (Rojas-Nery, García-Martínez, & 
Totosaus, 2015), obtaining positive results from the sensory perspective. 

The aim of this work was to optimize the formulation of a gelled oil- 
in-water emulsion using EO or EVOO and hydrocolloids of different 
nature (alginate, k-carrageenan, collagen + cellulose) as a butter 
replacer. Technological properties and stability under Schaal oven test 
(24 h at 65 ◦C) of optimized formulations were assessed. 

2. Materials and methods 

2.1. Materials 

Echium oil (EO) (Echium plantagineum L.) was kindly donated by 
NEWmega™ Echium Oil De Wit Specialty Oils (De Waal, Tescel, The 
Netherlands). Extra virgin olive oil (EVOO) (Olea europaea L.) (Urzante. 
Variety Hojiblanca, Spain) and butter (Asturiana, Spain. 82% fat, 0.6% 
protein) were purchased in local supermarkets. k-Carrageenan (kC) was 
obtained from Grama aliment (San Sebastián, Spain), Alginate (A) as 
Binder 1.0 (alginate and calcium sulphate) from BDF Natural In-
gredients (Girona, Spain) and collagen with powdered cellulose (C + C) 
as Vitacel® MFF 180 from JRS (Rosenberg, Germany). Polysorbate 80 
(PS80) was obtained from Sigma-Aldrich Chemical Co. (MO, USA). 

2.2. Gelled emulsion design 

The effect of six concentrations of three different gelling agents (A, C 
+ C or kC) in combination with two different types of oil (EO or EVOO) 
were investigated in order to produce a manageable, stable and self- 

standing gelled emulsion that can serve as a butter replacer (detailed 
concentrations are shown in Table A1). The first approach for the 
optimization was the delimitation of the ranges for the concentration of 
the three gelling agents used in the preparation of the gels. For k- 
carrageenan, ranges were based on those tested by Poyato et al. (2014) 
and consequently adjusted according to the hardness values obtained on 
preliminary testing. For C + C and A, ranges were set according to 
previous experience from our group (data not published). A fixed con-
centration of oil (40%) and PS80 (ratio between surfactant and oil of 
0.003) was used for all types of gelled emulsions, as optimized by Poyato 
et al. (2014). Formulations contained either EVOO or EO; no combina-
tions of oils were used in this experiment. 

From these combinations, a design of 36 types of gelled emulsion was 
produced (Table A1). Four independent replicates were carried out for 
each type of gelled emulsion. After texture characterization, formula-
tions whose hardness was statistically equal to the control (butter) were 
subjected to syneresis analysis, and those with the lowest values after 72 
h were selected for color characterization and further oxidation stability 
analysis. 

2.3. Gelled emulsion preparation and analysis 

The thirty-six types of gelled emulsion were prepared in quadrupli-
cate. Gelled emulsions containing A or C + C did not require heat in the 
elaboration process and were prepared as follows: the oil phase con-
taining the hydrophobic surfactant was added to the aqueous phase and 
homogenized during 1–2 min (16.000 rpm, Ultra-Turrax® T25basic). 
Once the two phases were unified, the corresponding percentage of A or 
C + C was added and blended until sample was a homogeneous mixture 
(2 min approx.). For those formulated with carrageenan, the method 
described by Poyato et al. (2014) was followed. In this case, the oil phase 
containing the hydrophobic surfactant was added to the aqueous phase 
that included the corresponding percentage of carrageenan and ho-
mogenized. Both phases were previously heated separately to 70 ◦C. 
After the homogenization process, the emulsions were cooled to room 
temperature in a sealed flask, allowing the k-carrageenan to polymerize. 
All the gels were kept overnight under refrigeration (4 ◦C) before 
analysis. 

2.3.1. Texture 
Hardness (peak force that occurs during the compression of the 

sample) was measured using a texture analyzer (TA.TXT2, Stable Micro 
Systems, Texture Technologies Corporation, Scardsdale, NY, USA). 
Samples (cylinders, h = 2.5 cm, D = 4.5 cm) were subjected to a single 
compression at a speed of 1.0 mm/s, distance 12.0 mm, and data 
recorded to represent the hardness was the unit of the force (g). A 1” 
cylinder probe (No. P/1R) with a diameter of 75 mm and a 5 g surface 
trigger was used. Eight samples per formulation were measured. This 
parameter was also measured in butter samples. 

2.3.2. Syneresis 
For the determination of syneresis, gel samples were cut into cylin-

ders (D = 2.8 cm, h = 1 cm). Each sample was weighted (W0) inside 
Petri dishes and placed in a cabinet at 25 ◦C for 72 h. Samples were 
weighted every 24 h. The water that condensed on the container walls 
was removed before weighing the gels (W24, W48, W72). The syneresis of 
the gels was calculated as follows: syneresis (%) = [(W0–Wt)/C0] ×
100, were C0 is the initial water content in the sample, expressed in 
percentage and Wt was the weight of the sample at the time of analysis. 
The analysis was performed in triplicate. 

2.3.3. Color 
Instrumental color measurement was performed with a digital 

colorimeter (Chromameter-2 CR-200, Minolta, Osaka, Japan). Color 
coordinates were obtained using the CIE L*a*b* system. L*, a* and b* 
parameters indicate lightness, redness and yellowness, respectively. 
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Nine measurements were taken for each type of formulation on cylinders 

(D = 2.8 cm, h = 1 cm). ΔE* values (ΔE* =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(ΔL*)2
+ (Δa*)2

+ (Δb*)2
√

)

and chroma values (Chroma =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(a*)2 + (b*)2
√

) were calculated for 
comparison between butter and gelled emulsion formulations. 

