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1  Introduction
Oleogelation and oleogels have been one of the issues 

that have been emphasized in recent years due to their 
high applicability potential in food production1）. Oleogela-
tion increases the possibility of using liquid oils in food 
products, which are disadvantageous in terms of quality 
parameters such as texture and sensory properties, as well 
as shelf life2）. Oleogels, which are also considered as one of 
the fat mimetics, have become an important replacement 
for trans and saturated fats and in this way, it is aimed to 
prevent cardiovascular diseases caused by the consump-
tion of foods with high trans and saturated fatty acid 
content3, 4）. Oleogelation is the entrapment of liquid in a 
three-dimensional network formed by polymeric or low 
molecular weight oleogelators such as wax, cellulose and 
glycerides5）. There are many successful applications for the 
use of oleogels in meat and meat products such as fer-
mented sausage, emulsion sausage and patty, as in other 
food products6－9）.

As a results of studies about the application of oleogels 
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in different foods, oleogel emulsions containing oil and 
water phases have also been developed to create other 
usage areas and properties for oleogels. Oleogel emulsions 
are formed in the presence of various oleogelators such as 
monoglyceride, carrageenan, alginate and waxes as a water 
in oil phase or an oil in water phase10－12）. Oil type, oil and 
water amount, oleogelator type and amount directly affect 
the properties of the oleogel emulsion12）. Previous studies 
reported that the use of monoglyceride, carrageenan and 
alginate in oleogel emulsion affected inter-crystal structure 
of the network, stability and structural properties and also 
these effects mostly depend on the concentration13－15）. 

This study aims to produce olive oil based oleogel 
emulsion（OOE）with high oil binding capacity, oxidative 
stability and textural properties. Therefore, the effects of 
oil, water, monostearate, carrageenan and alginate concen-
tration on oil loss, firmness and peroxide values were as-
sessed by mixture design.

Abstract: In this study, the effects of oil, water, glycerol monostearate, carrageenan and alginate 
concentrations, which have a significant effect on quality parameters in olive oil oleogel-based emulsion 
(OOE), were investigated and their optimum amounts were determined by mixture design for oleogel 
production with desired properties. OOE was produced using olive oil, water, glycerol monostearate (GMS), 
carrageenan and alginate at various concentrations in the range of 0-70%, 30-60%, 0-2%, 0-2% and 0-2%, 
respectively. The optimum quality parameters of OOE were evaluated in terms of optimum firmness value 
(5.5-7 N), minimum oil loss and peroxide value. The optimum composition was determined 53.5% olive oil, 
43.5% water, 1.1% carrageenan, 0.92% alginate and 0.98% glycerol monostearate (w/w). Produced OOE 
under determined optimum conditions had 5.81 N firmness, 1.82 meq/O2 peroxide value and 21.02% oil loss 
value. The margin of error between the experimentally obtained data and the estimated data in the study is 
average 2%. The results showed that the formulation used in OOE production have significant effects on 
the created OOE structure and quality parameters. In addition, different formulations to be created with 
the results of the present study will contribute to increasing the applicability of OOE in different foods.
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2  Experimental Procedures
2.1  Materials

Virgin olive oil was obtained from a local producer
（Nevsehir, Turkey）. Glycerol monostearate（GMS）, sodium 
alginate and κ-carrageenan were provided from Sigma 
Chemical Co.（St. Louis, MO, USA）.

2.2  Methods
The present study was carried out in two stages. First of 

all, the optimum usage values for the concentration of oil, 
water and the other components in OOE production were 
determined depending on the oil loss, firmness, and perox-
ide values. At the last stage, the model efficiency was de-
termined by determining the properties of the OOEs pro-
duced with the optimum determined values.

2.3   Olive oil oleogel-based emulsion preparation and ex-
perimental design

Olive oil oleogel-based emulsions（OOE）were prepared 
as described by Özer and Çelegen16）. Firstly, the aqueous 
phase was prepared with water, sodium alginate, carra-
geenan and glycerol monostearate. And then the oil phase 
was mixed with the aqueous phase. The ratio of compo-
nents in the OOE composition in each experimental group
（Table 1）was determined by the experimental design 
created using the extreme vertices mixture design（Minitab 
17, Minitab LLC, USA）. The maximum and minimum 
weight for the olive oil, water, sodium alginate, carrageenan 
and glycerol monostearate were 40-70％, 30-60％, 0-2％, 
0-2％ and 0-2％, respectively. The sum of the ratios given 
to each component was 100％ in each trial group formula-
tion. The prepared oleogel-based emulsion was kept at 4℃ 
for 24 h before the analysis.

