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The object of the study is the 
dependence of the technological 
indicators of the extruded system 
with an increased ALA content on 
the composition of the raw mate-
rials. The problem of the study is 
the need to increase the oxida-
tive stability of the lipid compo-
nent of extrudates, preserve their 
nutritional value and improve tech-
nological characteristics (in par-
ticular, porosity). An extruded sys-
tem with an increased content of 
alpha-linolenic polyunsaturated 
fatty acid (ALA) based on a mix-
ture of barley groats and flax seeds 
has been developed. The influence 
of flaxseed content on the techno-
logical parameters of model extrud-
ed systems, in particular porosi-
ty and oxidative stability of the 
lipid component, was studied. It 
was found that the rational content 
of flax seeds in the extrusion mix-
ture is 7.0 %, providing the nec-
essary porosity (80 %) and the 
induction period of accelerated oxi-
dation at a temperature of  80 °C 
(10 hours). The proposed techno-
logical approach makes it possible 
to increase the shelf life of prod-
ucts while preserving nutritional 
value. The developed extruded sys-
tem is promising for further imple-
mentation in the food industry, 
which will contribute to expand-
ing the range of extruded prod-
ucts and increasing their mar-
ket competitiveness. The effect of 
antioxidants – ascorbic and feru-
lic acids on the oxidative stabili-
ty of lipids of the extruded system 
was studied: the content of ascor-
bic acid – 0.06...0.09 %, the con-
tent of ferulic acid – 0.10...0.15 %. 
The lipid component of the extrud-
ed system of the developed com-
position demonstrates a high level 
of oxidative stability (oxidation 
induction period – up to 22 hours). 
The obtained results indicate the 
possibility of using extruded sys-
tems with an increased ALA content 
to create specialized products with 
extended shelf life and reduced raw 
material costs
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1. Introduction

Plant raw materials contain proteins, carbohydrates, 
lipids, minerals, vitamins, organic acids, and also have 

high nutritional, taste and biologically active properties. 
The main task of the industry is to preserve and improve 
the nutritional value and consumer qualities of plant raw 
materials in the process of technological processing [1, 2]. 

Copyright © 2024, Authors. This is an open access article under the Creative Commons CC BY license
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water absorption capacity and swelling degree of extruded 
products, which makes them promising for use in the pro-
duction of products with improved texture characteristics. 
But studies [9, 10] did not consider in detail the stability of 
PUFAs, in particular alpha-linolenic acid (ALA), during the 
extrusion process and during storage of the obtained extru-
dates. However, the effect of different types of polyunsatu-
rated fatty acids, particularly alpha-linolenic acid (ALA), on 
the stability and oxidative properties of the finished product 
during storage was not sufficiently covered in the study. This 
issue is partially considered in [11], showing that during 
extrusion this phenomenon is not observed due to the short 
duration of the process. Although studies [11] confirm that 
the short duration of the extrusion process minimizes fat 
oxidation, the long-term stability of PUFAs, in particular 
alpha-linolenic acid (ALA), after processing and during 
storage of the finished product remains an unresolved issue. 
Studies do not address the impact of storage conditions, such 
as temperature, humidity and oxygen exposure, on the sta-
bility of PUFAs in finished extruded systems. These factors 
can significantly affect the level of fat oxidation, in partic-
ular under long-term storage conditions, which can lead to 
deterioration of the organoleptic properties and nutritional 
value of the product. One of the objective reasons why this 
issue has not been resolved is the difficulty of long-term 
studies aimed at studying the stability of fatty acids after 
processing. This requires systematic research, including long 
experimental periods, as well as analysis at different stages 
of product storage.

At the same time, the process of extruding plant raw 
materials leads to fat reduction in the finished product [12]. 
However, questions regarding the preservation of specific 
polyunsaturated fatty acids, such as alpha-linolenic 
acid (ALA), during extrusion remain unresolved in the study. 
The main reason for this is the difficulty in controlling the 
chemical changes that occur with lipids under the influence 
of high temperatures and pressures during extrusion.