2.3.4. Oxidation stability 
Optimized gelled emulsions were subjected to standardized accel-

erated storage conditions (24 h at 65 ◦C – Schaal oven test), in order to 
assess their oxidation stability. Three independent batches were pre-
pared for every type of gelled emulsion subjected to stability test TBARs 
(thiobarbituric acid reactive substances) and volatile compounds 
formed under these conditions were measured. TBARs value was 
determined at 532 nm according to Maqsood & Benjakul (2010) with 
modifications. Lipid extract for this analysis was obtained following the 
method described by Folch, Lees, & Stanley (1957). Results were 
expressed in mg malonaldehyde MDA/kg sample and were calculated, 
for each type of formulation, as the average of four measurements per 
each of the triplicate batches (n = 12) 

The determination of the volatile compounds was carried out by the 
HS-SPME–GC–MS method in time 0 and after 24 h storage at 65 ◦C. 
Sample (2 g) was put into a 25 mL vial and capped with a rubber cap. 
After a period of sample heating (30 min at 60 ◦C), a fiber coated with 
DVB/CAR/PDMS (Divinylbenzene/Carboxen/Polydimethylsiloxane, 
50/30 μm film thickness, Supelco) was inserted into the headspace of the 
sample and maintained for 45 min at 60 ◦C for adsorption of volatile 
compounds. The fiber was desorbed for 15 min in the injection port of a 
gas chromatograph model HP 6890 Series (Hewlett Packard), equipped 
with a HP Mass Selective Detector 5973. A fused-silica capillary column 
(30 m long × 0.25 mm inner diameter × 0.25 μm film thickness, from 
Agilent Technologies), coated with a non-polar stationary phase (HP- 
5MS, 5% phenyl methyl siloxane) was used. The operating conditions 
were as follows: the oven temperature was set initially at 42 ◦C (5 min 
hold), increased to 120 ◦C at 3 ◦C/min and to 250 ◦C at 10 ◦C/min (5 min 
hold); the temperatures of the ion source and the quadrupole mass 
analyzer were kept at 230 ◦C and 150 ◦C, respectively. Helium was used 
as carrier gas at 1 mL/min; injector and detector temperatures were held 
at 250 ◦C and 280 ◦C, respectively. Mass spectra were recorded at 70 eV; 
using scan mode (Range: 33–350 atomic mass unit). Before performing 
every extraction, cleanness of the fiber was checked by running a blank 
and confirming the absence of peaks in the chromatogram. Identifica-
tion of the peaks was based on comparison of their mass spectra with the 
spectra of a commercial library (Wiley 275 L, Mass Spectral Database), 
by comparison of their retention times with those of standard com-
pounds, and by using Kovats indices. For semi-quantitative purposes, 
area of peaks was measured by integration of the total ion current of the 
spectra. When overlapping occurred, the calculation of the total area of a 
compound was based on the integration of a single ion and taking into 
account the relative ratio in which this ion is present in that compound. 
Results were expressed as area/sample weight (g) × 10^3. For volatile 
aldehydes, for each type of formulation two measurements were done 
per each of the triplicate batches (n = 6). 

2.4. Statistical analysis 

Analysis was done using STATA/IC 12.1 program (StataCorp LP, TX, 
USA). One-way analysis of variance (ANOVA) was performed to eval-
uate statistical significance (p ≤ 0.05) among formulations or time. 
Multiple comparisons of means were done by the Bonferroni post-hoc 
procedure to evaluate significance (p ≤ 0.05) among formulations. 
Student t-test was used to compare the TBARs results between 0 h and 
24 h measures. Values reported are the mean and standard deviations of 
each replicate. Volatile compounds of the gelled emulsions were 
analyzed using 2 × 2 factorial ANOVA as a function of gelling agent and 
time (T0 and T24). 

3. Results and discussion 

3.1. Optimization of the gelled emulsions 

The fats used for the production of several bakery products need to 
be at room temperature on solid or semisolid state to facilitate handling 
of the batter during the manufacturing. Thus, a first criteria used for 
optimizing the formulation of the replacer was obtaining a hardness 
value similar to that obtained for butter (control) at room temperature 
(24 ◦C ± 1), which was 241.74 g ± 61.40. 

Thirty-six types of gelled emulsions, each of them evaluating 
different concentrations of gelling agent were characterized by hardness 
in order to make a first selection (Fig. 1). Hardness values were directly 
related to the concentration of gelling agent regardless the type of oil, as 
the major presence of the polymers allowed a greater cross-linking 
density, important factor, among others, for the physicochemical 
properties of gels. Thus, the higher the concentration of GA used, the 
higher hardness values were obtained. 

Narrow intervals of GA concentrations were tested in order to obtain 
the minimum necessary to produce statistically significant equal hard-
ness values to that of the control. Alginate gels showed hardness values 
between 90 and 489 g, those with C + C between 0 and 413 g and the 
ones with kC, from 0 to 548 g. As it can be seen in Fig. 1, selected 
concentrations for those gels formulated with EVOO were 1.10 and 
1.20% for A; 3, 3.25 and 3.50% for C + C and 0.60, 0.70 and 0.75% for 
kC. Same concentrations were selected for EO gels, except in the case of 
C + C where just 3 and 3.25% were selected. This selection was based on 
the results of a one-way ANOVA and multiple comparisons tests between 
gels formulations and the control, resulting in a hardness range between 
193.67 and 332.43g. Formulations with <0.5% of kC, <1% A and <3% 
C + C were not self-standing and more of a viscous type of liquid, 
therefore hardness was not measured and these concentrations were 
discarded. 

