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 Abstract 
 Introduction. Extruded snack nutritional value can be 

enhanced by incorporating functional ingredients like seedless 
grape pomace – a winery’s valuable by-product that is usually 
discarded.     

Materials and methods. This work aimed to evaluate the 
impact of seedless grape pomace from two varieties (red and 
white) on extruded corn snack quality: expansion characteristics, 
starch digestibility, color, texture, and functional properties. The 
best formulation was evaluated by the nutritional profile, 
antioxidant activity, and polyphenol content.    

Results and discussion. Grape variety affected the content of 
total starch, snacks porosity, starch digestion index, lightness, 
browning index, cutting, compression and puncture forces, 
chewiness, and functional properties of extruded snacks added 
with grape pomace. Increasing the amount of grape pomace in 
snacks resulted in a decrease in expansion index, water absorption 
and solubility indices, total starch content, lightness, friability, 
cutting, compression and piercing forces, and crispness, while 
chewiness, browning index, and starch digestibility index 
increased when as the addition level of the plant additive was 
higher. The recommended addition levels were 30% for white 
seedless grape pomace and 20% for the red one. The 
characterization of these two samples in comparison with the 
control demonstrated that if even the porosity, texture parameters, 
lightness, and functional properties were lower, the general 
quality of the final product was acceptable. The fortified samples 
had a higher content of protein, ash, lipids, and fiber, and they 
demonstrated significantly higher antioxidant activity compared 
to the control. The fiber content was more than 23 fold higher in 
the the white seedless pomace-containing sample and more than 
37 fold in the red one compared to the control corn snack. 
Furthermore, some individual polyphenols like quercetin, 
luteolin, and myricetin were identified only in the fortified snacks, 
depending on grape variety. The FT-IR spectra registered higher 
absorbances for the fortified snacks than those of control.           

Conclusion. The results confirmed the opportunity to valorize 
seedless grape pomace in the extrusion process to obtain 
functional snacks with potential health benefits.               
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Introduction 
 
World grape production was estimated at 73.5 million tons in 2021 (Statista, 2023), and 

most of the grapes (around 75%) are used for winemaking (Stabnikova et al., 2023), which 
generates a large amount of by-products (seeds, skins, and stem residues) called grape 
pomace, most of which is not used and pose environmental problems (Andrade et al., 2019; 
Dwyer et al., 2014). Annual global production of grape pomace consists from 10.5 to 13.1 
million tons (Gómez-Brandón et al., 2019; Oliveira et al., 2024). Meanwhile, grape pomace 
contains valuable compounds, and recently much research has been carried out on its use in 
the production of functional foods (Almanza-Oliveros et al., 2024; Baroi et al., 2022; 
Grevtseva et al., 2023; Stabnikova et al., 2021; Troilo et al., 2022). 

Therefore, it is of crucial importance to reuse these by-products to enhance process 
economics and its sustainability. The strategy of recycling grape winemaking by-products 
involves reusing them as raw material for a subsequent process, such as extrusion, to produce 
higher value products. The incorporation of grape by-products in extruded snacks includes 
in addition to health benefits by creating value-added snacks with high nutritional profile, 
and, environmentally sustainable benefits.  

Seedless grape pomace is well-known as good source of fibers (65–80%) (Llobera and 
Cañellas, 2008; Valiente et al., 1995), polysaccharides (Beres et al., 2017; Bordiga et al., 
2019) containing also multiple types of polyphenols, such as anthocyanins, hydroxycinnamic 
acids, catechins, and flavonols (Kammerer et al., 2004). These polyphenols have been 
affirmed to have antioxidant properties (Deng et al., 2011; Ivanov et al., 2021) and inhibit 
low-density lipoprotein oxidation (Yıldırım et al., 2005). Additionally, dietary fiber is 
recognized as a beneficial component of a healthy diet, with benefits including lowering 
cholesterol and blood sugar levels, improving cardiovascular health, and preventing 
constipation and obesity (Deng et al., 2011; Sagar et al., 2018; Stabnikova and Paredes-
Lopez, 2024). The phytochemicals content of seedless grape pomace is known to vary 
depending on the type of grape (red or white), grape cultivar, growth climates, and processing 
conditions. Deng et al. (2011) reported that total dietary fiber was the predominant 
composition in the red wine grape pomace but not in the white wine grape pomace in which 
soluble sugar was in the largest amount. The seedless grape pomace from the red variety are 
usually rich in anthocyanidins that are neglected in white varieties (Yu and Ahmedna, 2013).  

Extrusion technology, one of process with high productivity and versatility, offers the 
possibility to incorporate different types of by-products in snacks to develop new products 
or to improve nutritionally the products that are carbohydrate-rich or glycemic-high 
(Paraman et al., 2015). Corn grits, the major ingredient used for the production of extruded 
snacks, contains a high amount of starch and less nutrients, and it’s improvement with other 
raw materials has been approached in various studies. An increase of fiber level in extruded 
snacks would offer a nutritional benefit, and the seedless grape pomace shows the appropriate 
characteristics (Deng et al., 2011) since it contains a great quantity of hemicellulosic sugars 
(Bordiga et al., 2019). However, it is a food engineering challenge to design palatable 
extruded foods having high content of dietary fiber due to the low expansion capability of 
polymer matrices that contain large amounts of dietary fiber (Sozer and Poutanen, 2013). 
Expansion rates at high fiber content can be enhanced when there are present soluble non-
digestible oligo- and polysaccharides. Grape skin cell walls are considered an important 
source of polysaccharides, with the content of soluble polysaccharides varying depending on 
the grape variety (Zhai et al., 2024). The oligosaccharides represent the natural by-products 
of the degradation of berry cell wall polysaccharides (Bordiga et al., 2019). These 
components will not only improve expansion rates but also provides additional functional 
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properties, acting as nutrients for the colonic microflora of humans (Bordiga et al., 2019; 
Sozer and Poutanen, 2013). The polysaccharide-lipid complexes formed during the extrusion 
process contribute to the insoluble fiber fraction, together with resistant starches formed 
under harsh extrusion conditions (Gualberto et al., 1997). Increasing the content of insoluble 
dietary fiber and reducing starch digestibility in nutritious snacks is desirable, but their 
acceptability by consumers from sensory and textural properties points of view must also be 
taken into account.  

 The possibility of using seedless grape pomace in high proportion in corn snack 
production with satisfactory physical, functional and textural properties, acceptable or 
desired for consumers has not investigated yet. The incorporation of by-products with a 
higher content of dietary fiber is known to cause lower expansion during extrusion, resulting 
products with unacceptable features (Stojceska et al., 2010). Until now, the investigations 
reported the valorization of grape by-products in extruded snacks at levels up to 20%. There 
is not known research about the application of seedless grape pomace above this limit in the 
production of expanded products based on corn flour so far.  

The results of the present study could reveal the level of this ingredient, which can be 
added to corn flour to enhance the nutritional profile of snacks. The main aim of this research 
was to investigate the possibility of using seedless grape pomace from white and red grape 
varieties in considerable amounts in the production of corn snacks, and to estimate the best 
percentage that can be added in corn flour to obtain snacks with desired characteristics. 

 
 
Materials and methods 
 
Materials 
 

The red and white grape pomaces were provided by the Iaşi Research and Development 
Center for Viticulture and Vinification, while the corn was purchased from a local Romanian 
producer. After drying the pomace in a convection oven (ZRD-A5055, Zhicheng Analysis 
Instrument, Shanghai, China) at 50°C until its moisture content became below 10%, the seeds 
were manually separated, and the remaining grape skins were ground using a laboratory mill 
(Perten 3100, Perten Instruments, Huddinge, Sweden). The ground grape skin was then 
sieved through a mesh smaller than 0.2 mm to obtain a uniform powder. Flour mixtures were 
created by blending corn flour with either white (SGPW) or red (SGPR) grape skin in varying 
proportions (10–40%), with the corn flour serving as the control.  

 
Extrusion parameters 
 

A laboratory single-screw extruder (Kompakt extruder KE 19/25, Brabender, Duisburg, 
Germany) was used. The extruder had a barrel diameter of 19 mm and a length-to-diameter 
ratio of 25:1, equipped with a 2 mm diameter nozzle. The feeding rate was maintained at 24 
rpm, and the screw speed was set to 150 rpm. The temperature settings for the four processing 
stages were 50°C, 95°C, 175°C, and 180°C. After extrusion, the products were cooled to 
room temperature and left to equilibrate for 16 hours before storage. 

 
Methods 
 

Expansion characteristics  
 

As extrusion leads to an expanded product, the expansion index (EI) was determined. 
EI was calculated by measuring 20 segments from each sample using a digital caliper. To 
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determine porosity, 15 product pieces were placed in a 250 mL cylinder filled with mustard 
seeds. The volume of mustard seeds without the snacks was also recorded, with the difference 
indicating the bulk volume. The same snacks were then ground into a fine powder, and the 
resulting volume was measured in the same cylinder, representing the apparent volume. The 
difference between the bulk and apparent volumes provided an estimate of the internal void 
volume, allowing the material's porosity to be assessed (Rathod and Annapure, 2017). 

 

Digestibility of starch 
 

Total starch content was measured using a Megazyme kit (K-DSTRS; Megazyme, Bray, 
Ireland) following the manufacturer's instructions (Batariuc et al., 2023). Total digestible 
starch was determined using a spectrophotometric method, and the starch digestion index 
(SDRI) was calculated as the ratio of rapidly digestible starch (after 20 min of digestion) to 
total starch. 

 

Color  
 

The ground snacks were placed in transparent petri dishes, and the surface was leveled. 
The color parameters—Lightness (L*), green to red hue (a*), and yellow to blue hue (b*) 
were measured using a CR-400 device (Konica Minolta, Tokyo, Japan). The browning index 
(BI) was then calculated based on methods described in the literature (Al-Hilphy et al., 2022). 

 

Texture 
 

The texture of the snacks was analyzed using a TVT 6700 texturometer (Perten 
Instruments, Hägersten, Sweden). A single-cycle compression test was conducted on 1 cm-
long samples, applying a compression of 50% at a test speed of 1 mm/s with a 25 mm 
cylindrical probe. The cutting force was measured using a V-shaped cutting blade, 
perpendicular to 4 cm-long samples, also at a test speed of 1 mm/s. Crispness was assessed 
by analyzing the slope of the first peak during the test. Additionally, a puncture test was 
performed on 1 cm-long samples using a 3 mm diameter puncture probe, at the same speed 
of 1 mm/s.  

 

Sensory analysis 
 

The crunchiness and chewiness of the snacks were evaluated by 65 panelists from the 
Food Engineering Faculty at Stefan cel Mare University of Suceava. Each panelist was 
instructed to consume and swallow coded samples of the extruded snacks, rating the intensity 
of each attribute on a nine-point scale, following the guidelines of ISO 8589:2007. Mineral 
water was provided for mouth cleansing between tastings. 

 

Functional properties 
 

The water absorption index (WAI) was determined as outlined by Ratod and Annapure 
(Rathod and Annapure, 2017). A sample of 2.5 g of ground extrudates was suspended in 25 
mL of water at room temperature for 30 min with intermittent stirring, followed by 
centrifugation at 3000 rpm for 15 min. After removing the supernatant, the hydrated residue 
was weighed. The supernatant was poured into a pre-weighed evaporating dish, and the water 
was evaporated to a constant weight to determine the dry solids. The water absorption index 
(WAI) was calculated as the weight of the hydrated residue per unit weight of the original 
dry solids. The water solubility index (WSI) was calculated as the weight of dry solids in the 
supernatant, expressed as a percentage of the original sample weight. 
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Polyphenols quantification 
 
For the separation and quantification of individual phenolics, phenolic extracts were 

analyzed using a High-Performance Liquid Chromatography (HPLC) system (Shimadzu, 
Kyoto, Japan), which included a LC-20 AD liquid chromatograph, SIL-20A autosampler, 
CTO-20AC column oven, and SPD-M-20A diode array detector. Separation was performed 
on a Phenomenex Kinetex® 2.6 μm Biphenyl 100 Å HPLC column (150 × 4.6 mm) 
thermostated at 25°C. The injection volume was set at 10 µL, with solvents consisting of 
0.1% acetic acid in water (solvent A) and acetonitrile (solvent B). The gradient started with 
100% A, transitioning to 5% B at 6.66 min, 40% B at 66.6 min, and 80% B at 74 min. The 
solvent flow rate was maintained at 1 mL/min. Polyphenols were identified by comparing 
retention times with those of standard solutions, and quantification was based on absorbance 
in the chromatograms, measured relative to external standards at 320 nm for p-coumaric acid, 
rosmarinic acid, myricetin, luteolin, and quercetin. The standard calibration curves had 
regression coefficients of R²  > 0.99. 

 

FT-IR spectra acquisition 
 

The molecular characteristics of the extruded products were analyzed using Fourier 
Transform Infrared (FTIR) spectroscopy with a Thermo Scientific Nicolet iS20 
spectrophotometer (Waltham, MA, USA) equipped with an attenuated total reflection (ATR) 
accessory. Spectra were collected in the range of 650 to 4000 cm⁻¹, with a resolution of 4 
cm⁻¹ and 32 scans. The molecular features were identified based on established literature 
(Nogales-Bueno et al., 2017; Reinaldo et al., 2021) and analyzed using OMNIC software 
(version 9.9.549, Thermo Fisher Scientific, Waltham, MA, USA). 

 

Nutritional profile  
 

The nutrients composition (moisture, lipids, protein, and ash) of the snacks was 
determined by following the ICC standard instructions: moisture (101/1), fat (104/1), protein 
(105/2), and ash (105/1). The total dietary fiber was evaluated with a Megazyme kit (K-
TDFR-200a 04/17) following the AACC 32-05.01 method. 

For DPPH antiradical activity (AA DPPH), samples were extracted via ultrasonication 
by mixing 1 g of the sample with 10 mL of acetone: water acid solution (70:28:2) at 45°C for 
1 hour. Cold water was added to the bath every 15 min to maintain the temperature. A 0.5 
mL portion of the extract was mixed with 0.5 mL of 80% methanol and 5 mL of DPPH 
solution, then incubated for 30 min in the dark at room temperature. Absorbance was 
recorded at 517 nm using the same spectrophotometer. 

 

Statistical analysis 
 

The single and combined impact of grape pomace variety (red or white) and addition 
level (10, 20, 30, or 40%) on snacks quality in terms of porosity, expansion index, total starch, 
starch digestion index, L*, BI, cutting force, crispness, compression force, puncture force, 
crunchiness, chewiness, water absorption index, and the water solubility index were 
evaluated by using quadratic, cubic or 2FI models. Models fitting was checked by Analysis 
of Variance (ANOVA) at a significance level of p < 0.05 and by considering the F-value, p-
value, R2 and Adj.-R2. The differences among samples were evaluated by using Tukey test (p 
< 0.05). The statistical modelation of data was performed by using XL STAT 2024 version 
and Stat Ease Design-Expert (trial version). 
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Results and discussion 
 
The impact of seedless grape pomace variety and its addition level on corn snack quality 

was evaluated by applying different mathematical models (Table 1).  
Porosity was affected significantly (p < 0.05) by grape variety, while the expansion index 

was influenced by the addition level and the interaction between grape variety and addition level. 
A slight increase of porosity with the addition level rise was observed (Figure 1).  

 
 

Figure 1. Dependence of porosity (a), expansion index (EI) (b), water absorption index (WAI) (c), and 
water solubility index (WSI) (d) on addition level of seedless grape pomace 

 
On the other hand, higher amounts of seedless grape pomace caused the decrease of the 

expansion index. Similar, a reduction of the expansion index was reported by Soja et al. (2024) 
for snacks from potato starch and different plant pomaces due to the high amount of fiber present 
in the plant ingredient which led to lower expansion capacity. Another study reported that the 
incorporation of chokeberry and cherry pomaces in corn extruded snacks resulted in a lower 
expansion rate (Gumul et al., 2023). The results obtained in our study regarding the decrease of 
snacks porosity and expansion could be due to the simultaneous effect of fiber and polyphenols 
from seedless grape pomace which affected the final product texture (Soja et al., 2024). The 
expansion of snacks depends on the starch content of the flour because it presents viscoelastic 
characteristics. The bubbles generated during heating by the water evaporation enter into the 
swelling starch grains and determine their expansion (Karkle et al., 2012). Thus, replacing corn 
flour with seedless grape pomace rich in fiber generated a starch dilution effect and decreased the 
expansion. 
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Intercept 0.81 2.84 39.05 0.84 54.02 26.39 8.33 4.77 20.18 11.07 49.43 41.54 4.75 18.99 

A-Variety -0.08** 0.04 1.57** -0.03** -5.02** -3.63** 1.89** 0.12 2.65** 2.60** -0.73 -1.53** 0.11** -3.66** 

B-Level 0.03* -0.40** 4.06** 0.02** -4.17** -0.72 -0.70* 0.08 -0.39 0.14 1.83 3.20* -0.42** -4.01 

AB 0.02 0.14** -1.87** -0.01 -2.07** -0.86* 1.10** 1.11** 6.63** 2.12** 2.96** 0.58 0.13** 2.04** 

B² 0.01 0.05 1.00 0.06** -0.27  -1.01*  0.07 -0.26 2.15* 1.04  0.23 

AB²     1.32**      0.47 -0.17  -4.50** 

B³     -0.94      -0.91 -0.74  1.12 

p-value <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 

R2 0.80 0.85 0.95 0.88 0.99 0.89 0.85 0.77 0.94 0.92 0.81 0.84 0.86 0.94 

Adj.-R2 0.76 0.81 0.93 0.85 0.99 0.87 0.82 0.73 0.93 0.90 0.75 0.89 0.84 0.91 

* - significant at p < 0.05, ** - significant at p < 0.01 

EI - expansion index; SDRI - starch digestion index; WAI - water absorption index; WSI - water solubility index 



─── Food Technology ─── 

─── Ukrainian Food Journal.   2024.  Volume 13. Issue 4 ─── 664

Snacks’ functional properties were influenced by grape variety and its interaction with 
the addition level (p < 0.05), while the latest had a significant impact only on the water 
solubility index. Both the water absorption index and water solubility index showed a 
decreasing trend proportional with the addition level increase (Figure 1). 

The water absorption index is a measure of the distribution of starch in excess water 
and is dependent on starch damage and the reduction in amylose and amylopectin mass 
during processing (Yaǧci and Göǧüş, 2008). It depends on the number of hydrophilic groups 
and on the ability of starch to form a gel structure (Raleng et al., 2016). The great sugar 
content of grape pomace could have been reduced starch gelatinization due to the competition 
for water of these two types of molecules and/or could have been determined the formation 
of complexes between them (Lund, 1984). Similar results were reported by Raleng et al. 
(2016) for rice-pigeon pea snacks with pineapple pomace. The quantity of soluble 
polysaccharides released from starch during thermal processing through dextrinization can 
be estimated by the water solubility index (Ding et al., 2005). Poliszko et al. (2019) studied 
the impact of pumpkin flour on corn snacks properties and also reported a decrease of the 
water solubility index.  

Total starch and starch digestion index (SDRI) were influenced by both grape variety 
and addition level (p < 0.05), but only total starch was affected by their interaction. Total 
starch content increased with the addition level increase, while the starch digestion index first 
decreased, then it raised at levels > 30% (Figure 2).  

 
 

 
 
 

Figure 2. Dependence of total starch (a) and starch digestion index (SDRI) (b) on addition level 
of seedless grape pomace 

 
 

The increase in starch digestibility could be due to a weaker snacks microstructure, and 
a greater contact surface determined by the presence of grape pomace (Raleng et al., 2022). 
Grape variety, the addition level, and their interaction had a significant effect (p < 0.05) on 
snacks lightness (L*). On the other hand, the browning index (BI) was influenced by grape 
variety and its interaction with the addition level. A reduction of L* values was observed as 
the addition level raised, while the browning index recorded slight changes (Figure 3).  
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Figure 3. Dependence of L* (a) and browning index (BI) (b) color properties on addition level of 
seedless grape pomace 

 
 
Altan et al. (2008) also reported a decrease of barley snacks L* values when tomato 

pomace was added. Non-enzymatic browning reactions and pigments degradation could be 
responsible for color changes during extrusion (Altan et al., 2008). The increase in pomace 
quantity led to the intensification of these modifications which may explain the reduction of 
L* and the increase of browning index. 

All texture parameters (cutting force, crispness, compression force, and puncture force) 
were influenced by the interaction between grape variety and addition level, while the single 
effect of variety was significant (p < 0.05) only on cutting force, compression force, and 
puncture force. Only the cutting force was affected by the addition level (p < 0.05). All the 
texture properties (cutting force, crispness, compression force, and puncture force) decreased 
proportionally with the addition level increase (Figure 4). The decrease of these texture 
parameters could be possibly explained by the presence of pectin from grape peels, which 
may act as a lubricant and decrease snacks hardness (Singha et al., 2019). Similar trends for 
cutting force and hardness of corn snacks with dried fruits were reported by Różańska-
Boczula et al. (2023). These results could be due also to the damage on the internal structure 
and the reduction of matrix cohesion because of high fiber and non-starch components 
content induced by grape pomace, which may lead to starch gelatinization disturbance.   

Crunchiness was siginicanlty affected by the interaction of grape variety and addition 
level (p < 0.05). Chewiness was affected by both grape variety and addition level, with a 
greater impact of the grape type. The addition level increase caused a reduction of 
crunchiness and an increase of snacks chewiness (Figure 5). Różańska-Boczula et al. (2023) 
reported lower crispness as the amount of elderberry powder was higher in corn-based 
snacks. At low addition levels snacks structure encompasses bigger air bubbles that make 
them being more delicate. On the other hand, at higher grape pomace levels, the air pores are 
smaller and the structure is more rigid, leading to a less crunchy snack. The higher fiber 
content of grape pomace caused a denser structure, which resulted in higher chewiness, 
similar with the findings obtained by Dangal (2023).  
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Figure 4. Dependence of cutting force (a), crispness (b), compression force (c), and puncture 
force (d) on addition level of seedless grape pomace 

 

 
 

Figure 5. Dependence of crunchiness (a) and chewiness (b) texture properties on addition level 
of seedless grape pomace 
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To select the best formulations, the maximum porosity, EI, and chewiness, and the 
minimum cutting force, compression force, puncture force, and water absorption index were 
considered. Thus, an addition level of 30% for white seedless grape pomace (SGPWO) and 
20% for the red seedless grape pomace (SGPRO) were recommended and further 
characterization of them was performed.  

The highest porosity was observed for white seedless grape pomace, while the EI was 
better in the case of control sample (Table 2). This may be due to the high fiber content of 
the grape pomace incorporated. Both fortified samples exhibited higher total starch content 
compared to the control, while the greatest starch digestion index (SDRI) was found for white 
seedless grape pomace. These changes could be related to the structure density of the fortified 
snacks (Raleng et al., 2022). Both grape pomace types caused significant changes of L* and 
browning index by lowering the values obtained, which can be explained by the presence of 
pigments and/or the intensification of Maillard reactions due to the chemical composition of 
the ingredients added (Lohinova and Petrusha, 2023; Yu et al., 2018). Control sample 
exhibited greater cutting force, crispness and compression force compared to both fortified 
snacks. Red seedless grape pomace presented the highest puncture force. This may be 
explained by the more compact structure of the control and by the dilution effect of grape 
pomace fiber, which was different depending on the chemical composition of each grape 
variety (Różańska-Boczula et al., 2023). The white seedless grape pomace sample was more 
chewable compared to the red seedless grape pomace, while the crunchiness did not differ 
among them. The highest water absorption index was obtained for red seedless grape pomace, 
while the water solubility index of both fortified samples was lower compared to the control. 
A reduced water solubility index is desired from a nutritional perspective because it induces 
a lower digestion and intestinal absorption (Poliszko et al., 2019). 
 

Table 2 
Fortified samples properties compared with control sample 

 

Indicators SGPWO SGPRO C 
Mean SD Mean SD Mean SD 

Level (%) 30 - 20 - 0 - 
Porosity (%) 0.89a 0.05 0.71b 0.05 0.73b 0.02 
EI (%) 2.61c 0.15 2.95b 0.15 3.70a 0.03 
Total starch (%) 39.93a 1.00 40.09a 1.00 35.90b 0.00 
SDRI 0.89a 0.02 0.81b 0.02 0.84b 0.00 
L* 57.12b 0.88 51.69c 0.88 78.48a 0.12 
BI 30.08a 1.46 23.20b 1.46 31.98a 0.40 
Cutting force (N) 5.58c 1.01 10.03b 1.01 14.61a 1.77 
Crispness (N/s) 4.25b 0.50 4.56b 0.50 7.23a 0.77 
Compression force (N) 14.82b 1.62 21.10a 1.62 20.09a 1.46 
Puncture force (N) 7.56b 1.01 12.90a 1.01 10.10b 1.13 
Crunchiness 49.47a 1.43 48.02a 1.43 - - 
Chewiness 44.49a 1.33 39.63b 1.33 - - 
WAI (%) 4.41b 0.16 4.94a 0.16 4.52b 0.19 
WSI (%) 23.24b 3.06 13.12c 3.06 31.80a 0.30 

Mean values followed by different letters in the same row are significantly different (p < 0.05) 
 
WAI - water absorption index; WSI - water solubility index; SDRI - starch digestion index;  
BI - browning index; SGPWO - white seedless grape pomace; SGPRO - red seedless grape pomace. 
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Characterization of the best samples 
 
The appearance of the samples selected is shown in Figure 6. 

 
 

 C                                         SGPWO                                 SGPRO 
 

Figure 6. Extruded corn snacks with white seedless grape pomace (SGPWO)  
and red seedless grape pomace (SGPRO) vs. control (C) 

 
The content of polyphenols identified in the fortified and control snacks is presented in 

Figure 7. p-coumaric acid was present in all the analysed samples and showed very close 
values. Quercetin was found in both fortified snacks, with the red one (SGPRO) exhibiting 
the highest concentration. SGPWO contains rosmarinic acid, which was not found in the 
other sample. On the other hand, SGPRO contains significant amounts of luteolin and 
myricetin, which were not present in the other snacks. The results are in agreement with 
previous studies which reported higher content of myricetin and quercetin in red grapes 
compared to white varieties (Gomes et al., 2019), while rosmarinic acid is found in higher 
amounts in white grapes (Squillaci et al., 2021).  

 

 
 

Figure 7. Polyphenols content of extruded corn snacks with white seedless grape pomace 
(SGPWO) and red seedless grape pomace (SGPRO) vs. control (C) 

 
 

The addition of seedless grape pomace resulted in an increase of FT-IR peaks intensities 
compared to the control (Figure 8). More pronounced peaks at 2374 and 1745 cm-1 were 
observed for the fortified samples compared to the control.  

0

20

40

60

80

100

Control
SGPWO

SGPRO

4.0
6.4

5.9

18.4

54.5

8.1

43.6

88.5

p-coumaric acid Rosmarinic acid Miricetin Luteolin Quercitin



─── Food Technology ─── 

─── Ukrainian Food Journal.   2024.  Volume 13. Issue 4 ─── 669

 
 

 
Figure 8. FT-IR spectra for extruded corn snacks  

with white seedless grape pomace (SGPWO)  
and red seedless grape pomace  (SGPRO) vs. control (C) 

 
 
The peak at 3305 cm-1 corresponds to the -OH stretching vibration, while the peaks at 

2920 cm-1 correspond to the C-H stretching vibration (Zhao et al., 2015). The stretching 
vibration of C=O give the peak at 1745 cm-1, while the peak at 1643 cm-1 was assigned to 
aromatic CH bonds (Zhao et al., 2015). The peak at 1077 could be related to the C-O 
stretching vibration of fibers (Singha et al., 2019). The protein band (1700–1600 and 1570–
1534 cm−1) was observed at 1745 cm-1. The presence of a peak at 1745 cm-1 may be due to 
the pectin content in enriched samples, which were supplemented with seedless grape 
pomace (Amador-Rodríguez et al., 2019). C-O and C-C stretching of xyloglucan could give 
the peak at 1077 cm−1 (Amador-Rodríguez et al., 2019). 

The nutritional profile of the fortified snacks compared to the control are showed in 
Table 3. It can be observed that the amount of nutrients (protein, ash, lipids, and fiber) 
increased significantly after grape pomace addition.  

 
 

Table 3 
Nutritional profile of extruded corn snacks with white seedless grape pomace (SGPWO) and  

red seedless grape pomace  (SGPRO) vs. control (C) 
  

Sample SGPWO SGPRO C 
Protein (% d.b.) 8.78 ± 0.03b 9.58 ± 0.02a 7.61 ± 0.02c 
Ash (% d.b.) 1.63 ± 0.01a 1.34 ± 0.01b 0.45 ± 0.01c 
Moisture (% d.b.) 6.57 ± 0.01c 8.02 ± 0.02b 8.33 ± 0.02a 
Lipids (% d.b.) 1.48 ± 0.05 b 1.70 ± 0.06a 0.35 ± 0.07c 
Fiber (% d.b.) 17.08 ± 0.03a 10.67 ± 0.14b 0.46 ± 0.19c 
AA DPPH (%) 93.68 ± 0.10a 91.73 ± 0.10b 38.04 ± 0.10c 

Mean values followed by different letters in the same row are significantly 
different (p < 0.05) 
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The extruded corn snacks with red seedless grape pomace  (SGPRO) presented higher 
protein and lipids content, while the extruded corn snacks with white seedless grape pomace  
(SGPWO) exhibited the greatest ash and fiber content. Significanlty higher (p < 0.05) 
antiradical activity was observed in the snacks with SGPWO presenting the greatest value. 
Drozdz et al. (2014) also reported higher antioxidant activity when corn snacks were enriched 
with apple and rosehip pomaces. Similar increase in protein, ash, fiber and protein content 
was reported for corn-based snacks with grape pomace (Yu et al., 2018) due to the intake of 
nutrients from the ingredients incorporated.  

 
 
Conclusions  
 
Seedless grape pomace can be incorporated in food formulations to increase the fiber 

and nutrients content. The suitability of this ingredient for the production of corn snacks at 
the recommended levels of 30% for the white variety and 20% for the red variety has been 
demonstrated without significant adverse effects on the quality and acceptability of the final 
product. The enriched snacks presented higher nutrients content, antioxidant activity and they 
were richer in some polyphenols like luteolin, quercetin, and myricetin compared to control, 
depending on the grape variety used. Even if the incorporation of seedless grape pomace 
determined the reduction of porosity, L*, texture parameters including crispness, and 
functional properties as the addition level increased, at the recommended doses the quality 
of the snacks is acceptable and the nutritional benefits are superior. In conclusion, seedless 
grape pomace is a promising ingredient for the development of new ready to eat healthy food 
like extruded snacks, with simultaneous benefits for environment protection.     

 
 

Patent. The results were first used in a patent application entitled 
"Process for obtaining an extruded non-gluten product, direct-expanded 
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direct-expandat şi produs astfel obţinut” no. a/00678 from 07.11.2024). 
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 Abstract 
  

Introduction. The criteria for improving the operation of 
distillation plant include the degree of purification of rectified 
alcohol from impurities, the consumption of vapor, hot process 
water for hydroselection, and cooling water. 

Materials and methods. The object of the study was the 
distillation plant equipped with columns of cyclic action. The 
concentration of volatile impurities was determined by the 
chromatographic method, degree of extraction and the 
multiplicity of concentration was determined by the calculation 
method, the flow rates of water, distillation residue and alcohol-
containing vapor by using flow meters.  

Results and discussion. Extending the residence time of the 
liquid on the plates of the impurity concentration column to 40 s 
ensures the complete removal of esters, methyl acetate and 
isopropyl alcohol, to increase the degree of extraction of higher 
alcohols of fusel oil and methanol by 38 %, to increase the 
multiplicity of concentration of the head impurities by 25 %, the 
upper intermediate and final impurities by 38 % and to reduce the 
consumption of heating vapor by 40 %. Reduction of the ethanol 
concentration in the epyurate to 25 % vol. allows fully removing 
esters, reducing the concentration of aldehydes and fusel oil in 
the epyurate by 43% and isopropyl alcohol by 62%. Through the 
recirculation of the distillation residues of the rectification 
column, impurity concentration column and the extractive 
rectification column, the specific consumption of water and the 
energy required for her heating are reduced by 80%. Feeding 
alcohol-containing fractions in the form of vapor to the impurity 
concentration column for 2% allows reducing water consumption 
for cooling by 2.1%, and heating vapor by 1.4%. With an increase 
in the amounts of non-condensable alcohol vapor from 2 to 5%, 
water consumption decreases by 5.1%, and heating steam by 
1.9%. 

Conclusion. The research results can be used to improve the 
operation of distillation plant by reducing the consumption of 
heating vapor, process water and water for cooling heat-exchange 
equipment.  
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Introduction 
 

For the further development of the alcohol industry, the priority direction is the 
optimization of the operation of distillation plants (DP) by the development and 
implementation of resource- and energy-saving technologies (Shiyan et al., 2009). When 
using traditional methods of purification of alcohol from impurities in typical DP, some of 
them usually remain present in small quantities in commercial alcohol. For their more 
complete removal modern installations are retrofitted with an impurity concentration column, 
final purification, and extractive rectification columns, hydroselection of volatile impurities 
is carried out (Jacimovic et al., 2014; Tsygankov, 2010). The use of rational technological 
and design solutions allows to increase the degree of extraction and the multiplicity of 
concentration of the impurities, thereby improving the quality indicators of rectified alcohol, 
reducing the specific consumption of water and vapor, as well as increasing the yield of the 
finished product (Botshekan et al., 2022). 

A relatively new and promising approach to solving the problem of optimizing the 
operation of the DP is the use of cyclic rectification technology (Andersen et al., 2018; 
Bedryk et al., 2023). Under the above conditions increase the driving force of the process of 
mass-exchange between liquid and vapor (Lita et al., 2014), increases the efficiency of plates 
operation and the specific consumption of heating vapor decreases (Chenyang et al., 2024; 
Kiss, 2014). Research in this direction began in the 60-70s of the twentieth century (Bastian 
et al., 2018; Nielsen et al., 2017), but due to the complexity of technical solutions installations 
did not find wide practical use (Rasmussen et al., 2020; Toftegard et al., 2016).  

At the National University of Food Technologies (Ukraine), a design of column 
apparatuses has been developed, the operation of which allows increasing the contact time of 
steam and liquid until the phases reach a state close to equilibrium, and brings the efficiency 
of each physical plate closer to the efficiency of a theoretical plate (patent UA 141245. 
Method of liquid pouring through plates of a column mass-exchange apparatus; patent UA 
139228. Column mass-exchange apparatus of cyclic action). On real plates such an 
equilibrium is rarely achieved. One of the good reasons for this is the short period of time 
that the contacting phases stay on the plate. To implement the method, the distillation column 
was equipped with plates with a variable free section, the movable segments of which were 
connected to mechatronic subsystems (Bulii et al., 2021). In the cyclic mode increases the 
driving force of the mass-exchange process and the efficiency of contact devices significantly 
(Flodman et al., 2012; Zhang et al., 2017). 

One of the ways to optimize the work of the DP is carrying out of hydroselection of 
impurities. To increase the rectification coefficients of the head impurities of alcohol and the 
maximum removal of isopropanol hydroselection is carried out in the ether column (Linek et 
al., 2005). To do this the concentration of ethyl alcohol in the epyurate is reduced from 45–
55 to 20–30 % vol. by supplying hot softened water or condensate of vapor to the upper plate 
of the column. Water consumption is 0.55-0.90 kg/kg of anhydrous alcohol (a.a.) introduced 
into the column. For extraction of head and upper intermediate impurities (fusel alcohol) in 
the impurity concentration column the concentration of distillation residue is maintained 
within 4–4.5 % vol., for the extraction of lower intermediate impurities (higher alcohols of 
fusel oil) in the extractive rectification column should not exceed 1.5–3.0 % vol. (Shiyan et 
al., 2009).  

The disadvantages of the known methods are the increased consumption of process 
water and vapor for heating it (Nagy et al., 2015). To eliminate these shortcomings it is 
proposed an innovative technology (Bulii et al., 2021), the peculiarity of which is the 
recirculation of distillation residues of rectification column, impurity concentration column 
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and extractive rectification column for hydroselection of impurities (patent UA 116733. 
Method of obtaining rectified alcohol). 

The operation of heat exchange equipment is an important component of the functioning 
of a distillation plant (Jacimovic et al., 2014; Pinto et al., 2011). From practical experience, 
it is known that the thermal load on the condensers of the ether and rectification columns, 
impurity concentration column and final purification column is insignificant:  0.5-2% of the 
vapor condenses in them (Tsygankov, 2010). Known methods provide for the supply of 
alcohol-containing intermediates and by-products in columns from condensers in the form 
condensate of vapor with a temperature of 25-30 °C (Matsuda et al., 2011; Mischenko et al., 
2020). For the effective isolation and concentration of impurities of alcohol a prerequisite is 
additional heat costs for heating them to a temperature of 75-80 °C, as well as an increase in 
the consumption of heating vapor by 28.7 % (Shiyan et al., 2009).  

To the optimize the operation of heat exchange equipment by reducing consumption 
vapor and water for cooling, a promising direction is the organization of supplying the 
columns with alcohol-containing vapor that has not condensed in dephlegmators (Sheikus, 
2019; Simon et al., 2009). It has developed an innovative energy-saving technology, which 
provides for the supply of the impurity concentration column with alcohol-containing 
fractions in a vaporous state (patent UA 126533. Method for obtaining rectified alcohol). The 
technical solution allows for to reduction of the specific consumption of heating vapor, 
cooling water and the cost of installation due to the absence of condensers in the 
technological scheme. 

The aim of research was to study the effectiveness of innovative ways to improve the 
operation of distillation plant: carrying out the processing of alcohol-containing fractions and 
epuration of beer distillate in cyclic mode, the recirculation of distillation residue of 
rectification and ether columns, impurity concentration column and extractive rectification 
column, as well as of the method which provides for the supply to the impurity concentration 
column of power in a vaporous state. 

Research objectives were as follows: 
   1.  To determine the degree of extraction, multiplicity of concentrating of volatile alcohol 

impurities and consumption of heating vapor in the impurity concentration column and 
ether column of cyclic action. 

   2.  To determine the specific and total consumption of process water and energy costs for 
its heating for hydroselection in the ether column, impurity concentration and extractive 
rectification columns when the recirculation of their distillation residues. 

   3.  To determine the water consumption for cooling of dephlegmators of distillation, ether, 
rectification and impurity concentration columns and vapor consumption for heating 
them in case of supplying the impurity concentration column with alcohol-containing 
vapors. 

 
 
Materials and methods 
 
Research objects 
  

  1. Experimental ether column (EC) and impurity concentration column (ICC) of 
cyclic action 

 
To conduct research in the production conditions of the «Storonibabsky distillery» 

(Ukraine) an experimental EC with a diameter of 1200 mm and ICC with a diameter of 950 
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mm where installed of cyclic action (Figure 1). The EC contained 35 scaly plates, the distance 
between which was 300 mm. The ICC contained 30 scaly plates. In terms of design features 
the ICC did not differ from the EC.  

The rotary segments of the plates were connected to standard double-acting pneumatic 
cylinders, the action of which took place in accordance with the controller's program. The 
movable segments opened and closed the overflow holes of the plates according to a given 
algorithm in such a way that the liquid synchronously overflowed through the formed 
overflow hole and all the holes of the plates (patent UA 124733. Column mass-exchange 
apparatus of cyclic action; patent UA 123918. Mass-exchange contact plate). 

 
 

 
 

 
Figure 1. Fragment of an experimental column of cyclic action 

 
 

3. Distillation plant (DP) with recirculation of distillation residues of rectification 
column, impurity concentration column (ICC) and extractive rectification 
column 
 

 
Studies of the effectiveness of innovative technology with the recycling of distillation 

residue for hydroselection of alcohol impurities were carried out in the production conditions 
of the «Chudniv Distillery» (Ukraine). The technological scheme of resource- and energy-
saving DP is presented in Figure 2.  

The installation included distillation, ether and rectification column, an impurity 
concentration, extractive rectification, final purification columns and appropriate heat 
exchange equipment. To heat the columns heating vapor (HV) was supplied to their bottoms 
parts. Vapor condensate (C) was removed from the evaporators.  
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Figure 2. Resource- and energy-saving of distillation plant (DP) with distillation residues 
recirculation  

     1- distillation column (DC), 2 – ether column (EC), 3 – rectification column (RC), 4 – extractive 
rectification column (ERC), 5 – final purification column (FPC), 6 – impurity concentration column 
(ICC); 7, 8 – beer heaters; 9 – water section of the beer heater; 10, 13, 16, 19, 21, 25 – condensers; 12, 
15, 20, 22, 24 – dephlegmators; 11 – pressure collector of hot softened water; 14 – fusel alcohol 
condenser; 17 – fusel oil extractor; 18 – decanter; 23 – vapor ejector. 
     Symbols: M – beer; St – stillage; HV –  heating vapor; HF– head fraction of ethyl alcohol; LW – 
luther water; FO – fusel oil; FF – fusel fraction; RA – rectified alcohol; FA – fusel alcohol; EFC – ester-
fusel concentrate; UPA – unpasteurized alcohol; C – condensate; HFI – head and final impurities; DR – 
distillation residue. 
 

 
The beer (M) was sequentially fed through the second 8 and first 7 sections of the beer 

heater, in which it was heated with water-alcoholic vapor of the distillation column 1 to a 
temperature close to the boiling point and then directed to the upper plate of the distillation 
column, in which alcohol and related organic impurities were extracted. The beer distillate 
from the beer heaters 7 and 8 and the water section of the heater 9 was supplied to the feeding 
plate of the EC 2 and the vapor condensate from the condenser 10 to the feeding plate of the 
ICC 6. From the bottom part of the column 1 stillage was removed. Concentration and 
extraction of the head and part of the intermediate impurities of alcohol were carried out in 
the EC 2. For this purpose, distillation residue from the ICC 6 was supplied to the upper zone 
of its concentration part. 

Concentrated impurities in the form of the head fraction of ethyl alcohol (HF) were 
taken from the condenser 13. Fusel alcohol (FA) was taken from the vapor phase of 18-23rd 
plates of the rectification column 3 were fed into the interpipe space of the condenser 14 and 
after condensation of the vapor was removed from the unit together with the HF. The fusel 
fraction (FF) was taken from the vapor phase of the 5, 7, 9, and 11th plates of the rectification 
column 3. In the upper pasteurization part of this column the concentration of the head 
impurities was carried out, which were not fully removed in EC 2. These impurities in the 
form of unpasteurized alcohol (UPA) were discharged through condenser 16 together with 
HF from condenser 13, fractions from condenser 10 and 14 to the feeding plate of the ICC 6. 
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Rectified alcohol (RA) was taken from the liquid phase of the upper plates of column 3, 
which then went to the feeding plate of the final purification column 5. Its upper part was 
connected to the dephlegmator 22 and the condenser 21. In column 5 alcohol was purified 
from the head and final impurities (HFI) were taken from condenser 21 and then directed to 
the upper plate of column 6. Commercial rectified alcohol was taken from the bottom part of 
the column 5. Vapors of the FF were mixed with heating vapor in ejector 23 and fed into the 
bottom part of the extractive rectification column 4. Hot luther water (LW) from the bottom 
part of the rectification column 3 was supplied to its upper plate. In column 4 fusel oil (FO) 
alcohols were extracted and concentrated. The condensate of FO vapors from the 
dephlegmator 20 and condenser 19 was directed to the decanter 18, in which the mixture was 
delaminated: the liquid from the bottom part of the decanter 18 was returned in the form of 
reflux to the upper plate of column 4 and the FO was sent to the extractor 17. LW was 
supplied to the bottom part of the extractor to flush the oil. Concentrated of FO in the form 
of a marketable product was taken from the upper part of the extractor 17.  

Distillation residue (DR) of column 4 was supplied to 3-5th plate, counting from above, 
of the ICC 6 for hydroselection of intermediate impurities, including fusel oil components, 
and their concentration. In the process of separation of alcohol-containing fractions in column 
6, reflux was returned from the dephlegmator 24 to her upper plate, and ester-fusel 
concentrate (EFC) was taken from condenser 25. To carry out hydroselection in the EC 2 in 
the upper zone of its concentration part the distillation residue purified from head and part of 
intermediate impurities from the ICC 6 was fed to the upper zone of its concentration part.  

 
3.  Distillation plant (DP) with feeding of impurity concentration column with 

alcohol-containing fractions in form of vapour 
 
In the production conditions of the «Chudniv Distillery» the reconstruction of the 

existing indirect action DP equipped with the ICC was carried out. The technological scheme 
of the installation after its reconstruction is presented in Figure 3.  

The operation of the unit was as follows. The matured alcohol beer (M) entered the beer 
heater 3, in which it was heated with water-alcoholic vapor from distillation column (DC) 2 
to a temperature of 70-85 °C, then into separator 1 to get rid of carbon dioxide and other non-
condensed gases, after which it entered the DC 2 feeding plate. In separator 1 together with 
non-condensed gases a certain amount of alcohol was carried out. To extract it vapor from 
the upper part of the separator 1 was directed to the concentration part of the ICC 11 through 
a flow meter FIT4 and an analog damper VGA4. Heating vapor (HV) was continuously 
supplied to the bottom parts of DC 2, EC 5, rectification column (RC) 7 and ICC 11. From 
the bottom part of the DC 2 stillage freed from alcohol and volatile impurities was removed. 
Water was supplied to the pipes of the dephlegmators 4, 6, 8, 9, 13, condenser 17 and alcohol 
trap 18 for cooling.  

Condensate of water-alcoholic vapor from the heater 3 and the water section of the 
dephlegmator 4 was supplied to the upper part of the EC 5. Freed from the head (esters and 
aldehydes), parts of the upper intermediate (higher alcohols of fusel oil) and final (methyl 
alcohol) impurities of alcohol beer distillate — epyurate (E) was supplied as a power supply 
to the RC 7. Low-boiling vapors of the head fraction (HF) uncondensed in the dephlegmator 
6 were directed through the flow meter FIT3 and analog damper VGA3 to the concentration 
part of the ICC 11. In the RC 7 ethyl alcohol was purified from intermediate and final 
impurities and its concentration. Rectified (pasteurized) alcohol (RA) was taken from the 5th, 
7th and 10th plates, counting the RC 7 from above. 
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Figure 3. Resource- and energy-saving of distillation plant (DP) with feeding of the impurity 
concentration column alcohol-containing vapor 

     1 – carbon dioxide separator, 2 – distillation column (DC), 3 – beer heater, 4, 6, 8, 9, 13 – 
dephlegmators; 5 – ether column (EC); 7 – rectification column (RC); 10 – pressure collector of luther 
water, 11 – impurity concentration column (ICC), 12 – reflux separator, 14 – decanter; 15 – heat 
exchanger; 16 – collection of FEAC; 17 – upper stage condenser; 18 – alcohol trap; 19-barometric 
condenser; 20-barometric box; 21 – vacuum pump. 
     Symbols: M – beer; MD – beer distillate; St – stillage; СW – cooling water; E  – epyurate; HF– head 
fraction of ethyl alcohol; HV – heating vapor; LW – luther water; FEAC – fusel-ester-aldehyde 
concentrate; FA – fusel alcohol; FF – fusel fraction; RA –  rectified alcohol; DR – distillation residue; C 
– condensate; FIT – flow meter; VGA – analogue trap; A – analogue signal. 

 
 
Intermediate impurities were removed from this column in the form of two products: 

fusel fraction (FF), which was taken from the vapor space of the 5, 7, 9 and 11th plates, 
counting from the bottom of the column, and fusel alcohol (FA), which was taken from the 
vapor space 17-20th and 25th plates, counting from the bottom. To extract ethyl alcohol FF 
and FA vapors were directed to the concentration part of the ICC 11 through the flow meter 
FIT2 and the analog damper VGA2. Low-boiling water-alcoholic vapors enriched with main 
and final impurities that did not condense in dephlegmators 8 and 9 through the flow meter 
FIT1 and analog damper VGA1 was directed to the upper zone of the concentration part of 
the ICC 11.  

All flow meters and dampers were installed on the corresponding vapor pipelines. The 
dampers were controlled by an analog signal (A), which came from the controller. For the 
supply of non-condensed vapor from the separator 1, dephlegmators 4, 6, 9 and FF and FA 
pairs to the ICC 11, the pressure difference at the points of their selection and introduction 
into the column was 4.9–9.8 kPa (patent UA 126533. Method of obtaining rectified alcohol).  
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To ensure this mode, the ICC 11 operated under vacuum, which was maintained by 
means of a vacuum pump 21 and a barometric condenser 19 connected to a barometric box 
20. To carry out hydroselection the upper plate of the column 11 from the pressure collector 
10 continuously received LW with a temperature of 90–95 оC in the amount that provided 
the concentration of alcohol in the distillation residue within 4–8 % vol. In the ICC 11 
alcohol-containing vapors of by-products and intermediate products of rectification were 
divided into two streams: the upper one, enriched with the head (esters, aldehydes) and 
intermediate (higher alcohols of FF and FA, including C3, C4, C5), alcohol impurities, and 
the lower one — distillation residue. The vapor, coming out of the upper part of the column, 
was condensed in the dephlegmator 13 and its condensate flowed by gravity into the decanter 
14. In the decanter, the heterogeneous mixture was delaminated into fusel-ester-aldehyde 
concentrate (FEAC), which was taken from the upper part of the decanter, and the lower layer 
enriched with water, which was directed to the upper plate of the column 11 in the form of 
reflux for irrigation. The reflux was preheated with LW heat in heat exchanger 15 to a 
temperature of 90-95 oC, which corresponded to the temperature at the upper plate of column 
11, and passed through separator 12 to separate gases. FEAC was taken in the amounts of 
0.4-0.5% to the amount of alcohol introduced into DC 2, and the distillation residue, freed 
from the head, intermediate and part of the final impurities, was continuously removed from 
the lower part of the ICC 11 and then fed to the upper plate of DC 2.  The water pressure in 
the working collector was 245 kPa and provided water supply to the dephlegmators and its 
required speed in the pipes. For calculations, the water temperature at the inlet to the 
dephlegmators was 20 °C, at the outlet – 70 °C. 
     

