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Introduction. Grape peels and whey are nutritious by-
product that can be used to develop innovative foods.

Materials and methods. Pasta was made from nixtamalized
white corn flour, corn starch, whey powder (5, 10, 15%), and
grape peel powder (1, 3, 5%). The analyses included water
absorption, cooking loss, texture (breaking force of dry pasta and
firmness of cooked pasta), color, surface roughness, and sensory
profile.

Results and discussion. The results indicated that quadratic
models effectively described the relationships between
ingredients and pasta properties, with strong statistical fits (R? >
0.82). Both ingredients and their interaction influenced cooking
solid loss, water absorption, texture, roughness, and color.

Addition of whey powder in the amounts of 5, 10, and 15%
reduced cooking solid loss from 15.48 to 14.24% and surface
roughness from 17.75 to 14.80 pum but also decreased pasta
firmness from 286.84 to 238.95 g. In contrast, grape peel
increased cooking solid loss from 15.52 to 17.58% and firmness
from 244.16 to 325.83 g while also raising roughness up to 3%
addition, after which roughness declined. Water absorption
decreased from 230.74 to 217.56% with increased levels of both
additives. Texture analysis showed breaking force increased from
3239.00 to 3910.91 g with grape peel but decreased with higher
whey content up to 10%, then increased.

Color (Chroma) was significantly affected: whey increased
Chroma from 18.89 to 20.83 for uncooked pasta and from 16.88
to 18.18 for cooked pasta, while grape peel reduced it from 19.81
to 13.34 for uncooked pasta and from 17.65 to 10.42 for cooked
pasta. Strong correlations were observed between cooking solid
loss, roughness, and color parameters.

Sensory analysis showed that the sample with the highest
whey concentration of 15% and the lowest grape skin content of
1% had low cooking solids loss and roughness, and received the
highest scores for appearance, texture, colour, smell, taste and
overall acceptability.

Conclusion. The results highlight the potential of specific
combinations of whey and grape skin to enhance the quality of
gluten-free pasta, providing valuable insights for product
development.
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Introduction

Growing global demand for healthier food options and the urgent need to address
environmental concerns related to food industrial waste have spurred extensive research into
fortification of staple foods, including baked goods (Stabnikova et al., 2023a, b). An example
of such products is pasta, which is a widely consumed and affordable product with a long
shelf life, serves as an ideal matrix for incorporating various by-products and protein
concentrates to enhance its nutritional and functional attributes (Sissons, 2022; Stamatovska
and Nakov, 2022; Ungureanu-Iuga et al., 2020). This approach not only provides valuable
applications for industrial by-products, which are often produced in large quantities and pose
disposal challenges, but also enriches the nutritional profile of common foods, offering
consumers products with added health benefits (Simonato et al., 2019). The use of grape
pomace, a winemaking by-product rich in various biologically active compounds, in bakery
and confectionery technologies has attracted increasing attention (Grevtseva et al., 2023;
Mironeasa et al., 2024; Stabnikova et al., 2021; Tolve et al., 2020).

Grape pomace peel is a valuable residue from winemaking, rich in antioxidant
polyphenols, including various phenolic acids and flavonoids, and provides significant
amounts of dietary fiber, helping to address common deficiencies in Western diets (Gaita et
al., 2020). Increased dietary fiber intake can enhance satiety, reduce energy intake by
lowering the bioavailability of fatty acids, improve glycemic control, and reduce the risk of
type II diabetes and cardiovascular disease (Jane et al., 2019).

Meanwhile, whey protein and its derivatives are highly valued for their exceptional
nutritional content and functional versatility, offering benefits such as immune support and
improved cardiovascular health (Wani et al.,, 2015). Whey protein concentrate is often
selected for fortifying various food products due to its favorable nutritional composition,
cost-effectiveness, and wide availability (Kochubei-Lytvynenko et al., 2022; Komeroski and
Oliveira, 2023; Prabhasankar et al., 2007). The incorporation of these ingredients
significantly impacts several key quality parameters of pasta and other food products.

Fortification with fiber-rich by-products like grape peel often increases cooking loss,
primarily due to the disruption of the gluten network (Ajila et al., 2010; Simonato et al.,
2019). This effect can lead to more solids leaching into the cooking water. It has been proven
that the combination of sodium caseinate and whey protein concentrate effectively reduces
cooking loss in depigmented pearl millet-based gluten-free pasta (Kumar et al., 2019). The
effect on pasta firmness varies depending on the specific by-product and its concentration.
For example, olive pomace and mango peel fortification can increase pasta firmness due to
the resistance provided by dietary fiber particles or the formation of a denser structure within
the pasta matrix (Ajila et al., 2010; Simonato et al., 2019). By-product incorporation
frequently alters the pasta's color, which is a significant factor in consumer perception.
Overall consumer acceptability is crucial for the market success of fortified products. The
high content of fiber-rich ingredients, such as fruit pomace, in the pasta led to reduced
consumer acceptability (Ajila et al., 2010; Gaita et al., 2020). Notably, instant noodles
fortified with ultrasound-modified whey protein achieved significantly higher sensory scores
across multiple attributes, including surface appeal, hardness, stickiness, bite quality,
mouthfeel, and overall acceptability.

While challenges in maintaining acceptable technological and sensory attributes exist,
advancements in ingredient selection and processing techniques are proving effective in
mitigating these issues, paving the way for market-ready functional foods. In this context,
this paper aimed to investigate the combined effects of whey powder and grape peel on gluten
free pasta based on nixtamalized corn flour. For this purpose, the cooking behavior, texture,
color, roughness and sensory characteristics were considered.
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Materials and methods

Materials

The ingredients used for the pasta included nixtamalized white corn flour, unhydrolyzed
sweet commercial whey powder, corn starch, and grape peel powder, all purchased from a
local market in Romania. The recipe for pasta samples comprised a starch-corn flour mix,
whey powder, and grape peel powder, combined in varying proportions. This mixture also
included 0.50% salt and 50% water (at 25 °C) to achieve optimal dough development.

Pasta dough was mixed for five minutes in a heavy-duty mixer and then extruded into
rigatoni using a short pasta accessory. The pasta drying process included: air-drying for 30
min at room temperature, oven-drying with continuous ventilation for 60 min at 40 °C,
followed by 120 min at 80 °C, and another 120 min at 40 °C. Finally, the pasta was cooled
for 12 h at room temperature (Bergman et al., 1994).

Cooking characteristics

The water absorption capacity was determined in triplicate, adhering to the
methodology delineated by Giménez et al. (2015). A 10 g sample of pasta was immersed in
200 mL of distilled water and subjected to boiling until the previously established optimal
cooking time was achieved. Subsequently, the samples were drained for 3 min and their mass
recorded.

The cooking loss of solids (CSL) was evaluated by collecting the cooking water
obtained from the water absorption determination. This water was then placed into glass
containers and dried in an oven at 105 °C to constant (Giménez-Bastida et al., 2015). The
mass of the residual solids was subsequently measured, with the procedure replicated three
times.

Texture determination

A Perten Instruments TVT-6700 texture analyzer, fitted with a 10 kg load cell, was used
to determine the textural parameters of pasta samples.

The breaking force of dry pasta was evaluated through a three-point bend test utilizing
an aluminum break probe with a 13 mm width. Each pasta piece was cut at a test speed of 3
mm/s, initiated by a 50 g trigger force. The maximum force needed to fracture the pasta was
reported as its breaking force. Five measurements were conducted for each sample.

For cooked pasta firmness, a single-cycle compression method was applied. An AACC
16-50 transparent noodle probe was used, set at 0.5 mm above the scale plate, with a test
speed of 0.2 mm/s. Two cooked pasta pieces were positioned on a heavy-duty stand (BB)
with a polythene protection insert (HDS) and analyzed as detailed above. These
measurements were performed in triplicate (Ungureanu-Iuga et al., 2020).

Color evaluation

To characterize the color of dry and cooked pasta, a Konica Minolta CR-400
colorimeter (Tokyo, Japan) was employed. The L*, a*, and b* color parameters (lightness,
red-green intensity, and yellow-blue intensity, respectively) were recorded from the CIE-Lab
system via reflectance measurements. Five measurements were performed for every sample
to ensure consistent data collection. Chroma was calculated using equation:

Chroma =+ a +b°
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Roughness analysis

To evaluate pasta roughness, a Mahr CWM100 microscope (Gottingen, Germany) was
employed. Four distinct areas of each sample were observed, and the resulting data was
subsequently analyzed using the trial version of Mountain Map software (Digital Surf,
France) version 8. Roughness values were recorded in triplicate, representing the mean of
computed profiles from three of the examined areas.

Sensory profile

Sensory evaluation of the pasta samples was conducted in two separate sessions by a
panel of 9 semi-trained judges. The judges assessed various attributes, including color, taste,
smell, texture, appearance, and overall acceptability. For evaluation, pasta samples were
boiled to their predetermined optimal cooking time, then presented on white plates with a
single drop of olive oil on each piece. A nine-point hedonic scale was utilized to quantify the
preference for each sensory characteristic.

Statistical data processing

Data processing was done by using Design Expert (trial version). Samples were
prepared as described in our previous work (Ungureanu-Iuga et al., 2020). The influence of
whey (factor A) and grape peel (factor B) was evaluated by using quadratic model. To
confirm the models' suitability, Analysis of Variance (ANOVA) was conducted (p < 0.05),
taking into account the F-value, p-value, R’, Adjusted R’, and Predicted R’. Whey
concentration was 5, 10 or 15%, while grape peel concentration was 1, 3 of 5%. The
difference between the selected samples were evaluated trough ANOVA with Tukey test (p
< 0.05) using XL STAT 2024 version.

Results and discussion
Effects of whey and grape peels on pasta physical characteristics

Gluten free pasta quality represents a challenge for researchers and producers. The
impact of whey powder and grape peel on corn pasta characteristics is described by the
quadratic models (Table 1) which fitted well the experimental data (R’ > 0.82, p < 0.01).

CSL and pasta water absorption were significantly affected by both factors (whey and
grape peel), as well as their interaction (Table 1). While whey powder determined a decrease
of the amount of solids released during cooking, grape peel exhibited a reversed trend.
Sufficient protein can strengthen the protein network of gluten free pasta, reducing cooking
loss. Adding whey powder led to starch retention within the protein matrix, improving
cooked pasta shape and dough extensibility (Zhao et al., 2024). Similar to the results obtained
by Zhao et al. (2024), whey powder specifically decreased gluten-free pasta's cooking loss
by forming a surface film that created a tight network which inhibited starch granule
expansion during gelatinization, thus minimizing cooking loss. The inclusion of by-products,
particularly those rich in fiber like grape peels, disrupts the gluten and starch matrix by
enhancing water penetration and competing with starch for moisture, thereby weakening the
formation of a strong structural network in the pasta and leading to higher cooking loss (Dey
et al., 2021).
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Table 1

ANOVA results for the evaluation of whey (A) and grape peels (B) impact on pasta quality

F CSL Water Breaking Firmness | Chroma | Chroma | Roughness
actor (%) absorption force © uncooked | cooked (nm)
° (%) (2) 8 :
Const. | 16.78 217.57 3774.78 311.96 15.17 12.52 21.56
A F1.09%%  -2.55%* 236.39%* 18.06* 0.72%* -0.17 -1.98%**
B 1.03%%  -6.59** 335.61%* | 40.83** -3.23%* -3.61%* 1.67%*
AB  10.48%4  519%* -288.42%* | 42.00** -0.26 -0.81* -0.51
A? 0.66* 0.78 682.83** 18.72 0.05 -0.12 1.41*
B? -0.22 6.58%* -199.17 -26.94* 1.40%* 1.52%* -5.01%*
Model evaluation
p <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
R’ 0.91 0.93 0.82 0.82 0.97 0.89 0.90
Adj. R?| 0.89 0.91 0.78 0.78 0.96 0.86 0.88
\Pred 0.88 0.71 0.71 0.95
R’ 0.84 0.81 0.83

** _ significant at p < 0.01, * significant at p < 0.05.

Water absorption decreased significantly (p < 0.05) as the addition level of both whey
and grape peel increased (Figure 1). The negative effect of whey can be due to milk proteins
which competitively reduce the water necessary for starch swelling during gelatinization
(Kumar et al., 2019). Similar reduction of water absorption was observed for pearl millet
gluten-free pasta when sodium caseinate and whey concentrate were added (Kumar et al.,
2019). Padalino et al. (2018) also reported the increase of water absorption when olive
pomace was incorporated in pasta. The increased water absorption observed with higher
grape peel content in pasta can be attributed to several factors: higher pectin content
(especially hydrophobic, highly methylated pectin’s), the ability of polyphenols to form
hydrogen bonds with other macromolecules, and the presence of mineral components
(Gumul et al., 2023).

" <238
= g230
16 g
2 = =
o 15 LR R ] -
7 ORI g 215
4] RS &
13 R B

Whev (°
A Whey (%) A: Whey (%)
B: Grape peels (%)

a b

Figure 1. Combined effects of whey (A) and grape peels (B) on pasta cooking behavior:
a) cooking loss of solids (CSL) and b) water absorption
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Texture parameters, namely dry pasta breaking force and cooked pasta firmness were
significantly influenced by both additions of whey and grape peel and their interaction (Table
1). Breaking force decreased when whey was included in corn pasta formulation up to 10%,
then increased. An increase in breaking force was observed when pea protein flour was
incorporated into gluten-free amaranth pasta, a finding also reported by (Gupta, 2019).
Drawing from Belton's gluten model, which differentiates between linear glutenin proteins
(contributing elasticity through disulfide and hydrogen bonds) and globular gliadin proteins
(providing viscosity and slowing elastic recovery), it is proposed that whey proteins may
either mimic gliadins by increasing viscosity and decreasing elasticity, or directly interfere
with glutenin's structure by forming hydrogen and disulfide bonds, ultimately leading to a
disruption of the gluten network (Prabhasankar et al., 2007).

Grape peel incorporation led to higher breaking force (Figure 2). Antioxidant
compounds are hypothesized to strengthen the gluten network during both pasta dough
production and the subsequent drying process (Galkowska et al., 2022).

5500

4875
4250
3625

Breaking force (g)

3000

B: Grape peels (%) A: Whey (%)

Roughness (um)

A: Whey (%)

Figure 2. Combined effects of whey (A) and grape peels (B) on pasta texture:
a — dry pasta breaking force, b — cooked pasta firmness, and ¢ — roughness
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Whey powder determined a decrease in cooked pasta firmness, while the opposite trend
was observed for grape peel addition (Figure 2). It's possible that whey proteins contribute to
reduced firmness by forming distinct entities rather than a cohesive protein gel (Kumar et al.,
2019). Furthermore, sulthydryl groups in whey proteins may oxidize gluten's disulfide bonds,
which is hypothesized to reduce firmness (Kumar et al., 2019). Other studies reported that
the addition of mango peel powder and olive pomace was found to increase pasta firmness,
suggesting that fiber-rich by-products may enhance texture by contributing structural
resistance through their dietary fiber content (Ajila et al., 2010; Simonato et al., 2019).

Roughness was affected significantly (p < 0.05) by both factors, but their interaction
had a non-significant effect. Incorporation of whey powder in corn pasta was proved to exert
a beneficial effect of pasta roughness by decreasing this parameter (Figure 2). Grape peel
addition up to 3% led to an increase in surface roughness, then it decreased. Komeroski and
Oliveira (2023) reported that whey can enhance water binding and stabilize dough, which in
turn contributes to smoother texture and surface refinement in pasta products—suggesting a
reduction in surface roughness. Aravind et al. (2012) reported that adding dietary fiber
resulted in more irregular and uneven wheat spaghetti surfaces, potentially leading to a fragile
structure.

Uncooked pasta color described by Chroma was significantly affected (p < 0.05) by
whey and grape peel addition, but not by their interaction (Table 1). Cooked pasta Chroma
was influenced significantly (p < 0.05) only by grape peel quantity and its interaction with

whey powder. The combined effects of whey and grape peels addition on pasta color are
displayed in Figure 3.

Chroma uncooked
v

B: Grape peels (%)
L) B: Grape peels (%)

A Whey (%)
A Whey (%) yee

a b

Figure 3. Combined effects of whey (A) and grape peels (B) on pasta color:
a — dry pasta Chroma; b — cooked pasta Chroma

Whey powder incorporation led to higher Chroma values as the level increased for both
uncooked and cooked pasta. On the other hand, grape peel level increase led to a progressive
reduction in both uncooked and cooked pasta Chroma (Figure 3). It has been stated that
cookies exhibited changed color when whey protein was added, likely due to sugar
caramelization and whey protein darkening during baking, with general compounds
degradation also contributing to color changes (Wani et al., 2015). Tolve et al. (2020)
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reported changes in pasta color as the addition level on grape pomace was higher due to the
presence of pigments in the ingredient added.

Correlations between variables

The relationships between dependent variables and factors are shown in Figure 4.

_§. T =
- e e
RIS
AR IAE IFIE IR 1B |
MR IR IR IR IR
£ 5| ©
o [l L]
o
Water absorption
Breaking force

Chroma uncooked -.
Chroma cooked
—— II

Figure 4. Correlations between variables

CSL was negatively correlated with both uncooked and cooked Chroma (p < 0.05, 1 = -
0.74, r = -0.52 respectively), and positively with pasta roughness (p < 0.05, r = 0.58). Water
absorption was negativley correlated with dry pasta breaking force (p < 0.05, r =-0.61), and
positively with both color parameters (p < 0.05, r > 0.63). This is consistent with previous
statements that incorporation of fiber-rich ingredients led to changes in pasta network, a weak
structure absorbing more water and causing higher release of solids during cooking (Dey et
al., 2021). Strong positive correlation (p < 0.05, r = 0.92) was obtained between uncooked
and cooked pasta Chroma. Negative correlation was obtaine between roughness and
uncooked pasta Chroma (p < 0.05, r =-0.61).

For further sensory characterization, the samples with the highest water absorption,
breaking force, Chroma, and the lowest cooking loss of solids and roughness were selected
(pasta firmness was considered in range). Thus, sample P1 contains 5% whey and 1% grape
peels, P3 contains 15% whey and 1% grape peels, and P6 contains 15% whey and 3% grape
peels (Figure 5) were evaluated.
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P1 P3 P6

Figure 5. Appearance of selected pasta

Physical and sensory characteristics of the selected samples

The characteristics of the selected samples are displayed in Table 2.

Table 2
Physical characteristics of the selected samples
. Sample
Variable PI P3 76
Whey (%) 5 15 15
Grape peels (%) 1 1 3
CSL (%) 15.69 £ 0.48° 14.24 £ 0.48° 15.09 + 0.48®
Water absorption (%) 236.54 +£2.31* 223.78 +£2.31° 215.73 £2.31°¢
Breaking force (g) 3510.22 £269.03° |  4447.64 +269.032 4696.74 + 269.03*
Firmness (g) 292.43 +25.93% 238.96 +25.93% 359.46 +25.93%
Chroma uncooked 18.26 +0.57° 20.84 +0.57* 15.49 £0.57¢
Chroma cooked 16.25 £ 1.26° 18.18 £ 1.26° 11.66 + 1.26°
Roughness (um) 19.06 + 1.23? 14.80 + 1.23° 21.05+1.23°

*¢ _ different letters in the same row indicate significant differences between samples (p < 0.05).

The smaller CSL was observed for the sample with the highest whey concentration
(15%) and the lowest grape peel level (1%), namely P3. Whey powder could interact with
starch to form a stronger matrix which led to lower CSL, similar observations being made by
(Khatkar et al., 2024). Reports indicate that incorporating fiber-rich ingredients like grape
peel can elevate cooking loss due to its potential to disrupt and weaken the starch-gluten
network. This disruption may accelerate starch gelatinization, thereby facilitating increased
leaching of gelatinized starch from the pasta during cooking (Tolve et al., 2020). The highest
water absorption was observed for P1 which contained the lowest whey and grape peels
amounts. Water absorption in pasta is linked to starch swelling and gelatinization, but it can
be restricted by protein polymerization forming a network that entraps starch granules during
drying and cooking, while gluten dilution and fiber-starch competition for water also play a
role (Gatkowska et al., 2022). The sample with 15% whey and 3% grape peel (P6) exhibited
the greatest breaking force and firmness, and the lowest Chroma for both uncooked and
cooked state. The results were in agreement with previous study regarding the effects of
blackcurrant pomace on durum wheat pasta (Gatkowska et al., 2022).

It's possible that an optimal spatial distribution of grape peel fiber particles within the
pasta structure contributed to its increased firmness (Gatkowska et al., 2022). The smallest
roughness was obtained for 15% whey and 1% grape peel (P3). This can be due to the
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presence of fibers in dough matrix which disrupted gluten matrix. On the other hand, whey
could promote the formation of stronger smoother networks (Khatkar et al., 2024).

Sensory analysis of the selected samples revealed that the sample with the highest whey
concentration (15%) and the lowest grape peel amount (1%) — P3, obtained the best scores
for appearance, texture, color, smell, taste and general acceptability, followed by P6 with
15% whey and 3% grape peel and P1 with 5% whey and 1% grape peel (Figure 6).

Apgearance

P

\\_
~ \.
Acceptability ™\ Texture
Taste “Color
Smell
- @ -P1 —A—P3 ... PB

Figure 6. Sensory properties of the selected samples

It has been stated that incorporating whey into bakery and pasta products offers
technological, nutritional, and sensory benefits, including enhanced sensory attributes
(Komeroski and Oliveira, 2023). On the other hand, high amounts of fiber-rich ingredients
like grape peel led to lower sensory characteristics, similar to the results reported by Gaita et
al. (2020).

Conclusions

This research successfully demonstrated the significant impact of whey powder and
grape peel powder on the quality of gluten-free corn pasta. Quadratic models accurately
described these effects, showing strong fits to experimental data. Whey powder consistently
improved pasta quality by decreasing cooking loss (CSL), reducing water absorption, and
lowering roughness. It also increased both uncooked and cooked pasta Chroma as color
intensity. Conversely, grape peel generally led to increased CSL and roughness, while
reducing Chroma. However, grape peel positively influenced breaking force and cooked
pasta firmness. The interplay of these ingredients is crucial. For instance, increasing whey
initially decreased breaking force, while grape peel increased it. Notably, the sample with
15% whey, 1% grape peel emerged as superior, exhibiting the lowest CSL and roughness,
and achieving the best sensory scores across all attributes. This highlights the potential of
specific whey and grape peel combinations to enhance gluten-free pasta quality, offering
valuable insights for product development.
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Introduction. The aim of the research was to determine the
quality indicators of whole grain millet flour for use in the
technology of cookies from viscous-plastic dough.

Materials and methods. Millet whole grain flour (wheat, spelt,
barley, amaranth, buckwheat) and enzymes — fungal glucoamylase
and cellulase were used. The moisture content in the flour was
determined by the thermogravimetric method, whiteness by a
photoelectric device, total acidity by titration, ash content by the
accelerated method, coarseness by a laboratory scatterer, gluten was
evaluated by content, extensibility, elasticity, resistance to deforming
load. The morphology of starch granules was examined using an
electron microscope, flour color was measured with a colorimeter,
and sugar accumulation was determined by the iodometric method.

Results and discussion. Whole-grain millet flour differed from
high-grade wheat flour in appearance, taste, smell, and color. It was
found that spelt and barley flours were the lightest in color, while
wheat and amaranth flours were the darkest.

The granulometric composition of millet flour was
heterogeneous, with particles of varying sizes. The main fraction of
each flour type exceeded the particle size of high-grade wheat flour:
amaranth and wheat — 200—150 microns; buckwheat and barley —
>200 microns and 132—150 microns, respectively; spelt —>200-150
microns. It was found that the gluten complex was formed only in
whole grain wheat and spelt flour. The amount of gluten in them was
lower compared to high-grade wheat flour by 34.5 and 24.5%,
respectively. According to the gluten deformation index, wheat flour
belonged to group I, but had 10% less extensibility, spelt flour — to
group II with extensibility 6.7% greater than wheat. In barley,
buckwheat and amaranth flour, the gluten framework was not
formed.