Previous studies testing different percentages of GA (including algi-
nate, gelatin and carrageenan) described that, additionally to concen-
tration and particular nature of each gelling agent, its ratio towards fat 
had an important influence in the resulting structures and texture of the 
gelled emulsions, as well as its thermal stability and water holding 

Fig. 1. Hardness (g) values (peak force during compression of the sample with 
a TA.TXT2 in standardized conditions – 75 mm probe diameter and 45 mm 
sample diameter) of different formulations of gelled emulsion including olive or 
echium oil and different concentrations of gelling agent. The gray ring area 
indicates the range of mean ± SD of the reference value. EVOO: Extra virgin 
olive oil., EO: Echium oil., A: Alginate., C + C: Collagen + Cellulose., kC: 
Carrageenan. 
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capacity (Alejandre, Passarini, Astiasarán, & Ansorena, 2017; Chen, Lu, 
Yuan, Gao, & Mao, 2021; Pintado, Herrero, Jiménez-Colmenero, & 
Ruiz-Capillas, 2016). 

Syneresis is a commonly observed phenomenon in hydrocolloid de-
livery systems and a crucial parameter for their stability (Davido-
vich-Pinhas & Bianco-Peled, 2010; Mizrahi, 2010). In order to avoid 
technological problems in the intended application (Poyato et al., 2014), 
minimum syneresis value from the starting point (24 h) until the end of 
the experiment (72 h) was aimed among all the formulations whose 
hardness was statistically equal to the reference value (Table A2). For 
each type of oil, the formulations that complied with these criteria were 
selected (one per each gelling agent) and their syneresis after every 24, 
48 and 72 h are shown in Fig. 2. For every concentration of gelling agent, 
no syneresis differences between oils were observed. Highest syneresis 
values were observed in A formulations, being up to 4 and 3 folds higher 
than in C + C and kC formulations since the first 24 h. After 72 h, C + C 
formulations showed the lowest syneresis values. It could be hypothe-
sized that it was due to a higher concentration of GA that enabled it to be 
more stable, compared to the other two (1.20% for A 0.75% for kC). In 
relation to this, it has been described that an increase in polymer con-
centration could be a possible mean to prevent syneresis when testing a 
particular type of polymer (Mizrahi, 2010). 

While it is true that all formulations had the same concentration of 
oil (40%), the GA/fat ratio was slightly different for each, since C + C 
gelled emulsions had the highest concentration. This increment in C + C 
(compared to A and kC), resulted in a lower water content in the system 
and the effective concentration of C + C was thus higher, which could 
have facilitated the formation of more compact and stable gel networks, 
with reduced syneresis (Chen et al., 2021). Also, the reduction in syn-
eresis could be backed by the synergy of collagen and cellulose, creating 

a multi-component gel to enhance the functionality of the final product 
(Banerjee & Bhattacharya, 2012; Boy, Narayanan, Chung, & Kotek, 
2016). 

Since the aim of the formulations was to produce a butter replacer, 
color characterization was performed in the selected formulations. The 
color of the resulting fat replacer might be influenced by the type of oil 
(Oomah, Busson, Godfrey, & Drover, 2002) and the type of the GA used 
(Yilmaz & Ögütcü, 2015). 

Color parameters for butter and each type of gelled emulsion are 
shown in Table 1. Some differences were observed for all three-color 
parameters between those formulations with EO and EVOO. L* value 
in all EO gelled emulsion was significantly equal to that of butter, while 
in EVOO formulations was lower. Poyato, Ansorena, & Astiasarán 
(2014) reported L* values of 96.07 in gelled emulsions containing 40% 
high-oleic sunflower oil and 1.5% of kC, closer to those found in our 
samples with the same concentration of oil (40% EVOO). Color differ-
ences between EO and EVOO gel samples could be attributed to the color 
of the oils. EVOO gel samples showed lower a* values and significantly 
higher b* as compared to EO ones, consistent with the green and 
yellowish tones associated to the presence of chlorophylls and carot-
enoids in this oil (Moyano, Heredia, & Meléndez-Martínez, 2010). EO is 
a clear pale yellowish oil that gave rise to lower saturation (Chroma) 
values in the gel samples, as it would have been expected. ΔE, as indi-
cator of global color differences as compared to butter, showed values <
9 for EVOO gels and >25 for EO, confirming the influence of the oil in 
the color properties of the gels. 

The color of the fat replacer might also affect the color of the product 
in which it is incorporated depending on the amount and further tech-
nological processes applied to it. Slight color changes (compared to a 
control) have been reported by different studies using hempseed oil 
functional ingredient (formulated with chia mucilage, water and inulin) 

Fig. 2. Syneresis (%) value of selected formulations with each type of oil and 
gelling agent. Error bars denote standard deviation of the mean. EVOO: Extra 
virgin olive oil., EO: Echium oil., A: Alginate., C + C: Collagen + Cellulose., kC: 
Carrageenan. 

Table 1 
Color parameters of selected formulations.  

