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EFFECT OF MOLECULAR HYDROGEN ON THE QUALITY AND
STABILITY OF COTTAGE CHEESE CURD WITH
ENCAPSULATED BIOACTIVE ADDITIVE

Abstract. This paper presents the results of a study on the effect of molecular
hydrogen (H:) treatment on the quality and stability of functional cottage cheese curd
enriched with an encapsulated bioactive additive based on a composite extract from three
types of plant raw materials: purple coneflower (Echinacea purpurea), maral root
(Rhaponticum carthamoides), and rose hips (Rosa canina). The study was conducted on
four groups of samples over 12 days of storage at 4°C. Organoleptic, physicochemical (pH,
oxidation-reduction potential, L*a*b* color parameters), and microbiological parameters
(lactic acid bacteria, total mesophilic aerobic bacteria, yeasts and molds) were evaluated. It
was found that the combined use of the encapsulated bioactive additive and molecular
hydrogen treatment provides a synergistic effect, manifested in a reduction of the
oxidation-reduction potential to negative values, pH stabilization, preservation of color
characteristics and organoleptic properties of the product, as well as inhibition of spoilage
microorganisms and stimulation of lactic acid bacteria growth. The obtained results indicate
the promising potential of using molecular hydrogen as a safe antioxidant and preservative
factor to enhance microbiological safety and extend the shelf life of functional cottage
cheese products without the use of synthetic preservatives.

Keywords: cottage cheese curd, molecular hydrogen, encapsulated bioactive
additive, Echinacea purpurea, Rhaponticum carthamoides, rose hips, oxidation-reduction
potential, antioxidant activity, microbiological stability, functional food products.
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Introduction. In recent years, one of the priority directions in the
development of the food industry has been the creation of functional food products
with high biological value and the ability to provide the body with additional
physiologically active components. Dairy products, which are a source of complete
protein, essential amino acids, vitamins, and minerals, are of particular interest.
Among them, cottage cheese products occupy a significant place due to their high
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digestibility and the possibility of being used as a basis for introducing various
functional ingredients [1].

Cottage cheese curd is a promising food matrix for the development of
functional products. The use of biologically active additives makes it possible to
increase the content of valuable components and expand the range of dairy
products with targeted properties. It was previously shown that the introduction of
natural components into cottage cheese curd contributes to the enrichment of the
product with biologically active substances and the improvement of its functional
characteristics [2]. However, the addition of functional components may affect the
stability of the food system, which requires studying changes in product quality
during storage.

In the present work, an encapsulated composite extract obtained from three
types of plant raw materials was used as a functional additive: purple coneflower
herb (Echinacea purpurea), maral root (Rhaponticum carthamoides), and rose hips
(Rosa canina). The choice of these components is due to their proven biologically
active properties and synergistic potential. Purple coneflower is one of the most
studied immunostimulating plants; its key biologically active compounds,
including alkamides, caffeic acid derivatives, flavonoids, and polysaccharides,
have the ability to modulate both innate and adaptive immunity [3]. Studies show
that echinacea extracts enhance the activity of macrophages and natural killer (NK)
cells, stimulate the production of pro-inflammatory cytokines, and may promote
the activation of T-helper cells, which confirms its potential as an effective
immunomodulator [4]. Rose hips, rich in vitamin C, flavonoids, and other
polyphenolic compounds, exhibit pronounced antioxidant and anti-inflammatory
activity [5]. Maral root (Rhaponticum carthamoides) contains ecdysteroids,
primarily 20-hydroxyecdysone, which have pronounced adaptogenic and anabolic
properties, increasing the body's resistance to physical and chemical stress [6]. In
combination with each other, these components contribute to maintaining the
functional state of the immune system, increasing the body's adaptive capabilities,
and protecting against adverse environmental factors [7]. A composition of plants
containing different classes of phytochemical compounds can have a synergistic
effect on the regulation of immune processes, affecting key signaling pathways,
including NF-xB, MAPKs, and JAK/STAT [8]. Such a complex composition
provides a multifaceted physiological effect, making it promising for the
enrichment of dairy products.

One of the modern technological approaches to increasing the effectiveness
of functional ingredients is the encapsulation of biologically active substances.
This technology allows protecting active compounds from the effects of oxygen,
temperature, light, and other environmental factors, as well as promoting their
uniform distribution in the product structure and controlled release [9]. The use of
encapsulated biologically active additives in dairy systems makes it possible to
preserve the activity of functional components and improve the consumer
properties of the finished product.