Research methods 
 

To evaluate the results of the research, analytical, chemical, physico-chemical and 
calculation methods were used using devices and methods used in the production of rectified 
ethyl alcohol.  

Liquid consumption. The flow rates of alcohol-containing fractions, water, distillation 
residue, rectified alcohol and concentrate of impurities were monitored using constant 
differential pressure flow meters RM (Polulyah et al., 2012). The principle of their operation 
is based on the perception of the dynamic pressure of the controlled medium, which depends 
on the flow, by a sensing element (float) placed in the flow. Because of the flow action, the 
sensing element moved along the height of the flow meter, and the amount of displacement 
served as a measure of flow. The readings were taken on the scale of a flow meter graduated 
by water in l/h.  

Vapor cost. The flow rate of alcohol-containing steam was determined using TVA flow 
meters from Spirax Sarco. Their principle of operation is based on the measurement of 
mechanical stress, which causes an instantaneous flow rate in the measuring cone in one 
direction. This voltage is converted into mass-compensated flow rate and transmitted through 
4-20 mA outputs with a single-loop power supply. The TVA flow meter design provides high 
ranges of parameter changes and high measurement accuracy (Dattarajan et al., 2019).  

Concentration of ethyl alcohol in water-alcohol solutions. The concentration of ethyl 
alcohol in the liquid distillation residue of the aldehyde concentrate was determined by 
areometric method (Polygalina, 1999). The test solution was poured into a 250 ml glass 
cylinder, the temperature was measured with a thermometer with a division price of 0.1 оC, 
and then the ASP-1 alcoholmeter was immersed. The actual concentration of ethyl alcohol at 
a temperature of 20 °C was determined from the readings of the alcoholmeter and using 
special tables to make appropriate corrections for temperature.  
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Concentration of volatile alcohol impurities. Concentration of aldehydes was 
determined by reaction with fuchsin-sulfur reagent I; fusel oil – by the method based on the 
reaction of higher alcohols with salicylic aldehyde solution in the presence of sulfuric acid; 
free acids – by the amount of sodium hydroxide solution used for titration; complex esters – 
by titrometric method after their saponification with sodium hydroxide solution; volume 
fraction of methyl alcohol – by method based on the reaction of methanol oxidation with 
potassium permanganate and sulfuric acid to form formaldehyde, which forms a color with 
fuchsin-sulfur reagent II (Arslan, 2021). 
     The concentration of head volatile impurities (aldehydes, higher alcohols of fusel oil, 
acrolein, isopropyl alcohol) in alcohol-containing fractions, distillation residue of impurity 
concentration column, concentrate of impurities and rectified ethyl alcohol was determined 
on a gas chromatograph with an HP FFAP 50 m × 0.32 m column (Dewulf, 2002; Plutowska 
et al., 2008). The analysis of the experimental samples was carried out three times. The 
average values were chosen as determinative.  
 

Grade of extraction and concentration ratio of volatile alcohol impurities 
  
The degree of extraction (α) and multiplicity of concentration (β) of key organic 

impurities of alcohol were calculated by the formulas: 

  

where Хf, Хseac, Хcl – accordingly, the concentration of volatile alcohol impurities on the feed 
plate, fusel and ester-aldehyde concentrate and distillation residue, mg/l in terms of a.a. 
(Linek, 2005; Shiyan et al., 2009).  
 

Research stages 
 
At the first stage, the efficiency of the technology of epyuration of the beer distillate 

and separation of alcohol-containing fractions in the specified hydrodynamic modes in the 
EC and the ICC of stationary and cyclic action was investigated. To improve the process a 
mathematical model, a control program and a human-machine interface (SCADA) were 
developed. Beer distillate was fed to the EC feeding plate. For maximum release of the 
epyurate from the head and upper intermediate impurities, their hydroselection was carried 
out by supplying the upper plate of the column of distillation residue from the bottom part of 
the ICC, freed from impurities, in the amount of 240 dal/h. Under such conditions the 
concentration of ethyl alcohol in the epyurate decreased to 25 % vol. In the process of its 
epyuration the head impurities of alcohol were extracted and concentrated, which were taken 
from the condenser in the form of the head fraction in the amount of 5% of the amount of 
rectified alcohol. The epyurate freed from these impurities was fed to the 16th plate of the 
rectification column. The pressure in the bottom part of the EC was maintained within 11.3–
11.8 kPa; the temperature in the bottom part was 100.5–101 °C and above the upper plate 
93.5–94 °C.  

The feed plate of the experimental ICC was fed with the head fraction of ethyl alcohol 
from the EC condenser and alcohol-containing fractions from the condensers of the 
distillation column, the carbon dioxide separator, fusel alcohol, fusel rinse water and 
distillates from the alcohol traps. The total number of feed fractions was 688.3 l/h (250 l/h in 
terms of a.a.). For hydroselection of impurities, hot softened water in the amounts of 4050-


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4500 l/h was continuously supplied to the upper plate, which provided a concentration of 
ethyl alcohol in a distillation residue of 3.8 % vol. The distillation residue from the ICC 
purified from impurities was supplied to the upper zone of the concentration part of the EC 
for hydroselection of the main and part of the intermediate impurities, including isopropyl 
alcohol. The liquid retention time on the column plates in cyclic mode was 40 s, the time of 
its overflow from plate to plate was 1.7 s. Aldehyde-methanol concentrate was taken from 
the ICC condenser in the amount of 7–9 l/h. From the upper zone of the decanter after 
separation of the water-alcoholic mixture, ester-fusel concentrate was taken in the amounts 
of 2–3 l/h. Both concentrates were mixed in a concentrate of impurities.  

 
At the second stage, the efficiency of a typical DP indirect action with the recirculation 

of distillation residue was investigated. For hydroselection of impurities a distillation residue 
of the rectification column (luther water) was fed to the upper plate of the extractive 
rectification column; for 3–5th plate, counting from above, the ICC supplied the distillation 
residue of the extractive rectification column purified from the upper intermediate impurities 
and the distillation residue of the ICC freed from the head impurities and isopropanol was 
sent to the upper zone of the concentration part of the EC. The use of the luther water did not 
affect the quality of the RA, since the distillation residue of the extractive rectification 
column with a low content of ethyl alcohol (1.5–3.0 % vol.) freed from higher fusel oil 
alcohols was fed into the concentration zone of the ICC, in which intermediate impurities, 
including fusel oil components, were extracted and concentrated. In the process of research, 
the specific and total consumption of process water and energy consumption for its heating 
for hydroselection were determined. 

 
At the third stage the efficiency of the operation of the DP in the mode of supplying 

the ICC with alcohol-containing fractions was investigated, which entered the feed plate in 
the form of vapor that did not condense in the dephlegmators of the main columns. According 
to the known method of rectification, 98% of the amount of vapor coming out of the upper 
part of each column was condensed in the dephlegmators of the main columns, of which 
vapor condensate in the amount of 2% was directed to the ICC feeding plate.  

The effectiveness of the innovative technology was investigated in two ways. 
According to Method I, uncondensed in the carbon dioxide separator and dephlegmators of 
the main columns vapor was supplied to the ICC in the amount of 2%. According to Method 
II the water consumption for cooling the dephlegmators was reduced in such a way that 95% 
of the vapor from the amount of vapor coming out of each column condensed in the 
dephlegmators, and uncondensed vapor in the amount of 5% was supplied to the ICC feeding 
plate. In the course of the research, the quality indicators of rectified ethyl alcohol were 
monitored for compliance with the requirements of the standard. 

 
 
Results and discussion 
 
At the first stage the efficiency of the process of epyuration of the beer distillate in the 

EC of cyclic action was determined using hydroselection and without hydroselection and the 
process of extraction of ethyl alcohol from alcohol-containing fractions in the ICC of 
stationary and cyclic action (patent UA 136560. Method of mass-exchange between liquid 
and vapor in a column apparatus). Physicochemical parameters of beer distillate (BD), head 
fraction (HF), epyurate obtained without hydroselection (E1) and using hydroselection (E2) 
are given in Table 1.  
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Table 1 
Composition of experimental samples of beer distillate (BD),  

head fraction (HF), and epyurate (E) 
 

Impurities Concentration of impurities, mg/l, in terms of a.a. 
BD HF Е1 Е2 

Ethanol, % vol. 50 92 40 25 
Aldehydes 31.5 5252.0 4.5 1.8 
methylacetate traces 630.1 traces traces 
acetaldehyde 27.6 4621.9 2.7 1.8 
Esters 83.1 14302.6 1.6 traces 
ethylacetate 80.0 13905.6 traces traces 
isoamylacetate 3.1 325.2 1.6 traces 
ethyl butyrate traces 50.49 traces traces 
Methanol, %  0.044 2.4 0.027 0.010 
Fusel oil 14116.7 4526.3 7786.3 4492.1 
isopropanol 3.6 21.9 2.1 0.8 
n-propanol 2565.8 558.2 1137.6 408.3 
isobutanol 4014.2 3696.0 1627.1 566.5 
n-butanol 39.4 8.2 38.8 38.4 
isoamylol 7491.2 50.8 4966.9 3478.1 
n-pentanol 4.5 191.1 13.8 traces 

 
 
Table 1 demonstrates that in E2 epyurate the concentration of aldehydes decreased by 

60%, acetaldehyde by 33.4%, methanol by 63%, fusel oil by 42.3%, and isopropyl alcohol 
by 62% compared to E1 epyurate. Furthermore, esters and n-pentanol were completely 
eliminated. This reduction in concentration of impurities can be attributed to the decrease of 
ethanol in the water-alcohol solutions to 30% vol. and below leading to rectification 
coefficients of the alcohol impurities become greater than one (Shiyan et al., 2009). At the 
same time, the intermediate and final impurities of alcohol take on the character of the head 
ones. The calculated values of the degree of extraction of key alcohol impurities (α) in the 
EC of cyclic action using hydroselection and without hydroselection are presented in the 
form of a diagram (Figure 4).  

As can be seen from the diagram, in the hydroselection mode the degree of extraction 
of all impurities increased by 1.7–2.8 times. The head impurities of alcohol were best 
removed.  

The results of chromatographic analysis of alcohol-containing fractions (F), which were 
supplied to the ICC, are given in Table 2. 

They included HF, shoulder straps made from condensers of the distillation column 
(CDC) and carbon dioxide separator (CDSC), fusel alcohol (FA) and fusel rinse water 
(FRW). In the process of processing alcohol-containing fractions samples of distillation 
residue (DR), impurity concentrate (IC) and rectified ethyl alcohol (RA) were taken 

The results of chromatographic analysis of experimental samples and the calculated 
values of the degree of extraction of volatile impurities of alcohol in the stationary (α1) and 
cyclic (α2) modes of operation of the ICC are given in Table 3.  
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Figure. 4. Degree of extraction of volatile impurities of alcohol (α) 
 in ether column (EC) of cyclic action with and without hydroselection 

 
.  

                                                                                                              Table 2 
Composition of alcohol-containing fractions 

 
Impurities Concentration of impurities, mg/l, in terms of a.a. 

HF CDC CDSC FA FRW F 

Ethanol, % vol. 92.5 48.8 60 89 17.5 30.5 
Aldehydes 1135.2 37.2 126.2 4.9 7.0 318.7 
methylacetate 926.1 37.2 90.9 4.9 7.0 242.3 
acetaldehyde 209.1 traces 35.3 traces traces 76.4 
Esters 2394.9 186.4 39.7 20.2 68.3 40.5 
ethylacetate 2223.6 165.8 traces 2.1 traces traces 
isobutylacetate 23.0 13.0 7.9 10.1 traces 11.1 
isoamylacetate 90.6 7.6 31.8 8.0 68.3 29.4 
Methanol, % 0.49 0.025 0.1445 0.013 0.0032 0.18 
Fusel oil 3113.1 18820 12583 48824 197726 105883 
isopropanol 4.9 4.9 1.7 1.1 traces 1.2 
n-propanol 1186.4 1403 699.6 14741 36681 20002 
isobutanol 1640 606.1 4082 27557 36826 20297 
n-butanol 2.7 6.4 16.5 35 705.2 362 
isoamylol 279.1 1863.5 7783 6485.3 123514 65221 
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 Table 3 
Compositions of experimental samples and calculated values of degree of extraction (α)  

of alcohol impurities 
 

Impurities Concentration of impurities, mg/l, in terms of a.a. Degree of 
extraction 

DR1* IC1* DR2* IC2* RA1* RA2* α1 α2 
Ethanol,% 
vol. 

3.8 67 3.8 67 96.3 96.3 8.0 8.0 

Aldehydes 3.7 1689.1 2.8 2302 0.20 0.18 85.4 113.8 
Esters 0.5 334961 traces 446615 traces traces 79.7 ∞ 
Methanol, 
% 

0.006 1.67 0.004 2.69 0.007 0.0003 28.5 45.0 

Fusel oil 1163.5 434120 721.7 726463 1.2 0.88 91.0 146.7 
   * 1 – operation of the ICC in stationary mode 

* 2 – operation of the ICC in cyclic mode 
 

 
The analysis of the results showed that esters were fully removed in the cyclic mode 

and the degree of extraction of higher alcohols of fusel oil and methanol increased by 38 %. 
This is explained by the fact that when the time of stay of the liquid on the plates of the 
column was extended to 40 s the time of its contact with vapor increased and the efficiency 
of mass-exchange increased due to an increase in the gradient of concentrations of volatile 
components, and there was a more complete saturation of vapor with volatile components of 
the liquid, and liquids with heavy-volatile components of vapor. Because of optimizing the 
operation of the ICC, the quality of rectified alcohol improved (Kiss et al., 2014; Mischenko 
et al., 2020).  

In the cyclic mode, the multiplicity of concentration (β) of the head impurities increased 
by 25%, the upper intermediate impurities – by 40% and the final ones – by 37% (Figure 5).  

This can be explained by the fact that there was more of a complete vapor saturation 
with it volatile components of liquid on the plates of the column, the mixing of the liquid on 
adjacent plates, so that the grade of phase equilibrium achievement was increased (Chen et 
al., 2010). The prolonging in the residence time of the liquid on the plates longer than 40 s 
proved to be impractical due to an increase in the specific heating vapor consumption without 
a significant increase in the grade of impurity extraction. The determining impurity, by the 
content of which the degree of purification of rectified alcohol was assessed, was isopropyl 
alcohol. It is known that its concentration in the epyurate and the finished product should not 
exceed 1.5 mg/l (Pang et al., 2017). 

It was found that the specific consumption of heating vapor in installations of cyclic 
action decreased by 40 % compared to installations operating in stationary mode: in the 
process of processing of alcohol-containing fractions from 25 to 15 kg/dal of a.a. introduced 
to the feed plate, and in the process of epuration of the beer distillate — from 15 to 8.2 kg/dal 
of a.a. This is explained by the fact that due to the increase in the contact time of vapor and 
liquid on the plates of columns of cyclic action the degree of phase equilibrium achievement 
increased. The consequence of this was a reduction in vapor consumption (Chenyang et al., 
2024). 
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Figure 5. Multiplicity of concentration (β) of volatile alcohol impurities in impurity 

concentration column (ICC) under typical and cyclic rectification conditions 
 
 

After the inclusion of the experimental ICC in the DP scheme the yield of rectified ethyl 
alcohol increased by 3.8 %, the total consumption of hot softened process water for 
hydroselection decreased by 80% and the quality indicators of rectified ethyl alcohol 
corresponded to the normative ones. The increase in the yield of alcohol was due to its 
extraction from the head fraction. Reduction of water consumption was due to the use of 
distillation residue of the ICC for hydroselection in the EC (Bulii et al., 2021). 

 
 
At the second stage the effectiveness of innovative resource- and energy-saving 

technology, which provided for the recirculation of distillation residues of rectification 
column, the ICC and extractive rectification column was investigated. For hydroselection of 
impurities, distillation residue from the ICC was supplied to the EC, and distillation residue 
of the rectification column was supplied to the column of extractive rectification, so there 
was no consumption of hot process softened water in the EC and the column of extractive 
rectification. The specific consumption of process water and heating vapor for its heating (in 
terms of 1 kg of a.a. introduced into the column) is given in Tables 4 and 5.  
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  Table 4 
Specific and total process water consumption for hydroselection of volatile alcohol impurities 

 

Method 

Specific flow rates of process water, l/kg of 
a.a. 

Total flow rates process 
water 

ICC ЕC  Column of extractive 
rectification 

l/kg of a.a. % 

Typical 4.7 0.7 18.1 23.5 100 
Innovative 4.7 — — 4.7 20 

 
                                                                                                             

      Table 5 
Specific and total energy consumption for heating process water for hydroselection of volatile 

impurities of alcohol 
 

Method 

Specific energy consumption for heating process 
water, kJ/kg of a.a. 

Total energy 
consumption 

ICC ЕС  Column of extractive 
rectification 

кJ/kg of 
a.a. 

% 

Typical 590.8 88.0 2275.2 2951.0 100 
Innovative 590.8 — — 590.8 20 

 
 
According to Tables, it can be seen that the innovative method allows you to reduce the 

total consumption of process water and energy costs for its heating by 80%. This is explained 
by the fact that the supply of alcohol-containing fractions enriched with organic impurities 
from the EC condensers and rectification column to the ICC feeding plate, the distillation 
residue of the extractive rectification column above the feeding plate (3–5th plates, counting 
from above) and hot softened water for hydroselection of impurities to upper plate allows 
you to reduce the concentration of ethyl alcohol on the upper plates of the concentration part 
of the ICC and thereby reduce the consumption of process water in the ICC. The supply of 
distillation residue of the extractive rectification column to the ICC allows you to form a zone 
for effective concentration of intermediate impurities, including fusel oil components (Bausa 
et al., 2001).  

 
 
At the third stage the effectiveness of the innovative technology was investigated, 

which provided for the supply of alcohol-containing fractions to the ICC feeding plate in the 
form of alcohol-containing vapor that did not condensed in the condenser of the carbon 
dioxide separator, dephlegmators of the distillation column, the EC (head fraction) and 
rectification column (unpasteurized alcohol), as well as fusel fraction vapors and fusel 
alcohol. Such a technical solution eliminated the need for additional consumption of heating 
vapor for preheating of these fractions to the boiling point for their evaporation in the ICC 
and made it possible to reduce the consumption of heating vapor and water for cooling the 
heat exchange equipment due to the absence of condensers in the technological scheme. The 
results of the research are given in Table 6.  

The data presented in Table 6 indicates that using Method I resulted in a reduction of 
total water consumption for cooling by 0.013 m³/dal of a.a. (2.1%).  
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                                                                                                                          Table 6 
Water (W) and heating vapor (HV) consumption in distillation plant (DP) of indirect action 

equipped with the impurity concentration column (ICC) 
 

Columns of 
distillation 
plant 

W, m3/dal of a.a.  HV, kg/dal of a.a. 
known 
method 

innovative  known 
method 

innovative  
method 

I 
method 

II 
method 

I 
method 

II 
Distillation 0.065 0.064 0.062 20 20 20 
Ether 0.154 0.151 0.146 12 12 12 
Rectification 0.282 0.276 0.268 22 22 22 
ICC 0.128 0.125 0.121 10 9.1 8.8 
DP 0.629 0.616 0.597 64 63.1 62.8 
 

 
Additionally, the consumption of heating vapor in the ICC decreased by 0.9 kg/dal of 

a.a. (1.4%). With Method II, water consumption decreased by 0.032 m³/dal of a.a. (5.1%), 
while heating vapor consumption dropped by 1.2 kg/dal of a.a. (1.9%). Importantly, the 
organoleptic and physicochemical parameters of the rectified ethyl alcohol remained within 
normative standards. Furthermore, when utilizing Method II the profit for a plant with a 
capacity of 3000 dal of alcohol per day increased by 33.3% compared to Method I. This is 
explained by the absence in the technological scheme of condensers and the reduced 
consumption of cooling water and steam to heat the alcohol fractions reaching the feed plate 
of the ICC. 

 
 
Conclusions  

 
1. Extension of the residence time of the liquid on the plates of the ICC up to 40 s in the 

selected hydrodynamic mode allows increasing the degree of extraction and the 
multiplicity of concentration of the head, intermediate and final impurities of alcohol 
by 25–40 %. 

2. The consumption of heating vapor in the processes of epyuration of the beer distillate 
and processing of alcohol-containing fractions in cyclic mode is reducing by at least 40 
%.  

3. Recirculation of distillation residue of rectification column, ICC and extractive 
rectification column allows reducing the specific consumption of process water and 
vapor for its heating by 80% in the DP of indirect. 

4. Feeding the ICC with alcohol-containing fractions in the form of vapor in the amount 
of 2% allows you to reduce the total water consumption for cooling by 0.013 m3/dal of 
a.a. (2.1%) and consumption of heating vapor by 0.9 kg/dal of a.a. (1.4%). 

5. In case of an increase in the amount of non-condensed vapor in the dephlegmators of 
the main columns from 2 to 5% and passing it to the ICC, the cooling water consumption 
is reduced by 0.032 m3/dal of a.a. (5.1%), and of the heating vapor by 1.2 kg/dal of a.a. 
(1.9%).  

6. The absence of condensers and alcohol traps of the main columns in the technological 
scheme allows you to reduce the metal intensity of the DP by 10%.  
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Considering the positive results obtained, it is advisable to continue research in this 
direction. Promising studies are those on the efficiency of the main columns in cyclic mode, 
as well as the operation of the ICC and other DP columns, if the volume of alcohol-containing 
vapors entering their feed trays increases to 10–25% or more. 
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 Abstract 
 Abstract. This study aimed to investigate the chemical 

compositions of different grape varieties used for production of 
brandy wine materials. 

Materials and Methods. It were studied white technical 
grape varieties (Bayan Shirey and Rkatsiteli), widely distributed 
in the country's wineries, as well as Cabernet Sauvignon, a red 
technical grape variety recently introduced to the Ganja-Gazakh 
region of the Republic of Azerbaijan. Titratable acidity, contents 
of sugar, phenolic compounds, pectin substances, and vitamin C 
were determined using standard methods. 

Results and Discussion. The yield of unclarified juice was 
78.68% from the Bayan Shirey, 74.34% from Rkatsiteli, and 
66.35% from Cabernet Sauvignon grape varieties. The low juice 
yield of Cabernet Sauvignon is due to its relatively dense skin, 
and higher number and mass of seeds in the berry. The Bayan 
Shirey variety has a high yield of unclarified juice, which makes 
it promising for the production of brandy wine material. The total 
sugar content in the ripe grape variety Bayan Shirey, grown in the 
Samukh and Goygol districts, was 18.7 and 17.8%; for Rkatsiteli 
this indicator was 21.6 and 19.3%, and for the Cabernet-
Sauvignon variety, it was 22.1 and 19.4%, respectively. The 
active acidity of ripe grape varieties varied between 3.2 and 3.3. 
Active acidity changed between 3.8 and 4.1 in unripe and overripe 
grape varieties.  

The content of phenolic compounds in ripe varieties of grapes 
was between 0.74 and 1.20 g/100 ml. Among studied variants, 
ripe grape varieties were the richest in phenolic compounds. 
Pectic substances in ripe varieties of grapes varied between 0.23 
and 0.52 g/100 ml. Fully ripe grape varieties were richer in 
vitamin C than unripe and overripe varieties. The content of 
vitamin C in ripe varieties of grapes varied between 7.8 and 12.4 
mg/l. 

The research has revealed that the most suitable varieties for 
the production of brandy wine materials are Bayan Shirey and 
Rkatsiteli. 

Conclusions. The results of the study showed that ripe grape 
varieties such as Bayan Shirey, Rkatsiteli, and Cabernet 
Sauvignon have the best chemical composition for the production 
of brandy wine materials, including high content of sugar, 
phenolic compounds, and vitamin C. 
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Introduction 
 
The quality of the wine material used for brandy production depends on the chemical 

composition of the original grapes. In recent decades, there has been a growing interest in 
studying the chemical characteristics of grapes, since parameters such as acidity, amounts of 
sugar, phenolic compounds, anthocyanins, and pectic substances significantly affect the 
sensory properties of the final product. It is essential to understand how different grape 
varieties, including white and red technical ones, interact with the terroir and technological 
processes that allow achieving the desired balance of taste, aroma, and structure of the final 
liquor (Van Leeuwen  et al., 2006). 

In the wine industry, especially in the production of brandy wine material, the 
importance of choosing a grape variety with optimal chemical properties is increasing. 
However, in practice it is not always possible to determine exactly which grape varieties are 
most suitable for obtaining a quality product, especially given the different growing 
conditions and degree of ripeness of the fruit. In this regard, there is a need to conduct 
comparative studies of the chemical composition of different grape varieties and their impact 
on the quality of brandy wine material (Lončarić et al., 2022).  

The study of the chemical characteristics of grapes is of key importance for the wine 
industry, especially in the context of the production of brandy wine materials. In recent 
decades, there has been an active interest in the chemical composition of various grape 
varieties, since it directly affects the sensory characteristics of the final product. Parameters 
such as acidity, levels of sugar, phenolic, and anthocyanins vary significantly depending on 
the variety, terroir, and growing conditions (Dimitrov et al., 2016; Louw and Lambrechts, 
2012; Ranković et al., 2004). 

To produce high-quality brandy, it is necessary first to prepare high-quality brandy wine 
material that meets modern requirements for sensory and chemical characteristics and 
provide a rich taste, aroma, and stability of the product. When producing brandy wine 
material, it is necessary to pay special attention to the grape varieties, their degree of maturity, 
richness in chemical components, and other factors (Dhiman et al., 2011). 

Despite extensive research, many aspects of the chemical composition of grapes remain 
insufficiently studied. The aim of this study was to investigate the chemical characteristics 
of individual grape varieties used for the production of brandy wine materials to identify 
patterns that may be useful for optimizing the production process. 

The goal of the study was to analyze the composition of the red grape variety Cabernet-
Sauvignon and the white grape varieties Bayan Shirey and Rkatsiteli to determine their 
potential for the production of high-quality brandy wine materials. 

 
 
Materials and methods 
 
The objects of the research were white technical grape varieties Bayan Shirey and 

Rkatsiteli, as well as the red technical grape variety Cabernet-Sauvignon, grown in Ganja-
Gazakh, Samukh, and Goygol districts of Azerbaijan. 

 Bayan Shirey. The homeland of this white technical variety is Azerbaijan, where it 
has been widely distributed thanks to adaptation to local conditions. The grape variety Bayan 
Shirey is more widespread in Uzbekistan, Turkmenistan, Kazakhstan, Tajikistan, Ukraine, 
Moldova, and other countries. It is successfully cultivated and used in winemaking. Its aroma 
is light and fruity, with a hint of citrus, the sugar level is 16-20%, and the acidity is 5.5–8 g/l. 
It belongs to varieties of the late ripening period. 
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Rkatsiteli. The homeland of this grape variety is Kakheti, Georgia. In Azerbaijan, most 
of Rkatsiteli grows in the Goygol and Samukh districts. Grape varieties grown in the foothills 
are more prone to sugar accumulation than those grown in flat areas are. Currently, in 
addition to table and brandy wine material, other varieties of fortified wines are also produced 
from the Rkatsiteli grape variety. This variety belongs to the mid-late ripening period. In a 
fully ripe Rkatsiteli variety, the sugar content reaches 18-24%, titratable acidity is 5.5–6.5 
g/l. Rkatsiteli has good resistance to grape diseases. 

Cabernet Sauvignon is a red technical grape variety that first appeared in the 17th 
century in Bordeaux, France. The Cabernet Sauvignon grape variety, bred in the late 19th – 
early 20th century, was planted in Azerbaijan in the collections of research institutions, and 
on the farms of Karabakh, Shirvan, and the Ganja-Gazakh regions. Currently, this variety is 
more common in the wineries of the Goygol and Samukh districts. 

 
Research methods 
 
Mechanical composition of grape varieties 
 
When studying the mechanical composition of grape varieties, indicators such as the 

average cluster mass, the mass of the skin and the comb, the mass and number of berries, the 
mass of seeds and pulp were determined. 

The percentage ratio of each component in relation to the total mass of the cluster was 
calculated using the formula 

 
% =  ௖௢௠௣௢௡௘௡௧ ௠௔௦௦

௧௢௧௔௟  ௠௔௦௦ ௢௙ ௖௟௨௦௧௘௥
× 100   

 
Determination of sugar content 
 
Grape samples were crushed and squeezed to determine the total sugar content. The 

resulting juice was filtered to remove pulp and sediment. Then, 1 ml of an invertase enzyme 
solution was added to 10 ml of the filtrate, which broke down sucrose into glucose and 
fructose. After 30 minutes at 37 °C, the glucose concentration was determined using glucose 
oxidase enzyme (Al-Mhanna et al., 2018). 

 
Determination of titratable acidity 
 
A titrimetric method was used to determine acidity. The content of titratable acids in 

grape juice was measured using a 0.1 N sodium hydroxide (NaOH) solution until a neutral 
reaction was achieved (pH 7.0) (Gąstoł, 2015). Titratable acidity was expressed as grams of 
tartaric acid per liter. 

 
Determination of active acidity 
 
Active acidity was measured using a pH meter. 
 
Determination of vitamin C 
 
The vitamin C content was determined by titration using 2,6-dichlorophenolindophenol. 

The grape was squeezed and filtered. A few drops of indicator were added to 10 ml of the 
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filtrate and then titrated with a 0.1% solution of 2,6-dichlorophenolindophenol until the color 
changed to pink. The concentration of vitamin C was calculated based on the expense of the 
titrant and expressed in milligrams per 100 ml of juice (Chang et al., 2016).   

 
Determination of the content of pectic substances  
 
The method for measurement of the content of pectic substances in grapes is based on 

the extraction and transfer of pectin to the dissolved state. Grapes are carefully squeezed to 
obtain juice. The resulting juice is filtered to remove pulp and sediment. For the extraction 
of pectic substances, a 0.1 N solution of hydrochloric acid is used. The samples are kept at a 
temperature of 80 °C for 30 minutes. Then, the extract is cooled and filtered. 1 ml of carbazole 
reagent (0.1% solution of carbazole in 95% ethanol) and 1 ml of concentrated sulfuric acid 
are added to 1 ml of the obtained extract. The resulting mixture is carefully mixed and kept 
in a water bath at a temperature of 60 °C for 10–15 minutes. Then the mixture is cooled at 
room temperature and the volume is brought up to 10 ml with distilled water. The optical 
density of the obtained solution is measured on a spectrophotometer at a wavelength of 520 
nm. The concentration of pectic substances (including pectin and protopectin) is calculated 
according to a standard curve constructed based on a known concentration of a pectin 
standard (for example, apple pectin).  

 
Determination of the content of phenolic compounds 
 
The determination of the content of phenolic compounds was carried out using the 

Folin–Ciocalteu assay, which allows for the quantitative estimation of the content of phenols 
in wine samples (Kupina,  2019).  

The method is based on oxidation-reduction reactions with the use of phosphorus-
vanadate reagent (Folin–Ciocalteu reagent), which is reduced in the presence of phenols. This 
leads to a change in the color of the solution, and the intensity of the color can be used to 
judge the content of phenols. The wine is subjected to preliminary extraction in order to 
remove solid particles and other substances that may interfere with the reaction. In some 
cases, additional filtration is carried out. A solution of Folin–Ciocalteu reagent is added to 
the purified wine sample, which is a mixture of molybdate and vanadate. This reagent 
interacts with phenolic groups in wine. Then a solution of sodium carbonate (Na₂CO₃) was 
added to provide an alkaline medium necessary for the reaction. Phenols reduce molybdenum 
and vanadium, which causes a change in the color of the solution, usually to blue-green. The 
solution is incubated at room temperature or in a water bath for 30 minutes. After incubation, 
the optical density (or absorption) of the solution was measured at a wavelength of 760 nm, 
since the color change is proportional to the amounts of phenolic compounds.  

For accurate estimation of the content of phenols, a calibration curve is constructed 
using a standard solution of phenolic compounds, for example, gallic acid. Based on this 
curve, the content of phenols in the sample is determined. 

The content of phenols in wine was calculated using the established dependence 
between absorption and concentration of phenols in a standard solution. 

 
Assessing the ripeness of grapes 
 
The grapes were collected from different parts of the vineyard to ensure the 

representativeness of sampling. Only healthy berries were accepted, excluding damaged 
ones. The berries were divided into three categories: unripe, ripe, and overripe. Before 
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conducting chemical analyses, the berries were thoroughly washed and processed, after 
which they were crushed and juice was extracted. 

Grape ripeness was determined by measuring sugar content and titratable acidity. Sugar 
content was measured using a refractometer, which provides a Brix reading, where 1°Brix is 
equivalent to 1 gram of sugar per 100 g of the solution (1°Brix = 1% sugar) (Jaywant et al., 
2022; Reid, 2002). The ripeness of grapes was characterized by a soluble solid content of 
about 20°Brix and a titratable acidity value of 6–8 g/l (Lago et al., 2017). For the ripe Bayan 
Shirey and Rkatsiteli white varieties, sugar content varied between 17.8 and 21.6% and for 
the red Cabernet-Sauvignon variety – between 19.4 and 22.1%.  

In white varieties of ripe grapes (Bayan Shirey and Rkatsiteli), the acidity varied 
between 6.7 and 7.8 g/l, for the red variety (Cabernet Sauvignon) – between 6.5 and 6.7 g/l. 
For a more accurate assessment of the stage of physiological maturity, the glucoacidometric 
method was used, which involves calculating the ratio of sugar content (in Brix) to titratable 
acidity. According to literary data, the optimal value of this ratio is considered to be between 
2.5 and 3.5 (Lago et al., 2017). For Bayan Shirey and Rkatsiteli, it was 2.65–2.77 and for 
Cabernet Sauvignon it was 2.98–3.3. 

Visual and organoleptic (taste) assessments were also carried out to assess the ripeness 
of the grapes. At this stage of the study, attention was paid to the condition of the berries 
(color, consistency, presence of aromas) and their taste qualities (sweetness, aroma, texture). 
All ripe berries were distinguished by a uniform color: Bayan Shirey had a golden-yellow 
color; Cabernet-Sauvignon had a dark red color, sweet taste, and a pronounced aroma, which 
also confirmed their ripeness. 

 
Statistical analysis 
 
The chemical parameters were determined in five replicates. The results are presented 

as mean ± standard deviation. 
 
 
Results and discussion 
 
Mechanical composition of grape varieties 
 
The mechanical composition of white technical grape varieties Bayan Shirey and 

Rkatsiteli, and red technical grape variety Cabernet Sauvignon were studied. The mechanical 
composition of grapes includes grape skins and combs. A grape cluster consists of a comb, 
berries, skins, pulp, seeds, and juice (Reid, 2002). Depending on the degree of maturity of 
the grapes, growing conditions, environmental situation, and applied agrotechnical 
conditions, the components included in the mechanical composition changed differently in 
percentage terms. 

The mechanical composition of the studied grape varieties is presented in Tables 1 and 
2.  

The mass of clusters and the number of berries were determined for three grape varieties 
grown under the conditions of the Goygol district: Bayan Shirey, Rkatsiteli, and Cabernet 
Sauvignon. The data presented in Table 1 show that the average mass of berries and the total 
number of berries in clusters vary significantly. 
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Table 1 
                Mechanical composition of technical grape varieties grown in Goygol district 

 

Indicators 
Grape varieties 

Bayan Shirey Rkatsiteli Cabernet 
Sauvignon 

Average mass of a grape cluster, g 194.98±0.02 152.50±0.01 132.70±0.01 
Number of berries per cluster, g  94.00±0.04 87.00±0.03 65.00±0.01 
Mass of grape comb per cluster, g 6.84±0.01 7.00±0.02 7.20±0.01 
Mass of grapes per cluster, g 188.14±0.02 145.50±0.01 125.50±0.01 
Mass of grape skin per cluster, g 6.08±0.01 7.40±0.00 7.40±0.01 
Mass of grape seed per cluster, g 3.68±0.01 4.15±0.01 8.30±0.01 
Mass of grape pulp per cluster, g 24.96±0.05 20.52±0.01 16.40±0.01 

Percentage of the total mass  of a grape cluster 
Comb 3.51±0.01 4.59±0.02 5.42±0.02 
Skin 3.12±0.02 4.85±0.03 5.58±0.01 
Seeds 1.89±0.03 2.72±0.01 6.25±0.01 
Pulp 12.80±0.01 13.50±0.03 20.15±0.01 
Juice with pulp 91.48±0.03 87.84±0.02 82.75±0.01 
Unclarified juice without pulp 78.68±0.01 74.34±0.01 66.35±0.04 

 
 

Table 2 
Mechanical composition of technical grape varieties grown in Samukh district 

 

 
Indicators 

Grape varieties 

Bayan Shirey Rkatsiteli Cabernet 
Sauvignon 

Average mass of a grape cluster, g 201.50±0.04 156.40±0.01 128.60±0.01 
Number of berries per cluster, g  98.00±0.01 91.00±0.01 63.00±0.01 
Mass of grape comb per cluster, g 6.40±0.03 6.70±0.02 7.40±0.01 
Mass of grapes per cluster, g 195.10±0.02 149.70±0.01 121.20±0.03 
Mass of grape skin per cluster, g 6.48±0.01 7.80±0.02 7.60±0.01 
Mass of grape seed per cluster, g 4.05±0.01 4.55±0.03 8.80±0.02 
Mass of grape pulp per cluster, g 25.20±0.01 19.70±0.02 20.85±0.03 

Percentage of the total mass of a grape cluster 
Comb 3.18±0.01 4.28±0.03 5.75±0.01 
Skin 3.21±0.03 4.98±0.01 5.91±0.02 
Seeds 2.01±0.01 2.91±0.02 6.84±0.01 
Pulp 12.50±0.01 12.60±0.02 16.20±0.01 
Juice with pulp 91.60±0.03 87.82±0.02 81.50±0.01 
Unclarified juice without pulp  79.10±0.01 75.22±0.01 65.30±0.02 

 
 

The Bayan Shirey variety had the highest average berry mass (188.14 g) and the highest 
number of berries in clusters (94.0). This may indicate a high yield potential for this variety, 
which is a positive aspect for winegrowers and winemakers. Larger and more numerous 
berries can result in a higher juice yield and, ultimately, better wine quality. The Rkatsiteli 
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variety, with a smaller average berry mass (145.5 g) and berry quantity (87.0), is inferior to 
Bayan Shirey in these indicators but remains competitive. Cabernet Sauvignon showed the 
lowest values: 125.5 g on average and only 65.0 berries per cluster. This can be considered a 
disadvantage in terms of yield. However, Cabernet Sauvignon is known for its high-quality 
characteristics and potential for creating complex wines. 

A comparative analysis of grape varieties established the yield of unclarified juice. The 
Bayan Shirey grape variety had a yield of unclarified juice of 78.68%, Rkatsiteli – 74.34%, 
and Cabernet Sauvignon – 66.35%. The low juice yield of Cabernet Sauvignon is attributed 
to its relatively dense skin and higher number and mass of seeds in the berry. 

Table 2 shows significant changes in the mechanical composition of grape varieties 
grown in the Samukh district. Depending on the variety, the mass of the grape cluster, the 
number and mass of berries, the yield of the comb and pulp differ. In the Samukh district, the 
mass of the cluster of the Bayan Shirey grape variety averaged 201.5 g, for the Rkatsiteli 
grape variety, this value was 156.4 g; while for the Cabernet Sauvignon variety, it was 128.6 
g. The research revealed that the number of berries in different grape varieties also varied. 
Bayan Shirey significantly exceeded Rkatsiteli and Cabernet Sauvignon in cluster mass and 
number of berries. This could be seen as a positive result, as larger clusters could indicate 
higher yields (Reid, 2002).  

Higher yields may contribute to the economic viability of wineries. Differences in stem 
mass may indicate different growth and development patterns of varieties (Reid, 2002). The 
higher stem mass of Cabernet Sauvignon may indicate a more robust structure, but this may 
also increase the amount of waste during processing. The lower skin mass of Bayan Shirey 
may be beneficial for wine production, as it may indicate less astringency and a sweeter taste. 

According to Fataliyev (2012), varieties such as Chardonnay and Merlot also show 
similar patterns in mechanical composition. For example, Chardonnay has a large cluster 
mass and high yield, which makes it one of the most popular varieties in the world. Merlot, 
like Cabernet Sauvignon, has a high content of phenolic compounds, which affects its aroma 
and taste. 

The results of the study show that the Bayan Shirey variety has advantages in terms of 
yield and cluster mass, which makes it more attractive for wineries. The Bayan Shirey grape 
variety had a seed mass of 4.05 g and a pulp mass of 25.2 g; the Rkatsiteli variety had a seed 
mass of 4.55 g and a pulp mass of 19.70 g; and the Cabernet Sauvignon variety had a seed 
mass of 8.8 g and a pulp mass of 20.85 g. The ratio of the yield of combs, skins, seeds, and 
pulp to the total mass of the grape cluster was also determined. Depending on the variety of 
grape, the comb makes up 2.5–6%, the skin 7–8%, the seeds 3–4% and the pulp with juice 
80–92% (Salimov, 2022). The same grape variety grows in different districts, though their 
mechanical composition differs from each other. 

The yield of unclarified juice varied depending on the districts and the variety. The 
Bayan Shirey grape variety grown in the Goygol district had a yield of unclarified juice of 
78.68%, while in the Samukh district, the yield of unclarified juice obtained from the same 
variety was 79.1%. 

Temperature, humidity, and rainfall can significantly affect the sugar and acid content 
of grapes, which in turn changes juice yield (Gąstoł, 2015). Different soil types can contain 
different levels of nutrients stipulating the growth and development of grapevines. The 
methods of harvesting, processing, and squeezing grapes can vary between districts and 
significantly affect the amount of juice obtained. Growing conditions and vineyard health 
(e.g. the presence of diseases or pests) can also influence juice yield. Thus, the yield of 
unclarified juice depends on many factors, and differences between grapes grown in different 
districts can be attributed to a combination of them (Gąstoł, 2015). 
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The yield of unclarified juice of different grape varieties grown in the Goygol and 
Samukh districts is shown in Figure 1. As seen in the figure, in the Samukh district, the yield 
of unclarified juice of the Bayan Shirey and Rkatsiteli varieties was higher than that of the 
same varieties grown in the Goygol district. 

The largest amount of unclarified juice was obtained from the Bayan Shirey and 
Rkatsiteli varieties. The smallest yield of unclarified juice was obtained from the Cabernet 
Sauvignon variety, grown in both districts. 

The average cluster mass of grape varieties grown in the Goygol and Samukh districts 
is shown in Figure 2. 

 
 

  

 
 

Figure 1. Yield of unclarified juice from 
grape varieties grown in Goygol and 

Samukh districts: 
1 – Bayan Shirey, 2 – Rkatsiteli,  

3 – Cabernet Sauvignon. 

Figure 2. Average cluster mass of grape 
varieties grown in Goygol and Samukh 

districts, in grams:  
1 – Bayan Shirey, 2 – Rkatsiteli,  

3 – Cabernet Sauvignon. 
 

The Bayan Shirey and Rkatsiteli grape varieties are more suitable for the production of 
brandy wine material than the Cabernet Sauvignon variety. Cabernet Sauvignon has a thicker 
skin and less water content in the berries and less juice is released when squeezing compared 
to Bayan Shirey and Rkatsiteli. A high juice yield is important for the production of brandy 
wine material, as this contributes to a greater amount of raw materials for fermentation and 
subsequent alcohol production. Bayan Shirey and Rkatsiteli have a higher sugar content and 
balanced acidity, which is important for further fermentation and distillation. 

 Since Cabernet Sauvignon is a red technical grape variety, it is recommended to use it 
for the production of other types of wine, mainly red table wines. From the above, it is clear 
that the quality of the produced brandy wine material largely depends on the mechanical 
composition of the grapes. 
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Chemical composition of grape varieties 
 
Tables 3 and 4 present data on the quantitative change in some chemical indicators of 

grape varieties depending on the degree of ripeness. 
 

Table 3 
Changes in chemical composition of grape varieties grown in Samukh district  

depending on the degree of ripeness 
 

Chemical indicators 

Grape varieties 

Bayan Shirey Rkatsiteli Cabernet 
Sauvignon 

I II III I II III I II III 
Total sugar,  
g/100 ml 

18.70 
±0.02 

16.50 
±0.04 

17.80 
±0.01 

21.60 
±0.03 

18.20 
±0.05 

19.40 
±0.02 

22.10 
±0.04 

18.60 
±0.01 

19.40 
±0.03 

Titratable acidity,  
g/100 ml 

7.00 
±0.03 

7.90 
±0.02 

5.70 
±0.04 

6.80 
±0.01 

7.60 
±0.03 

5.20 
±0.05 

6.50 
±0.02 

7.60 
±0.04 

5.20 
±0.01 

Active acidity, 
 pH 

3.20 
±0.04 

3.80 
±0.01 

3.90 
±0.02 

3.30 
±0.04 

3.90 
±0.01 

4.00 
±0.03 

3.30 
±0.05 

4.00 
±0.02 

4.10 
±0.03 

Phenolic compounds, 
g/100 ml 

0.78 
±0.02 

0.70 
±0.03 

0.54 
±0.04 

0.74 
±0.02 

0.65 
±0.04 

0.50 
±0.01 

1.05 
±0.03 

0.95 
±0.05 

0.68 
±0.03 

Pectic ubstances,  
g/100 ml 

0.25 
±0.05 

0.31 
±0.03 

0.18 
±0.04 

0.23 
±0.01 

0.28 
±0.02 

0.20 
±0.04 

0.50 
±0.01 

0.62 
±0.03 

0.36 
±0.05 

Protopectin,  
g/100 ml 

0.12 
±0.01 

0.20 
±0.04 

0.08 
±0.02 

0.11 
±0.05 

0.18 
±0.03 

0.08 
±0.02 

0.18 
±0.04 

0.40 
±0.01 

0.16 
±0.04 

Pectin,  
g/100 ml 

0.13 
±0.03 

0.11 
±0.01 

0.10 
±0.02 

0.12 
±0.03 

0.10 
±0.01 

0.12 
±0.03 

0.32 
±0.02 

0.22 
±0.04 

0.20 
±0.01 

Vitamin C,  
mg/l 

8.20 
±0.01 

5.60 
±0.03 

3.40 
±0.05 

7.80 
±0.01 

5.40 
±0.01 

3.10 
±0.03 

10.20 
±0.01 

7.60 
±0.02 

4.80 
±0.02 

Note: I – Ripe grapes, II – Unripe grapes, III – Overripe grapes 
 
 

Total sugar, which is the main indicator of grape quality, was the lowest in unripe grape 
varieties. The total sugar content in the unripe Bayan Shirey grape variety grown in the 
Samukh district was 16.5%, while in Rkatsiteli, this value was 18.2%, and in Cabernet 
Sauvignon, it was 18.6%. Depending on the degree of ripeness of grape varieties, the highest 
sugar content was observed in fully ripe varieties. Total or titratable acidity is important in 
the winemaking process. Organic acids of grapes are formed mainly because of the exchange 
of carbohydrates, amino acids, proteins, and other organic substances during photosynthesis. 

The quality of grapes and wine largely depends on titratable acidity. Tartaric acid is the 
main titratable acidity of grapes (Baiano et al., 2012). Besides, grapes contain malic, succinic, 
citric, and other non-volatile acids (Nabiev and Moslemzade, 2008). The lowest titratable 
acidity was recorded in overripe grape varieties (Table 1). The acidity of the overripe Bayan 
Shirey grape variety was 5.7 g/l, while for the Rkatsiteli and Cabernet Sauvignon varieties, 
this value was 5.2 g/l. The low titratable acidity of overripe grape varieties compared to other 
variants is explained by the fact that, like other nutrients, it is spent on the respiratory process 
(Baiano et al., 2012).  

Exceeding the titratable acidity of grapes is inappropriate. Mostly unripe grape varieties 
have high titratable acidity (Baiano et al., 2012). It is also known that unripe grapes contain 
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large amounts of malic acid. Brandy and table wines made from unripe grapes have an 
unpleasant, harsh taste due to the high level of malic acid (more than 2 g/l), called green 
acidity (Nabiev, 2010). Increased green acidity in wine creates conditions for the formation 
of various defects, including mousy taste, during the storage period of wine (Baiano et al., 
2012). Therefore, to produce high-quality wines, including brandy, it is necessary to regulate 
the amount of titratable acidity of grapes. 

Active acidity affects the quality of wine (Vicente et al., 2022). It directly affects the 
balance of taste, aroma, and stability of wine. While high acidity helps to preserve freshness 
and balance, high acidity can give the wine harshness and unpleasant sensations.  

When making brandy wine material, it is important that the acidity maintain the taste 
without excessive harshness, ensuring the purity and complexity of the aroma. The correct 
level of acidity also contributes to better preservation of wine and prevents the development 
of unwanted defects during storage. High active acidity in grape juice and wine is undesirable 
because it can impart a harsh and unpleasant taste, interfering with the harmony of the overall 
profile of the drink. It can also hinder the balanced development of aroma and taste, making 
the wine less enjoyable to drink. In addition, excessive acidity can negatively affect the 
fermentation process and storage, increasing the risk of developing defects and reducing the 
stability of the wine (Fataliyev, 2012). 