Sample L* a* b* ΔE Chroma 

Butter 101.58 (2.08)b − 3.25 (0.19)a 27.88 (0.82)c – 28.06 (0.83) 
EVOO A 1.20% 94.19 (0.36)a − 5.97 (0.09)b 28.85 (0.41)d 7.94 (0.38) 29.46 (0.42) 

C + C 3.25% 93.65 (0.42)a − 6.02 (0.13)b 28.45 (0.59)cd 8.44 (0.47) 29.08 (0.60) 
kC 0.75% 94.40 (0.36)a − 4.17 (1.09)a 24.88 (1.25)b 7.97 (0.67) 25.25 (1.23) 

EO A 1.20% 101.54 (0.36)b − 0.50 (0.08)c 5.21 (0.10)a 27.83 (0.10) 5.24 (0.10) 
C + C 3.25% 100.95 (0.56)b − 0.60 (0.06)c 5.61 (0.17)a 22.44 (0.16) 5.64 (0.17) 
kC 0.75% 101.07 (0.57)b − 0.51 (0.05)c 5.77 (0.44)a 22.28 (0.44) 5.80 (0.43) 

Data correspond to mean values. Measures were made in triplicate. Standard deviations appear in parentheses. Values with different letters within columns are 
significantly different (p < 0.05) based on post hoc Bonferroni test. EVOO: Extra virgin olive oil., EO: Echium oil., A: Alginate., C + C: Collagen + Cellulose., kC: 
Carrageenan. 

Table 2 
TBARs values for oil samples extracted from gelled emulsions at 0 h and after 24 
h at 65 ◦C.  

Sample mg MDA/Kg of oil  

0 h 24 h at 65 ◦C p value*  

oil 0.21 (0.12)B 0.22 (0.06)A 0.9235 
EVOO A 1.20% 0.21 (0.07)B 0.21 (0.04)A 0.9537 

C + C 3.25% 0.22 (0.09)B 0.21 (0.08)A 0.9721 
kC 0.75% 0.14 (0.01)A 0.33 (0.10)A 0.0307  
oil 1.37 (0.55)C 1.98 (0.21)B 0.0371 

EO A 1.20% 1.68 (0.18)C 1.94 (0.40)B 0.3701 
C + C 3.25% 1.36 (0.29)C 1.97 (0.14)B 0.0289 
kC 0.75% 1.98 (0.63)C 2.05 (0.10)B 0.8618 

Standard deviations appear in parentheses. P values lower than 0.05 indicate 
significant differences between samples at time 0 h and 24 h, according to stu-
dent t-test. In each column, different uppercase letters indicate significant dif-
ferences among formulations at each time (p < 0.05) based on post hoc 
Bonferroni test. EVOO: Extra virgin olive oil., EO: Echium oil., A: Alginate., C +
C: Collagen + Cellulose., kC: Carrageenan., MDA:malondialdehyde. 
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Table 3 
Volatile compounds identified in EVOO gelled emulsions.    

EVOO   

A C+C kC p values1 

IK Compound T0 T24 T0 T24 T0 T24 GA T interaction 

Aldehydes 
748 (E)-2-Pentenal 106 (62)ab 393 (110)b ND 354 (47)b ND ND 0.0228 0.2135 0.2194 
804 Hexanal 5653 (1712)b 4626 (101)b 2639 (857)a 3597 (485) 

ab 
1902 (193)a 4657 (691)b 0.9132 0.2006 0.2197 

853 (E)-2-Hexenal 12452 (2390) 
c 

12343 (351)c 12057 
(3542)c 

8849 (1424) 
bc 

1981 (834)a 6553 (601)b 0.0138 0.5709 0.0948 

902 Heptanal 660 (164)b 1313 (115)c 389 (94)a 1208 (40)c 323 (68)a 1006 (98)c 0.6587 0.0019 0.6084 
956 (E)-2-Heptenal 85 (34)a ND ND 155 (37)a 679 (68)b 1921 (605)c 0.0000 0.0000 0.0000 
996 (Z,E)-2,4-Heptadienal ND ND ND ND ND ND - - -  

(Z)-2,4-Heptadienal ND ND ND ND ND ND - - - 
1002 Octanal 159 (4)a 689 (81)b 802 (70)b 738 (40)b 1973 (188)c 865 (86)b 0.0000 0.9539 0.0000 
1056 (E)-2-Octenal ND 579 (26)a 375 (193)a 487 (60)a 2757 (836)c 867 (114)b 0.0470 0.0690 0.0470 
1104 Nonanal 386 (31)a 1120 (140)bc 435 (207)ab 1314 (20)c 777 (114)b 1746 (81)c 0.0043 0.0001 0.1811 
1159 (E)-2-Nonenal ND 145 (27)a ND 992 (185)b ND ND 0.0000 0.0000 0.0000 
656 (E,E)-2,4-Nonadienal ND ND ND ND ND ND - - - 
1260 (E)-2-Decenal ND ND ND ND ND 312 (86)a 0.0000 0.0000 0.0000 
1292 (E,Z)-2,4-Decadienal ND ND ND ND ND ND - - - 
1317 (E,E)-2,4-Decadienal ND ND ND ND ND ND - - - 
Σ aldehydes 17311 

(5949)  
21210 (752) 16699 

(2562) 
17697 
(1859) 

9651 (1488) 17930 
(1983)    