In [13], scientists associate fat reduction with low raw 
material moisture and high extrusion temperature. However, 
in this work, the question of the specific mechanisms that cause 
such fat loss, in particular the interaction of lipids with other 
components during extrusion, remained unresolved. One 
of the reasons for this is the difficulty of studying chemical 
changes in lipids during high-temperature processing. At 
the same time, the work [14] determined that fat reduction 
increased at the moisture content of the raw material (a 
mixture of wheat and almond flour) from 26 to 30 %, but 
decreased at the moisture content from 30 to 36 %. The 
reason for this discrepancy has not been found. Although 
the study showed some association between moisture con�-
tent and fat fraction loss, the mechanisms explaining this 
behavior remained unclear. One of the objective reasons for 
this is the complexity of the extrusion process, where many 
physical and chemical changes occur simultaneously, such 
as temperature, pressure, mechanical mixing and reactions 
of the raw material components. Probably, other process 
parameters had an impact, including the viscosity of the raw 
material, as shown in studies [12], which examined in detail 
the influence of extrusion parameters, such as temperature, 
moisture content, and screw speed, on the final properties 
of extruded products. However, the relationship between 
the composition of lipids, especially PUFAs, and their 
stability during the extrusion process was not sufficiently 
investigated in the work.

Extrusion technology is gaining more and more popularity 
for processing food raw materials. Extrusion makes it possible 
to increase the digestibility of components of plant raw 
materials, in particular protein and starch [3]. In addition, 
the selection of rational parameters for the extrusion process 
can solve two important tasks: the destruction of anti-
nutrients (protease inhibitors, etc.) contained in some types 
of plant raw materials and the destruction of pathogenic 
microorganisms.

The extrusion process is widely used in industry [3, 4]. 
The advantage of this technology is a radical change in the 
structure of the raw material, its physical properties and 
nutritional value, as well as the chemical composition during 
processing. A wide range of plant raw materials are subjected 
to extrusion: grain, beans, fruits, vegetables, tubers, 
leaves and stems of plants, as well as their mixtures [5]. 
An important advantage of extrusion technology is the 
possibility of processing food industry waste, such as oilseed 
meal and cake, fruit pomace, fruit peel, etc., for their further 
use [5, 6]. By varying the parameters of the extrusion process 
of plant raw materials, it is possible to obtain a product with 
the necessary properties and ensure a minimum decrease in 
nutritional value due to the destruction of useful substances. 
In improving this technology, the main direction is the 
development of new recipes for raw material mixtures and 
extrusion process parameters [5].

The presence of lipids in raw materials for extrusion has 
a positive effect on the extrusion process, helping to reduce 
friction, plasticizing the product and gluing its components. 
However, the processes of oxidative deterioration of 
lipids, especially polyunsaturated fatty acids (PUFAs), 
during processing degrade product properties. There are 
known scientific data that during extrusion, enzymes that 
accelerate oxidation are destroyed, and during the Maillard 
reaction, protein-carbohydrate complexes are formed, which 
are antioxidants [7]. However, the presence and quantitative 
content of PUFAs is a significant factor that affects the 
porosity and stability of extruded lipid-containing systems 
during storage [8].

Therefore, research aimed at substantiating the 
component composition of the extruded lipid-containing 
system enriched with PUFAs, as well as determining the 
dependence of its technological indicators on the PUFA 
content, are relevant. The results of such research will 
provide an opportunity to expand the range of special-
purpose extrudates, in particular in the oil and fat industry, 
and improve the quality of finished products with health-
improving properties. 

2. Literature review and problem statement

It is known that the oxidation of fats during process-
ing deteriorates product properties. In the study [9], the 
influence of raw material moisture and lipid content on the 
technological properties of extruded protein-fat systems was 
analyzed in detail. The authors concluded that the selection 
of rational parameters of lipid and moisture content is crit-
ical for preserving the technological characteristics of the 
product, in particular porosity and texture. In the study [10], 
a thorough analysis of the influence of cellulose- and lip-
id-containing components on the technological parameters 
of extrudates was carried out. The authors determined that 
such components have a significant effect on the porosity, 
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It was found that the formation of a lipid-amylose 
complex during corn starch extrusion occurs at a 
temperature of 110...140 °C and low moisture content of 
plant material [15]. The results of the analyzed experimental 
studies confirm that a low fat content in the raw material 
contributes to the efficient implementation of the extrusion 
process and prevents oxidation of the finished product, 
while a high fat content worsens the course of the extrusion 
process and product quality. But the effect of different 
polyunsaturated fatty acids, such as ALA, on the extrusion 
process and the stability of the final product has not been 
sufficiently investigated. In particular, ALA has a high 
tendency to oxidation, which can deteriorate the quality of 
extruded products and shorten their shelf life. Despite the 
available data on the oxidative stability of total lipids, no 
specific studies on the effect of ALA on this process have yet 
been conducted. The reasons for this can be both objective 
and subjective. In particular, the oxidative instability 
of PUFAs such as ALA complicates the development of 
sustainable systems, and this issue requires additional 
research taking into account technological features and 
storage conditions. This requires the development of more 
specialized approaches to the extrusion of lipid-containing 
raw materials, in particular systems with a high PUFA 
content, which may also be one of the reasons why this issue 
has not yet been fully resolved.