2.4  Oil loss determination
The oil loss value（％）of OOE sample was determined as 

described by Meng17）. In this method, the calculation is 
made by determining the amount of oil separated from or 
retained in the structure of the oleogel emulsion against 
the centrifugal force.

2.5  Peroxide values
The method of AOCS was used to determine peroxide 

values of OOE18）. The peroxide values were presented as 
meq O2/kg OOE. 

2.6  Texture analysis 
Texture analysis was performed as described by Demir 

Özer19）. To evaluate the firmness, texture profile analysis
（TPA）were performed with a Texture Analyzer（TA.XT2, 
NY/Stable Micro Systems, UK）using 5 kg load cell and 
conic（90°）probe. OOE samples were filled into a cup（Ø55 
mm inner diameter, 70 mm height and Ø45 mm diameter 
for compression plate）avoiding bubbles formation. Analy-

ses were performed three times for each treatment at 
20-22℃. The trigger force was 20 g and the probe pene-
trated and pulled out the sample up to 1 mm/s.

2.7  Statistical analysis 
Optimization of olive oil oleogel-based emulsion compo-

sition was carried out using the extreme vertices mixture 
design（Minitab 17, Minitab LLC, USA）. The proportional 
level of five factors: olive oil（X1）, water（X2）, sodium algi-
nate, （X3）, carrageenan（X4）and glycerol monostearate（X5）
were determined and analyzed. Table 1 shows the experi-
mental runs, factor levels, and responding variables. An 
extreme vertices mixture design was used to optimize vari-
ables with 33 runs. The best fitting models were deter-
mined by mixture regression. Experimental data were ana-
lyzed and fitted to a regression model containing the 
coefficient of linear, quadratic, special cubic and two and 
three factors interaction effects. The polynomial equation 
for the regression model of response（Z）of the five inde-
pendent variables was as follows:

Z＝ ∑5
i＝1β i Xi＋∑5

i＝1β ii Xi
2＋∑5

i＝1β iii Xi
3＋∑2

i＝1∑
5
j＝i＋1β ij Xi Xj

＋∑2
i＝1∑

5
j＝i＋1∑

5
k＝j＋1β ij Xi Xj Xk （1）

Where Z is the predicted response（oil loss, firmness and 
peroxide）, βi was the linear coefficient（main effect）, βii 
was the quadratic coefficient, βiii was the quadratic coeffi-
cient, βij was the two factors interaction coefficient and βijk 
was the three factors interaction coefficient. To check and 
interpret the model and model adequacies, the analysis of 
variance（ANOVA）and the coefficients which are R2, the 
adjusted R2, and the predicted R2 were used. In addition, 
the lack-of-fit test was used to determine the probability of 
the model’s failure to predict the experimental data. When 
p value is higher than 0.05（p＞0.05）, the obtained value 
should be insignificant. The results were expressed as 
mean values with standard deviations from the two or 
three replications of analysis.

3  Results and Discussion
Experimental data which contain experimental groups

（runs）, factors and responses of variables were presented 
in Table 1. Mixture regression was used to obtain the best 
fitting model. It determined that the obtained polynomials 
equations for firmness, oil loss and peroxide values were 
highly compatible. Thus, the R2, adjusted and predicted R2 
values for all obtained variables except for oil loss were 
quite high which are more than 97％ expected oil loss 
values（Table 2）. Adjusted and predicted R2 values for oil 
loss were not that high and 63％ and 90％, respectively. 
This indicates that the predictive ability of the obtained 
model is relatively low20）. Ghan et al.20） optimized the con-
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centration of soy lecithin, monostearate, water and palm 
oil on oleogel formulation by multiple regression with 
backward elimination on mixture design and adjusted R2 
and predicted R2 values were found to be similar to R2 
values. 