Alkanes 
822 2,4-Dimethylheptane 507 (95)a ND 1053 (231)b ND ND 636 (96)a 0.8108 0.1493 0.0017 
862 4-Methyloctane ND ND ND ND ND ND - - - 
1000 Decane 106 (42)a 415 (6)b ND 311 (43)b 181 (26)a 571 (146)b 0.0437 0.0002 0.2832 
1199 Dodecane 481 (143)a 3520 (314)bc 339 (194)a 3146 (375)b 332 (41)a 4792 (635)c 0.0937 0.0000 0.0961 
1300 Tridecane ND 258 (15)a ND 277 (77)a ND 507 (90)b 0.0086 0.0000 0.0086 
1400 Tetradecane 104 (38)a 923 (163)b ND 755 (202)b 101 (1)a 1448 (62)c 0.0232 0.0000 0.0235 
1500 Pentadecane ND ND ND 218 (124)a ND 362 (11)a 0.1073 0.0060 0.1073 
1600 Hexadecane ND ND ND ND ND 131 (3)a 0.0468 0.0688 0.0468 
985 Heptane, 2,2,4,6,6- 

pentamethyl 
ND 803 (368)a ND ND ND 2968 (678)b 0.0000 0.0000 0.0000 

Σ alkanes 1004 (406)  5921 (100) 1042 (445) 4711 (805) 521 (128) 11254 (438)    

Alkenes 
809 (E)-2-Octene ND ND ND ND ND ND - - - 
1116 (E)-4,8-Dimethyl-1,3,7- 

nonatriene 
1411 (350)a 1401 (21)a 1841 (457)a 1455 (257)a 769 (227)a 1495 (99)a 0.1104 0.8258 0.0584  

Σ alkenes 1411 (350) 1401 (21) 1841 (457) 1455 (257) 769 (227) 1495 (99)    

Alcohols 
765 1-Pentanol ND ND ND ND ND 113 (8)a 0.0477 0.0697 0.0477 
767 (Z)-2-Penten-1-ol 322 (122)a 483 (189)a 667 (63)a ND ND 144 (41)a 0.3054 0.5455 0.6860 
788 2,3-Butanediol ND ND ND ND ND 1215 (359)a 0.0621 0.0845 0.0621 
857 (Z)-3-Hexen-1-ol 5633 (1652)a 4273 (53)a 5202 (1750) 

a 
2792 (678)a 2218 (939)a 3955 (785)a 0.1817 0.5957 0.1077 

867 (E)-2-Hexen-1-ol 1091 (326)a 1207 (54)a 1224(345)a 655 (128)a 375 (25)a 774 (251)a 0.0545 0.3295 0.2404 
869 1-Hexanol 2327 (611)a 1740 (21)a 2501 (479)a 1131 (88)a 1067 (281)a 1519 (253)a 0.1189 0.2389 0.0312 
981 1-Octen-3-ol ND ND ND ND ND 132 (69)a 0.0988 0.1186 0.0988 
1070 1-Octanol ND 282 (39)a ND ND ND ND 0.0500 2.0772 0.0500 
Σ alcohols 9268 (2724) 10994 (236) 9374 (2483) 4203 (1233) 3179 (1799) 7110 (1832)    

Esters 
1009 3-Hexen-1-ol, acetate 10308 (1526) 

a 
11423 (498)a 11202 

(2700)a 
9106 (1495) 
a 

4510 (46)a 9138 (796)a 0.1654 0.8643 0.0912 

1015 N-hexyl acetate 1271 (297)a 1630 (112)a 1493 (377)a 1278 (188)a 1411 (458)a 1312 (147)a 0.0388 0.1710 0.0172 
Σ esters 11579 (1812) 13054 (611) 12695 

(3062) 
10385 
(1682) 

5921 (1280) 10451 (940)    

Furans 
992 2-Pentylfuran ND ND ND ND ND ND - - -  

Σ furans - - - - - -    

Ketones 
977 1-Octen-3-one ND ND ND ND ND ND - - - 
1071 (E,E)-3,5-Octadien-2-one ND ND ND ND ND ND - - -  

(E,Z)-3,5-Octadien-2-one ND ND ND ND ND ND - - - 
Σ ketones - - - - - -    

Sesquiterpenes 
1379 α-Copaene 354 (26)a 351 (2)a 427 (32)a 386 (46)a 348 (31)a 371 (10)a 0.0965 0.3391 0.4643 
1509 (E,E)-α-Farnesene 20 (6)a ND ND ND ND ND 0.0658 0.0882 0.0658 
Σ sesquiterpenes 374 (37) 351 (2) 427 (32) 386 (46) 348 (31) 371 (10)    

Terpenes 

(continued on next page) 
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in muffins (Gutiérrez-Luna et al., 2020), beeswax oleogel (Yilmaz & 
Ögütcü, 2015) and fiber based structured emulsions in cookies (Curti 
et al., 2018). 

3.2. Oxidation stability 

The study of the oxidative stability in lipid food matrices with a 
highly unsaturated FA profile is a major aspect, since products of lipid 
oxidation could contribute to the detriment of its sensory, technological 
and nutritional properties. In this sense, TBARs (Table 2) and volatile 
compounds of gelled emulsions at 0 h and after 24 h at 65 ◦C were 
analyzed (Tables 3 and 4, for EVOO and EO, respectively). Data of 
vegetable oils analyzed in the same conditions are also shown for 
comparative purposes (Table A3). 