The study [16] proved the value of flaxseed as part 
of protein-fat systems, which is due to the high content 
of PUFAs, in particular ALA, dietary fiber, lignans, etc., 
making it a promising ingredient for extrusion systems. 
But the work did not address the impact of temperature 
and mechanical extrusion loads on the stability of ALA, 
as well as the influence of these factors on the texture and 
nutritional value of the final product. Using flaxseed in 
extrusion processes is complicated by the high tendency to 
fat oxidation, especially at high temperatures. Compared to 
flaxseed, barley is a more stable raw material that contains a 
significant amount of β-glucans and other biologically active 
compounds [17]. Barley is characterized by a balanced amino 
acid composition, however, the dominance of prolamins and 
glutelins in its protein composition reduces its suitability 
for the formation of strong protein structures in extruded 
products. However, in the study [17], issues on determining 
the rational composition of lipid-containing and protein-
containing raw materials to preserve biologically active 
components, in particular PUFAs, in extruded systems 
remained unresolved.

Analysis of literature sources showed that the extrusion 
process is extremely important for obtaining food products 
with altered structure and improved properties, but the 
stability of PUFAs, in particular ALA, during extrusion 
remains insufficiently studied. On the one hand, the 
works [13, 14] found that the loss of fat fraction during 
extrusion depends on humidity and temperature, but no 
studies were conducted that would reveal the mechanisms 
of influence on ALA stability. This is due to the chemical 
complexity of the processes occurring during extrusion, and 
requires additional research to clarify the impact of various 
technological parameters on PUFAs.

On the other hand, the results of [15] confirmed the 
formation of lipid-amylose complexes during extrusion 
under certain conditions, however, the effect of ALA as the 
main PUFA on the stability of the final extruded products 
remains unexplored. This may be due to the high tendency 

of ALA to oxidize in the extrusion process, which degrades 
product quality and shortens its shelf life.

Studies [16, 17] show the value of flax as a rich source of 
PUFAs, but insufficient attention has been paid to the effect 
of mechanical and temperature loads during extrusion on 
lipid stability. It was found that barley can serve as a more 
stable raw material, but its protein composition does not 
contribute to the formation of strong structures. Despite 
this, the issue of preserving biologically active components, 
in particular ALA, in extruded systems remains unresolved. 
Therefore, on the basis of a critical analysis, it can be argued 
that it is appropriate to conduct a study on developing 
extruded systems with an increased ALA content, in order 
to find out its impact on the technological parameters of 
the extrusion process and the stability of the final product 
during storage.

3. The aim and objectives of the study

The aim of the study is to develop an extruded system 
with enhanced ALA (alpha-linolenic acid) content, enabling 
the examination of extrusion parameters effect on ALA 
stability and the technological properties of the final 
product. This will facilitate the creation of an oxidation-
resistant extruded system with a high ALA content, thereby 
extending its shelf life while meeting the growing demand 
for omega-3 PUFA-enriched products.

To achieve the aim, the following objectives were 
accomplished:

– to determine the chemical composition of raw materials 
for the extruded system with enhanced ALA content;

– to analyze changes in the technological properties of 
the extruded system, specifically porosity and oxidative 
stability of the lipid component, depending on ALA content;

– to study the impact of antioxidants on the oxidative 
stability of the extruded system.

4. Materials and methods 

4. 1. Object and hypothesis of the study
The object of the study is the technological parameters of 

an extruded system with an increased ALA content, based on 
lipid-containing and protein-containing raw materials of plant 
origin. The primary hypothesis of the study is the potential 
stabilization of ALA against oxidative degradation in the 
extruded system by rationalizing the component ratio. This 
approach aims to minimize lipid oxidation while preserving the 
high nutritional and technological properties of the resulting 
products. Additionally, stabilization of the lipid component in 
the ALA-enriched extrudate against oxidative damage can be 
achieved through the use of an antioxidant complex.