Each type of flour had a characteristic structure of starch grains:
small ones — in amaranth and barley, large polygonal ones — in green
buckwheat flour, medium ones — round or oval ones — in wheat and
spelt. Dough with whole grain millet flour did not form a viscous-
plastic structure sufficient for cookies.

Conclusions. When using whole-grain millet flour, the
combined application of glucoamylase and cellulase was
recommended, as it increased the content of water-soluble
compounds and improved the viscous-plastic consistency of the
cookie dough.
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Introduction

One of the key requirements in cookie production is the quality of the flour, as it
directly influences the structural and mechanical properties of the dough, the consistency
and appearance of the cookies, and also determines the parameters for dough mixing and
shaping (Boz, 2019).

The main type of flour used in cookie technology is high grade wheat flour, less
often — first, second grade (Emem et al., 2024). As an alternative, for people with dietary
requirements, as well as to increase the nutritional value of the finished product, pumpkin
(Stabnikova et al., 2023), rice, buckwheat, amaranth, barley, corn and other types can be
used (Ivanov et al., 2021). Highgrade flour has a light color, low ash content (0.5 —
0.55%) and a small amount of highly dispersed grain shell particles. Dough from this
flour had delicate texture and a pleasant taste (Dziki et al., 2024). Non-traditional types
of flour have specific sensory characteristics inherent in natural grain, as well as a higher
content of shell particles. The absence of gluten protein fraction or the inability to form
a complete gluten complex significantly affected the structure of the finished product
(Xu et al., 2020). Technological tasks in such cases included the selection of structure-
forming agents to form a complete coagulation structure of the dough or limiting the
recipe dosage of non-traditional types of flour to an acceptable level of quality of dough
and finished products (Poiana et al., 2023).

In the production of butter and sugar cookies, the technological process is aimed at
forming a coagulation—crystallization structure with plastic-viscous properties.
Therefore, dough mixing is carried out in a way that prevents the development of a gluten
network, highlighting the inefficient use of wheat flour and supporting the search for
alternative flour sources (Ferradji et al., 2024).

For the production of cookies with plastic-viscous characteristics of the dough and
in line with modern trends in healthy nutrition, it is advisable to use whole grain flour
from various grain crops. The natural vitamin and mineral complexes, as well as the
carbohydrate—amylase and protein-proteinase systems present in such flour, offer
optimal physiological availability (Khan et al., 2024).

Regulation of the dough structure based on whole grain flour in order to simplify
the technological stages of kneading and shaping, ensuring high quality of the finished
product is advisable to carry out by introducing enzyme preparations of a directed
spectrum of action (Chowdhury et al., 2024).

The issue of studying the quality of whole grain millet flour in the technologies of
flour confectionery products was not studied enough. The baking properties of whole
grain wheat flour from black wheat showed that the raw gluten content in it was 23.5%
of the I quality group, light brown in color with an acidity of 2.6 °H (Zhygunov et al.,
2019). The flour residue when sifting on sieve with holes 670 microns was 4%, the
residue on sieve with holes 380 microns was 60%. To improve the quality of flour
products, it was recommended to use additives and enzymes (Goémez et al., 2020).

The need to use wheat and rye starters was proved, which caused molecular
degradation of arabinoxylan with a decrease in its mass and the formation of a more
heterogeneous fine dough structure (Kulathunga et al., 2024). To enhance the quality of
bakery products, several biotechnological approaches have been employed.
Fermentation with lactic acid bacteria has been used to improve the bioavailability of
biologically active compounds in whole-grain wheat flour (Islam et al., 2024).
Fermentation with yeasts of the genera Pichia kudriavzevii, Saccharomyces cerevisiae,
Pichia fermentans, and Kluyveromyces marxianus, along with lactic acid bacteria such
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as Lactiplantibacillus plantarum and Lacticaseibacillus paracasei, has been shown to
reduce phytic acid content (Qvirist et al., 2024). Additionally, the incorporation of
peroxidase into whole-wheat flour has been reported to improve the quality of the
resulting products (Hemalatha and Rao, 2024). It was proven that the digestibility of
bread improved when using whole grain flour of different dispersion (Jiang et al., 2024),
and the glycemic load on the human body reduced when eating bread with the addition
of whole grain flour (Jiang et al., 2024).

It was found that the antioxidant activity of whole wheat flour decreased during
storage at different temperatures (—20 °C, 4 °C, and 20 °C), with a more pronounced
decline observed at higher temperatures (60 °C) during the first 15 days (Kumar et al.,
2024). Additionally, it was shown that whole-grain products such as chapatis retained
more antioxidant activity than refined products such as pasta.

Processing whole-grain flour into chapatis resulted in a 30% reduction in
antioxidant activity, whereas processing it into pasta led to a 70% reduction. The
antioxidant properties of whole wheat flour bread enriched with Celosia argentea seed
flour were evaluated, along with its antidiabetic potential and phytochemicals (Azeez et
al., 2024). Bread crumb was characterized by total flavonoid content (0.61-0.85 mg/g),
total phenolic content (1.1-1.31 gallic acid equivalents per gram (mg GAE/g), total
antioxidant capacity (1.19-3.34 mg GAE/g), iron-reducing antioxidant capacity (0.13—
0.54 mg/g) and DPPH (2,2-diphenyl-1-picrylhydrazyl) (42.58-49.75%). The IC50
values obtained for wheat bread substituted with Celosia argentea seeds ranged from
58.20 to 171.05 pg/ml.

Antioxidant properties and a-amylase inhibition showed an increase with increasing
percentage of Celosiae argentea seed inclusion. Biologically active compounds detected
in bread prepared by enriching wheat flour (whole grain and refined) with Celosia
argentea seed flour included 9,12-octadecadienoic acid methyl ester, docosanoic acid
methyl ester, E,E,Z-1,3,12-nonadecatriene-5,14-diol, linoleic acid ethyl ester and
squalene. Differences in whole-grain wheat flour from various growing regions were
observed in the content of phenolic compounds, carotenoids, and antioxidant activity
(Kim et al., 2024).

Thus, the analysis made it possible to determine that the use of whole grain flour in
flour product formulations is a relevant issue, the study of which has recently received
increasing attention. However, most of the existing research is devoted to the assessment
of the baking properties of flour, mainly whole grain wheat flour. Information on the
possibilities of its use for cookies, as well as the analysis of the technological capabilities
of whole grain flour from other cereals, is quite limited.

Therefore, the aim of the research was to determine the quality indicators of whole
grain millet flour for use in the technology of cookies from viscous-plastic dough.

Materials and methods

Materials

The following materials were used in the study: whole grain millet flour from
wheat, spelt, barley, amaranth, and green buckwheat (Zemledar, Ukraine). To improve
the dough structure, enzyme preparations— fungal glucoamylase Omnszym 31022 and
fungal cellulase Alphamalt C 21032 (Miihlenchemie, Germany) were used.
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Methods

Moisture content in flour

The moisture content in flour was determined by the thermogravimetric method of
accelerated drying in a drying cabinet (Hetman et al., 2021). 5 g of the test sample was
weighed into two pre-dried and weighed boxes, dried in an electric drying oven at a
temperature of 130 °C for 40 min, cooled, weighed and the mass fraction of moisture
was calculated using formula:

__my—my

W =—=x100%,

m

where m is the mass of the flour sample before drying; m; is the mass of the box with
the sample before drying; m; is the mass of the box with the sample after drying.

Whiteness of flour

The whiteness of the flour was assessed using a photoelectric device (Zhang et al.,
2025). The essence of the method is to measure the reflectivity of the compacted-
smoothed surface of the flour.

For analysis, two samples weighing 50+5 g were taken from different places of the
average flour sample and filled into two cuvettes through a special sieve. The flour in
the cuvette was slightly compacted, leveled over the entire surface, and the excess was
removed. The photoelectric head of the device was slowly lowered onto the flour and
readings were taken using a digital indicator with an accuracy of 0.1 unit of the
conventional scale of the device.

Total acidity of flour

Total acidity was determined by titration of a flour suspension of 5 g of flour and
50 ml of distilled water with a 0.1 mol/l alkali solution of KOH or NaOH (Shevchenko,
2018).

Ash content in flour

The ash content in flour was determined by an accelerated method by burning a
sample with an accelerator Mg(CH3COO), (Czaja et al., 2020).

Flour particles size

The size of the flour particles was determined using a laboratory disperser with an
oscillation frequency of 180-200 min™!, and a set of sieves for determining the size and
mass fraction of flour particles. Sieves designed for different types of flour were used
with holes 750, 670, 200, 150, and 132 microns (Shevchenko et al., 2022).

Gluten quantity and quality

The raw gluten content and its quality were determined in dough from a 25 g flour
sample and 14 ml water after 20 min of exposure. To determine extensibility, elasticity,
and resistance to deforming load, 4 g gluten samples were rolled into balls and immersed
in water at a temperature of 18—20°C for 15 min.

The elasticity of gluten was assessed by the speed of recovery of the initial length
of the gluten ball after stretching for a distance of about 2 cm. By the degree and speed
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of recovery of the initial length, elasticity was assessed as: good — gluten stretched quite
strongly with mandatory almost complete recovery of the shape; unsatisfactory — did not
recover at all, with partial ruptures of individual layers and after removing the force
quickly compresses (elastic, inelastic); satisfactory elasticity — an intermediate position
between good and unsatisfactory.

The extensibility of gluten was assessed over a ruler according to the following
gradation: short — up to 10 cm, medium — 10-20 cm, long — more than 20 cm. The
resistance of gluten to compressive deformation load was determined on the gluten
deformation index device (Shevchenko, 2023).

Shape of starch grains in flour

The determination of the shape of starch grains was assessed visually, using an
electron microscope (Red’ko et al., 2021) at a magnification of 10x10. To prepare the
test sample, the flour suspension was applied to a glass slide, stained with iodine
solution, a coverslip was placed on top and fixed on the microscope.

Flour color

The color of the flour was determined on a Konica Minolta CR-400 colorimeter
(Japan) in CIELab Cartesian coordinates, where L* denoted lightness (from 0 — black to
100 — white), a* and b* represented opposite color coordinates, varying from — 50 to
+50. In this case, negative a* was green, and positive a* was red, while negative b* was
blue, and positive b* was yellow. The parameters were calibrated against a standard
white porcelain with a measuring area of 8 mm in diameter, an observation angle of 10°
and a D65 light source with a mirror component included (Paquet-Durand et al., 2012).

Accumulation of sugars in the dough

The quality of enzymatic processes under the influence of hydrolases was assessed
by the accumulation of sugars in the dough, in terms of glucose. For this purpose, dough
was kneaded from a 25 g of flour, an enzyme preparation of fungal glucoamylase or
fungal cellulase, or their complex, and 14 ml of water, and the dough was left for
fermentation for 360 min in a thermostat at a temperature of 32+°C.

During fermentation, dough samples were taken and the accumulated glucose was
quantitatively determined by the iodometric method. Glucoamylase was introduced at
the rate of 12.5 g per 100 kg of flour, cellulase — 20 g per 100 kg of flour. When
glucoamylase and cellulase were simultaneously introduced, the same calculated
amounts were used (Shevchenko et al., 2021).

Statistical analysis
The statistical processing of the results was performed by sequential regression

analysis using the Microsoft Excel XP and Origin Pro8 software calculating correlation
coefficients (Hinkle et al., 2003).
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Results and discussion

The quality indicators of products are mainly influenced by the properties of the raw
materials. The characteristics of millet whole grain wheat flour, spelt, barley, amaranth, and
green buckwheat flour were determined and are presented in Table 1.

Table 1
Sensory characteristics of whole grain flour
Whole Whole Whole Whole Whole
Indicator High grade grain grain grain grain grain green
! wheat flour wheat spelt barley amaranth | buckwheat
flour flour flour flour flour
Appearance sz}%(éferrlsg:: Homogeneous powdery mass, without lumps, visible particles of
po M ’ grain shells were present
without lumps
Color Light gray Light Light gray Light Light gray
. with shades | cream . . : ;
Light cream . . witha |yellow with | with a beige
of light with a beige ti . :
brown ray tint eige tint | a gray tint tint
gray
Tassrtnee';l]nd Grain-specific, clean, without foreign tastes and odors
Molsture | 15 204024 | 12.0040.21 | 11.9£0.25 | 12.00£0.22 | 9.60+0.20 | 11.7040.21
content, %
Total
acidity, 1.40+0.15 5.10+0.20 | 5.00+0.18 | 7.20+0.07 | 10.80+0.07 | 6.60+0.05
degrees
Ash content,
% dry 0.55+0.01 1.34+0.03 | 1.67+0.02 | 1.00+0.02 | 1.67+£0.02 | 2.33%0.03
matter
Wh&fﬁrt‘:ss’ 59.00£0.5 | -43.85+0.5 | 29.05+0.5 | 33.00+0.5 | -49.20+0.5 | 5.85+0.50

* Results given as: M+SD (mean+standard deviation) of triplicate trials

According to the evaluation of sensory indicators, all types of flour corresponded to the
signs inherent in the original grain. In each type, crushed particles of grain shells were
observed. The moisture content for all samples had approximately the same values, with the
exception of amaranth flour, in which this indicator was lower. This was due to the low
moisture content of the amaranth grain itself and was consistent with the studies (Mykolenko
et al., 2020), which found a moisture content of 9.7 — 9.9% for various samples of full-fat
amaranth flour. Amaranth flour was also characterized by the highest values of the total
acidity indicator among the studied samples (7.7 times higher than wheat flour), which was
associated with a high content of peptides and amino acids, fats and fat-like substances,
enzymes, and a significant amount of minerals, as indicated in the publication (Stankevych
et al., 2021).

Also, quite high values of total acidity were noted for barley flour — 5.1 times higher
compared to wheat flour. At the same time, other types of tested flours exceeded the value of
the control sample of high grade wheat flour in terms of total acidity (green buckwheat flour
— 5.1 times, spelt and whole wheat flour — 3.6 times), which was due to the high content of
shell and germ particles, fats and proteins. The ash content of all samples of whole grain flour
naturally exceeded the ash content of high grade wheat flour, with the lowest values of the
indicator observed for whole barley flour, and the highest values — for green buckwheat flour.
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The whiteness indicator, which was determined by the amount of dietary fiber, natural
carotenoids, minerals and was associated with the color of the grain, allowed to distinguish
the lighter samples — spelt and barley flour, and the darkest — wheat and amaranth flour.

In more detail, the color of flour was determined using a colorimeter (Table 2).

Flour color indicators

Samples of four L a* b*

High grade wheat 94.70+1.50[0.46+0.10| 7.62+0.90
Whole grain wheat 79.53+1.20|3.60+0.50{11.37+1.21
Whole grain spelt 91.00+1.15|1.51+0.46| 8.98+1.12
Whole grain barley 92.03£1.75/0.94+0.10| 7.36+0.84
Whole grain amaranth 80.74+1.103.38+0.35(17.03+£1.96
Whole grain green buckwheat|87.73+1.50(1.28+0.12| 7.41+0.85

* Results given as: M+SD (mean+standard deviation) of triplicate trials

Table 2

The results correlate with the obtained data on the whiteness of flour (Table 1) and

confirm that the lightest among the flour samples were spelt and barley, for which the
whiteness index L* was higher than other types, and the darkest were whole wheat and
amaranth flour. At the same time, the spectrum of color coordinates a* showed the absence
of green shades in all samples, and the presence of red, weakly expressed ones — for whole
grain barley, spelt and green buckwheat flour, more intense ones — for wheat and amaranth.
The spectrum b* showed pronounced yellow shades of wheat and amaranth whole grain
flour, and for barley, green buckwheat flour, spelt — lower values of yellowness, which were
closer to high grade wheat flour. Thus, the natural pigmentation of wheat and barley flour
was characterized by more saturated yellow-red shades compared to barley, spelt and green
buckwheat flour.

The structural and mechanical properties of dough and finished products are
significantly affected by the size of flour particles. The results of determining the size are
presented in Table 3.

Table 3
Flour particles size
Hole High Wh(?le Wh(?le Wh(?le Wh(?le Whole
Sieve size grade grain grain grain grain grain green
micro’ns wheat wheat spelt barley amaranth | buckwheat
flour flour flour flour flour flour
Residue on sieve, %
075 750 - 2.55+04 | 049+0.08 | 4.55+0.33 | 0.95+0.12 | 0.53+0,1
067 670 - 1.96+0.7 | 1.75+0.1 | 736+1.18 | 0.15+0.1 | 0.58+0,09
41/43 200 - 68.5£1.06 | 47.51+2.1 | 57.77+3.99 | 87.29+4.77 | 51.07+0,14
27 150 - 0.10+0.1 | 36.22+1.8 | 0.41£0.07 | 0.36+0.07 | 0.05+0,01
49/52 132 0.4+0.05 | 11.73+£1.37 | 8.45+0.78 | 16.54+0.58 | 12.14+0.11 | 36.67+1,17
Passage through sieve, %
49/52 1 132 ]99.6+0.05 [ 15.33+1.15 [ 3.25+0.36 [ 12.72+2.12| 2.49+0.4 | 10.3%0,12

* Results given as: M+SD (mean+standard deviation) of triplicate trials
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The data presented in the table confirm that whole-grain millet flour exhibits a higher
particle size than high-grade wheat flour. At the same time, whole grain barley and wheat
flour differed in a higher content of the largest fractions by 11.91% and 4.51%, respectively.
Most particles of whole grain amaranth and wheat flour had sizes in the range of 200 — 150
microns. The main fractions of whole grain green buckwheat flour and barley flour were
fractions with particle sizes >200 microns, and 132—150 microns. For spelt flour, the degree
of grinding varied in the particle sizes range of 150—670 microns. The content of the smallest
fraction, corresponding to the passage through a 49/52 sieve and the particle size of high
grade wheat flour, was highest in whole grain wheat, barley and green buckwheat flour.

The main component of flour, which is responsible for the formation of the product
frame, is gluten. When determining the quantity and quality of gluten (Table 4), it was found
that the gluten complex formed only in wheat and spelt flour.

Table 4
Quantity and quality of flour gluten
Type of flour
High Whole Whole Whole Whole grain
. . Whole . .
Indicator grade grain rain grain grain green
wheat wheat . gl ¢ flour barley | amaranth | buckwheat
flour flour pe v flour flour flour
Quantity of 249403 | 163402 | 18.8:0.2 Did not washed
gluten, g
Elasticity Good — — —
E ibili
Dxtensibili, | 15,0505 | 135205 | 160205 | - - -
Gluten
deformation | 679,50 | 494150 | 822450 | - - -
index, units of
device

* Results given as: M+SD (mean+standard deviation) of triplicate trials

At the same time, the amount of washed gluten in whole grain wheat flour was lower
compared to high grade wheat flour by 34.5%, and in whole grain spelt flour — by 24.5%.
The elasticity of gluten of all samples was characterized as good, but the extensibility and
group were different: whole grain wheat flour belonged to group I according to the gluten
deformation index, but due to dietary fiber it had 10% less extensibility compared to high
grade wheat flour and had a 27% stronger structure. The gluten of spelt flour belonged to
group II in terms of quality, was characterized as "satisfactorily weak", its extensibility was
higher compared to the gluten of high grade wheat flour by 6.7%.

In other types of millet whole grain flour — barley, buckwheat, amaranth, the gluten
framework was not formed, which was consistent with the studies of the authors who used
whole grain amaranth and green buckwheat flour as gluten-free types for gluten-free cakes
(Kahlon and Chiu, 2014), as well as for gluten-free bread, pasta, crackers and cookies
(Khairuddin and Lasekan, 2021). The fractions of proteins insoluble in water, in combination
with dietary fiber, decomposed into separate fragments, without forming a continuous
structure.
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The experimental flour was examined under a microscope to establish the structure of
starch grains as the main carbohydrate of the flour (Figure 1).

Figure 1. Samples of whole grain millet flour under a microscope:
a — wheat; b — spelt; ¢ — barley; d — amaranth; e — green buckwheat

Microscopy showed that all types of flour had an individual structure of starch grains,
determined by the nature of the grain. Amaranth flour had a significant number of small
grains with a shiny surface, which alternated with a small number of large grains. Green
buckwheat flour was characterized by large starch grains of polygonal shape with a somewhat
granular surface. Starch grains of barley flour were generally characterized by small fractions
that had a less regular shape. Wheat starch grains were round or oval in shape, medium in
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size, with clear contours. In spelt flour, starch grains were similar to wheat, but somewhat
elongated and thinner.

The selection of rational heat treatment modes for finished products is influenced by
the boiling point of the flour suspension. The boiling point of the flour suspension was higher
than the gelatinization temperature of pure starch (Figure 2), which was due to the presence
of other water-soluble components, including a significant amount of fiber, protein
substances, vitamins, minerals. All components of the chemical composition of flour were in
close interaction and changed the thermophysical characteristics, including the gelatinization
temperature of starch.

82

80
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76 e %

74

e
|

72
70
68

Boiling point, °C

Wheat Spelt Barley Amaranth Green
buckwheat

Figure 2. Boiling point of whole grain flour suspensions:
1 — wheat; 2 — spelt; 3 — barley; 4 — amaranth; 5 — green buckwheat

In the dough based on whole grain barley and amaranth flour, the process of moisture
release during baking began faster, since the boiling point of their suspension was 7-7.5%
lower than that of other types of flour. This predicted a reduction in the baking time of
cookies.

Thus, the conducted studies determined the difference in quality indicators of millet
whole grain flour from the highgrade flour, and also clarified the differences in quality
indicators of different types of flour. The negative effect of millet whole grain flour on the
formation of the structure of the dough for cookies and, accordingly, the consistency of the
finished product was confirmed. In order to adjust the structure of the dough, and,
accordingly, the consistency of the finished product, the introduction of enzyme preparations
of the hydrolytic direction was proposed. Glucoamylase enzymes for the hydrolytic
breakdown of flour starch, and cellulase for the hydrolytic breakdown of cellulose and its
derivatives were used. Enzymes were added to the model system of flour and water separately
and in combination. The results of glucose accumulation, as the main hydrolysis product, are
shown in Figure 3.

It was found that the addition of enzyme preparations contributed to the accumulation
of glucose, which led to an increase in the proportion of water-soluble compounds and
improved the consistency of the dough. Thus, the addition of glucoamylase to whole grain
wheat dough increased the amount of glucose 4.1 times during 6 hours, from spelt flour —
4.43 times, based on barley flour — 3.72 times, from amaranth flour — 9.2 times, from green
buckwheat — 12.1 times.
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The process of enzymatic hydrolysis of starch, with a smaller amount of glucoamylase
used, occured faster compared to cellulose hydrolysis. That is, the flexibility of starch grains,
the presence of grains damaged during the grinding process, determined better availability of
the substrate and attack by the enzyme. Thus, during 6 hours of fermentation for a sample
with wheat flour under the action of cellulase, 1.15% less glucose accumulated than under
the action of glucoamylase, for a sample with spelt — by 9.27%, for a sample with barley —
by 28.4%, with amaranth — by 50.7%, with green buckwheat flour — by 10.3%;

The combined use of enzymes sped up the process and improved the consistency of
the dough, which led to a reduction in the fermentation process. Thus, for samples with wheat
flour with the joint introduction of enzymes, the amount of glucose accumulated during 6
hours from the single introduction of enzymes was achieved after 2 hours. Practically the
same was observed for samples with spelt flour. For samples with barley flour — in 3 hours,
with green buckwheat flour — in 4 hours, with amaranth flour — in 4.5 hours. This result will
have a significant impact on the technological process of producing cookies with whole grain
flour and will allow adjusting the dough proofing time in the fermentation chamber.

Conclusions

1. Whole grain flour had sensory characteristics that corresponded to the specific
characteristics of the grain and in terms of appearance, taste, smell and color, it was
significantly different from high grade wheat flour. Spelt and barley flour were lighter in
whiteness, and wheat and amaranth were the darkest.

2. The granulometric composition of millet whole grain flour was not homogeneous. The
main fraction of each type of whole grain flour was larger than high grade wheat flour.
The size of the main fraction of particles of whole grain amaranth and wheat flour varied
in the range of 150-200 microns, green buckwheat flour and barley flour —>200 microns
and 132—150 microns, spelt flour — 150—-670 microns.