The change in pH depends on the grape variety, soil and climate conditions and other 
factors. When the pH is between 3.0 and 3.3, the active acidity of the environment or wine 
slows down oxidation and reduction processes. Therefore, the stability, transparency, color 
preservation, and other factors of wine largely depend on active acidity. As seen in Table 3, 
fully ripe grape varieties have normalized active acidity for wine production. Active acidity 
in fully ripe grape varieties changed between 3.2 and 3.3. In unripe and overripe grape 
varieties, active acidity varied within the range of pH values of 3.8-4.1. Fully ripe grape 
varieties are considered more optimal for wine production. 

Phenolic compounds are widely distributed in plants, including grapes, and have 
important technological properties (Cosme et al., 2018). The quality of grapes and wine 
largely depends on phenolic compounds. The content of phenolic compounds in grape skins 
is higher than in juice and pulp (Bendaali et al., 2022). Some of the important biological and 
technological properties of phenolic substances are their antioxidant and antimicrobial 
propertiesGrape and wine varieties rich in phenolic substances are not only more resistant to 
diseases, but also rich in extractive substances (Nabiev and Moslemzade, 2008). As seen in 
Table 1, fully ripened grape varieties are richer in phenolic compounds compared to other 
varieties. The presence of phenolic compounds in grapes and wine stipulates their enrichment 
with aromatic substances.  

The quality of the prepared brandy wine material also largely depends on pectic 
substances. The pectic substances are mainly represented by pectic acid, pectin, and 
protopectin. In addition, grapes, especially wine, contain pectin salts. These salts are mainly 
contained in grapes grown on soils rich in calcium and magnesium ions (Velioglu et al., 
1998). According to their biological and technological properties, pectic substances are 
colloidal particles. The presence of pectic substances affects the yield of grape juice, and the 
transparency of juice and wine (Nabiev and Moslemzade, 2008). Therefore, the production 
of high-quality brandy wine materials largely depends on the content of pectic substances. 
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Тable 4 
Changes in chemical composition of grape varieties grown in  

Goygol district depending on the degree of ripeness 
 

Chemical indicators 

Grape varieties 

Bayan Shirey Rkatsiteli Cabernet 
Sauvignon 

I II I I I III I II I 
Total sugar, 
 g/100ml 

17.80 
±0.01 

16.10 
±0.03 

17.20 
±0.05 

19.30 
±0.02 

17.40 
±0.03 

18.20 
±0.01 

19.40 
±0.03 

17.60 
±0.04 

18.50 
±0.02 

Titratable acidity,  
g/100 ml 

7.80 
±0.01 

8.30 
±0.01 

6.70 
±0.03 

7.20 
±0.05 

8.10 
±0.02 

5.60 
±0.03 

6.70 
±0.04 

8.70 
±0.02 

5.40 
±0.04 

Active acidity,  
pH 

3.30 
±0.01 

4.0 
±0.04 

4.20 
±0.01 

3.20 
±0.03 

3.90 
±0.05 

4.10 
±0.03 

3.20 
±0.02 

3.60 
±0.04 

3.90 
±0.02 

Phenolic compounds, 
g/100 ml 

0.82 
±0.03 

0.74 
±0.02 

0.58 
±0.05 

0.80 
±0.01 

0.74 
±0.03 

0.55 
±0.02 

1.20 
±0.04 

1.02 
±0.01 

0.70 
±0.04 

Pectic substances,  
g/100 ml 

0.28 
±0.01 

0.34 
±0.04 

0.23 
±0.03 

0.25 
±0.02 

0.32 
±0.01 

0.21 
±0.03 

0.52 
±0.04 

0.64 
±0.05 

0.40 
±0.02 

Protopectin,  
g/100 ml 

0.13 
±0.03 

0.23 
±0.01 

0.10 
±0.02 

0.12 
±0.05 

0.22 
±0.04 

0.09 
±0.01 

0.20 
±0.03 

0.42 
±0.02 

0.16 
±0.04 

Pectin,  
g/100 ml 

0.15 
±0.04 

0.11 
±0.02 

0.13 
±0.03 

0.13 
±0.04 

0.10 
±0.02 

0.12 
±0.01 

0.32 
±0.01 

0.22 
±0.03 

0.24 
±0.05 

Vitamin C, 
 mg/l 

8.50 
±0.02 

8.40 
±0.05 

3.80 
±0.04 

8.20 
±0.03 

6.10 
±0.01 

3.70 
±0.04 

12.40 
±0.03 

8.20 
±0.01 

5.10 
±0.02 

Note: I – Ripe grapes, II – Unripe grapes, III – Overripe grapes 
 
 
Pectic substances, including protopectin, are mainly found in unripe grapes (Tables 2 

and 3). For example, the content of pectic substances in unripe Rkatsiteli grapes grown in the 
Samukh district was 0.28 g/100 ml, while in ripe grapes, this parameter was 0.23 g/100 ml, 
and in overripe grapes, it was 0.20 g/100 ml. 

The research revealed that the red grape variety is richer in pectic substances than the 
white grape variety. The total amount of pectic substances in the fully ripened Bayan Shirey 
grape variety grown under the conditions of the Goygol district was 0.28 g / 100 ml, while 
for the Rkatsiteli variety, this parameter was 0.25 g/100 ml, and for the Cabernet Sauvignon 
variety, it was 0.52 g/100 ml (Table 4). 

The studies revealed that the unripe Rkatsiteli grape variety had a protopectin content 
of 0.18 g/100 ml, while the ripe variety had a protopectin content of 0.11 g/100 ml, and the 
overripe variety had a protopectin content of 0.08 g/100 ml (Table 3). As the grapes ripen, 
the amount of protopectin decreases and turns into pectin. The conversion of protopectin into 
pectin occurs under the action of the protopectinase enzyme. During this period, the grapes 
become relatively soft and are enriched with aromatic and other nutrients through the process 
of photosynthesis (Velioglu et al., 1998). 

In wine materials, the content of protopectin above the norm is inappropriate, since 
protopectin is practically insoluble in water (Velioglu et al., 1998). This prevents the 
clarification and stability of the wine material. Therefore, when producing brandy, grape 
varieties should be selected so that the content of pectic substances, mainly protopectin, is 
lower. The amount of pectic substances in grapes depends to some extent on the specific 
characteristics of the variety, the degree of maturity, soil and climatic conditions, and other 
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factors (Rouxinol et al., 2023). The amount of pectin varies among grape varieties. For 
example, varieties with high acidity levels often contain more pectin, which can affect the 
fermentation and clarification process. At the stage of full ripening, pectin levels usually 
decrease. Unripe berries contain more pectin, which can lead to problems with clarification 
(Velioglu et al., 1998).  

The quantitative content of vitamin C was also determined depending on the degree of 
ripeness of the grape varieties. The red grape variety Cabernet Sauvignon is richer in vitamin 
C than white grape varieties. In fully ripened Cabernet Sauvignon grapes, the content of 
vitamin C varied between 10.2 and 12.4 mg/l. In the Rkatsiteli variety, this indicator varied 
between 7.8 and 8.2 mg/l, and in the Bayan Shirey variety, between 8.2 and 8.5 mg/l (Tables 
3 and 4). 

It is known that fully ripened grape varieties are richer in vitamin C than unripe and 
overripe grape varieties. As seen in Table 3, vitamin C in the fully ripened Bayan Shirey 
grape variety was 8.2 mg/l, in unripe grapes this parameter was 5.6 mg/l, and in overripe 
grapes – 3.4 mg/l. Therefore, when producing brandy wine material, it is recommended to 
use fully ripened grapes. 

 
 
Conclusions  
 

1. To produce high-quality brandy wine material, the mechanical composition of grape 
varieties used as raw materials, as well as the juice yield, was determined. The yield of 
unclarified juice with and without pulp obtained from technical grape varieties, Bayan 
Shirey, Rkatsiteli, and Cabernet Sauvignon, grown in the Goygol and Samukh districts 
varied depending on the variety and region. 

2. A comparative analysis of grape varieties established the yield of unclarified juice. The 
Bayan Shirey grape variety had a 78.68% yield of unclarified juice, Rkatsiteli – 74.34%, 
and Cabernet Sauvignon – 66.35%. The low juice yield of Cabernet Sauvignon is due 
to its relatively dense skin, and higher number and mass of seeds in the berry. The Bayan 
Shirey variety has a high yield of unclarified juice, which makes it promising for the 
production of brandy wine material. 

3. Depending on the degree of ripeness of grape varieties, the highest sugar content was 
found in fully ripe varieties. The active acidity of fully ripe grape varieties changed 
between 3.2 and 3.3. In unripe and overripe grape varieties, the active acidity varied 
between 3.8 and 4.1. It was found that fully ripe grape varieties compared to other 
varieties are richer in phenolic substances. 

4. In unripe grape varieties, Bayan Shirey, Rkatsiteli, and Cabernet Sauvignon, grown 
under the conditions of the Samukh district, the content of pectic substances was 0.20, 
0.18, and 0.40 g/100 ml. In ripened grapes, this indicator was 0.12, 0.11, and 0.18 g/100 
ml, and in overripe grapes – 0.08, 0.08, and 0.16 g/100 ml, respectively. As the grapes 
ripened, the amount of protopectin decreased. In wine materials, the content of 
protopectin above the norm is inappropriate, since protopectin is practically insoluble 
in water and this prevents the clarification and stability of the wine material. 

5. The research has revealed that the most suitable varieties for the production of brandy 
wine materials are Bayan Shirey and Rkatsiteli. 
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 Abstract 
 Introduction. The aim of the research was production of fermented 

milk drink with increased biological value for preventive nutrition based 
on secondary milk processing raw materials. 

Materials and methods. Skim milk, demineralized milk whey, 
retentate, the bacterial starter cultures, laurel cherry fruits, fermented acid 
drink were used in the research. Titrated acidity, the content of proteins, 
fat, ash, and pectins were determined by ISO standards, the content of 
sugars was estimated by Bertrand’s method, the content of total phenols 
by Folin Chocalteau method, and the number of viable bacterial cells by 
plate counting method. 

Results and discussion. The fermentation process of demineralized 
whey, skim milk or retentate under the influence of direct addition of 
matsoni, kefir, yogurt or propionic bacterial starters was investigated. The 
best results were observed with the use of matsoni starter. After a 12-hour 
fermentation of demineralized milk whey, the number of viable cells of 
matsoni bacterial starter was 118±38x106 colony formed units 
(CFU)/mL, in skim milk it was 135±62x106 CFU/mL, and in retentate it 
was 127±52 CFU/mL. After the bacterial starter culture of matsoni, the 
best results were shown by the bacterial starter cultures of kefir, yogurt 
and finally propionic. In the fermentation process, the desired result of 
titrated and active acidities (800T, pH 3.62) was achieved by using the 
bacterial starter culture of matsoni. 

To achieve the final optimal acidity of a prophylactic fermented milk 
drink (80–1000T, pH 4.2–4.5), out of different compositions made by 
using bacterial starter cultures of matsoni, kefir, yogurt, and propionic,  
two compositions were considered the best, in which the ratio of matsoni, 
yogurt, and propionic was 1.0:0.5:1.0 and 1.0:0.5:0.5, respectively. 
During this time, the optimal duration of the fermentation process was 5-
6.5 hours. In the composition of the fermented milk drink, laurel cherry 
fruits were used as fillers. Based on the study of their chemical 
composition, it was determined that laurel cherry fruits are characterized 
by a high content of main components – sugars (16.20±0.42%), 
nitrogenous substances (1.92±0.09%), vitamin C (16.10±0.22%), pectin 
substances (0.78±0.21%), and total phenolic compounds (420±0.35 
mg/100 g). Based on the sensory evaluation, the optimal amount of laurel 
cherry puree (3–5%) was determined for the fermented milk product. 
Prophylactic fermented milk drink technology was proposed.  

Conclusions. Fermented milk drink was proposed based on 
secondary raw materials of milk and vegetable raw materials (laurel 
cherry fruits).  
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Introduction 
 
Due to the shortage of food resources in the world, the maximum utilization of valuable 

secondary products of processing raw materials is of particular importance (Ivanov et al., 
2021; Jolanta et al., 2016; Stabnikova et al., 2021, 2024a). Secondary raw materials for milk 
processing deserve special attention, especially milk whey, whose utilization factor is 
currently unacceptably low. Only 35–40% of milk whey is recycled, and it is mostly poured 
into the sewer system, causing environmental pollution. Especially serious problems are 
caused by curd whey due to its high acidity (70–75 °T). The full utilization of milk whey and 
other secondary milk raw materials for use in the production of high biological value, low-
calorie, and low-glycemic functional fermented milk drink is still a worldwide problem 
(Ayed et al., 2023; Kochubei-Lytvynenko et al., 2022). 

The dairy industry in Georgia loses thousands of tons of that valuable raw material 
every year, of which milk whey deserves special attention (Rukhadze et al., 2021). It is a 
low-calorie product (18-20 kcal/100 g) and has a low glycemic index (24), which is why it is 
considered a universal bio-eco-friendly raw material of natural origin for the production of 
dietary and functional food products (Ahmed et al., 2023; Jolanta et al., 2016). 

The production of liquid fermented beverages, which does not require large 
expenditures, can be considered as one of the areas of cost-effective use of whey (Jeličić et 
al., 2008). The development of food products based on the beneficial substances of milk 
passed into the milk whey, especially functional fermented milk drinks, remains very relevant 
today (Reis et al., 2021). 

The main methods of increasing the biological value of fermented milk drinks and 
ensuring their pre- and probiotic properties are the use of highly effective multi-component 
bacterial starters (Amiranashvili et al., 2015; Pereira et all., 2015; Pescuma et al. 2010) with 
the addition of fruit juices (Chatterjee, 2015; Idan, 2021; Thakkar et al., 2018), fruit's pulp 
(Elkot et al., 2023a), extracts of phyto-raw materials (M'hir et al., 2023; Seyhan et al., 2016), 
germinated grains of various cereals and legumes (Criste et al., 2023; Emkani et al., 2022), 
soybean oil as a source of polyunsaturated fatty acids (Vlaseva et al., 2012), and algae (Elkot 
et al., 2023b). 

The popularity of using plant extracts in fermented milk products is due to the presence 
of a wide range of biologically active substances such as vitamins, flavonoids, antioxidants, 
tannins, macro- and microelements. The combination of lactic acid microflora and 
biologically active substances of fruits and berries allows to significantly expanding the range 
of functional products (Farmani et al., 2024; Szafrańska et al., 2024). 

Based on the above, it can be concluded that increasing the dietary and health properties 
of fermented milk products by enriching them with probiotic bacteria and prebiotics are a 
relevant area in the creation of functional food products. 

The research aims to develop a high biological value fermented milk drink based on the 
secondary raw materials of milk processing to be used for preventive nutrition.  

 
 
Materials and methods  
 
Chemicals 
 
All reagents used were of USP purity or higher. All solvents, including water, were used 

with an LC/MS label.  
 



─── Food Technology ─── 

─── Ukrainian Food Journal.   2024.  Volume 13. Issue 4 ─── 710

Materials  
 
Secondary raw materials from milk processing, namely, skim milk, demineralized 

milk whey, and milk retentate; the bacterial starters, in particular,  matsoni, kefir, yogurt, and 
propionic starters; a plant-based supplement (laurel cherry fruits); structure stabilizer (puree 
of fruits) were used as materials in the research. Skim milk, demineralized milk whey, 
and milk retentate were obtained from the milk processing enterprise LLC “Atinati”. 

Skim milk is a by-product in the production of cream, sour cream, and butter. The most 
valuable components in it are protein and carbohydrates. Skim milk contains high biological 
value protein (up to 4%), water- and fat-soluble vitamins. 

Demineralized milk whey was obtained from LLC Atinati with a level of 
demineralization of 85–90% and a level of acidity neutralization of pH 6.0–6.5 (Rukhadze et 
al., 2021). Demineralized milk whey is a source of important food nutrients (Kochubei-
Lytvynenko et al., 2023). It contains more than two hundred biologically active substances, 
almost all water-soluble and finely dispersed components of milk.  

Milk retentate, or a milk ultraconcentrate, is a concentrated milk protein, which is 
obtained because of ultrafiltration of milk, semi-skim, or skim milk. 

 
Matsoni, kefir, yogurt, and propionic starter cultures were purchased from LLC 

“SAMAIA”.  
Matsoni starter culture contains Lactobacillus delbrueckii subsp. bulgaricus, 

Streptococcus salivarius subsp. thermophilus, and Lactobacillus delbrueckii subsp. lactis 
(Amiranashvili et al., 2014; 2015). 

Kefir starter culture contains Lactococcus lactis subsp. lactis, L. lactis subsp. cremoris, 
Leuconostoc mesenteroides subsp. cremoris, L. lactis subsp. lactis biovar diacetylactis, 
Lactobacillus delbrueckii subsp. bulgaricus, and Saccharomyces cerevisiae. 

Yogurt starter culture consists of Lactobacillus acidophilus, Lactobacillus casei, 
Streptococcus lactis, Lactobacillus plantarum, Streptococcus thermophilus, and 
Lactobacillus bulgaricus.  

Propionic starter culture was a propionic acid bacteria Propionibacterium shermanii – 
KM 186 strain. 

 
A plant-based supplement laurel cherry fruits, grown in the Adjara region taken from 

the harvest of 2023 at perfect ripeness. Samples were stored in refrigerated chambers prior 
to analysis (Figure 1). 

 
 

   
 

Figure 1. Laurel cherry during flowering (a); ripening fruits (b); ripe fruits of the wild-growing 
laurel cherry (c) 

a b c 
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The laurel cherry is widespread in the subtropical zone of Georgia, especially in Adjara. 
The fruits of the plant have an individual, distinctive, unforgettable, velvety taste and aroma. 
The laurel cherry fruits contain polyphenols, among which anthocyanins are predominant, 
glycosides, tannins, and possess high antioxidant activity and can be used for the production 
of functional food (Minadze, 2006; Minadze et al., 2006; Stabnikova et al., 2024b).  

The laurel cherry fruit puree was cooked in the following order: selected and washed 
fruits were peeled and blended. The obtained mass was rubbed through a sieve with a hole 
diameter of 0.5 mm, and then the mass prepared in this way was used in the preparation of a 
fermented milk drink. 

 
Fermented milk drink was prepared from skim milk with a dry matter content of up 

to 9.5%, acidity of up to 20 °Т; demineralized milk whey with a dry matter content of up to 
7%, and milk retentate taken in a ratio of 1.0:2.0 :0.2 (Patent GEO No. 7334). All components 
were mixed, pasteurized at 72–75 °C, cooled to a temperature of 32–38 °C, and bacterial 
starter culture was introduced into it. Then, a sweetener and filler were added (laurel cherry 
fruit puree), which simultaneously played the role of a structure stabilizer and a flavor 
additive. Coagulation was carried out for 5.0–6.5 hours, at a temperature of 35–37 °C, until 
an acidity of 80–100 °Т was reached. After that, it was pasteurized, homogenized, cooled, 
and bottled. The main components were used in the following ratio, wt. %: milky 
composition, 85–87; bacterial starter culture, 3–5; sweetener (palatinose), 1–3; laurel cherry 
fruit puree, 3-5. 

 
 
Methods  
 
Determination of dry matter content. The amount of dry matter in secondary milk 

raw materials and plant-based supplements was determined using a RADWAG MA 50r 
moisture meter (Finland), where drying was carried out under the influence of infrared rays. 
5-10 g of samples were placed on the cup of this device, and drying was carried out at 105 
0C. The screen recorded the moisture content in the analysis samples in %. The amount of 
dry matter was calculated as the difference: 100 minus the amount of moisture content. 

Determination of acidity. Titrated acidity was determined by the titration method: for 
a plant-based supplement – according to ISO-750-1998 standard, for secondary milk raw 
materials – according to ISO/TS 22113:2012 standard, and active acidity was determined 
using PH-meter Metlter Toledo (USA). 

Determination of total sugars. Total sugars were determined by the Bertrand’s method 
(Surmanidze, 2023). 

Determination of total phenolic content. Folin-Chokalteu method was used to 
determine the amount of phenolic substances in fruits (Bond et al., 2003; Tkesheliadze et al., 
2022). 

Determination of the total amount of proteins. The total amount of proteins was 
determined by the Kjeldahl method according to ISO 8968-1:2014. 

Determination of the total amount of fats. The total amount of fats was determined 
by the Soxhlet method. Hydrolysis of the sample was carried out on the device HydrolEx H-
506, and extraction was carried out on the extractor FatExtractor E-500. The resulting fat was 
dried to a constant weight and then weighed, and the fat content of the sample was calculated 
following ISO 14156:2001/IDF 172:2001.  

Determination of total ash content. Total ash content was determined following 
ISO/CD 9877 IDF 258.  
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Determination of the amount of pectin substances. The amount of pectin substances 
was determined according to ISO 5773:2023(E). 

Determination of vitamin C content. The quantitative determination of vitamin C in 
plant materials was carried out using a method based on reducing properties: a blue solution 
of 2,6-dichlorophenolindophenol is reduced to a colorless compound by plant extracts 
containing ascorbic acid (Surmanidze, 2023). 

Determination of the number of microorganisms. The number of microorganisms 
was determined by counting colonies. 10 g of product were taken and mixed with 90 ml of 
buffered peptone water or a 0.85%-solution of table salt. 10 test tubes were placed on the test 
bench, each of which contained 9 mL of buffered peptone water. After the initial dilution, 1 
mL of the test product was added to the first test tube with a sterile pipette. Using a sterile 
pipette, 1 mL was transferred from the first test tube to the next test tube, and so on. As a 
result, dilutions of 1:10, 1:100, and 1:1000 were obtained. The time from dilution preparation 
to inoculation exceeded 45 min. Before sowing, the cup was assigned a number. From each 
dilution, 1-1 mL of the analyte compound was taken and applied to two Petri dishes (for 
parallel determination). Then thawed and cooled to 45 °C food agar was added in the amount 
of 12-15 mL. With a circular movement of the hand, the cup was moved on the horizontal 
surface of the table, so that the contents were distributed in the form of equal layers over the 
entire area of the bottom. The process continued until the agar solidified. The cup with the 
seed was placed in a thermostat upside down for incubation at 30 °C for 72±3 hours. After 
this time, the colonies grown both on the surface and in the depth of the agar were examined. 
Colonies were counted using a colony counter. The arithmetic mean was calculated for each 
dilution separately. 

Sensory evaluation. The sensory evaluation of the fermented milk drink was carried 
out on a 10-point scale according to the following indicators: homogeneous, slightly viscous, 
with liquid whey, characteristic color of the product, pure lactic acid taste, moderately sweet, 
and moderate taste of filler. In advance, the characteristics of each score were introduced. 
The best indicator was valued at 10 points, and the unsatisfactory one at 1 point. Five tasters 
participated in the sensory evaluation. They were selected from the staff and students of the 
Department of Food Technology of Akaki Tsereteli State University. The final scores were 
calculated by the arithmetic mean of the points assessed by each taster (Karchava et al., 
2022). 

Calculation of caloric content. To determine the caloric content of the research 
samples, the amount of proteins, fats, and carbohydrates contained in them were taken into 
account, multiplied by their conversion coefficient (4, 9, and 4 respectively), and the results 
were summed up.   

 
Statistical analysis 
 
Mathematical processing of the experimental data was performed according to the 

results of 3-5 times repetitions of the tests with the methods of statistics and regression 
analysis using Windows IBM SPSS Statistics software program (version 20.0, IBM, Armonk, 
New York, USA). 

These studies were conducted at the Department of Food Technologies of Akaki 
Tsereteli State University (Georgia, Kutaisi) and the Western Georgian Regional Center of 
Chromatography Chromatographic Center of Shota Rustaveli State University in Batumi. 
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Results and discussion  
 
Characteristics of secondary raw milk materials used for fermented milk drink 
 
Skim milk, demineralized milk whey, and milk retentate were chosen as base for 

fermented milk drink creation. Their proximate composition was studied and caloric content 
was calculated (Table 1). 

 
                                                                                     Table 1 

Proximate composition of secondary raw materials 
 

Compounds Milk whey Skim milk Retentate 
Moisture, % 93.28±1.31 90.30±1.08 80.4±1.32 
Protein, % 0.87±0.11 3.60±0.08 10.7±0.15 
Fat,% 0.11±0.05 0.08±0.02 0.72±0.02 
Carbohydrate, % 5.75±0.06 6.02±0.05 8.90±0.09 
Ash, % 0.63±0.04 0.72±0.05 0.20±0.01 
Calorie content, kcal/100 ml 24.9 36.32 77.60 

 
 

The content of dry matter in the secondary raw milk materials was as follows: in 
demineralized milk whey: 6.72±0.11%, in skim milk 9.7±0.08%, and in retentate 
19.6%±0.13. The highest contents of proteins and carbohydrates were observed in 
the retentate and they were 10.7±0.15% and 8.7±0.11%, respectively. Fat and ash contents 
were recorded in insignificant amounts and did not exceed 0.11±0.05% and 0.72±0.02%, 
respectively. As for caloric content, it was 24.91 kcal/100 ml for demineralized milk whey, 
36.32 kcal/100 ml for skim milk, and 77.6 kcal/100 ml for retentate. All secondary raw 
materials of milk are low-calorie (Ahmed et al., 2023) and acceptable for the preparation of 
prophylactic fermented milk drinks (Reis et al., 2021). 
 

Development of starter cultures in secondary raw milk materials 
 
To produce a fermented milk product, cheese whey, skim milk, and retentate were 

proposed, so it was necessary to study the development of starter cultures in this environment. 
Considering the data of several studies that noted  that during the production and storage of 
milk and fermented milk drinks based on whey, especially when using various supplements, 
liquid stratification (separation of whey) occurs (Chavan et al., 2018; Paula et al., 2021), 
therefore demineralized whey was used – purified from suspended protein fragments and 
mineral salts. The activity of the development of starter microflora within 12 hours during 
the fermentation process was estimated by titrated active acidity and the number of viable 
cells of starter microorganisms (Table 2). The experiments were conducted at a 5%-dosage 
of starter cultures. 
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Table 2   
Comparative characteristics of starter cultures in skim milk, whey, and retentate 

 
Indicators Starter culture 

Propionic Matsoni Kefir Yogurt 
Demineralized cheese whey   

The number of vital cells, CFU/mL 90±51 118±38 110±42 102±62 
Titrated acidity, °T 47±2 80±1 72±2 68±3 
Active acidity, pH  4.75±0.01 3.62±0,02 4.02±0,01 4.35±0,01 

Skim milk 
The number of vital cells, CFU/mL 125±68 135±62 127±52 119±82 
Titrated acidity, °T 71±2 87±2 82±2 69±2 
Active acidity, pH  4.06±0.01 3.92±0.01 4.21±0.02 4.42±0.01 

Retentate 
The number of vital cells, CFU/mL 118±68 127±52 123±65 116±58 
Titrated acidity, °T 68±2 79±2 71±1 62±3 
Active acidity, pH  4.3±0.01 4.13±0.01 4.26±0.02 4.37±0.01 

 
Based on the comparative analysis of the data presented in Table 1, it was revealed that 

the activity of bacterial starter cultures in demineralized milk whey, skim milk, and retentate 
did not differ significantly. Considering all indicators, the best results were achieved using 
the bacterial starter culture of matsoni. After a 12-hour fermentation of demineralized milk 
whey, the number of viable cells of matsoni bacterial starter was 118±38x106 CFU/mL, in 
skim milk 135±62x106 CFU/mL, and in retentate 127±52 x106 CFU/mL. After the bacterial 
starter culture of matsoni, the best results were shown by the bacterial starter cultures of kefir, 
yogurt, and finally propionic (Gungor et al., 2024). As for the titrated and active acidities (80 
°T, pH 3.62), the bacterial starter culture of matsoni was considered dominant in this case as 
well.  

 

Changes in titrated and active acidities during process of fermentation 
(coagulation) of secondary milk raw materials using different bacterial starter cultures.  

 

The fermentation process in secondary raw milk lasted for 12 hours. Determination of 
titrated and active acidities was done every 3 hours (Figures 2 and 3). 

As shown in Figures 3 and 4, the best results were achieved by using the matsoni starter 
culture in different secondary milk raw materials for 12 hours (80 °T, pH – 3.62). The lowest 
activity was observed with propionic. Considering that the properties of starter cultures of 
matsoni and kefir, as well as their fermentation activities are close to each other, the bacterial 
starter culture of kefir was excluded from the composition of bacterial starter cultures for 
further experiments. 

 

Determining the ratio of bacterial starter cultures for a milky composition 
 

Further, with different ratios of the starters used in the bacterial composition, the time 
required for curd formation and the final acidity of the fermented milk base were established. 
The following ratios of starter microflora were compiled:      

1. М :Y : P= 1.0 : 1.0 : 1.0 ;         2. М  : Y : P = 1.0  : 0.5 : 1.0 ; 
3. М  : Y: P = 1.0 : 0.5 : 0.5 ;       4. М :  Y:  P = 2.0  : 1.0 : 1.0 ; 
5. М :Y: P = 1.0  : 0.5 : 1.0 .       

(M – marsoni starter: K – kefir starter: Y – yogurt starter: P – propionic starter) 
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   a  

 b  
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Figure 2. Change in titrated acidity during fermentation process  
using different bacterial starter cultures in:  
milk whey (a); skim milk (b); in retentate (c) 
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a  

b  

с  
 
 

Figure 3. Change in active acidity during fermentation process using different bacterial starter 
cultures in: milk whey (a); in skim milk (b); in retentate (c) 
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Table 3 presents the activity of development of probiotic microorganisms in milk-whey 
medium with different initial ratios of starter microflora. 

 

 
Table 3 

Curd formation and changes in acidity during fermentation of milk-whey fermented drinks 
 

Proportion of starters in the bacterial 
composition (dosage – 5%) 

Time required for curd 
formation, h 

Acidity 
°T pH 

М : Y : P = 1.0 : 1.0 : 1.0 8.5 74±2 4.76±0.01 
М : Y : P = 1.0 : 0.5 : 1.0  6.5 88±1 4.58±0.02 
М : Y : P = 1.0 : 0.5 : 0.5 5.0 92±1 4.51±0.01 
М : Y : P = 2.0 : 1.0 : 1.0 10.5 75±3 4.76±0.01 
М : Y : P = 2.0 : 0.5 : 1.0 14.0 79±2 4.72±0.02 

 
To achieve the predetermined final optimal acidity of a prophylactic fermented milk 

drink (80-100 0T, pH 4.2-4.5), the best result was shown by the composition of bacterial 
starter cultures in the following ratios: М : Y : P = 1.0 : 0.5 : 1.0; М : Y: P = 1.0 : 0.5 : 0.5. 

 
 
Plant-based supplement for a fermented milk drink 
 
The fruits of laurel cherry were used in the form of a plant-based supplement, as a 

structure stabilizer in the process of fermentation and delaying the milky composition. 
 
 
Chemical composition of the laurel cherry fruits 
 
The overall chemical composition of these fruits and the fractional composition of their 

pectin substances were determined (Table 4, Figure 4).  
 

Table 4 
 Chemical composition of laurel cherry fruits 

 
 

Characteristics Samples of laurel cherry 
Black-fruited, large Wild-growing 

Mass fraction of dry matter, % 21.80±0.21 17.10±0.32 
Total sugars, % 16.20±0.42 11.71±0.35 
Acidity, % (in terms of malic acid)  0.26±0.11 0.24±0.12  
Pectin substances, % (in terms of the raw mass) 0.78±0.21 0.48±0.33 
Total phenols, mg/100 g 420±0.35 480±0.15 
Nitrogenous substances, % 1.92±0.09  1.87±0.10 
Vitamin C, mg% 16.10±0.22 13.7±0.16 
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 total pectin    protopectin  ■ soluble (hydratopectin) 

 
Figure 4. Fractional composition of pectin substances of the laurel cherry fruit 

 
 
It was determined that the studied raw materials are valuable not only for their taste 

properties, but also due to their composition, high content of pectin substances, and phenolic 
compounds. These results are close to the results of research conducted by different 
researchers at different times. In particular, the chemical composition of the fruits of laurel 
cherry common in the subtropical zone of western Georgia and Adjara has been determined 
for use in the technology of food coloring (Surmanidze, 2023), confectionery (Minadze, 
2006) and alcoholic beverages (Japaridze et al., 2005). Based on the analysis of the chemical 
composition of the fruits of laurel cherry (black-fruited large and wild growing), the black-
fruited large fruits were used for further research. 

 
Optimal amount of plant-based supplement for fermented milk drink 
 
At the next stage of the research, the fermented milk product was mixed with the puree 

of the laurel cherry fruits in different percentages: 1, 3, 5 and 7%. To determine the optimal 
amount, an organoleptic evaluation was carried out. A fermented milk product with the 
addition of 3-5% of laurel cherry puree was considered the best. The results are illustrated in 
Figure 5. 

Based on repeated experiments, the amount of filler and the technological parameters 
of the drink preparation were specified, which was reflected in the developed and proposed 
technology to produce a fermented milk drink, which is described in the section: “Materials 
and methods”. 

The resulting fermented milk drink has a uniform, gentle consistency, natural color, 
and original aroma of the vegetable component – laurel cherry fruits. The ratio of secondary 
products of milk processing, bacterial starter culture, and fillers was selected not only based 
on their biological compatibility, but also based on the taste properties, to achieve a uniform 
organoleptic original range, which will additionally have a preventive effect on the human 
body. 
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Figure 5. Influence of doses of laurel cherry puree on sensory parameters of fermented milk 

product 
 

 
Conclusions   
 

1. In the fermentation process of demineralized milk whey, skim milk, and retentate, with 
the action of direct application of the bacterial starter cultures – matsoni, kefir, yogurt, 
and propionic, the best results were observed with the use of matsoni bacterial starter 
culture. After a 12-hour fermentation of demineralized milk whey, the number of viable 
cells of matsoni bacterial starter was 118±38x106 CFU/mL, in skim milk 135±62x106 
CFU/mL, and in retentate 127±52x106 CFU/mL. After the bacterial starter culture of 
matsoni, the best results were shown by the bacterial starter cultures of kefir, yogurt and 
finally propionic.  

2. In the fermentation process, the desired result of titrated and active acidities (800T, pH 
3.62) was achieved by using the bacterial starter culture of matsoni. The lowest activity 
was observed with propionic. 

3. Various compositions of bacterial starter cultures were prepared. To achieve the final 
optimal acidity of a fermented milk drink (80–100 °T, pH 4.2–4.5), the composition of 
bacterial starter cultures was considered the best in the following ratios: М : Y : P = 1.0  
:0.5 :1.0; М : Y: P = 1.0 : 0.5 : 0.5. At this time, the optimal duration of the fermentation 
process was 5-6.5 hours. 

4. There was determined the feasibility of using a plant-based supplement (laurel cherry 
fruits) as a filler in a fermented milk drink due to its taste properties, chemical 
composition, sugars (16.20±0.42%), nitrogenous substances (1.92±0.09%), vitamin C 
(16.10±0.22%), considering the high content of pectin substances (0.78±0.21%) and 
total phenolic compounds (420±0.35 mg/100 g). 

5. Based on the sensory evaluation, the optimal amount of laurel cherry puree for a 
fermented milk drink was determined as 3–5%. 
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 Abstract 
  

 
Introduction.  This paper aimed to evaluate the nutritional and 

rheological properties of heat-treated and untreated sorghum flour 
with medium size fraction (M) and integral. 

Materials and methods.  Amino acids were determined by 
high-performance liquid chromatography, fatty acids and volatiles 
by gas chromatography, minerals by atomic absorption 
spectrophotometry, and rheology by dynamic testing methods.  

Results and discussion. The application of dry heat treatment 
on sorghum flour led to a reduction in the content of essential 
amino acids. However, a higher lysine content was observed in the 
treated M fraction compared to the control fraction. The content 
of non-essential amino acids significantly decreased after the 
application of heat treatment and grinding. The dry heat treatment 
temperature of 133 °C applied to the red sorghum grains, along 
with fractionation, resulted in an increase in the content of mono- 
and polyunsaturated fatty acids and a decrease in the saturated 
fatty acid content in the treated M fraction compared to the control 
fraction. There were considerable differences between samples 
regarding sodium, iron, zinc, and copper content. Heat treatment 
led to a decrease in the percentage of 2,4-pentadienenitrile volatile 
compound and the identification of 2,4-hexadienenitrile in the 
treated M fraction compared to the control fraction.  

The obtained elastic modulus values showed that the dough 
prepared from the treated fraction M red sorghum flour possessed 
slightly higher elastic energy compared to the sample prepared 
from whole red sorghum flour treated at 133 °C. The maximum 
gelatinization temperature for the sample with the treated M 
fraction of red sorghum flour was lower than that of the control 
sample. The dough from treated M fraction of red sorghum flour 
showed higher compliance for both creep and recovery compared 
to that made from the control fraction. 

 Conclusion. Sorghum dry heat treatment and fractionation 
led to significant differences in nutritional and rheological profile. 
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Introduction 
 
Sorghum (Sorghum bicolor L. Moench) originates from East Africa (Sudan and 

Ethiopia) and has come to be cultivated worldwide, being the fifth most cultivated cereal 
after corn, wheat, rice, and barley (Ratnavathi et al., 2016), due to its agronomic advantages, 
as it is resistant to drought, pests, and diseases (Pérez et al., 2010). The cultivation of sorghum 
is significant for semi-arid regions of the world, especially in Africa and Asia, due to its 
agronomic benefits in harsh environments, drought resistance, high productivity, and low 
production costs (Adebowale et al., 2020). Since the year 2000, the area allocated to this crop 
has come to represent approximately 3% of the total area occupied by cereal crops. Global 
production reached around 59 million tons in 2018 (Cabrera-Ramírez et al., 2020; Pezzali et 
al., 2020). The world's top five sorghum producers are the United States (25%), India 
(21.5%), Mexico (almost 11%), China (9%), and Nigeria (almost 7%). Together, these five 
countries account for 73% of total global production. Based on the region of cultivation 
and/or use by different populations, sorghum has various names. In Africa, it is known as 
large millet, milo, durra, and orshallu, while in China it is called gaoliang, and Indians call it 
jowar, cholam, or jonna (Djameh et al., 2015; Rashwan, 2017). Globally, the largest 
consumer of sorghum is China, and within the European Union, it is Spain. In the European 
Union, the most significant sorghum-cultivating countries are France and Italy. 

In Romania, the surface used for sorghum cultivation in 2020 was 8.4 million hectares, 
with a production of 26.6 thousand tons (National Institute of Statistics: Bucharest, Romania, 
2022), followed by Spain, Hungary, and Bulgaria. In Romania, both red and white sorghum 
hybrids are cultivated. Sorghum is an excellent source of starch and protein, containing 
phenolic compounds, such as flavonoids (Shahidi and Naczk, 1995), phenolic acids, and 
tannins. Starch and sugar are released more slowly from sorghum than from other cereals 
(Klopfenstein and Hoseney, 1995), which is beneficial for people with diabetes. As a 
potential source of resistant starch and β-glucans (Niba and Hoffman, 2003), sorghum can be 
used as a prebiotic food ingredient in value-added food products. Processed sorghum is 
consumed worldwide in various forms: bread, biscuits, cakes, couscous, tortillas, porridge, 
alcoholic and non-alcoholic beverages, extruded products, and pasta. 

It has been asserted that sorghum has low protein quality due to the structural properties 
of kafirin, the predominant protein, a deficiency of amino acids such as threonine, tryptophan, 
and lysine, and interactions with phenolic molecules, such as condensed tannins, which form 
complexes with proteins and reduce their digestibility (Martinez et al., 2020). However, the 
gluten-free bakery industry is challenging, and currently, many researchers are focusing on 
composite flour formulations. Current research on heat-treated sorghum flour is limited, and 
a gap in food product development using this flour has been identified. 

Understanding how certain physical treatments applied to sorghum grains affect the 
physicochemical composition of whole meal flour and different-sized sorghum flour 
particles, as well as their functionality, is important for managing the quality of finished 
products. The heat generated during the dry heat treatment process, as well as the frictional 
heat and mechanical energy required for grinding, can affect the structural and molecular 
properties of starch as well as other properties of sorghum grains. There is limited 
information on the characteristics of different-sized sorghum flour particles when sorghum 
grains are subjected to physical treatments. Additionally, knowledge of the nutritional and 
rheological properties of sorghum flour plays an essential role in explaining the complex 
interactions between components, along with the nature of the environment in which they are 
associated and investigated. Thus, this paper aimed to explore the characteristics of integral 
and fractionated red sorghum flour with or without heat treatment applied to the sorghum 
grains. For this purpose, the fatty acids, amino acids, volatile compounds, minerals content, 
and rheological behavior were determined.  
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Materials and methods 
 
Materials 
 
For the experimental research, red sorghum grains from a hybrid sorghum variety 

cultivated in Romania, specifically in the northern region of Moldova, were used. The red 
sorghum grains (ES Alize) were sourced from a retail vendor in Fălticeni (Suceava, 
Romania). 

The sorghum grains were processed using two methods: first, a dry heat treatment was 
applied, and then they were milled. The optimal conditions were established before and they 
are presented in our previous paper (Batariuc et al., 2023). The dry heat treatment was applied 
to the sorghum grains spread in a uniform 10 mm layer on a tray, and placed in a convection 
oven (Binder ED53 L, Tuttlingen, Germany) for 15 minutes at 133°C. For milling the 
sorghum grains, a KitchenAid grain mill (model 1065 KGM, Whirlpool Corporation, Benton 
Harbor, MI, USA) was used. The whole sorghum flour was then separated using a vibrating 
sieve system (Retsch AS, Haan, Germany) to obtain the M particle size (200 μm < M < 250 
μm). Samples codifications were the following: I_TOM – integral treated sample, OM – 
treated sample with M particle size, CM – control untreated sample with M particle size.   
 

Amino acids profile 
 
The amino acids were determined using a Vanquish UHPLC high-performance liquid 

chromatograph with a fluorescence detector, Thermo Fisher, equipped with a 
chromatographic column (Hypersil Gold 150 x 4.65 µm, with a flow rate of 0.80 mL/min). 
A sample of 5 g was hydrolyzed with 20 mL of 4 M hydrochloric acid at a temperature of 
95°C for 24 hours. After filtering through filter paper, the obtained extract was neutralized 
with 15 mL of 10% potassium hydroxide solution. The samples were then re-filtered through 
0.45 µm pore size filters and injected into the equipment. Derivatization was performed on a 
pre-column with ortho-phthalaldehyde (OPA) at a 1:2 ratio, using the automatic sample 
injection program, with an injection volume of 1 µL. 

 
Fatty acids profile 
 
The fatty acid analysis was performed using a gas chromatograph CG-FID (Agilent 

Technologies, 6890N GC, Wilmington, DE, USA) equipped with a DB-WAX capillary 
column with a polyethylene glycol stationary phase (30 m × 0.25 mm × 0.25 µm) and a flame 
ionization detector (FID). Approximately 30 ± 0.1 mg of flour sample was dissolved in 2 mL 
of iso-octane. The mixture was subjected to transesterification with 200 µL of methanolic 
potassium hydroxide solution (2 mol/L) under vigorous stirring. The resulting organic phase 
was mixed with sodium hydrogen sulfate. After collecting the supernatant, 1 µL of the sample 
was directly injected into the gas chromatograph (GC). The gases used for FID analysis were 
hydrogen at 40 mL/min, air at 450 mL/min, and helium at 30 mL/min. The injection volume 
was 1 µL in a 1:20 split mode. The temperature program was as follows: the initial oven 
temperature was set to 60°C, held for 1 min, increased from 60 to 200°C at a rate of 10°C/min, 
held for 2 min, then from 200 to 220°C at a rate of 5°C/min, and held for 20 min. The injector 
and detector temperatures were set at 250°C. Fatty acid identification in the samples was 
completed by comparing their retention times with those of a standard mixture (Senila et al., 
2020). 



─── Food Technology ─── 

─── Ukrainian Food Journal.   2024.  Volume 13. Issue 4 ─── 726

The desirable fatty acid content (DFA) was determined as the sum of MUFA, PUFA, 
and stearic acid (Medeiros et al., 2014). The thrombogenic index was calculated as the sum 
of C14:0, C16:0 and C18:0 divided by (0.5 x MUFA + 0.5 x n6 + 3 x n3 + n3/n6) (Renna et 
al., 2012). 

 
Minerals content 
 
The determination of mineral content was carried out using a Shimadzu AA7000 atomic 

absorption spectrophotometer, ASC-7000 (air-acetylene), equipped with an ASC-6100 
autosampler. The mineral content profile was determined for Ca, Na, Fe, Cu, and Zn, 
elements predominant in sorghum flour. The samples were prepared according to the method 
described in the technical manual of the Shimadzu AA7000, ASC-7000 spectrophotometer. 
Five grams of sample were placed in a crucible and calcined at 550°C for 12 hours. If 
calcination was incomplete, 1 mL of 65% nitric acid was added to the crucible, and after the 
evaporation of nitric acid, the process was repeated until the ash turned white. After cooling, 
1 mL of 65% nitric acid was added to the crucible, and the contents were transferred to a 50 
mL volumetric flask and brought to the mark with deionized water (Avramia and Amariei, 
2021). The concentrations of macro- and microelements were expressed in mg/kg of analyzed 
sorghum flour. 

 
Volatile compounds 
 
The determination of volatile organic compounds (VOCs) was performed using a gas 

chromatograph coupled with a mass spectrometer (GC-MS). A sample amount of 3 g was 
transferred into a 20 mL headspace vial, and 3 g of sodium chloride was added to enhance 
VOCs in the headspace and inhibit any enzymatic reactions. The headspace vials were sealed 
with crimp-top caps with TFE-silicone headspace septa. Identification criteria for compounds 
required a mass spectrum match score of ≥ 80%. Results were expressed as the percentage 
of relative peak area (% RPA) for each peak in each sample, calculated by dividing the peak 
area by the total area of all identified peaks in each chromatogram. The total ion 
chromatogram (TIC) of each sample was used to integrate peak areas. All measurements 
were performed in triplicate, and data are presented as mean ± standard deviation. 

The GC oven temperature was set at 35 °C (held for 1 min), increased to 100 °C (held 
for 1 min) at a rate of 5 °C/min, then to 250 °C (held for 3 min) at a rate of 7 °C/min, and 
finally increased to 250 °C (held for 1 min) at a rate of 10 °C/min. The transfer line 
temperature was set at 280 °C, and the ion source temperature was set at 250 °C. The mass 
spectrometer was operated in electron ionization (EI) mode at 70 eV, following the method 
reported by Dippong et al. (2023). 

 
Rheological properties 
 
The rheological properties of the sorghum flour dough were determined using dynamic 

testing methods, including oscillatory testing and creep-recovery testing. A preliminary test 
was also conducted to identify the boundaries of the linear viscoelastic region of the samples, 
with a constant oscillatory frequency of 1 Hz and increasing the stress from 0 to 100 Pa. 
Dynamic rheological measurements were performed with a Thermo-HAAKE MARS 40 
dynamic rheometer (Karlsruhe, Germany) with parallel plates, equipped with a Peltier 
heating system that maintained a constant sample temperature of 21 °C during testing. 
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Dough samples, prepared from 50 g of sorghum flour and 50 mL of water, were rested 
for 5 minutes before testing to reach equilibrium. During testing, the gap between the plates 
was set to 2 mm, and any excess dough was removed. To prevent moisture loss from the 
sample during testing, a layer of petroleum jelly was applied around the sample edges. Data 
processing was carried out using the RheoWin Data Manager software, version 4.85 (Thermo 
Scientific). 

 
Frequency sweep test. The determination of the variation in elastic (G') and viscous 

(G") modulus with frequency was carried out by applying a constant stress of 10 Pa, 
positioned within the linear viscoelastic region, over a frequency range from 0.01 to 20 Hz. 

 
Temperature sweep test. By applying the oscillatory test at a constant frequency of 1 

Hz, where the dough was heated at a rate of 4 ± 0.1 °C/min from 20 to 100 °C, values for the 
elasticity and viscosity moduli were determined. 

 
Creep and recovery. The low-stress oscillatory test was complemented by a creep and 

recovery test. This involved the sudden application of a 50 Pa stress (within the linear 
viscoelastic range) for 60 seconds, followed by a 180-second recovery period after the stress 
was removed, allowing the dough to relax (Iuga et al., 2020). 

 
Statistics 
The data were reported at least in triplicate. XL STAT 2023 version was used for means 

comparisons by ANOVA with the Tukey test (p ≤ 0.05).  
 
 
Results and discussion 
 
Nutritional composition 
 
The amino acid profile in integral red sorghum flour heat treated (I_TOM), the heat-

treated sample with fraction M (OM), and the untreated control fraction M (CM) is displayed 
in Figure 1.  

Among the essential amino acids, leucine exhibited the highest levels across all samples 
analyzed. Heat treatment of red sorghum grains led to a decrease in leucine content, though 
the fraction OM still showed higher leucine levels than the integral sorghum flour heat-
treated (I_TOM). Additionally, the heat treatment reduced the levels of proline, isoleucine, 
and histidine. Conversely, the heat-treated fraction OM showed a higher lysine content than 
the control fraction CM. Similarly, Paucar-Menacho et al. (2018) reported reductions in 
amino acid content ranging from 17-31% in quinoa grains after puffing, attributing these 
losses to chemical changes in protein fractions induced by heat treatment, such as glycation, 
glycoxidation, and oxidation. Moreover, Maillard reactions promoted by heat treatment 
involve the initial condensation between the carbonyl group of a reducing sugar and amino 
groups in proteins (Arena et al., 2017; Lohinova and Petrusha, 2023).  