Assumptions adopted in the study:
– there exists an optimal ALA content in the composition 

of the extruded system that enhances its nutritional value 
without compromising the technological characteristics of 
the extrudate during production and storage;

– within the antioxidant complex of ascorbic and ferulic 
acids, a specific ratio may exhibit a non-additive effect on 
inhibiting the oxidative degradation of the lipid component 
in the ALA-enriched extrudate;

– the induction period of accelerated oxidation of 
the lipid component in the extruded system samples is 
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proportional to their induction period under recommended 
storage conditions (absence of oxygen and light, temperature 
range from +5 °C to +25 °C).

Simplifications accepted in the study:
– for analyzing the oxidative stability of the lipid 

component in the extruded system, ALA, representing the 
class of polyunsaturated fatty acids (PUFAs), was selected 
as the primary indicator. Other components of the lipid 
profile, such as monounsaturated and saturated fatty acids, 
are not considered in detail due to their significantly higher 
stability compared to ALA;

– microbiological aspects and enzymatic reactions were 
also excluded from consideration, as the study focuses on the 
physicochemical and technological parameters of extrusion 
and the stability of fatty acids in the final product.

4. 2. Materials and equipment used in the experiment
The following materials and reagents were used in the 

studies:
– flax seeds (produced in Ukraine), compliant with 

DSTU 4967 (CAS 8001-26-1);
– barley groats (produced in Ukraine), compliant with 

DSTU 7700 (Regulation (EC) No. 178/2002);
– ascorbic acid (produced in Ukraine), compliant with 

CAS 50-81-7;
– ferulic acid (produced in China), compliant with  

CAS 1135-24-6.

4. 3. Methodology for producing extrudates
The extrusion of raw material components was performed 

using a PE-20 extruder, specifically designed for the 
production of expanded extruded products. Ascorbic acid and 
ferulic acid were incorporated into the raw material mixture 
in the form of powders, which were evenly blended with a 
small portion of the mixture prior to extrusion. The extrusion 
temperature in the area in front of the die did not exceed 
135 °C, and the screw rotation speed was set at 250 rpm.

4. 4. Methods for determining the characteristics of 
raw materials for an extruded system

The following parameters were determined for raw 
material components used in the extruded system:

– moisture and volatile substances content – in 
accordance with DSTU 7621;

– crude protein content – in accordance with DSTU 7169;
– lipid content – in accordance with DSTU 7491;
– carbohydrate content – in accordance with 

DSTU ISO 6493;
– ash content – in accordance with DSTU ISO 5984;
– fatty acid composition of the lipid fraction – in 

accordance with DSTU ISO 5508.
For the samples of the extruded system, the following 

parameters were determined:
– porosity – in accordance with [10];
– induction period of accelerated lipid oxidation – in 

accordance with DSTU ISO 6886.

4. 5. Planning research and processing results
In studies examining dependencies (2) and (3) of 

the porosity of an extruded system and the induction 
period of lipid oxidation at 80 °C based on flaxseed 
content, single-factor experiments were employed. For 
investigating dependency (4), which relates the induction 
period of accelerated oxidation of the extruded system to 

the antioxidant content in the raw materials, two-factor 
experiments were conducted. Each experiment was repeated 
three times. The equations for these dependencies were 
calculated by approximating experimental data through 
trendline construction. Experimental data processing and 
the creation of graphical dependencies were performed using 
Microsoft Excel (USA) and Stat Soft Statistica v 6.0 (USA).

The significance of the coefficients in the approximating 
equation for dependency (4), describing the induction period 
of accelerated oxidation of the extruded system in relation to 
the antioxidant content in the raw materials, was validated 
by testing the hypothesis of null parameter equality. The 
degree of influence of the antioxidant content in the raw 
materials on the induction period of accelerated lipid 
oxidation in the system was assessed through the coefficient 
of determination R2. A value of R2=0.983 indicates that 
over 98 % of the variations in the induction period of 
accelerated lipid oxidation in the extrudate’s lipid component 
are attributable to variations in antioxidant content.

The significance of the developed approximating 
model (4) was determined by comparing the calculated 
Fisher criterion with its critical tabulated value at a 
significance level of p=0.05 and the corresponding degrees of 
freedom. The results confirm that the calculated coefficients 
of determination for the approximating dependency (4) are 
substantial, and the equation is statistically significant with 
a confidence level exceeding 95 %.