TBARs values were mainly influenced by the type of oil, as it can be 
observed in Table 2. Those formulations including EVOO remained 
stable and at lower values after exposure to Schaal oven test, except for 
the statistically significant increase that was noticed in kC gels. On the 
other hand, EO gels TBARs value were, at least, 5–8 folds higher than 
their EVOO counterparts at 0 h and after 24 h, respectively. Significant 
increases were observed in C + C gels as it was observed in the oil itself. 
The unsaturation degree of EO, as well as the required heating for the 
preparation of carrageenan were the fundamental factors for the 
observed results. 

The first products of lipid peroxidation can decompose and produce 
various secondary volatile compounds, such as aldehydes, alcohols and 
ketones. The volatile profile of an specific oil will depend on its FA 
profile, since different FA degrade producing different compounds 
(Nogueira, Scolaro, Milne, & Castro, 2019; Tomé-Rodríguez, 
Ledesma-Escobar, Penco-Valenzuela, & Priego-Capote, 2021). Not all of 
these compounds are strictly produced by thermal oxidative degrada-
tion, some of them are produced through a chain of enzymatic reactions 
(known as lipoxygenase pathway (LOX)) (Malheiro, Casal, Rodrigues, 
Renard, & Pereira, 2018; Vichi, Pizzale, Conte, Buxaderas, & 
López-Tamames, 2003). 

Up to 34 compounds were identified in EVOO gel samples and 31 in 
EO gels, most of them aldehydes (35–45% of total area identified), fol-
lowed by alcohols (11–21%) and esters (21–27%) (Tables 3 and 4). The 
volatile profile observed in the gelled emulsion samples was signifi-
cantly influenced both by the required heating during the elaboration 
process and the temperature applied during the stability test, being these 
effects significantly more evident in the EO gelled samples. 

High initial (T0) content of aldehydes was observed in all EVOO 
gelled emulsions, being the most noticeable hexanal, (E)-2-hexenal, 
heptanal, octanal and nonanal. Especially those gels formulated with A 
and C + C, which did not require to be heated in the elaboration process 
had the highest content (T0) of hexanal and (E)-2-hexenal. These two 
compounds have been detected in virgin olive oil, as a consequence of 

enzymatic degradation of linoleic and linolenic acid respectively, via 
LOX pathway (Vichi et al., 2003). This is the reason why hexanal is not 
considered, by some authors, an oxidation marker for olive oils 
(Angerosa et al., 2004; Kalua et al., 2007; Vichi et al., 2003), as it occurs 
for other vegetable oils. (E)-2-hexen-1-ol, (Z)-3-hexen-1-ol and n-hexyl 
acetate are also derived from enzymatic degradation of aldehydes or 
PUFAs and were identified in all EVOO gels. These compounds are 
responsible for the characteristic virgin olive oil aroma and particularly, 
its green and fruity attributes (Lobo-Prieto, Tena, Aparicio-Ruiz, Mo-
rales, & García-González, 2020; Malheiro et al., 2018). 

In all EO gelled emulsions, a clear effect of the gelling agent was 
appreciated (Table 4). Whereas 6–9 compounds were noticed at T0 in A 
and C + C samples, cK gels showed 17 volatile compounds, mostly al-
dehydes, including the presence of (E,E)-2,4-heptadienal, (Z,E)-2,4- 
heptadienal, (E)-2-decenal, (E,Z)-decadienal, (E,E)-decadienal, clear 
lipid oxidation markers. The heating process needed for the elaboration 
of this gel (70 ◦C) exerted a relevant oxidation effect in this oil. This 
behavior could be expected, since the FA profile of EO is characterized 
for its PUFA fraction (~70%) and it’s more susceptible to temperature 
induced oxidation. Some of the mentioned compounds were also re-
ported in other studies dealing with EO and other omega-3 FA rich oils 
(Nogueira et al., 2019; Shibata, Uemura, Hosokawa, & Miyashita, 2015) 
and the potential toxic effect of (E,E)-2,4-heptadienal and (E,E)-2, 
4-decadienal from omega-3 FA rich vegetable oils was pointed out 
(Nogueira et al., 2019). 

After 24 h at 65 ◦C, an increase in the total content of volatile 
compounds was observed in most formulations, except in EVOO with C 
+ C. Characteristic molecular markers of oxidation including heptanal, 
(E)-2-heptenal, nonanal, several alkanes (decane, dodecane, tridecane, 
tetradecane, pentadecane and hexadecane) and 1-octen-3-ol were 
identified at T24 in all EVOO gels, being the kC gels those with highest 
proportions. The mentioned compounds are related to unpleasant, oily 
and oxidized aroma descriptors (Lobo-Prieto et al., 2020). Other char-
acteristic oxidation markers such as dienals were neither found in EVOO 
gel samples. However, as regards to some olive oil freshness markers 
such as (E)-2-Hexen-1-ol and (Z)-3-Hexen-1-ol, modifications detected 
due to heating were not statistically significant (p > 0.05). 