Other heat-induced protein changes may include oxidative deamination of N-terminal 
amino acids, β-elimination of cysteine, and formation of cross-linked lysinoalanine and 
histidinoalanine derivatives (Arena et al., 2017). 
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Figure 1. Amino acids (AA) content of sorghum flours  
 

The control fraction of red sorghum (CM) showed a high content of glutamic acid, 
alanine, and aspartic acid, which diminished after the dry heat treatment (Figure 1). For the 
treated sample with M fraction (OM), higher levels of non-essential amino acids were 
observed compared to the values obtained for the integral red sorghum flour heat-treated 
(I_TOM). It is hypothesized that during heat treatment, condensed tannins bind with proteins 
to form insoluble complexes (Mohapatra, 2019). 

The total saturated fatty acids (SFA), monounsaturated fatty acids (MUFA), and 
polyunsaturated fatty acids (PUFA) content in red sorghum grains heat-treated shows 
significant variations depending on the sample type (p < 0.05) (Figure 2).  

The application of dry heat treatment led to a decrease in SFA content and an increase 
in MUFA and PUFA levels in the heat-treated OM sample compared to the untreated sample 
(CM). In contrast, for integral red sorghum flour heat-treated (I_TOM), there was a decrease 
in MUFA and PUFA content, while SFA levels increased. Torbica et al. (2021) also reported 
a decrease in SFA and the rise of PUFA after heat treatment of sorghum. After dry heat 
treatment, an increase in n-6 PUFA content was observed, with the highest value recorded 
for the heat-treated red sorghum flour with M fraction (OM). Integral red sorghum flour heat-
treated (I_TOM) showed a significantly lower value compared to OM. Paucar-Menacho et 
al. (2018) similarly reported a higher omega-6 fatty acid content in quinoa grains after 
puffing. The omega-3 polyunsaturated fatty acid content displayed significant differences 
depending on the type of red sorghum flour sample. The highest value was found in the heat-
treated M fraction (OM), followed by the untreated sample (CM), and finally, integral red 
sorghum flour heat-treated (Figure 2). Meanwhile, increasing the intake of omega-3 fatty 
acids in the diet is essential for human health and well-being (Stabnikova and Paredes-Lopez, 
2024). The treatment of red sorghum grains also led to an increase in the MUFA/PUFA ratio 
in the heat-treated M fraction (OM) compared to the control sample (CM). Integral red 
sorghum flour heat-treated displayed a lower MUFA/PUFA ratio than OM.  
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Figure 2. Fatty acids content and thrombogenic index of sorghum flours:   Means with different 

superscripts are significantly different at p ≤ 0.05 
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Torbica et al. (2021) reported that hydrothermal treatment reduced the lipid content of 
barley, rye, triticale, oat, sorghum, and millet flours and modified the profile of fatty acids in 
flours as a result of complex formation between amylose and protein. Furthermore, the ratio 
of ω-6 to ω-3 fatty acids raised after heat treatment of barley, rye, triticale, oat, and sorghum 
(Torbica et al. 2021).  

Dry heat treatment and fractionation of red sorghum grains did not lead to significant 
changes in desirable fatty acids (DFA) content. However, integral red sorghum flour heat-
treated (I_TOM) exhibited a significantly lower (p < 0.05) DFA value compared to OM 
(Figure 2). The thrombogenic index (TI) showed significant differences (p < 0.05) across the 
analyzed samples. The heat-treated red sorghum flour, M fraction, (OM) exhibited higher TI 
values compared to the control fraction (CM). Heat treatment led to an increase in TI in red 
sorghum flour, but fractionation reduced the thrombogenic index. No data on thrombogenic 
index variation in sorghum flour were found in the consulted literature. Capouchová et al. 
(2021) reported that oat samples TI ranged from 0.41 to 0.49, depending on the cultivar. 

The mineral composition of the analyzed samples includes calcium and sodium as 
macroelements, and iron, zinc, and copper as microelements (Table 1).  

 
Table 1  

Mineral composition of sorghum flours 
 

Sample Content (mg/kg) 
Calcium Sodium Iron Zinc Copper 

I_TOM 18.41±0.46a 61.82±1.55b 56.49±1.41b 20.36±0.51b 2.62±0.07c 
OM 16.99±0.42b 63.01±1.58a 64.18±1.60a 22.56±0.56a 4.79±0.12a 
CM 16.22±0.41b 59.71±1.49c 38.87±0.97c 18.47±0.46c 3.33±0.08b 
Means within the same row with different superscripts are significantly different at p ≤ 0.05. 

 
No significant differences were identified between the heat-treated sample (OM) and 

the control sample (CM) of red sorghum flour in terms of calcium content. A higher calcium 
content was observed in integral red sorghum flour heat-treated (I_TOM) compared to the 
calcium content in the OM sample. Significant differences (p < 0.05) were observed between 
OM and CM regarding sodium, iron, zinc, and copper content. The molar ratio between 
phytate and minerals is crucial for determining the potential bioavailability of minerals, with 
a lower molar ratio indicating greater bioavailability, and vice versa (Wu et al., 2018). 
Mohapatra et al. (2020) also reported an increase in Na and Ca content after sorghum grains 
cooking. The reduction of moisture content during dry heat treatment and milling could 
explain the increase in the mineral content of sorghum flour. This observation was made also 
by Keya and Sherman (1997) for sorghum grains treated with intense infrared radiation.  

The volatile compounds identified in the analyzed red sorghum flours include 2.4-
pentadienenitrile, 2.4-hexadienenitrile, and 1,4-pentadiene (Figure 3). In integral red 
sorghum flour heat-treated, a high percentage of 1,4-pentadiene was identified. In the heat-
treated M fraction (OM), 2,4-pentadienenitrile and 2,4-hexadienenitrile were determined. 
The thermal treatment led to a decrease in the percentage of 2,4-pentadienenitrile and the 
identification of 2,4-hexadienenitrile in the OM, compared to the control fraction. The 
reduction of 2,4-pentadienenitrile in the OM fraction was considerable when compared to the 
percentage identified in the control (CM) and in whole red sorghum flour heat-treated 
(I_TOM). 1,4-pentadiene aroma compound comes from the ethenolysis of linoleic acid ester 
present in plants Marvey (2008). It was identified also in other plant sources (Yan et al., 
2022).  
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Figure 3. Volatile profile of sorghum flours 
 

 
Rheological properties 
 
The values obtained for the elastic modulus (G′), which represents the energy stored 

during deformation, showed that the dough from the heat-treated M fraction (OM) of red 
sorghum flour exhibited slightly higher elastic energy compared to the dough made from 
integral red sorghum flour heat-treated (I_TOM) (Figure 4). 

  

 
 

 
Figure 4. Variations of elastic modulus G′ (filled symbol)  

and viscous modulus G′′ (empty symbol)  
with frequency for I_TOM (-▲-), OM (-■-) and CM (-●-) samples 

 
 
The viscous modulus (G′′) followed a similar trend in the heat-treated M fraction (OM) 

sample, with the energy lost during deformation being close in value to that of the treated 
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integral red sorghum flour sample. The highest values for both G′ and G′′ were observed in 
the control fraction (CM) dough. These findings indicate that for all samples, G′ values were 
much higher than G′′, suggesting a more elastic than viscous behavior. This behavior is likely 
due to intermolecular associations among the various components in both treated and 
untreated red sorghum flour. Similar results were reported by Huang et al. (2022), who found 
higher G′ values than G′′ when examining the effects of thermal treatments and γ-irradiation 
on millet flour rheology. Measuring the elasticity modulus (G′) and viscosity modulus (G′′) 
provides insight into the rigidity and extensibility of the dough: a high G′ and lower G′′ value 
suggests a rigid dough, while a lower G′ indicates a softer, more extensible dough (Weipert, 
1990). Huang et al. (2022) reported higher G′ for sorghum flour after dehulling.  

The dough made from the heat-treated M fraction (OM) of red sorghum flour exhibited 
a behavior similar to that of the dough prepared from integral red sorghum flour heat-treated. 
The elastic modulus (G′) and viscous modulus (G′′) values were higher than those observed 
in the control fraction (CM) dough (Figure 5).  

 

 
 

 
Figure 5. Variations of elastic modulus G′ (filled symbol)  

and viscous modulus G′′ (empty symbol)  
with temperature for I_TOM (-▲-), OM (-■-) and CM (-●-) samples 

 
 
The peak gelatinization temperature for the heat-treated M fraction (OM) sample was 

78.59 °C, which was lower than that of the control fraction (CM) sample, which has a 
gelatinization temperature of 80.33 °C. However, there was no significant difference between 
the OM and the I_TOM sorghum flour sample in terms of peak gelatinization temperature. 
This suggests that while the heat-treated M fraction shows slight variations in gelatinization 
properties, it remains largely comparable to the treated integral flour, likely due to similar 
structural and compositional characteristics achieved through thermal treatment. During heat 
treatment, the amylose fraction is prone to interact more freely with the amylopectin fractions 
found in the branched crystalline areas which led to the decrease of mobility of the 
amylopectin chains and thus generate higher gelatinization temperature (Sun et al., 2014).  

Creep and recovery curves of sorghum dough are presented in Figure 6.  
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Figure 6. Creep and recovery curves  

for I_TOM (-■-), OM (-▲-) and CM (-●-) samples 
 
 
The integral heat-treated sample (I_TOM) of red sorghum flour stood out for its higher 

maximum compliance in both the creep and recovery phases compared to the control fraction 
(CM). This suggests that the I_TOM dough has an enhanced ability to deform under stress 
and recover once the stress is removed, indicating a more elastic and resilient structure 
compared to the control sample.  

The heat-treated M faction (OM) presented higher compliance in the creep phase and 
lower in the recovery phase compared to the control (CM), indicating a less resilient structure. 
Creep and recovery behavior is predominantly governed by reorientation of the linkages in 
the viscoelastic dough (Ahmed, 2014). 

 
 
Conclusions  
 
Dry heat treatment and fractionation led to significant changes of sorghum flour 

nutritional properties. Furthermore, the rheological behavior depends on the particle size and 
treatment applied to sorghum grains. The results obtained showed changes in amino acid 
profile and an enhancement of n-3, n-6 PUFA and minerals content after application of heat 
treatment and fractionation. Dough behavior during processing exhibited differences 
between integral and treated and untreated samples, with the control exhibiting the lowest 
creep compliances and gelatinization temperatures. These results are helpful for further 
development of gluten-free backed goods based on sorghum flour.     
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 Abstract 
  

Introduction. The aim of the research was to determine the chemical 
composition  of hemp seed by-products, namely hemp seed flour, hemp 
seed protein, and hemp seed kernels and the effect of their addition on the 
fermentation activity of yeast in wheat dough. 

Materials and methods. Hemp seed flour, hemp seed kernels, and 
hemp seed protein were obtained from the non-narcotic variety of hemp 
"Liryna" (Ukraine). Starch content was determined by the Evers 
polarimetric method, fractional composition of proteins by 
electrophoresis, amino acid composition by the method of ion exchange 
chromatography. 

Results and discussion. The by-products of hemp processing, 
namely hemp seed protein, hemp seed flour, hemp seed kernels, 
contained protein 4.8, 3.4, and 2.5 times higher, and fat 10.4, 8.8, and 30 
times higher than first-grade wheat flour. While, the content of 
carbohydrates in hemp by-products was lower than in wheat flour. The 
percentage content of starch, mono- and disaccharides, and dietary fiber 
in hemp seed processing products was as follows: 24.5, 23.2, and 52.3% 
in hemp seeds protein; 18.0, 20.3, and 61.7% in hemp seed flour; 23.5, 
19.8, and 56.7% in hemp seed kernels, respectively. The content of the 
globular protein fraction was predominant in hemp seed processing 
products from 49.6% to 61.7%, while in first grade wheat flour their 
content was only 10.7%. The content of the albumin fraction in hemp seed 
processing products varied from 28.1% to 32.1% compared to 7.2% in 
first grade wheat flour. It was determined that the content of essential 
amino acids in hemp by-products was higher than in first grade wheat 
flour. The amount of released carbon dioxide decreased from 10 to 70 ml 
with the addition of hemp seed by-products: 10% hemp seed flour instead 
of wheat flour, 15% hemp seed protein instead of wheat flour and the 
combined application of 15% hemp seed protein to replace wheat flour 
and 7% of hemp seed kernels to the mass of flour, however, the 
fermentation process intensified. The first peak of gas formation was 
observed simultaneously in all samples after 60 min of fermentation. The 
second peak of gas formation in the dough with the replacement of part 
of the wheat flour with hemp seed-processing products was after 120 min 
of fermentation, which was 30 min earlier than in the control sample. At 
the same time, the largest amount of carbon dioxide released in the dough 
with the replacement of 10% of wheat flour with hemp seed flour. 

Conclusions. Hemp by-products had a relatively higher content of 
proteins, fats, micro- and macro-elements, a balanced composition of 
carbohydrates, amino- and fatty acids. Different from wheat flour 
chemical composition affected the course of the dough fermentation 
process and caused changes in the carbohydrate-amylase complex of the 
dough. 
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Introduction 
 
Enrichment of bread and bakery products with non-traditional plant raw materials is a 

new direction in the manufacturing of functional foods (Ivanov et al., 2021; Stabnikova et 
al., 2021; Shevchenko, 2022; Shevchenko et al., 2023). To increase the nutritional and 
biological value of bread and intensify the technological process of its production, hemp seed 
by-products could be used (Hayit and Gül, 2020). Hemp seeds contain 20–25% easily 
digestible proteins with a high content of essential amino acids, up to 34% of dietary fiber, 
as well as a large amount of macro- and microelements (Farinon et al., 2020). In addition to 
high nutritional value, hemp seeds were also characterized by the presence of various 
biologically active substances, including phenolic compounds, as well as bioactive peptides 
with antioxidant, anti-inflammatory, neuroprotective, and antihypertensive properties 
(Farinon et al., 2020). 

The possibility of using hemp seeds in the production of bread was demonstrated (Rusu 
et al., 2021). It was found that the content of proteins and essential amino acids, lipids and 
unsaturated fatty acids, fiber and minerals increased in bread when adding 5% hemp flour, 
which did not significantly affect the rheological properties of bread.  

Incorporation of 5 – 40% (w/w) hemp seed flour in wheat flour increased the total 
phenolic content in the bread, thus significantly increasing its antioxidant activity (Capcanari 
et al., 2023). It was found that the protein content in the bread increased from 11.11% (control 
sample) to 18.18% (for a sample with 40% of hemp seed flour). However, the addition of 
hemp seed flour led to a decrease in the porosity of the bread, an increase in the hardness, 
and a decrease in the elasticity of the dough. 

Replacement of 5 to 20% wheat flour with hemp flour in the production of cookies led 
to an increase in the content of ash, protein, fat, total phenolic content and antioxidant activity 
of the final product (Ertas and Aslan, 2020). The highest content of ash, 2.11%, was found 
in cookies prepared with 20% of roasted hemp flour (in control it was just 1.33%), and the 
highest content of protein, 11.81%, was detected in cookies with 20% of raw hemp flour (in 
control it was 8.55%). The antioxidant activity of cookies with 20% of roasted hemp flour 
was 40.88% and cookies made with 20% of raw hemp flour had an antioxidant activity 
38.21%. At the same time, cookies with raw hemp flour up to 20% and roasted hemp flour 
up to 15 % demonstrated good overall acceptability. 

Addition of 10% hemp flour or 5% hemp protein decreased elasticity of bread crumbs 
Addition of hemp by-products increased the dough yield, which was 165.38% for dough with 
10% of hemp flour and 163.91% for dough with 5% of hemp protein (Mullerova et al., 2016).  
Sensory analysis of gluten-free bread with the addition of 5% hemp flour did not show 
significant difference from the control bread and it was acceptable to consumers (Hayward 
and McSweeney, 2020). 

Thus, application of hemp seed by-products in manufacturing of bread needs to be 
deepened and detailed. The aim of the present study was to determine the effect of hemp seed 
by-products, namely hemp seed flour, hemp seed protein, and hemp seed kernels on the 
fermentation activity of yeast in wheat flour dough. 

 
 
Materials and methods  
 
Materials 
 

Hemp seed flour, hemp seed protein and hemp seed kernels were used for research 
(Desnaland LLC, Ukraine).  

Hemp seed flour was obtained from the seeds after oil extraction by cold pressing, 
without the use of heat or chemicals. Hemp seed protein was obtained from hemp seeds that 
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had been cold-pressed and oil extracted, and further sifted. Ready-to-eat hemp seeds were 
shelled steamed kernels (Irakli et al., 2019). 

The dough was prepared from first grade wheat flour, pressed baker's yeast – 2% to the 
mass of flour, table salt – 1.5% to the mass of flour, white sugar – 3 – 5% to the mass of 
flour, sunflower oil – 2% to the mass of flour, barley-malt extract – 10% to the mass of flour. 
10% hemp seed flour was added to replace equal amount of wheat flour, 15% hemp seed 
protein to replace equal amount of wheat flour, and composition of 15% hemp seed protein 
to replace equal amount of wheat flour containing 7% of hemp seed kernels to the mass of 
flour. The control was dough without hemp by-products. Therefore, the aim of the research 
was to determine the effect of hemp seed byproducts, namely hemp seed flour, hemp seed 
protein and hemp seed kernels on the fermentation activity of yeast in wheat flour dough. 

 
Methods 
 
Determination of protein content  
 

Determination of the protein content in first grade wheat flour, hemp seed flour, hemp 
seed protein, and hemp seed kernels was carried out by the biuret method. 

1.5 g of the product was weighed with an accuracy of 0.0001 g and placed in a dry 
conical flask with a capacity of 250 – 300 ml with a stopper. A portion of the product was 
completely moistened with 2 ml of carbon tetrachloride to remove fat. Then 100 ml of the 
biuret reagent was added, the flask was closed with a cork and shaken with a non-mechanical 
shaker for 60 min. After that, obtained extract was centrifuged for 10 min at 4500 rpm. The 
transparent centrifuge was placed in the cuvette of the photoelectrocolorimeter with a 
solution layer thickness of 5 mm. The optical density of the hood was measured at a 
wavelength of 550 nm. Based on the obtained value of the optical density of the protein 
extract, the protein content was determined using a calibration graph for the biuret method. 
The result was expressed as a percentage of the dry matter of the product (López-Bascón and 
de Castro, 2020). 

 
Determination of fat content  
 

Determination of the fat content in first grade wheat flour, hemp seed flour, hemp seed 
protein, and hemp seed kernels was carried out by the method of multiple extraction of fat 
from the appropriate weight of the product. 

From the sample of the above-mentioned raw materials, two measurements were 
separated, each with a mass of (10±0.1) g. One was transferred to a filtering separatory 
funnel, (25±0.5) ml of diethyl ether was added, closed with a ground stopper and extraction 
was carried out by intensive shaking for 1 min. The obtained fat extract was sucked by a 
water-jet pump into a receiver attached to the filtering funnel, into which 2 – 3 ml of diethyl 
ether was poured before the extraction to prevent possible losses of the concentrated part of 
the first extract. The extract from the receiver was filtered through a pleated paper filter into 
a pre-dried and weighed flask. Similarly, the extraction was repeated in the same flask. Ether 
was driven off the flask using a Soxhlet apparatus. Then the flask with fat was placed in a 
drying cabinet and dried for 2 hours at a temperature of (105 ± 5) ⁰C, cooled in a desiccator 
and weighed with an error of ± 0.0002 g (López-Bascón and de Castro, 2020). 
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Determination of the starch content  
 

The determination was made by the Evers method (Koshova et al., 2020). 5±0.01 g of 
the product was put into a volumetric flask, where 25 ml of 0.31 mol/l HCl solution was 
added. An additional 25 ml of HCl was put to rinse the residue into the flask. The flask was 
shaken, water was brought up to the neck and after 15 minutes 25–30 ml of distilled water 
was poured. For the precipitation of proteins and clarification, 5 ml of ammonium molybdate 
solution or 5 ml of phosphorous-tungstic acid solution or 2 ml of Carrez reagent I and II was 
added to the flask. After 5 minutes, the solution was filtered. On the saccharimeter, the angle 
of rotation of the plane of polarization was measured, the length of the polarizing tube was 
200 mm. In parallel, a control experiment was conducted, which differred in that the flask 
must be kept in a boiling water bath for 15 minutes. 

The starch content was calculated according to the formula (1):  
  100

100
g ka a F

С
W

  



,                                                        (1) 

where ag is the value of the angle of rotation of the plane of polarization by optically active 
substances in the main experiment, degree of saccharimeter; 

ak is the value of the angle of rotation of the plane of polarization by water-soluble 
optically active substances in the control experiment; 

F is Evers coefficient, 1000/  20

D
a  

W is the moisture content in the product, %. 
 
Determination of mono- and disaccharides content  
 

The determination was made by the Schorl method (Pokrzywnicka and Koncki, 2017). 
30 ml of extract or hydrolyzate was put to a 250 ml conical flask, 10 ml of Feling I and Feling 
II reagents was added with a pipette, boiled for 2 minutes and cooled. To determine the 
amount of unreacted copper, 10 ml of a 30% potassium iodide solution and 10 ml of 25% 
sulfuric acid were added. The released iodine was immediately titrated with a 0.1 mol/l 
solution of sodium thiosulfate to a light yellow color, 2 ml of a 1% solution of soluble starch 
was added as an indicator, and the titration continued until the blue color disappeared. 

In parallel, a control experiment was conducted in which everything was done similarly, 
replacing the sugar solution with the appropriate amount of distilled water. 

Sugar content x, % to dry matter, in the product was calculated according to the formula 
(2):  

 
 

 100 100
 100

k pV V K
х

H W
   




,                                                (2) 

where Vk is the amount of 0.1 mol/l sodium thiosulfate solution used for titration in the 
control experiment, ml;  

Vp is the amount of 0.1 mol/l sodium thiosulfate solution used for titration in the 
working solution, ml; 

K is conversion factor for the type of sugar; 
Н is the amount of the product corresponding to the volume of extract or hydrolyzate 

taken for reaction with Fehling reagents, mg; 
W is the moisture content in the product, %. 
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Determination of dietary fiber content  
 

A general study was conducted to determine the total content of dietary fiber in products 
by the enzymatic-gravimetric method. Dietary fiber was calculated as the residual weight 
minus the weight of protein and ash (Shevchenko and Litvynchuk, 2022). 

 
Determination of ash content  
 

Ash content in wheat flour, hemp seed flour, hemp seed protein, and hemp seed kernels 
was determined by burning the sample with the subsequent determination of the unburned 
residue. Ashing was carried out using a nitric acid accelerator (Sahayam et al., 2009). The 
sample was weighed: for flours and protein – 1.5–2.0 g, for hemp seed kernels – 1.0–1.5 g 
into two crucibles pre-heated to a constant mass and cooled in a desiccator. 

 Weighed crucibles with a measuring scale were placed near the door of a muffle 
furnace heated to a temperature of 400–500 °С, the measuring scale was charred, preventing 
ignition of dry distillation products. After the separation of dry distillation products stopped, 
the crucibles were placed in a muffle furnace and the door was closed. The contents of the 
crucibles were ashed until they turned into a loose mass of gray color, cooled in air to room 
temperature, 2–3 drops of nitric acid were added and placed near the door of the muffle 
furnace, and the acid was carefully evaporated to dryness without allowing boiling. Then the 
crucibles were placed inside the muffle furnace, heated to a temperature of 600 – 900 °С, and 
ashed for 20–30 minutes. When there were no dark spots at the bottom of the crucible, ashing 
was considered complete. After the crucible was cooled to room temperature in a desiccator 
and weighed. 

The ash content of product X, % to dry matter, was calculated according to the formula 
(3): 

                               
 

3

 

100 100
100  н

m
X

m W
 


 

,                                                  (3) 

where m3 – mass of ash, g, mн – mass of the product, g, W – mass fraction of moisture in the 
product, %. 

 
Determination of the moisture content  
 

5±0.001 g of the product was put to the dried bags, placed in an open oven at a 
temperature of 100–105 °C for 4 hours. Further, they were cooled in a desiccator, weighed 
and again placed for drying, the end of drying was considered when the difference between 
the weight was no more than 0.004 g or the weight of the sample began to increase. 

The  moisture content (W) was calculated according to the formula (4): 
 

                                 1 2 100
 

m mW
m


  ,                                                  (4) 

where m is mass of the product, g; 
m1 is mass of the product with the bushing before drying, g; 
m2 is mass of the product бюксою the bushing after drying, g (Pasichnyi et al., 2023). 
 
Determination of fractional composition of proteins  
 

Fractional protein composition of raw materials was carried out by electrophoresis. 
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Electrophoresis was performed at a current of 40 mA and a voltage of 100–150 V based 
on two gel plates with 12 samples each. The speed of movement of proteins in the gel was 
controlled by bromophenol blue (0.1 mol/l). The protein separation time was 12 hours.  

 
Determination of amino acid composition  
 

The content of amino acids was determined using the method of ion exchange 
chromatography. The quantity of amino acids was determined by hydrolysis of proteins using 
automatic amino acid analyzer T–339 with polystyrene sulfonate ions. Amino acids were 
detected at a wavelength of 560 nm by rectification with a ninhydrin solution on a Unicam 
SP 800 photometer (Litvynchuk et al., 2022). 

 
Determination of fatty acid composition  
 

Fatty acid content was determined by gas-liquid chromatography (Chowdhury, 2007). 
The gas-liquid chromatograph was equipped with a flame ionization detector and a stainless 
steel column. The column was heated at 180 ⁰C for about 2 hours to achieve thermal stability 
before use. The operating mode was programmed in the oven at a temperature of 150 °C 
(holding time 5 min), the rate of increase from 80 ⁰C/min to 190 °C (holding time 0 min), 
from 20 °C/min to 200 °C (holding time 10 min), injection temperature 250 0 C and 312 
Studies on the Fatty Acid 42(3) 2007 detector temperature 250 ⁰C. Nitrogen was used as a 
carrier gas with a flow rate of 20 ml/min. 

 
Determination of micro- and macroelements content  
 

The content of micro- and macroelements was determined using atomic absorption 
spectrometry and optical emission spectrometry with inductively coupled plasma (Başgel and 
Erdemoğlu, 2006; Malik et al., 2008). 

The method of atomic absorption spectrophotometry was based on the phenomenon of 
absorption of resonant radiation with the corresponding wavelength by free atoms of the 
element, which were determined to be formed as a result of spraying the analyzed solution in 
the flame of a combustible mixture: air-acetylene, air-propane-butane. 

 
Determination of gas-forming capacity of the dough 
 

The kneaded dough was divided in such a way that each piece of dough contained 25 g 
of flour. Each piece was placed in a vessel for fermentation and kneaded with a rolling pin. 
The vessel was placed in the water thermostat of the AG–1 device, closed with a rubber 
stopper with a tube. The cylinder was filled with oil; the access of carbon dioxide to the tube 
was opened. Results were foxed every 30 minutes during 5 hours. The average arithmetic 
value of two parallel determinations was multiplied by 4 to remove from 25 g of flour to 100 
g. 

 
 
Results and discussions 

 
Chemical composition of hemp seed by-products  
 
Food products, including bakery products, are the main source of energy and nutrients 

for the human body (Drobot and Shevchenko, 2017).   



─── Food Technology ─── 

─── Ukrainian Food Journal.   2024.  Volume 13. Issue 4 ─── 743

Hemp by-products were not sufficiently studied in terms of their chemical composition 
and technological properties. It was appropriate to determine the general chemical 
composition of hemp seed by-products: hemp seed flour (Figure 1а), hemp seed protein 
(Figure 1b), and hemp seed kernels (Figure 1c) in comparison with first grade wheat flour 
(Table 1).  

 

 
 

Figure 1. Hemp seed by-products:  
hemp seed flour (а), hemp seed protein (b), hemp seed kernels (c) 

 
The protein content in hemp seeds was 4.8 times higher, in hemp seed flour 3.4 times 

higher, in hemp seed kernels 2.5 times higher than in first-grade wheat flour. The total fat 
content of hemp seed by-products was also higher than that of first grade wheat flour. Hemp 
seed protein, hemp seed flour, and hemp seed kernels contained 10.4, 8.8, 30 times more fat, 
respectively, than wheat flour. 

It was found that the content of carbohydrates in hemp by-products was lower than in 
first grade wheat flour. However, the content of total carbohydrates in wheat flour was largely 
provided by starch (92% of the total amount of carbohydrates), while in hemp by-products 
the content of total carbohydrates had more balanced composition among starch, mono- and 
disaccharides and dietary fibers: in hemp seed protein – 24.5, 23.2, and 52.3%, in hemp seed 
flour – 18.0, 20.3, and 61.7%, in hemp seed kernels – 23.5, 19.8, and 56.7%, respectively. 

 
Table 1 

Chemical compositions of first grade wheat flour and hemp seed by-products 
 

Components Content, % 
First grade 
wheat flour  

Hemp seed 
protein 

Hemp seed 
flour 

Hemp seed 
kernels 

Protein,  11.6±0.23 55.4±0.26 38.1±0.42 29.3±0.24 
Fat 1.4±0.45 14.5±0.13 12.3±0.23 42.1±0.26 

Carbohydrates 
Starch 68.0±0.31 4.0±0.20 6.0±0.52 4.4±0.16 
Mono- and 
disaccharides 

1.8±0.12 3.8±0.33 6.8±0.11 3.7±0.14 

Fiber 3.5±0.43 8.5±0.32 20.7±0.24 10.6±0.17 
Ash 0.75±0.11 4.8±0.22 4.9±0.15 4.2±0.19 
Moisture 13.0±0.28 9.0±0.30 11.2±0.18 5.7±0.26 

Results are presented as mean ± standard deviation of three replicates.  
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In the study of Capcanari et al. (2023), the protein, fat and dietary fiber contents in hemp 
seed flour were 31.6, 8.2%, and 23%, which are consistent with the values obtained in the 
present study. 

Fractional compositions of proteins of first grade wheat flour and hemp seed by-
products are shown in Table 2. 

 
Table 2 

Fractional compositions of proteins of first grade wheat flour and hemp seed by-products 
 

Products Content, % 
albumins globulins prolamins glutelins non-

protein 
nitrogen 

First-grade wheat flour 7.2±0.52 10.7±0.65 23.5±0.35 58.6±0.58 5.4±0.32 
Hemp seed flour  32.1±0.94 58.4±0.96 6.6±0.26 2.9±0.21 9.7±0.41 
Hemp seed protein  30.2±0.87 61.7±0.98 5.5±0.24 2.6±0.19 12.8±0.49 
Hemp seed kernels 28.1±0.73 49.6±0.84 20.9±0.45 1.4±0.15 11.9±0.47 

Results are presented as mean ± standard deviation of three replicates 
 
Fraction of glutelins dominated in first grade wheat flour where it consisted 58.6%, 

while content of glutelins in the proteins of hemp seed by-products was very low (Table 2). 
This is consistent with the results reported in (Apetroaei et al., 2024). 

The globular protein fraction was predominant in hemp seed processing products, and 
its content varied from 49.6% to 61.7%, while in first grade wheat flour their content was 
only 10.7%. The content of the albumin fraction in hemp seed processing products varied 
from 28.1% to 32.1% compared to 7.2% in first grade wheat flour.This confirmed that hemp 
by-products will not contribute to the formation of the gluten framework, as they do not 
contain gluten proteins (Marinopoulou et al., 2024). 

It was shown that the amino acid composition of seed proteins differs depending on the 
varieties of hemp (Russo et al., 2015).  The amino acid compositions of first grade wheat 
flour and hemp seed by-products used in the present study  are shown in Table 3.  

The content of essential amino acids in hemp by-products was higher than in first grade 
wheat flour. In particular, the content of leucine was 2.4, 2.3, and 1.1 times, content of lysine 
5.8, 5.2, and 3.2 times, content of methionine 3.6, 3.3, and 1.6 times, threonine 3.4, 3.3, and 
1.8 times, phenylalanine 2.7, 2.5, and 1.3 times higher in hemp seed protein, hemp seed flour, 
and hemp seed kernels compared to their contents in first grade wheat flour, respectively. 
This indicated the feasibility of increasing the biological value of bread when such raw 
materials are added to the recipe. 

The chemical composition of first grade wheat flour and hemp by-products differed 
significantly in terms of total fat content. The research results showed (Table 4) a diverse 
fatty acid composition; however, it was necessary to distinguish the content and ratio of ɷ – 
3 and ɷ – 6 fatty acids. They prevent the development of atherosclerosis, coronary heart 
disease, stroke, myocardial infarction, have antioxidant properties, According to  World 
Health Organization recommendations, the ideal ratio of ɷ–6/ɷ–3 fatty acids in food 
products is considered to be 4:1 (Simopoulos, 2002; Stabnikova and Paredes-Lopez, 2024; 
WHO, 2003).  

Analysis of the fatty acid composition showed that the ratio of ɷ–6/ɷ–3 fatty acids was 
the closest to the ideal: for hemp seed kernels it was 3.91, while for hemp seed flour it was 
3.5:1, and for hemp seed protein it was 3.4:1 (Table 4).  
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Table 3 
Amino acid compositions of first grade wheat flour and hemp seed by-products 

 

Amino acids Content, mg/100 g of protein 
First grade wheat 

flour  
Hemp seed 

protein 
Hemp seed 

flour 
Hemp seed 

kernels 
Alanine 330±15 1556±31 1462±30 735±27 
Arginine 400±20 3589±52 3411±45 1647±32 
Aspartic acid 340±16 2263±62 2224±26 1359±62 
Valin 470±22 885±31 910±56 445±28 
Histidine 200±12 870±32 806±47 41±3 
Glycine 350±15 1272±47 1319±66 740±56 
Glutamic acid 3080±57 4445±88 4625±91 2870±87 
Isoleucine 430±22 782±24 813±38 374±23 
Leucine 806±35 1951±42 1877±63 913±62 
Lysine 250±17 1458±39 1300±52 788±48 
Methionine 190±12 686±25 630±24 302±22 
Proline 970±64 1358±38 1305±40 673±32 
Serin 500±32 1597±37 1514±48 824±35 
Tyrosine 250±25 1078±36 955±36 469±28 
Threonine 311±33 1056±34 1029±37 555±56 
Phenylalanine 500±45 1350±35 1271±42 653±65 
Cysteine 200±19 594±24 545±22 197±20 

Results are presented as mean ± standard deviation of three replicates. 
 

Table 4 
Fatty acid compositions of hemp by-products 

 

Fatty acids 
                                                       

Content, % to the total mass 
Hemp seed flour  Hemp seed 

protein 
Hemp seed 

kernels 
Saturated fatty acid 

Myristic acid (C14:0) 0.32±0.06 0.35±0.01 0.20±0.01 
Palmitic acid (C16:0) 6.44±0.12 8.01±0.16 7.22±0.42 
Stearic acid (С18:0) 3.04±0.08 4.66±0.05 3.87±0.01 
Arachinic acid (С20:0) 4.37±0.03 4.1±0.05 4.53±0.06 
Geneicosanoic acid (C21:0) 1.13±0.08 1.09±0.06 1.11±0.07 

Monounsaturated fatty acid 
Palmitoleic acid (C 16:1, ɷ-7) 0.13±0.01 0.14±0.01 0.11±0.01 
Oleic acid (cis-18:1, ɷ -9) 12.87±0.13 12.59±0.012 12.68±0.08 
Elaidic acid (9-trans-C18:1, ɷ-9) 0.1±0.01 0.64±0.01 0.11±0.01 
Gondoic acid (C20:1, ɷ-9) 0.003±0.00012 0.41±0.02 0.33±0.07 

Polyunsaturated fatty acids 
Linoleic acid (C18:2, ɷ-6) 54.55±0.20 51.44±0.2 54.97±0.2 
γ-linolenic acid (C18:3, ɷ-6) 0.14±0.01 0.15±0.01 0.05±0.01 
α-linolenic acid (C18:3, ɷ-3) 15.8±0.19 15.18±0.18 14.17±0.18 
Arachidonic acid (C20:4, ɷ-6) 0.04±0.01 0.08±0.01 0.01±0.001 
Ratio of ɷ-6 : ɷ3 3.5 : 1 3.4 : 1 3.9 : 1 

Results are presented as mean ± standard deviation of three replicates. 
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Hemp by-products were less refined than first-grade wheat flour, in particular, hemp 
seed flour was whole-ground, so, it could be assumed that they contain high levels of macro- 
and microelements (Table 5). 

By-products of hemp processing contain large amounts of magnesium, which is 
essential for the proper functioning of the body participating in the regulation of blood 
pressure, blood sugar levels and preventing the development of osteoporosis (Glasdam et al., 
2016). Content of magnesium in hemp seed protein, hemp seed flour and hemp seed kernels 
was by 29.1, 26.8, and 22.1 times higher than in first grade wheat flour. Content of potassium, 
which reduces the risk of cardiovascular diseases, regulates heart rhythm, and maintains 
normal muscle tone (McLean and Wang, 2021) was by 9.5, 8.9, and 8.6 times higher in hemp 
seed protein, hemp seed flour and hemp seed kernels, than its content in wheat flour. The 
amount of calcium that regulates blood clotting, ensures the strength of bones and teeth, and 
is important for the functioning of human immune system (Beto, 2015) was by 12.8, 12.0, 
and 3.3 times higher in hemp seed protein, hemp seed flour and hemp seed kernels  than its 
content in wheat flour. Content of zinc, which is essential for normal function of brain and 
immune system (Kiouri et al., 2023) was by 11.6, 10.5, and 9.9 times higher in hemp seed 
protein, hemp seed flour and hemp seed kernels than its content in wheat flour. Content of 
selenium, which play an important role in thyroid hormone metabolism, immune responses, 
and protection from oxidative damage (Stabnikova et al., 2022) was  by 2.4, 3.6, and 8.2 
times higher in hemp seed protein, hemp seed flour and hemp seed kernels than its content 
in wheat flour. 

 
Table 5 

Content of macro- and microelements in first grade wheat flour  
and hemp seed by-products 

 
Macroelements First grade 

wheat flour  
Hemp seed 

protein 
Hemp seed 

flour 
Hemp seed 

kernels 
Content, mg/g 

Magnesium 0.22±0.01 6.40±0.08 5.9±0.05  4.86±0.05 
Calcium 0.15±0.01 1.92±0.02 1.8±0.02 0.5±0.01 
Phosphorus 1.08±0.03 11.17±0.02 9.2±0.08 8.2±0.09 
Potassium 1.07±0.02 10.20±0.15 9.6±0.07 9.2±0.08 
Microelements Content, µg/g  
Manganese 57.0±0.08 129.0±0.26 152.9±0.27 68.2±0.16 
Zinc 7.0±0.06 80.9±0.19 73.8±0.20 69.6±0.17 
Iron 12.6±0.06 147.9±0.23 127.5±0.23 72.1±0.19 
Cobalt 0.1±0.01     0.9±0.01    0.6±0.01  0.2±0.01 
Copper 7.4±0.12  19.1±0.09 15.9±0.15 10.7±0.05 
Selenium 0.34±0.01   0.83±0.01   1.22±0.02 2.77±0.02 

Results are presented as mean ± standard deviation of three replicates. 
 
 
Hemp seed flour used in the study of Capcanari et al. (2023) had similar content of 

minerals, mg/g: magnesium, 8.83; phosphorus, 18.51; potassium, 15.94; µg/g: zinc, 120; 
iron, 110, and copper, 20.   
 



─── Food Technology ─── 

─── Ukrainian Food Journal.   2024.  Volume 13. Issue 4 ─── 747

Effect of hemp seed by-products on wheat dough fermentation  
 
The effect of hemp by-products on the carbohydrate-amylase complex of the dough was 

determined. The main process during the ripening of the dough is fermentation, during which 
carbon dioxide is released, which ensures the loosening of the dough. 

It was found that the amount of released carbon dioxide in the samples with the 
replacement part of wheat flour with hemp by-products was lower compared to the control 
sample (Figure 2). In the dough with replacement of 10% of wheat flour with hemp seed 
flour 10 ml carbon dioxide released less compared to the control. When replacing 15% of 
wheat flour with hemp protein, 20 ml carbon dioxide released less and when replacing 15% 
of wheat flour with hemp seed protein and adding 7% of hemp seeds, 70 ml carbon dioxide 
released less.  

The decrease in gas formation in dough with hemp seed by-products compared to the 
control is explained by the features of the protein composition of additives, namely the 
differences in the fractional composition of proteins compared to proteins of wheat flour 
(Table 2). 

Glutelins and gliadins are the main types of wheat flour proteins responsible for the 
formation of the gluten framework of the dough (Urade et al., 2018). The protein composition 
of hemp seed by-products consists mostly of globular (albumin and globulin) proteins (Table 
2), which have a compact spatial structure, greater strength, thereby not contributing to the 
stretchability of the dough and the creation of an elastic gluten frame compared to glutelins 
in the composition of wheat flour proteins (El- Sohaimy et al., 2022; Marinopoulou et al., 
2024). 

 

 
 

Figure 2. Influence of hemp by-products on amount of released carbon dioxide in the dough 
during fermentation  

 
 
The dynamics of carbon dioxide release during 5 hours of fermentation is shown in 

Figure 3.  
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Figure 3. Influence of hemp by-products on dynamics of gas formation in dough 
during fermentation  

 
 

It was found that the sugars of the control (dough without hemp by-products) were 
fermented most intensively (Figure 3). However, the first peak of gas formation was observed 
simultaneously in all samples after 60 min of fermentation. The second peak of gas formation, 
which indicates the beginning of maltose fermentation (Hackenberg et al., 2018), in the 
dough with the replacement of part of the wheat flour with hemp by-products began after 120 
min of fermentation, which was 30 min earlier than in the control sample. At the same time, 
the highest amount of carbon dioxide was released in dough with the replacement of 10% of 
wheat flour with hemp by products. 

The dynamics of gas formation in the dough with the replacement of 10% of wheat flour 
with organic hemp flour of the "Richoil" brand was studied (Tomashpolska et al., 2021). The 
first peak was observed after 150 min of fermentation, which was 90 min more compared to 
our results, which indicated a longer dough fermentation process.  The addition of hemp seed 
flour to wheat bread recipe reduced gas formation. This is explained by the absence of gluten 
proteins and the increased fiber content in hemp flour (Istrate et al., 2021). 

Replacing 30–50% of wheat flour with hemp seed flour in wheat bread recipes 
worsened the elasticity of the dough, reduced the gas formation (Mikulec et al., 2019), and, 
therefore, reduced the specific volume of bread. So, it was recommended to use no more than 
30% hemp seed flour in wheat bread recipes. It was shown that the replacement of 10, 15 and 
20% of wheat flour with hemp seed by-products led to a decrease in the amount of carbon 
dioxide formed during the fermentation of test samples of the dough for 180 minutes by 23-
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30% compared to the control sample wheat dough without the addition of hemp seed by-
products (Sokolova et al., 2020). 

Based on the results of the research, it was found that hemp seed by-products have a 
rich chemical composition, a high content of protein and polyunsaturated fatty acids, they 
were balanced in terms of amino and fatty acid composition, and have an increased content 
of dietary fiber and micro- and macroelements compared to wheat flour. Therefore, hemp 
seed by-products can be considered promising raw materials for the use in bread production. 
However, the chemical composition different from wheat flour affected the course of the 
dough fermentation process and changes in the carbohydrate-amylase complex of the dough.  

 
 
Conclusions 
 
1. Determination of the chemical composition showed that the hemp by-products had 

2.5–4.8 times more total protein and 8.8–30 times more fats, as well as a balanced 
composition of carbohydrates than first grade wheat flour. 

2. As a result of determining the fractional composition of proteins, it was found that 
wheat flour of the first grade contained mostly the glutenin fraction, unlike hemp by-
products, which were dominated by the albumin and globulin fractions. Hemp by-products 
had higher content of essential amino acids than in first grade wheat flour. 

3. It was found that hemp by-products contained ɷ – 3 and ɷ – 6 fatty acids. In 
particular, in hemp seed kernels the ratio was 1:3.9, while in hemp seed flour – 1:3.5, in hemp 
hemp seed protein – 1:3.4.  

4. The content of micro- and macroelements in hemp seed by-products was several 
times higher than in wheat flour of the first grade. Magnesium content was more than 20 
times higher compared to wheat flour, potassium content – 8–9 times higher, zinc – 9–11 
times higher, calcium content in hemp seed flour and hemp seed protein was 12 times higher 
compared to wheat flour, but hemp seed kernels - lower 3.3 times. 

5. The amount of released carbon dioxide in the dough with the replacement of part of 
wheat flour with hemp by-products was lower compared to the control dough by 10–70 ml 
during 5 hours of dough fermentation.  

6. The total amount of released carbon dioxide in dough with the addition of hemp by-
products was less compared to the control sample, however, the second peak of gas 
formation, which indicates the fermentation of maltose, occured faster by 30 min, which 
indicates the intensification of the dough fermentation process. This result makes it possible 
to speed up the dough ripening process and accordingly reduce the time spent on the 
technological process of bread production with the appropriate recipe composition. 
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 Abstract 
  

Introduction.  Studies of the drying process of green onions 
were conducted to determine the physico-chemical 
characteristics of dried semi-finished products and their ability 
to rehydrate. 

Materials and methods.  Green onions were dried at three 
different drying agent temperatures of 50, 60 and 70 °C. The 
speed of the airflow through the layer of raw materials was 1.3 
m/s. For combined drying, a laboratory setup consisting of a 
DHG-9000 A drying chamber and an LG MF 6543 AF 
household microwave oven was used. Color parameters were 
determined by processing photos in the Adobe Photoshop 
graphic editor taken with a CANON EOS 80D camera using the 
HunterLab scale. 

Results and discussion. During convective dehydration of 
green onions at drying agent temperatures of 50 and 60 °C, a 
constant speed section is observed, namely for 50 °C from 150 
to 240 min of drying, and for 60 °C from 90 to 150 min of drying. 
For an air temperature of 70 °C, the section is almost absent. 

The use of a two-stage method of drying green onions is 
more efficient in terms of energy and dehydration time. This 
technology involves two stages: the first convective method 
lasting 60 min at a drying agent temperature of 60 °C and the 
second one being microwave drying. 

When restoring dried green onions, the rehydration rate 
increases with increasing water temperature from 0.026 min–1 at 
a water temperature of 50 °C to – 0.028 min–1 at a temperature 
of 70 °C. The equilibrium moisture content also increases from 
5.65 to 6.15 kg of moisture per kg of dry product, respectively. 

The drying temperature affected the parameters L, a, b on 
the HunterLab scale. Thus, the value of parameter “a” for fresh 
onions is 34, and for onions dried at a drying agent temperature 
of 50 °C is –10, for 70 °C it makes –12. The total color difference 
∆E is about 33, which indicates a significant influence of drying 
duration on the color change of green onions. 

Conclusions. The obtained results of the study of the 
physico-chemical characteristics of dried green onions in 
various ways will allow the production of higher-quality semi-
finished products and competitive food products based on them. 
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Introduction 
 
The global Spices and Seasonings market size was estimated at USD 20.19 billion in 

2024 and is expected to grow at a CAGR (compound annual growth rate) of 4.89% from 
2025 to 2032 (Spices and Seasonings Market, 2024). The use of spices and seasonings has 
been around throughout human history, and these natural plant products are included as 
ingredients in the formulation of various foods and drinks to give them specific taste and 
aroma (Kochubei-Lytvynenko et al., 2022; Lamkey, 2022; Stabnikova et al., 2021).  

Green onion (also known as Welsh onion: Allium fistulosum L. belonging to the onion 
family Alliaceae) is originated from Central Asia, and are cultivated and traded around the 
world now as vegetable being fresh, or as spice being dried and grounded. Allium is a large 
genus of monocotyledonous flowering plants and its representatives including Allium 
fistulosum are widely used as ornamental flowers to decorate garden landscapes.  It is a stable 
ingredient in different culinary dishes and at the same time is well known as a traditional 
medicinal plant because of its antioxidant, anti-inflammatory, and antimicrobial properties 
(Kim et al., 2023). Green onions used in folk medicine to treat colds, headaches, wounds, 
eyesight problems, reduce blood pressure, cholesterol level, fat accumulation and the risk of 
ischemic heart disease (Singh and Ramakrishna, 2017).  Recent research showed in a 
randomized, double-blind, placebo-controlled trial on humans that Welsh onion green leaves 
extract may support and enhance immune function in healthy adults and help prevent 
infectious diseases such as colds and flu (Hirayama et al., 2019).  

Allium fistulosum leaves contain, mg/100 g FW: dry matter, 10.6 – 10.8, total sugars, 
3.9 – 4.0 (Čepulienė et al., 2024), soluble proteins, 730 (Štajner et al., 2006), and fat, 200 
(Kim et al., 2023).  Green onion leaves contain also vitamins of group B, µg/100 g FW: 
thiamine (B1), 0.05; riboflavin (B2), 0.09; niacin (B3), 0.40; and folic acid (B 9), 16 (Singh 
and Ramakrishna, 2017).  Content of minerals consist, mg/100 g FW: calcium, 18; 
magnesium, 23; phosphorus, 49; iron, 1.2, and zinc, 0.52 (Singh and Ramakrishna, 2017).  

Allium fistulosum leaves is a good source of β-carotene, and its content in leaves was 
4.63 mg/100 g of fresh weight (FW) (Umehara et al., 2006). The main carotenoid determined 
in the onion leaves was lutein, followed with β-carotene, neoxanthin, violaxanthin, and 
antheraxanthin, with total content of carotenoids 5.47 mg/100 g FW (Kopsell et al., 2010). 
However, much higher carotenoid content, 287 mg/100 g FW was reported in (Štajner et al., 
2006). Content of vitamin C in green onions consisted 16.1 mg/100 g FW (Štajner et al., 
2006).  