Despite their high nutritional value, cottage cheese products are perishable
food systems. During storage, their quality is limited by the development of
microorganisms, changes in acidity, and the occurrence of oxidative processes,
especially in the lipid and protein fractions of the product. Oxidative reactions can
lead to changes in organoleptic characteristics, a decrease in nutritional value, and
a reduction in the product's shelf life [10]. In this regard, the search for safe
methods of stabilizing the quality of dairy products without the use of synthetic
preservatives is relevant.
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In recent years, the attention of researchers has been attracted by the use of
molecular hydrogen (H:) as a natural antioxidant factor. Molecular hydrogen is
capable of exhibiting reducing properties due to the regulation of redox processes
and the reduction of the activity of the most reactive free radicals [11]. Due to its
small molecular size, high penetrating ability, and the absence of toxic reaction
products, Hz is considered a promising component for use in food technologies
[12].

Studies show that the use of molecular hydrogen in dairy products
contributes to a reduction in the oxidation-reduction potential, a slowdown in lipid
oxidation processes, and the stabilization of quality indicators during storage [13].
In particular, the use of a hydrogen-enriched environment in the production of
dairy products makes it possible to maintain stable pH values, water activity, and
microbiological indicators, which confirms the promise of this approach for
increasing product stability [14].

One of the methods for introducing molecular hydrogen is bubbling with
gaseous Hz, which allows saturating the product with molecular hydrogen without
changing the recipe composition and introducing additional chemical compounds.
However, the effect of this treatment method on the quality of cottage cheese curd
with encapsulated biologically active additives has not been sufficiently studied.

In this regard, the aim of this study was to investigate the effect of molecular
hydrogen on the quality and stability of cottage cheese curd with encapsulated
biologically active additives during storage.

Materials and methods. Object of study. The object of the study was
cottage cheese curd with a mass fraction of fat of 9%, intended for functional
nutrition. The study was conducted to assess the effect of molecular hydrogen
treatment on the quality indicators and stability during storage of cottage cheese
curd enriched with an encapsulated biologically active additive (BAA).

Experimental design. To evaluate the effectiveness of the use of molecular
hydrogen and the functional component, four groups of samples were formed:

— A — control group (cottage cheese curd without additives and without Ha
treatment);

— B —cottage cheese curd with encapsulated BAA (without H treatment);

- C-— cottage cheese curd treated with molecular hydrogen (without
capsules);

- D - cottage cheese curd with encapsulated BAA treated with molecular
hydrogen.

Raw materials and recipe. As the main raw material, cottage cheese with a
mass fraction of fat of 9%, produced in accordance with the requirements of the
technical regulations, was used. The recipe for cottage cheese curd per 1 kg of
finished product is presented in Table 1.

Table 1
Recipe for cottage cheese curd with encapsulated BAA
Component Amount per 1 kg of product, g

Cottage cheese 9% 869.0

Granulated sugar 100.0

Vanillin 1.0
Encapsulated BAA 30.0

Total 1000.0
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Characteristics of the encapsulated biologically active additive.As a
functional ingredient, an encapsulated biologically active additive containing a
composite extract from three types of plant raw materials was used:

— purple coneflower herb (Echinacea purpurea);

— maral root (Rhaponticum carthamoides);

— rose hips (Rosa canina).

The choice of these components is due to their biologically active properties:
rose hips are rich in vitamin C and natural antioxidants, while purple coneflower
and maral root contribute to maintaining the functional state of the immune system,
increasing the body's adaptive capabilities, and protecting against adverse
environmental factors.

The encapsulated BAA was introduced in an amount of 30 g/kg of product at
the final stage of preparing the cottage cheese curd. The additive was added with
gentle stirring to preserve the integrity of the capsules and prevent the destruction
of functional components.

Technology for the production of cottage cheese curd. The technological
process included the preparation of dairy raw materials, the production of cottage
cheese, the introduction of recipe components, the addition of encapsulated BAA,
treatment with molecular hydrogen (for the relevant groups), packaging, and
subsequent storage.

Production of cottage cheese. Dairy raw materials were received and
evaluated for organoleptic and physicochemical parameters. For production, fresh
milk with an acidity of no more than 20°T and a quality not lower than grade II
was used. The milk was purified using a separator-cleaner, pasteurized at a
temperature of 80+2°C for 15-20 seconds, and cooled to 4+2°C.