4. 6. Method of comparative analysis of raw material 
costs for various extruded systems

The difference in the cost of raw material components (Еc.r.) 
represents a reduction in production cost when comparing the 
cost of components in extruded systems with an analogous 
development. It is calculated using formula (1):

1 1

,
n m

e i i j j
i j

E P C P C
= =

= ⋅ − ⋅∑ ∑ 	
		  (1)

where Pi, Pj represent the cost of raw material components in 
the extruded systems of the analogous development and the 
proposed composition, respectively, $/kg; Ci, Cj represent 
the content of raw material components in the extruded 
systems of the analogous development and the proposed 
composition, respectively, kg/ton.

5. Results of developing an extruded system with increased 
alpha-linolenic polyunsaturated fatty acid content

5. 1. Determination of the chemical composition of 
raw materials for the extruded system 

To develop an extruded system with an enhanced ALA 
content, two raw materials were selected: flaxseed and barley 
groats. These components were chosen due to the high ALA 
content in flaxseed and the presence of specific carbohydrates in 
barley, including glycans, arabinoxylans, and hemicellulose. The 
chemical composition of the raw materials is presented in Fig. 1.

The fatty acid composition of flaxseed oil, extracted from 
flax seeds, and the lipids extracted from barley groats has 
been determined (Fig. 2).

Significant differences in the composition of raw material 
components necessitate precise optimization of their ratios 
to achieve stability in the extruded product, target porosity, 
and resistance to lipid oxidation.
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5. 2. Analysis of changes in the technological 
properties of the extruded system depending on the 
content of alpha-linolenic polyunsaturated fatty acid

The dependence of porosity and the induction period 
of lipid oxidation in model samples of the extruded system 
containing varying amounts of flaxseed – a source of ALA – 
was investigated (Fig. 3).

Equations (2) and (3) describe the approximative 
dependencies of the porosity of the extruded system and the 
oxidation induction period of its lipid component at 80 °C on 
the flaxseed content:

( ) 2–0.0253 –1.2689 91.1800;ls ls lsS C C C= ⋅ ⋅ + 	 (2)

( ) 2–0.00275 0.3372 12.5000;ls ls lsIP C C C= ⋅ − ⋅ + 	 (3)

where S(Cls) represents the porosity of the extruded system, %,
IP(Cls) is the induction period of oxidation at 80 °C for 

the lipid component of the extruded system, hours;
Cls denotes the flaxseed oil content, %.

It should be noted that the approximation 
dependencies (2) and (3) adequately describe the 
porosity of the extruded system and the induction 
period of lipid oxidation at 80 °C within the flaxseed 
content range of 0–25 %. Therefore, to ensure an 
induction period of lipid oxidation in the extruded 
system at 80 °C within the range of 8–10 hours, the 
flaxseed content in the system should be between 
3.5 % and 7.0 %. The predicted porosity of the 
extruded system within this flaxseed content range 
is 81–86 %. Consequently, it was decided to produce 
an extrudate sample containing 93 % barley groats 
and 7 % flaxseed. The technological parameters of the 
resulting extrudate, determined experimentally, are 
as follows: porosity of 80 % and an induction period 
of 10.0 hours, which are practically identical to the 
calculated values (81.06 % and 10.0 hours, respectively).

5. 3. Study of the impact of antioxidants on the 
oxidative stability of the extruded system

Selected antioxidants were used to inhibit oxida-
tive spoilage of the lipid component in the proposed 

extruded system formulation: ascorbic acid and ferulic acid. 
Ascorbic acid is an effective water-soluble antioxidant that 
readily donates electrons to neutralize free radicals, prevent-
ing the initiation and propagation of oxidative processes in 
lipids. Ferulic acid, in turn, is a fat-soluble antioxidant capa-
ble of neutralizing free radicals in lipophilic environments, 
particularly under high-temperature extrusion conditions.
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The mutual effects of the selected antioxidants on the 
induction period of accelerated oxidation (at 80 °C) of the 
lipid component in the extruded system were investigated. 
The ascorbic acid content in the raw material was varied 
within the range of 0.00–0.09 % (based on the total mass of 
the extrusion mixture) in increments of 0.03 %. The ferulic 
acid content in the raw material was varied within the range 
of 0.00–0.15 % (based on the total mass of the mixture) in 
increments of 0.05 %. The obtained induction period values 
for the accelerated oxidation of the extruded system ranged 
from 10 to 25 hours.