Green onion leaves are rich in polyphenolic compounds, containing, μg/100 g FW:  p-
coumaric acid,11.05; ferulic acid, 499.01; isoquercitrin, 29.14; quercitrin, 73.22; quercetol, 
101.97; kaempferol, 153.94 (Vlase et al., 2013), and especial high content of flavonoids, 4.66 
g/100 g FW (Štajner et al., 2006). Due to high content of these bioactive compounds, Allium 
fistulosum leaves exhibit significant antioxidant activity (Chang et al., 2013). 

Green onion possess antibacterial properties, and it was shown inhibition effect of 
water, ethanolic, and petroleum ether extracts from leaves of Allium fistulosum on the growth 
of opportunistic pathogens, mainly bacteria Staphylococcus aureus, Pseudomonas 
aeruginosa, and Escherichia coli (Kumbhkar et al., 2023). 

Green onions are a low-calorie product containing around 32 kcal/100 g FW (Kim et 
al., 2023). Being rich in biological active compounds and low in fat and calorie, green onions 
are fully satisfy requirements of diet for weight management and obesity prevention 
(Stabnikova and Paredes-Lopez, 2024; Sung et al., 2018). 

Therefore, the physical and chemical characteristics of fresh green onions have been 
well studied. However, when harvested, spice plants may lose quality during drying, which 
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is fundamental process to keep the product good quality. The changes occurring in the green 
part during the drying process to obtain semi-finished products have not been sufficiently 
investigated, and there is not enough data on the ability of dried semi-finished products to 
rehydrate. 

Drying is one of the most commonly used methods for preserving the material with high 
initial moisture contents helping to maintain minerals, inhibit microbial activity, as well as 
reduce transportation costs, handling, and storage.  It removes much of the water from the 
plant soon after physiological maturity aiming to reach the moisture content ideal for long-
term storage. Post-harvest conservation by drying relies on the fact that microorganisms, 
enzymes, and the metabolic mechanism require a certain amount of water to perform their 
activities. Reducing the water available in the plant will consequently reduce water activity, 
the rate of chemical reactions, the enzymatic degradation, and the microorganism growth 
(Hansen et al., 1993). However, due to undesirable changes in the quality of products dried 
with the pre-treatments and drying conditions, this process needs further studies (Maskan, 
2000). 

Thus, the aim of the present study was to investigate the drying process of green onions 
and their ability to rehydrate to determine the modes that allow producing higher quality 
semi-finished products. 

 
 
Materials and methods 
 
Materials 
 
Green onions of the Parade variety was used in the research. When selecting raw 

materials for analysis, the following indicators were taken into account: the presence of a 
green stem of the uniform color, a light and pleasant taste with notes of onion and aroma, and 
the absence of defects.  

 
Methods 
 
Determination of physical-chemical characteristics of green onion 
 
Green onion leaves (only green part) were washed and cut into pieces about 1 cm long. 

To determine the composition of the raw material generally accepted standard methods were 
used. Content of vitamin C was determined according to (Mohammed et al., 2014) 

 
Kinetics of drying 
 
To study the kinetics of dehydration, a layer of raw material with a height of about 3 

cm of material was used. Green onions were dried at three different temperatures of the 
drying agent 50, 60 and 70 °C (taking into account the limitation of the browning 
temperature). The speed of the air flow through the layer of raw material was 1.3 m/s. All 
experimental results were obtained during drying by weighing the samples every 15 minutes 
until a constant weight was reached. Next, the mass fraction of moisture in the dried samples 
was determined. The mass fraction of moisture at different drying times was determined from 
the mass of the sample and its final moisture content. The obtained samples were analyzed 
using the dimensionless coefficient of moisture content (W, kg of moisture/kg of material). 
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Rehydration rate 
 
The rehydration rate analysis was performed with samples dried at 50, 60 and 70 °C. In 

all cases, the mass fraction of moisture in the sample was less than 10.4%. The samples were 
weighed, placed in a special paper bag, weighed again, and then immersed in heated water. 
At a certain time, they were removed from the water and weighed. The rehydration rate was 
calculated using equation (1) (Krokida et al., 1997). The weight of the moistened bag was 
determined earlier. 

 ( ) / ( ),eqd W d k W W                                       (1) 
where W is the moisture content in the material during rehydration, kg/kg;  is the rehydration 
time, min.; k is the rehydration rate, min–1; Weq is the equilibrium moisture content in the 
material, kg/kg. 

 
Color 
 
Color parameters were determined by processing photos in Adobe Photoshop taken with 

a CANON EOS 80D-camera на штативі QZSD (Beike) Q160H. The color parameters on 
the HunterLab scale were L (light or black-white axis), a (green-red axis) and b (blue-yellow 
axis). For each sample of green onion (fresh or dried at 50, 60 or 70 °C) five repetitions were 
made, the photos were previously blurred in a graphics editor. Another generalizing color 
parameter was the total color difference (∆E): 

 

 2 2 2
0 0 0( ) ( ) ( )E L L a a b b                                     (2) 

 
Statistics 
 
All experiments were carried out at least in triplicate, and mean ± standard deviation 

are shown. 
 
 
Results and discussion 
 
Proximate composition of green onion 
 
Proximate composition of green onion and the content of vitamin C is shown in Table 

1. 
 

Table 1 
Proximate composition of green onion 

 

Plant 
object 

Moisture 
content, % 

Total 
sugars, 

% 

Proteins, 
% 

Fats, 
% 

Fiber, 
% 

Vitamin C, 
mg/100 g 

Green 
onion 930.5 3.20.4 1.10.4 0.10.02 1.50.2 15.4±1.0 
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The most important component determine the yield and quality of dried products are 
the content of dry matter, sugars, and main biochemical components (Martinazzo et al., 
2016).  It was found that the average content of moisture varied between 91 and 92%. It is 
worth noting that the content of sugars is one of the most important characteristics that 
determine the possibility of drying a particular type of raw material (Luciano et al., 2007). 
Content of total sugars in green onion was 3.2±0.4% FW.  It was shown that the predominant 
sugars in green onions are monosaccharides, namely glucose and fructose (Kim et al., 2023), 
but they also consist of maltose, rhamnose, galactose, arabinose, mannose, and xylose in low 
amounts (Singh and Ramakrishna, 2017).  The total carbohydrate content of the studied 
sample was 4.9%, with fiber accounting 53% of the total amount of carbohydrates. Low 
contents of protein,   1.2%, and fat, 0.8%, were determined in fresh green onion with the 
moisture content 93%. The content of vitamin C in the green onion was 15.4%. Green onion 
with established chemical composition were used as origin material for further studies.  

 
Kinetics of drying 
 
The process of heat treatment of raw materials was considered complete when the 

control value of moisture content Wc = 0.104 kg/kg (10.4%) was reached. Studies of the 
process of drying green onions under constant conditions at different temperatures showed 
that increasing the temperature of the drying agent significantly reduces the drying time 
(Kumar et al., 2021; Yevchuk et al., 2023). Thus, at a hot air speed of 1.3 m/s, the duration 
of drying raw materials is more than 300 min at a temperature of 50 °C and less than 150 min 
at 70 °C (Figure 2). 

 

 
 

Figure 2. Change in content of moisture in green onions during drying at different 
temperatures and drying agent speed of 1.3 m/s 

 
 
The maximum rate of change in the mass fraction of moisture significantly depends on 

the temperature of the drying agent (Fig. 3). Thus, an increase in the hot air temperature from 
50 to 70 °C for 30 minutes of dehydration led to an increase in the maximum rate of change 
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in moisture content in green peas from 0.0083 kg/(kg·min) to 0.0115 kg/(kg·min) (Kumar et 
al., 2021). In the curves of the dehydration rate of green onions for drying agent temperatures 
of 50 and 60 °C, a constant speed section is observed, namely for 50 °C from 150 to 240 min 
of drying (0.001 kg/(kg min)), and for 60 °C from 90 to 150 min of drying (0.004 kg/(kg 
min)). For an air temperature of 70 °C, the section, in our opinion, is not significant and in 
Fig. 2 is absent, which is confirmed by its decrease for temperatures of 50 and 70 °C from 90 
to 60 min. 

 

 
 

Figure 3. Change in rate of dehydration of green onions during drying at different 
temperatures of drying agent and speed of 1.3 m/s 

 
 
The experiments conducted to determine the kinetics of green onion drying confirmed 

the feasibility of combining microwave and convective methods (Fig. 3). They indicate that 
the duration of drying by microwave is significantly shorter compared to the traditional 
convective method. Thus, for green onions, the difference in the duration of drying by these 
methods is about 130 minutes. 

Using only microwave drying for green onions significantly reduces the duration of the 
process, but the quality of the product received deteriorates due to partial carbonization of 
the tissues. In this case, one of the main reasons affecting the quality of dried products is the 
need to change the power of the microwave emitter, due to the periodicity of the installation, 
and microwave emitters have discrete positional power control, which cannot sufficiently 
provide the necessary change in the drying mode. 

Given the significant energy costs of microwave drying, the authors conducted 
additional studies that involved drying in two stages: the first is a convective method lasting 
60 min (to a moisture mass fraction of 0.41 kg/kg); the second is microwave drying. The two-
stage drying method proved to be effective and significantly reduced the dehydration time, 
these results correlate with the results of combined dehydration of banana, carrot and grape 
(Dehnad et al., 2012). In addition, it was achieved to obtain dry green onions with a lower 
moisture content compared to the convective method. 
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Figure 3. Change in moisture content of green onions during drying process by microwave and 
convective methods in different combinations 

 
 

Rehydration rate 
 
The kinetics of rehydration of dry green onions was studied at water temperatures of 

50, 60 and 70 °C. The results of measuring the mass fraction of moisture in the material show 
that the rehydration rate and equilibrium humidity are higher for higher water temperatures 
(Fig. 4). Thus, for a temperature of 50 °C, the equilibrium humidity is 5.5 kg/kg, and at 70 
°C it is 6.0 kg/kg. Moreover, the data indicate that the equilibrium moisture content during 
hydration is reached after 120 s, and almost three quarters of the equilibrium state of the 
product is reached by 30 s of the rehydration process. 

The kinetics of rehydration of dried green onions depending on the water temperature 
(see Fig. 4) can be described with sufficient accuracy in the form of logarithmic dependences 
given in Table 2; while the rehydration rate determined by equation (1) increases from 0.026 
min–1 at a water temperature of 50 °C to – 0.028 min–1 at a temperature of 70 °C. Also, with 
increasing hydration temperature, the value of the equilibrium moisture content Weq increases 
from 5.65 to 6.15 kg/kg, respectively (Fig. 5). The obtained data and dependences correspond 
in nature to the results of studies (Shutiuk et al., 2014) on the rehydration of potatoes, 
mushrooms, pumpkins, apples and carrots. 

 
Color 
 
During the drying of green onions, significant color changes occurred. The drying 

temperature affected the parameters L, a, b. The parameters L and “a” of the dried samples 
differed significantly from the fresh material (Fig. 6).  
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Figure 4. Change in moisture content of dried green onions depending on temperature of water 
during hydration  

 
Table 2 

Correlation of mass fraction change of green onions during rehydration 
 

Water temperature (t, °C) Regression equation (W = f(τ)) R² 
50 W = 1.0325ln(τ) + 0.3643 0.9856 
60 W = 1.0915ln(τ) + 0.3798 0.9844 
70 W = 1.1412ln(τ) + 0.3939 0.9840 

 
 

 
 

Figure 5. Effect of hydration temperature on rehydration coefficient (k)  
and equilibrium moisture content (Weq)  
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Figure 6. Changes in color parameters of raw green onions and those dried at different drying 
temperatures in the Lab color system 

 
The parameters L are higher in the dried product (lighter), and the parameters a have 

significantly smaller negative values, which indicates a decrease in the intensity of the green 
color. Thus, the value of the parameter “a” for fresh onions is 34, and for those dried at a 
drying agent temperature of 50 °C it is 10, for 60 °C it makes 11 and for 70 °C it is 12 
(respectively). The total color difference ∆E is about 33, which indicates a significant 
influence of the drying duration on the color change of green onions. The greatest color 
changes during drying occur at a drying agent temperature of 70 °C (Fig. 7). 

 

 
 

Figure 7. Changes in color parameters a and ∆E in the Lab color system of green onions  
drying at a drying agent temperature of 70 °C 
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Similar results with color changes were obtained in study (Demirhan and Özbek, 2014) 
during drying of basil in various ways. When using the microwave drying method, a sharp 
change in the values of a from –44 to –7 and, accordingly, the total color difference ∆E to 37 
is observed (Fig. 6), which is explained, according to the Lab system, by the degradation of 
the green pigment of chlorophyll and its transition to yellow. 

The use of the combined drying method at the stage of the beginning of the decreasing 
rate of dehydration (see Fig. 3) significantly reduces the duration of the process, but has less 
effect on the loss of green pigment compared to microwave drying. Thus, the value of the 
parameter a for the microwave drying method is –7, for the convective method it is –11, and 
for the combined method –9 (Fig. 8) significantly reduces the duration of the process, but has 
less effect on the loss of green. Accordingly, the use of the combined drying method allows 
not only to reduce the dehydration time compared to the convective method, but also to lose 
less green pigment compared to the microwave method. 

 
 

 
 
 

Figure 8. Changes in color parameter a and the total color difference ∆E of raw green onions 
during drying in different ways 

 
 
 

Conclusions 
 

1. The results of the research show that the dehydration rate of green onions for drying 
agent temperatures of 50 and 60 °C shows a constant speed section, namely for 50 °C 
from 150 to 240 min of drying (0.001 kg/(kg min)), and for 60 °C from 90 to 150 min 
of drying (0.004 kg/(kg min)); and for an air temperature of 70 °C, the section is almost 
absent. 

2. The two-stage method of drying green onions is more effective and significantly shorter 
in terms of dehydration time. It involves two stages: the first convective method lasting 
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60 min (to a mass fraction of moisture of 0.41 kg/kg) at a drying agent temperature of 
60 °C and the second one being microwave drying.  

3. The rehydration rate increases with increasing water temperature from 0.026 min–1 at a 
water temperature of 50 °C to – 0.028 min–1 at a temperature of 70 °C. The value of the 
equilibrium moisture content Weq also increases from 5.65 to 6.15 kg/kg, respectively.  

4. The drying temperature affected the parameters L, a, b on the HunterLab scale. Thus, 
the value of parameter a for fresh onions is 34, and for onions dried at a drying agent 
temperature of 50 °C is –10, for 60 °C it is –11 and for 70 °C it makes –12 (respectively). 
The total color difference ∆E is about 33, which indicates a significant influence of 
drying duration on the color change of green onions. 
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 Abstract 
 Introduction. Numerical modeling of the strength of hot-melt 

adhesive joints in flexible packaging materials allows for 
predicting the peel force values to achieve consumer-friendly 
packaging joint strength. 

Materials and methods. For experimental tensile strength 
testing, three types of packaging materials were used: offset paper, 
cardboard, and polyethylene, which were subsequently bonded 
with a hot-melt adhesive. The hot-melt adhesive is based on EVA 
(ethylene-vinyl acetate). Numerical modeling was conducted to 
analyze the failure of the hot-melt adhesive joint, aiming to predict 
the initiation and propagation of failure under static loads. 

Results and discussion. A mathematical model is proposed 
that allows experimentally determined resistance values to be used 
to calculate the maximum failure force. A numerical 
determination of the contact zone strength was performed, which 
enables the calculation of the failure force. The dependencies of 
the force at the edges of samples made from the three packaging 
materials on displacement for both experimental values and those 
obtained from numerical modeling were found. It was shown that 
plasticity zones arise on the interface surface when maximum 
stress is reached, leading to unloading in the local zone of the 
sample material. As the joint continues to fail, the breaking forces 
gradually decrease. The dependencies of forces at the edges of 
samples made from paper, cardboard, and polyethylene on the 
displacement of the sample edges during stretching were obtained. 
The appearance of the experimental curves of the dependence of 
the applied forces on the displacement corresponds to the model 
of nonlinear elastic-plastic failure of the adhesive zone. It was 
found that under the considered bonding conditions, the total peel 
force for paper materials is 0.1 N/mm, for cardboard materials – 
0.22 N/mm, and for polyethylene materials – 0.75 N/mm.  The 
highest force value among the bonded samples was observed for 
polyethylene. This can be explained by the fact that, during 
bonding with hot-melt adhesive, some films undergo welding 
rather than just bonding. 

Conclusions. The considered model and methodology of 
numerical modeling of the strength of hot-melt adhesive joints 
provide the ability to predict the necessary and sufficient values 
of their strength. 
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Introduction 
 
The technology of joining with hot-melt adhesive material is widely used in the 

chemical, food, and textile industries for forming joints in cardboard, paper, polymer, and 
combined packaging (Brockmann et al., 2008). This type of joint is used for joining and 
sealing various flexible and semi-rigid packages, such as those for flour, building bulk 
materials, confectionery products, and applying labels. Examples of the use of hot-melt 
adhesive joining are shown in Figure 1. 

 
 

  
а b 

 

 
c d 

 
Figure 1. Examples of hot-melt adhesive use 
a – manual application;  
b – semi-automatic application;  
c – automated equipment for application;  
d – product packaged with hot-melt adhesive joints 
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Hot-melt adhesive joining has advantages compared to conventional glue. Traditional 
adhesive joints require a significant amount of time to achieve the planned strength, create 
solvent vapors in the workspace, and pose a risk of interaction with the packaged product. 
These disadvantages are absent when using hot-melt adhesive joining. 

The use of hot-melt adhesive speeds up the process of labeling packaging, which 
directly affects productivity and production volumes. Additionally, hot-melt adhesive 
ensures effective and reliable label fixation, as it is resistant to external factors (moisture, 
heat, and cooling). In this case, the label will remain neat, and presentable, and not slip off 
during transportation. 

Therefore, the task is to ensure the strength and reliability of the hot-melt adhesive bond 
to meet consumer demands during its use. Understanding the behavior of hot-melt adhesive 
joints during failure will allow the creation of high-quality joints in packaging elements. 

The reliability of adhesive joints depends not only on the damage mechanisms but also 
on their ability to resist separation (Banea et al., 2015; Bennati et al., 2009; Campilho et al., 
2013). 

For example, in the works (Banea et al., 2009; 2010), the J-integral method is used to 
assess the strength of adhesive joints, which allows for determining the fracture toughness 
the driving force of crack propagation. For calculating flexible joined elements, it is advisable 
to consider the critical rate of energy release during deformation, taking into account large 
displacements (Zhao et al., 2016). 

Mathematical models based on the adhesion zone method are most commonly used for 
modeling fracture processes (Stigh et al., 2016). Tasks of this type are solved using linear 
and nonlinear fracture mechanics. In most such mathematical models, the ratio of tensile and 
fracture stresses at the interface boundary is such that, as the interfacial distance increases, 
the adhesive strength at the interface reaches a maximum (crack initiation), then decreases, 
and afterward the crack propagates, leading to complete separation. The adhesion zone model 
simulates the fracture process by extending the concept of continuum mechanics, including 
the fracture zone, and using strength and energy parameters to characterize the separation 
process (Budzik et al., 2021; Leffler et al., 2007). 

The reviewed works well describe the energy-force parameters of the fracture of rigid 
plate joints with a large contact surface area. However, they do not allow for a correct study 
of the fracture of joints in flexible materials with a narrow contact area, as is the case with 
flexible packaging. 

Traditional mathematical models of fracture in the adhesion zone (De Moura et al., 
2017; Valoroso et al., 2010) require experimental determination of the crack opening length 
as a function of the displacement of the sample edges. In the case of studying the fracture of 
hot-melt adhesive joints in flexible packaging materials, such measurements are difficult due 
to the narrow width of the bond zone and large displacements of the edges. 

This study aims to numerically model the strength of hot-melt adhesive joints in flexible 
packaging materials to predict the opening force. This will allow for achieving consumer-
friendly packaging joint strength, while also preventing unintentional self-unsealing. 

 
Materials and methods 
 
Materials 
 
For the experimental study of tensile strength, three types of packaging materials were 

used – offset paper, cardboard, and polyethylene, which were subsequently bonded with hot-
melt adhesive. 
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The mechanical properties of the materials used in the study are as follows: 
 paper samples: elastic modulus – 2000 MPa, Poisson's ratio – 0.276; 
 cardboard samples: elastic modulus – 1500 MPa, Poisson's ratio – 0.16; 
 polyethylene samples: elastic modulus – 150 MPa, Poisson's ratio – 0.44. 

Hot-melt adhesive from EVA-based material: elastic modulus – 90 MPa, tensile 
strength – 8 MPa, Poisson's ratio – 0.3. 

The experimental study of the destruction process of hot-melt adhesive joints of paper, 
cardboard, and polyethylene samples was conducted according to the methodology outlined 
(Sokolskyi et al., 2020). 

 
Methodology of numerical modeling 
 
For the analysis of the fracture of thermoplastic adhesive joints, numerical modeling 

was performed using the finite element method to predict the initiation and propagation of 
fracture under static loads. The modeling of the double cantilever beam specimen, based on 
the adhesion zone methodology and fracture mechanics theory, accounts for irreversible 
failure at the interface, which is an advantage for modeling adhesive joints. 

Figure 2 shows the general view of the finite element model. The model of the specimen 
consists of two strips of packaging material connected by a layer of hot-melt adhesive (red 
line), subjected to the action of two transverse symmetric forces. On the other side, the beam 
is rigidly fixed. 

 

 
Figure 2. Finite element model of specimen bonded with hot-melt adhesive 

 
 
Fracture of the adhesive occurs in Mode I (opening mode). It involves tensile stresses 

that lead to the crack formation (normal opening occurs in the field of normal stresses, and 
the displacement of the crack faces is perpendicular to the plane of the crack). 

A numerical model was developed to study the behavior of the hot-melt adhesive joint 
during delamination, and a numerical calculation of the displacements and stresses occurring 
in the adhesive joint under tensile loading was performed. 

A series of numerical experiments on fracture were conducted until the reaction values 
at the ends of the specimen matched those obtained during the experiment. By numerically 
selecting the values of the critical fracture energy, the threshold of bond strength energy is 
determined, and then, using this value, the force at the edges of the specimen, at which failure 
occurs, is calculated. 

 
Experimental setup and procedure for conducting research 
 
Tensile testing of bonded packaging material samples with hot-melt adhesive was 

conducted on the experimental setup shown in Figure 3 (Herasimenko et al., 2020). 
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Figure 3. Experimental setup for tensile strength testing 
1 – specimen; 2 – frame; 3 – tensile device; 4 – lower clamping jaws;  

5 – upper clamping jaws; 6 – electronic dynamometer; 7 – control unit. 
 
 
The experimental setup operates as follows. The test sample 1 is clamped between the 

lower 4 and upper 5 clamping jaws. A set tensile speed is established on the control unit 7. 
After activating the device, the lower jaw 4 moves downward at a constant speed and the 
electronic dynamometer 6 records the applied force. The displacement of the jaw is displayed 
on the indicator of the control unit 7. 

The experiment was conducted as follows. First, the packaging material is bonded with 
hot-melt adhesive. The bonded strip of packaging material is then cut into individual samples. 
The test sample is clamped in the clamping jaws 4 and 5 of the setup (Fig. 3). 

By stretching the sample at a set speed, we determine the force at the sample edges and 
plot its dependence on displacement. 

 
 
Results and discussion 
 
Mathematical model of the fracture process of the hot-melt adhesive joints 
 
The geometry of the double cantilever beam is the most common test sample for 

analyzing the strength of adhesives and the delamination of composites. The double 
cantilever beam scheme is shown in Figure 4. 

The specimen is rigidly fixed on one side, while symmetric forces are applied on the 
other side. The beam also has an initial crack, so the crack propagation continues in the 
opening mode. 
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Figure 4. Scheme of the failure of the hot-melt adhesive bonded specimen 

 
 
It is proposed to apply a mathematical model that allows the experimental determination 

of the fracture resistance of the joint to be used for calculating the maximum fracture force 
without measuring the crack length (Škec et al., 2018). It allows for avoiding the 
experimental determination of the crack opening length depending on the displacement of 
the sample edges for calculating the critical fracture energy. This model is proposed to be 
used for determining the opening force of the packaging, i.e., solving the inverse problem – 
numerical determination of the contact zone strength, from which the fracture force can be 
calculated. 

For the mathematical description of the adhesive joint failure process, the adhesion zone 
model is used, in which the formation of failure is considered a gradual phenomenon, and the 
separation of surfaces occurs due to the deformation in the area of the failure initiation, which 
propagates along the adhesive layer. 

To model the nonlinear elastic-plastic failure of a specimen with a central crack, we 
consider the crack propagation process based on the nonlinear adhesion zone model (Figure 
5) (Škec et al., 2018). 

 

  
а b 

 
Figure 5. Behavior of the interface surface of the adhesion zone 

a – dependence of the reaction force on the displacement;  
b – equivalent adhesion zone law for the damaged point. 
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In these figures: F – reaction force at the edges, N; v – displacement vector, mm; а – 
crack opening length, mm; D – dissipation energy, J;   – stress, Pa; Gc – critical energy 
release rate, J/m²; δ – relative displacement. 

This model assumes that when the maximum stress max  is reached on the interface 
surface, plasticity zones form, leading to unloading in the local area of the specimen material. 

The graphical representation of the power balance, shown in Figure 5a, illustrates the 
values of energy and its increment as the crack-opening zone propagates from the initial 
position 0a   to the new position 0a a . Point A  corresponds to the displacement A  and 
force AF  at which the crack-opening zone begins to propagate. At point A , the crack-
opening zone extends by a , accompanied by an increase in displacement A  from B  and 
a decrease in force from AF  to BF . The shaded area represents the increment in dissipation 
energy D  during the failure process. 

Figure 5b illustrates that the propagation of the separation zone essentially involves the 
material failure at the tip of this zone, accompanied by energy dissipation when the 
deformation reaches the critical value c  . While c  , no energy is dissipated, and the 
stress increases linearly. When the separation zone propagates, the stress at its tip decreases 
from max  to zero, and the reaction force at the edges also decreases.  

For this type of specimen deformation, the system's state is determined by the specified 
displacements and the crack length. In this case, the total potential energy can be expressed 
as a function of   and a . 

In general form, the rate of change of the total potential energy П̂  is equal to the 
mechanical energy W  transferred to the solid body, taking into account the dissipation 
energy D : 

П̂ W ,D     
where the dot denotes the derivative with respect to t ; W   is the mechanical energy, J; D   
is the dissipation energy, J. 

From the perspective of thermodynamics, the equation takes the form of an inequality: 
П ПП̂ 0  for all  і .D W F a a

a
 


          

      

where F  is the reaction force, N. 
Moreover, П a   is a thermodynamic variable. Since П 0a    and 0a   it is 

necessary for the dissipation energy D  to be non-negative. In this case, the rate of energy G  
release: 

 1 П   0 .G a
b a


  


  

Within the framework of the Euler–Bernoulli hypothesis, the total potential energy is 
given by: 

2

3

3П
4 eq

EI
a


  
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where E  is the modulus of elasticity, Pa; 3 12I bh  is the moment of inertia of the cross-
sectional area of each of the connected parts of the double cantilever beam, mm4; eqa  is the 
equivalent crack length, mm. 

The equivalent length of the failure zone: 

3
3
2eq

EIa
F


  

The critical fracture energy: 

 
2 2

eq
C

F a
G

bEI
                                                     (1)       

where b  is the width of the specimen, mm. 
The presented mathematical model allows for determining the critical fracture energy 

without considering the experimental value of the crack opening length as a function of the 
displacement of the sample edges. 

The applied mathematical model allows using the experimental determination of the 
fracture resistance of the joint to calculate the maximum fracture force without measuring 
the crack length. Figure 6 shows the distribution of displacements and stresses in the testing 
model of the bonded paper specimen under tensile testing. 

 

 
 

а b 
 

Figure 6. Model of tensile testing of the bonded paper sample: 
a – distribution of displacements; b – distribution of stresses 

 
 
From Figure 6, it is evident that at a displacement of 10 mm, the stress values at the 

edges are 14.2 MPa. 
Figure 7 shows the graphs of the dependence of the force at the sample edges on the 

displacement for experimental values and those obtained from numerical modeling. 
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Figure 7. Dependencies of force at edges of paper sample on displacement 
1 – modeling; 2 – experiment. 

 
 
A comparison of the numerical calculations with the experimental values (Figure 7) 

shows almost complete agreement. The maximum force occurs at a displacement of 2-3 mm 
from the start of the crack opening, and then it gradually decreases. The total crack-opening 
force is 0.1 N/mm. 

As the research results show (Millán et al., 2016; Xu et al., 2017), rigid material 
specimens, such as metal and composite plates, are typically studied. However, the shape of 
the 'force-displacement' curves qualitatively reproduces for the flexible packaging materials 
we investigated. 

When the maximum stress is reached on the interface, plastic zones form, leading to 
unloading in the local area of the specimen material.  As the joint continues to fracture, the 
tensile forces gradually decrease. 

Figure 8 shows the distribution of displacements and stresses in the testing model of the 
bonded cardboard specimen under tensile testing. 

From Figure 8, it can be seen that at a displacement of 10 mm, the stress at the edges is 
10.08 MPa. 

Figure 9 shows the graphs of the dependence of the force at the sample edges on the 
displacement for experimental values and those obtained from numerical modeling for 
cardboard samples. 

The maximum force of 4.3 N occurs at a displacement of 5 – 6 mm from the start of the 
crack opening, and then it gradually decreases. The total crack-opening force is 0.22 N/mm. 
For the maximum force value, the discrepancy between the experimental data and numerical 
calculations is 7%, which is acceptable. 

The fracture studies of hot-melt adhesive joints in cardboard materials are also 
described in (Hallbäck et al., 2014; Korin et al., 2007). The results obtained for slightly 
different cardboard materials and adhesives show qualitative agreement with the data 
obtained in this work. 
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Figure 8. Model of tensile testing of the bonded cardboard sample 
a – distribution of displacements; b – distribution of stresses. 

 
 

 
Figure 9. Dependencies of force at the edges of the cardboard sample on displacement 

1 – modeling; 2 – experiment 
 
 
Figure 10 shows the distribution of displacements and stresses in the model of tensile 

testing of the bonded polyethylene sample. 
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а б 

Figure 10. Model of tensile testing of the bonded polyethylene sample: 
a – distribution of displacements; b – distribution of stresses 

 
 
From Figure 10, it can be seen that at a displacement of 10 mm, the stress value at the 

edges is 4.13 MPa. 
Figure 11 shows the graphs of the dependence of the force at the sample edges on 

displacement for experimental values and those obtained from numerical calculations for 
polyethylene samples. 

 

 
Figure 11 – Dependencies of force at the edges of the polyethylene sample on displacement: 

1 – modeling; 2 – experiment. 
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The experimental curves in Figures 7, 9, and 11 qualitatively correspond to the curve 
shown in Figure 5a. That is, during stretching, the resistance force increases to a maximum, 
at which point the joint begins to fracture, and subsequently, with a further displacement of 
the edges, the fracture zone increases with a gradual decrease in forces until complete 
separation. 

The maximum force of approximately 15 N occurs when the displacement is 
12 – 13 mm from the beginning of the bond separation, and then it gradually decreases. The 
total opening force is 0.75 N/mm. For the maximum force value, the discrepancy between 
experimental data and numerical calculations is 2 %, which is within acceptable limits. 

It has been established that the maximum force occurs at the beginning of the bond 
separation, and then it gradually decreases. As seen from the graphs, it requires twice as much 
force to break the hot-melt joint of the cardboard sample compared to the paper sample. The 
highest force value among the bonded samples is observed in polyethylene. This can be 
explained by the fact that during the bonding with hot-melt adhesive, some films undergo 
welding rather than gluing (a glue layer forms in the middle of the joint), meaning a chemical 
interaction of polymer macromolecules occurs, resulting in the disappearance of the interface 
between the bonded surfaces. An inseparable joint is formed, and further rupture occurs 
through the continuous material, as described in (Bennati et al., 2009; Waseem et al., 2014). 

Numerical modeling of the strength of hot-melt adhesive joints allows for predicting 
the necessary and sufficient strength of adhesive joints for convenient disassembly by the 
consumer while ensuring the package's seal. 

By numerically selecting the values of the critical fracture energy, it was possible to 
establish the strength limits of the bond energy, which illustrates good agreement between 
the theoretical and calculated graphs of the force-displacement dependence. From this value, 
the force at the edges of the sample at which it fractures can be calculated using the formula 
(1). 

 
 
Conclusions 
 

1. The considered model and method of numerical modeling of the strength of hot-melt 
adhesive joints allow for predicting the necessary and sufficient strength of the joints 
for convenient disassembly by the consumer, while also preventing self-unsealing. 

2. The fracture of the hot-melt adhesive joint occurs after reaching its strength limit; the 
force value initially increases to the limit and then decreases until complete failure. 
Thus, it is possible to determine the maximum forces for opening packages made from 
different types of packaging materials, bonded under various conditions, for which the 
adhesive strength has been determined through modeling. 

3. To assess the strength of the hot-melt adhesive joint, the dependencies of forces at the 
edges of paper, cardboard, and polyethylene samples on the displacement of the sample 
edges during stretching were obtained. It was established that, under the considered 
bonding conditions, the total opening force for paper materials is 0.1 N/mm, for 
cardboard – 0.22 N/mm, for polyethylene – 0.75 N/mm. 
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 Abstract 
  

Introduction. Vacuum cooling is an innovative method 
that reduces the cooling time of bakery products, improves 
their structural and mechanical properties, and extends their 
shelf life. 

Materials and methods. A mathematical model of 
vacuum cooling of bread (loaf) from high-grade wheat flour 
with weight 0.5 kg was created. The results of experimental 
studies of the structural and mechanical properties of the 
crumb, gas permeability of the crust and crumb, and analysis 
of literature sources were used. 

Results and discussion. The crust of the bread formed 
during the baking process is characterized by low gas 
permeability (D = 0.32 m³/m²·s), which significantly hinders 
the escape of water vapor from the inner layers of the product. 
Bread crumb has high gas permeability, which contributes to 
the even evaporation of moisture throughout the product. Its 
structural and mechanical properties vary with temperature: at 
high temperatures, the crumb is less durable (1500 Pa at 100 
°C, 3600 Pa at 30 °C) and more vulnerable to mechanical 
stress, which necessitates a controlled pressure drop. In the 
process of vacuum cooling, phase transitions from liquid to 
vapor occur adiabatically, which ensures a rapid decrease in 
product temperature due to internal energy. 

A mathematical model of the vacuum cooling process of 
wheat bread includes calculations of physical and mechanical 
processes: moisture evaporation, heat and mass transfer, the 
gas permeability of the crust and structural and mechanical 
properties of the bread crumb. This makes it possible to predict 
changes in product quality properties, including its 
temperature and moisture during cooling after baking. 

At the optimal vacuum cooling parameters, the required 
bread temperature can be reached in just 68 seconds. This is 
much more efficient than traditional methods that take several 
hours. 

Conclusion. A mathematical model of vacuum cooling of 
bread from high-grade wheat flour with weight 0.5 kg was 
created, which helps to optimize the cooling process and 
improve product quality. 
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Introduction 
 
Bakery items cooling is an important final stage of the technological process that affects 

product quality. It is necessary to achieve structural and mechanical properties that allow 
cutting and packaging without the risk of product deformation, loss of structure or porosity, 
or condensation inside the package (Everington, 2003; Kozak et al., 2024; Stefanov et al., 
2011). The duration of the traditional cooling method depends on the type, size of the product, 
and the ambient temperature: from 30 minutes for the buns to several hours for the loaves or 
rye breads (McDonald, 2001). 

Traditional cooling methods are characterized by significant energy consumption and 
duration. In this context, the vacuum cooling process, which is based on adiabatic moisture 
evaporation, offers significant advantages. It ensures rapid cooling of the product by reducing 
the pressure in the chamber, which reduces the boiling point of the moisture (Primo-Martín 
et al., 2008; Zhu et al., 2018). However, excessive pressure reduction can cause undesirable 
defects, such as cracking of the crust or separation of the crust from the bottom crust (Kozak 
et al., 2024). 

Vacuum cooling is widely used in the food industry to cool vegetables, herbs, and meat 
products (Ivanov et al., 2021; Peng et al., 2017; Zhang et al., 2014). Studies demonstrate the 
effectiveness of this method in reducing process time, minimizing energy consumption, and 
ensuring high product quality (Guo et al., 2018; Wang et al., 2020). However, when cooling 
bakery products, it is important to take into account the specifics of the product structure, in 
particular the gas permeability of the crust, and the structural and mechanical properties of 
the crumb (Kozak et al., 2023; 2024).  

Despite significant progress in research, issues remain unresolved regarding the exact 
determination of the optimal vacuum cooling parameters for bakery products (Everington, 
2003; Kinner et al., 2021). A mathematical model is needed that takes into account a complex 
of physical processes, including the gas permeability of the crust and the structural and 
mechanical properties of the crumb. 

The aim of the study is to create a mathematical model of the process of vacuum cooling 
of bakery products, which will allow calculating the parameters of the mode taking into 
account the characteristics of the product. 

 
 
Materials and methods 
 
Materials 
 
The study was conducted on a 0.5 kg loaf of wheat made from high-grade wheat flour.  

Important quality characteristics of the finished product of wheat flour products, namely the 
loaf, are: length – 300 mm, width (product diameter) – 150 mm, height – 80 mm. 

Thermal and physical parameters for wheat bread varieties were as follows: humidity, 
38–45%; thermal conductivity (λ), 0.2–0.3 W/m·К; heat capacity (c), 2.5–3.0 kJ/kg·К; 
density (ρ), 200–300 kg/m³; porosity of the crumb, 68 %. 

Important quality indicators for wheat flour products are their sensory characteristics: 
appearance, cut, texture, color, smell, and taste of the finished product. 

Requirements for the sensory characteristics of the product were as follows: appearance 
corresponds to the mold in which it was baked, without side spills. A mold in the form of a 
product or part of it cut into slices is allowed. 
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Surface (crust): light yellow to brown, without burning. Slight wrinkling is allowed for 
packaged products; for sliced products with traces of cuts. 

Crumb condition: baked, elastic, not wet to the touch, no traces of unleavened bread. 
Taste: typical for this type of product, without off-flavors. 
 
Methods 
 
To create a mathematical model for vacuum cooling of a 0.5 kg loaf from high-grade 

wheat flour, an integrated approach was used including a literature review and experimental 
studies. The research covers the parameters of vacuum cooling, as well as the structural and 
mechanical properties of the crumb and the gas permeability of the crust and crumb of the 
loaf. The results were the basis for building a mathematical model that takes into account key 
aspects of the process. 

 
 
Results and discussion 
 
Influence of product structural properties on vacuum cooling 
 
During the study of the operating parameters of the vacuum cooling process of a loaf, 

it was found that the crust formed during baking has significant resistance (low gas 
permeability). This significantly hinders the escape of water vapor from the inner layers of 
the loaf to the environment of the vacuum chamber, which affects the cooling efficiency 
(Kozak et al., 2023). It has been found that the cooling intensity is determined by the gas 
permeability of the crust and the structural and mechanical properties of the crumb, which 
vary depending on the product temperature (Kozak et al., 2023). 

To determine the operating parameters of the vacuum cooling process, studies were 
conducted that allowed us to establish the following indicators. The throughput of the loaf 
crust is D = 0.32 m³/m²·s, area of loaf crust, F = 0.091 m², and the volume of steam formed 
during vacuum cooling is equal to V = 0.444 m3 (Kozak et al., 2023). 

The study of the structural and mechanical properties of the loaf crumb showed a linear 
dependence of the tensile strength on temperature, as shown by equation (Kozak et al., 2024): 

 
ߪ = − 30 ∙ ݐ + 4500;                                              (1) 

 
where: σ is the tensile strength of the loaf crumb (Pa); 

    t is the temperature of the loaf crumb (˚С). 
At a temperature of 100 °C, the tensile strength of the crumb is 1500 Pa, and at 30 °C it 

is 3600 Pa (Kozak et al., 2024).  
 

Scheme of vacuum cooling of bread on the example of loaf 
 
Based on the analysis of literature sources (Everington, 2003; Kinner et al., 2021) and 

the results of experimental studies of vacuum cooling of the loaf, as well as the determination 
of the structural and mechanical properties of the crumb and gas permeability of the loaf 
crust, a scheme for vacuum cooling of the loaf was created (Figure 1) (Kozak et al., 2023; 
2024). 
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Figure 1. Scheme of vacuum cooling of loaf: 
1 – vacuum chamber; 2 – vacuuming table; 3 – vacuum supply; 4 – loaf crumb; 5 – loaf crust;  
6 – visualization of steam movement during the process; 7 – vacuum chamber environment. 

 
 
Vacuum cooling of the loaf occurs as follows (Figure 1): a vacuum is created in the 

vacuum chamber Pv.c. (1) through the vacuum inlet (3). Because of the pressure decrease, 
adiabatic boiling of moisture begins in the entire volume of the loaf due to the fact that P1 = 
P2 = P3 = Pl (crumb 4). The main obstacle to the escape of steam (6) from the loaf is the crust 
(5) with gas permeability G. In order to avoid product destruction, the process should be 
carried out in such a way that the pressure gradient between the vacuum chamber 
environment (7) and the environment inside the loaf (crumb 4) does not exceed the tensile 
strength of the crumb ΔР < σ.  

 
Determination of operating parameters of vacuum cooling process of loaf 
 
Based on the scheme for determining the operating parameters of the loaf vacuum 

cooling process (Figure 2), the following provisions were formulated: 
 

Structural characteristics of the loaf: 
A loaf after baking is considered as a capillary-porous body (Everington, 2003; 

McDonald, 2001). 
The porosity of the loaf is 68%, which indicates a significant number of small pores in 

its structure (Kinner et al., 2021). 
The crust of the loaf has low gas permeability, i.e., it does not allow moisture 

evaporating during the process to pass through (Kozak et al., 2023). 
The crumb of the loaf is characterized by high gas permeability, which facilitates easy 

evaporation of moisture, allowing the cooling process to occur simultaneously throughout 
the entire volume (Kozak et al., 2023). 

Structurally, the mechanical properties of the crumb vary linearly with temperature: the 
higher the temperature, the lower the tensile strength. This means that a loaf at high 
temperatures is softer and less resistant to mechanical stress (Kozak et al., 2024). 
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Figure 2. Scheme for determining operating parameters of loaf vacuum cooling 
process 

 
 
Phase transitions:  
The liquid-to-vapor phase transitions occur evenly throughout the loaf, which 

guarantees uniform moisture evaporation and ensures uniform cooling of the product 
(McDonald, 2001; Kozak et al., 2023). 

 

Energy balance:  
The phase transition occurs without additional heat input from the outside, due to a 

decrease in the internal energy of the product. This means that the loaf is cooled by its own 
energy, which is spent on moisture evaporation. As a result, the temperature of the product 
decreases, which ensures fast and efficient cooling (Ajani et al., 2022; Peng et al., 2017) 

Thus, vacuum cooling of the loaf effectively reduces the temperature of the product by 
evaporating moisture, distributing it evenly throughout the volume, and reducing the internal 
energy of the product (Wang et al., 2020; Zhang et al., 2014). 
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Based on the above provisions, a mathematical model of the process of vacuum cooling 
of bakery products has been developed on the example of a loaf. 

 
Analytical model of loaf vacuum cooling process 
 
The analytical model, based on calculations of moisture evaporation, heat transfer, mass 

transfer, and mechanical strength of the bread crumb, allows you to assess the dynamics of 
changes in product quality, in particular during cooling after baking. 

 
Structural and mechanical properties. 
From the study of the structural and mechanical properties of the loaf crumb, we 

obtained a linear dependence of the tensile strength on temperature (Kozak et al., 2024):  
 

ߪ = + ݐ 30−   4500;                                                   (2) 
 

where σ is a tensile strength of bread crumb (Pa); 
   t is a temperature (˚С). 
 
Pressure drop between the media. 
The Boyle-Mariotte gas law was used to calculate the pressure generated inside the loaf 

during the vacuum cooling process. This law states that for a constant amount of gas, its 
pressure and volume are inversely proportional to (Kozak et al., 2023): 

 
1 1 2 2P V P V                                                          (3) 

 
where: P1 is an initial pressure inside the loaf (Pa); 

V1 is an initial gas volume inside the loaf (m³); 
P2 is a pressure inside the loaf during vacuum cooling (Pa); 
V2 is a gas volume inside the loaf during vacuum cooling (m³);. 

The gas flow through the crust of the loaf is described by the equation (Kozak et al., 
2023): 

 
P DJ

L


                                                           (4) 

 
where J is gas flow through the loaf crust (m3/s); 

P is pressure difference between the internal and external environments  
(i.e. P= P1-P2), 
D is gas permeability of the loaf crust (m³/(m²·s)),     
L is thickness of the loaf crust (m).  
Then the pressure P2 inside the loaf: 
From the permeability-concentration equation, we can express the pressure difference 

P (Kozak et al., 2023): 
J LP
D


                                                         (5) 
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Substituting this value of the pressure difference P into the Boyle-Mariotte law, we 
obtain (Kozak et al., 2023): 

 1 1 1 2P V P P V                                                        (6) 
Where we get it: 

 

1 1 1 2
J LP V P V
D
     

 
                                       (7) 

Given that the volume of gas inside the loaf does not change during vacuum cooling, 
we can assume that V1 ≈ V2. In this case, the equation is simplified to (Kozak et al., 2023): 

 

1 2
J LP P
D


                                                           (8) 

Hence, we can derive the value of the pressure in the loaf P2 that occurs during vacuum 
cooling (Kozak et al., 2023): 

2 1
J LP P
D


                                                           (9) 

 
Evaporation of moisture. 
In order for the moisture in the middle of the loaf to turn into steam, a certain amount 

of heat must be consumed, which is determined by the heat of phase transition. To estimate 
the amount of evaporated moisture W(τ) per unit mass of product, we use the equation 
(Everington, 2003; McDonald, 2001): 

 

   τ
 τ pq g

W
r


                                                   (10) 

where: τ – time, sec 
q(τ) is amount of heat consumed for the phase transition of water to steam (J/kg);  
r – heat of phase transition (J/kg); 
gp is weight of the product (kg). 

 
The amount of heat used to cool the product (Everington, 2003; McDonald, 2001): 

   
    . . . . . .τ d m d m m m l c lq c g c g t t                                      (11) 

 
where:  τq   is the amount of heat consumed for cooling a unit mass of loaf (J/kg);; 

. .d mc is a specific heat capacity of the loaf dry matter (J/(kg °C)); 

lt  is a temperature of the loaf after leaving the oven (°С); 
. .c lt is an emperature of the cooled loaf (°C). 

. .d mg  is a dry matter content in the loaf determined by the formula (Everington, 2003; 
McDonald, 2001). 
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. .
100

100
l

d m
Wg 

                                                     (12) 

where lW  is a moisture content in the hot loaf. 
  Moisture content in the loaf (kg): 

100
l

m
Wg  .                                                        (13) 

Because 1 kg of steam at different pressures occupies a different volume, it is necessary 
to calculate the volume of steam generated as a result of cooling (Kozak et al., 2023): 

 
`V V W  .                                                        (14) 

where:  V`is a volume occupied by 1 kg of steam at the corresponding pressure (Figure 3). 
    W is a mass of moisture evaporated because of cooling. 

 

 
 

 Figure 3. Dependence of steam volume on pressure 
 

 
Mass transfer. 
The amount of moisture that evaporates depends on the amount of heat removed from 

the bread to cool the product. The process of mass transfer due to moisture evaporation is 
described by the equation (Ajani et al., 2022): 

   ττ
τ

vqdW
d r

 .                                                   (14) 

where W(τ) –is a change in moisture mass in the product. 
 
Heat transfer. 
The temperature depends on the amount of heat transferred, the heat capacity of the 

product, and its density (Gao et al., 2018; Guo et al., 2018): 
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   τ τ
τ

v

p

dt q
d c 

 


.                                                   (15) 

where:  
vq  is an intensity of internal heat flow (W); 

pc is a specific heat capacity (J/kg·˚C); 

  is a density of the product (kg/m3). 
There is no heat flux on the surface of the loaf, so there are no boundary conditions for 

heat flux: 
   0,τ ,τ 0q q L  .                                              (16) 

 
Determine the pressure inside the vacuum chamber. 
According to the temperature of product, the pressure is determined at which the 

moisture boils in the center of bread (Figure 4) (Everington, 2003; McDonald, 2001): 
 

 
Figure. 4. Dependence of the boiling point of moisture on pressure  

 
 
Boundary conditions. 
For heat transfer:  

t(0, τ)=t(L, τ)=tf,                                                  (17) 
 

where Tf is a temperature of the medium.   
For pressure:  

P(0, τ)=P(L, τ)=Pk                                                (18) 
For the strength of the crumb: 

σ(τ)≥ΔP(τ)                                                        (19) 
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Algorithmic model for calculating process of vacuum cooling of loaf 
 
Initial data: Temperature after baking t0; initial moisture content of the product W0; 

initial pressure P0. 
 

Material properties: specific heat capacity cp; density ρ; heat of phase transition r; gas 
permeability of the crust G; crust area F, tensile strength of the crumb. 

 
Algorithm steps. 
Initialization of parameters: temperature 100 °C, humidity 42%, pressure 101.325 

kPa. We set the time step Δ τ (1 s) and the total simulation time τ fin.  
 