3. Among the studied types of flour, the gluten complex formed only in whole grain wheat
and spelt flour. At the same time, the amount of washed gluten in whole grain wheat flour
was 34.5% less than in high grade wheat flour, and in whole grain spelt flour — 24.5%
less.

4. The studied types of flour had an individual structure of starch grains: amaranth and
barley flour were characterized by small ones, green buckwheat flour was characterized
by large starch grains of polygonal shape, and wheat and spelt flour starch grains were
characterized by a round or oval shape of medium size.

5. The structure of the dough with whole grain flour did not correspond to the viscous-plastic
characteristics of cookies, but can be improved by adding enzyme preparations of
hydrolytic action. It was determined that the introduction of glucoamylase and cellulase
provided an increase in the glucose level in the dough, thereby increasing the amount of
water-soluble compounds and improving the consistency. The best result was obtained
with the joint introduction of enzymes, when the fermentation time was reduced by 2—4
hours compared to their single introduction.
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Introduction. Plastic packaging materials have been the
perennial cause of global plastic pollution, highlighting the
urgent need for alternative biodegradable substitutes. This
study explored the potential of using aloe vera gel (AVG) as a
sustainable plasticizer for Kappaphycus alvarezii-based films,
comparing it to a traditional glycerol plasticizer.

Materials and methods. Different concentrations of AVG
(10, 20 and 30%) were tested to prepare biodegradable films,
and the properties of these films including water solubility,
mechanical properties (tensile strength and elongation at
break), biodegradability, and microbial load were evaluated.

Results and discussion. The results show that AVG
concentration significantly affects film characteristics. Water
solubility was significantly reduced with 20% and 30% AVG,
showing values of 18.87% and 26.57%, respectively,
compared to 84.87% for the control and 84.02% for 10%
AVG. Notably, a lower concentration of AVG (10%) resulted
in the highest tensile strength (61.64 N/mm?), while higher
plasticizer ~ concentrations  exhibited lower  values
corresponding to 35.60 N/mm? and 29.90 N/mm? for 20% and
30% AVG, respectively. In addition, the elongation at break
was significantly reduced in treatments with AVG (1.37% —
3.07%) when compared to the control (17.81%), indicating
increased brittleness of the film with AVG. However, AVG
enhanced the biodegradability at all concentrations, with more
than 50% of the films decomposed within 12 days, exceeding
the 37.63% biodegradability of the control. Furthermore, 10%
AVG significantly reduced microbial load to 1 colony forming
units per g, demonstrating antimicrobial properties compared
to the control.

Conclusions. "The study concluded that Kappaphycus
alvarezii and aloe vera gel are promising components for the
development of biodegradable films. K. alvarezii provides a
strong and adaptable film matrix, while aloe vera gel serves as
an effective alternative plasticizer. Further research is
recommended to explore the potential application of these
films as edible food packaging materials.
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Introduction

Traditional plastic films pose significant environmental challenges due to their non-
biodegradability, leading to their accumulation as persistent waste in the environment. Since
the 1950s, over 8.3 billion metric tons of plastic have been produced, of which only about
9% has been recycled, 12% incinerated, and the remaining 79% either deposited in landfills
or released into natural ecosystems (Geyer, 2020; Stabnikova et al., 2021). This
environmental crisis underscores the urgent need for sustainable plastic alternatives.

Developing biodegradable films from biopolymers offers a viable solution to waste
plastic concerns. These biodegradable films break down naturally and are suitable for
medical, packaging, and agricultural uses (Mapossa, 2023; Chandra at al., 1998).
Kappaphycus alvarezii, a widely cultivated red seaweed with established economic value
(Bindu at al., 2010; Rupert et al., 2022; Stabnikova et al., 2025), shows promise as a source
for these materials due to the film-forming properties of its carrageenan content (Tye et al.,
2018). Its status as a top aquaculture commodity (Irawati et al., 2024) ensures cost-
effectiveness and availability. Carrageenan provides a strong and flexible film foundation
(Rhein-Knudsen et al., 2015) and has antimicrobial properties with versatile applications
(Rupert et al., 2022), making K. alvarezii a sustainable alternative.

In biofilm production, plasticizers are essential to ensure the film’s flexibility; however,
common phthalate-based options are toxic (Hauser et al., 2005), driving demand for
healthier substitutes. Aloe vera gel (AVG), known for its medicinal properties, is a suitable
material in biopolymer research. Its polysaccharides, vitamins, enzymes, and amino acids
suggest plasticizing effects (Hamman, 2008). Furthermore, research indicates it can enhance
moisture content, mechanical strength, and gas barrier properties (Hadi et al., 2022a;
Tambe, 2024). Its film-forming, antimicrobial, and biodegradable properties make it a good
natural preservative coating (Berihu et al., 2022; Misir et al., 2014). Therefore, exploring
the combination of K. alvarezii and aloe vera gel in film production could create enhanced,
sustainable packaging materials, particularly for food applications.

Existing research has investigated other plasticizers, including aloe vera gel as an
additive for different biopolymers (Hadi et al., 2021, 2022a). Research using K. alvarezii to
create biodegradable films, as well as studies using aloe vera gel as a film additive, remains
mostly independent from one another. Therefore, the optimal combination and interaction
between these two specific materials for improved film performance remains largely
unexplored.

This study aims to characterize the formulated films' physical (water solubility),
mechanical (tensile strength and elongation at break), biodegradability properties, and
antimicrobial potential. The findings of this research provide valuable insights and baseline
data on biopolymer combinations for developing sustainable film that may used for various
applications, particularly as a food packaging material.

Materials and methods

Materials

The Alkali-Treated Cotonii Chips (ATCC), a form of semi-refined carrageenan (SRC)
and also known as the Philippine Natural Grade (PNG), was sourced from the Bureau of
Fisheries and Aquatic Resources — National Seaweeds Technology Development Center
(BFAR-NSTDC) in Cabid-an, Sorsogon. The ATCC is made from the species K. alvarezii
using the alkali extraction method described in Bixler (1996). Fresh aloe vera leaves were
purchased from Tabaco City, Albay.
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Figure 1. Alga Kappaphycus alvarezii (a),
fresh aloe vera leaves (b), aloe vera gel platicizer (c),
a Kappaphycus alvarezii-based film incorporating aloe vera gel as a plasticizer (d)
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Preparation of aloe vera gel

The extraction of AVG followed the method of Maan et al. (2021), where mature aloe
vera leaves were washed, trimmed, and soaked for 1 hour to remove aloin. After removing
tips and spines, one side of the rind was peeled, and the inner gel was scraped out. The
extracted gel was then homogenized in a blender for 3 minutes, filtered through cheesecloth
to remove impurities, and the resulting pure gel was refrigerated for later use.

Preparation of films

The solution was prepared following a slightly modified method based on Farhan and
Hani (2017). The ATCC (2% w/w) was dissolved in 90°C distilled water with continuous
stirring for 30 minutes. After adjusting the volume and filtering, AVG was added at varying
concentrations (10%, 20%, and 30% w/w) and stirred for 2 minutes. A total of 150 mL of
the solution was poured into plates, dried in a hot-air oven at 60 °C for 4 hours, and then
carefully peeled off. Composition of prepared seaweed-based films is shown n Table 1.

Table 1
Composition of seaweed-based film using Alkali-Treated Cotonii Chips (ATCC) with varying
plasticizers

Seaweed-based films | Compositions

Film (Control) 4g ATCC + 20% glycerol

Film 1 4g ATCC + 10% AVG

Film 2 4g ATCC +20% AVG

Film 3 4g ATCC +30% AVG

Determination of solubility in water

Water solubility was assessed using a slightly modified version of the Romero-Bastida
et al. (2005) method. Film samples (2x2 cm) were dried at 60°C for 1 hour to obtain the initial
dry weight (Si) and then immersed in 50 ml of distilled water at room temperature for 4 hours
with periodic agitation. After immersion and filtering, the film pieces were dried again at
60°C for 3 hours to determine the final dry weight (Sf). Water solubility was calculated as
the percentage weight loss using the formula:

Solubility (%) = [(Si — Sf) / Si] x 100.
Determination of tensile strength and elongation at break

Tensile strength and elongation at break were determined using a Universal Testing
Machine (UTM) extensometer operated in accordance with the standard method ASTM
D882 (ASTM, 2018). The prepared film samples were sent to the Materials R&D
Consulting Facility at the University of the Philippines Diliman for testing. The samples
were cut and measured, with an average thickness of 0.04628+0.00459 mm, a width of
15.00 mm, and a gauge length of 100.00 mm, before being tested.
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Determination of biodegradability

Biodegradability was assessed through soil and burial tests following the method from
Sari et al. (2024) with slight modification. Film strips (2 x 3 cm) were buried in plastic pots
containing 300 g of damp soil and sand. Samples were retrieved every 4 days, cleaned, dried
at 60°C for 1 hour, and weighed. The test lasted for 12 days when one treatment already
achieved the 50% degradation. The percentage weight loss (WL) of the film was calculated
using the following equation:

WL% = (Wi—Wf/ Wi) x 100
where Wi is the film's initial weight, Wf is its weight after degradation.

Determination of microbial load

The microbial load of the film with the best mechanical properties was analyzed using
the Compact Dry TC (total count) — AOAC 010404 method at the Bicol University Regional
Center for Food Safety and Quality Assurance (BURCFSQA). Following the standard
method, film samples were cut into thin strips, diluted 1:10 with distilled water, and
standardized using the 0.5 McFarland turbidity test. One ml of the diluent was plated on
Compact Dry TC and incubated for 24 hours at 35 £+ 1°C, after which the number of colonies
was counted to quantify bacterial growth.

Data analysis

Statistical analysis using Analysis of Variance (ANOVA) was performed to evaluate
significant differences in the tested film properties among experimental groups, with
normality and homogeneity of variances checked using the Shapiro-Wilk and Levene's tests,
respectively. In cases of significant ANOVA results, Tukey's multiple-range test was used to
identify significantly different groups. All statistical analyses were conducted at a 5% alpha
level.

Results and discussion
Film solubility in water

Significant variations in water solubility were observed among seaweed-based films
with different plasticizers (Figure 2). Specifically, seaweed-based films 2 and 3 have
significantly low water solubility as compared to the control and seaweed-based film 1
(p<0.05). Thus, incorporation of higher amounts of AVG (>20%) into seaweed-based films
will result in their lower solubility in water.

The high water solubility of film 1 (84.02%), comparable to the control film (84.87%),
indicates that the addition of 10% AVG enhances water absorption and breakdown, likely
due to AVG's inherent hydrophilic nature (Hadi et al., 2021) and plasticizing effect, which
increases space between polymer chains (Hadi et al., 2022b). This comparable solubility
suggests that AVG behaves similarly to glycerol in terms of water solubility at low
concentrations. However, increasing AVG concentrations to 20% (film 2, 18.87%) and 30%
(film 3, 26.57%) significantly decreased solubility. This finding contradicts the results of
Hadi et al. (2022b) and may be due to differences in the base film composition or aloe vera
gel properties.
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Figure 2. Comparison of the solubility properties of films with different contnent of aloe vera gel
(AVG) relative to the control: film 1, 10% of AVG; film2, 20% of AVG; film 3, 30% of AVG

The film developed with 20% aloe vera gel exhibited properties comparable to the
starch-based film reported by Chavan et al. (2022), which demonstrated a solubility range of
5.5% to 19.1% through the incorporation of nanostarch particles to enhance film’s
mechanical and barrier properties. Similarly, studies such as that of Bajer et al. (2020) have
shown that water solubility in starch/chitosan/aloe vera composites decreases following UV
irradiation, suggesting that external treatments can significantly influence solubility
behavior. Meanwhile, based on Abd Karim et al. (2024), thermoplastic starch films
formulated with 30% aloe vera experienced a significant reduction in water solubility from
48.46% to 32.39% with the incorporation of 10% polyethylene, a reduction that remained
consistent even with higher polyethylene concentrations (20%-40%). These findings
collectively underscore that while AVG concentration significantly influences solubility,
with higher levels generally leading to reduced water interaction, additional factors such as
film composition, polymer modifications, and external treatments like UV exposure are
equally crucial in tailoring the film's water resistance properties.

The varying solubility of the developed films indicates their potential for diverse
applications. Films with high solubility, such as film 1, are suitable for applications requiring
rapid dissolution, including those in the food and detergent industries, similar to PVOH-
based films for detergent capsules (Byrne et al., 2021) or edible films for instant food.
Conversely, films with lower solubility, such as films 2 and 3, are more suitable for
applications requiring water resistance, such as biodegradable food packaging for perishable
goods. Thus, the balance between solubility and water resistance in these seaweed-aloe vera
gel-based films allows for a range of practical uses in food packaging and agriculture.

Mechanical properties

All films incorporating aloe vera gel showed no significant differences in tensile strength
compared to the control, with an average value of 42.64 + 6.32 N/mm? (p > 0.05). On the
contrary, film 1 has significantly higher tensile strength (61.63 + 10.54 N/mm?) compared to
film 3 (29.90 + 1.42 N/mm?). In addition, film 1 with the lowest AVG concentration also
shows the highest tensile strength among the films and control, indicating that 10% aloe vera
gel is the most effective for enhancing the film's tensile strength. Further increasing the
concentrations of aloe vera gel leads to reduced tensile strength (Figure 3).
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Figure 3. Comparison of the tensile strengths of films with different contnent of aloe vera gel
(AVG) relative to the control: film 1, 10% of AVG; film2, 20% of AVG; film 3, 30% of AVG

Additionally, the incorporation of AVG into the K. alvarezii-based films significantly
affected elongation at break (Figure 4). Analysis showed statistically significant reductions
in elongation across all aloe vera gel films compared to the glycerol control (17.81 + 3.34%,
mean + SE) (p<0.05). Subsequently, mean values (+ SE) decreased from 3.07 £+ 0.73% (film
1) to 1.49 £ 0.06% (film 2) and 1.37 + 0.06% (film 3), indicating a clear inverse relationship
between AVG concentration and film flexibility.
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Figure 4. Comparison of the elongation at break (%) of films with different contnent of aloe vera gel
(AVG) relative to the control: film 1, 10% of AVG:; film2, 20% of AVG:; film 3, 30% of AVG

The preceding results highlight a complex relationship between tensile strength and
elongation at break in the K. alvarezii-based biodegradable films (Figure 5). The control
films based on K. alvarezii exhibited a balance of moderate tensile strength and high
elongation at break. On the contrary, presence of AVG in films indicates inverse
relationship between film strength and elongation. This observation is a common trade-off
in composite materials, likely because the aloe vera gel creates stronger connections within
the film (Rahmiatiningrum et al., 2019; Tambe et al., 2024), which can make the material
more brittle (Chen et al., 2019).
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Figure 5. Relationship of tensile strength (TS) and elongation at break (EAB) of films with
different contnent of aloe vera gel (AVG) relative to the control: film 1, 10% of AVG; film2,
20% of AVG:; film 3,30% of AVG

Specifically, when AVG content exceeded 10%, tensile strength decreased while
elongation at break remained low. This might be because the higher amount of AVG disrupts
the film's structure (Lagos et al., 2015; Ramos et al., 2013), making it difficult to create
flexible films with high AVG content. Therefore, plasticizer addition requires an optimal
point beyond which strength decreases.

Compared to traditional plastics, the K. alvarezii-based films exhibit similar if not
superior strength, but limited flexibility. For instance, Pradhan et al. (2020) have shown that
high-density polyethylene has a tensile strength of 20-40 N/mm? with high elongation at
break (100-1000%), while low-density polyethylene shows 7—17 N/mm? tensile strength with
elongation at break of 200-900%. In addition, the same study suggests that polypropylene
has 28-40 N/mm? tensile strength with moderate elongation at break of 20—75%. In contrast,
the film with 10% of AVG has a higher tensile strength (61.63 N/mm?), but significantly
reduced elongation (3.07%), while other films with AVG displayed comparable or slightly
lower tensile strength alongside similarly limited flexibility. Thus, the impressive tensile
strength exhibited by the developed film shows its potential for applications requiring
mechanical durability such as food packaging.

Biodegradability

The results demonstrate that addition of AVG significantly enhances the
biodegradability of the films compared to the glycerol-plasticized control (Figure 6).
Notably, all films incorporating AVG resulted in over 50% film degradation after 12 days.
Specifically, the biodegradability of film 2 (53.55%) is significantly higher than the control
(37.63%) (p<0.05). These findings confirm the positive impact of aloe vera addition on film
degradation and prompt further examination of the optimal concentration range for
maximum biodegradability.
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Figure 6. Comparison of biodegradability of the different films with AVG relative to the control

The rapid degradation of the AVG-plasticized films, with over 50% degradation within 12
days, indicates that AVG might accelerate biodegradation compared to some glycerol-plasticized
carrageenan films. For example, findings from Sari et al. (2024) show biodegradable film with
glycerol took about 40 days to reach similar levels, emphasizing the effect of plasticizer type on
the film’s natural degradation. This enhanced biodegradability with AVG is likely due to its
complex composition, which provides readily available microbial carbon sources like
polysaccharides, organic acids, and enzymes (Babu et al., 2020). Therefore, the overall faster
degradation of the aloe vera gel-plasticized films highlights AVG's potential to enhance the
biodegradability of polymer matrices. This suggests that incorporating AVG into seaweed-based
films could be a significant step in developing sustainable plastic alternatives suitable for
applications prioritizing environmental compatibility.

Effects on microbial load

Adding 10% AVG to the film decreased aerobic bacterial counts, indicating its antimicrobial
contribution. The minimal bacterial count (1.0 colony forming units per g) in film 1 indicates the
effective control of bacterial accumulation. The control film demonstrated bacterial contamination
with a high level too numerous to count (TNTC), indicating the lack of antimicrobial properties.
These differences show AVG's antimicrobial ability as an essential additive for creating
biodegradable plastics.

The observed antimicrobial effects are consistent with previously published research. For
instance, Ghafoor et al. (2016) found that biodegradable polymer films containing aloe vera
showed substantial bacterial growth reduction, confirming the current study results. Similarly,
Yoshida et al. (2021) found that biofilms made from chitosan had enhanced antimicrobial activity
when they included aloe vera extract. Research evidence demonstrates that particular compounds
in aloe vera, including anthraquinones, saponins, tannins, flavonoids, ascorbic acid, and
pyrocatechols, provide broad-spectrum antibacterial effects. The antimicrobial properties of
anthraquinones in aloe vera are due to their ability to inhibit protein synthesis in bacteria (Fani at
al., 2012; Zahra et al., 2022). The compounds penetrate microbial membranes to cause bacterial
cell lysis, resulting in decreased bacterial viability, especially against Gram-positive
Staphylococcus aureus strains (Chelu et al., 2023; Parnomo et al., 2021). The current research,
along with previous studies, demonstrates how aloe vera gel enhances biodegradable film
antimicrobial properties, which drives the creation of safer, sustainable alternatives.
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Conclusions

In conclusion, this study demonstrates the promising potential of aloe vera gel as a
sustainable plasticizer in seaweed-based biodegradable films. Varying the concentration of
aloe vera gel produced films with properties suitable for a wide array of applications,
particularly as food packaging materials. Notably, aloe vera gel enhanced biodegradability
and provided significant antimicrobial activity, surpassing the performance of traditional
glycerol-plasticized films. While lower concentrations improved tensile strength, higher
concentrations led to reduced solubility and increased brittleness, highlighting the
importance of precise formulation. Overall, the findings suggest that aloe vera gel offers a
promising alternative to conventional plasticizers, contributing to the development of
enhanced, environmentally friendly packaging materials. Future research into the
optimization of aloe vera gel concentration and its applications within specific packaging
applications would be useful in exploring the full extent of its potential.
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Introduction. This study aimed to evaluate the effect of
incorporating protein—berry concentrates, obtained by thermo-
acid coagulation of milk proteins with the use of blueberry paste
as a coagulant, into sauces on their structural, sensory, and
physicochemical properties.

Materials and methods. In the sauce formulations, a part
of the milk protein products was replaced with protein—berry
concentrates, which were added at levels of 30-50%, with a
variation step of 10 %. Structural and mechanical characteristics
were assessed using deformation kinetics curves. Active acidity
was measured potentiometrically; moisture content was
determined using the thermogravimetric method.

Results and discussion. A sharp decrease in the effective
viscosity of the sauces by 1.45-1.73 kPa's was observed in the
shear rate range of 1-3s™'. In the range of 3-5s7', structural
breakdown of the sauce matrix based on protein—berry
concentrate (PBC) occurred, with partial structural recovery
noted. At higher shear rates (5-9s7!), changes in effective
viscosity were minimal (0.15-0.4 kPa-s), and the viscosity curves
became linear.

The active acidity of the studied sauce samples decreased
from 4.75 to 4.5 pH with the increase of protein-berry concentrate
(PBC) content from 30 % to 50 %, showing values that were 0.05
to 0.25 pH units higher than those of the control sample.

The moisture content in sauces containing protein-berry
concentrates was by 4.8-12.3% lower than in the control,
decreasing from 57.2% to 49.7% as the content of PBC increased
from 30% to 50%.

The highest effective viscosity (5.63 kPa-s) was observed in
the sauce containing 50% protein—berry concentrate. This sample
was characterized by a homogeneous, plastic, creamy
consistency, a pronounced berry flavor, and a natural purple
color.

Conclusions. The effectiveness of using protein—berry
concentrates as a formulation component for developing sauces
with improved sensory and rheological properties, as well as
enhanced nutritional value, has been confirmed.
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Introduction

The production of natural sauces enriched with beneficial compounds and featuring
reduced caloric content aligns with modern consumer demands for healthier food products.
Sauces are commonly used in cooking or served with dishes to enhance flavor, aroma,
appearance, and nutritional value (Maoloni et al., 2022). They are characterized by specific
structural and mechanical properties, which can be achieved through targeted technological
processing of vegetable or dairy raw materials, in combination with the use of structure-
forming agents and acidulants (Benderska et al., 2019). However, many commercially
available sauces contain preservatives, artificial stabilizers, and emulsifiers (Lebedenko et
al., 2021). Despite this, insufficient attention has been given to the development of new
formulations and technologies for the industrial production of milk-based sauces.

When developing sauce formulations, particularly those based on protein-berry
concentrates, attention must be paid to the consumer-relevant characteristics of the final
product (Grek et al., 2020). To achieve the desired rheological properties, structure-forming
agents are commonly employed (Lystopad et al., 2020). In berry sauce technologies, these
structure formers typically include thickeners such as starches, gums, and similar ingredients,
which influence the structural and mechanical characteristics of the product (Kim et al.,
2014). However, these conventional structuring agents are often high in calories, poorly
digestible, and do not contribute significantly to the nutritional value of the final product
(Yalcinoz et al., 2016).

Most existing research focuses on the use of structuring agents and flavor enhancers,
which complicate the technological process and increase production costs (Hernandez-
Carrioén et al., 2015; Honchar and Gnitsevych, 2024; Shalaby et al., 2017; Zaouadi et al.,
2015). Meanwhile, there is a lack of studies dedicated to the development of sauces based on
milk concentrates, including protein-berry concentrates, with adjustable structural and
mechanical properties, moisture content, active acidity, and natural color.

Dairy-plant products are widely developed and introduced into the human diet
(Nascimento et al., 2023; Onopriichuk and Skuibida 2024; Skuibida et al., 2022). It is known
that berry raw materials contain a significant amount of pectin substances, which have a
structure-forming effect (Bélafi-Bako et al., 2012). Blueberries are rich in vitamins, including
vitamin C (14.1-26.4 mg%), pectic substances (0.32-0.45%), phenolic compounds (339-
364 mg%), as well as macro- and microelements, and other biologically active substances
essential for normal body function. These components also contribute to improved consumer
properties of food products (Bialoszycka et al., 2025). In addition, berries contain flavones,
flavonols, catechins, oxycinnamic acids, which cause the natural purple colour of the product.
It is known that the complex of phenolic compounds of blueberries is represented by
chlorogenic acid; glycosides of kaempferol and quercetin; free, condensed catechins and
proanthocyanidins (Guiné et al., 2018). Coloring substances of berry raw materials are low
molecular weight phenolic compounds related to bioflavonoids, in particular anthocyanins,
which are found in plants in the form of glycosides. It is the presence of anthocyanins in
berries that enables their use as natural food colorants (Stabnikova et al., 2024).