An increasing trend in total content of volatile compounds was 
observed in EO gelled emulsions, associated to volatile compounds 
responsible for oxidation and negative sensory attributes. Even though 
oxidative markers like nonanal, dodecane and tetradecane were 
observed at T0 in EO formulations in similar proportions among them, as 
a result of the Schaal oven test, these compounds experienced a signif-
icant increment and others like hexanal, (E,E)-2,4-heptadienal, (Z,E)- 
2,4-heptadienal, (E)-2-decenal, (E,Z)-decadienal, (E,E)-decadienal and 
various alkanes (dodecane, tetradecane, pentadecane) were produced. 
This increment was particularly noticeable in gelled emulsions prepared 
with carrageenan, whose oxidative status was already enhanced at T0 

Table 3 (continued )   

EVOO   

A C+C kC p values1 

IK Compound T0 T24 T0 T24 T0 T24 GA T interaction 

1026 Limonene ND 232 (10)b 86 (65)a 186 (26)b ND 261 (37)b 0.2508 0.0001 0.1284 
1048 (E)-β-Ocimene 186 (106)a 208 (30)a 325 (109)a 225 (25)a ND 228 (10)a 0.1143 0.6426 0.0159 
Σ terpenes 186 (106) 441 (41) 411 (146) 411 (113) - 490 (48)    

Aromatic hydrocarbons  
Ethyl benzene ND ND ND ND ND ND - - - 

1254 1,3-Di tert butil benceno ND 117 (20)a 129 (47)a 124 (34)a ND 968 (135)b 0.0000 0.0000 0.0000  
Σ aromatic hydrocarbons - 117 (20) 129 (47) 124 (34) - 968 (135)     

Total area 41133 
(10197) 

53489 
(1311) 

42618 
(8305) 

39372 
(3965) 

20389 
(4775) 

50069 
(5097) 

- - - 

Results are expressed in total area counts 10^3/g gelled emulsion. Data correspond to mean values. Standard deviations appear in parentheses. Values with different 
letters within columns are significantly different (p<0.05) based on post hoc Bonferroni test. 1Results from 2×2 factorial ANOVA. EVOO: Extra virgin olive oil., EO: 
Echium oil., A: Alginate., C+C: Collagen + Cellulose., kC: Carrageenan. 
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Table 4 
Volatile compounds identified in EO gelled emulsions.    

EO   

A C+C cK p values1 

IK Compound T0 T24 T0 T24 T0 T24 GA T interaction 

Aldehydes 
748 (E)-2-Pentenal ND 8984 (1352)b ND 7830 (1293) 

b 
2624 (152)a 15713 (1698)c 0.0000 0.0000 0.0000 

804 Hexanal 1323 
(205)a 

20349 (5404) 
d 

860 (321)a 10051 (825)c 4496 (750)b 20464 (2336)d 0.0009 0.0000 0.0133 

853 (E)-2-Hexenal ND 1093 (128)a ND 2482 (368)b 1033 (66)a 1713 (481)b 0.2793 0.0019 0.6822 
901 Heptanal 808 (183)c ND 466 (138) 

ab 
557 (25)b 398 (46)a 947 (174)c 0.1935 0.4479 0.0001 

955 (E)-2-Heptenal ND 16101 (3567) 
b 

ND 6429 (217)a 5256 (589)a 19304 (207)b 0.0000 0.0000 0.0000 

996 (Z,E)-2,4-Heptadienal ND 33921 (3779) 
c 

ND 14543 (204) 
b 

8084 (741)a 56123 (3869)d 0.0000 0.0000 0.0000  

(Z)-2,4-Heptadienal ND 40439 (2578) 
b 

ND 13617 
(4945)a 

16164 
(5530)a 

57210 (6556)c 0.0000 0.0000 0.0000 

1002 Octanal ND ND ND ND ND ND - - - 
1056 (E)-2-Octenal ND 24773 (3248) 

b 
ND 2457 (191)a ND 24281 (1364)b 0.0000 0.0000 0.0000 

1103 Nonanal 109 (59)a 3028 (620)c 108 (21)a 549 (153)ab 738 (180)b 3753 (216)c 0.0000 0.0000 0.0000 
1159 (E)-2-Nonenal ND 1135 (178)b ND 177 (14)a ND 1158 (257)b 0.0000 0.0000 0.0000 
656 (E,E)-2,4-Nonadienal ND 539 (126)a ND ND ND 823 (53)b 0.0007 0.0000 0.0007 
1259 (E)-2-Decenal ND 3777 (986)c ND ND 312 (133)a 1776 (183)b 0.0000 0.0000 0.0000 
1291 (E,Z)-2,4-Decadienal ND 4258 (6)b ND ND 372 (46)a 5819 (1044)b 0.0016 0.0002 0.0031 
1316 (E,E)-2,4-Decadienal ND 4915 (455)b ND ND 1899 (169)a 6346 (1614)b 0.0000 0.0000 0.0002  

Σ aldehydes 2240 
(360) 

163312 
(19695) 

1434 (442) 45075 
(1995) 

41376 
(11056) 

215430 
(14647)    

Alkanes 
822 2,4-Dimethylheptane 704 (361) 

a 
ND 503 (146)a ND 1775 (290)b ND 0.0008 0.0000 0.0008 

862 4-Methyloctane ND ND 164 (146)a ND 678 (37)b ND 0.1087 0.0256 0.1087 
1000 Decane ND ND ND ND ND 50468 (4942)a 0.0483 0.0704 0.0483 
1198 Dodecane 905 (292) 

a 
3902 (82)c 948 (392)a 2860 (843)b 834 (490)a 3627 (360)c 0.2161 0.0000 0.1478 

1300 Tridecane ND ND ND ND ND 505 (60)a 0.0000 0.0000 0.0000 
1400 Tetradecane 182 (102) 

a 
1487 (135)b 206 (147)a 1237 (258)b 208 (35)a 1260 (142)b 0.0000 0.0000 0.0000 

1500 Pentadecane ND ND ND 254 (132)a ND 293 (18)a 0.0132 0.0006 0.0132 
1600 Hexadecane ND ND ND ND ND ND - - - 
985 Heptane, 2,2,4,6,6- 

pentamethyl 
ND ND ND ND ND ND - - -  

Σ alkanes 1791 
(605) 