The results showed that the responses for the firmness 
and peroxide values to the variables were a quite similar 
trend but shows minor differences. It was determined that 
there were similar quadratic and cubic effects in both. 
However, responses to oil loss were quite different from 

Table 1　Experimental data of the investigated responses of OOE properties.

Run 
order

Factor 1 
(X1)
Oil 
(%)

Factor 2 
(X2)

Water 
(%)

Factor 3
(X3)

Carrageenan 
(%)

Factor 4 
(X4)

Alginate 
(%)

Factor 5 
(X5)

Monostearate 
(%)

Response I 
(Y1)

Oil loss* 
(%)

Response II 
(Y2)

Firmness *
(N)

Response II
(Y3)

Peroxide *
(meq O2/kg)

1 46.75 50.75 0.5 0.5 1.5 38.55 4.96 2.95
2 60.75 36.75 0.5 1.5 0.5 14.38 8.24 4.68
3 61.75 36.75 0.5 0.5 0.5 36.49 7.12 4.35
4 46.75 50.75 1.5 0.5 0.5 36.16 4.95 2.16
5 40.00 58.00 2.0 0.0 0.0 69.85 4.62 2.71
6 40.00 56.00 2.0 2.0 0.0 68.46 4.28 2.41
7 40.00 56.00 0.0 2.0 2.0 60.49 5.09 3.16
8 46.75 49.75 0.5 1.5 1.5 36.28 7.29 4.34
9 53.50 43.50 1.0 1.0 1.0 21.58 5.41 2.68

10 58.75 36.75 1.5 1.5 1.5 40.67 6.19 3.78
11 46.75 48.75 1.5 1.5 1.5 49.67 6.38 3.89
12 46.75 51.75 0.5 0.5 0.5 52.28 3.28 2.16
13 40.00 60.00 0.0 0.0 0.0 94.68 3.96 2.49
14 66.00 30.00 2.0 2.0 0.0 28.47 11.67 6.45
15 40.00 58.00 0.0 2.0 0.0 84.28 3.84 2.38
16 46.75 49.75 1.5 0.5 1.5 52.61 6.59 3.54
17 68.00 30.00 0.0 2.0 0.0 51.34 5.11 3.19
18 40.00 56.00 2.0 0.0 2.0 78.27 4.69 2.98
19 68.00 30.00 0.0 0.0 2.0 64.15 4.91 3.41
20 40.00 58.00 0.0 0.0 2.0 68.45 4.18 2.86
21 66.00 30.00 2.0 0.0 2.0 59.46 5.29 3.28
22 59.75 36.75 1.5 1.5 0.5 41.38 7.39 4.21
23 60.75 36.75 0.5 0.5 1.5 41.67 7.34 4.40
24 46.75 49.75 1.5 1.5 0.5 52.67 5.91 3.58
25 40.00 54.00 2.0 2.0 2.0 54.68 5.55 3.49
26 59.75 36.75 1.5 0.5 1.5 46.68 6.38 3.95
27 60.75 36.75 1.5 0.5 0.5 40.66 8.65 5.29
28 66.00 30.00 0.0 2.0 2.0 35.18 8.41 5.16
29 59.75 36.75 0.5 1.5 1.5 38.44 8.62 5.00
30 64.00 30.00 2.0 2.0 2.0 46.54 15.47 8.14
31 46.75 50.75 0.5 1.5 0.5 58.99 5.28 3.28
32 70.00 30.00 0.0 0.0 0.0 94.61 3.65 2.28
33 68.00 30.00 2.0 0.0 0.0 78.34 4.59 2.18

* The values presented are the mean values obtained from two replications.
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Table 2　 Regression coefficients of predicted models for the investigated 
responses of OOE properties and independent effects of the 
factors.