The approximation dependence of the induction period of 
accelerated oxidation of the extruded system on the antioxi-
dant content in the raw material is presented in equation (4):

( ) = + ⋅ + ⋅

− ⋅ + ⋅ ⋅

−

⋅2 2

, 8.1535 122.7429 91.4239

1,027.5288 395.6522 –275.0000 ;

aa fa a fa

a a fa fa

IP c c c c

c c c c 	 (4)

where IP(сaa, сfa) – the induction period of accelerated 
oxidation (at 80 °C) for the extruded system, measured in 
hours;

сaa – ascorbic acid content in the extrusion mixture, %;
сfa – ferulic acid content in the extrusion mixture, %.
The presented approximation model adequately describes 

the actual oxidation potential of the lipid component in the 
extruded system within the specified antioxidant content 
intervals.

The surface of the obtained dependence is illustrated 
in Fig. 4.

Fig. 4. Dependency of the induction period of accelerated 
oxidation (ІP(сaa,сfa)) of the lipid component in the extruded 
system on the content of ascorbic acid (сaa)  and ferulic acid 

(сfa) in the initial raw material mixture

Based on the experimental results and their statistical 
analysis, the content of antioxidants in the selected 
raw material for extrusion was adjusted. From both a 
technological perspective (oxidative stability) and an 
economic perspective (cost efficiency), an optimal range 
of antioxidant content was determined for producing an 
extruded system, as follows:

– ascorbic acid content: 0.06–0.09 %;
– ferulic acid content: 0.10–0.15 %. 
Under which the induction period of accelerated oxida-

tion in the extrudate ranges from 20 to 22 hours.
Analysis of the obtained dependency (Fig. 4) demon-

strates that increasing the ascorbic and ferulic acid con-
tent in the extrusion mixture significantly enhances the 
stability of the lipid component in the extruded system. 
Specifically, with an increase in ascorbic acid above 0.09 % 
and ferulic acid above 0.15 %, the induction period extends 

to 23.74 hours, indicating a substantial improvement in the 
system’s antioxidant protection. However, excessive concen-
trations of antioxidants may have undesirable consequences. 
Notably, high levels of ascorbic acid can accelerate oxidative 
processes in the presence of transition metal ions and alter 
the product’s flavor profile. Conversely, elevated ferulic acid 
content can affect the extrudate’s texture. This antioxidant 
interacts with proteins and carbohydrates, forming cross-
links that reduce the porosity of the final product.

6. Discussion of the development results of an extruded 
system with enhanced alpha-linolenic polyunsaturated 

fatty acid content

The possibility of developing an extruded system with 
an increased content of alpha-linolenic acid (ALA) based 
on barley groats and flaxseed was explored. The primary 
objective was to achieve lipid stability during the extrusion 
process, given ALA’s high susceptibility to oxidation. 
Ascorbic acid and ferulic acid were used as antioxidants, 
justified by their proven efficacy in stabilizing PUFAs.

An analysis of the obtained results (Fig. 1) reveals 
significant differences in the composition of flaxseed and 
barley groats. Flaxseed contains relatively low moisture 
levels (7.3 %) compared to barley groats (11.2 %). This 
factor may influence the technological parameters of the 
extrusion process, such as processing temperature and 
product stability during extrusion. The lower moisture 
content of flaxseed contributes to achieving a denser texture 
in the final product. Flaxseed has a higher protein content 
(22.4 %) compared to barley groats (13.8 %). The elevated 
protein level can enhance the nutritional value of the 
extruded product and promote the formation of a more 
stable structure during extrusion. Flaxseed also contains 
a significant amount of lipids (38.4 %) compared to barley 
groats (1.2 %). This high fat content may considerably 
impact technological processes like extrusion and thermal 
stability, especially since lipids are prone to oxidation during 
high-temperature processing. It is also important to consider 
that the high lipid content in the extruded system may 
require the use of antioxidants or specific storage conditions 
to prevent oxidation. Barley groats have a significantly 
higher carbohydrate content (68.6 %) compared to 
flaxseed (28.1 %). This carbohydrate richness can promote 
the formation of a more porous product structure, as 
carbohydrates, particularly starch, tend to expand during 
extrusion. Higher carbohydrate content can also improve 
the sensory properties of the final product. The ash content 
in both components (3.2 % in flaxseed and 3.7 % in barley 
groats) indicates a similar mineral composition, which may 
influence the nutritional value of the final product but is not 
a critical factor for the extrusion process.