Strength calculation (Kozak et al., 2024): 
 

 30   4500;t   .                                                    (20) 
 

Determine the pressure drop between media (Kozak et al., 2023): 

2 1
J LP P
D


  .                                                        (21) 

1 2Р P P   .                                                          (22) 
 

Calculation of mass transfer. 
Determine the weight and volume of evaporated moisture at each step (Ajani et al., 

2022): 

    ττ τ τ vqW W
r
 

    .                                           (23) 

       `V V W                                                           (24)  
 
Calculation of heat transfer. 
Calculate the temperature field of the product at the next time step (Gao et al., 2018; 

Guo et al., 2018): 

   τ τ τ τv

p

qt t
c 

    


                                         (25) 

v
r Wq


 




                                                       (26) 

According to the temperature of the product, we determine the pressure at which the 
roll in the middle of the product will boil 

 
Moving to the next time step. 
 Increase the time τ by Δ τ. 
 τ < τ fin, return to step 2 to calculate the parameters at a new time step. 
 
End of modelling. 
 When the time reaches τ fin, the model is complete. 
 It is analysed the results: temperature field, moisture evaporation dynamics, product 

strength, and other parameters. 
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Results of calculations 
 

 
 

Figure 5. Calculated mode of vacuum creation in a vacuum chamber 
 

As a result of calculations of the mathematical model of the process of vacuum cooling 
of a loaf of high-grade wheat flour weighing 0.5 kg, it is recommended to reduce the pressure 
of the vacuum chamber according to the dependence shown in Figure 5. Under these 
conditions, the cooling time is 68 seconds. 

 
Summarizing and comparing the results 
 
During the study of the operating parameters of 

vacuum cooling of the loaf, it was found that the crust 
formed during baking has a high resistance, which 
prevents the diffusion of water vapor from the middle of 
the loaf to the environment (Kozak et al., 2023). 
Therefore, the cooling rate is limited by the gas 
permeability of the crust and the structural and 
mechanical properties of the loaf crumb (Kozak et al., 
2024). 

If not properly adjusted, the pressure reduction in 
the vacuum chamber causes a pressure gradient between 
the vapor in the cooled product and the environment. 
This leads to cracking of the loaf crust (Figure 6) and 
detachment of the crumb from the bottom crust (Figure 
7) (Kozak et al., 2023; 2024). 

In the experimental setup, we established the 
optimal mode of cooling the loaf to a temperature of 30 
°C, which is shown in the graph in curve 1 (Figure 8). 
Curves 2 and 3 in Figure 8 correspond to samples 2 and 3 in Figure 7, and under such 
conditions, it was found that the crumb of the test sample was ruptured, which does not meet 
the established quality requirements (Kozak et al., 2023; 2024). 

In the regime represented by curve 1 in Figure 3, the cooling time for a 0.5 kg loaf is 2 
minutes, and the maximum rate of rarefaction does not exceed 4.5 kPa/s. 
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Figure 6. Loaf crust cracking  
as result of too much pressure  
reduction in vacuum chamber 
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1                                                 2                                            3 

 
Figure 7. Destruction of loaf: 

1 – specimen with a properly selected vacuum cooling mode;  
2, 3 – samples with too intensive vacuum cooling mode 

 
 

 
Figure 8. Curves of vacuum generation in vacuum chamber: 

1 – experimentally found regime parameters of pressure change over time 
in a vacuum chamber at which no loaf destruction occurs; 
2, 3 – experimentally found regime parameters of pressure change over 
time in a vacuum chamber at which the destruction of the loaf occurs; 
4 – calculated mode of creating a vacuum in a vacuum chamber 
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Because of the studies, literature review, and mathematical model calculations, the 
regime parameters of pressure changes in the vacuum chamber were obtained, under which 
no loaf destruction occurs and the cooling time is 68 s.  

 
Conclusions 
 

1. The crust of the loaf formed during the baking process is characterized by low gas 
permeability (D = 0.32 m³/m²·s), which significantly hinders the escape of water vapor 
from the inner layers of the product. 

2. The loaf crumb has high gas permeability, which contributes to the even evaporation of 
moisture throughout the product. Its structural and mechanical properties vary with 
temperature: at high temperatures, the crumb is less durable (1500 Pa at 100 °C, 3600 
Pa at 30 °C) and more vulnerable to mechanical stress, which necessitates a controlled 
pressure drop. 

3. In the process of vacuum cooling, phase transitions from liquid to vapor occur 
adiabatically, which ensures a rapid decrease in product temperature due to internal 
energy. 

4. A mathematical model of the vacuum cooling process has been developed, which makes 
it possible to calculate the operating parameters under which crust cracking or 
detachment of the crumb from the lower crust does not occur. In particular, the model 
takes into account the structural and mechanical properties of the crumb, the gas 
permeability of the crust, heat and mass transfer processes during vacuum cooling. 

5. According to the calculations of the mathematical model, a graph of pressure changes in 
the vacuum chamber as a function of time was constructed. According to the results of 
the calculations, the cooling time is 68 s instead of several hours when using traditional 
methods of cooling the loaf. 
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 Abstract 
 Introduction. This research aims to develop a financial model 

capable of performance measurement for food retail SMEs 
operating in a specific region of a typical Central and Eastern 
European emerging economy, Hungary, based on accounting 
statements and macroeconomic indicators, the utilisation of 
which enables managers to measure and improve financial 
performance.  

Materials and methods. Multivariate stepwise linear 
regression was applied to select the indicators for the model, and 
multivariate linear panel regression was applied to develop the 
specific model. The database contained 972 company statements 
covering the period 2015-2019.  

Results and discussion. Using panel data of financial indexes 
and macroeconomic indicators as independent variables, a 
multivariate linear regression function can be defined, allowing 
enterprises' operating profit to be estimated and predicted as a 
dependent variable with high accuracy and significance. The 
result of the modelling is a random-effects regression model that 
can predict 81.6% of the operating profit/loss of food retailers in 
Hungary's North Great Plain region. The practical results of the 
secondary research can be applied to the entire population of the 
study region based on statistical procedures. Among the financial 
ratios produced from the statements used in the course of the 
procedures, the application of ROA margin I, Net working capital, 
Net working capital ratio, Current assets ratio as key indicators, 
as well as Inventory turnover rate, Total assets turnover rate, 
Capital strength are suggested. Of the macroeconomic indicators, 
household income per capita and its change can provide guidance 
for planning, as food retail risk appears to be the most important 
macroeconomic indicator. 

Conclusion. Businesses can use the model in their 
management accounting and control activities, either by 
substituting the relevant financial indicators into the final model 
to forecast the operating profit/loss or by making decisions with 
the support of the developed indicator system. Such scientifically 
established models can help improve SMEs' management 
accounting, thus maintaining or enhancing their decision-making 
processes and competitiveness.  
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Introduction 
 
The role of small and medium-sized enterprises (SMEs) is fundamental in promoting 

economic growth in the national economies of the 21st century. The growth of economies 
heavily relies on the businesses within the SME sector, as emerging, renewed, and terminated 
companies keep the economy in constant motion. One of the most important areas of activity 
within the SME sector is trade. Regarding retail trade turnover, the largest proportion is 
represented by retail sales in non-specialised stores with food. The basis for the growth of 
iretail trade, including the growth of food retail, is the continuous increase in real wages, 
which is accompanied by an increase in consumer spending. There can be several ways of 
adaptation, including restructuring cost structures, cost reduction, diversification of activities, 
or shifting production costs onto consumers. Concerning the above cases, the development 
and preparation of decision alternatives play a crucial role, highlighting the importance of 
management control and performance measurement activities. There is a legitimate need for 
complex corporate financial performance evaluation and the development of management 
accounting and control methods that support corporate competitiveness within the context of 
businesses in the food retail sector.  

Decision-makers measure the success of a business primarily through its financial 
performance, which is most easily captured by the information available from financial 
statements. In addition to being the basis for managerial decisions, financial statements can 
be used to analyse a company's performance and identify the reasons for deviations from 
previously projected values, and statistical organisations can use broader samples of financial 
statements to analyse and forecast the direction and level of economic development (Erdey, 
2006; Osadchy et al., 2018).  

Accounting information, completed with market data, is the basic input for financial 
analysis and planning, and the most important tools to use these inputs for decision-support 
planning and forecasting are various statistical methods, regression analysis, and operations 
research programming techniques. However, to extract useful inputs from financial 
statements, some form of measurement is required: most often, these are ratios, which put 
two pieces of data on an equivalent basis, thereby increasing their usefulness (Lee et al., 
2023; Rákos et al., 2022). Financial ratio indicators are the oldest and simplest practical tools 
for evaluating and planning the performance of companies (Arkan, 2016). Financial ratio 
indicators play an important role in revealing the financial stability of an enterprise, 
preserving its competitive position, and eliminating potential financial risks (Belas et al., 
2024; Kliestik et al., 2020; Tamimi and Orbán, 2022). Lukason and Camacho-Minano (2019) 
argue that financial ratio indicators measuring profitability, liquidity and leverage are the 
most relevant in bankruptcy forecasting. 

The most commonly used statistical method for selecting the relevant financial 
indicators is a type of stepwise regression using the least squares method. The stepwise 
selection procedure helps in the selection of dependent variables (Voda et al., 2021). The 
most common area related to risks, based on financial indicators and using this method, is 
bankruptcy forecasting (Dankiewicz et al., 2022). There are numerous areas where a 
forecasting model based on financial indicators could be particularly useful (Földvári and 
Erdey, 2009) for the importance of exchange rate determination.  

Taani (2011) investigated the impact of accounting information on earnings per share 
using five categories of financial ratios applying multiple regression methods and stepwise 
regression models. Asiri (2015) uses this method to investigate the correlation between the 
market capitalisation of 65 UK firms and their financial ratios – the aim is to examine the 
extent to which market value is determined by internal financial performance, such as 
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profitability, liquidity, or efficiency (Nugroho et al., 2024). Arkan (2016) examined the 
importance of financial ratios from financial statements in predicting stock prices in emerging 
markets. Using a stepwise multiple regression model, he tested the statistical power of 12 
financial indicators in predicting the Kuwaiti financial market. Wang (2020) uses stepwise 
multiple regression to filter out the strong correlation factors as effective predictors among 
the many factors affecting the stock market return rate, examining the Chinese stock market. 
The South Asian case is investigated in detail by Gazi et al. (2024). 

Of course, examples are not only available for modelling the market value of 
companies, stock market returns and risks. In many cases, the focus is on the operating profit 
of a company as the object of forecasting. Operating profit is the profit a company realises 
from its business before deducting taxes and interest, also known as earnings before interest 
and taxes (Nworie and Nwoye, 2023). According to the research of Owusu-Akomeah (2015), 
working capital management plays a very important role in achieving business success as it 
significantly impacts operating profit. Examining manufacturing firms listed on the Ghanaian 
stock exchange, they found that indicators such as inventory turnover, suppliers' and 
customers' turnover, and cash conversion cycle affect operating profit. Qianyu et al. (2021) 
used neural network models and financial statement information to forecast the profit of listed 
Chinese companies and compared it with the results predicted by analysts. The average 
accuracy of their model in profit forecasting is 88.6%, which is 13.52% higher than the 
average accuracy of analyst forecasts. 

There are numerous examples of creating prediction models apart from bankruptcy 
prediction, and it is frequent to focus on profit, even operating profit. The above examples, 
however, mainly focus on larger firms – smaller companies need such models just as much 
as larger ones, if not more. The current research aims to build a model for small and medium-
sized enterprises. According to the latest official European data from 2023, 99.8% of all 
enterprises are SMEs, comprising 51.8% of value-added and 64.4% of employment – they 
can be considered substantial contributors to employment and to the GDP growth in many 
countries (European Commission, 2023). In Hungary, the proportion of SMEs among 
registered businesses in 2013 was 99% in the corporate sector. SMEs accounted for 44.3% 
of gross value added and employed 68.4% of the workforce.  

SMEs' role is essential in the economic development of many countries (Bilan et al., 
2017; Straková et al., 2022; Woźniak et al., 2019). They form the most dynamic corporate 
sector of the world economy, which is the most productive one in terms of job creation, and 
they play a vital role in the development of human well-being (Naradda Gamage et al., 2020). 
The proper management of this sector is essential for the development of the business 
environment and transparent economic relations (Vasylieva et al., 2023). Still, it is also 
important to note that the weak capital base of these enterprises is associated with a high risk 
of financial loss and bankruptcy (Ślusarczyk and Grondys 2019). Start-ups often face funding 
gaps, as they are unable to obtain bank financing and at the same time venture capital and 
private equity is only available for companies with high growth potential (Fazekas and 
Becsky-Nagy, 2015; 2019; Nagy, 2004). As Bak et al. (2020) state, resilience is also a key 
factor for SMEs, although the related scholarly work is limited despite the sector's importance 
to the economy. SMEs are highly vulnerable due to such factors as the consumers’ rapidly 
changing preferences, the SMEs’ dependence on several actors or their lack of resources and 
credit (Bivona and Cruz 2021; Bucher et al., 2016; Roy and Shaw 2020). 

Despite SMEs' importance and high vulnerability, they are often characterised by the 
lack of efficient management control or financial performance measurement tools and 
methods. Smaller companies use performance measurement tools less frequently and 
efficiently (Pešalj et al., 2018; Taylor and Taylor 2014). Garengo et al. (2005) studied the 
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constraints of using performance measurement systems in SMEs, which are the lack of 
financial and human resources, the short-term nature of planning, or the increased instability 
of the business environment. Cuzdriorean (2017) examined the use of management 
accounting and control practices in SMEs – performance measurement tools are among these 
practices –and found that the number of used practices is small compared to large companies. 
According to Lavia López and Hiebl (2015), SMEs use management control and performance 
measurement methods ''not only to a lesser extent but also differently than large enterprises''. 

The aim of the present research is to develop a model suitable for performance 
measurement of businesses engaged in "non-specialised retail sale of food" activities 
operating in the Northern Great Plain region of Hungary, a European emerging market, based 
on accounting reports and macroeconomic indicators. The model should incorporate 
indicators that enable managers to measure and improve financial performance. The authors 
chose the timeframe of 2015-2019: in the years after 2020, a structural fracture happened in 
almost every economic sector due to the effects of the pandemic – our examined timeframe 
means an economically more stable, normal period to which companies can compare their 
present and future operations. Models formulated on historical data often provide great help 
even in the future.  

The research hypothesis is that based on panel data and on the basis of financial indexes 
and macroeconomic indicators as independent variables calculated from the statements of the 
examined food retail enterprises, a multivariate linear regression function can be defined, 
which allows the operating profit or loss of the analysed enterprises to be estimated and 
predicted as a dependent variable with high accuracy and significance. An additional part of 
the hypothesis is that the random effects regression model is suitable for accurately and 
significantly predicting the operational profit/loss of food retail businesses, as opposed to the 
fixed effects regression model. 

 
 
Materials and methods 
 
Database of the study 
 
The database for the secondary research was purchased from Opten Informatikai Ltd. 

The database contains the balance sheet and profit and loss account data of food retail 
enterprises in the sub-sector "Non-specialised retail sale of food", which are located in the 
Northern Great Plain region of Hungary, were established before 1 January 2015 and had at 
least one annual statement and a closed financial year in the period 2015-2019. A total of 972 
statements were included in the survey over the indicated time period (2015 – 165, 2016 – 
175, 2017 – 194, 2018 – 243, 2019 – 195). As it was articulated before, the reason behind the 
chosen timeframe of 2015-2019 is that in the years after 2020, a structural fracture happened 
in almost every economic sector due to the effects of the pandemic and, later, the Russo-
Ukrainian war.  

 
Limitation of data availability 
 
A limitation of this study is the reliance on data collected between 2015 and 2019. While 

this dataset provides a robust foundation for analysis, it may not fully capture more recent 
trends in the field. Changes in technology or in the international economic and political 
situation since 2019 could influence the relevance of the findings to current contexts. 
However, as mentioned earlier, there are established and sound reasons behind the chosen 
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timeframe. Efforts were made to ensure the dataset’s quality and relevance during the 
selected period; however, readers should exercise caution when generalizing the results to 
different timeframes. Future research could address this limitation by incorporating more 
recent data or extending the analysis to include longitudinal datasets covering a broader 
temporal range. This would enhance the study’s robustness and applicability over time. 

 
Applied methods 
 
During the preparation and verification of the database and the calculation of the 

financial ratios, the following problems were encountered: in each year, there were 
enterprises that closed the current financial year without revenue, the balance sheet and profit 
and loss account data were not consistent, enterprises reported with the total cost method in 
one year and cost of sales method in another, and there were also outlier data. To solve the 
problems and thus to create a set of enterprises that could be included in the modelling, the 
following approach was adopted: enterprises with no revenue in the given financial year, 
enterprises with inconsistent data, enterprises with the cost of sales type profit and loss 
accounts, and enterprises with outliers and extreme outliers were filtered out and deleted. 

To test the hypothesis, multivariate linear panel regression was performed on the 
database data. In a general sense, any database is a panel database in which observations can 
be distributed into a multidimensional structure. In the panel database, traditionally most 
commonly analysed, a given set of individuals is observed at fixed times over a given period. 
The observations thus consist of a certain set of properties of a given individual, the changes 
in these properties, and the time effect (Ahn et al., 2013; Freund et al., 2006). 

In recent decades, panel econometrics has made steady progress, as has the analysis of 
panel data. Cross-sectional studies are usually carried out by analysing the data of the 
examined group(s) at a given point in time and looking for answers to the questions that arise 
at that point in time. Tarnóczi et al. (2015) argue that when analysing cross-sectional data 
over a longer period, it is difficult to detect individual and time effects, and therefore, panel 
analysis - a cross-sectional time series analysis - is a useful approach to address this problem. 
Depending on whether the elements of each panel are the same or different at the analysed 
time, a distinction is made between balanced and unbalanced panels. The panel database 
allows for a separate analysis of the time effect and the effects of each data group. 

The analysis of panel data can also be understood as collecting several observations of 
cross-sectional data, which belong to different points in time. Panel regression is essentially 
a "cross-sectional time series analysis". Panel regression is not about increasing the size of 
the database to be analysed to obtain better statistical test results due to a higher degree of 
freedom. Panel data analysis allows the examination of economic questions that cannot be 
asked in cross-sectional or time-series analyses. Panel regression can also be interpreted as a 
multilevel model. Another advantage of panel data analysis is that models with more complex 
behaviour can be created and tested (Tarnóczi and Fenyves, 2017). 
The mehod of panel regression analysis allows the examination of the regressive relationship 
between the data (panel matrix) of n variables with a time series of T periods. The basic 
equation of the model: 

Yit = a + Xitβ + Vi + εit, i=1, ..., n and t = 1, ..., T 
where "a" stands for the constant term, 

"β" are the coefficients of the model estimated by calculation, 
"Vi + εit" represents the residual members (residues), i.e. "V" are the residues that 
refer to variables, which differ from unit to unit but are constant as variables (Madaras 
2009). 
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Two main types of multivariate panel regression are distinguished by whether the error 
term (unobserved independent variable) "ε" is correlated with the independent variables in 
the model: fixed effects model and random effects model. In the fixed effects model, it is 
necessary to assume that the unobserved variable covering the variance of the error term is 
correlated with the explanatory variables in the model. In the random effects model, it is a 
condition that the so-called latent variable does not correlate with any of the independent 
variables in the model. The Hausman test is necessary to choose between fixed effects and 
random effects models. The null hypothesis of the Hausman test states that the random effects 
model provides consistent estimates. In this case, the random effects specification should be 
chosen over the fixed effects. Otherwise, the fixed effects model specification should be 
applied. Consistency should be examined based on the significance level, "p" value, 
associated with the Hausman test (Frondel and Vance 2010). 

If the Hausman test indicates a p>0.05, the random effect panel regression model should 
be used; for a p<0.05, the fixed effect panel regression model should be used. If the 
assumption of the random effect estimation is true (i.e. there is no endogeneity in the model), 
the estimation is both consistent and efficient, i.e. it is more favourable than the fixed effect 
estimation (which is also consistent but not efficient). However, if the condition is not met, 
the random effect estimation is inconsistent (Berezvai 2015). 
IBM SPSS Statistics version 26 and Stata version 13 were used for analysis and data 
management. 

 
 
Results and discussion 
 
Results of the multivariate stepwise linear regression 
 
Before performing the multivariate linear panel regression, it was necessary to perform 

a multivariate stepwise linear regression for each analysed year to identify the financial 
indicators that most influence the profitability of the enterprises (Tömöri et al., 2022) in the 
database.  

In the multivariate stepwise linear regression calculation, the dependent variable used 
is the "Operating profit/loss" of the examined companies. In the cross-sectional analysis, 21 
financial indicators were selected as independent variables. The results of the regression 
show that, using the financial indicators calculated from the reports of the investigated food 
retail enterprises as independent variables for the given year, a multivariate linear regression 
function can be obtained using cross-sectional data for the time interval 2015-2019 as the 
independent variables, which allows the result of the operating profit/loss of the examined 
enterprises to be estimated as a dependent variable with high accuracy and significance. 

Based on the cross-sectional modelling, the indicators used in the final models for the 
given years are ROA margin I, Net working capital, Net working capital ratio, Inventory 
turnover rate, Total assets turnover rate, Capital strength, Current assets ratio, PAT WC 
margin. Of these, the following financial ratios occurred as independent variables in each 
year in each model: 

 ROA margin I. (Operating profit or loss / Total assets) 
 Net working capital (Current assets - Current liabilities) 
 Net working capital ratio (Net working capital / Total assets) 
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Based on the global interpretation of the t-tests, these three variables have the highest 
added value and impact in the models each year so that the above financial indicators can be 
defined as key indicators based on the analysis. It is expected that the above indicators will 
be included in the models following the panel regression procedure. 

 
Multivariate linear panel regression 
 
Because it is possible to handle both time and observed elements in panel databases 

based on grouping rules, the panel regression procedure also used macroeconomic data for 
modelling, either in balanced or unbalanced form, which are presented in Table 1.  

 
Table 1 

Applied macroeconomic variables 
 

 

EUR/HUF MNB 
annual average 

exchange rate in 
HUF (HUF) 

5-year BIRS 
(average of the 
current year) 
(coefficient) 

Annual net income 
per capita of 
households 

(thousand HUF) 

Employment rate 
(current year) 
(coefficient) 

2015 309.9 0.0215 1 150.303 0.57510343 
2016 311.46 0.013 1 199.094 0.59702898 
2017 309.21 0.0114 1 300.079 0.6096726 
2018 318.87 0.0165 1 431.983 0.61978921 
2019 325.35 0.0112 1 610.692 0.62603421 

Source: own editing based on KSH (Central Statistical Office) data 
SPSS and Stata statistical software were used for panel regression modelling. Based on the outputs of 
a backward regression procedure on panel data in SPSS, fixed effects and random effects panel 
regression models were constructed using Stata.  

 
The "backward" procedure consists of including all independent variables in the model 

in the first round and excluding, in the course of iterations, those independent variables, the 
omission of which does not substantially reduce the amount of variance explained by the 
model (R2). The aim of the "backward" regression on panel data is to find independent 
variables among financial and macroeconomic indicators that can be used in "fixed effects" 
and "random effects" regressions. Of the 21 financial indicators mentioned in subsection 4.1, 
those that were used in the final model for the year in question in the cross-sectional 
modelling were selected for backward regression: ROA margin I, Net working capital, Net 
working capital ratio, Inventory turnover rate, Total asset turnover rate, Capital strength, 
Current asset ratio, PAT WC margin.  

Among the output data of the backward regression on the independent variables, the 
data in the "Coefficients" table are needed to make the decision. The "backward" procedure 
produced a satisfactory result after 9 iterations. After the 9th iteration, the following variables 
were selected as independent input variables for the panel regressions based on the 
significance levels and multicollinearity measured by the VIF test. 

The ROA margin I, Net working capital, and Net working capital ratio in Table 2 are 
included in the panel regression as independent variables using the backward procedure, 
which supports the result of the cross-sectional modelling that the financial ratios discussed 
can be defined as key indicators. The panel regression also includes the ratio of current assets 
to financial ratios as input explanatory variables. Among the macroeconomic indicators, the 
annual net income per capita of households is included in the panel models.  
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Table 2 
Panel regression input independent variables 

 
Coefficients 

Independent 
variable 

Unstandardised 
coefficients 

Standardised 
coefficients t Level of 

significance 

Multicollinearity 
statistics 

B Standard 
error Beta Tolerance VIF 

Current assets 
ratio (Current 
assets / Total 
assets) 

-588.099 97.424 -0.103 -6.036 0.000 0.656 1.526 

Net working 
capital 
(Current 
assets - 
Current 
liabilities) 

0.1 
19 0.003 0.547 35.165 0.000 0.788 1.269 

Net working 
capital ratio 
(Net working 
capital / Total 
assets) 

-1313.946 87.341 -0.287 -
15.044 0.000 0.524 1.907 

ROA margin 
I. (Operating 
profit / Total 
assets) 

10371.430 191.906 0.778 54.044 0.000 0.920 1.087 

Annual net 
income per 
capita of 
households 
(thousand 
HUF) 

0.297 0.117 0.036 2.550 0.011 0.932 1.073 

Source: own editing 
 
 
For the independent variables mentioned above, it can be stated that p<0.05, the VIF 

test values are between 1 and 2, i.e. they are significant, and there is no multicollinearity.  
"Random effects - RE" panel regression results (STATA) 
For both the random effects and fixed effects panel regressions, it is necessary to specify 

the time variables and the clustering variables, which in this case are the period 2015-2019 
and the Opten ID of the companies.  

The results of the RE panel regression are presented in Table 3. The Corrected R2  is 
0.8156, which means that the constructed random-effects regression model can predict the 
operating profit/loss of the enterprises in the North Great Plain region with 81.6% accuracy.  

The STATA procedure uses the Wald Khi-square test for RE panel regression to 
determine whether the model applies only to the sample under consideration or to the entire 
population. The Wald test result is 4015.06, p=0.00, which leads to the conclusion that the 
model is applicable to the entire population. All variables in the model are significant.  
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The random effects model for food retailers in the North Great Plain can be written in 
the following form:  

 
Operating profitPred = 210.5 + (-614.9xCurrent Asset Ratio) + (0.115xNet Working Capital) 
+ (-1230.1xNet Working Capital Ratio) + (10306.3x ROA Margin I) + (0.315x Annual Net 

Income per Capita Household) 
 
 

Table 3 
RE panel regression model summary 

 
Name of the 
independent 

variable 
Beta Standard 

error z test Level of 
significance 

Confidence 
interval (95%) 

Current assets ratio -614.9 109.8 -5.60 0.000 -830.2 -399.6 
Net working capital 0.115 0. 003 30.90 0.000 0.108 0.122 
Net working capital 
ratio -1230.1 96.4 -12.7 0.000 -1419.1 -1041.09 

ROA margin I. 10306.3 191.1 53.9 0.000 9931.7 10680.9 
Annual net income per 
capita of households 
(thousand HUF) 

0.315 0.118 2.67 0.008 0.084 0.5469 

Constant 210.5 168.3 1.25 0.021 -119.3 540.5 

Corrected R2 0.8156 
Wald Khi-
square test 

result 
4015.06 

RE model 
significance 

level 
0.000 

Dependent variable: Operating profit/loss 
Source: own editing 

 
"Fixed effects - FE" panel regression result (STATA) 
The results of the FE panel regression are presented in Table 4. The corrected R2 is 

0.7874, which means that the constructed fixed effects regression model can predict the 
operating profit/loss of the companies in the North Great Plain region with an accuracy of 
78.74%.  

The STATA procedure applies an F test for the FE panel regression to determine 
whether the model applies only to the examined sample or to the entire population. The result 
of the F test is 291.62, p=0.00, which suggests that the model could be applied to the whole 
population. However, it is important to point out that the indicator for the proportion of 
current assets is not significant in the fixed effect model (p=0.789).  

The random effects model for food retailer companies in the North Great Plain can be 
written in the following form:  

 
Operating profit/lossPred = -427.57+ (-78.4xCurrent asset ratio) + (0.088xNet working 

capital) + (-884.2xNet working capital ratio) + (10492.6x ROA margin I) + (0.483x Annual 
net income per capita households) 

 
 

  



─── Economics and Management─── 

─── Ukrainian Food Journal.   2024.  Volume 13. Issue 4 ─── 803

Table 4 
Summary of FE panel regression model  

 

Name of the 
independent 

variable 
Beta Standard 

error t-test Level of 
significance 

Confidence 
interval (95%) 

Current assets ratio -78.4 293.02 -0.27 0.789 -654.6 497.8 
Net working capital 0.088 0.013 6.62 0.000 0.062 0.114 
Net working capital 
ratio -884.2 248.13 -3.56 0.000 -1372.2 -396.2 

ROA margin I. 10492.6 290.08 36.17 0.000 9922.21 11063.1 
Annual net income 
per capita of 
households 
(thousand HUF) 

0.483 0.195 2.47 0.014 0.099 0.868 

Constant -427.57 331.54 -1.29 0.198 -1079.5 224.4 

Corrected R2 0.7874 F test 
result 291.62 

FE model 
significance 

level 
0.000 

Dependent variable: Operating profit/loss 
Source: own editing 

 
Hausman test results 
Based on primal logic, considering the determinative coefficient (FE (0.7874) < RE 

(0.8156)) and the explanatory power of the independent variables, as well as the significance 
level (in the case of the fixed effects model, the indicator of the current assets ratio is not 
significant, p=0.789), it is clear that the random effects model performs better. 

The Hausman test was used to decide between random effects and fixed effects 
regression models. The significance level of the test is p=0.352, which means that the random 
effects model is practically applicable. The random effects model is consistent and effective 
for food retailers in the North Great Plain. The fixed effects model is effective but not 
consistent.  

The results show that based on the panel data between 2015 and 2019, using the 
financial ratios of food retailers in the examined Hungarian region and macroeconomic 
indicators as independent variables, a multivariate linear regression function can be defined, 
which allows to estimate and predict the operational profit/loss of the examined companies 
as a dependent variable with high accuracy and significance. The random effects regression 
model can predict the operating profit/loss of the examined companies with high accuracy 
and significance; the fixed effects regression model cannot be used instead. 

 
Conclusions 
 
The primary objective of the research was to develop a decision-supporting 

performance measurement tool based on quantitative data. The research resulted in the 
development of a multivariate regression model and a financial indicator framework. The 
practical results of the secondary research can be applied to the entire population of the study 
region based on statistical procedures. The result of the modelling is a random-effects 
regression model that can predict 81.6% of the operating profit/loss of food retailers in 
Hungary's North Great Plain region.  
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Among the financial ratios produced from the statements used in the course of the 
procedures, the application of ROA margin I, Net working capital, Net working capital ratio, 
Current assets ratio as key indicators, as well as Inventory turnover rate, Total assets turnover 
rate, Capital strength are suggested. The indicators form a set of indexes that can contribute 
to the financial analysis, financial planning and decision-making of food retailers in the North 
Great Plain region. Of the macroeconomic indicators, household income per capita and its 
change can provide guidance for planning, as food retail risk appears to be the most important 
macroeconomic indicator. 

It is concluded that, based on the panel data for the period 2015-2019, the financial 
ratios and macroeconomic indicators calculated based on the statements of the examined food 
retailing enterprises can be used as independent variables to define a multivariate linear 
regression function that can be used to estimate and predict the operating profit/loss of the 
examined companies under study as a dependent variable with high accuracy and significance 
– our hypothesis can be accepted. The main result of the research is that a performance 
evaluation panel regression model specific to food retailing enterprises in the North Great 
Plain region has been developed, which can be used to predict the outcome of the operating 
profit/loss of the studied companies. Based on the Hausman test, there is no endogeneity in 
the model, and the error terms do not correlate, which makes the application of the random 
effects model practical. The random effects model is consistent and effective for the sample, 
and the fixed effects model is effective but not consistent. The adjusted R2 of the RE panel 
regression is 0.8156, which means that the constructed random effect regression model can 
predict the operating profit/loss of the North Great Plain companies with 81.6% accuracy. 
Based on the Wald Chi-squared test, the RE panel regression is applicable to the entire 
population.  

It can be concluded that the analysis and interpretation of key indicators can help food 
retailers to produce higher operating profit. Based on the identified key indicators, the 
effectiveness of working capital management can be analysed at a high level of abstraction, 
which can be used as a basis for determining the appropriate action in operations to mitigate 
the problem. It can also be concluded that multiple indicators have been identified in the 
cross-sectional stepwise regression procedure, not all directly related to working capital 
management. However, their application can provide additional information for food retailers 
in the examined region. Although excluded from the panel model, the applicable indicators 
had explanatory power in the cross-sectional regressions: Inventory Turnover, Total Asset 
Turnover, and Capital Strength. It is also found that the variance explained by the dependent 
variables excluded from the panel model is partially equal to that explained by the remaining 
variables. In practical terms, this means that the two financial indicators provide partially or 
entirely the same information. From a professional point of view, the analyst should pay 
attention to the similarity of the information content when assessing performance.   

The model resulting from the research can be used by food retailers in the examined 
region of Hungary in their financial analysis, management control and performance 
measurement activities. The companies have two options: they can either substitute the 
relevant financial indicators and the current level of the macroeconomic indicator into the 
final generic model to obtain a forecast of the operational profit/loss, or they can make 
decisions with the support of the developed indicator system. Of course, it is also possible to 
use both methods in combination, and it is recommended from a professional point of view. 
Following the steps of creating the present model, further financial performance 
measurement tools can be created for other samples of different sectors or geographical areas, 
which can help management and investors of SMEs to grasp the profitability of the 
companies better. 
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 Abstract 
 Introduction. The purpose of the research is to identify the 

components of the employer’s brand that contribute to its agreeability and 
effectiveness in attracting and retaining talented employees, as well as to 
provide a generalized assessment of the employer’s brand, which involves 
identifying the strengths and weaknesses of its value proposition (EVP).  

Materials and methods. Experts in employer’s branding conducted 
an expert assessment development of the components’ level of employer’s 
brand value proposition. The assessment was based on the Likert scale, 
which includes 5 possible states from 1 is strongly agree with the best 
message about the EVP component to 0 is strongly disagree. The TOPSIS 
multicriteria assessment method to summarize and analyze the level of 
employer’s brand development was used.  

Results and discussion. The key components of the value proposition 
are revealed, such as salary level, additional benefits, career growth, 
company image and a comfortable workplace, which are the basis for 
forming an attractive employer brand.  

The average expert assessment of EVP components of the employer’s 
brand for all the surveyed companies showed that the advantages of the 
employer’s brand of the surveyed companies are official employment 
(4.27); products and services (4.07); social projects (3.97) of the 
companies. The weaknesses of the employer’s brand of the surveyed 
companies are the opportunity to gain international experience (1.42) and 
the possibility of moving to another city/country (1.55). 

The generalized assessment of the employer’s brand allowed us to rank 
the surveyed companies by the level of employer’s brand development and 
to identify among them the leader (Auchan) and the outsider (Epicenter K). 

The level of employer’s brand development of value proposition 
components of the surveyed companies is the basis for the formation of the 
desired employer’s brand. The assessments of each EVP component were 
categorized into 3 ranges: strength, average, and weakness. Based on the 
results of the categorization assessment, EVPs were identified for each 
company that are associated with the strengths or weaknesses of the 
employer brand. This made it possible to propose directions for the 
development of employer’s brand for surveyed companies. In particular, 
improving weak EVP will reduce the negative brand perception among 
potential employees. Strengthening of a strong EVP will allow companies 
to stand out in the labor market. EVP components with the average value 
should be considered as the potential for possible improvement. 

Conclusion. The proposed methodological approach allows the 
objective assessment of the state of an employer's brand development and 
identification of its strengths and weaknesses, which is an important step in 
formulating strategies for attracting and retaining the target audience. 
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Introduction 
 
Creating an attractive employer image is the key task for any company. It helps to attract 

talented employees to the company, promotes staff retention, increases their motivation, level 
of engagement, marketing and sales effectiveness, facilitates attracting investments and 
partners to the company’s activities, and creates a culture of risk and reputation management.  

According to Tanwar and Prasad (2016), an employer’s brand is the image and 
reputation of the company as an employer in the eyes of current and potential employees, as 
well as other stakeholders such as partners and customers. Tanwar and Prasad (2016) include 
in the employer’s brand a set of perceptions, experiences and expectations that people 
associate with the company as the place where they want to work. In such circumstances, 
there is a need to determine the criteria for employer’s brand formation, taking into account 
the requirements of the target audience.  

Each company uses special attractive offers in the form of tangible and intangible 
benefits to define the desired image for potential candidates. Thus, the concept of employer's 
value proposition (EVP) arises (Barrow et al., 2005).  According to the international audit 
and consulting company Deloitte, a high level of EVP is important for 80% of employers’ 
top managers (HR Liga, 2019). According to Grc.ua (2024), for 84% of the surveyed job 
seekers, the company’s reputation and active HR brand are important when choosing a future 
job. The economic impact for companies is reflected in a 10% reduction in labor costs, a 25% 
reduction in recruitment costs, and a 28% reduction in staff turnover (Grc.ua, 2024).  

According to Liu (2020), Nagpal et al. (2019), Pawar and Charak (2015), the EVP is 
central to an employer's brand and is key to attracting and retaining talented employees. It 
defines the unique benefits and values that the company offers to its employees and helps to 
create an attractive employer image in the labor market. It is important that the value 
proposition is authentic, realistic, and reflects the actual experience of employees in the 
company (Staniec and Kalińska-Kula, 2021).  

Jha Sr. and Jha Sh. (2015) conducted the research of employer’s brand EVPs in six 
leading countries and determined that EVPs help to pay the attention of potential employees, 
especially those who has necessary skills and experience. EVP also helps employees to 
understand how their work contributes to the overall success of the company and how they 
can grow within the organization (Tanwar and Prasad, 2016). Unique EVP allocates a 
company apart from its competitors and makes it more attractive to potential employees. The 
most important attributes of EVP are stability and job security, followed by relationships in 
the company, high remuneration, and benefits (Palen-Tondel and Smolbik-Jeczmien, 2021). 
The value proposition is usually considered a set of associations and tangible and intangible 
offers that an employee receives from the company (Pawar and Charak, 2015).  

Krummel et al. (2020) classified the needs of employees according to the factors of 
employer attractiveness using the ERG theory (existence, relatedness and growth) established 
by Alderfer (1969), which is a further development of Maslow’s hierarchy of needs theory. 
According to this theory, a person has three basic needs that he or she seeks to satisfy, which 
include the needs for material existence, interpersonal relationships with other people, and 
the search for opportunities for personal development. 

Valène (2024) considers EVP of employer’s brand as an objectively defined set of 
values that the company offers its employees in the form of working and cultural 
environment, namely: the needs of material existence, consciousness-raising relationships 
with other people and society, opportunities for personal development, and work-life balance.  

Nagpal A. and Nagpal G. (2019) showed that the EVP components directly affect 
employee’s productivity, their loyalty to the employer, increase the value of fulfilling 
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promises to employees, and determine further communication in the company. It is 
undeniable that EVP employer’s brand also focuses on its employees. Employees themselves 
have an impact on the formation of company values (Jha Sr. and Jha Sh., 2015). Satisfaction 
feedback is obtained through the following tools: anonymous audience surveys, interviews 
with dismissed employees, and analysis of labor market trends (Staniec and Kalińska-Kula, 
2021). Quality interaction between the employer and the employee is the consistency 
between the desired and actual level of EVP. 

The result of the research of HR consulting company “Sibson Consulting” there is the 
“Reward of Work” (ROW) model, which includes the winning elements and processes of 
creating an attractive workplace (Seemiler and Grace, 2017). This model is transformed into 
the employer’s value proposition EVP.  

Liu (2020) identified the following components of an EVP employer’s brand as career 
development opportunities, personal value realization, corporate culture, financial 
remuneration, social responsibility, and workspace. First, the company’s reputation 
determines the content of career pages and search sites pages, which in turn increases the 
EVP competitiveness (Liu et al., 2018).  

Analysis of the literature has shown that most scientists consider that the main 
components of EVP are the level of salary, additional benefits (health insurance, bonuses), 
career development in the company, employee training and development system, the 
company’s image as an employer, and comfortable workplace. Less important, but also 
influencing the choice of a future job, are the following factors: the company’s business 
rating, the use of the latest technologies, company values, and the company’s rating as an 
employer (Firsova et al., 2020; HR Liga, 2019; Liu, 2020; Nagpal A. and Nagpal G., 2019), 
2019; Oberemchuk and Dehtiar, 2019; Palen-Tondel and Smolbik-Jeczmien, 2021; Pawar 
and Charak, 2015; Samoliuk et al., 2021; Seemiler and Grace, 2017; Shanmuga, 
2021;Valène, 2024; Volobaeva et al., 2021; Zhovtyak, 2021). In the context of the 
digitalization of society, reviews about the company on various portals are also important 
(Gross et al., 2023; Liu et al., 2018; Mir and Salo, 2024; Seemiler and Grace, 2017). Liu 
(2020) note that in the current conditions, social projects, positive environmental impact, 
social responsibility, corporate culture, and favourable company atmosphere EVP 
components are also important. The value proposition of work-life balance refers to harmony 
in the level of satisfaction from work and life. It emphasizes the importance of work-life 
balance, as well as the overall well-being of employees. The ability to choose a schedule that 
fits individual needs can increase employee loyalty and company attractiveness (Pawar and 
Charak, 2015; Valène, 2024). 

The diversity of employer’s brand EVP components suggests that they contain a wide 
range of economic, emotional, and functional characteristics. There is still no established 
opinion on which EVP components best reflect the content of the employer’s brand. The 
issues of systematizing the EVP components of the employer’s brand remain unresolved, 
which could be used as a basis for assessing its state of development and attractiveness in the 
labor market. 

The purpose of the research is to identify the components of the employer’s brand and 
to evaluate the employer’s brand of the companies, which serves as the basis for 
substantiating the ways of its development. 
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Materials and methods 
 
Materials 
 

The assessment of the employer’s brand development was conducted based on the 
survey of leading experts of the surveyed enterprises in the retail and catering sector by EVP 
components. 

To assess the state of the employer’s brand, 6 companies were selected that are popular 
and well-known among consumers and job candidates. The companies were selected 
according to the following criteria: scale of operations, size of the coverage network (number 
of stores), number of officially hired employees (more than 5000), number of internship 
offers and vacancies on career sites, availability of the department or specialists engaged in 
employer’s brand management, and previous employer’s brand ratings. Six companies were 
selected for the servey: ATB, Auchan, McDonald’s, Epicenter K, METRO, Fozzy Group. 
Half of the selected companies (Auchan, McDonald’s, METRO) are international and 
operating in many global markets.  

The survey was conducted in 2022. There were 7 HR and Employer’s Branding 
specialists who understand the company’s internal culture and external perception of it as an 
employer were involved in the survey. Google Forms was conducted for the survey. 

The topic of employer’s brand development is narrow-purpose; the goal was to obtain 
a qualitative assessment of the state of employer’s brand development rather than a full 
quantitative analysis, so the sample of experts is sufficient to obtain objective results. The 
data was obtained directly from professionals who work in this area that ensures its 
significance. 

 
Methods  
 

For generalized brand assessment, it is proposed to use the TOPSIS (Technique for 
Order Preference by Similarity to Ideal Solution) method, one of the analytical methods for 
making multi-criteria decisions (Madanchian and Taherdoost, 2023). This method is used to 
compare alternatives by means of similarity to the ideal and anti-ideal solutions, taking into 
account the weighting of the criteria. It allows generalizing the employer’s brand assessment 
by many criteria, which are used as value propositions. TOPSIS is a convenient, practical 
method that has a simple mathematical apparatus and can be used with Excel.  

The algorithm for using the TOPSIS method to assess an employer brand can be 
described as follows:  

1. Identification of criteria: determination of key value propositions that are important for 
employer’s brand assessing.  

2. Conducting an expert survey by Likert scale on the level of development of each 
component of the employer’s brand value proposition.  

3. Normalize the data to bring the values of each criterion to the same scale to ensure an 
adequate level of comparison.  

4. Creating a decision matrix: rows – the studied employers, columns – normalized values 
of the employer’s brand of value proposition indicators.  

5. Identification of the ideal and anti-ideal employer for each value proposition in order to 
determine the best and the worst characteristics. 

6. Setting the weight for each criterion according to their importance in the assessment.   
7. Calculate the similarity to the ideal solution: use the Euclidean distance to determine 

the similarity of each employer to the ideal and anti-ideal solution.  
8. Determination of the employer’s brand ranks by the criterion of generalized evaluation.  
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The best message about the state of each EVP component was identified in the previous 
questionnaire for the expert. Below are the linguistic characteristics of the best message about 
each EVP component: 

1. Dress code: the company provides restrained, modern, comfortable, easy-to-clean work 
wear that is not paid for by the employee at their own expense or does not impose special 
requirements for it. 

2. Social projects of the company: the company has social projects to support the 
environment, low-income groups, and IDPs. 

3. Possibility of moving to another city/country: the company helps with relocation to 
another place of work, provides financial support. 

4. Business rating of the company: the company is high in the ranking of the largest 
taxpayers, has a large network of retailers, a high level of market recognition among 
consumers and positive feedback on the company's activities. 

5. Creativity/design of the office, comfortable workplace: modern design, provision of 
computer equipment (if necessary), open space for work and communication with the 
team, a place to relax. 

6. Reviews about the company on various portals: positive feedback about work, 
teamwork, salary and financial bonuses. 

7. Rating of the company as an employer: high positions in the rating of the most attractive 
employers according to the results of a survey of candidates in the labor market, the 
company's nomination for the implementation of a successful HR project. 

8. Location of the office: proximity to a transport interchange or residential area, the 
ability to get to the place of work by public transport or with the help of a company 
shuttle service. 

9. Additional benefits (insurance, healthcare, transportation, etc.): availability of health 
insurance, reimbursement of transportation costs, and a system of bonuses with gifts 
from the company and bonus programs. 

10. Official employment: compliance of the employment relationship with the employee 
with the labor legislation. 

11. Products/services created by the company: certification of products/services according 
to international standards, high requirements for employee service, creation of a positive 
experience and customer impression. 

12. Company's values: the company's internal and external communication of values when 
making business decisions or hiring new employees, and the actions taken to increase 
loyalty to the company. 

13. The company's image as an employer: a clearly formed positive feedback on the 
interaction with recruiters during the selection stages of the vacancy, positive feedback 
on working in the company. 

14. Opportunity to gain international experience: the company's provision of opportunities 
to work on projects with colleagues or contractors from other countries, the availability 
of a relocation program during work or career development. 

15. Training and development system in the company: a formed and structured training 
system from the initial position to a high-level manager, which is available to every 
employee of the company, there is a career development system. 

16. Work schedule: the ability to combine work and study as needed, a flexible approach to 
planning work shifts for the month, the ability to work remotely (if the position 
requires). 

17. Salary level: compliance with the average level of pay in the labor market or even 
higher, timely payment of wages, 100% official payment to the employee's bank 
account. 
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The EVP was assessed by Likert scale from 1 to 5, where 1 is completely inappropriate 
and 5 is completely appropriate.  The greatest advantages of this scale are its ease of use and 
relative reliability even with a small number of judgments.  

The next step in the proposed employer’s brand assessment methodology is to 
normalize the identified expert assessments. The normalization of the matrix of the 
determined ratings is carried out by the formula (Madanchian and Taherdoost, 2023):  

௜௝ݐ =
௫೔ೕ

ට∑ ௫೔ೕ
మ೙

೔సభ

                                                           (1) 

where xij – expert evaluation j-th component of the EVP for і-th enterprise; і – is the index 
of the analyzed enterprises; i=1…n  n – is the number of enterprises under study;  j – is the 
index of the EVP, j=1…m; m – is the number of EVP.  

The next step in assessing the employer brand is to form a normalized dimensionless 
matrix, which is obtained because of the normalization behavior according to formula 1 and 
in which all values range from 0 to 1. 

The weightiness of the criteria in the evaluation is determined by the formula 
(Madanchian and Taherdoost, 2023): 

௜௝ݓ =
ெ(௫೔ೕ)

∑ ெ(௫೔ೕ)೘
ೕ

                                                        (2) 

where М(хjj) – expert evaluation of the weight j-th component of the EVP, ∑ ௜ܹ௝ = 1௠
௝ୀଵ . 

The weight of EVPs in this study will be considered the same (0.059), since their 
number is large and it is impossible to identify the most significant ones. 

The normalized scores are weighted according to the weighting of the EVP of the 
company. The normalized weighted scores are determined by the formula (Madanchian and 
Taherdoost, 2023): 

௜ܶ௝ =  ௜௝                                                          (3)ݓ௜௝ݐ
where wj– is the weight j-th component of the EVP, j=1, … , 17. 

The next step is to calculate the squares of the distances of the expert assessment of the 
value proposition components. To do this, we calculate the squares of the distances from the 
ideal level – ௝ܶ

ା  (the maximum value of ௜ܶ௝   to j) and the anti-ideal level  – ௝ܶ
ି (the minimum 

value of  ௜ܶ௝  to j).  
For each component of the value proposition, we calculate Si+ та Si- by formulas 

(Madanchian and Taherdoost, 2023): 

௜ܵ
ା = ට∑ ( ௜ܶ௝ି ௝ܶ

ା)ଶ௡
௝ୀଵ                                                   (4)                                    

 

௜ܵ
ି = ට∑ ( ௜ܶ௝ି ௝ܶ

ି)ଶ௡
௝ୀଵ                                                   (5) 

The generalized employer’s brand score is determined by the formula (Madanchian and 
Taherdoost, 2023): 

ܴ௜ = ௌ೔
ష

ௌ೔
షାௌ೔

శ                                                       (6) 
The proposed model will help to assess the state of development of the employer's 

brand. 
In the process of using the TOPSIS methodology, the appraisal of the ideal ( ௝ܶ

ା) and 
anti-ideal ( ௝ܶ

ି) solutions are used as intermediate estimates. Such estimates can be used to 
justify the directions of forming the desired employer’s brand in the context of individual 
components of its EVP. 
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௝ܶ
ା  reflects the key strengths of each company; ௝ܶ

ି identifies the weaknesses that are 
least attractive to experts and need to be improved; average values demonstrate the 
company’s balance according to the certain criteria.  