5390 (78) 1821 (821) 4351 (744) 3495 (396) 56153 (2950)    

Alkenes 
808 (E)-2-Octene ND ND ND ND 725 (192)a 1159 (106)b 0.0147 0.3288 0.3846 
1115 (E)-4,8-Dimethyl-1,3,7- 

nonatriene 
ND ND ND ND ND ND     

Σ alkenes - - - - 725 (192) 1159 (106)    

Alcohols 
765 1-Pentanol ND ND ND ND ND ND - - - 
766 (Z)-2-Penten-1-ol ND ND ND ND ND ND - - - 
788 2,3-Butanediol ND ND ND ND ND ND - - - 
856 (Z)-3-Hexen-1-ol ND ND ND ND ND ND - - - 
866 (E)-2-Hexen-1-ol ND ND 625 (17)a ND ND ND 0.0000 0.0000 0.0000 
869 1-Hexanol ND ND ND ND ND ND    
980 1-Octen-3-ol ND 11619 (2840) 

c 
ND 4031 (404)b 2473 (54)a 16092 (1147)d 0.0000 0.0000 0.0001 

1070 1-Octanol ND ND ND 2162 (768) ND ND 0.0692 0.0916 0.0692  
Σ alcohols - 11619 (2840) 625 (17) 6193 (1067) 2473 (54) 16092 (1147)    

Esters 
1008 3-Hexen-1-ol, acetate ND ND ND ND ND ND - - - 
1014 N-hexyl acetate ND ND ND ND ND ND - - -  

Σ esters - - - - - -    

Furans 
991 2-Pentil amilofurane ND 5962 (1602)b ND 1668 (117)a ND 5242 (354)b 0.0003 0.0000 0.0003  

Σ furans - 5962 (1602) - 1668 (117) - 5242 (354)    

Ketones 
976 1-Octen-3-one ND ND ND ND ND 1280 (116)a 0.0032 0.0092 0.0032 
1070 (E,E)-3,5-Octadien-2-one ND 8770 (731)a ND ND ND 11498 (950)b 0.0000 0.0000 0.0000  

(E,Z)-3,5-Octadien-2-one ND 3961 (262)a ND ND ND 4887 (186)b 0.0000 0.0000 0.0000 

(continued on next page) 
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due to heating during the gelling procedure. Shibata et al. (2015) re-
ported a similar increasing trend in aldehyde formation when evaluating 
oxidized (at 50 or 60 ◦C) fish, echium, linseed, and soybean oil 
triacylglycerols. 

From the nutritional point of view, the incorporation of these gelled 
emulsions might contribute to improve some of the key nutritional 
features in foodstuffs. As they have ~50% less calories than butter, they 
could contribute to decrease the energy value of a reformulated product. 
Also, as both oils were rich in unsaturated fatty acids, they could 
contribute to achieve potential claims such as “high content of unsatu-
rated fats”. In the particular case of those gelled emulsions including EO, 
the claim of “high content of omega-3 FAs” would also be possible to be 
obtained. 

4. Conclusions 

The optimized gelled emulsions produced with EVOO and EO 
seemed to be promising ingredients as butter replacer not only for its 
technological characteristics, but for their nutritional value. Attending 
to hardness and syneresis values of the developed gels, those with C + C 
(3.25%) and kC (0.75%) gave the best results. As for oxidative stability, 
the use of kC increased susceptibility to oxidation as compared to the 
gels elaborated under cold conditions (A and C + C). In any case, those 
gelled emulsions elaborated with EVOO were more stable under heating 
conditions than those elaborated with EO, regardless of the type of 
gelling agent used. Their performance as ingredients in various food 
matrices should be tested in order to assess the implications of their use 
and consumer response, as well as the more suitable gelling agent for a 
specific type of product. 
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EO   

A C+C cK p values1 

IK Compound T0 T24 T0 T24 T0 T24 GA T interaction  

Σ ketones - 12732 (994) - - - 17666 (1460)    

Sesquiterpenes 
1379 α-Copaene ND ND ND ND ND ND - - - 
1508 (E,E)-α-Farnesene ND ND ND ND ND ND - - -  

Σ sesquiterpenes - - - - - -    

Terpenes 
1026 Limonene ND ND ND ND ND ND - - - 
1047 (E)-β-Ocimene ND ND ND ND ND ND - - -  

Σ terpenes - - - - - -    

Aromatic hydrocarbons  
Ethyl benzene ND ND 605 (122)a 760 (184)a ND ND 0.0000 0.0000 0.0000 

1254 1,3-Di tert butil bencene ND ND ND ND ND 1085 (529)a 0.0011 0.0040 0.0011  
Σ aromatic hydrocarbons - - 605 (122) 760 (184) - 1085 (529)     

Total area 4031 
(904) 

199015 
(25022) 

4485 
(1476) 

58047 
(20010) 

48069 
(11499) 

312827 
(17284) 

- - - 

Results are expressed in total area counts 10^3/g gelled emulsion. Data correspond to mean values. Standard deviations appear in parentheses. Values with different 
letters within columns are significantly different (p<0.05) based on post hoc Bonferroni test. 1Results from 2×2 factorial ANOVA. EVOO: Extra virgin olive oil., EO: 
Echium oil., A: Alginate., C+C: Collagen + Cellulose., kC: Carrageenan. 
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