The fatty acid composition of the lipid component of raw 
materials (Fig. 2) indicates that flaxseed provides a high 
content of ALA, while barley groats contribute structural 
and stabilizing carbohydrate components that enhance the 
technological properties of the extruded system.

Studies on the technological properties of the extruded 
system, particularly porosity and the stability of the lipid 
component (Fig. 3), revealed a significant dependence of 
these parameters on the flaxseed content – the primary 
source of ALA. As the flaxseed content increases, system 
porosity decreases, as confirmed by the approximated 
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dependency (2), which describes a negative correlation 
between the amount of flaxseed and the product’s porosity. 
Porosity measurements of extruded samples demonstrated 
that the predicted porosity of the extruded system within 
the specified flaxseed content ranges from 81 % to 86 %, 
ensuring adequate lightness and a pleasant texture of the 
product.

It was shown that a flaxseed content of 3.5–7.0 % 
allows achieving an oxidation induction period of the lipid 
components at 80 °C within 8–10 hours, which is optimal for 
maintaining product quality during storage. Dependency (3) 
confirms this pattern, demonstrating that an increase in 
ALA content leads to a reduction in the stability of the lipid 
component. However, with a controlled flaxseed content, 
a rational balance is maintained between the beneficial 
properties of ALA and the oxidative stability of the extruded 
system.

The study confirmed the critical importance of selecting 
appropriate antioxidants to prevent oxidative spoilage. 
Ascorbic and ferulic acids were identified as effective 
antioxidants for protecting lipids in a system containing 
flaxseed, which is a primary source of alpha-linolenic 
acid (ALA). Ascorbic acid, due to its water-soluble properties, 
acts as an antioxidant in polar environments, while ferulic 
acid, a fat-soluble antioxidant, effectively neutralizes free 
radicals in the lipophilic phase. Experiments demonstrated 
that combining these two antioxidants significantly extends 
the induction period for lipid oxidation in the extruded 
system.

It was found that the antioxidant content within the 
ranges of 0.06–0.09 % for ascorbic acid and 0.10–0.15 % 
for ferulic acid is optimal for efficiently inhibiting lipid 
oxidation. At a temperature of 80 °C and with the 
recommended antioxidant concentrations, the induction 
period can reach 20–22 hours (dependency (4)). This level 
of oxidative stability is crucial for extending the shelf life of 
the extruded system and preserving the beneficial properties 
of ALA. Further increases in antioxidant concentrations 
slightly improve the lipid stability of the extruded system. 
However, excessive use of antioxidants may have negative 
consequences, such as affecting the flavor and texture of the 
product due to interactions with other components of the 
mixture.

The chemical composition, technological, and economic 
indicators of the extruded system of the proposed formulation 
were analyzed and compared to a similar development [18] – 
an extruded mixture of flaxseed and a bean-corn flour 
blend in a ratio of 10:45:45, which was selected as the 
benchmark. The raw material cost for the benchmark system 
is approximately $757.5 per ton, while the cost of the 
developed extruded system is approximately $295.0 per ton.

The reduced cost of the developed extruded system is 
attributed to a lower proportion of high-cost components, 
such as flaxseed (7 % compared to 10 % in the comparable 
system), and the use of a more affordable ingredient – barley 
groats, which represent a more economically viable raw 
material. This also positively impacts the overall production 
cost, enabling the manufacturer to offer the final product 
at a lower price, potentially attracting a broader consumer 
audience.

Analysis of the economic feasibility of using the developed 
extruded system highlights its significant advantages over 
similar systems. The raw material cost for the developed 
extruded system is approximately $295.00 per ton, which 

is considerably lower compared to a similar extruded mixture 
of flaxseed and bean-corn flour ($757.50/ton). This cost 
difference nearly halves production expenses, making the new 
system more competitive. Furthermore, using antioxidants, 
such as ascorbic acid and ferulic acid, is an economically 
advantageous step to extend the product’s shelf life and 
reduce the risk of lipid oxidation. This prevents quality 
degradation during storage, significantly enhancing the 
product’s market competitiveness. Unlike the comparable 
system, which does not include antioxidants, the stabilization 
of the lipid component in the developed system allows it to 
maintain its nutritional value and organoleptic properties 
over a longer period, minimizing losses due to spoilage.