This data can help each company to focus on improving its weaknesses and asign its 
strengths. For this purpose, we used equal division of the ௜ܶ௝  scores into 3 categories: 
strengths; average values; and weaknesses.  

The interval for dividing the scores was determined by the formula: 
( ௜ܶ௝ ௠௔௫ − ௜ܶ௝  ௠௜௡)/3 =  ܫ

The interval of EVP strengths was determined by the formula: 
௜ܶ௝ ௠௔௫  ÷  ௜ܶ௝  ௠௔௫ −  ܫ

The interval of average EVP values was determined by the formula: 
௜ܶ௝ ௠௔௫ − ܫ ÷  ௜ܶ௝  ௠௔௫ − 2 ∗  ܫ

The interval of EVP weaknesses was determined by the formula: 
௜ܶ௝ ௠௔௫ − 2 ∗ ܫ ÷  ௜ܶ௝ ௠௔௫ − 3 ∗  ܫ

 
Hypothesis 
 
The main hypothesis of the research is that in order to determine whether the current 

state of the employer’s brand meets the desired views of the target audience, it is advisable 
to form the list of EVP brand, assess the level of their development, conduct a generalized 
assessment of the employer’s brand in terms of all EVP components development and 
determine which EVP components are strong, medium or weak points of the employer’s 
brand development. 

 
 
Results and discussion 
 
Assessing the components of the EVP employer’s brand. 
 
The purpose of the employer brand rating is to study the level of attractiveness of the 

EVP for candidates (Fedulova et al., 2024).  Based on the results of the literature review and 
job search websites, main features and characteristics of companies that help them form the 
employer’s brand and create its attractiveness in the labor market for job candidates the list 
of EVPs was formed, (Table 2).  

The average expert assessment of EVPs of the surveyed companies is shown in Table 
3.  

Based on the data obtained on the average expert assessments of EVP employer’s brand 
components for the surveyed companies, the following conclusions can be made. The main 
advantages of the employer’s brand of the surveyed companies are official employment 
(4.27); products and services (4.07); and social projects (3.97) of the companies. Thus, the 
surveyed companies provide transparency and stability, are associated with quality products 
or services, which also increases their attractiveness as employers, and social responsibility 
is the important element for the employer’s image. 

The weaknesses of the employer’s brand of the surveyed companies are the opportunity 
to gain international experience (1.42) and the possibility of relocation to another city/country 
(1.55). This indicates limited globalization or lack of international career opportunities in the 
companies, as well as the local orientation of the surveyed companies. 
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Table 3 
Averaged expert assessment of EVP of employer brand of studied companies 

 

Components of the EVP 
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Dress code 3.1 4.2 3.2 3.3 2.1 4.1 3.33 
Social projects of company 4.1 5.0 4.1 3.3 3.1 4.2 3.97 
The possibility of moving to 
another city/country 1.4 2.4 2.2 1.1 1.1 1.1 1.55 

 
Business rating of company 4.1 4.3 3.1 4.1 3.2 4.1 3.82 
Office creativity/design, 
comfortable workplace 3.3 4.4 3.2 2.1 3.1 4.1 3.37 

 
Reviews about company on various 
portals 3.1 3.1 3.2 2.2 2.1 3.1 2.80 

 

Rating of company as employer 3.4 3.2 3.2 2.3 2.1 3.1 2.88 
 

Office location 4.1 4.1 2.1 2.3 3.1 4.2 3.32 
Additional benefits (insurance, 
transportation, etc.) 3.3 4.1 4.1 3.1 3.1 4.2 3.65 

 
Official employment 5.0 5.0 5.0 3.1 3.2 4.3 4.27 
Products/services that the company 
creates 4.4 5.0 4.2 3.2 3.2 4.4 4.07 

 
Company values 3.1 5.0 4.2 3.3 3.4 4.2 3.87 
The image of company as employer 3.3 4.1 3.1 3.1 2.1 3.1 3.13 
Opportunity to gain international 
experience 1.4 1.7 2.1 1.1 1.1 1.1 1.42 

The system of training and 
development in company 3.3 5.0 3.1 3.2 2.4 3.1 3.35 

Work schedule 3.3 5.0 3.1 3.2 3.3 3.1 3.50 
Salary level 4.1 3.1 4.1 3.1 3.3 3.1 3.47 

Source: Own study based on expert assessment  
 
 
The company’s rating as an employer (2.88) and reviews on portals (2.80) are relatively 

low, points out the defects in the perception of the company among employees and potential 
job seekers. This requires working on the corporate image. Fringe benefits (3.65) are 
relatively high, but there is still space for improvement in working conditions, which could 
increase the overall brand appeal. 

 
Generalized employer’s brand assessment. 
 
The company’s rating as an employer is an important indicator of attractiveness for 

candidates, as it is a generalized opinion of job seekers and employees about working for the 
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company. Thus, employer’s brand assessment is the key element of human resource 
management strategy and corporate management in general (Tanwar and Prasad, 2016). 

Table 4 shows the weighted normalized matrix of experts’ ratings and the ideal ௝ܶ
ା and 

anti-ideal ௝ܶ
ି appraisal. 

 
Table 4 

Normalized weighted matrix of expert opinions and  ܒ܂
ା  , ܒ܂

ି 
 

Components of the EVP 
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ࢀ ା࢐
   

ࢀ ି࢐
 

Dress code 0.022 0.030 0.023 0.023 0.015 0.029 0.030 0.015 
Social projects of 
company 0.025 0.030 0.025 0.020 0.019 0.025 0.030 0.019 

The possibility of moving 
to another city/country 0.020 0.035 0.032 0.016 0.016 0.016 0.035 0.016 

Business rating of 
company 0.026 0.027 0.019 0.026 0.020 0.026 0.027 0.019 

Office creativity/design, 
comfortable workplace 0.023 0.031 0.022 0.015 0.022 0.029 0.031 0.015 

Reviews about company 
on various portals 0.026 0.026 0.027 0.019 0.018 0.026 0.027 0.018 

Rating of company as 
employer 0.028 0.026 0.026 0.019 0.017 0.025 0.028 0.017 

Office location 0.029 0.029 0.015 0.016 0.022 0.029 0.029 0.015 
Additional benefits 
(insurance, 
transportation) 

0.022 0.027 0.027 0.020 0.020 0.027 0.027 0.020 

Official employment 0.028 0.028 0.028 0.017 0.018 0.024 0.028 0.017 
Products/services that  
company creates 0.026 0.029 0.024 0.019 0.019 0.026 0.029 0.019 

Company values 0.019 0.031 0.026 0.020 0.021 0.026 0.031 0.019 
The image of company as 
employer 0.025 0.031 0.023 0.023 0.016 0.023 0.031 0.016 

Opportunity to gain 
international experience 0.023 0.028 0.034 0.018 0.018 0.018 0.034 0.018 

System of training and 
development in company 0.023 0.035 0.022 0.022 0.017 0.022 0.035 0.017 

Work schedule 0.022 0.034 0.021 0.022 0.022 0.021 0.034 0.021 

Salary level 0.028 0.021 0.028 0.021 0.023 0.021 0.028 0.021 
Source: Own study based on expert assessment  
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Table 5 shows the results of the generalized employer’s brand assessment using the 
formula (6). 

 
Table 5 

Generalized evaluation of the employer brand Ri 
 

Indicators 
 

ATB Auchan METRO McDonald’s Epicenter 
К 

Fozzy 
Group 

Si +  0.0314 0.0097 0.0296 0.0464 0.0494 0.0341 
Si ‒ 0.0308 0.0509 0.0348 0.0144 0.0103 0.0332 
Ri 0.4954 0.8396 0.5405 0.2369 0.1720 0.4934 

Ranking of 
employers by level 
of brand 
attractiveness 

3 1 2 5 6 4 

Source: Own study based on expert assessment  
 
Auchan is the most attractive employer according to the results of the assessment (Ri = 

0.8396). The employer’s brand is formed among the target students during the educational 
process, i.e. the image of the company is formed before the job search. This is the most 
competitive approach compared to other selected companies. The second place is METRO 
(Ri = 0.5405), which attracts students with the opportunity to get managerial position and 
experience in international project after the internship. ATB (Ri = 0.4954) is the third most 
attractive employer, offering the highest salary among all other selected employers. This 
criterion is one of the most important when choosing your future job. Fozzy Group (Ri = 
0.4934) ranks the 4th place in the ranking of employers surveyed. The company offers jobs 
not only in the retail chain but also in the office team. The competitive advantage of Fozzy 
Group is a quick opportunity to work and develop according to your future speciality, 
comparable to other selected employers. McDonald’s (Ri = 0.2369) is losing its attractiveness 
for employment due to the intense workload. The least attractive employer is Epicenter K (Ri 
= 0.1720), as formed EVP are not aimed at fast and effective attraction of candidates. 

Liu (2020) considered the model for assessing the level of competitiveness of 
employer’s EVP, which is based on the Analytic Hierarchy Process (AHP) method. However, 
the author determined the EVP design and employer’s attractiveness only from the 
perspective of online recruiting. Pawar (2016) proposed the employer’s branding process, 
but this process did not take into account the characteristics and level of individual 
components development of EVP employer’s brand. Shanmuga (2021) considered the 
comparison of work life balance, job security, leadership style, working environment and in 
which area employees get more attractive, but the issues of assessing the state development 
of these EVP components were reserved. 

Most scientists in their researches of employer’s brand limiting themselves by the taking 
into account EVP from the perspective of job seekers (Volobaieva et al., 2021) or existing 
staff (Staniec and Kalińska-Kula, 2021; Tanwar and Prasad, 2016). However, in our opinion, 
it would be advisable to propose the approach to assessing the employer’s brand in terms of 
individual EVP components development from the point of view of leading experts in this 
field. 

Table 6 shows the categories of employer’s brand assessment components. 
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Table 6 
Categories of strong, medium and weak values of employer brand EVP components  
 

Components of the EVP Strengths Medium Weaknesses 
Dress code 0.015< ௜ܶ௝<0.020 0.021< ௜ܶ௝<0.025 0.026< ௜ܶ௝<0.03 
Social projects of 
company 

0.019< ௜ܶ௝<0.022 0.023< ௜ܶ௝<0.026 0.027< ௜ܶ௝<0.03 

Possibility of moving to 
another city/country 

0.016< ௜ܶ௝<0.022 0.023< ௜ܶ௝<0.029 0.03< ௜ܶ௝<0.035 

Business rating of 
company 

0.019< ௜ܶ௝<0.022 0.023< ௜ܶ௝<0.204 0.025< ௜ܶ௝<0.027 

Office creativity/design, 
comfortable workplace  

0.015< ௜ܶ௝<0.020 0.021< ௜ܶ௝<0.025 0.026< ௜ܶ௝<0.031 

Reviews about company 
on various portals 

0.018< ௜ܶ௝<0.021 0.022< ௜ܶ௝<0.024 0.025< ௜ܶ௝<0.027 

Rating of the company as 
employer 

0.017< ௜ܶ௝<0.021 0.022< ௜ܶ௝<0.024 0.025< ௜ܶ௝<0.028 

Office location 0.015< ௜ܶ௝<0.200 0.021< ௜ܶ௝<0.025 0.026< ௜ܶ௝<0.029 
Additional benefits 
(insurance, transportation, 
etc.) 

0.02< ௜ܶ௝<0.203 0.024< ௜ܶ௝<0.025 0.026< ௜ܶ௝<0.027 

Official employment 0.017< ௜ܶ௝<0.021 0.022< ௜ܶ௝<0.024 0.025< ௜ܶ௝<0.028 
Products/services that  
company creates 

0.019< ௜ܶ௝<0.022 0.023< ௜ܶ௝<0.026 0.027< ௜ܶ௝<0.029 

Company values 0.019< ௜ܶ௝<0.023 0.024< ௜ܶ௝<0.027 0.028< ௜ܶ௝<0.031 
The image of company as 
an employer 

0.016< ௜ܶ௝<0.021 0.022< ௜ܶ௝<0.026 0.027< ௜ܶ௝<0.031 

Opportunity to gain 
international experience 

0.018< ௜ܶ௝<0.023 0.024< ௜ܶ௝<0.029 0.03< ௜ܶ௝<0.034 

System of training and 
development in company 

0.017< ௜ܶ௝<0.023 0.024< ௜ܶ௝<0.029 0.03< ௜ܶ௝<0.035 

Work schedule 0.021< ௜ܶ௝<0.025 0.026< ௜ܶ௝<0.029 0.03< ௜ܶ௝<0.034 
Salary level 0.021< ௜ܶ௝<0.024 0.025< ௜ܶ௝<0.026 0.027< ௜ܶ௝<0.028 

Source: Own study based on expert assessment  
 
 
Table 7 shows, based on the assessment categories (Table 6), which components of the 

employer brand assessment are classified as strengths, weaknesses, or average values for 
each company. 

Companies should pay attention to the components marked in dark grey as the most 
vulnerable aspects of the brand. Improving these aspects will help to reduce negative brand 
perceptions among potential employees.  
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Table 7 
Heat matrix identifies strong, medium and weak values of employer brand EVP  
 

 Components of the EVP 
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Dress code 0.022 0.030 0.023 0.023 0.015 0.029 
Social projects of company 0.025 0.030 0.025 0.020 0.019 0.025 
The possibility of moving to another 
city/country 0.020 0.035 0.032 0.016 0.016 0.016 
Business rating of company 0.026 0.027 0.019 0.026 0.020 0.026 
Office creativity/design, comfortable 
workplace  0.023 0.031 0.022 0.015 0.022 0.029 
Reviews about the company on 
various portals 0.026 0.026 0.027 0.019 0.018 0.026 
Rating of the company as employer 0.028 0.026 0.026 0.019 0.017 0.025 
Office location 0.029 0.029 0.015 0.016 0.022 0.029 
Additional benefits (insurance, 
transportation, etc.) 0.022 0.027 0.027 0.020 0.020 0.027 
Official employment 0.028 0.028 0.028 0.017 0.018 0.024 
Products/services that company 
creates 0.026 0.029 0.024 0.019 0.019 0.026 
Company values 0.019 0.031 0.026 0.020 0.021 0.026 
The image of the company as 
employer 0.025 0.031 0.023 0.023 0.016 0.023 
Opportunity to gain international 
experience 0.023 0.028 0.034 0.018 0.018 0.018 
System of training and development 
in company 0.023 0.035 0.022 0.022 0.017 0.022 
Work schedule 0.022 0.034 0.021 0.022 0.022 0.021 
Salary level 0.028 0.021 0.028 0.021 0.023 0.021 

Source: Own study based on expert assessment  
Notes:  

 Strengths  Medium value  Weaknesses 
 
 
For the components marked in white, it is worth maintaining the current level or 

investing in further development. Intensifying strengths will help the company to stand out 
in the labor market and increase its brand attractiveness.  

Components with medium values (light grey) also deserve attention to improve 
competitiveness. In these cases, it is possible to focus on improving conditions that are 
already at a satisfactory level but still have potential for improvement. 

For ATB, the strengths of the employer’s brand are the company’s business rating, 
reviews of the company on various portals; the company is rating as an employer, office 
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location, official employment, products/services created by the company, and salary levels. 
Weak messages of the employer’s brand include the possibility of relocation to another 
place/country, company values, additional benefits (insurance, workplace, etc.), the 
opportunity to obtain international experience, training and development system, and work 
schedule. 

The worst component of Auchan’s EVP is the level of salary. Other components of the 
employer’s brand are mostly well developed.  

The best components of METRO’s EVP are the opportunity to obtain international 
experience, the possibility of relocation to another city or country, official employment, 
salary level, additional benefits (insurance, etc.), reviews about the company on various 
portals, and the company’s rating as an employer. The worst components of METRO’s EVP 
are the company’s business rating, office location, training and development system, and 
work schedule.  

McDonald’s has a high level of EVP in the business rating component. The dress code 
and the company’s image as an employer have an average level. Other components have a 
low level of development in the labor market. Therefore, McDonald’s needs to identify the 
reasons for this situation and improve the competitiveness of the employer’s brand to better 
attract potential employees. 

Epicenter K does not have a high-level of EVP. Epicenter K’s mid-level employer’s 
brand EVP includes office creativity/design, comfortable workplace, and office location. 
Other components need to be improved to increase the attractiveness of the employer’s brand.  

Fozzy Group’s employer’s brand strengths include dress code, company’s business 
rating, office creativity/design, and comfortable workplace, reviews of the company on 
various portals, rating of the company as an employer, office location, and additional 
benefits. Weaknesses of the brand include the possibility of relocation to another 
city/country, the opportunity to obtain international experience, the training and development 
system, work schedule, and salary level.  

Suggestions for the development of the employer’s brand for each company should 
focus on maintaining strengths, improving medium strengths, and eliminating weaknesses. 
Such analysis helps to identify the primary problems faced by the companies, improve their 
image and create more attractive employer’s brand. 

 
 

Conclusions 
 
It has been determined that in order to form an employer’s brand, it is necessary to take 

into account and balance the qualities and characteristics that are important for potential job 
candidates.  Based on the results of the analysis, the list of the main EVP employer’s brands, 
which are important when choosing a job and internship, has been formed.  

The research made it possible to use the employer’s brand assessment methodology, 
which is based on the TOPSIS multi-criteria methodology, which includes the following 
steps: 
 allocation of components of EVP employer’s brand; 
 selection of experts; 
 experts assessment of the level of components of EVP employer’s brand development 

on the Likert scale; 
 normalization of the obtained estimates; 
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 construction of decision matrix, in which the rows show the components of the EVP 
employer’s brand, and the columns show the surveyed enterprises; 

 determination of the ideal and anti-ideal employer in terms of each component of EVP; 
 calculation of the Euclidean distance to determine the degree of each employer 

compliance with the ideal and anti-ideal solution; 
 calculation of generalized assessment of the employer’s brand development level; 
 establishing the employer’s rank according to the generalized assessment of employer’s 

brand; 
 categorization of EVP components of the employer’s brand into three levels: high, 

medium, and low; 
 Identification of advantages and disadvantages in the employer’s brand development 

according to the results of dividing the EVP components into strong, medium and weak 
points. 
The main advantages of the proposed approach are the ability to calculate a generalized 

assessment of an employer’s brand by the level of EVP components development and 
understanding the weaknesses and strengths for forming an effective and competitive 
employer’s brand.   

This approach can be used to substantiate the directions of employer’s brand 
development that is important for potential job seekers.  

The hypothesis has shown that assessing the level of employer’s brand development at 
the surveyed enterprises allows substantiating the directions of its development and forming 
the desired level of employer’s brand for the target audience. 
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 Abstract 
  

Introduction. Currently, vaccination is the most cost-effective 
and efficient tool against infectious diseases helping reduce global 
morbidity and mortality. To increase the effectiveness of vaccines 
and ensure a stronger immune response in vaccinated people, various 
components – adjuvants - are added to them. This review focuses on 
the analysis of the immunological and characteristics of adjuvants of 
different nature. 

Materials and methods. The modern scientific publications of 
leading periodicals on the topic of the use of adjuvants and their 
systems were studied: immunostimulating effect, efficiency, review 
of manufacturers, biotechnological production methods and the 
possibility of integration into the composition of tested vaccines. 

Results and discussion. In contrast to the use of 
immunopotentiating agents of chemical origin, more and more 
scientific studies are appearing confirming the advisability of using 
adjuvants of microbial origin. These are vesicles of the outer 
membrane of bacteria Escherichia coli, Streptococcus pneumoniae, 
Staphylococcus aureus, Bacillus anthracis, Enterococcus faecium; 
the structural protein flagellin of the flagella of gram-negative 
bacteria; monophosphoryl lipid A (MPL-A R595), adjuvant systems 
based on a combination of liposomes from Salmonella typhi in the 
form of nanoparticles using the model antigen ovalbumin, as well as 
polysaccharides isolated from the fungi Aspergillus oryzae, yeast 
Saccharomyces cerevisiae, Candida albicans, bacteria 
Xanthomonas campestris and Bacillus natto. The polysaccharide β-
glucan in the form β-1,3/1,6 is characterized by its appropriate 
immunogenicity because of its epigenetic properties due to the 
PAMP structure (β-linked chains), which is recognized by pattern 
recognition receptors. The most important sources of β-glucan are 
yeasts Saccharomyces cerevisiae and the mushroom Grifola 
frondosa. 

Conclusions. Immunomodulation through targeting Toll-like 
receptors is fundamental in the creation of antigen-agnostic vaccines 
with epigenetic adjuvants of microbial origin. The polysaccharide β-
glucan is a candidate for the status of a new type of immune adjuvant 
for new vaccines against a large number of diseases due to a wide 
range of immune responses regardless of the administration form. 
Such “universal vaccines” could have a significant impact during a 
pandemic when conventional vaccines that provide an antigen-
specific immune response are not available.  
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Abreviations 
 
APC – Antigen presenting cells 
ASC – Apoptosis-associated speck-like protein containing a CARD  
BVA – Bovine serum albumin 
BМV – Bacterial membrane vesicle 
CD – Cluster of differentiation 
CpG – DNA section 
DAMPs – Danger-associated molecular patterns 
DC – Dendritic cells 
Dectin – Natural killer (NK)-cell-receptor-like C-type lectin 
EV – Extracellular vesicles 
GSC – Glioma stem cells  
HSPCs – Hematopoietic stem and progenitor cells 
IFA – Indirect fluorescent antibody 
IFN – Interferon  
Ig – Immunoglobulins  
IL – Interleukin 
LPS – Bacterial lipopolysaccharides  
MHC – Major histocompatibility complex 
NF-κB – Аn ancient protein transcription factor  
NK – Natural killer  
OVA – Ovalbumin  
OМV – Outer membrane vesicles 
PAMP – Pathogen-associated molecular patterns 
PRRs – Pattern recognition receptors 
Th –T-helper 
TNF – Tumor necrosis factor 
TNF-α – Tumor necrosis factor alpha 
TLR – Toll like receptors 
 
 
Introduction 
 
Despite rapid technological progress and global development of medicine, infectious 

diseases continue to occupy first place (after cardiovascular diseases) among the leading 
causes of death (Farina et al., 2023). With the beginning of the development and use of 
effective means of immunoprophylaxis in the world, there has been a significant reduction in 
mortality rates caused by the most common pathogens (whooping cough, polio, measles, 
tetanus, and diphtheria)  (Karch et al., 2016). These cause-and-effect relationships are 
confirmed by the analysis of the course of the recent global pandemic of coronavirus infection 
caused by the zoonotic infectious agent SARS-CoV-2, which was largely overcome thanks 
to global immunization. 

The World Health Organization recently released the first global priority list of endemic 
pathogens and noted the urgent need to develop vaccines for them. In particular, it includes 
HIV, tuberculosis and malaria, which annually claim 2.5 million lives worldwide, as well as 
those well known to mankind - streptococcal infection (the causative agent is group A 
streptococcus), hepatitis C (the causative agent is an RNA-containing virus belonging to the 
Flaviviridae family) and severe diseases caused by the causative agent Klebsiella 
pneumoniae. According to available statistics, over the past three years alone, the number of 
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confirmed cases of tuberculosis in Ukraine has increased from 75 to 112 (per 100,000 people) 
in 2020 and 2023, respectively (Statistics of the World Health Organization, 2024). 
Therefore, the development of new, scientifically based approaches to the creation of new 
vaccines and increasing the immunogenicity of existing drugs is a pressing task today. 

In modern vaccinology, an adjuvant is an integral component of vaccines, the 
functionality of which is to stimulate the development of an immune response to an antigen, 
more intensive formulation of specific antibodies, and activation of the effector functions of 
T cells (Shah et al., 2017). In general, an ideal adjuvant should have no unacceptable side 
effects, should be proven safe and stable, should be easy to manufacture, cost-effective, and 
compatible with a wide range of vaccine components. Potential toxicity has generally 
remained a major constraint on the development of traditional adjuvants (Mohan et al., 
2023).   

The problem of adjuvant selecting is due to the widespread use of vaccines created 
based on inactivated pathogens, purified and recombinant antigens, which have insufficient 
immunogenicity and require the addition of adjuvants (Utama et al., 2022). However, 
currently only a small number of immunostimulants are allowed to be used in medical 
practice, and the approval of new types of adjuvants and their sources is associated with 
significant restrictions and is long-term, which hinders the implementation of innovations 
(Facciolà et al., 2022).  

The issue of considering and selecting new adjuvants with high efficiency and safety 
for vaccine production is important and relevant for two main reasons: (a) absolutely all 
existing vaccination programs in the world require improvement of technologies and 
development of a new generation of vaccines; (b) there are still no clear generalized data on 
the mechanisms of action of adjuvants and their systems. 

The aim of the present review is to systematize the data of scientific literature sources 
on the issues of analysis of the composition, structural features, immunological mechanisms 
of action and stimulating effects caused by the immunoadjuvant properties of 
immunopotentiating agents and their systems. 

 
Immunological characteristics of chemical adjuvants 
 
The correct selection of adjuvant is critical for immunopotentiating agent-mediated 

induction of the immune response of different types of vaccines. After all, the mechanism of 
activation of the immune response, its cellular and humoral links, is more moderate for 
vaccines without adjuvant. At the same time, vaccines with an adjuvant in their composition 
contribute to the maturation of a larger number of antigen-presenting cells, polarizing 
cytokines, multifunctional T-cells, and antibodies. 

The scheme of manifestation of immunogenic properties of vaccines with and without 
adjuvants in their composition is shown in Figure 1.  

Even if the antigen and adjuvant components are well matched individually, their 
mixture may be suboptimal or incompatible, which affects the safety and efficacy of the 
developed anti-infective agents (Harandi, 2018). 

Currently, the following adjuvants are common in immunobiotechnological production: 
TLR9 agonist CpG1018, TLR4 agonist AS01b and AS04 5, 6, 7 or squalene-based adjuvants 
such as AS03 (containing α-tocopherol) and MF59 (oil-in-water nanoemulsion containing 
squalene). The list of adjuvants approved for use in licensed vaccines also includes Tween 
80 and Span 85 (both are surface-active substances). In general, the most commonly used 
immunopotentiating agents are oil-in-water emulsion-based adjuvants (Chegrynets et al., 
2021) and aluminum salts (Galson et al., 2016). 
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Figure 1. Generalized scheme of step-by-step manifestation  
of immunogenic properties of vaccines:  

a. vaccines without the use of adjuvants; b. vaccines with adjuvants in their composition 
(Adopted from Zhao et al., 2023) 

 
 
Adjuvant based on an oil-water emulsion that has been widely used in animal 

experiments is Freund's adjuvant in two possible forms: incomplete (IFA) and complete 
(CFA). The latter also contains inactivated cells of Mycobacterium tuberculosis bacteria to 
enhance the immune effect by attracting macrophages and other immune cells to the injection 
site (usually used in primary immunization).  

A typical CFA compositions comprises 1 mg Mycobacterium tuberculosis, heat killed 
and dried, with 0.85 ml paraffin and 0.15 ml Arlacel® 83 (a mixture of oleic, palmitic, stearic 
and linoleic acids from 2-(3,4-dihydroniglyceride)) (Malik et al., 2018). The active 
component derived from Mycobacterium tuberculosis is a dipeptide, N-acetylmuramyl-L-
alanine-D-isoglutamine (MDP).  MDP is a molecule that activates macrophages and dendritic 
cells via an oligomerization domain, which binds nucleotides containing 2 (NOD2) and 
skeletal elements of the bacterial cell wall. In addition to stimulating inflammation, this 
immunopotentiation agent causes aggregation and precipitation of soluble protein antigens 
to form particles that facilitate their efficient uptake by antigen-presenting cells (APCs). CFA 
also positively influences the Th1 cell subpopulation, the synthesis of IgG immunoglobulins 
(as opposed to the synthesis of IgM class), suppresses the induction of tolerance and promotes 
delayed hypersensitivity reactions.  However, due to toxicity and adverse reactions, the use 
of this adjuvant is unacceptable for vaccines used for human immunization (unlike IFA, 
which exhibits less toxicity and is therefore suitable for clinical use) (Tadepalli et al., 2017).  
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Another squalene-based immunological adjuvant, MF59, has been associated with 
increased helper T-cell activity and higher immunoglobulin concentrations, particularly IgG1 
and IgG2a isotypes. MF59 has also been reported to have the ability to induce a Th1 response 
in CD8+ T-cells in healthy people of different age groups (Yang et al., 2020).  

In studies (Clark et al., 2009) it was shown that MF59 induces seroconversion 
(production of primary antibodies in the blood serum) and seroprotection (titer of protective 
antibodies) 21 days after the administration of the first vaccine against influenza A/H1N1. 
Moreover, the same vaccine produced higher rates of seroprotection and seroconversion after 
21 and 42 days with adjuvant than without adjuvant. As for safety, mild to moderate reactions 
have been reported, including headache, muscle pain, and bruising at the injection site. 
However, none of these adverse reactions lasted more than 72 hours. 

Among the existing invasive immunobiological products, squalene-based vaccines 
(AS03) are the leaders, with more than 20 million doses administered worldwide and 
biosafety results ranging from “acceptable” to “excellent” (Reed et al., 2009). 

Several adjuvant formulas containing squalene and other compounds have already been 
tested: GLA-SE (an oil-in-water emulsion with squalene) and GLA (includes a 
glucopyranosyl lipid adjuvant) (Desbien et al., 2015). The GLA-SE formulation has been 
shown to induce strong signaling through the TLR-4, caspase, IL-18 and IFN-γ pathways, 
resulting in a Th1 response. It is currently used as an adjuvant in tuberculosis vaccines and 
is characterized by strong antibody responses with peak levels after the second immunization, 
and mild side effects including headaches and fatigue (Coler et al., 2018). 

Studies in humans who received influenza vaccine with the squalene-based AS03 
adjuvant showed long-lasting histone modifications and epigenetic changes in monocytes for 
up to 21 days after vaccine administration (Wimmers et al., 2021). It was found that 
epigenetically changed monocytes are more effective because they retain increased levels of 
chromatin of antiviral interferon regulatory factors (IRF) loci, including key antiviral 
immune regulators – RIG-1 (DDX58), IRF1, IRF8 and a number of genes stimulated by 
interferon of dengue fever and Zika virus. This is evidenced by a decrease in viral load after 
vaccination and a correlation of viral titers with the expression levels of interferon regulatory 
factors. 

Now, given the lack of unanimous scientific thought, the first aluminum-based 
adjuvants available to mankind (aluminum hydroxide or aluminum alum) do not lose their 
popularity The three most commonly used and approved salts in 146 vaccines for preventive 
diseases are aluminum hydroxide, aluminum phosphate, and potassium aluminum sulfate 
(Kooijman et al., 2022). However, despite its widespread use to effectively potentiate the 
immune response, special care should be taken to ensure that the type of aluminum adjuvant 
does not affect the stability of the antigen composition (Agarwal et al., 2020). 

The mechanisms of action of aluminum hydroxide and aluminum-based adjuvants in 
general include formation of aggregates (ensures continuous release of antigens), formation 
of partial structures (promotes phagocytosis of APCs) and induction of local inflammation 
(via the NLRP3 inflammasome), which causes the attraction and activation of macrophages, 
major histocompatibility complex (MHC II) molecules and antigen presentation. 
Inflammasome activation induces the secretion of mature IL-1 and IL-18 by dendritic cells, 
differentiation of Th2 cells, promoting B cell activation and subsequent antibody production 
(primarily IgG). However, studies have reported NLRP3-independent antibody production 
pathways and a non-phagocytic mode of action of aluminum hydroxide (Ho et al., 2018).  
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The effectiveness of aluminum salts is due to the creation of a “depot” of antigen in the 
place of administration, slowing down its release (it has the ability to be absorbed, which 
extends the time of contact of the vaccine with the immune system), a strong humoral 
response with weak induction of a cell-mediated immune response, and strengthening of 
phagocytosis. To prevent the development of an abscess (possible with subcutaneous 
injection), the introduction of vaccines with aluminum salts should be carried out exclusively 
intramuscularly. In general, this type of adjuvant allows the body to increase the titer of 
antibodies against pathologies of viral or bacterial origin (Powell et al., 2015).  

However, it should also be noted that aluminum hydroxide is considered a genotoxic 
substance, which, when present in excess in the body, can lead to irreversible changes, impair 
memory, lead to mental disorders and Parkinson and Alzheimer's diseases. At the same time, 
there is a possibility of increased development of atherosclerosis and epilepsy (Pulendran et 
al., 2021).  

Confirmation of possible negative consequences of using aluminum salts in vaccines 
was noted back in the early 2000s (Gherardi et al., 2001; Rivas et al., 2005). A number of 
studies have confirmed the formation of long-term deposits at the injection sites of vaccines 
containing aluminum salts, which can persist for decades after the vaccine, is administered 
(macrophagic myofasciitis). The depot effect was initially thought to be important for 
adjuvant activity, but this was later disproved by the demonstration of their adjuvant action 
even after depot withdrawal. At present, any harmful pathophysiological effect of long-term 
aluminum deposition in tissues and associated macrophage myofasciitis remain a matter of 
debate. 

A new TLR7/8 agonist, a synthetic small molecule adjuvant 3M-052, has recently 
emerged, inducing potent antigen-specific immune responses by stimulating Th1 cells, 
antibodies and plasma cells (Arunachalam et al., 2020). Despite its effectiveness, the 
mechanism of the immunostimulating action of 3M-052 remains insufficiently studied. 
Current experimental data based on PLGA nanoparticle or gallium adjuvants primarily assess 
peripheral immune responses in the blood of non-human primates (NHPs), but have little 
coverage of responses occurring in the lymph nodes where immune responses are initiated. 
To date, there are no studies directly comparing the immune responses induced by 3M-052 
vaccines with those elicited by live virus vaccines that provide long-lasting antibody 
production (Kasturi et al., 2020). 

In support of the above, a molecular atlas of immunity to adjuvanted and live attenuated 
vaccines was studied in experimental mice using flow cytometry, single-stranded RNA 
(scRNA-seq) and single-cell sequencing ATAC (scATAC-seq) to create a comprehensive 
cellular, transcriptomic and epigenomic maps of the innate immune response in dLN at early 
and late stages after immunization with antigen with adjuvant YF-17D or 3M-052-Alum (Lee 
et al., 2020).  Immunization with antigen plus 3M-052/Alum was found to induce activation 
and recruitment of myeloid cells into dLNs with a robust humoral response in mice at 14 and 
28 days post-immunization, indicating high titers of IgG, IgG2c, and IgG. Immunization with 
5 μg 3M-025-Alum significantly enhanced germinal center and T-follicular helper cell 
responses and increased antibody titers compared to alum alone as an adjuvant. 
Immunological response and possible effects of chemical adjuvants is given in Table 1. 
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Table 1 
Immunological response and possible effects of chemically synthesized adjuvants 

 
Immunological response Possible effects Reference 

Chemically synthesized adjuvants 
Aluminum salts; Activation pathway: PRR 

Depot effect; increased presentation of 
antigen by antigen-presenting cells (APC) 
and production of IgG1, IgE; induction of 
danger-associated molecular patterns 
(DAMPs) production, activation of 
pattern-recognition receptors (PRRs) 
innate immune pathways, leading to 
production of IL-1β cytokines; activation 
of NLRP3 inflammasome, leading to 
production of IL-1, IL-18 with subsequent 
local inflammation and recruitment of 
APC. 

Low protective efficacy; 
potential side effects; 
potential neurotoxicity; 
allergic reactions; may 
contribute to the 
development of ASIA 
(autoimmune/ 
inflammatory syndrome) 

Moni et al., 
2023 

LNP (Lipid nanoparticles); Activation pathway: TLR 4 
Enhancement of humoral and cellular 
immunity to proteins and polysaccharide 
antigens; generation of Th 1, Th 2 or Th 
1/Th 2 phenotypes, Th 1/Th 2 switch; 
modulation of generation of CD4+, CD8+ 
mediated immune responses is possible; 
transfer of PAMP-associated or specific 
immunomodulatory molecules, liposomes; 
can activate DU, macrophages and NK 
cells; greater influence of antigen on APC 
after vaccination; prolongation of the half-
life of antigens in the blood. 

Comprehensive immune 
protection; 
protection of antigen from 
degradation and increase of 
its stability in the body; 
potential side effects 

Owen et al., 
2021 

Oil-in-water emulsion adjuvants 
MF59 (squalene-based oil-in-water emulsion); Activation pathway: MyD88, TLR 

4,7,9 
Activation of myeloid cells (macrophages, 
DC), which respond by producing 
chemokines CC-chemokine ligand 2 
(CCL2), CCL4, CCL5 and CXC-
chemokine ligand 8 (CXCL8) also known 
as IL-8, which in turn recruit neutrophils, 
eosinophils, DC to the injection site; may 
work through NLRP3-independent 
activation pathways – ASC and TLR, 
MyD88; Th2-biased immune response and 
weak induction of Th1 response; induction 
of antibody response via MyD88-
dependent mechanism; induction of 
transcriptional changes in muscle cells. 

Dual function: antigen 
delivery and immune 
stimulation; side effects at 
the injection site; erythema 
and induration are possible 

Zhao et al., 
2023; 
Mancini et 
al., 2020 
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Immunological response Possible effects Reference 
AS03 ("Adjuvant System 03" containing DL-α-tocopherol and squalene in an oil-

in-water emulsion); Activation pathway: My-D88, TLR4,7,9 
Activation of NF-κB, inducing the 
secretion of cytokines and chemokines in 
muscles and lymph nodes, promoting the 
migration of innate immune cells; 
increased magnitude breadth of antibody 
and CD4+ T cell responses, resulting in 
increased protection through antibody 
production and higher levels of memory B 
cells; increased serum levels of IL-6, IP10 
(CXCL10), transcriptional signatures of 
interferon signaling, antigen processing 
and presentation in DCs, monocytes and 
neutrophils. 

Proven antioxidant and 
immunostimulating 
properties of α-tocopherol; 
strong immune response 
(after 6 months of 
vaccination); subjective 
intolerance 
 
 
 

Facciolà et 
al., 2022; 
Mancini et 
al., 2020 

CFA (Compete Freund's adjuvant with heat-killed cells of Mycobacterium); 
Activation pathway: TLR 2,4,9  

May lead to potentiation of IgG and IgA 
production; induction of predominantly 
Th2-biased response due to the "depot" at 
the injection site; stimulation of plasma 
cells producing antibodies; auxiliary 
activity of IFA is based on continuous 
release of antigen at the injection site; 
increase in antigen lifespan and strong 
local stimulation of innate immunity with 
phagocytosis, recruitment and infiltration 
of leukocytes; production of cytokines. 

Long-term local 
inflammation; 
severe side effects; 
possible ulceration at the 
injection site; 
toxicity 

Mohan et 
al., 2023 

 
Thus, despite the fact that chemical adjuvants are now widely used in vaccine 

preparations, they have a number of significant drawbacks. In particular, aluminum salts are 
recognized as genotoxic substances with potential mutagenic and carcinogenic effects and 
the ability to provoke mental disorders, impair memory, cause Parkinson's and Alzheimer's 
diseases, and increase the likelihood of developing epilepsy and atherosclerosis. Finally, their 
weak induction of mucosal immunity also has a limiting effect on the development of 
vaccination efficacy (Eldred et al., 2006; Exley et al., 2014). CFA (Freund's adjuvant), 
despite the proven stimulation of a powerful immune response, is characterized by toxicity, 
leading to the formation of granulomas, inflammation at the injection site, due to the high 
content of waste oils that are not subject to biodegradation (Burny et al., 2017). Emulsion 
adjuvants are considered toxic for conventional human prophylactic vaccines and have an 
incomplete immune response after immunization. Injections of MF59-adjuvanted vaccine 
stimulate extracellular ATP release, the inhibition of which by local injections of apyrase 
may not enhance, but, on the contrary, weaken the immune response (Kim et al., 2020). Thus, 
the search for adjuvants of biological origin is a promising alternative direction for the 
selection of immunopotentiating agents. 
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Immunological characteristics of microbial adjuvants 
 
Adjuvants of microbial origin are currently being proposed for use in vaccinology 

(Abbasi et al., 2022; Chang et al., 2021; Durães et al., 2021; Verma et al., 2023). For example, 
the adjuvant effect of spherical nanometric outer membrane vesicles (OMV) of Gram-
negative bacteria Escherichia coli on antigen-specific priming of T cells was  studied by Lee 
with co-authors (2021).  Parmaksız et al. (2023) proposed an adjuvant system based on a 
combination of Salmonella typhi nanoparticles porins in the form of nanoparticles with 
liposomes (cationic and neutral) using the model antigen, ovalbumin. Taleghani and 
colleagues (2019) in one of the latest studies considered the possibility of using 
monophosphoryl lipid A (MPL-A), isolated mainly from the genetically engineered 
Salmonella minnesota strain R595, as the historically first TLR ligand approved for use as 
an adjuvant in the creation of human vaccines. 

Flagellin, a structural protein of the flagella of gram-negative bacteria, is considered to 
be an efficient adjuvant. When entering the body, most bacterial flagellin molecules remain 
in the flagella, but some are released into the environment, allowing them to be recognized 
by the immune system through Toll-like receptors on the surface of immune cells (Hajam et 
al., 2017). 

Confirmation of the presence of epigenetic characteristics of flagellin is given in the 
work (Murthy et al., 2014), according to the results of which, the hyperconserved N and C 
ends of flagellin can be recognized by molecules of the Toll-like receptor of 
immunocompetent cells, in particular TLR-5 (expressed on macrophages, lymphocytes, and 
dendritic cells). This recognition of TLR-5 by flagellin results in signaling through MyD88-
dependent and MyD88-independent pathways, resulting in the induction of transcription 
factors AP-1, NF-κB, and IRF3, which induce the production of cytokines and chemokines. 
These proteins, in turn, recruit (direct) dendritic cells, as well as T and B-lymphocytes to the 
lymph nodes. In addition, flagellin can promote a strong antigen-specific CD4+ T cell 
response by interacting with TLR-5 on CD11c+ cells. The result of this interaction is a high 
titer of antibody formation, demonstrating the potential of flagellin as a protein adjuvant 
(Bates et al., 2019).   

As an adjuvant, flagellin is used by co-administration with the main antigen and through 
fusion proteins obtained by adding epitopes associated with the flagellin molecule. It has 
been proven that physical binding of vaccine antigens to flagellin creates a significantly more 
powerful vaccine than simple mixing with the antigen. It has already been determined into 
which specific areas of the flagellin molecule epitopes should be inserted in order to 
maximize antibody titers, but conclusions are not yet available (Huleatt et al., 2018). 

For example, optimal antibody titers were obtained by introducing a hemagglutinin 
(HA) epitope into the hypervariable region of flagellin (Song et al., 2009). To achieve the set 
goals, an approach was developed to bind agonists of the Toll-like receptor (TLR-5) flagellin 
to the self-sufficient protective subunit (globular head) of HA. The globular head domain 
includes most of the neutralizing epitopes of HA in the context of the flagellin fusion protein 
and stably refolds to precisely form these conformationally sensitive epitopes. It was found 
that the R3 vaccine (configuration – both ends of the globular head of HA are linked to 
flagellin) of several H5 subtype vaccines (based on the influenza virus A/Vietnam/1203/2004 
(VN04)), in which the D3 domain of the flagellar is replaced by the HA head, is the most 
effective in eliciting protective HAI titers and protecting mice from disease and death. 

However, in a study (Delaney et al., 2010), insertion of the L1R epitope into the 
hypervariable region not only does not cause the production of antibodies, but also, if used 
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specifically at the N-terminus of flagellin, can lead to the formation of antibodies capable of 
interacting with native L1R. 

Lin et al. (2016) showed that insertion of epitopes into the C-terminus of flagellin can 
induce signaling through NLRC4 and NAIP5, leading to CD8+ T cell responses against 
tumor cells. The demonstrated diversity of immune system responses experimentally 
confirms the versatility of flagellin as an adjuvant with different target orientations depending 
on the area of antigen administration. However, further fundamental and applied scientific 
research is required to reveal the full potential of flagellin. 

It should be noted that from a practical point of view, flagellin as an immunopotentiating 
agent has a number of safety advantages: only low doses are required to achieve 
effectiveness; no toxicity when administered intranasally in animal experiments. Thus, 
results have been obtained confirming the safety of using fused flagellin proteins as an 
adjuvant in vaccines against influenza A H1N1, since all existing systemic side effects in 
some research groups of people stabilize after 4 days of rest, and in others after taking non-
steroidal anti-inflammatory drugs (Treanor et al., 2010). 

Among the adjuvants of microbial origin, outer membrane vesicles (OMV) of gram-
negative bacteria, in particular E. coli, stand out due to their powerful inflammatory potential 
and ability to stimulate the innate immune response. The immune response induced by 
spherical nanometric vesicles (proteoliposomes) is provided by lipopolysaccharides (LPS), 
peptide glycans, phospholipids, proteins, DNA, RNA, as well as virulence factors such as 
exotoxins. 

The rationale for using bacterial membrane vesicles (BMVs) in vaccines is due to the 
presence of pathogen-associated molecular patterns (PAMPs) to induce strong immune 
responses, as well as the ability to present proteins of various sources ranging in size from 
50 to 200 nm for efficient processing and delivery of antigens (they can be easily captured 
by immune cells). There are already a number of experimental BMV-based vaccines against 
a wide range of pathogens (Krishnan et al., 2022). Thus, BMVs can accumulate and transport 
nutrients, virulence factors and toxins, while neutralizing antibacterial molecules produced 
by the host organism. BMVs express bacterial surface antigens, which can be an important 
vaccine target (Mehanny et al., 2022). 

Overall, bacterial vesicles have attracted increased attention as a powerful and versatile 
vaccine platform, as they are essentially immunostimulants capable of activating both innate 
and adaptive immune responses (CD4+ T-cell and B-cell responses) simultaneously. This 
mechanism is due to the recognition of LPS and other molecules on membranes by TLR 
molecules and the complement system, which leads to the recruitment of APC cells. 
Activated macrophages produce proinflammatory cytokines such as TNF-α and IL-6 and 
induce adaptive immune responses by enhancing the expression of the major 
histocompatibility complex class II (MHC-II) molecule HLADR, the costimulatory 
molecules CD80 and CD86, and intercellular adhesion molecules. Co-stimulation with 
molecules present in OMVs results in a more powerful response than that elicited by LPS 
alone. In this case, OMVs have the ability not only to induce the maturation of dendritic cells, 
which leads to enhanced capture of the antigen molecule and its presentation for the 
development of an adaptive immune response, but also to activate B cells to produce IgA, 
IgM, IgG and other antibodies (Zingl et al., 2020). 

The studies (Buschmann et al., 2021; Elsharkasy et al., 2020; Vader et al., 2016) 
confirm the ability of BMV to induce long-term humoral and cellular immune responses 
when used in vaccines. These properties may be explained by the high density of pathogen-
associated molecular patterns (PAMPs) on bacterial vesicles, which serve as potent immune 
stimulants. 
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Because BMVs carry a large number of antigens that can induce an immune response 
in vivo, a variety of BMVs including OMVs (outer membrane vesicles) and EVs 
(extracellular vesicles) are produced using wild-type or bioengineered bacteria (Treanor et 
al., 2010). Thus, a cloning system based on Escherichia coli and OMV derivatives fused with 
the outer membrane lipoprotein I (OprI) of Pseudomonas aeruginosa is currently in 
widespread use. This system has shown immunogenicity by stimulating dendritic 
cells/macrophages, demonstrating potential adjuvant properties. 

Later, Gan with co-authors (2021) proposed the use of bacterial membrane vesicles 
OMV produced by gram-negative bacteria Escherichia coli and EV obtained from gram-
positive bacteria (Enterococcus faecium, Streptococcus pneumoniae, Staphylococcus aureus, 
and Bacillus anthracis) as delivery systems for antigens in the fight against infections caused 
by bacterial pathogens. However, this use of OMVs and EVs as an adjuvant obtained using 
a bacterial producer also has its drawbacks. The problem is caused by the difficulty of 
maintaining the bacterial membrane due to the relative fragility of the structure, which can 
affect the uptake by antigen-presenting cells. Therefore, to solve this problem, it was 
proposed to coat MVs on nanoparticles to increase in vivo stability and circulation time (Gan 
et al., 2021).  

In study of Afrough et al. (2020), the authors developed a vaccine candidate based on 
the fusion of PorA from serogroups A and B (Neisseria meningitidis) in combination with 
OMV, testing it in laboratory animals and comparing the efficacy of OMV with commonly 
used Freund's adjuvant. The elicited immune response in mice was assessed by enzyme-
linked immunosorbent assay (ELISA) and serum bactericidal activity (SBA) assay. A 
significantly higher titer of bactericidal antibodies was observed in mice groups in response 
to injections with PorA+OMV compared to the groups receiving PorA+Freund's adjuvant. In 
this case, the recombinant PorA protein with OMV adjuvant additionally induces 
antibacterial antibody responses against capsular polysaccharides of serogroups A and B. 

There is currently insufficient data on the specific effects of BMV and OMV adjuvants 
present in a number of vaccines against bacterial pathogens on the human immune system. 
The only licensed and widely used multicomponent meningococcal vaccine against Neisseria 
meningitidis is 4CMenB (“Bexsero”) with OMV adjuvant in its composition (Masforrol et 
al., 2017).  