The incorporation of protein—berry concentrates into sauce formulations could
potentially eliminate the need for traditional thickeners and artificial colorants. The final
product would be characterized by a natural composition, improved digestibility, enhanced
biological value, and favorable rheological properties. The aim of the present research was
to evaluate the effect of incorporating protein—berry concentrates, obtained by thermo-acid
coagulation of milk proteins using blueberry paste as a coagulant, into sauces on their
structural, sensory, and physicochemical properties.
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Materials and methods
Materials

Protein—berry concentrates (PBC) were incorporated into the sauce formulations. The
production of PBC involved thermo-acid coagulation of milk proteins using berry raw
material as a coagulant, under classical conditions: a temperature of 93-95 °C with a 5-
minute holding time. Homogenized blueberry paste with a pH of 2.6 +0.2 was used as the
coagulant at a concentration of 8%, which adjusted the active acidity of the mixture to achieve
an equilibrated isoelectric state of the milk proteins (pH 4.1-4.5), thereby promoting their
effective coagulation (Grek et al., 2017).

Blueberry paste was obtained using the processes of hydrodynamic cavitation treatment
of berry raw material on the units of TEK-SM type (Bessarab et al., 2014). The products of
this process step are protein-blueberry concentrates and the coloured whey with the tint of
blueberry coagulant introduced (Grek et al., 2020).

In the sauces composition containing traditional components (cream, hard rennet and
processed cheeses, milk powder or whey, stabilising and flavouring additives) a part of milk-
protein products was replaced by protein-berry concentrates, which were added in the amount
of 30-50 %, with a variation step of 10 % of the component composition.

Methods for determining the quality indicators of sauces based on protein-berry
concentrates

Structural and mechanical characteristics (effective viscosity, boundary shear stress)
of sauces based on PBC were determined on a rotational viscometer by taking curves of
deformation (flow) kinetics. The measurements were carried out in the ‘a’ mode set
experimentally taking into account the structural and mechanical properties of the studied
samples. The measuring cylinder was selected so that the gradient layer spreads over the
entire thickness of the product layer in the annular gap of the viscometer measuring device.
Shear stress 1 (Pa) was measured at twelve values of shear rate gradient y. For this purpose,
readings were taken at the maximum angle of deflection of the arrow on the instrument scale.
Dependences of effective viscosity (g, Pa-s) on the displacement rate (y, s™) of sauces based
on PBC were plotted on the basis of the obtained data.

The effective viscosity was determined at increasing values of cylinder speed. Tested
samples of sauces based on PBC were placed in the gap between the working cylinders of
the viscometer. The measurement was made at temperature (20+2) °C (Pshenychna et al.,
2018).

Sensory parameters including product appearance, colour of sauces based on PBC were
controlled visually; taste and smell, consistency — organoleptically at sauce temperature from
18°C to 20°C.

Active acidity of sauces based on PBC was determined potentiometrically on a universal
pH-meter Sartorius PB-20. To determine the pH, 40 g of sauces was taken into the beaker,
the electrodes are immersed in the beaker and after 10-15 seconds the readings of the device
are recorded. The electrodes are rinsed with distilled water and wiped off with filter paper
after each measurement.

The moisture content of sauces based on PBC was determined by the accelerated
method (using a «Quartzy device). To determine the moisture content of the sauces, 150x150
mm newsprint bags (single or double layers) were rolled diagonally, the corners and edges
were bent. The package was placed in a sheet of parchment slightly larger than the package,
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without wrapping the edges. The finished bags were dried on a «Quartzy apparatus for 3 min
at a temperature of 150152 °C.

The prepared bag was weighed with 5 g of the test product to the nearest 0.01 g. The
product was distributed evenly over the entire surface of the bag. The bag with the sample
was closed and placed in the device between the plates heated to 150—152 °C for 5 min. The
bags with dried samples were cooled in a desiccator for 3—5 min and weighed. The moisture
content of the product was determined by the formula:

M- M,
W= — 100,
where, W is the mass fraction of moisture, %; M is the mass of the bag with the sample before
drying, g; M; is the mass of the bag with the sample after drying, g; 5 is the mass of the
product, g. The difference between the parallel determinations did not exceed 0.5 %. The
final result was the arithmetic mean of three parallel determinations (Onopriichuk et al.,
2024).

Results and discussion

Structural and mechanical characteristics of sauces based on protein-berry
concentrates

At the first stage, the primary raw materials directly influencing the structural—
mechanical and organoleptic quality indicators of the final product were investigated.
Depending on the formulation and technological purpose, pasty products must exhibit
specific structural and mechanical characteristics. Structural and mechanical characteristics
of sauces based on PBC were determined by the nature of bonds arising between protein
particles during the structure formation. They can be classified as thixotropic structures in
which the effective viscosity decreases with increasing shear rate, reversible bonds are
restored after the mixture structure is disturbed. The rheological curves presented in Figure
1 describe the effect of shear rate on the effective viscosity of sauces based on PBC.

The character of curve changes indicates that the studied sauce samples are
pseudoplastic in structure and flow as abnormal viscous liquids in the whole range of shear
rates from 1 s to 5 s7!. The analysis of flow curves indicates that the effective viscosity of
sauces under the same conditions decreases with decreasing mass fraction of protein-berry
concentrate. Probably, it is connected with the change of their spatial structure, which is
formed as a result of direct phase contacts of particles adhesion of the newly formed phase —
caseinate calcium phosphate complex and constituents of berry coagulant. The latter are
characterised by high strength. Pectin substances as surfactant compounds form a strong
framework due to the convergence of hydrophobic methoxyl groups in aqueous medium, and
free carboxyl groups dissociate into ions, which interact with NH;™ groups on the protein
surface. The growth of contact strength between particles is accompanied by the appearance
of crystallisation bridges. The sauce structure is elastic, dense, after mechanical breakage the
bonds are slowly restored, as a consequence, the thixotropic properties are reduced in such
systems.

The highest viscosity of 5.63 KPa-s was found in the sauce sample with a mass fraction
of 50 % PBC. This may be due to the optimally selected amount of formulation components,
which favours the formation of a compound of stable three-dimensional spatial structures and
enhances the viscous characteristics of the product. When assessing organoleptic parameters
of the samples under study, homogeneous, plastic, creamy consistency of sauces was noted.
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Figure 1. Effect of shear rate gradient on the effective viscosity of sauces depending on the
amount of protein-berry concentrate (PBC)

Previous studies (Benderska et al., 2019) on the structural and mechanical
characteristics of sauces confirm an increase in the effective viscosity values of sauces when
the concentration of tomato seed paste is increased in the system. By increasing the amount
of tomato paste added from 5 % to 11 %, the structural and mechanical properties of the
finished product change significantly: its viscosity increases 2.46 times — from 147 Pa-s to
363 Pa-s. This can be attributed to the presence of significant content of proteins, pectin and
hemicellulose in tomato seed paste with moisture-binding capacity.

There are 3 sections on the rheological curves (Figure 1). A sharp drop in effective
viscosity by 1.5-2 times is observed in the range of displacement velocity (1-3) s'. This effect
is due to the fact that protein-berry concentrates form a continuous three-dimensional
coagulation structure under the action of Van-der-waals cohesive forces. The process occurs
through the interaction between the protein globules of casein and whey proteins with the
pectin substances of blueberry paste. The flow resistance in this case is insignificant, which
causes a decrease in the effective viscosity of sauces by 1.45-1.73 KPa-s at shear rates up to
25

At the second section, in the range of shear rate (3-5) s!, the non-Newtonian fluidity of
the viscous system of sauces based on concentrates and destruction of the partially recovering
structure are observed. At the third section at high values of shear rate (5-9) s! the effective
viscosity of sauces changes by 0.15-0.4 KPa-s, and the curves of effective viscosity have a
linear character. The recovery process of the sample with a mass fraction of PBC 30 % is
slower (deformation is greater and recovery is less pronounced), suggesting a less stable
structure compared to samples with mass fraction of PBC 40 % and 50 %.

Other experimental data (Lebedenko et al., 2021) also confirm that the sauce with
complete replacement of flour by a structuriser of polysaccharide nature had the highest
viscosity, while the control sample had the lowest. Thus, at a shear rate of 0.3333 s”!, the
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viscosity of the control sample is 14.32 Pa-s, the samples with replacement of 50 % flour, 10
g fat and 100 % flour, 10 g fat are 16.49 and 19.6 Pa-s, respectively. Scientists have stated
that the sauce with complete replacement of flour by plant polysaccharides has a thicker,
more viscous consistency, affecting organoleptic properties.

The determining quality indicator for sauces is their consistency, so the obtained data
of rheological parameters of experimental samples correlated with organoleptic perception.
The type of product structure determines its qualitative and technological characteristics.
Based on the obtained results, organoleptic evaluation of the developed samples of sauces
based on PBC was carried out, which is presented in Table 1.

Table 1
Sensory characteristics of sauces based on protein-berry concentrates
Amount of Sensory characteristics
protein-berry Consistency and Taste and smell Colour
concentrate, % | appearance
Homogeneous, Clear, milky, with a | Barely noticeable pale
30 mastic,  slightly | slight blueberry | purple, uniform
viscous flavour throughout the whole
mass
Pasty, Moderately Light purple, uniform
40 homogeneous, noticeable blueberry | throughout the mass
moderately thick | flavour and aroma
Thick, Pronounced flavour | Pronounced purple,
50 homogeneous and aroma of berry | uniform throughout the
creamy raw material mass
consistency

The visualization of the obtained sauce samples based on protein-berry concentrates is
shown in Figure 2. The samples had a purple, uniform color, a noticeable berry taste and
aroma, and a delicate, moderately mastic consistency with single inclusions of berry shells.

Figure 2. Sauces based on protein-berry concentrate (PBC):
a, 30 % PBC; b, 40 % PBC; ¢, 50 % PBC
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Physicochemical parameters of sauces based on protein-berry concentrate

Since PBC have a higher acidity compared to classical types of milk-protein
concentrates, it is reasonable to determine the effect of different amounts of PBC on the
acidity in the finished product and the mass moisture fraction (Figure 3).
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Figure 3. Change in active acidity and moisture content of sauces depending on the amount of
protein-berry concentrate (PBC)

The active acidity of the sauce samples increased from 4.75 to 4.5 pH with increasing
the amount of PBC used from 30 % to 50 % and was 0.05-0.25 pH units higher than in the
control sample. For comparison, the active acidity values for functional sauces using whey
and vegetable powders ranged from 3.50 to 4.45 pH (Khatko et al., 2021).

The obtained results confirm that protein-berry concentrates are characterized by an
increased content of organic acids contained in the berry coagulant. When developing
formulations, this will allow artificial citric acid to be replaced by natural organic acids,
which are contained in significant amounts (2.0-4.3 %) in blueberry paste (Yavorska et al.,
2020).

The mass fraction of moisture in sauces based on PBC was 4.8-12.3 % lower compared
to the control sample and continued to decrease from 57.2 to 49.7 % with increasing
concentrate use from 30 to 50 %. Probably, it is connected with transformation of the spatial
structure, which is formed as a result of direct contacts of the adhesion of particles in the
formed phase — caseinate calcium phosphate complex and carbohydrate components of
blueberry paste.
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The sauce is characterised by a high content of high-grade animal proteins due to the
introduction of milk-protein concentrates with essential amino acids, which are of great
importance in dietary, medical and preventive nutrition, and determines its high biological
value.

The technology of sauces based on PBC can be realised on the equipment for production
of pasty cheeses. Due to the use of a wide range of berry raw materials in the production of
protein-berry concentrates, sauces can acquire a variety of taste, aroma and natural colouring,
which significantly increases the possibility of their use in cooking.

Conclusions

1. By varying the amount of protein-berry concentrate (PBC) from 30% to 50% in the
sauce formulation, it is possible to predict one of the key quality indicators—effective
viscosity. The sauce containing 50% PBC demonstrated the highest effective viscosity (5.63
kPa-s) and was characterized by a homogeneous, plastic, creamy consistency, a pronounced
berry flavor, and a natural purple color.

2. The active acidity of the studied sauce samples increased from 4.75 to 4.5 pH with
the increase in the use of protein-berry concentrates from 30 % to 50 %, and the mass
moisture fraction on the contrary decreased from 57.2 % to 49.7 % under the same
manufacturing conditions.

3. The presence of natural berry flavor and color in sauces made with protein-berry
concentrates eliminates the need for artificial flavors and colorants.

4. Based on the specific characteristics of sauces containing protein—berry concentrates,
a sensory evaluation scale was developed according to the concentrate content, allowing for
the production of sauces with predictable sensory properties. The obtained data also make it
possible to forecast the influence of mechanical processing of the formulation components
on the rheological characteristics of the final product.
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Introduction. The aim of the work was to study the effect of
pregelatinized corn starch on the technological and quality
properties of pea dough and snacks.

Materials and methods. Pea flour was used as the main raw
material, and corn starch was used as the structure-forming
agent. Structural and mechanical properties of the dough and
snacks were determined by the elasticity, adhesion strength,
dough viscosity, and snack strength. Sensory quality indicators
were determined with the involvement of tasters using a 5-point
scale, taking into account the importance of each indicator.

Results and discussion. It was shown that the addition of up
to 20% pregelatinized corn starch to the formulation of pea-based
snacks positively influenced dough structure formation.
Specifically, elasticity increased to 37 g, which was by 25.6%
higher compared to the control sample containing 5% native corn
starch, while viscosity increased to 171 cP.

A further increase in the dosage of pregelatinized corn starch,
however, resulted in a decline in these quality indicators. A
similar trend was observed in the final product: as the starch
dosage increased, snack firmness decreased, making them easier
to chew. However, when the starch content exceeded 15%, the
finished product became excessively thin, negatively affecting
its structural integrity. This will negatively affect the quality of
the snacks during transportation due to the possibility of a large
number of scraps.

The analysis of the effect of pregelatinized corn starch dosage
on sensory characteristics showed a positive impact on product
appearance, as it contributed to the formation of thinner snacks.
No noticeable changes in taste were observed. Nutritional value
calculations indicated a slight decrease: with a 15% starch
addition, protein content was reduced by 5.2%, and fat content
by 5.3%, compared to the control sample containing 5% native
corn starch. Meanwhile, the carbohydrate content increased by
only 10.9%.

Conclusion. The use of pregelatinized corn starch allowed to
ensure high structural and mechanical properties of both dough
and snacks based on pea flour. It is recommended to incorporate
pregelatinized corn starch into the formulation of pea snacks at a
level not exceeding 15%.
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Introduction

Snack products are one of the most popular in the global market (Chehtman, 2022).
Since such products are thermally processed, which facilitates digestion by the human body,
dehydrated, therefore they have a low mass, ready for consumption, which is important in
the conditions of urbanization of life (Rubanka et al., 2022). However, most of these products
are made on the basis of cereals (wheat, rice, barley) a lot of sugar is added as a structure-
forming agent, or deep-frying is used during thermal processing, which are undesirable in the
case of a healthy diet. Pea flour is naturally gluten-free and considered safe for individuals
with celiac disease or other gluten-related disorders.

To combine the demand for ready-to-eat products with the need to consume highly
nutritious products, it is necessary to use ingredients with high biological value for their
production (Ivanov et al., 2021; Tsykhanovska et al., 2023). Legumes are sources of proteins
and essential amino acids. The total essential amino acid content of legume proteins is 38—
45 g/100 g (Shevkani, 2023). Peas are a low-cost source of protein and energy that combines
technological functionality and nutritional value (Farshi et al., 2024).

It was proven that with an increase in the extrusion temperature of 135°C, the swelling
coefficient of the extruded snacks in which corn or rice flour was partially or completely
replaced increased to 40% (Maskus et al., 2015). It was also proven that the presence of peas
in the snack composition at an extrusion temperature (159-164°C) and a screw rotation speed
(165-214 rpm) made it possible to produce high-quality snacks (Félix-Medina et al., 2020).

The use of pea and oat flours and pea isolate in cracker technology allowed the
development of snacks with a high protein content (24.66 g/100 g) and a low lipid content
(9.07 g/100 g). In terms of its structural properties, the snack had lower hardness (19.04 N)
and stickiness (4.07 N), but higher cohesion (0.35), elasticity (0.45 mm) and chewiness (0.35)
compared to commercial crackers (Morales-Polanco et al., 2017), which also confirms the
feasibility of using pea flour in snack production. The snacks exhibited a higher polyphenolic
content—ranging from 0.33 to 0.62 mg gallic acid equivalents (GAE) per gram of sample—
along with increased antioxidant activity (up to 8.7%) and a softer texture (Wani et al., 2018).

However, the production of snacks, based on peas can be complicated. Pea proteins
are characterized by high water and fat binding capacity, which led to the formation of a gel,
and subsequently a hard texture of products after their thermal treatment. This property has
positive potential in the case of the production of meat substitutes (Serdaroglu et al., 2005),
but is undesirable in the production of snacks from pea flour, as it will give a dense structure
to the finished product (Venkatachalam et al., 2025).

Therefore, to adjust the structural and mechanical properties of snacks and their sensory
indicators, it is necessary to use ingredients that will provide the structure of the dough and
the finished product. One of such ingredients is starch. It has a high water-binding capacity,
and the nature of starch, which is determined by the structure of starch grains, affects the
characteristics of the dough and the finished product (Yifei et al., 2020).

Starch is widely utilized in the food industry for a variety of purposes, including the
production of bakery products (Fonseca et al., 2021), stabilization of emulsions in soft drinks
(Lyu et al., 2024), encapsulation of flavorings, formulation of dairy products (Naseer et al.,
2021), preparation of fruit semi-finished products (Agudelo et al., 2023), as well as in instant
soups and sauces (Fonseca et al., 2021), and in the mayonnaises and salad dressings (Block
et al., 2023). It is also used in meat products (Marynin et al., 2023), including the use of
electrochemically activated water for the preparation of starch suspensions (Marynin et al.,
2022), giving them the desired physicochemical, functional, and digestible characteristics
(Agama-Acevedo et al., 2019; Magallanes-Cruz et al., 2017).

The aim of the present work was to investigate the effect of pregelatinized corn starch
on the technological and quality properties of dough and snacks made from pea flour.
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Materials and methods

Materials and dough preparation

Pea flour (LLC "Prodenergo" Ukraine), native corn starch (PJSC "Dniprovsky Starch
Molasses Combine", Ukraine), salt, (LLC "Foreign trade resource" Ukraine), mixture of
spices (ground black pepper, dried granulated garlic, ground coriander) (PJSC
"Ukroptbakaliya" Ukraine), pregelatinized corn starch Interstarch CWS30.50 (PJSC
"Dniprovsky Starch Molasses Combine", Ukraine) were used for snack preparation.

The recipe of the control dough sample included pea flour in the amount of 92.5%,
native corn starch, 5%, salt, 2%, mixture of spices, 0.5%, and water. The dough was prepared
by kneading with a moisture content of 48.0%. Dough samples under study were prepared,
replacing native corn starch and the corresponding part of the flour with pregelatinized corn
starch in the amount of 5, 10, 15, 20 and 25%. The finished dough was deposited in an amount
of 25 g and baked using a MAGIO MG-397 waffle iron (China) at a temperature of 160 ° C
for 2.5 min.

Determination of structural and mechanical properties of dough and snacks

To analyze the structural and mechanical properties of the dough and finished products,
a Brookfield CT3 texture analyzer was used. The elasticity of the dough and its adhesion
strength were determined using a TA4/1000 nozzle (38.1 mm Diameter cylinder probe) Clear
Acrylic 26 g, 20 mm Long Rad 35-43 mm. The study was carried out with the following
parameters: nozzle movement speed 1 mm/s, depth of its immersion in the dough sample 10
mm. The research error was +£0.05. The viscosity of the dough was determined on a
Brookfield Viscometr DV2T viscometer at a temperature of 21.8°C with a nozzle rotation
speed (cylinder) of 100 rpm, torque — 30.3—-69.8%.

When analyzing the strength of ready-made snacks on the Brookfield CT3 texture
analyzer, a TA7 (knife edge) Clear Acrylic 8 g, 60 mm Wide nozzle was used. Research
conditions: nozzle movement speed 2 mm/s, depth of its immersion in the sample 10 mm
(Sobczyk et al., 2017).

Determination of sensory quality indicators of pea snacks

Sensory assessment of the quality of ready-made snacks was carried out using a
complex indicator (Galenko et al., 2022). The analysis was carried out using a 5-point scale.
The tasting commission consisted of 10 experts of different age categories, who established
the weighting indicators for each indicator (appearance, consistency, taste, aroma) and
evaluated this indicators. Based on the results of the research, quality profilograpms were
constructed and a complex indicator (Ko) was calculated using the formula:

P P, P, P,
Ky=M,—+M, 2 +M,—+M,—
T T
where P;, P,, P;, P4 are arithmetic mean score for appearance, consistency, aroma, and taste,

respectively;

P,°, Py, P;®, P4 are basic score (standard) for appearance, consistency, aroma and taste,
respectively (for all indicators a score of 5 was accepted);

M, My, M3 M, are weighting indicators for appearance, consistency, taste and aroma,
respectively.

——Ukrainian Journal of Food Science. 2025. Volume 13. Issue 1 57



Calculation of nutritional and energy values of pea snacks

To study the beneficial properties, including the degree of ensuring the physiological
needs for basic nutrients and energy, the nutritional and energy value, the content of water-
soluble vitamins and minerals of the developed products were calculated. When making
calculations, the “Norms of physiological needs of the population of Ukraine for basic
nutrients and energy” approved by the Ministry of Health of Ukraine for women aged 18-29
years of the st labor intensity group were used.

Statistical analysis

All measurements were carried out as independent experiments and triplicated
accordingly.

Results and discussion

Effect of pregelatinized corn starch on the structural and mechanical properties
of pea-based dough

Pregelatinized corn starch was made from waxy corn, for the modification of which
physical methods were used. Such starches are rich with amylopectin, where the amylose
content does not exceed 5% (according to the product specification declared by the
manufacturer), which in turn will affect the structural and mechanical properties of the dough
and as a consequence the process of kneading the dough and settling the dough pieces.
Therefore, it was considered appropriate to investigate the influence of pregelatinized corn
starch on the structural and mechanical properties of the dough. The results of studies of
dough elasticity and its adhesive properties are presented in Figure 1.
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Figure 1. Changes in dough elasticity and adhesion strength depending on the dosage of
pregelatinized corn starch
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It was found that the introduction of pregelatinized corn starch in an amount of 5 to 15% caused
a softer consistency compared to the control, due to the fact that it is cold-swelling — pregelatinized
(Sugiura et al., 2017), which positively affected the elastic properties of the dough. Increasing the
dosage of pregelatinized corn starch above 15% led to an increase in the amount of moisture that
binded to the starch. Therefore, the dough acquired the characteristics of a soft paste, not a hard gel.
Thus, its viscosity increased, which reduced the immersion time of the texture analyzer nozzle in the
sample and increased the strength of the dough, which is visible in the graph. Thus, amylopectin
starch from waxy corn, which contains no more than 5% amylose, forms a gel and if the starch
dosage is increased, the gel turns into a paste (Varghese et al., 2022). The addition of 5, 10 and 15%
of pregelatinized corn starch to the pea snack recipe moderately increased the dough elasticity to 27
g for all three samples, which was 25.6% more compared to the control sample. At the same time,
the immersion time of the nozzle in the test sample was gradually increased to 10 mm. The addition
of 20 and 25% of pregelatinized corn starch significantly increased the dough elasticity, namely to
37 and 57 g, respectively, which was 72.1 and 165% more compared to the control sample. During
similar studies by a group of scientists from South Korea and India, they proved that in pregelatinized
starches there was a hydrophilic tendency of starch and explained this by the hydrothermal treatment
of starches (Singh et al., 2009). Similar results were reported by Morales-Polanco et al. (2017), in
which gluten-free cracker dough had higher dough elasticity compared to commercial crackers.
These results were consistent with those reported by Crocket et al. (2011), who added pea protein to
gluten-free products to increase dough elasticity and improve the palatability of the finished product.