Variablesa
Regression 

coefficients for 
oil loss

Regression 
coefficients for 

firmness

Regression 
coefficients for 
peroxide value

Linear
β1 3.87 －59.97 －30.45
β2 －185.93 －23.35 －9.55
β3 169183 298992 201715
β4 －686507 44786 －14609.60
β5 650584 －321937 －177551
Quadratic
β12 3.93 * 1.83 * 0.88 *
β13 － －2838 * －1944.25 *
β15 － 3286 * －
β23 － －3058 * －2063.00 *
β25 － 3286 * 1812.90 *
β34 －2875.17 * －426 * －
Special Cubic
β123 － －1.99 * －1.05 *
β125 0.74 * － －
β134 － －34.26 * －19.08 *
β145 － 29.48 * 20.43 *
β234 － －32.07 * －17.90 *
β245 － 29.46 * 20.42 *
R2 0.9714 0.9912 0.9830
Pre-R2 0.6333 0.7151 0.7962
Adj-R2 0.8982 0.9685 0.9397
F value 13.28 43.84 22.67
p value 0.001 0.001 0.001

a Polynomial model adjusted by mixture regression at the level of 0.1% with the 
lack-of-fit test, where, βi is the linear coefficient (main effect), βij is the two 
factors interaction coefficient and βijk is the three factors interaction coefficient. 
β1: oil; β2: water; β3: carrageenan; β4: alginate; β5: monostearate; β12: interaction 
for oil and water amount; β13: interaction for oil and carrageenan amount; β15: 
interaction for oil and monostearate amount; β23: interaction for water and 
carrageenan amount; β25: interaction for water and monostearate amount: β34: 
interaction for carrageenan and alginate amount; β123: interaction for oil and 
water amount; β125: interaction for oil and water amount; β134: interaction for oil 
and water amount; β145: interaction for oil and water amount; β234: interaction 
for water, carrageenan and alginate amount; β245: interaction for water, alginate 
and monostearate amount; *, significant at p ≤ 0.05
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others（p＜0.05）. It was determined that water and oil 
content, which are the main components of the olive oil 
oleogel-based emulsion, have negative linear effects on 
peroxide and firmness values（p＜0.05）. For the oil loss 
value, water and oil content have a negative and positive 
linear effect, respectively（p＜0.05）. Moreover, the interac-
tions between oil and water content increased oil loss, 
firmness and peroxide value. In fact, the effect of the cubic 
effects of water and oil, including other components, on all 
of the responses was determined. In many studies, it has 
been reported that the increase in water content of oleo-
gel-based emulsions decreases the emulsion stability and 
accordingly, the oil binding capacity decreases20－22）. The 
water:oil ratio in the emulsion is decisive for the properties 
and stability of the emulsion. Water-in-oil（W/O）emulsions 
have a high interfacial area and within this area there is 
high mobility from the water surface to the oil surface. 
Therefore, water-in-oil emulsions are thermodynamically 
unstable23）. Stabilization can be achieved with an oil crystal 
network in these systems by Pickering type stabilization or 
a combination of protein and polysaccharides, which can 
improve the system24）. In many studies used for this aim, 
the positive results of carrageenan, glycerol monostearate 
and alginate were determined to be dose-dependent13, 25）.

Carrageenan, one of the components used for oleogela-
tion and emulsion process, has a positive linear effect on all 
responses（p＜0.05）. However, alginate and glycerol mono-
stearate have negative or positive linear effects for each 
response（p＜0.05）. Small amounts of low molecular weight 
components such as glycerol monostearate physically capture 
the oil phase, forming a supramolecular structure25, 26）. Glyc-
erol monostearate is amphiphilic and this forms a surface 
film between oil and water, regulating the distribution of oil 
droplets in the emulsion27）. Singh et al.28） reported that in 
the oleogel significantly affects the textural properties 
such as spreadability and back extrusion. In addition to all 
these, the effect of carrageenan on the structure is impor-
tant. Carrageenan molecules irregularly coil up at high 
temperatures and then form helical structures between 
molecules when temperature decreased. The helical struc-
tures then turn into three-dimensional networks in which 
water is trapped29）. Lee et al.30） indicated that in oleogel 
based emulsion, carrageenan is responsible for the stability 
and glycerol monooleate are responsible for maintaining 
the dispersed water phase together. However, it has also 
been reported that phase inversion occurs using of glycerol 
monostearate at high levels such as 5％31）. In this case, it 
has been reported that reducing the amount of glycerol 
monostearate and supporting the structure with wax or 
other polysaccharides will prevent this situation. Research-
ers reported that oleogels with excellent structured 
network and stability can be produced by using a combina-
tion of glycerol monostearate, carrageenan and beewax30）.