The development of an extruded system with increased 
ALA (alpha-linolenic acid) content exhibits certain distinc-
tions from previous studies, such as [13], which examined 
the reduction of ALA content due to low moisture and high 
extrusion temperatures. However, this research focuses on 
stabilizing ALA against oxidative deterioration, which is 
critical for achieving an extended product shelf life, par-
ticularly under accelerated oxidation conditions. Previous 
studies have not proposed viable solutions to prevent lipid 
losses during high-temperature processing, primarily due 
to the complexity of analyzing chemical changes in lipids 
under such conditions. Similarly, [14] reports test results on 
fat fraction losses under various moisture conditions, further 
highlighting the complexity of physicochemical processes 
during extrusion.

In this development, attention is paid to balancing 
antioxidant and lipid content, which mitigates the adverse 
effects of oxidative degradation on the lipid component, par-
ticularly ALA. A comparison with [16] highlights differing 
approaches to flaxseed use in extruded systems. While [16] 
demonstrated that flaxseed solutions are a promising source 
for protein-lipid systems due to their high ALA content, it 
did not address the impact of extrusion parameters, such 
as temperature and mechanical stress, on ALA stability. 
Additionally, issues of oxidative stability during high-tem-
perature processing were not explored.

A critical area of this research is refining the conditions 
for applying the obtained results to the development of 
extruded systems with increased ALA content. Given the 
enhanced stability of the lipid component through the use of 
antioxidants such as ascorbic and ferulic acids, the findings 
can be effectively implemented in manufacturing processes 
specializing in the extrusion of high-lipid products. This not 
only extends product shelf life but also improves quality in 
terms of nutritional value and oxidative stability. Further-
more, the results are compatible with existing technological 
processes, enabling seamless integration of the new systems 
into already operational extrusion lines.

A limitation of utilizing the research results lies in the 
fact that when scaling the production method of extruded 
products with different raw materials or under conditions 
of altered chemical composition of components, adjustments 
to the technological process parameters may be required. 
Moreover, porosity, oxidative stability, water absorption 
capacity, and other technological indicators can signifi-
cantly vary depending on the initial composition of the raw 
materials.

At the same time, it is worth noting certain shortcom-
ings of this study, in particular, the lack of exploration of 
how changes in temperature or screw rotation speed of the 
extruder influence the final product indicators when these 
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antioxidants are used. Fixing these parameters at specific val-
ues during the experiment may have limited the identification 
of optimal conditions to maximize both the product’s porosity 
and ALA stability. In the future, expanding experimental 
research to investigate the effects of technological parameters 
on the efficiency of the extrusion process would be beneficial.

The prospects for applying this approach to developing 
extruded systems with increased ALA content in various 
sectors of the food industry include the formulation of ex-
trudates for sports nutrition and specialized purposes, par-
ticularly dietary nutrition and nutrition for individuals with 
increased demand for ω-3 PUFA.

7. Conclusions

1. The chemical composition of raw materials for 
the extruded system – flaxseed and barley groats – was 
analyzed. It was determined that the lipid content in 
flaxseed constitutes 38.4 %, with a significant portion 
represented by alpha-linolenic polyunsaturated fatty acid 
(55.8 % of the total fatty acids). Additionally, flaxseed 
contains a considerable amount of protein (22.4 %) and 
dietary fiber (28.1 %). Barley groats, serving as the base 
component of the extruded system, contain 11.2 % moisture, 
13.8 % protein, 1.2 % lipids, and 68.6 % carbohydrates. The 
combined use of these components allows for optimizing the 
nutritional value of the extruded system based on them.

2. The optimal flaxseed content in the extruded system 
was determined using approximative dependencies of 
extrudate porosity and the oxidative stability of the lipid 
component on its content. A flaxseed content of 7 % in the 
extruded system ensures rational technological properties of 
the extrudate. The porosity of the finished product is 80 %, 
and the induction period for accelerated oxidation at 80 °C 
reaches 10 hours.

3. The optimal content of ascorbic and ferulic acids in 
the extruded system enriched with alpha-linolenic acid 
was determined to enhance the oxidative stability of the 
lipid component. An approximative model was proposed to 
describe the mutual non-additive effects of antioxidants on 
the oxidation induction period of the extrudate at 80 °C. The 
rational concentrations of antioxidants in the extruded system 
were substantiated as follows: ascorbic acid – 0.06–0.09 %,  
ferulic acid – 0.10–0.15 %. It was found that within 
these concentrations, the induction period for accelerated 
oxidation increases by 2.2 times compared to the  
control.
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