During the removal of the load from the studied samples, a decrease in stress occured, which
is called relaxation, which was accompanied by the restoration of the dough shape. At the same time
adhesive separation occured along the product layer (cohesive type). Thus, samples with the addition
of 5, 10 and 15% of pregelatinized corn starch were characterized by gradual adhesion after 7.05,
6.7 and 6.5 s, respectively, and continued up to 12.5 s. While in samples with the addition of 20 and
25% of pregelatinized corn starch, a sharp decrease in adhesion was observed and the higher the
dosage, the stronger the separation, which is possibly explained by the increase in dough viscosity
and the transition from the gel to the paste state.

Theresults obtained are confirmed by the studies of Yousifatal. (2012), who analyzed in detail
the pregelatinized corn starch pastes and found that this property was desirable and widely used for
the production of many food products, while native starch paste had a non-cohesive texture, which
limited its application. Morales-Polanco et al. (2017) proved that the cohesiveness of pea dough was
0.35 mm, which was higher than for commercial crackers. These results are consistent with the
results reported by Crocket et al. (2011), who added pea protein to gluten-free products to increase
the elastic modulus of the dough and improve the palatability of the finished product. To confirm the
obtained results, the viscosity of the dough was investigated, the results are shown in Figure 2.

The addition of 5-25% of pregelatinized corn starch increased the viscosity of the dough 1.2,
1.8, 8, 11 and 17 times. The obtained research results confirm the previous ones. It was known that
pregelatinized starch contained broken intermolecular bonds of starch molecules, therefore the
granular structure was split (Fonseca et al., 2021), the dough absorbed more amount if water,
therefore the viscosity of the dough increased, which was characteristic of the studied dough.

In addition, Oliver et al. (1995) argued that the use of pregelatinized starch was intended for
thickening gluten-free dough mixtures to prevent the settling of starch granules during the dough
mixing phase. This in turn allowed to thicken gluten-fiee dough. However, increasing the dosage of
pregelatinized corn starch by more than 20% is not advisable, since the external characteristics of
such dough had a structure that was characterized as pasty. Such a dough structure complicated the
process of forming dough pieces, namely the settling of the dough. Therefore, to find the optimal
dosage of pregelatinized corn starch to the recipe of pea snacks, additional studies of the effect of
this additive on the quality of the finished product are necessary.
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Figure 2. Effect of pregelatinized corn starch dosage on the viscosity of pea dough

Effect of pregelatinized corn starch on the strength of pea snacks

It has been demonstrated that pregelatinized starches can be used in snack technology
to give them a “crispy” texture (Christaki et al., 2017; Fustier et al., 1998; Wang et al., 2019).
(Christaki et al., 2017; Fustier et al., 1998; Wang et al., 2019). However, both manufacturers
and researchers have reported that the incorporation of pregelatinized starch into dough
formulations results in a finer but drier texture of the final product, as well as starch
retrogradation during storage (Wang et al., 2019). This reduced the time of maintaining the
required softness of the finished products. Therefore, the effect of the dosage of
pregelatinized corn starch on the strength of pea snacks was investigated. The results of the
studies are presented in Figure 3.

2500

2000 SRR
o 1500
o
® &
o
-1 1000

500

0

01 04 08 11 1.5 18 22 25 29 32 36 39
Time, s

Starch dosage: ®=Control 5% 210% =15% B20% ©25%

Figure 3. Effect of dosage of pregelatinized corn starch addition on pea snack strength
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When 5% pregelatinized starch was added to pea snacks, the strength of the finished
products decreased 5.5 times compared to the control sample. Further addition of starch in
the amount of 10-25% reduced the strength of the snacks 5.7 times, 7.7 times, 15.1 times and
18.5 times compared to the control sample. Numerous studies have shown that increasing the
amount of pregelatinized starch added contributes to greater water absorption in the dough,
which in turn leads to an increase in its volume (Chillo et al., 2007; Christaki et al., 2017,
Wang et al., 2019). Yousif et al. (2012) found that the water binding and fat binding capacity
of pregelatinized corn starch increased to 1.49 and 2.35 g/g, respectively, compared to native
starch, for which the water-binding capacity was 1.2 g/g, the fat-binding capacity was 1.6
g/g. The use of such starch in the production of noodles contributed to an increase in the
volume of the finished product by up to 10%. The replacement of wheat flour with 5%, 10%
and 15% pregelatinized corn starch did not cause any negative effects on the sensory
properties of noodles.

During the heat treatment of dough pieces, moisture was removed and the finished
product was loosened. Thus, the strength of pea snacks was reduced, which affected the
sensory characteristics of the finished product. It was found that the addition of 20% and 25%
pregelatinized corn starch resulted in obtaining snacks with a very soft structure, with a
strength of only 130 g and 106 g, respectively. Such snacks broke with minimal force, and
therefore, their packaging and transportation may be complicated, during which a lot of waste
such as scrap and crumbs may be formed. This, in turn, may lead to additional costs for
product production and a decrease in their sensory quality in terms of appearance.

Influence of pregelatinized corn starch on the sensory characteristics of pea snacks

As it is known (Meiselman, 2013; Torrico et al., 2023) sensory indicators such as
appearance, color, consistency, taste and aroma primarily affect consumer choice. Therefore,
the sensory characteristics of snacks made with the addition of different concentrations of
starch were evaluated. The quality profile of the finished snacks is presented in Figure 4.
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Figure 4. Profilogram of sensory quality assessment of pea snacks made with the addition of
pregelatinized corn starch
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The introduction of pregelatinized corn starch into the recipe of pea snacks improved
the appearance and consistency of the finished products. The more starch was added, the
thinner the snacks were obtained, which became more crispy and tender in consistency.
However, the introduction of 20 and 25% of pregelatinized corn starch led to a too thin
structure. Thus, the snacks became tenderer but dry, easily broke and a lot of crumbs were
formed. Pregelatinized corn starch did not affect the taste and aroma. All samples had a
pleasant aroma and a clear pea flavor, the color was from light yellow to cream. When
comparing snacks made with pregelatinized corn starch and the control sample, even a dosage
of 5% pregelatinized corn starch promoted obtaining snacks more crispy in consistency,
which confirmed the results of the analysis of the strength of the finished snacks shown on
Figure 4.

The results were also confirmed by calculation of a complex sensory quality assessment
index for pea snacks with different dosages of pregelatinized corn starch (Figure 5).
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Figure 5. Complex sensory quality assessment index for pea snacks with different dosage
of pregelatinized corn starch

Replacing native starch with pregelatinized corn starch with a subsequent increase in
dosage to 15% contributed to an increase in complex indicator of sensory quality assessment
which was closer to 1. The best result was obtained with a sample containing 15% of
pregelatinized corn starch, the complex indicator of which was 0.99. Further increase in
starch dosage reduced the complex indicator to 0.92 and 0.86 for 20 and 25 %, respectively.

The obtained data confirmed the results of studies by scientists (Chillo et al., 2007;
Christaki et al., 2017; Fustier et al., 1998; Wang et al., 2019), who claimed that pregelatinized
starches contributed to the structure formation of the dough by thickening it and increasing
the adhesive (gluing) properties for thin wafers, crispy coating for nuts, molded chips,
cookies, crackers, galettes, provided that its dosage was strictly controlled. Thus, based on
the structural and mechanical properties of the dough, ready-made snacks based on pea flour
and their sensory evaluation, it was recommend adding 15% of pregelatinized corn starch,
which was the most optimal for achieving high quality of the finished product. In order to
establish the quality of the finished product, nutritional and energy value of snacks made with
the addition of 15% pregelatinized corn starch, the following indicators were calculated,
which are presented in Table 2.
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Table 2
Nutritional and energy value of pea snacks

Snacks with 15%
Control pregelatinized corn
Ingredient Daily starch
g requirement | Content Contentper
Integral Integral
per 100 g o 100 g of o
score, % score, %
of snack snack
Proteins, g 55-57 19.4 353 18.4 335
Fats, g 56-58 1.9 3.4 1.8 3.2
Carbohydrates, g 320-325 49.5 15.5 54.9 17.2
Energy value, kcal | 2450-2500 280.3 - 295.0 -

The replacement of part of the pea flour with 15% pregelatinized corn starch led to a
decrease in the protein content, the value of the integral score of which was reduced by only
6%, and for fat — by 5.3%. The carbohydrate content increased by 11%. And this, in turn, led
to an increase in the energy value of snacks by 5%. Thus, the introduction of 15% starch
reduced the nutritional value, increased the energy value, but these losses overlapped the
effect on the structural and mechanical indicators of the finished snacks and their sensory
characteristics.

Conclusions

The use of pregelatinized corn starch had a positive effect on the structure of gluten-
free dough made from pea flour. Pregelatinized corn starch coused structural characteristics
of a gel in pea dough, it became more elastic (the elasticity increased to a maximum of 37 g),
and the viscosity increased (up to 171 cP). However, this pattern was observed when adding
pregelatinized corn starch in an amount of up to 20%, and a further increase in the dosage of
this ingredient led to a deterioration in the consistency of the dough. In addition, since
increasing the dosage of the additive reduced the strength of finished products, they became
more tender, crispy, but in the amount of 20 and 25% starch, the products had such a low
strength (namely 130.5 g and 106 g, respectively) that they became thin and overdried.

The starch used had no taste and did not affect the flavor or aroma of the snacks, while
improving their consistency (crispness) up to the addition limit of 15% pregelatinized corn
starch.

It is recommended to add pregelatinized corn starch to pea snack formulations in
amounts not exceeding 15%. This level ensures the production of gluten-free dough and
finished snacks with favorable structural, mechanical, and textural properties. Furthermore,
nutritional value assessments support the feasibility of incorporating starch at this level, as
the reductions in protein and fat content were relatively minor — 5.2% and 5.3%, respectively
— while the carbohydrate content increased by only 10.9%.
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Introduction. The aim of the study is to improve the
technological process of instant noodle production, ensuring stable and
uninterrupted operation in the absence of electricity supply.

Materials and methods. To assess the effectiveness of the
proposed backup power solutions, the Lean thinking methodology was
applied. The analysis was based on overall equipment effectiveness
(OEE), downtime duration, and seasonal blackout frequency. Modeling
was performed using mathematical matrices, histograms, box plots, and
combined graphs with dual Y-axes.

Results and discussion. It was found that power outages cause
significant disruptions to the continuity of the instant noodle production
process. Calculations showed that the recovery time after a power
outage exceeds the working cycle by a factor of 2.3: 2100 > 937
seconds. This, in turn, leads to reduced production line performance and
increased risk of defects. By modeling several blackout scenarios (short-
term, medium-duration, and long-term), the seasonal dynamics of
outages over a 12-month period were analyzed. It was revealed that the
highest number of outages occurred in June-July, while the longest
outages were observed in November-December.

Analysis of the results and validation of the effectiveness of the
proposed solutions to ensure uninterrupted operation of the instant
noodle production line indicate that the choice of backup power type
should be based on the intensity and nature of power outages. In the case
of short and infrequent outages (100-25 hours / year), the
implementation of a manually started generator is sufficient,
significantly improving the situation: the production cycle is reduced to
0.287 seconds, and overall equipment effectiveness (OEE) increases to
76.36 %.

In contrast, under medium-duration outages (350-380 hours /
year), the implementation of a comprehensive solution proves most
effective, achieving an overall OEE of 78.96 % and minimizing
deviations from the nominal cycle (0.288 seconds), which significantly
shortens the production cycle duration, minimizes productivity losses,
and maintains process stability. During prolonged outages (over 600
hours / year), the highest performance indicators are also achieved with
the comprehensive approach, ensuring stable equipment operation at an
OEE level of 78.96 % and restoring the nominal cycle time to 0.288
seconds, which is equivalent to uninterrupted power supply conditions.

Conclusions. The research has shown that the rationality of
choosing a technical solution is determined by the frequency, duration,
and nature of power outages. If the intensity of external power outages
increases, a solution consisting of a generator + ATS + UPS is needed
to maintain process stability and minimize losses.
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Introduction

The efficiency of the food industry is recognized as one of the key components of
food security for the population in any country (Mbow et al., 2019). This issue becomes
particularly critical under martial law conditions, where ensuring access to food in crisis
situations — such as resource supply disruptions, power outages, and security threats — is
essential. Therefore, addressing the challenges faced by food industry operators and
developing solutions to overcome or mitigate them is a crucial task. It has been identified
that production-related costs account for a significant share of the total expenditures in the
food industry (Womack et al., 2018). Reducing these costs through operational
improvements has a direct impact on the ability to sustain production activities (Anderson
et al., 2020).

One of the most effective tools to achieve this goal is the application of Lean-
Thinking — a comprehensive management and improvement concept aimed at eliminating
waste and optimizing all stages of production processes: from technological operations to
interactions with suppliers and consumers (Womack et al., 2018). Research in this field is
focused on maximizing process value for the consumer while minimizing the
manufacturer’s resource expenditure, including human effort, equipment usage, and
especially downtime (Eskandari, Hamid, Masoudian, Rabbani, 2022).

While it is impossible to completely eliminate losses in the production process,
ensuring its stable and uninterrupted operation under any conditions is essential (Pereira et
al., 2022). A literature review revealed a lack of research specifically addressing the issue
of uninterrupted production line operation during power outages at the global level, making
direct comparisons of research outcomes currently unavailable. This is primarily due to the
previously low relevance of such studies in countries with stable security and economic
environments. However, with the rapid growth of global threats in recent years, this issue
is gaining increasing importance, particularly in EU countries (Pereira et al., 2022).

It is also worth noting that under conditions of stable power supply, the control of
technological parameters is carried out continuously — both manually and automatically.
However, power outages directly affect all critical points in production (Haes Alhelou et
al., 2019), as they disrupt temperature conditions during various process stages; halt
production lines when the product is in critical zones (thermal treatment, cooling, forming);
and create situations where parameter control becomes either impossible or irrelevant,
since even short power interruptions require complete system reinitialization and repeated
control procedures (Salman et al., 2023).

The scientific value lies in developing an effective theoretical tool based on
mathematical and digital methods that can solve practical problems related to the stable
functioning of technological processes and reduce production costs for food industry
operators.

Based on the above, the object of this research is the technological process of instant
noodle production, chosen due to the sufficient number of operations and process
parameters that allow for more accurate and relevant results under power outage
conditions. It is important to note that the results of operational improvements obtained in
this research can be scaled to other sectors of the food industry, as one of the key
advantages of Lean-Thinking is the universality of its tools, which can be applied to any
production or process (Bittencourt et al., 2021).

The aim of the research is to justify operational improvement measures for food
production processes in order to ensure stable and uninterrupted operation in the face of
external disturbances — specifically, power supply disruptions.
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Materials and methods
Materials

The research focused on the technological process of producing instant noodles — a pre-
cooked and dried product typically sold in brick form with seasoning sachets. The production
process consists of the following main operations: sifting and weighing flour and other
ingredients, dough mixing, resting, rolling, cutting, steaming, separation, frying, cooling,
packaging, rejection of defective products, manual packaging, palletizing, transportation to
the warehouse, and storage.

The research was conducted at the facilities of a food market operator located in the
Kyiv region. The operating time was based on the durations of production stages as defined
in the technological guidelines under a three-shift schedule, 24 hours a day, 360 days a year.
The total production period duration was 8.760 hours, of which 8.640 hours were allocated
to operational cycles, and 120 hours were reserved for planned downtime not related to
technical needs (e.g., holidays).

Given the stated production duration, the planned output was 125 million units.
However, the actual output reached 107 million units, of which 104 million met quality
standards.

Methods
Duration of technological stages in instant noodle production

The duration of each production operation (carried out according to technological
instructions for the specific product) was measured manually using an electronic
chronograph. The total production time for instant noodles was calculated using formula 1:
(Varsha et al., 2025):

370 (M)

n=1
where n — number of technological operations;
TO — duration of a technological operation, s.

Production Takt Time and Production Cycle Time

The production takt time and the production cycle time were calculated using formulas
2 and 3 (Taifa et al., 2019):

TP
T;akt = W (2)
T
71‘ cle = = (3)
' Nn.d.p.
where 7, is planned production time, s;
N is ordered product batch, units;
T.,. 1s actual production time, s;
N.ap. 1s ordered batch of non-defective products, units.
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Calculation of overall equipment effectiveness

The concept of Overall Equipment Effectiveness (OEE) was proposed by Japanese
engineer Seiichi Nakajima (Corrales et al., 2020). OEE provides a systematic way to evaluate
losses related to downtime, speed reduction, and defects, based on three components:
availability, performance, and quality (Biswas, 2024).

OEE is calculated as the product of these three components using formula 4:

OEE=Av - Pr- Ol )

Availability Av (represents losses due to downtime, %), line Performance Pr (expressed
as % %), Quality QI (share of good-quality products without defects, %) are calculated using
formulas 5-7, respectively:

T,
Av ==5100% (5)
P
N
Pr=—=-100% 6
N, (6)
ol = Ny 10004 (7)
Nu.d.p.

where N, is actual product output, units;
N, s theoretical production output, units;
N..ap. 1s actual output of non-defective products, units.

Power supply modeling

Three power outage duration scenarios were selected for modeling, based on the
average annual duration of electricity supply interruptions. Subsequently, their impact on
production process losses and equipment efficiency of the production line was evaluated.

Each scenario was assigned a corresponding designation: short-term outages
(approximately 100-125 hours per year) — Scenario 1; medium-duration outages
(approximately 350—380 hours per year) — Scenario 2; long-term outages (over 600 hours per
year) — Scenario 3 (Table 1). These values were obtained through monitoring, recording, and
summing the durations of outages throughout the calendar working year (Pereira et al., 2022).

Table 1
Modeling scenarios of downtime duration for the instant noodle production line during the
calendar working year

Scenario Name | Type of Outage | Outage Duration, hours / year
Scenario 1 Short-term 100-125

Scenario 2 Medium-term 350-380

Scenario 3 Long-term <600
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Backup power supply solutions

Two possible backup power solutions were identified for assessing response
effectiveness during outages:

Simple solution — “Generator (manual start)”: purchasing and installing a diesel
generator with appropriate power capacity. The downside of this option is the need for
manual startup (time loss due to extra actions) and generator startup time (7—15+ minutes on
average for a 10 kW model (Salman et al., 2023)), along with the risk of failure to start in
advance.

Comprehensive solution — “Generator + ATS + UPS (instant switchover)”: a long-term,
efficient solution combining a generator, automatic transfer switch (ATS), and
uninterruptible power supply (UPS with a battery set). This combination provides an
immediate switchover without voltage drop or equipment damage, minimizing time loss,
increasing quality and productivity, and practically eliminating defects caused by power
fluctuations. As a result, OEE approaches its potential maximum, annual losses become
minimal, and energy independence is ensured under various power supply conditions.

Mathematical analysis

To improve the accuracy of calculations, outages were compared and classified as
follows: planned outages (those that match the outage schedules provided by the relevant
regulatory authority) and emergency outages, which occur unscheduled. Following the
established methodology (Erdés et al., 2020), mathematical matrices of outage frequency and
average duration were constructed to identify characteristic seasonal and daily patterns of
interruptions across each of the three scenarios. The columns represented months of the year
(1 to 12), while the rows denoted hours of the day (0 to 24). From the data array and matrices,
the number and duration of outages were extracted accordingly.

To research the similarities and differences in the behavior of simulated power scenarios
1, 2, and 3, several visual tools were employed using well-known methodologies. A
histogram (Devore et al., 2021) was created to show the duration and frequency of outages
for all scenarios. A box plot was used to analyze outliers, spreads, and medians for each
scenario, and a combined chart displaying seasonal outage frequency and average duration
with dual y-axes was built (Babura et al., 2018).

Results and discussion

Time losses in the instant noodle production process

The total production time of instant noodles, calculated using formula (1), from the
delivery of flour and dry mixes for dough preparation to the completion of the first pallet's
movement to storage, amounted to 836 seconds (77..q). The actual time was 971 seconds (7eqa
faer = 836 s+ 135 s =971 s, where 135 seconds represent losses due to additional movements,
operator actions, etc.).

The calculated values for production takt time and production cycle time were 0.249 s
and 0.289 s, respectively (according to formulas 2 and 3), under stable line operation without
power outages. Thus, the actual production speed lagged behind the planned one by 0.04
seconds per unit, resulting in underproduction within a shift. The drop in productivity is
primarily recorded at the production stage, which takes 971 seconds instead of the planned
836 seconds (based on formula 1).
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In the event of a prolonged power outage, the line must be cleaned, and all products at
intermediate processing stages at the time of the stoppage must be discarded (Haes Alhelou,
2019). It is practically impossible to restore the uniformity of the technological process after
such a stoppage without complete cleaning and a restart (“cold start”), which results in the
loss of both time and raw materials (Pereira et al., 2022). The duration of each operation
during the restart of the production line was also manually timed with a stopwatch to obtain
accurate and reliable data. The total time for a cold start (77eqd corr) amounted to 2100 seconds
(calculated analogously to Tread uct)-

A comparison of Tiead fuct aNd Tead coa Shows that  Tiead face (937 ©) < Tlead cota (2100),
meaning that the time required to restart the line exceeds the normal cycle by 2.3 times.
Additionally, the downtime during the actual power outage itself can further increase the total
loss. Based on this, it can be concluded that the presence and duration of power outages are
the key destabilizing factors in production.

In 2024, the planned production time for an average food industry operator
(Kudriavtseva, 2025) was 8224 hours, of which 416 hours were allocated for scheduled stops
for cleaning and maintenance, conducted weekly. At the same time, an additional 419 hours
of unplanned downtime were recorded due to disruptions in external power supply or failures
in specific equipment units. As a result, the actual net operating time totaled 7805 hours
(according to formula 1).

Overall equipment effectiveness

Losses at the quality control stage amounted to approximately 2.8 %, which is
considered an acceptable level for high-volume continuous production in the food industry
(Vasylyk, 2018).

In this regard, the impact of emergency and planned power outages on the Overall
Equipment Effectiveness (OEE) was simulated.

Based on the research, the calculated performance indicators of OEE components
(according to formulas 4-7) are as follows: availability — 94.9 %, performance — 85.6 %,
quality — 97.2 %, resulting in an overall OEE value of approximately 78.96 % (Figure 1).
This value classifies equipment performance as acceptable (Tsarouhas, 2019), though it still
demonstrates a notable potential for improvement. The main losses are caused by unplanned
downtime due to power outages.

Pattern and Seasonality of QOutage Durations

Based on the above, it follows that due to emergency power supply interruptions, the
equipment operates at approximately 79 % of its potential capacity. Further efficiency
improvements can be achieved through the implementation of automated monitoring systems
and the introduction of backup power systems (Arshad et al., 2021).

The results of the outage classification, calculated using matrices of the number and
average duration of outages, are presented in Table 2.

In all three networks, the distributions of outages differ according to the following

trends:

— Scenario 1 is the most “stable” (125 hours);

— Scenario 2 combines a large number of short and a considerable share of medium-
duration outages (375 hours);

— Scenario 3 features significantly longer durations (616 hours), indicating systematic
prolonged interruptions.
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Figure 1. Calculation of overall equipment effectiveness (OEE):
1* — scheduled idle time, 2* — planned downtime,
3* — unplanned downtime, 4* — speed losses,
5% — defects, ** — units
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Table 2

Classification of outages into planned (scheduled) and unplanned (emergency)

Scenario 1 Scenario 2 Scenario 3
Number of Outages
Total 76 235 161
Scheduled 45 (59.2 %) 132 (56.2 %) 70 (43.5 %)
Unplanned 20 (26.3 %) 54 (23.0 %) 61 (37.9 %)
Duration
Total 7 429 min 22 246 min 36 796 min
(125 h) (375h) (616 h)
Scheduled, h 67 (54 %) 204 (55 %) 263 (42.9 %)
Unplanned, h 38 (30.6 %) 94 (25.3 %) 232 (37.9 %)

The data obtained from the matrices of outage frequency and average duration, as well
as from Table 2, were visualized using a histogram (Figure 2) and a box plot (Figure 3) to
simplify the interpretation of results.
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Figure 2. Histogram of outage durations (data is taken every 10 minutes)
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Figure 3. Box plot comparing the distribution of outage durations
(data is taken every 10 minutes)

The histogram of outage durations (Figure 2) shows that Scenario 1 and 2 have similar
distribution patterns (Devore et al., 2021): the majority of outages last less than 150 minutes,
with the frequency peaks of scenario 2 slightly shifted to the right compared to Scenario 1,
indicating a general tendency toward somewhat longer downtimes in the second case. In
contrast, Scenario 3 is characterized by a distinct pattern with a prevalence of both short
outages (up to 100 minutes) and very long ones exceeding 200 minutes.