The effectiveness of alginate in emulsion and oleogel 

systems in previous studies is similar to the results of the 
present research. It was reported that alginate can be 
cross-linked with other components to produce emulsion 
and oleogel-based emulsion32, 33）. In the systems such as 
emulsion, alginate protects against factors such as oxygen 
and UV-light and improves its mechanical properties. The 
effect of alginate on antioxidant and structural properties 
has also been reported in some previous studies34, 35）. Souk-
oulis et al.36） indicated that alginate cross-linking, which 
occurs as a result of electrostatic interactions between ions 
such as alginate and calcium, causes a decrease in oxygen 
diffusion. This gel formation, which is a specific structure 
and also called "egg box" model, is also important in terms 
of textural properties. In the presence of cross-linked ions, 
sol to gel transition can occur even at ambient temperature 
and gel can retain its form when heated37）. In addition, algi-
nate, an anionic polysaccharide, is also an emulsion stabi-
lizer that forms hydrophilic coatings on the surface of oil 
droplets38）. Willett and Akoh39） stated that the use of algi-
nate in oleogel production increased the efficiency and sta-
bility of the oleogel and it has high oil absorption and 
holding capacity.

Emulsion-based oleogels are disadvantageous in terms of 
oxidation considering the production conditions and pa-
rameters and this is a limiting factor for use in food prod-
ucts. The coexistence of oil and water, the application of 
heat, and the need for mixing in production cause to in-
crease in the oxidation level of emulsion-based oleogels40）. 
In the present study, it has been determined that the qua-
dratic and cubic interactions for the amounts of all compo-
nents significantly affect the peroxide value, similar to the 
results in the literature. Gravelle et al.41） reported that the 
use of sorbitan monostearate in the oleogel content im-
proves both the textural properties and oxidation of the 
oleogel. And also, it was indicated that the type of wax in 
oleogels used affects oxidation and the oxidation stability 
of oleogels produced with candelilla wax is higher than that 
of carnauba and beeswax42）. In general, it can be said that 
oleogels with a high firmness value have a high oxidative 
stability, which is explained by the limited mobility of the 
oil42）.

To determine the optimum mixture of olive oil oleogel-
based emulsion structure, optimum firmness value（5.5-7 
N）and lowest peroxide and oil loss value were preferred. 
The most optimal values for all responses were determined 
by using multiple response optimizers for the determined 
parameters. The optimization process was performed in 
Minitab statistical program as described by Palla et al.43）. 
The optimum composition was determent 53.5％ olive oil, 
43.5％ water, 1.1％ carrageenan, 0.92％ alginate and 
0.98％ glycerol monostearate（w/w）（Table 3）. Further-
more, the properties of the experimentally produced OOE 
with the obtained optimal formulation and the values ob-
tained with the obtained mathematical model are present-
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ed in Table 4. Experimentally produced OOE under deter-
mined optimum conditions had 5.81 N firmness, 1.82 meq/
O2 peroxide value and 18.02％ oil loss value. By the data 
presented by the R2 values, the difference between the ex-
perimental and predicted data is very low for the peroxide 
and firmness values. There is a difference of almost 2％. 
However, this is somewhat more for oil loss value and is 
almost 15％. In general, it can be said that the obtained 
models show high validity and correctness in predicting re-
sponse variables.

4  Conclusion
In this study, olive oil emulsion-based oleogel formula-

tion with desired properties was optimized with a mixture 
design. It has been determined that each of the compo-
nents has linear, quadratic and cubic effects on the oleogel 
structure and properties. The optimum composition was 
determent 53.5％ olive oil, 43.5％ water, 1.1％ carrageen-
an, 0.92％ alginate and 0.98％ glycerol monostearate（w/
w）. With obtained optimal formulation, olive oil emulsion-
based oleogel with optimum hardness and high oxidative 
stability and oil holding capacity can be produced. The 
results of this study provide important data on the devel-
opment and use of formulations of oleogels that can be 
used in various food systems.
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