Studies in recent years have shown the protective ability of the meningococcal vaccine 
containing OMVs against Neisseria gonorrhoeae, causative agent of gonorrhea, species close 
related to Neisseria meningitidis, a Gram-negative bacterium that can cause meningitis 
(Semchenko et al., 2019). Using enzyme immunoassay, it was shown that, as response to 
Bexsero (with OMV adjuvant) vaccination, human anti-gonococcal NHBA antibodies were 
generated providing additional cross-protection against gonorrhoea (Semchenko et al., 2019). 

The potential impact of the outer membrane vesicle (OMV) meningococcal B vaccine, 
MeNZB, on specific immunogenicity and cross-protection against gonorrhoea were 
confirmed in study of Petousis-Harris et al. (2019). 

Newly developed vaccines with OMV adjuvant in their composition have already begun 
to move to the clinical trial stage due to their preliminary demonstrated safety and efficacy.  
Thus, vaccines against allergens and shigellosis (the causative agent is Shigella flexneri) are 
in phase I clinical trials, and vaccines against influenza are in phase II. When administered 
intranasally, these immunobiological preparations induced the production of antibodies with 
very minor side effects, which emphasizes the potential of OMVs as immunopotentiating 
agents (Daleke-Schermerhorn et al., 2014; Martiñón et al., 2019). 

However, the use of OMVs as adjuvants poses several additional challenges regarding 
their mass production, as OMV production is a complex procedure due to the need to control 
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the endotoxin content, which may be responsible for stimulating excessive inflammation. In 
particular, the lipopolysaccharide (LPS) dose needs to be carefully controlled, as OMVs with 
low LPS are less effective adjuvants, while excessive amounts of LPS may cause toxic effects 
(Martiñón et al., 2019). 

Bacterial LPS and TLR4 ligands in vaccines are able to induce an immune response in 
the form of persistent epigenetic modification in bone marrow and myeloid progenitor cells 
with an increase in myeloid enhancers. This result is explained by the recognition of the 
TLR4 receptor by lipopolysaccharides and its transmission of immunological signals through 
the MyD88- and TRIF-dependent pathway (de Laval et al., 2020). 

LPS-mediated resistance to infections is induced by increased leukocyte recruitment 
and attenuation of inflammatory processes. The manifestation of a stable immune response 
to bacterial antigens in the test mice after their vaccination using LPS is also shown (Rusek 
et al., 2018). It was found that transplanted hematopoietic stem and progenitor cells (HSPCs) 
from the bone marrow of LPS-exposed mice exhibit the ability to protect recipient mice from 
infectious diseases caused by Pseudomonas aeruginosa, demonstrating a reduced bacterial 
load in the spleen and liver (de Laval et al., 2020). However, despite existing studies on the 
immunostimulatory effects of LPS as an adjuvant, its use in clinical practice remains limited 
due to potential toxicity in humans (Hernandez et al., 2019). 

 
Toll-like receptors as new generation adjuvants 
 
According to previously established scientific ideas, immunological memory is a 

limited antigen-specific memory and is exclusively a privilege of the adaptive immune 
system, due to the work of lymphocytes. However, the description of specific memory in 
invertebrates, the system of acquired resistance in plants, antigen-specific memory in natural 
killer (NK) cells, as well as heterologous protection (provided by vaccines against smallpox, 
measles, and BCG) are evidence of the existence of an innate form of immune memory 
(Sánchez-Ramón et al., 2018). 

Now, to reflect the possibility of the innate link of immunity to "remember"/adapter the 
first contact with a pathogen in order to create a robust immune response upon repeated 
exposure to a similar or dissimilar microbial stimulus, the term “trained immunity” has been 
proposed. It is noted that the molecular mechanisms that can form the basis of trained 
immunity include epigenetic, mechanical and functional reprogramming of progenitor cells 
of the myeloid line of hematopoiesis and the cell line of the innate link of immunity (Palgen 
et al., 2021). 

According to evidence (Pulendran et al., 2021), the main functional task of adjuvants 
and their systems was previously attributed to enhancing the immunogenicity of vaccines by 
specifically targeting cells of the innate immune system. However, currently a number of 
other scientific works (Biering-Sørensen et al., 2017; Bruxvoort et al., 2022; Walk et al., 
2019) show results indicating the actual possibility of pre-training the innate immune system, 
which can provide heterologous protection against secondary infection. 

In addition, the ability of some immunopotentiating agents to induce persistent 
epigenetic reprogramming of the innate immune system in order to create improved 
resistance against pathogens is also emphasized. Such apotheosis testifies to the promising 
development of epigenetic adjuvants for the creation of new generation vaccine preparations. 

Thus, it was confirmed the possibility of using transmembrane receptors of innate 
immunity (TLR) to provide longer-term protection against the next infectious agents due to 
the strengthening of innate immunity (Mifsud et al., 2014). At the same time, the FDA (Food 
and Drug Administration) in the USA has already approved several agonists of Toll-like 
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receptors for use as part of immunobiological drugs and recognized them as safe on a global 
scale. 

Confirmation of heterologous protection (antigen-specific way) against a number of 
unrelated infectious agents is the results of epidemiological studies of immunization with 
measles vaccines (Aaby et al., 2010), BCG and OPG (Biering-Sørensen et al., 2017). The 
validity of these claims as a preventive measure against the disease of COVID-19 is described 
in the work (Bruxvoort et al., 2022), but is currently still at the stage of clinical trials. 

Recent studies using Toll-like receptor (TLR) ligands have shown that antigens 
associated with their ligands can produce extremely high levels of antibodies and a rapid 
immune response. From the point of view of influencing the immune system cells, epigenetic 
adjuvants are able not only to stimulate persistent T- and B-cell responses, but also to provide 
additional protection against a wide range of pathogens by training innate immunity, which 
until recently was considered impossible. Therefore, when choosing an immunopotentiating 
agent for the creation of new vaccines, it is most appropriate to take into account its agonistic 
properties of Toll-like receptors and prospects for pharmaceutical use. 

For example, it was proposed a description of the concept of "learned" (trained) 
immunity, in terms of which the probability of acquiring new properties by the cells of the 
innate immunity increases due to metabolism and epigenetic reprogramming (Wimmers et 
al., 2021). Evidence for this description is provided in the paper (Lee et al., 2022), which 
confirms the ability of selected vaccine adjuvants to induce epigenetic imprinting of innate 
immune cells and, as a result, to obtain a long-lasting state of antiviral protection of 
vaccinated individuals against a wide range of other pathogens. Currently, any precise 
parameters, basic mechanisms of the innate reprogramming process and its impact on 
protection against a wide range of pathogens remain poorly understood. In this regard, the 
issue of a more in-depth study of the influence of previous vaccination on the secondary 
immune response during revaccination in the context of adjuvants is relevant. 

The publication (Ciarlo et al., 2020) reports on the analysis of the effect of trained 
immunity against a wide range of bacterial infections caused by Listeria monocytogenes, 
Escherichia coli, Staphylococcus aureus, Citrobacter rodentium and Pseudomonas 
aeruginosa. Trained immunity in laboratory mice was obtained by intraperitoneal injection 
of 1 mg of adjuvant - zymosan (a yeast cell wall preparation rich in β-glucans) 3 and 7 days 
before infection. The degree of activity of trained immunity was determined by the number 
of monocytes formed in the bone marrow, cytokine production (enzyme immunoassay), 
bactericidal blood analysis, and chromatin immunoprecipitation. Mice with pre-trained 
immunity showed an increase in the number of cytokines, leukocytes and phagocytes in blood 
samples, a decrease in the severity of diseases and better survival rates, combined with an 
overall decrease in bacterial load. A group of mice with "trained immunity" survived after 
infection with Listeria monocytogenes, the causative agent of listeriosis, while the entire 
control group died within 5 days after infection. The bacterial pathogen was not detected in 
the blood of "trained mice" on the 2nd and 3rd days after infection, while up to 105 colony-
forming units (CFU)/ml was determined in the blood circulation of the control group. 
Immunological protection of mice with "trained immunity" is due to increased production of 
cytokines (IL-1β) in combination with stimulation of myelopoiesis in the bone marrow. 

The possibility of inducing trained immunity due to the simultaneous use of bacterial 
LPS and fungal β-glucan was shown (Owen et al., 2021). This confirms the potential of 
epigenetic adjuvants to influence the innate immune system. 

From a chemical point of view, β-glucans, as carbohydrate polymers, are characterized 
by various structural variations, conformations, and physicochemical parameters that directly 
affect their physiological functions. Variations in the structure of β-glucan directly depend 
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on the source of the polymer (fungi, yeast, bacteria, plant, and grain crops), as well as on the 
type of glycosidic bond, the degree of its branching and polymerization (Wang et al., 2017). 

Carbohydrate polymers of the β-glucan type were studied as auxiliary substances in the 
composition of anti-infective vaccines and immunomodulators in anti-cancer therapy. First, 
this interest is due to the possibility of regulating the immune response due to the stimulation 
of the innate and adaptive links of immunity, as well as the possibility of increasing the 
immunogenicity of vaccines (Colaço et al., 2023). 

The effectiveness of β-glucans as epigenetic adjuvants is due to the presence of a PAMP 
structure (β-linked pathways) that can be recognized by PRRs – Dectin-1 and CR3. The 
mechanism of immunostimulating effect of polysaccharide (β-1,3/1,6 glucan) can be 
explained by its pronounced selectivity in relation to specific receptors on the surface of 
macrophages (Dectin-1, Complement 3, Lactosylceramide, etc.), which can bind only to 
unbranched section of the β-glucan molecule. The activation of macrophages caused by this 
leads to the implementation of a number of processes of immune protection of the body - 
activation of the phagocytic functions of macrophages, increased induction and release of 
cytokines, epidermal cell growth factors, and angiogenesis (De Marco Castro et al., 2021). 

β-glucan-activated macrophages and monocytes induce a metabolic shift via the Dectin-
1 receptor toward aerobic glycolysis. Such changes in cellular metabolism from oxidative 
phosphorylation to aerobic glycolysis (the «Warburg effect») are crucial for the induction of 
β-glucan-induced trained immunity. β-glucan training of monocytes induces a resetting of 
cellular metabolism that modulates epigenetic programming of metabolic genes (Elder et al., 
2017). According to (Dos Santos et al., 2019; Novakovic et al., 2016), the ability of β-glucan 
to affect "trained immunity" is associated with metabolic rearrangement, induction of 
transcription factors associated with aerobic glycolysis, and activation of the cholesterol 
synthesis pathway. 

The adjuvant properties of β-1,3-D-glucans isolated from yeast and fungi in 
experiments on laboratory rats were demonstrated in (Han et al., 2020). It is noted that the 
polysaccharide from the walls of Saccharomyces cerevisiae increases the production of TNF-
α in alveolar macrophages, increases the oxidative burst of leukocytes, and increases their 
antimicrobial activity. 

Simultaneous application of a mixture of β-glucan and LPS activates the induction of 
myeloid reprogramming at the level of progenitor cells was shown (Mitroulis et al., 2018; 
Saeed et al., 2014). β-Glucan (as a component of the cell wall of fungi) binds Dectin-1 and 
the membrane protein CLEC7A with further modulation of this myelopoiesis in mouse bone 
marrow at the level of hematopoietic stem cells and progenitor cells, which persists up to 28 
days after immunization. 

Currently, the use of yeast β-glucan as a platform for antigen delivery targeting TLRs 
of antigen-presenting cells is promising. In the work (De Smet et al., 2014), such a platform 
is highly purified empty and porous shells of S. cerevisiae cell walls obtained by stepwise 
extraction with alkaline and acid solvents. It is characterized by β-1,3-linked glucopyranosyl 
residues, a smaller number of β-1,6-linked branches, which after alkaline and acid treatments 
consist mainly of β-1,3-glucan (> 85%), chitin/ chitosan (2%) and are free of proteins, lipids 
(1%) and mannans. If the antigen enters with a delivery platform made of β-glucan, the 
interaction of immune cell receptors with membrane receptors Dectin-1 and CR3 is noted. 
Binding of β-glucan to Dectin-1 on macrophages and dendritic cells induces their activation, 
maturation, and increases the production of proinflammatory cytokines such as TNF-α, IL-
6, IL-2, IL-10, and IL-23. The delivery platform additionally stimulates dendritic cells to 
produce cytokines IFN-γ and IL-17 (observed when interacting with TLR receptors) 
(Mentrup et al., 2022). 
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Yeast β-glucan antigen delivery platforms have been used in (Huang et al., 2012; 
Hurtgen et al., 2012; Soto et al., 2012) for oral and parenteral targeted delivery 
(peptide/protein antigens, siRNA/DNA, and nanoparticles) in studies on laboratory animals. 
Positive results from the use of such yeast cell wall particles for the delivery of pathogenic 
DNA are described in the work (Mirza et al., 2017). The authors designed a delivery system 
using electrostatic interactions and presented an encapsulation strategy that provides high 
capacity and delivery of nucleic acids in combination with the oral bioavailability of β-glucan 
pures with their inherent ability to affect APC cells. The disadvantage of this technology is 
cytotoxicity caused by a high concentration of polymers. 

The solution to the above-mentioned problem is described in the work (Hwang et al., 
2018) and is carried out due to alternating stages of hydration and lyophilization in the 
process of loading antigenic material into the middle of β-glucan shells. Using this approach, 
the delivery technology platform has been extended to enable multi-complex co-delivery of 
TLR adjuvants and/or siRNA (in separate layers around the antigen core) to improve vaccine 
efficacy and safety (Soto et al., 2023). 

The principles described by Soto were used in the study by De Smet et al. (2013) to 
produce β-glucan particles (GP) for oral immunization with GP-OVA to further evaluate the 
biocompatibility and efficacy of this model. Studies of the interaction between GP-OVA and 
intestinal epithelial cells were carried out "in vitro" and "in vivo". It was established that oral 
immunization with GP-OVA causes persistent humoral responses in the epithelial cells of 
the small intestine (mucosal IgA and serum IgG responses), as well as the release of cytokines 
and chemokines due to close contact with the mucosal surface. 

The above-described immunostimulatory effects from oral immunization with antigens 
in combination with β-glucan particles (antigen delivery platform) to promote an enhanced 
adaptive immune response are reported in (Berner et al., 2018; De Smet et al., 2023). 
Proliferation, differentiation, and activation of APC cells Th1 and Th17 were noted after 
sensitization of mice for 3 days (De Smet et al., 2023). Sensitization was carried out with 100 
μg/300 μg of OVA-containing compositions with stimulation on the 14th and 28th day. Such 
oral administration of GP-OVA in mice promoted the generation of cellular and humoral 
immune responses and additionally activated an increase in the amount of IgA and the 
secretory component in the intestine. The above research results are in good agreement with 
the work of Huang and colleagues (Huang et al., 2013), where invasive subcutaneous 
administration of the GP composition led to the stimulation of antigen-specific antibodies 
and T-lymphocytes as a response, as well as the production of cytokines - IFN-γ and IL17a 
by CD4+ Th1 and Th17 cells. 

The use of β-glucans in the form of microparticles for stimulating the innate link of 
immunity remains a relevant issue for the world scientific community. For example, the work 
(Berner et al., 2005) describes in-depth "in vitro" studies of the natural immunostimulating 
activity of yeast β-glucans obtained from S. cerevisiae in soluble form and as microparticles. 
Laboratory mice were vaccinated with 1 mg/kg preparation of β-glucan microparticles. As a 
result, increased expression of costimulatory molecules B7.1 and B7.2 (required as a 
concomitant signal during T-cell activation and proliferation) and increased phagocytic 
activity of macrophages were observed in mice. In addition, a rapid phagocytic reaction of 
macrophages with subsequent induction of pro-inflammatory cytokines TNF-α, IL-6 and IL-
1β was noted; this response was additionally enhanced because of IFN-γ priming. 

According to research (Yu et al., 2015), yeast β-glucan can induce the recruitment of 
macrophages, effector T cells, and DCs to the liver with additional enhancement of the Th1 
immune response, which promotes the removal of viral DNA from it. 
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In global practice, the potential of β-glucan is also used in anticancer therapy. Solid β-
glucan particles have proven to be physiologically active molecules in the microenvironment 
of tumors due to the stimulation of immunosuppressive macrophages classically activated 
through Dectin-1 (Liu et al., 2015). The immunostimulating effect of β-glucan with potential 
anticancer activity in lung cancer (Peymaeei et al., 2020), cervix (Chaichian et al., 2020), and 
ovarian cancer (Sadoughi et al., 2022) is currently noted. According to the study of Sadoughi 
et al. (2022), the positive effect of the polysaccharide is due to its binding to the CR3 receptor 
and cytotoxic degranulation of tumor cells (coated with iC3b). Due to these properties, the 
use of β-glucans in anticancer therapy is a topical topic presented in a number of studies in 
recent years (Caseiro et al., 2022; Geller et al., 2019; Sadoughi et al., 2022). 

 
Adjuvant properties of β-glucans: immunological features in the 

composition of vaccine preparations 
 
 Immunostimulating properties of β-glucan and its chains for the delivery of vaccine 

antigen in oral immunization were confirmed in (Berner et al., 2015; Cheng et al., 2014; De 
Smet et al., 2013; 2014). The main functional features of β-glucans discussed are pattern 
receptor (PRR) recognition by immunocompetent cells and moderate enhancement of 
immunostimulatory properties without causing their excessive activity, which may cause 
undesirable consequences in the form of autoimmune diseases (Miyamoto et al., 2018).  

β-glucan-induced changes in cellular metabolism lead to the induction of "trained 
immunity" in monocytes with profound changes in their metabolic processes. The three 
metabolic pathways involved in trained immunity are glycolysis, glutaminolysis, and 
cholesterol synthesis, which are associated with β-glucan H3K4me3 enrichment (required for 
the formation of trained immunity). There is already evidence of the principle of metabolic-
epigenomic circuits in innate immune memory, demonstrating the essential role of fumarate 
in modulating HIF1α degradation, histone methylation and acetylation; taking into account 
the work of metabolic-epigenomic chains is important if β-glucans are used in the 
composition of the latest vaccines (Cheng et al., 2014). 

Confirmation of the above-mentioned potential of the polysaccharide is described and 
is explained by the binding and stimulating properties of receptors in relation to APC in the 
form of a receptor-targeted antigen delivery system (Baert et al., 2015). This delivery system 
may be promising in the development of the latest vaccines. 

The immunostimulating effects of separately prepared β-glucan-CpG complexes with 
protein antigens was investigated (Kobiyama et al., 2016; Miyamoto et al., 2018; Mochizuki 
et al., 2015). It was found that the proposed complexes contribute to the release of cytokines 
and the induction of a powerful cytotoxic T-lymphocyte response, because of which the 
antigen is released. It is worth noting that the tested drug in these studies overcame unwanted 
aggregation and initiated stronger antigen-specific reactions with the participation of CD8+ 
T-cell responses. 

The results presented above testify to the potential of β-glucan, both independently and 
in combination, to manifest adjuvant properties in the composition of immunobiological 
drugs. Adjuvant properties of β-glucan in DNA vaccines are described by Wang et al. (2020). 
Such vaccine preparations are able to induce a CD8+ T-cell-specific immune response. 
Synthetic β-1,6- and β-1,3-glucohexaose administered together with HBcAg DNA (pB144) 
promotes the recruitment and maturation of dendritic cells along with enhancement of virus-
specific lymphocyte cytotoxicity and antibody response. 

The results of using β-glucan particles (GP) from yeast S. cerevisiae, which are purified 
cell walls mainly with β1,3D-glucans for OVA encapsulation, are described in the work 
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(Huang et al., 2010). The developed platform is made using a series of alkaline and acid 
extraction steps, combining the function of antigen delivery and adjuvant action. Mice were 
immunized 3 times with an interval of 3 weeks using 100 μl of sterile PBS (control) and 50 
μg of OVA complexed with 5 × 10 7 GPs (GP-OVA) by subcutaneous injection above the 
abdomen. It was noted that GP-loaded OVA is able to stimulate sustained humoral and T-
cell responses, whereby the cellular response is driven by Th1 and Th17. In addition, strong 
antibody reactions were observed, with the titer of antibodies increasing with each 
subsequent stimulation. 

In the formulations of many immunobiological drugs, polysaccharide β-glucan from 
various sources of origin has already demonstrated significant adjuvant activity in 
experimental studies on animal models (Table 2). 

As can be seen from Table 2, the polysaccharide β-glucan is a candidate for the status 
of a new type of immune adjuvant for the latest vaccines against diseases caused by infectious 
agents of both bacterial and viral nature, due to a wide range of potentiation of immune 
responses regardless of the form of administration. One of the most recent successful 
integration of polysaccharides into vaccine preparations is the attempt to use their adjuvant 
properties in influenza (H5N1) vaccines with sulfated (degree of sulfation 0.16) yeast (S. 
cerevisiae) β-glucan (GSC in its composition) (Wang et al., 2016). It has been shown that 
GSCs are able to significantly promote lymphocyte proliferation independently or 
synergistically with Con A and LPS, increase the ratio of CD4 + /CD8 + due to an increase 
in the percentage of T cells, and also stimulate cells to secrete cytokines (INF-γ, IL-2). These 
results support the adjuvant effect of sulfated glucan as an effective immune adjuvant for 
inactivated influenza (H5N1) vaccines.  

Successful attempts to use sulfated yeast β-glucans from S. cerevisiae (GSC) are 
presented in (Wang et al., 2024), where GSCs were used to enhance the immunogenicity of 
Newcastle disease vaccines. The aim of the work was to study the effect of GSC on the 
proliferation of chicken spleen lymphocytes "in vitro". During the study, 7, 14, 21, 28, 35, 
42 days after the first vaccination of chickens, the titer of antibodies in the blood serum, the 
amount of produced interleukins (IL-2), interferons (IFN-γ), and the proliferation of 
lymphocytes were measured. 

A significant increase in the immune efficiency of the vaccine due to GSC is noted 
because of the increase in the titer of antibodies in chickens, the proliferation of lymphocytes, 
as well as an increase in the amount of IL-2 and IFN-γ in blood serum. 

The status of β-glucan, as a new type of immune adjuvant, is confirmed by Berner et 
al. (2015), who studied the use of an immunobiological preparation with microparticles of β-
glucan (MG) conjugated with a vaccine antigen. In experiments, bone marrow dendritic cells 
(BMDC) were treated with OVA-conjugated MG. and then interacted with splenocytes from 
DO11.10 transgenic mice expressing the OVA peptide-specific T-cell receptor. BMDCs 
treated with MG:OVA were found to induce significantly more activated (CD25+ CD69+) 
OVA-specific CD4+ T cells than BMDCs treated with OVA alone. However, BMDC treated 
with MG: OVA increased the expression of CD86 and CD40. Such obtained "in vitro" results 
once again demonstrate the adjuvant capabilities of MG in matters of enhancing DC antigen 
presentation to naïve antigen-specific lymphocytes (CD4, CD8). 
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     Table 2 
Action of β-glucans when used as adjuvants vaccines 

 
Object 
of study  

β-glucan (source Antigens Effect Reference 
form of administration 

Mice  β-glucan (barley); 
subcutaneous 

Meningococcal 
group Y, 
subcutaneous  

Increase in specific 
CPS titer of IgG and 
IgG1 

Qiao et al., 
2015 

Dogs  β-1,3/1,6-glucan 
(yeasts S. 
cerevisiae), oral 

Bivalent vaccine 
containing 
inactivated cells 
Bordetella 
bronchiseptica and 
parainfluenza virus 
type 2, 
subcutaneous 

Increased production of 
serum 
immunoglobulins IgA, 
IgM.  
IgG level remains 
unchanged  

Stuyven et 
al., 2010 

Mice β-1,6-branched β-
1,3-glucohexaose 
(synthetic), 
intraperitoneal 

HBcAg DNA 
(pB144), 
intramuscular 

Increase in the number 
of recruited and 
maturing dendritic 
cells, virus-specific 
CTL antibodies. 
Strengthening of the 
Th2 immune response. 

Wang et 
al., 2020 

Mice β-1,6-branched β-
1,3-glucohexaose 
(synthetic), 
intraabdominal 

HBsAg,  
intraabdominal 

Increase in the number 
of recruited and 
maturing macrophages, 
dendritic cells; 
production of specific 
antibodies. 
Strengthening of the 
Th2 immune response. 

Dong et 
al., 2007 

Mice β-1,3-glucan 
hexasaccharide 
(synthetic), 
intraperitoneal 

Inactivated 
(detoxified) 
diphtheria toxin, 
intradermal 

Increase in the titer of 
antigen-specific 
antibodies 

Donadei et 
al., 2017 

Chickens Sulphated β-1,3-
glucan (Lentinus 
edodes), 
intraperitoneal 

Newcastle disease 
vaccine, 
intramuscular 

Higher antibody titer 
and lower mortality 
than non-sulfated and 
non-adjuvanted 

Guo et al., 
2009 

Mice β-glucan 
microparticles 
(Saccharomyces 
cerevisiae), oral 

Bovine serum 
albumin, oral 

Increased antibody 
response to vaccine 
antigens. Activation of 
antigen-presenting cells 

Berner et 
al., 2018 

Chickens Sulphated β-1,3–
1,6-glucan, 
intraperitoneal 

Newcastle disease 
vaccine,  
intramuscular 

Increased serum 
antibody titer. Serum 
IL-2 and IFN-γ 
concentration 

Wang et 
al., 2014 

Ducks 
and 
chickens 

β-glucan 
(Aureobasidium 
pullulans), oral 

H5N1 and H5N2 
influenza vaccine, 
subcutaneous 

Increase in the titer of 
antigen-specific 
antibodies 

Le et al., 
2021 
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The argument for the feasibility of using yeast β-glucans as a "pathogen-like" adjuvant 
for hepatitis B antigen is given in study (Soares et al., 2018). It was proposed the use of 
chitosan biopolymers in combination with β-glucan and additional surface localization of its 
particles to imitate the cell wall of some pathogens. This combination will stimulate immune 
cells expressing the Dectin-1 receptor. β-glucan particles (ChiGluPs) were obtained using the 
method of chitosan precipitation in an alkaline solution followed by genipin cross-linking. 
This optimized method made it possible to create particles with an average diameter of 837 
nm for ChiP and 1274 nm for ChiGluP. 

The obtained particles demonstrated sufficiently high efficiency of antigen loading in 
combination with low cytotoxicity. Blood analysis of pre-vaccinated mice confirms that 
ChiPs and ChiGluPs exert an adjuvant effect on hepatitis B surface antigen (HBsAg): 
ChiGluPs induces a 16-fold higher increase in serum anti-HBsAg class G immunoglobulins 
than ChIPs when 1.5 μg HBsAg is administered per dose. In addition, an increase for 
induction of IgG1 (by 5 times) and IgG3 (by 4 times) with the use of ChiGluP as opposed to 
the use of ChIP is noted. 

The above results from the use of β-glucan (from Pleurotus ostreatus) in the 
composition of the latest vaccines rationalize the possibility of their recommendation for use 
as a prophylaxis for competitive infections. This is especially true in conditions of primary 
and secondary immunodeficiency of various etiologies, as well as allergic diseases such as 
allergic rhinitis, bronchial asthma, and atopic eczema (Urbancikova et al., 2020). 

However, in contrast to a number of studies on the positive immunological effect of β-
glucan, the mechanisms of its adjuvant properties require additional research. Although the 
adjuvantity of β-glucans is now generally accepted, there are studies reporting opposite 
results and conclusions (Pence et al., 2022). For example, the absence of an immunological 
stimulus was noted with oral administration of β-1,3/1,6 glucan in relation to an increase in 
the production of antigen-specific antibodies to fibroblast antigen F4 in experiments on pigs 
(Kobiyama et al., 2016). 

An identical situation was reproduced in analyzes of a group of male volunteers under 
the condition of oral administration of β-glucan, which also did not lead to the induction of 
cytokines and microbial activity of leukocytes (Leentjens et al., 2014). 

Taking into account the lack of unified data on the adjuvant properties of β-glucan, the 
questions of a more detailed examination of the immunostimulating effects of the 
polysaccharide and the mechanism of interaction with the receptors of immune cells (DC, 
macrophages and granulocytes) remain important. 

 
β-glucan and biotechnological methods for its production 
 
The production of β-glucan for further use as an immunostimulant in immunobiological 

preparations is the subject of modern research. β-glucan is a non-starch soluble 
polysaccharide  presented in the cell walls of cereals, yeasts, bacteria, and algae. β-D glucose 
units in glucan are linked by glycosidic bonds at (1,3), (1,4) or (1,6) positions, and they can 
be linear or branched. The sources of β-glucan are represented by cereal (mainly oats and 
barley), and non-cereal (fungi, algae, and yeast) groups (Hu et al., 2020; Murphy et al., 2020). 
β-glucans from cereal or grains have β-(1,3) and β-(1,4) glycosidic linkages between glucose 
units, while β-(1,3) and (1,6) are characteristics of non-cereal β-glucans (Figure 2).  
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Figure 2. Structure of cereal β-glucans (1,3 1,4) and non-cereal β-glucans (1,3 1,6)  

(Adopted from Murphy et al., 2020) 
 
 

β-glucan present in bacteria and algae is characterized by a linear structure, while β-
glucan obtained from yeast, fungi, oats, and barley has a branched structure (Mudgil, 2017). 
The most biologically active form of β-glucans, known for their ability to optimise immune 
response, is β-1,3/1,6-glucan, having β(1-3) bonds between D-glucose units in the main 
chains and β(1-6) bonds in the side branches (De Marco Castro et al., 2021). Some 
prokaryotic (bacteria) and eukaryotic (yeasts, fungi, and algae) organisms proposed to be 
used for β-glucans production are shown in Table 3. 

Table 3 
Prokaryotic and eukaryotic organisms proposed to be used for β-glucans production 

 
Glucan  Producer   Reference 

β-1,3/1,6- glucan 
(branch-on-branch β-D-
glucans structure) 

Yeasts Saccharomyces cerevisiae; 
Candida albicans; Candia utilis  

Philippini et 
al., 2012 

 β-1,3/1,6-glucan (highly 
branched) (extracellarly) 

Yeast-like fungus Aureobasidium 
pullulans  

Moriya et al., 
2013 

β-1,3/1,6-D-glucan (linear 
with 1,4-linked side branches) 

Pleurotus ostreatus (white-rot fungus)  Dobsikova 
et al.,  2012 

β-1,3/1,6- glucan 
(linear with 1,6-linked β-
glycoside side branches) 

Algae Laminaria sp, Eisenia bicyclis; 
fungi Schizophyllum commune, 
Aureobasidium pullulas, Grifola frondosa, 
Lentinula edodes  

 Qu et al., 
2021; Suzuki 
et al., 2021     

β-1,3- glucan 
(linear and unbranched) 

Bacteria Alcaligenes faecalis; algae  
Euglena gracilis; fungus Poria cocos 

Suzuki et al., 
2021 
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The attention is focused mostly on the following producers of β-1,3/1,6 glucans: yeasts 
Saccharomyces cerevisiae (Kim and Yun, 2006; Zhang et al., 2019), Aureobasidium 
pullulans (Chen et al., 2021; Moriya et al., 2013), actinomycetes Streptomyces violaceus and  
S. lucensis (Wu et al., 2018), microalgae (Euglena gracilis) (Qu et al., 2021), and 
Basidiomycetes fungi Grifola frondosa (hen-of-the-woods) and Lentinula edodes (shiitake) 
(Stabnikova et al., 2024). 

One of the promising glucan producers is the mushroom Grifola frondosa, a 
Basidiomycete fungus, growing at the base of oaks or maples in Asia, Europe, and North 
America (Yang et al., 2023). This mushroom synthesizes a soluble homogeneous β-glucan 
with a β-D-(1-3)-linked glucan backbone with a single β-D-(1-6)-linked glucopyranosyl 
residue branched at C-6 on every third residue (Cui et al., 2020). The content of β-glucan in 
G. frondosa varied from 6.52% DM (Rodríguez-Seoane et al., 2018) to 25.99% DM (Sari et 
al., 2017).  

 Another suitable producer of β-glucan is the yeast Saccharomyces cerevisiae, which 
synthesizes linear β-1,3-glucan with a small amount of β-1,6-linked branches that 
accumulates in the cell walls (Kim and Yun, 2006). However, it should be noted that, 
according to the results of Boutros et al. (2022), the structure of glucan obtained from the 
yeast biomass of S. cerevisiae is influenced by both the yeast strain and the method used for 
its isolation and purification, so there may be slight chemical deviations in the structure of 
the final products.  Cell wall accounts for up to 30% of the cell dry weight and is composed 
up to 55–65% β-glucan. The highest β-glucan content in cell wall among 10 S. cerevisiae 
strains cultuvated in a nutrient medium with glucose as a carbon source was 41.69% 
(Pengkumsri et al., 2022). 0.13 g of β-glucan per g of dried biomass was obtain during fed-
batch cultivation of S. cerevisiae in medium with glucose as substrate for yeast growth (Kim 
and Yun, 2006).  

The biological activity of β-glucan (immunostimulating, antitumor and antibacterial) is 
manifested only under the condition of increasing the degree of its solubility. At the same 
time, "soluble β-glucan" (molecular weight 130 kDa) refers to its water-soluble fragments 
(obtained by partial fragmentation of molecules) and various derivatives of the composition. 
In this regard, methods of obtaining polysaccharides with an increased degree of solubility 
using biotechnological modification are relevant (Kaur et al., 2019). 

The influence of cultivation conditions and isolation methods on the yield of 
polysaccharides has been described in a number of studies, which demonstrate the possibility 
of significantly increasing the amount of β-glucan synthesized (Amer et al., 2021; Bzducha-
Wróbel et al., 2020; Fu et al, 2022; Khadam et al., 2023; Utama et al., 2021; Zhang et al., 
2019). During the cultivation of the yeast S. cerevisiae, it was found that the content of 
soluble polysaccharide and resistance to β-glucanase are higher in the early stationary phase 
of growth (Avramia et al., 2021). Under the condition of continuous cultivation, the content 
of soluble β-glucan and resistance to the action of the enzyme were higher. 

To evaluate the immunomodulatory effect "in vivo" of β-glucan from yeast S. 
cerevisiae, laboratory mice were given 50, 100, 150 mg of dried β-glucan per kilogram of 
body weight (Pengkumsri et al., 2016). It was found that even a small dose of β-glucan 
induces the expression of selected pro-inflammatory (IL-17, IFN-γ) and significantly anti-
inflammatory cytokines (IL-10); a relatively high dose is required to alter IL-6 and TGF-β 
expression. In general, the research data demonstrate that β-glucan extracted from S. 
cerevisiae HII31 cells can change the expression of pro-inflammatory and anti-inflammatory 
cytokines.  

Taking into account all the above, the most important producers of β-glucan yeasts 
Saccharomyces cerevisiae and the mushroom Grifola frondosa can be considered. 
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Immunological response and possible effects of adjuvants of microbial origin is shown 
inTable 4. 

                                                                                               
 Table 4 

Immunological response and possible effects of microbial adjuvants 
 

Immunological response Possible effects Reference 
Adjuvants of microbial origin 

β-glucan; Activation pathway: Metabolic reprogramming and epigenetic 
modifications, Dectin-1, TLR 2,4,5 

Induces trimethylated histone H3 at Lys4 
(H3K4me3) and H3 acetylated at Lys27 
(H3K27ac) in monocytes and macrophages. 
Using the Dectin-1 receptor activates the PI3K 
(phosphoinositol-3-kinase)/AKT/ mTOR 
(mammalian target of rapamycin)/HIF-1α 
(hypoxia-inducible factor-1α) pathway and as a 
result of an activation, a metabolic shift towards 
aerobic glycolysis is induced enhancing 
glutaminolysis, which replenishes the 
tricarboxylic acid cycle, activates the cholesterol 
synthesis pathway and blocks the itaconate 
pathway.  Formed and accumulated metabolites 
(fumarate, succinate, mevalonate) act as 
cofactors of epigenetic modifiers and enhancers 
of trained immunity. Induces the production of 
1β [IL-1β], IL-32y, interleukin 6 [IL-6]); TNF; 
increases the total titer of serum 
immunoglobulins IgA, IgM, and IgG. 

Epigenetic action 
and metabolic 
reprogramming of 
cells; no side 
effects 
 
 

Kumar et al., 
2019; Shah et 
al., 2009 

OMV (Outer membrane vesicles); Activation pathway: TLR4 
Increases antigen absorption and induces the 
expression of cell surface molecules, receptors 
and costimulatory molecules, which leads to 
increased production of T cells; stimulates the 
production of T-helpers (Th1 and Th2), as well 
as cellular and humoral immunity. Activates 
embryonic kidney cells through the TLR-2/TLR-
1 complex, increasing the titer of IgG. 

Technological 
difficulty of 
obtaining; 
provocation of 
inflammatory 
processes; 
endotoxicity 

Tan et al., 
2018 

 
 

In summary, the ideal adjuvant should be safe, stable and not cause unwanted side 
effects. Its production must be simple, cost-effective and compatible with all components of 
the vaccine. However, the toxicity of traditional adjuvants remains a key limiting factor for 
the development of new and improvement of existing immunobiological drugs. Thus, the 
long-term strategy for choosing of adjuvants is to select the optimal platform and identify 
key targets of innate immunity that ensure the generation of potent yet safe immune responses 
according to the nature of the pathogen targeted by the vaccine (Belemets et al., 2024). 
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According to the data given in Table 4, OMV adjuvants in combination with some TLR 
agonists can cause uncontrolled immune reactions in the type of excessive inflammation 
factor in addition to the possible provocation of inflammatory processes due to the presence 
of a significant amount of endotoxins in the composition of OMV. Accordingly, there is a 
need to rationalize their design to elicit an optimal immune response (Tan et al., 2018; Van 
Der Pol et al., 2015). 

The disadvantages of using LPS as an immunopotentiating agent include toxicity, which 
makes it quite difficult to translate the use of LPS adjuvant into a clinical scenario. Moreover, 
problems with stability, production and quality assurance are the main factors in the absence 
of any registration of a liposome-based adjuvant for use as part of immunobiological drugs 
for humans (Facchini et al., 2021). 

The use of polysaccharide β-glucan as an epigenetic adjuvant is appropriate due to its 
ability to influence the immune phenotype. This makes it possible to form the most effective 
immune response for each particular causative agent of the disease. Due to its epigenetic 
characteristics, β-glucan can be used for imprinting an enhanced antiviral state (resistance 
against a wide range of viruses in humans). This property may be particularly advantageous 
during a pandemic (the COVID-19 pandemic) to confer enhanced antiviral resistance for a 
limited period (approximately a few weeks) in a susceptible population (Arts et al., 2018). 

Research results (Biering-Sørensen et al., 2017; Lee et al., 2022) demonstrate the 
induction of epigenetic imprinting of innate immune cells under the influence of epigenetic 
adjuvants, which leads to a long-lasting state of antiviral immunity and non-specific 
protection against re-infection. The promise of these adjuvants is enhanced by stimulation of 
robust T- and B-cell responses and protection against a wide range of pathogens through 
training of the innate immune system (Arts et al., 2016). 

The epigenetic status of β-glucan has been repeatedly confirmed in a number of studies. 
It was noted that PAMPs induce trimethylated histone H3 at Lys4 (H3K4me3) and H3 
acetylated at Lys27 (H3K27ac) in monocytes and macrophages. These changes persist for 
several weeks after elimination of stimuli, resulting in improved epigenetic status. However, 
what is important is the improvement of the epigenetic status, which induces increased 
expression of genes (related to metabolic, immune and host defense pathways), obtained 
during the secondary stimulus by the same or other PAMP. Thus, trained 
monocytes/macrophages produce increased levels of cytokines (tumor necrosis factor (TNF), 
interleukin 1β [IL-1β], and interleukin 6 (IL-6) when exposed to microbial compounds. This 
raises the attractive possibility of targeting small molecules to relevant cell types as 
immunological modulators to reprogram the epigenetic landscape of innate immune memory 
(Netea et al., 2017). 

Vaccines using β-glucans as adjuvants of the new generation can be used both orally 
and parenterally, which makes them widely applicable in medical practice. Therefore, 
immunostimulating polysaccharides with inherent biocompatibility and biodegradability are 
considered a rational strategy for the development of new adjuvants that mimic the properties 
of pathogens ("pathogen-like") (Stothers et al., 2021). 

 
 
Conclusions 
 
Therefore, immunomodulation through targeting of TLRs opens up new perspectives in 

the development of new generation vaccines that use epigenetic adjuvants to persistently 
reprogram the innate immune system. This makes it possible to achieve long-term protection 
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against a wide range of pathogens, which is especially relevant in pandemic conditions, when 
traditional antigen-specific vaccines may not be available. 

The selection of safe and effective adjuvants or their systems remains a key area of 
research. The development of new pharmacological drugs, molecules or a combination of 
excipients plays an important role in the progress of modern immunobiotechnology. In this 
context, the creation of innovative biotechnological approaches aimed at obtaining safe, 
stable and compatible adjuvants capable of ensuring the effectiveness of vaccination is of 
particular importance. 

The widespread use of chemical adjuvants, such as aluminum salts or emulsion 
preparations, has significant limitations, including toxicity, potential mutagenic and 
carcinogenic effects, a number of side effects, and insufficient effectiveness in stimulating 
immunity. This creates a need to find alternative approaches, in particular adjuvants of 
microbial origin. 

The β-glucan polysaccharide shows significant potential as an epigenetic adjuvant due 
to its ability to modulate the immune phenotype, enabling adaptive immune responses 
optimized for a specific pathogen. The biotechnological production of β-glucan is very 
simple, which contributes to its prospects in the development of new, safe and effective 
immunotherapeutic drugs. 
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1 автор (Arych, 2019) 
2 автора (Kuievda and Bront, 2020) 
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даних про публікацію пишуться слова Available at: та вказується електронна адреса.  
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─── Ukrainian Food Journal.   2024.  Volume 13. Issue 4 ─── 870 

Ukrainian Food Journal 
 

Редакційна колегія 
 

Головний редактор:  
 
Олена Стабнікова, д-р., Національний університет харчових технологій, Україна     
 

Члени міжнародної редакційної колегії: 
 

Агота Гедре Райшене, д-р., Литовський інститут аграрної економіки, Литва 
В. І. Вернадського НАН України 
Бао Тхи Вуронг, д-р., Університет Меконгу, В'єтнам 
Годвін Д. Ндоссі, професор, Меморіальний університет Хуберта Кайрукі, Дар-ес-
Салам, Танзанія 
Дора Марінова, професор, Університет Кертіна, Австралія 
Егон Шніцлер, д-р, професор, Державний університет Понта Гросси, Бразилія 
Ейрін Марі Скйондал Бар, д-р., професор, Норвезький університет науки і техніки, 
Тронхейм, Норвегія 
Йорданка Стефанова, д-р, Пловдівський університет "Паісій Хілендарскі", Болгарія 
Кірстен Брандт, професорр, Університет Ньюкасла, Великобританія 
Крістіна Луїза Міранда Сілва, д-р., професор, Португальський католицький 
університет – Біотехнологічний коледж, Португалія 
Крістіна Попович, д-р., доцент, Технічний університет Молдови     
Лелівельд Хуб, асоціація «Міжнародна гармонізаційна ініціатива», Нідерланди 
Марія С. Тапіа, професор, Центральний університет Венесуели, Каракас, Венесуела 
Мойзес Бурачик, д-р., Інститут сільськогосподарської біотехнології Покапіо 
(INDEAR), Покапіо, Аргентина 
Марк Шамцян, д-р., доцент, Чорноморська асоціація з харчової науки та технології, 
Румунія 
Нур Зафіра Нур Хаснан, доктор філософії, Університет Путра Малайзії, Селангор, 
Малайзія 
Октавіо Паредес Лопес, д-р., проф, Центр перспективних досліджень Національного 
політехнічного інституту, Мексика. 
Олександр Шевченко, д.т.н., проф., Національний університет харчових технологій, 
Україна 
Рана Мустафа, д-р., Глобальний інститут продовольчої безпеки, Університет 
Саскачевана, Канада 
Семіх Отлес, д-р., проф, Університет Еге, Туреччина 
Соня Амарей, д-р., проф, Університет «Штефан чел Маре», Сучава, Румунія 
Станка Дам'янова, д.т.н., проф., Русенський університет «Ангел Канчев», філія 
Разград, Болгарія 
Стефан Стефанов, д.т.н., проф., Університет харчових технологій, Болгарія 
Тетяна Пирог, д.б.н., проф., Національний університет харчових технологій, Україна 
Умезуруйке Лінус Опара, професор, Стелленбошський університет, Кейптаун, 
Південна Африка 
Шейла Кілонзі, Університет Каратіна, Кенія 



 

─── Ukrainian Food Journal.   2024.  Volume 13. Issue 4 ─── 871

Юлія Дзязько, д-р. хім. наук, с.н.с., Інститут загальної та неорганічної хімії            
імені В. І. Вернадського НАН України 
Юн-Хва Пеггі Хсі, д-р, професор, Університет Флориди, США 
Юрій Білан, д-р., проф., Університет Томаша Баті в Зліні, Чехія 
Ясміна Лукінак, д.т.н., професор, Університет Осієка, Хорватія 
Ясміна Лукінак, д-р, проф., Осієкський університет, Хорватія. 
 

Члени редакційної колегії: 
 

Агота Гедре Райшене, д-р., Литовський інститут аграрної економіки, Литва 
Бао Тхи Вуронг, д-р., Університет Меконгу, В'єтнам 
Валерій Мирончук, д-р. техн. наук, проф., Національний університет харчових 
технологій, Україна 
Володимир Ковбаса, д-р. техн. наук, проф., Національний університет харчових 
технологій, Україна 
Галина Сімахіна, д-р. техн. наук, проф., Національний університет харчових 
технологій, Україна     
Годвін Д. Ндоссі, професор, Меморіальний університет Хуберта Кайрукі, Дар-ес-
Салам, Танзанія 
Дора Марінова, професор, Університет Кертіна, Австралія 
Егон Шніцлер, д-р, професор, Державний університет Понта Гросси, Бразилія 
Ейрін Марі Скйондал Бар, д-р., професор, Норвезький університет науки і техніки, 
Тронхейм, Норвегія 
Йорданка Стефанова, д-р, Пловдівський університет "Паісій Хілендарскі", Болгарія 
Кірстен Брандт, професорр, Університет Ньюкасла, Великобританія 
Крістіна Луїза Міранда Сілва, д-р., професор, Португальський католицький 
університет – Біотехнологічний коледж, Португалія 
Крістіна Попович, д-р., доцент, Технічний університет Молдови     
Лада Шерінян, д-р. екон. наук, професор., Національний університет харчових 
технологій, Україна  
Лелівельд Хуб, асоціація «Міжнародна гармонізаційна ініціатива», Нідерланди 
Марія С. Тапіа, професор, Центральний університет Венесуели, Каракас, Венесуела 
Мойзес Бурачик, д-р., Інститут сільськогосподарської біотехнології Покапіо 
(INDEAR), Покапіо, Аргентина 
Марк Шамцян, д-р., доцент, Чорноморська асоціація з харчової науки та технології, 
Румунія 
Нур Зафіра Нур Хаснан, доктор філософії, Університет Путра Малайзії, Селангор, 
Малайзія 
Октавіо Паредес Лопес, д-р., проф, Центр перспективних досліджень Національного 
політехнічного інституту, Мексика. 
Олександр Шевченко, д.т.н., проф., Національний університет харчових технологій, 
Україна 
Ольга Рибак, канд. техн. наук, доц., Тернопільський національний технічний 
унівреситет імені Івана Пулюя, Україна  
Рана Мустафа, д-р., Глобальний інститут продовольчої безпеки, Університет 
Саскачевана, Канада 
Семіх Отлес, д-р., проф, Університет Еге, Туреччина 
Соня Амарей, д-р., проф, Університет «Штефан чел Маре», Сучава, Румунія 



 

─── Ukrainian Food Journal.   2024.  Volume 13. Issue 4 ─── 872

Станка Дам'янова, д.т.н., проф., Русенський університет «Ангел Канчев», філія 
Разград, Болгарія 
Стефан Стефанов, д.т.н., проф., Університет харчових технологій, Болгарія 
Тетяна Пирог, д-р. біол. наук, проф., Національний університет харчових технологій, 
Україна     
Умезуруйке Лінус Опара, професор, Стелленбошський університет, Кейптаун, 
Південна Африка 
Шейла Кілонзі, Університет Каратіна, Кенія 
Юлія Дзязько, д-р. хім. наук, с.н.с., Інститут загальної та неорганічної хімії імені В. 
І. Вернадського НАН України 
Юн-Хва Пеггі Хсі, д-р, професор, Університет Флориди, США 
Ясміна Лукінак, д-р, проф., Осієкський університет, Хорватія. 
 
Олексій Губеня (відповідальний секретар), канд. техн. наук, доц., Національний 
університет харчових технологій, Україна. 
 

 
  



 

─── Ukrainian Food Journal.   2024.  Volume 13. Issue 4 ─── 873

Наукове видання 
 
 
 
 
 
 
 
 

Ukrainian Food Journal 
 

Volume 13, Issue 4 
2024 

Том 13, № 4 
2024 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Підп. до друку 31.12.2024 р. Формат 70x100/16. 
Обл.-вид. арк. 13.42. Ум. друк. арк. 13.54. 

Гарнітура Times New Roman. Друк офсетний. 
Наклад 100 прим. Вид. № 29н/24.  

 
НУХТ. 01601 Київ–33, вул. Володимирська, 68 

 
Свідоцтво про державну реєстрацію  

друкованого засобу масової інформації  
КВ 18964–7754Р  

видане 26 березня 2012 року. 
 