From the box plot analysis (Figure 3), it can be seen that the medians of Scenario 1 and
2 fall within approximately 70—-120 minutes, and their interquartile ranges are relatively
narrow, indicating fairly stable short-duration outages.

For Scenario 3, the median (Figure 3) rises to approximately 230 minutes, with
interquartile range boundaries stretching from 190 to 265 minutes, demonstrating a
significantly wider spread and high variability (Babura et al., 2018), which highlights the
instability of the third scenario and the need for further backup power using one of the
response scenarios.

After comparing the distribution of outage durations using the histogram and box plot,
which provide insight into the wide range and presence of outliers for each scenario, the next
step was to analyze the temporal pattern of these events. The chart of the seasonal distribution
of the number and average duration of outages by month (Figure 4) shows that the highest
number of outages and the longest interruptions are concentrated in the summer months
(June-July) and peak winter months (November-January), while in the off-season
(September-October, March-April) the indicators practically drop to zero. Scenario 2 records
the highest number of outages in July-August, while the duration of interruptions remains
relatively stable (=30-40 minutes). In contrast, Scenario 3 experiences not only high
frequency during July-August but also a significant increase in average outage duration (over
220 minutes in August). Scenario 1 shows less seasonality: the number of incidents in July
is small (=33), but the average duration gradually increases, reaching its maximum in
November-December.

This indicates a clear seasonal nature of the network's performance and varying loads
during warm and cold seasons (Chojnacki, 2023).
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Thus, in summer, network loads result in a high number of short outages (especially for
scenarios 1 and 2), while scenario 3 is characterized by both frequent and prolonged
interruptions. In winter, the effects of cold or precipitation likely lead to less frequent but
extremely prolonged outages in scenario 1 and 3. This suggests a focus on preventive
measures: during the summer period, rapid elimination of short-term outages should be
prioritized, whereas in the cold season, preparation for large-scale long-term downtimes is
necessary.

Effectiveness of backup power solutions within operational improvement
measures

After performing calculations using the described methods for all selected scenarios (1,
2, 3) and the proposed response options to power outages — “Generator (manual start)” and
“Generator + ATS + UPS (instant switching)” — the results were obtained and summarized
in Table 3.

For Scenario 1 (short-term outages — 100-125 hours / year), the implementation of a
simple generator significantly improves the situation: cycle time is reduced to 0.287 s, and
overall equipment effectiveness (OEE) increases to 76.36 %. The comprehensive solution
(generator with ATS and UPS) further optimizes operations, reducing the cycle time to 0.288
s and bringing performance and quality indicators close to the standard (OEE = 78.96 %).
This indicates full compliance of the backup system with the requirements of stable
production cycle support (Van De Ginste, 2022).

For Scenario 2 (medium-duration outages — 350-380 hours / year), a simple generator
considerably stabilizes the process indicators: cycle time is reduced to 0.294 s, availability
increases to 91.84 %, and performance to 82.37 %. The comprehensive solution ensures the
highest stability and efficiency, nearly reaching normative parameters (OEE = 78.96 %). Due
to reduced downtime and emergency stops, the production process approaches the nominal
cycle (0.288 s).

76 ~ ——Ukrainian Journal of Food Science. 2025. Volume 13. Issue 1



Table 3

Testing the effectiveness of proposed backup power solutions
for simulated scenarios 1, 2, 3

Scenario | Solution | OEE | Availability (Productivity [Quality |Model Tcycre, $***
1* Gen. 76.4 93.78 84.42 96.46 0.287
1* Gen.t+** | 789 94.9 85.6 97.2 0.288
2% Gen. 71.8 91.84 82.37 94.92 0.294
2% Gen.t+** | 789 94.9 85.6 97.2 0.288
3* Gen. 71.8 91.54 82.06 95.64 0.295
3* Gen.++** | 78.9 94.9 85.6 97.2 0.288

1* — (125 hours / year, 76 outages, 26 % unplanned, average duration 98 min);

2* — (375 hours / year, 235 outages, 23 % unplanned, average duration 91 min);

3* — (616 hours / year, 161 outages, 38 % unplanned, average duration 224 min);
**Generator + ATS + UPS;

***The production takt time and production cycle time are 0.249 s and 0.289 s, respectively,
under conditions without power outages.

For Scenario 3 (600 hours / year of outages), generator implementation significantly
improves efficiency indicators (OEE = 71.83 %), reducing the cycle time to 0.295 s.
However, a notable gap remains compared to nominal parameters. The best results are shown
by the comprehensive solution (generator + ATS + UPS), achieving nearly standard
indicators (OEE = 78.96 %). The calculated cycle time is reduced to 0.288 s, matching the
cycle time under stable conditions.

A comparative analysis of the two scenario results suggests that the optimal solution
depends on the intensity and nature of outages (Haes Alhelou, 2019). Under conditions of
fewer outages (125 hours/year), a simple generator is a sufficient solution, as its impact
significantly improves the main process parameters.

For medium and high outage levels (375-600 hours / year), the most optimal solution is
the comprehensive one (generator + ATS + UPS), which minimizes cycle time, productivity
losses, and provides the highest production process stability.

Conclusions

1. The research revealed that the optimal solution depends on the frequency, duration, and
type of power outages. The higher the intensity of external disruptions, the more
comprehensive the solution must be to ensure production cycle stability, maximize
equipment efficiency, and minimize unproductive time losses. Solutions proposed to
ensure uninterrupted operation and improve the efficiency of the instant noodle
production line include the use of a manual generator and a comprehensive solution
(generator + ATS + UPS).

2. It was determined that under conditions of short and infrequent outages (short-term
outages — 100—125 hours / year), a manual generator reduces the production cycle to
0.287 s and increases the overall equipment effectiveness (OEE) to 76.36 %.
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3. In the case of medium-duration outages (350-380 hours / year), the generator reduces
the cycle to 0.294 s, while availability and performance increase to 91.84 % and 82.37
%, respectively.

4. It was established that the comprehensive solution (consisting of a generator + ATS +
UPS) demonstrated the highest efficiency under long-term outages (over 600 hours /
year) in all three scenarios. This solution stabilizes the production cycle at 0.288 s and
brings overall equipment effectiveness (OEE) to the target value of 78.96 %. This is
especially relevant when a simple generator provides only partial compensation for
losses (OEE = 71.83 %, cycle = 0.295 s).

Thus, applying Lean-Thinking tools not only helps optimize resources and reduce
production losses but also increases the adaptability of food enterprises to external
challenges, particularly under conditions of energy instability. The proposed approach is
universal and can be scaled to other technological processes in the industry.
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Introduction. The development of a rapid method for the
determination of iron in yeast has become especially important due
to the growing demand for functional foods with increased content
of this bioavailable microelement.

Materials and Methods. Saccharomyces cerevisiae M437
yeast enriched with iron. The determination of'total iron content was
carried out using a spectrophotometric method based on a
colorimetric reaction between ferrous iron Fe (II) and the iron-
specific chelator bathophenanthroline disulfonate (BPS). To ensure
complete conversion of iron into the Fe (II) form, ferric ions Fe (I1I)
were reduced using sodium ascorbate prior to the reaction.

Results and discussion. The optimal sample preparation
conditions for the release of absorbed iron involved treating yeast
biomass with 3% HNOs at 97 °C. The Fe**-BPS complex formed
stably at pH 5.3-5.4, reaching equilibrium within 3 minutes. A
citrate-based buffer system maintained the optimal pH, which is
critical for chelate complex stability. The resulting complex
solutions remained stable for up to 45 minutes, enabling batch
analysis without compromising measurement accuracy.

The method’s reproducibility was assessed using three
parallel solutions with iron concentrations ranging from 110 to
360 uM; the relative standard deviation (RSD) did not exceed 1.4%
across the entire range. Notably, for the 360 uM solution, the RSD
was 0.4%, indicating high signal stability at elevated analyte
concentrations. Linearity was confirmed over the range of 20—
950 uM (R? > 0.99), allowing for accurate quantification of both
low and high iron concentrations.

The iron content in yeast enriched with FeSOs was
9.7+0.2mg/g, while enrichment with FeCls resulted in
5.2+0.5mg/g. These values were in good agreement with those
obtained using atomic absorption spectrometry (9.3 £ 0.4 mg/g and
5.7+0.6 mg/g, respectively). ANOVA analysis confirmed a
statistically significant difference in iron content depending on the
type of salt used (FeSOs vs. FeCls), whereas the difference between
measurement methods (spectrophotometry vs. atomic absorption
spectrometry) was not significant (p = 0.8522), indicating analytical
equivalence between the two methods.

Conclusions. A method for determining iron content in yeast
demonstrating high accuracy, reproducibility, and ease of
implementation in food quality control and yeast-based
biotechnological processes.
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Introduction

Iron is one of the key trace elements necessary for the normal functioning of the human
body (Piskin et al., 2021). Meanwhile, iron deficiency is the most common cause of anemia
worldwide, affecting more than 2 billion people, according to the World Health Organization
(World Health Organization, 2008). Therefore, the content of iron in food products is crucial
for maintaining public health and forming a balanced diet. There are a number of studies
devoted to the issue of functional food fortification with iron to prevent anemia in the
population (Hamad and Singh, 2025; Jarzebski et al., 2023; Tsykhanovska et al., 2022, 2023,
2024; Xing et al., 2022; Zielinska-Dawidziak et al., 2023). Yeast enriched with iron is
considered a promising source of this trace element, as it is commonly used as a food additive
(Jach et al., 2022).

The determination of iron content in biological samples and food products is a multi-
stage process. Preliminary sample processing, including deproteinization and the release of
iron from protein complexes, is a crucial step that must be optimized depending on the
specific characteristics of the sample. Classical approaches involve the use of mixtures of
hydrochloric acid and potassium permanganate (Fish, 1988), burning samples to obtain ash
with iron (Hailu et al., 2019), but to ensure complete extraction of iron from yeast cells with
a strong cell wall, it has been proposed to use more aggressive reagents, such as a 3% solution
of nitric acid (Tamarit et al., 2006), a mixture of nitric and perchloric acids (Chen et al.,
2024), a 65% solution of nitric and hydrochloric acids (Tafazzoli et al., 2024).

There are several analytical methods for the quantitative determination of iron, each of
which is characterized by certain advantages and limitations. Atomic absorption
spectrometry (AAS) is one of the most common methods for determining iron content in
biological samples, particularly in yeast (Kyyaly et al., 2015; Pirman and Oresnik, 2012).
The main advantages of this method are high sensitivity and specificity, as well as the ability
to analyze iron concentrations in a wide range. Inductively coupled plasma optical emission
spectrometry (ICP-OES) is a highly accurate and sensitive technique that enables the
quantitative determination of iron in various biological samples (Mier-Alba et al., 2024;
Orlowska et al., 2023). Despite its analytical advantages, including high precision at low
analyte concentrations, the practical application of ICP-OES is limited by its technical
complexity and the need for specialized laboratory infrastructure. In contrast to the above-
mentioned methods, spectrophotometric and colorimetric analyses are more accessible and
cost-effective for determining high iron concentrations (over 1 mg/kg), which provide
reliability and sufficient sensitivity of the analysis. In colorimetric determinations of iron,
methods using colored complexes formed by iron are most often used. Among the most
effective chelators used for determining iron in biological objects, ferrozine (Riemer et al.,
2004), bathophenanthrolinedisulfonic acid (Gaensly et al., 2014; Tamarit et al., 2006), 1,10-
phenanthroline (Herrera et al., 2007), and 2,2'-bipyridyl (Niedzielski et al., 2014) can be
highlighted. The application of these reagents provides high sensitivity of the analysis, which
makes the spectrophotometric method an optimal choice for routine determination of iron in
yeast.

This article presents a rapid and simple spectrophotometric method for determining iron
content in yeast, based on the formation of a colored iron complex with the chelator BPS.
The main advantages of this method are high sensitivity, ease of implementation, short
analysis time and the use of available reagents.

The proposed method for determining iron in yeast can be used for routine control of
raw materials and finished products in the food industry, as well as for assessing the
effectiveness of iron enrichment of yeast biomass in the process of developing and
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implementing biotechnology for obtaining iron-containing biopreparations. This approach is
promising for the creation of functional food additives and products with increased content
of bioavailable iron, which can potentially contribute to solving the problem of deficiency of
this element in the human diet.

Materials and Methods
Equipment

For spectrophotometric analyses, a Specord 210 spectrophotometer (Analytik Jena,
Austria) was used, ensuring accurate measurement of the optical density of the iron-chelator
complex at a wavelength of 536 nm. To validate the iron content determination, an atomic
absorption spectrometer Shimadzu AA-7000 (Shimadzu, Turkey) with flame atomization in
an air—acetylene environment was additionally used. The device was equipped with a hollow
cathode lamp, and measurements were carried out at a wavelength of 248.3 nm,
corresponding to the maximum absorption of iron.

Reagents

The following reagents were used: ferrous sulfate heptahydrate and ferric chloride
hexahydrate (Carlo Erba), anhydrous citric acid (Sigma Aldrich), sodium citrate dihydrate
(Sigma Aldrich), sodium ascorbate (Sigma Aldrich), 4,7-diphenyl-1,10-phenanthroline
disulfonate (bathophenanthroline disulfonate sodium salt, BPS), and Certipur® for MS multi-
element standard (Sigma Aldrich) containing iron at a concentration of 1000 ppm, and
chromatography-grade water (Millipore).

BPS (bathophenanthroline disulfonic acid) is a water-soluble chelator that specifically
binds ferrous ions (Fe?**), forming an intensely colored complex with maximum absorption
in the visible spectrum (536 nm). The stoichiometry of BPS binding with iron (Fe?*) is 3:1,
meaning that three BPS molecules bind to one Fe*" ion, forming a stable complex
[Fe(BPS)s]°.

Microorganism

The object of the study was Saccharomyces cerevisiae M437 yeast, obtained from the
Collection of Live Microbial Cultures of the Department of Biotechnology and
Microbiology, National University of Food Technologies, and enriched with iron.

Culture preparation

The yeast culture was stored in test tubes on slanted agarized unhopped beer wort (wort
agar, WA) at 4 + 1°C. Before inoculum preparation, the yeast was streaked onto Petri dishes
with WA using the depletion method to obtain isolated colonies and cultivated at 30+ 1°C
for 48 hours. Colonies that grew at least 1 cm apart were used for inoculum preparation.
These colonies were transferred to tubes with slanted WA and incubated at 30 + 1°C for 24
hours. All transfers were carried out under aseptic conditions.
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Culture medium composition

Saccharomyces cerevisiae M437 was cultivated in a liquid nutrient medium with the
following composition (g/L): ammonium sulfate — 1.0, ammonium phosphate — 5.5,
potassium dihydrogen phosphate — 5.5, calcium chloride — 0.021, magnesium sulfate — 0.025,
glucose — 15.0, yeast extract — 0.5, and casein peptone — 1.5; pH 4.5.

Iron salts (ferric chloride and ferrous sulfate) were added to the medium to reach a final
concentration of 100 mM. The control variant consisted of the base medium without the
addition of iron compounds.

Cultivation conditions

The inoculum for all variants was prepared by washing a one-day-old culture with
sterile saline. Specifically, 5ml of sterile saline was added to a test tube containing the
culture, and a sterile inoculating loop was used to suspend the yeast cells. The resulting
inoculum was then transferred with a sterile pipette into a flask containing 50 ml of sterile
nutrient medium. The inoculum volume constituted 10% of the medium volume, with an
initial cell concentration of 10*—10° CFU/ml. All manipulations were performed under aseptic
conditions.

Cultivation was carried out in 250 ml flasks under static microaerophilic conditions at
30°C for 48 hours, until the late exponential growth phase typical of yeast was reached.

Preparation of test solutions

After 48 hours of cultivation, yeast biomass samples were taken from each culture flask.
The sample was washed three times with distilled water (centrifuged three times for 10
minutes at 6000 rpm) to remove weakly bound iron fractions from the yeast cell surface. The
washed yeast biomass was dried at 80°C for 8 hours and then weighed. To 100.0 mg of
biomass, 2.0 mL of 3% (v/v) nitric acid was added, sealed tightly, and heated for 16 hours at
97°C to break down the yeast cell wall and release intracellular iron. After cooling the
samples, 8 mL of 3% (v/v) nitric acid was added, and the solution was filtered through a "Red
Stripe" filter. 4.0 mL of the filtered solution was diluted to a final volume of 20.0 mL with
3% nitric acid.

Preparation of reference solutions

Iron reference solutions for the calibration curve were prepared by diluting 0.02 M stock
solutions of ferrous sulfate (Fe(Il)) or ferric chloride (Fe(I1l)) in 3% nitric acid solution.

Spectrophotometric determination of iron in yeast biomass

0.5 mL of the test solution from the yeast sample or the iron reference solutions was
mixed with 4 mL of citrate buffer, followed by the addition of 0.5 mL of 40 mg/mL sodium
ascorbate solution and 0.5 mL of 2.0 mg/mL iron chelator (BPS). After 5 minutes, the specific
absorbance of the iron-chelator complex was recorded at 536 nm on a spectrophotometer. A
compensation solution was prepared similarly using the yeast biomass sample without
exogenous iron addition.
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Results and discussion
Sample preparation

To break down the yeast cell wall and release iron, solutions of nitric acid with
concentrations of 2%, 3%, and 5%, as well as a 2 M hydrochloric acid solution, were tested.
Increasing the nitric acid concentration from 2% to 3% resulted in a higher total iron
concentration in the samples. However, the use of a 5% nitric acid solution did not lead to
further iron release and complicated achieving the optimal pH (5.3-5.4) when adding the
buffer solution due to the excessively acidic environment. The high acidity of the 5% solution
may reduce the method's sensitivity and also cause corrosion and damage to the equipment.
For the same reason, the use of a 2 M hydrochloric acid solution for iron release was also
excluded.

Using a 3% nitric acid solution improved the efficiency of iron extraction, allowing
more accurate results and enabling simultaneous analysis of the samples using both atomic
absorption spectrometry and spectrophotometry.

Choice of iron chelator

BPS (4,7-diphenyl-1,10-phenanthroline-disulfonic acid) was preferred as the iron
chelator due to its high solubility in aqueous media, owing to the presence of sulfonate
groups, while 1,10-phenanthroline requires organic solvents (e.g., ethanol) for effective
dissolution. Moreover, the Fe(Il)-BPS complex is highly stable in aqueous solutions,
ensuring reproducibility of results. Another important feature of BPS is its lower sensitivity
to foreign ions, reducing potential interference when analyzing complex biological samples.
The formation of the Fe(I)-BPS complex with 1,10-phenanthroline required heating to 80°C
for 10 minutes to achieve sufficient reaction speed. However, BPS also has certain
drawbacks. In particular, the formation of the Fe(II)-BPS complex is more sensitive to
changes in pH, requiring careful control of this parameter during analysis. However, the
chosen buffer solution ensures that the pH remains within the range of 5.3-5.4.

Influence of other metals on iron-BPS complex formation

According to literature (Nilsson et al., 2002; Tamarit et al., 2006), the impact of other
metals potentially present in yeast on the formation of the iron-BPS complex was analyzed,
specifically manganese, zinc, and copper. The reactivity of BPS with copper was
significantly lower than with iron, and no complex formation with zinc or manganese was
observed.

Effect of pH on the formation of the iron-BPS complex

The pH of the solution is a key factor affecting the effectiveness of the iron
complexation with BPS. The optimal pH range, according to literature, is 5.3-5.4.
Experimentally, it was determined that under these conditions, the absorbance of the iron-
BPS complex was 0.6010, confirming the stability of the complex and effective chelation. A
significant decrease in absorbance to 0.0143 was observed when the pH dropped to 2.3. This
can be explained by the oxidation of Fe** to Fe*" in the strongly acidic environment, which
has a lower affinity for BPS. Additionally, protonation of BPS, which reduces its chelation
ability, and the competitive binding of hydrogen ions with the chelator may contribute to this
decrease.
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When the pH was increased to 10.0, the absorbance increased to 0.1052 but remained
significantly lower than at the optimal pH. This could be attributed to partial precipitation of
iron as Fe(OH). or Fe(OH)s, reducing the number of available iron ions for interaction with
BPS. In alkaline conditions, the formation of other hydroxy complexes that compete with
BPS for iron ions may also reduce the efficiency of the target complex formation.

Thus, the results confirm that the pH range of 5.3—5.4 is the most favorable for stable
Fe?*-BPS complex formation, while significant deviations toward acidic or alkaline
environments negatively affect the chelation process, as demonstrated by the sharp decrease
in absorbance. Citrate buffer solution was added to the aliquot of reference or test solution to
achieve a pH of 5.3-5.4, where BPS absorption is maximal.

Method validation

The proposed analytical method for determining iron was validated in terms of
specificity, linearity, precision, and stability.

Specificity. The specificity of the method was assessed by recording the spectra of a
yeast biomass sample without exogenous iron (control solution) and the test solution (yeast
enriched with iron). The spectra are shown in Figure 1. At a wavelength of 536 nm, the
formation of the iron-BPS complex was observed, with an optical density value of 0.8418.
For the control solution, which did not contain iron, the optical density was 0.0425, indicating
no significant background spectral interference. These results confirm the high specificity of
the method for determining iron in the analyzed solutions. The control solution was used as
a compensation solution in subsequent tests.

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2 1
0.1 2

0.0

Absorbance

390 490 590 690
. Wavelength, nm
Figure 1. Spectral confirmation of iron-BPS complex formation:
1 — with complex formation (yeast enriched with iron);
2 — without complex formation (control solution).

Linearity. The linearity of the method was assessed based on the calibration curve
constructed using a range of analyte concentrations from 20 to 950 uM iron. The
corresponding optical density values were recorded in three parallel measurements,
confirming the reproducibility of the method. Figure 2 and Figure 3 show the correlation
between iron content and light absorbance after complete reaction of iron with BPS. The
analysis demonstrated a linear dependence of absorbance on iron content in the range of 20
UM — 950 uM and could accurately determine 20 uM of iron, regardless of whether the iron
was in the +2 oxidation state (FeSO4) or +3 oxidation state (FeCls). This indicates that sodium
ascorbate was capable of effectively reducing iron under these conditions.
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Figure 2. Linear dependence of optical Figure 3. Linear dependence of optical
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(from reference solutions of iron (II) sulfate (from reference solutions of iron (I1I)
after complex formation with BPS) chloride after complex formation with BPS)

Stability of the solutions. Previous studies (Nilsson et al., 2002; Tamarit et al., 2006)
demonstrated that the formation of the iron complex with 2,2'-bipyridyl-5,5'-sulfonic acid
(BPS) occurs within one minute. However, considering that smaller sample volumes were
used in those studies, it became necessary to assess the rate of complex formation in a final
solution volume of 5.5 mL.

The rate of formation of the iron—BPS complex was evaluated by measuring the optical
density of a reference iron solution with a concentration of 300 uM and of the test solution
(iron-enriched yeast) over a 5S-minute period. The obtained optical density values at different
time intervals are presented in Table 1.

Analysis of the data indicates rapid complex formation, as a significant increase in
optical density occurs within the first two minutes. From the third minute onwards, the values
stabilize, indicating that complexation equilibrium has been reached. Minor fluctuations in
optical density after the third minute (0.6239-0.6240) suggest high reproducibility of the
process and stability of the formed complex. Thus, the iron—BPS complex forms quickly, and
equilibrium is established within 3 minutes, allowing a 5-minute incubation period to be
recommended for subsequent measurements in analytical studies.

Table 1
Absorbance values depending on the incubation time of the solution after BPS addition
(complex formation study)

Time, min Absorbance Absorbance
of reference solution | of test solution
0 0.5726 0.6765
1 0.6067 0.6877
2 0.6227 0.6963
3 0.6239 0.6983
4 0.6240 0.6984
5 0.6239 0.6984
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The stability of the iron-BPS complex solutions was evaluated over time by storing a
reference solution containing 360 uM iron and the test solution (iron-enriched yeast) for
periods ranging from 5 to 45 minutes. The measurement results are presented in Table 2.
Optical density measurements showed only minor changes. Minimal fluctuations in
absorbance indicate high stability of the complex within the investigated time range, which
allows its use in further analytical studies without significant errors related to the
decomposition or transformation of the complex.

Table 2
Absorbance values depending on the incubation time of the solution after BPS addition
(stability study)
Time, min Absorbance Absorbance
of reference solution | of test solution
5 0.7276 0.6984
15 0.7245 0.6988
25 0.7275 0.6986
35 0.7280 0.6986
45 0.7286 0.6988

Reproducibility. The reproducibility of the analysis was evaluated by preparing three
reference solutions in triplicate on the same day. The measurement results are presented in
Table 3.

Table 3
Results of repeated optical density measurements for samples with different iron concentrations

Test number | 360 pM Fe | 190 pM Fe | 110 pM Fe
Measurement 1 0.6010 0.3759 0.2267
Measurement 2 0.5971 0.3710 0.2203
Measurement 3 0.6006 0.3774 0.2231

Average 0.5996 0.3748 0.2234
RSD,% 0.4 0.9 1.4

The obtained values of relative standard deviation (RSD) did not exceed 1.4%,
indicating high reproducibility of the method across the entire studied concentration range.
The lowest deviation (0.4%) was observed at an iron concentration of 360 uM, which reflects
signal stability at higher analyte content. RSD values below 2% generally indicate the
reliability and robustness of the method under routine analytical conditions.

To further confirm the accuracy of the spectrophotometric method described in this
study, the results were compared with those obtained using atomic absorption spectrometry
(AAS). Iron reference solutions for the calibration curve were prepared by diluting a
Certipur® multi-element standard for MS. The test samples (solutions obtained from biomass
of yeast enriched with iron via the addition of iron (II) sulfate and iron (III) chloride),
prepared according to the described procedure, and were analyzed by both methods. The
obtained results are presented in Table 4.
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Table 4
Comparative table of iron content in yeast determined by spectrophotometry and atomic
absorption spectrometry

Iron content, mg/g DW of yeast,
Sample determined by
method 1 method 2
Sample (iron enrichment source — FeSO4) 9.7+0.2 9.3+£04
Sample (iron enrichment source — FeCls) 52+0.5 5.7£0.6

Note:

Method 1 — spectrophotometric method;
Method 2 — atomic absorption spectrometry;
DW, dry weight

The results of the analysis of variance (ANOVA) revealed a significant difference
between the two iron sources — iron sulfate (FeSO.) and iron chloride (FeCls). The F-value
for the iron sources was high (F(1,8) =243.00, p <0.0001), indicating a significant difference
in iron content depending on the type of compound. This suggests that the form of iron affects
its availability or effectiveness under different conditions. Iron in the form of FeSOa (Fe (I1))
is likely better absorbed, as confirmed by the high F-value, compared to FeCls (Fe (III)),
which requires additional reduction before absorption.

At the same time, no statistically significant difference was found between the
measurement methods — spectrophotometry and atomic absorption spectrometry (AAS)
(F(1,8) = 0.037, p = 0.8522). This means that both methods provided similar results, and the
choice of measurement method had no substantial effect on determining the iron content in
both types of samples. Therefore, under the studied conditions, the choice of method for
measuring iron content is not a critical factor.

Conclusions

This study presents a simple and accessible approach for determining iron content in
yeast. An effective extraction method was developed that does not require complex or
specialized equipment. The proposed method is characterized by ease of execution,
reproducibility of results, and suitability for application in a standard laboratory setting. The
use of a 3% nitric acid solution was identified as the optimal option for releasing iron from
yeast cells, providing high extraction efficiency and compatibility with both
spectrophotometric and atomic absorption analyses.

The obtained results highlight the practical value of the proposed method for routine
monitoring of iron content in food products, as well as for evaluating the effectiveness of
biotechnological processes for yeast iron enrichment and investigating the forms and
bioavailability of iron in the development of functional food products.
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Introduction. Biosynthesized selenium nanoparticles
(SeNPs) hold significant promise for applications in the food
industry due to their antimicrobial and antioxidant properties.

Materials and methods. The yeast strain Saccharomyces
cerevisiae M437 was cultivated in yeast peptone dextrose
medium. The SeNPs biosynthesis conditions included:
Saccharomyces cerevisiae M437 biomass, | mM sodium selenite
(NazSe0:s), 30°C, 250 rpm, for 7 days. Nanoparticle formation was
assessed using light microscopy, UV-visible spectroscopy, and
dynamic light scattering (DLS) analysis.

Results and discussion. A sodium selenite concentration of
1 mM was selected as optimal, as it ensured high bioreduction
efficiency with minimal cytotoxic effects on Saccharomyces
cerevisiae M437 cells. Throughout the 7-day biosynthesis process,
a visible color shift of the biomass was observed from milky white
to pink, and finally to deep red, serving as a visual indicator of
intracellular SeNPs formation via the biological reduction of
selenite ions to elemental selenium, one of the allotropes of which
exhibits a red color. Light microscopy confirmed the presence of
fine particulate inclusions both inside and outside the cells,
indicating efficient nanoparticle formation. For more detailed
characterization of SeNP morphology and internal structure,
scanning transmission electron microscopy (STEM) are planned
in future studies.

UV-Vis spectral analysis of the biogenic SeNPs revealed a
distinct absorption peak at 252 nm, associated with electronic
transitions and surface plasmon resonance. DLS measurements
showed an average hydrodynamic diameter of 179.3 nm. The zeta
potential value of —16.2 mV suggests moderate colloidal stability,
while the polydispersity index of 0.229 indicates a narrow size
distribution and low tendency toward agglomeration. The organic
capping layer, likely composed of biomolecules derived from
yeast cells, contributes to the stability and bioactivity of the
nanoparticles. The obtained results are consistent with literature
reports on SeNPs synthesized by microorganisms and demonstrate
the promise of this biotechnological approach.

Conclusions. The intracellular biosynthesis of selenium
nanoparticles by Saccharomyces cerevisiae M437 was confirmed.
The core physicochemical properties of the synthesized
nanoparticles were characterized, demonstrating their potential
suitability for applications in the food industry.
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Introduction

Selenium nanoparticles (SeNPs) exhibit significant potential for applications in the food
industry due to their antimicrobial and antioxidant properties. SeNPs are effective against a
broad spectrum of foodborne pathogenic microorganisms, including Bacillus cereus,
Escherichia coli, Staphylococcus aureus (Hussein et al., 2022), Listeria monocytogenes,
Salmonella enterica (Abdel-Moneim et al., 2022), Vibrio parahaemolyticus (Vinu et al.,
2021; Zhang et al., 2021), Pseudomonas aeruginosa, Enterococcus faecalis, Klebsiella
pneumoniae (Huang et al., 2020), as well as fungi such as Fusarium verticillioides, Fusarium
graminearum, and Alternaria alternata (Hu et al., 2019). These antimicrobial properties
enable the use of SeNPs in the production of active food packaging, which can potentially
extend the shelf life of food products.

Biopolymers are commonly used as carriers for SeNPs due to their biocompatibility and
eco-friendliness (Ao et al., 2023; Ndwandwe et al., 2021). Biopolymer films serve as an
alternative to synthetic packaging materials (Jamrdz et al., 2019a). For instance, films
incorporating SeNPs have been shown to extend the shelf life of hazelnuts, walnuts, potato
chips, ham, chicken, and ready-to-eat vegetable mixes (Vera et al., 2018). Similarly, the
preservation of freshness of mini-kiwi (Jamréz et al., 2019a) and fish products (Jamroz et al.,
2019b) has been demonstrated. SeNPs embedded in polymer matrices damage bacterial cell
walls, disrupt DNA structure, and induce apoptosis, exhibiting biocidal activity even against
multidrug-resistant strains. Additionally, SeNPs demonstrate the antioxidant activity by
reducing oxidative processes in food products, thereby preventing spoilage. Although no
specific regulatory framework exists for SeNPs in food packaging, their biocompatibility and
efficacy warrant further research in this field (Ndwandwe et al., 2021).

Beyond food packaging, selenium nanoparticles are actively investigated as feed
supplements for livestock (Zhang et al., 2023). This approach not only supports animal health
and productivity but also enhances selenium intake in human diets through increased
selenium content in meat, milk, and eggs (Malyugina et al., 2021). Positive effects of SeNPs
on weight gain in broiler chickens (Nabi et al., 2020) and growth in various fish species
(Jahanbakhshi et al., 2021), including Nile tilapia (Ghazi et al., 2021; Ibrahim et al., 2021)
and grass carp (Zhang et al., 2022), have been reported.

Selenium nanoparticles can be synthesized via physical, chemical, or biological
methods (Zhang et al., 2023). For biogenic synthesis, microorganisms such as fungi, bacteria,
and yeast are utilized (Dutta and Ray, 2024; Gregirchak et al., 2024; Stabnikova et al., 2023).

Selenium nanoparticle biosynthesis has also been explored using different yeast species
(Table 1). For example, Kluyveromyces lactis GG799 (Song et al., 2021), Candida utilis
ATCC 9950 (Kieliszek et al., 2020), marine yeast Yarrowia lipolytica NCIM 3589 (Hamza
et al., 2017), and genetically modified yeast Pichia pastoris (Elahian et al., 2017) have been
utilized. Lashani et al. investigated SeNPs biosynthesis using Yarrowia lipolytica ATCC
18942, demonstrating antimicrobial activity against Serratia marcescens, Klebsiella
pneumoniae, Escherichia coli, Pseudomonas aeruginosa, and Candida albicans, as well as
anti-biofilm activity against Klebsiella pneumoniae, Acinetobacter baumannii,
Staphylococcus aureus, and Pseudomonas aeruginosa. The biogenic SeNPs also exhibited
antioxidant activity (Lashani et al., 2024). SeNPs produced using the supernatant of Candida
albicans TIMML-1306 showed significant antifungal effects against Candida albicans and
Candida glabrata (Bafghi et al., 2022). In the case of selenium nanoparticles biosynthesis
using cell-free aqueous extracts of Magnusiomyces ingens LH-F1, inhibition of Arthrobacter
sp. W1 growth was observed (Lian et al., 2019).
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Biosynthesis of selenium nanoparticles using yeast species

Table 1

mM Na,SeOyq, 28°C, 24 h

Yeast SeNPs biosynthesis SeNPs Source
parameters characteristics

Pichia pastoris YPD broth, 4 mM SeO,, Intracellular, Elahian et
30°C, 96 h spherical, al., 2017

size 70—-180 nm

Yarrowia lipolytica | MGYP broth, 4 mM Intracellular, Hamza et

NCIM 3589 Na;SeOs, 30°C, 120 rpm, spherical, al., 2017
48 h size 30-60 nm

Yarrowia lipolytica | GYP broth medium, 2.5 Intracellular, Lashani et

ATCC 18942 mM Na,SeOs3, 30°C, 160 spherical, al., 2024
rpm, 48 h size 37-180 nm

Candida albicans Supernatant after yeast Spherical, average Bafghi et

TIMML-1306 cultivation was added to 5 | diameter size 38 nm al., 2022

Na,SeOs, 30°C, 200 rpm,
24 h

size 80150 nm

Candida utilis YPD medium, 30 mg Intracellular, Kieliszek et
ATCC 9950 Na;SeOs, 200 rpm, 24 h spherical, al., 2020
size 20—40 nm

Magnusiomyces Cell-free extract from cell | Spherical/quasi— Lian et al.,
ingens LH-F1 lysate, 2 mM SeO,, pH 7, spherical, 2019

30°C size 70-90 nm
Nematospora Yeast biomass, 1 mM Intracellular, Rasouli,
coryli Na;,SeOs, 28°C, 130 rpm, spherical, 2019

48 h size 50-250 nm
Kluyveromyces YPD broth with yeast Intracellular, Song et al.,
lactis GG799 biomass, 1.2 mM spherical, 2021

Note: YPD, Yeast extract, peptone, dextrose; MGYP, Malt extract, glucose, yeast extract,
peptone; GYP, Glucose, yeast, peptone.

However, each microbial system has its advantages and limitations. One of the key
advantages of using yeast, particularly Saccharomyces species, is their ease of handling and
inherent safety, as they do not require specialized biosafety measures unlike many bacterial
and fungal strains (Ao et al., 2023; Grasso et al., 2020).

Saccharomyces cerevisiae yeast is one of the most widely used organisms for SeNPs
biosynthesis (Table 2) due to its availability and metabolic versatility. The intracellular
biosynthesis of SeNPs has been studied using baker’s yeast Saccharomyces cerevisiae and
their antioxidant activity has been confirmed (Faramarzi et al., 2020; Fath-Alla et al., 2024).
Cultivation of Saccharomyces cerevisiae GVT263 on agricultural waste resulted in the
biosynthesis of crystalline rod-shaped SeNPs (Goud et al., 2016). SeNPs with antibacterial
activity against FEscherichia coli, Pseudomonas aeruginosa, Klebsiella pneumoniae,
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Salmonella typhimurium, Staphylococcus aureus, and Bacillus subtilis were produced using
Saccharomyces cerevisiae MTCC 36. The antibacterial activity of SeNPs is attributed to their
ability to disrupt bacterial cell walls and generate reactive oxygen species, inducing oxidative
stress in microorganisms (Hariharan et al., 2012). Controlled intracellular SeNPs
biosynthesis, followed by their release from cells, was studied using Saccharomyces
cerevisiae BY4741. SeNPs transport out of cells occurs via exocytosis or vesicular secretion
(Pereira et al., 2018). Additionally, the biosynthesis of SeNPs under oxygen-limited
conditions using Saccharomyces cerevisiae yielded nanoparticles with a protein coating
containing carbonyl and hydroxyl groups, thereby enhancing their hydrophilicity and
stability (Zhang et al., 2012).

Table 2
Biosynthesis of selenium nanoparticles using yeast Saccharomyces cerevisiae
Yeast SeNPs biosynthesis SeNPs characteristics | Reference
parameters

S. cerevisiae

SDB medium, 25 pg
Na»SeOs, 32°C, 120 rpm, 96
h

Intracellular, spherical,
size 709 nm

Faramarzi et
al., 2020

S. cerevisiae

SDB medium, 0.025 g

Intracellular, spherical,

Fath-Alla et

NaySeO3, 18-20°C, 24 h

nm

Na,Se0s, 30°C, 24 h size 34-125 nm al., 2024
S. cerevisiae | Agro-waste based yeast Intracellular, rod- Goud et al.,
GVT263 fermented broth, 2 mM shaped, size 170-240 2016

S. cerevisiae

YNB medium, 1 mM

Intracellular, spherical,

Pereira et al.,

h

BY4741 Na,SeOs, 30°C, 150 rpm, 48 | size 20-30 nm 2018
h

S. cerevisiae | Malt juice, 100 mg Na,SeOs, | Intracellular, spherical, | Wu et al.,
pH 4, 30°C, 36 h size 71.14 £ 18.17 nm | 2021

S. cerevisiae | YPD medium, 0.5 mM Extracellular, spherical, | Zhang et al.,
Na;SeOs, 30°C, 120 rpm, 36 | size 100 nm 2012

S. cerevisiae
MTCC 36

MY medium, 2 mM
Na;SeOs, 30°C, 200 rpm, 24
h

Crystalline, size 30-100
nm

Hariharan et
al., 2012

Note: SDB, Sabouraud dextrose broth; YNB, Yeast nitrogen base; MY, Malt yeast.

The aim of the present study was to investigate the characteristics of selenium
nanoparticles produced using Saccharomyces cerevisiae M437 for potential applications in
the food industry.
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Materials and methods
Culture media for storage and cultivation of Saccharomyces cerevisiae M437

Medium 1 for storage in slant agar tubes and subculturing of Saccharomyces cerevisiae
M437: Sabouraud medium, consisting of 9 g/ enzymatic peptone, 1 g/L yeast extract, 40
g/L glucose, and 15 g/L microbiological agar, pH 5.6.

Medium 2 for cultivating Saccharomyces cerevisiae M437 for intracellular SeNPs
biosynthesis: YPD (Yeast Peptone Dextrose) medium, consisting of 20 g/L peptone, 10 g/L
yeast extract, and 20 g/L glucose, pH 6.3.

Cultivation of yeast Saccharomyces cerevisiae M437

The Saccharomyces cerevisiae M437 strain was selected from a live culture collection
for use in the experiments. This strain was stored in a laboratory refrigerator at 4°C in test
tubes containing slanted agar (Medium 1). For inoculum preparation, yeast cells were washed
from the agar surface to obtain a suspension with a concentration of 10°-10° cells/mL. The
resulting inoculum, constituting 5% of the medium volume, was added to 100 mL of pre-
sterilized liquid YPD medium (Medium 2). The liquid medium was prepared by mixing and
dissolving the appropriate components in distilled water, followed by sterilization in an
autoclave at 121°C for 15 minutes. Cultivation of the inoculum was carried out in 250 mL
Erlenmeyer flasks containing 100 mL of liquid YPD medium at 30°C and 250 rpm for 48
hours until an optical density at 600 nm (ODgoo) of 2.5 was reached.

Intracellular biosynthesis of selenium nanoparticles

Obtaining yeast biomass. After 48 hours of cultivation, Saccharomyces cerevisiae
M437 biomass was harvested by centrifugation (4000 rpm, 20 min). To remove soluble
medium components and extracellular metabolites, the cells were washed three times with
sterile distilled water. The supernatant was discarded, and sterile distilled water was added
to the cell pellet. The cells were resuspended and centrifuged again (4000 rpm, 20 min). This
process was repeated three times.

Preparation of sodium selenite as a precursor for selenium nanoparticles. A 1 M
sodium selenite (Na,SeOs) solution was prepared by dissolving 17.2948 g of Na,SeOs salt in
100 mL of distilled water. After complete dissolution, the solution was sterilized via cold
filtration using a sterile syringe filter with a 0.22 um pore size. The 1 M sodium selenite
solution was stored in a sterile glass tube.

Biosynthesis procedure. The washed yeast cells were resuspended in 100 mL of sterile
distilled water in a 250 mL flask, and the sodium selenite solution was added to achieve a
final concentration of 1 mM. Intracellular SeNP biosynthesis was carried out under the
following conditions: 30°C, 250 rpm using an ES-20/60 Biosan SIA orbital shaker-incubator
(Latvia). For the first control, a flask with washed yeast in sterile distilled water without
sodium selenite was used. For the second control, a flask with a 1 mM sodium selenite
solution was used. Observations were conducted over seven days, during which the cell color
changed from milky white to pink and then red, indicating nanoparticle formation.
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Characteristics of biosynthesized selenium nanoparticles

Light microscopy. For microscopy of Saccharomyces cerevisiae M437, a “crushed
drop” preparation was made. Samples were collected after seven days of intracellular SeNPs
biosynthesis. Under aseptic conditions, 2 mL of cell suspension was collected, and a few
drops were placed on a microscope slide and stained with methylene blue. A coverslip was
placed on top, and excess moisture was removed with filter paper. A drop of glycerin was
applied to the coverslip, and microscopy was performed using an XS-3330 LED MICROmed
light microscope (China) with an immersion objective (total magnification: x1000).

UV-Visible spectroscopy. On day seven, the SeNPs biosynthesis process was
terminated. Yeast cells were separated by centrifugation (5000 rpm, 40 min). The supernatant
was analyzed using a UV-Vis spectrophotometer (Thermo Spectronic UV300, Spectronic
Unicam, England). Four milliliters of the supernatant were transferred in a quartz cuvette,
and the absorption spectrum was measured in the wavelength range of 200-800 nm with a
resolution of 2 nm (Hashem et al., 2023).

The hydrodynamic diameter determination. The hydrodynamic diameter of
biosynthesized SeNPs was measured using a Zetasizer Nano ZS (Malvern, UK), based on
dynamic light scattering (DLS). Zeta potential and polydispersity index (PDI) were also
determined. All measurements were performed at a constant temperature of 25°C in a neutral
medium (pH = 7.0). Each analysis was repeated three times to ensure the reliability of the
results (Nwoko et al., 2021).

Results and discussion
Selection of sodium selenite concentration

One of the key parameters influencing the efficiency of selenium nanoparticle
biosynthesis is the concentration of the precursor — sodium selenite (Na2SeO3). Based on an
extensive review of current scientific literature on microbial SeNP biosynthesis, a
concentration of 1 mM Na,SeOs is widely regarded as optimal for many microorganisms
(Table 3).

This concentration balances high selenite reduction efficiency with minimal toxicity to
cells. For instance, using Acinetobacter sp. SW30 biomass, amorphous SeNPs with
antioxidant and antimicrobial properties were synthesized at 1.0 mM sodium selenite.
However, at concentrations above 2 mM, crystalline nanorods with antitumor activity were
produced but exhibited high cytotoxicity (Wadhwani et al., 2017). Another study describing
intracellular SeNP biosynthesis using the culture medium of Saccharomyces cerevisiae
reported that lower concentrations of selenite salts produced smaller SeNPs with higher
antioxidant activity. Nevertheless, the overall process efficiency was reduced due to low
yield, limited productivity, and high polydispersity (Faramarzi et al., 2020). Additionally,
Shoeibi and Mashreghi (2017) investigated SeNP biosynthesis using Enterococcus faecalis
at sodium selenite concentrations ranging from 0.19 mM to 2.97 mM. Higher precursor
concentrations resulted in the formation of fewer nanoparticles.
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Table 3

Sodium selenite concentrations for selenium nanoparticle biosynthesis

Microorganism Culture SeNPs biosynthesis conditions Reference
medium
Bacillus subtilis LB broth pH 7,2, 30°C, 150 rpm, 24 h, 1 | Abdel-
ALA43 mM Na,SeO;3 at the beginning Moneim et
of the cultivation process al., 2022
Streptomyces NB 32°C, 180 rpm, 72 h, 1 mM El-deeb et al.,
sp E3 Na,SeOs;, biomass 2023
Vibrio natriegens LB broth 30°C, 12 h, 1 mM Na,SeOs at Fernandez-
ATCC14048 the beginning of the cultivation | Llamosas et
process al., 2017
Paenibacillus TSB broth 37°C, 150 rpm, 24 h, 1 mM Nile et al.,
terreus Na;SeOs at the beginning of the | 2023
cultivation process
Saccharomyces YNB, added 30°C, 150 rpm, 48 h, 1 mM Pereira et al.,
cerevisiae BY4741 | with amino Na,SeOs at the beginning of the | 2018
acids cultivation process
Streptomyces ISP2 medium | 28°C, 120 rpm, 24-48 h, 1 mM | Ramya et al.,
sp. M10A65 Na,SeOs;, biomass 2020
Nematospora coryli | YPG broth 28°C, 130 rpm, 48 h, 1 mM Rasouli, 2019
Na,SeOs;, biomass
Lysinibacillus LB broth 35°C, 180 rpm, 36 h, | mM Zhang et al.,
macroides DS15 Na,SeOs at the beginning of the | 2019

cultivation process

Note: LB, Luria-Bertani; YPG, Yeast extract, peptone, dextrose; TSB, Tryptone-soy; YNB,
Yeast nitrogen base; ISP2, International Streptomyces Project-2 medium, containing yeast
extract, malt extract, and dextrose.

Based on this evidence, a sodium selenite concentration of 1 mM was selected for
selenium nanoparticle biosynthesis using Saccharomyces cerevisiae M437. Although yeast
holds significant promise for SeNPs biosynthesis, the number of studies in this area remains
limited (Nie et al., 2023).

Intracellular biosynthesis of selenium nanoparticles

After adding sodium selenite to Saccharomyces cerevisiae M437 cells, a color change
from milky white to light pink was observed on the second day. Over the seven-day
observation period, the color intensified, reaching a distinct red by the seventh day (Figure

1.
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a b [

Figure 1. Stages of intracellular biosynthesis of selenium nanoparticles
by Saccharomyces cerevisiae M437:
a — native yeast grown on YPD medium; b — washed yeast biomass; ¢ — yeast on day 7 of
nanoparticle biosynthesis

The color change from milky to red indicates intracellular SeNP formation, resulting
from the biological reduction of selenite oxyanions (SeOs>) to elemental selenium (Se®), one
of whose allotropic forms exhibits a characteristic red color. Intracellular yeast metabolites
facilitate this process (Tan et al., 2018). Similar results have been reported in studies where
SeNP biosynthesis was accompanied by characteristic color changes. For instance, the
formation of biogenic SeNPs using the supernatant of Anabaena variabilis NCCU-441 was
confirmed by a color change from sky blue to orange-red (Afzal et al., 2021). SeNPs
biosynthesis using Lactobacillus paracasei HM1 (El-Saadony et al., 2021) and Bacillus
subtilis (Chandramohan et al., 2018) resulted in culture medium color changes from yellow
to dark red within 48 hours. Likewise, using Saccharomyces cerevisiae culture fluid, SeNP
formation was indicated by a color change from pale yellow to dark orange within four days
(Faramarzi et al., 2020).

On days 5-7, biosynthesized intracellular SeNPs began to release in the solution. It was
indicated by the pale red color of the supernatant after centrifugation. Literature analysis
confirmed this observation. Pereira et al. demonstrated that SeNPs were synthesized
intracellularly by Saccharomyces cerevisiae BY4741 within 48 hours and were subsequently
released into the extracellular medium by 96 hours without compromising cell integrity
(Pereira et al., 2018). Further analysis showed that intracellular SeNPs were concentrated
near or protruded from the cell membrane, and extracellular SeNPs possessed well-defined
organic shells. The presence of extracellular nanoparticles suggests a vesicular transport
mechanism, where yeast cells expel excess selenium via vesicle-like structures (Wu et al.,
2021). This intracellular biosynthesis and subsequent extracellular release is advantageous,
as it simplifies nanoparticle isolation and purification compared to solely intracellular
biosynthesis, which requires cell disruption methods such as ultrasonication, enzymatic cell
wall degradation, mechanical disruption with glass or metal beads, or chemical lysis using
bases and anionic detergents (Sajnog et al., 2023). Studies on using Yarrowia lipolytica also
showed that SeNPs are synthesized intracellularly, are associated with cell membranes, and
may be localized in various cellular compartments, indicating the presence of multiple
nucleation sites for selenite reduction and intracellular nanoparticle formation in Yarrowia
lipolytica cells (Lashani et al., 2024).
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The light microscopy was performed on day 7 to confirm SeNP formation and
localization. Analysis revealed that, compared to native yeast cells with homogeneous
cytoplasm, samples with synthesized SeNPs exhibited scattered or clustered inclusions
within and outside the cells, potentially indicating SeNPs and their localization (Figure 2).
Future studies are planned to employ scanning electron microscopy (SEM) to determine the
detailed morphology of the synthesized nanoparticles and their interactions with cellular
organelles. SEM enables rapid acquisition of high-resolution 3D images of nanoparticle
surfaces with minimal sample preparation. In addition, transmission electron microscopy
(TEM) will be used to provide ultra-high-resolution imaging for analyzing the internal
structure of the formed nanoparticles (Kumar, 2021).

Figure 2. Cells of Saccharomyces cerevisiae M437:
a — native yeast cells;
b — yeast cells with biosynthesized selenium nanoparticles; magnification x1000

UV-Visible spectroscopy

UV-vis spectroscopy is a common method to confirm SeNP formation by detecting their
characteristic red color absorbance at specific wavelengths, attributed to surface plasmon
resonance (SPR) excitation —an effect that arises when conduction electrons in a thin metallic
layer are excited by incident light (Fath-Alla et al., 2024). During the SeNPs biosynthesis
process, we visually observed a color change not only in the yeast cells but also in the reaction
mixture itself, suggesting the release of SeNPs into the extracellular medium. UV-Vis
spectroscopy analysis revealed distinct absorption peaks within the 200—800 nm wavelength
range, with two maxima at 207 and 252 nm (Figure 3).
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Figure 3. UV-Vis spectrum of biosynthesized selenium nanoparticles using Saccharomyces
cerevisiae M437

The results (Figure 3) are consistent with earlier findings on SeNP biosynthesis using
the supernatant of Aspergillus terreus, where absorbance measurements in the 200-800 nm
range showed two major peaks at 218 and 284 nm. The first absorbance peak may correspond
to interband and fundamental electronic transitions, such as transitions from lower energy
levels to the conduction or upper bands, while the second peak is likely associated with
coherent oscillation of free electrons across the nanoparticle surface known as SPR (Saied et
al., 2023). Similarly, biosynthesized SeNPs obtained using a cell-free aqueous extract of
Monascus purpureus ATCC16436 showed a maximum absorption peak at 593 nm after 30
minutes of biosynthesis, also measured in the 200—800 nm range (El-Sayed et al., 2020).
Comparable results were obtained for SeNPs biosynthesis using the probiotic strain Bacillus
subtilis BSN313, where UV-Vis spectra after 24 hours of biosynthesis showed a transition
point at 362 nm and a prominent absorption peak at 650 nm (Ullah et al., 2021). Biosynthesis
of SeNPs using Lactobacillus paracasei HM1 also followed similar trends, with an
absorption maximum of 300 nm within the extended 200-1000 nm range (El-Saadony et al.,
2021).

Characterization of biosynthesized selenium nanoparticles

The sizes of the selenium nanoparticles were determined using a nanosizer. Our analysis
showed that the majority of nanoparticles had a size of 225.6 nm, while only 2% were
significantly smaller — 42.18 nm. Consequently, the average hydrodynamic diameter was
179.3 nm (Figure 4).
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Figure 4. Sizes of biosynthesized selenium nanoparticles

This value considerably exceeds the typical dimensions obtained by -electron
microscopy techniques such as transmission (TEM) or scanning (SEM) electron microscopy,
where nanoparticles are often in the tens of nanometers, depending on biosynthesis
conditions. This discrepancy arises from the dynamic light scattering (DLS) method
employed by the nanosizer, which measures not only the crystalline core of the nanoparticles
but also the surrounding organic coating composed of biomolecules (e.g., proteins, lipids,
polysaccharides). This organic coating influences the hydrodynamic radius of nanoparticles
in solution, increasing their apparent size. Therefore, the larger nanoparticle sizes obtained
through DLS, compared to those measured by electron microscopy, should be considered a
positive indicator, as the presence of the organic shell is key to colloidal stability,
bioavailability, and biological activity of SeNPs (Hashem et al., 2023). This has been
corroborated by multiple studies. For instance, Fath-Alla et al. (2024) reported that the sizes
of spherical SeNPs synthesized using Saccharomyces cerevisiae ranged from 34 to 125 nm
as measured by TEM, whereas the average size determined by nanosizer was 173.9 nm (Table
4).

Overall, SeNP sizes vary widely depending on the biosynthesis method and conditions
(Table 4). For example, during SeNP biosynthesis using Saccharomyces cerevisiae,
nanoparticle sizes ranged from 75 to 709 nm (Faramarzi et al., 2020). SeNPs biosynthesized
by Bacillus subtilis exhibited an average diameter of 530 nm (Ullah et al., 2021). Much
smaller nanoparticles were obtained using Lactobacillus acidophilus, 34.13 nm (Alam et al.,
2020) and Monascus purpureus, 46.58 nm (El-Sayed et al., 2020).

The zeta potential of the biosynthesized SeNPs, which was -16.2 mV (Figure 5),
indicating satisfactory stability and dispersion of the nanoparticles in suspension.
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Table 4

Sizes of selenium nanoparticles biosynthesized using microorganisms

Microorganism Average Size, nm Reference
(Z-average)

Candida pseudojiufengensis 14 Ali et al., 2024
Saccharomyces cerevisiae 173.9 Fath-Alla et al., 2024
Bacillus subtilis BSN313 530 Ullah et al., 2021
Penicillium corylophilum 72 Salem et al.,2021
Penicillium verhagenii 91.2 Nassar et al., 2023
Aspergillus Flavus 49.72 Mohammed et al., 2024
Eurotium cristatum 231.7 Lietal., 2024
Trichoderma sp. 211.4 Arunthirumeni et al., 2022
Fusarium semitectum 92.33 £48.5 Abbas and Abou Baker, 2020
Yarrowia lipolytica ATCC 18942 | 110 Lashani et al., 2024
Saccharomyces cerevisiae M437 | 179.3 Own research
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Figure 5. Zeta potential of biosynthesized selenium nanoparticles

Zeta potential is a key parameter for evaluating colloidal stability, with values varying
across studies. The zeta potential of SeNPs biosynthesized by Saccharomyces cerevisiae
ranged from -7.06 to -10.3 mV (Faramarzi et al., 2020), whereas SeNPs produced using
Bacillus subtilis exhibited a more negative value of -26.9 mV (Ullah et al., 2021). In contrast,
SeNPs biosynthesized by Lactobacillus acidophilus showed a positive zeta potential of
+37.86 mV (Alam et al., 2020), while those obtained using Monascus purpureus had a zeta
potential of —24.01 mV (El-Sayed et al., 2020).

The polydispersity index (PDI) of the SeNPs solution was 0.229, indicating high
polydispersity, a low tendency toward agglomeration, and a relatively narrow range of
nanoparticle sizes. PDI reflects nanoparticle size homogeneity and distribution variance. For
SeNPs biosynthesized using Saccharomyces cerevisiae, the PDI values ranged from 0.189 to
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0.989 (Faramarzi et al., 2020), for those biosynthesized with Bacillus subtilis, the PDI was
0.282 (Ullah et al., 2021). The PDI of SeNPs obtained using Lactobacillus acidophilus was
0.285 (Alam et al., 2020), and using Monascus purpureus, it was 0.205 (El-Sayed et al.,
2020). The higher the polydispersity index (PDI), the less uniform the nanoparticle size
distribution in the solution. Conversely, a lower PDI value indicates a more uniform
nanoparticle size distribution and a reduced tendency for agglomeration in the sample (Skora
et al., 2021).
Zeta potential and PDI values from various studies are summarized in Table 5.

Table 5
Zeta potential and polydispersity index of selenium nanoparticles
biosynthesized using microorganisms

Microorganism [%::tt:n tial, mV PDI Reference
Lactobacillus acidophilus +37.86 0.285 | Alam et al., 2020
Candida pseudojiufengensis +34 0.15 Ali et al., 2024
Eurotium cristatum -15.5 0.277 | Lietal., 2025
Saccharomyces cerevisiae -22.4 0.503 | Fath-Alla et al., 2024
Monascus purpureus -24.01 0.205 | El-Sayed et al., 2020
Bacillus subtilis BSN313 -26.9 0.282 | Ullah et al., 2021
Penicillium verhagenii -32 - Nassar et al., 2023

. Arunthirumeni et al.,
Trichoderma sp. - 0.287 2022
Yarrowia lipolytica ATCC 18942 | -34.51 1 Lashani et al., 2024
Saccharomyces cerevisiae M437 | -16.2 0.229 | Own research

Mechanisms of intracellular selenium nanoparticles biosynthesis

The intracellular biosynthesis of SeNPs biosynthesis is a complex process based on
microbial mechanisms that reduce selenite to elemental selenium, resulting in nanoparticle
formation. Key enzymes involved in selenite reduction include sulfite reductase and
thioredoxin reductase, which utilize electron donors such as NADPH or NADH to catalyze
the reduction reaction (Wang et al., 2018). In Bacillus mycoides, thiol compounds like
glutathione and N-acetyl-L-cysteine participate in selenite reduction. Other metabolites, such
as 4-hydroxybenzoate and indole-3-acetic acid, are produced by Bacillus mycoides in
response to stress and contribute to SeNPs biosynthesis (Baggio et al., 2021). In
Stenotrophomonas maltophilia, a homolog of alcohol dehydrogenase is involved in the
biosynthesis of SeNPs (Lampis et al., 2017). In Pichia pastoris, selenite reduction is mediated
by NADH-dependent cytochrome b5 reductase (Elahian et al., 2017).

Thus, various biomolecules are involved in the intracellular biosynthesis of selenium
nanoparticles. The localization of SeNPs also varies. In most cases, they are initially formed
intracellularly and may later be released into the extracellular medium. For example, the
biosynthesis of SeNPs using Stenotrophomonas maltophilia involves intracellular formation
followed by their release into the extracellular medium (Lampis et al., 2017). When
Rhodococcus aetherivorans was used for SeNP biosynthesis, the resulting nanoparticles were
surrounded by an organic shell that enhanced their stability and prevented aggregation
(Presentato et al., 2018). Additionally, in Shewanella oneidensis, modulation of the
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extracellular electron transfer (EET) pathway has been demonstrated through genetic
alteration of the CymA gene, which encodes a key component of the electron transport chain.
Such modifications influence the localization, composition, and size of the synthesized
nanoparticles (Tian et al., 2017).

In summary, intracellular biosynthesis of selenium nanoparticles is a complex and
multifactorial process dependent on the specific enzymatic systems of microorganisms.
Understanding these mechanisms is crucial for the further development of biotechnological
approaches for the synthesis of SeNPs with tunable properties for medical, environmental,
and industrial applications.

Conclusions

Selenium nanoparticles exhibit considerable potential for applications in the food
industry. Their pronounced antimicrobial properties enable effective suppression of a wide
range of foodborne pathogens, making them particularly promising for use in active food
packaging systems aimed at extending product shelf life. Among the various approaches to
SeNP synthesis, biosynthesis using microorganisms such as bacteria, fungi, or yeast is
regarded as one of the most efficient methods. Yeast of the genus Saccharomyces is of
particular interest due to its ease of cultivation, safety profile, and lack of strict biosafety
requirements. In this study, Saccharomyces cerevisiae M437 was identified as a promising
candidate for the intracellular biosynthesis of selenium nanoparticles.

The study confirmed the ability of strain M437 to synthesize SeNPs intracellularly.
Light microscopy revealed the presence of inclusions both inside and outside the yeast cells,
indicating nanoparticle formation followed by extracellular release. The release of SeNPs
into the culture medium was observed between days 5 and 7 of cultivation, facilitating
subsequent recovery and purification. UV-Vis spectroscopy analysis revealed a distinct
absorption peak at 252 nm, characteristic of SeNPs and likely associated with surface
plasmon resonance. DLS analysis indicated a mean hydrodynamic diameter of 179.3 nm,
encompassing both the nanoparticle core and the surrounding organic capping layer. This
organic shell plays a key role in maintaining colloidal stability, enhancing bioavailability,
and contributing to the biological activity of SeNPs. A measured zeta potential of —16.2 mV
suggests the stability of the nanoparticles in suspension. A polydispersity index of 0.229
reflects a high degree of uniformity in the nanoparticle suspension.

Despite the promising properties of Saccharomyces cerevisiae in SeNP biosynthesis,
research in this area remains limited. Nevertheless, the results obtained in this study
demonstrate that Saccharomyces cerevisiae M4377 is capable of producing biogenic SeNPs
with characteristics suitable for future applications in food-related technologies.
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Cagepio ManHiHo, 1-p XiM. Hayk, npodecop, MilaHChKHH YHIBEpCUTET, [Tamis.

CeiTiana JiTBHHYYK, KaH/. TeXH. HayK, AoL., HallioHanbHUH YHIBEpPCUTET XapuOBUX
TEXHOJIOTi#, YKpaiHa.

CeitTiana bBoiiko, xaHJ. €KOH. HayK, JOLEHT, HalioHaJbHHH YHIBEPCHTET XapyOBUX
TEXHOJIOTi#, YKpaiHa.

Cranka JlamsiHOBa, J-p TexH. HayK, npodecop, Pycenchkuii yHiBepcuTeT « AHren Kandesy,
Bonrapis.

Tersina [Iupor, a1-p TexH. HayK, npod., HamionansHuil yHIBEpCUTET Xap4OBUX TEXHOJOTIH,
VYkpaina.

Tomam Bepuar, 1-p, npodecop, llenuncekuii yniBepcurer, [onpiia.

Xyy6 JlemieBeaba, 1-p, acomianis « MikHapoiHa TapMoOHi3alliiiHa iHimiaTuBay, Hinepnanau.
SAcmina Jlykinak, 1-p, npodecop, YHuisepcurer llItpocmaepa B Ocieky, Ociex, XopBarisi.

BinnoBinanbHuii cexperap:

Ouekciii I'ybensi (BiAnoBimaidbHUI cekperap), KaHI. TEXH. HayK, JolL., HamioHampHuUN
YHIBEPCHTET XapuoOBUX TEXHOJIOTiH, YKpaiHa.
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IIIanoBHi KoJeru!

Penaxiifina KoJeris HayKOBOTO HEPIOAUYHOrO BHIAHHS
«UKrainian Journal of Food Science»
3anporrye Bac 1o nmyOmikailii pe3yapTaTiB HAyKOBUX JTOCIIIKEHb.

Bumorn 1o opopmiieHHs cTaTei

MosBa crareii — aHTJTIHiChKA.

Minimaneauii o0csr cratti — 10 cropinok dopmary A4 (6e3 BpaxyBaHHsS aHOTAINH i
CIMCKY JIITEpaTypH).

Jls Bcix enementiB cratti mpudt — Times New Roman, xerns — 14, intepan — 1.

Bci monst cropinku — 1o 2 cM.

CtpykTypa cTaTTi:

1. Ha3Ba crarri.
2. ABtopu ctatTi (iM’s1 Ta TIpi3BUILE MOBHICTIO, pukia: [Jenrc O3epsHKo).
3. Yemanosa, 6 sxiil suxonana poboma.
4. AHoraris. O60B’A3K0Ba CTPYKTYpa aHOTAIIIi:

— Bceryn (2-3 psakn).

— Marepianu Ta MeToau (10 5 ps/KiB)

— PesynbraTn T2 00roBOpeHHs (IiB CTOPIHKH).

— BucnoBku (2-3 psaakn).
5. Kitouosi ciioBa (3—5 ciiB, ajie He CIIOBOCIIONTYYEHbD).

IIyHkTH 2—6 BUKOHATH aHIVIiHCHKOIO | YKPaiHCHKOI0 MOBAMM.

6. OcHOBHHII TEKCT cTaTTi. Mae BKIIIOYATH Taki 000B’SI3KOBI PO3ILIH:
— Beryn
— Marepianu Ta MeTOIU
— PesynbraTn T2 0OrOBOpEHHS
— BucHoBKH
— Jlitepatypa.
3a HeoOXiqHOCTI MOXKHA JIOAABATH iHIII PO3/iIM Ta PO30MBATH IX Ha IiIPO3ALIH.

7. ABropceka noBiaka (IpizBuie, iM’st Ta Mo 6aThKOBI, BUSHUH CTYIIHb Ta 3BaHHS, MICIIe
pobotH, eleKTpoHHa aapeca abo TenedoH).
8. KoHTakTHI JaHi aBTOpa, J0 SKOr'0 32 HEOOXIAHOCTI Oy/Ie 3BepPTaTUCh PEIAKIlis KypHAITY.

PucyHkn BHUKOHYIOTbCA siKicHO. CKaHOBaHI PUCYHKM HE IpuiiMaroThes. Po3mip TekcTy Ha
PHUCYHKax MOBHHEH Oyt cniBpo3mipHuM (!) Tekcry crarti. @oTorpadii MojkHa BUKOPHCTOBYBATH
JIMIIIE 32 iX 3HAYHOI HAYKOBOI HiHHOCTI.

®oH rpadikis, miarpam — nuie 6inuit. Komip enemenTiB pucyHky (iHii, ciTka, TEKCT) — YOpHHI
(ue cipuii).

Pucynxu ta rpadiku EXCEL 3 rpadikamMu 101aTKOBO HOJAIOTHCS B OKpeMHX (aiiax.

CkopoueHi Ha3Bu (DI3MYHUX BEJUYMH B TEKCTI Ta Ha rpadikax IO3HAYAIOTHCA JIATHMHCHKUMU
niTepamu BianoBinHo 1o cuctemu CL

V cnucky JiTepaTypy HOBHHHI IepeBaXkaTH aHIVIOMOBHI CTaTTi Ta MoHOrpadii, siki omy0IikoBaHi
micyst 2010 poky.
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OdopmiieHHSI HUTAT Y TEKCTI CTATTI:

Kiabkicts aBTOpiB cTatTi | IIpMKiaag nuTyBaHHA y TeKCTi
1 aBTOp (Arych, 2019)
2 i OiTbIlIe aBTOPIB (Bazopol et al., 2021)

Mpuxaax tekery i3 muryBanusam: It is known (Bazopol et al., 2006; Kuievda, 2020), the
product yield depends on temperature, but, there are some exceptions (Arych, 2019).

VY 1uMTyBaHHAX HEOOXiTHO BKA3YBaTH OJHE JDKEPETIO, 3BIIKU B3ATO iH(GOPMAIIiFO.
CIUCOK JIiTepaTypu COPTYETHCS 3a andaBiToM, JTiTepaTypHi JKepesa He HyMEpYIOThCS.

IIpaBuna odgopmiieHHS CHUCKY JiTepaTypH

B Ukrainian Journal of Food Science B3T0 3a OCHOBY 3arajbHONIPUMHSTE CIIPOIICHE

oopMIIEHHST CITUCKY JiTepaTypu 3rimHo cranmapty Garvard. Bei emeMeHTH mocHiIaHHS
PO3ILIAIOTHCS JIMIIIE KOMAMM.

1. ITocunaHHs HA CTATTIO:
ABTopu A.A. (pixk Buganusi), Hasa crarri, Hazea scypuany (kypcueom), Tom
(uomep), cropinku, DOI.
[HiIiany MUy ThCS TICIS IPi3BUILA.
Bci efleMeHTH MOCUITAHHS PO3IIISAIOTECS KOMaMHU.
1. Tpuxnan;
Ivanov V., Shevchenko O., Marynin A., Stabnikov V., Gubenia O., Stabnikova O.,
Shevchenko A., Gavva O., Saliuk A. (2021), Trends and expected benefits of the
breaking edge food technologies in 2021-2030, Ukrainian Food Journal, 10(1), pp. 7—
36, https://doi.org/10.24263/2304-974X-2021-10-1-3

2. ITocujIaHHA HA KHUTY:
ABTopu (pik), Hazea knuzu (kypcueom), Bunapuuurso, Micro.
[HiIiamy mUITYThCS TICIS MPi3BHIIA.
Bci eneMeHTH IOCHIIAHHS PO3IIISIFOTECS KOMaMH.
[puxnan:
2. Wen-Ching Yang (2003), Handbook of fluidization and fluid-particle systems, Marcel
Dekker, New York.

IMocuiiaHHs Ha eJIeKTPOHHMIA pecypc:

BUKOHY€ETBCS aHATOTTYHO TIOCHIAHHIO Ha KHUTY 260 cTaTTIo. [Ticns odhopMiIeHHs JaHuX
Ipo MmyOJIiKallifo MUIIyThes ciaoBa Available at: Ta Bka3yeThbcs eeKTpoHHA ajapeca.
[puxnaau:
(2013), Svitovi naukovometrychni bazy, Available at:
http://www.nas.gov.ua/publications/q_a /Pages/scopus.aspx
Cheung T. (2011), World's 50 most delicious drinks, Available at:
http://travel.cnn.com/explorations/drink/worlds—50-most-delicious-drinks—883542

Criucok JiTepatypu 0 OPMITIOETHCS JIHIIIE IATHHHUIICIO. EleMeHTH CIIHCKY YKPaTHCHKOTO
Ta POCIHCHKOI0O MOBOI TMOTPIOHO TpaHchiTepyBaTH. [Jis TpaHCmiTepallii 3 YKpaiHCHKOIO
MOBH BUKOPHCTOBYETHCS TACTIOPTHHI CTAHAAPT.

3py4Huii caliT U1 TpaHcIiTepalii 3 ykpaiHchkoi MoBu: http:/translit.kh.ua/#lat/passport
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JeTanbHi iHCTpyKUil 118 aBTOPIiB po3MillleHi Ha caliTi:
http://ukrfoodscience.nuft.edu.ua
CrarTsl HAICWJIAETHCS 32 €JICKTPOHHOIO aPeCoIo:

ukrfoodscience@meta.ua
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