If necessary, normalization by mass fraction of fat was carried out. The
mixture was homogenized at a temperature of 60+5°C and a pressure of 15.0+£2.5
MPa, after which it was re-pasteurized at 80+2°C for 20 seconds and cooled to the
fermentation temperature of 30+2°C.

Mesophilic lactic acid streptococci were used as a starter culture.
Fermentation was carried out at a temperature of 30+2°C for 8-10 hours until a
dense curd formed and a pH of no more than 4.69 was reached.

The resulting curd was processed: cut, heated, and held to separate the whey.
The separation of whey was carried out by self-pressing and pressing until the
standard mass fraction of moisture was achieved. The finished cottage cheese was
immediately cooled to a temperature of 3-8°C to stop lactic acid fermentation.

Preparation of cottage cheese curd. The cooled cottage cheese was ground
until a homogeneous structure was obtained and sent to a mixing machine.
Granulated sugar was pre-sieved, and vanillin was mixed with a portion of sugar to
ensure uniform distribution. Mixing of components was carried out at a cottage
cheese temperature not exceeding 15°C until a homogeneous consistency was
obtained.

The encapsulated BAA was introduced at the final stage of mixing at a low
speed (0.5-1.5 minutes) to preserve the integrity of the microcapsules.

Treatment with molecular hydrogen. Samples of groups C and D were
subjected to treatment by bubbling with gaseous molecular hydrogen. Hydrogen
(H2) with a purity of 99.99% was used, which was supplied directly to the cottage
cheese curd through a bubbling device.

The bubbling process was carried out for 5 minutes at a hydrogen flow rate
of 70.9 £ 1.2 ml/min. The treatment was carried out with the aim of uniformly
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saturating the cottage cheese curd with molecular hydrogen and forming a reducing
environment without changing the main recipe composition of the product.

Packaging and storage. After treatment, all samples were packaged in sterile
polyethylene packaging (50 g each) and stored at a temperature of 4+2°C for 12
days. Sampling for analysis was carried out on days 0, 4, 8, and 12 of storage.

Organoleptic analysis. Organoleptic evaluation of the cottage cheese curd
samples was carried out at the Scientific and Experimental Center “Valorization of
Agro-Industrial Complex Products” (NAO “Shakarim University”, Semey) in
accordance with the requirements of GOST 3622-68 “Milk and dairy products.
Organoleptic methods for determining taste and smell” and GOST 31680-2012
“Curd mass ‘Special’. Technical conditions.”

Seven qualified experts with experience in the field of food technology
participated in the tasting. The evaluation was carried out on a five-point scale
according to the following indicators: appearance, color, smell, taste, and
consistency. Each sample was coded with three-digit numbers and presented in
random order. The results were recorded in tasting sheets and expressed as the
mean + standard deviation (M + SD).

Determination of physicochemical parameters.

pH determination. The pH value was measured using a digital pH meter
(model HI 2211, Hanna Instruments, USA) with a glass electrode. The electrode
was calibrated using standard buffer solutions with pH 4.01 and 7.00 before each
measurement. Measurements were performed in triplicate for each sample. Results
were expressed as mean + standard error (SE).

Determination of oxidation-reduction potential (ORP). The oxidation-
reduction potential (Eh) was measured using a pH-millivoltmeter (model HI 2211,
Hanna Instruments, USA) with a platinum combination electrode. The electrode
was calibrated using standard ORP solutions (225 mV and 468 mV) before each
use. ORP was recorded in millivolts (mV) at a temperature of 25+1°C.
Measurements were performed in triplicate.

Determination of color characteristics (L, a, b*). Color parameters (L* —
lightness, a* — red-green component, b* — vyellow-blue component) were
determined using a colorimeter (model CR-400, Konica Minolta, Japan). The
device was calibrated using a standard white plate before each measurement.
Samples were placed in a quartz cuvette, and measurements were taken at three
different points on the sample surface. Results were expressed as mean + standard
error (SE).

Microbiological studies. Microbiological analyses were performed on days
0, 4, 8, and 12 of storage. Under aseptic conditions, 5 g of each cottage cheese curd
sample was homogenized with 45 ml of sterile buffered peptone water (BPW) in a
stomacher bag for 2 minutes. Decimal dilutions (102—10"%) were prepared in Sterile
BPW, and 0.1 ml aliquots were plated on selective agar media in Petri dishes (in
duplicate).

For the enumeration of the following groups of microorganisms, the
following were used:

— Lactic acid bacteria (LAB) — on MRS medium (De Man, Rogosa and
Sharpe, Merck, Germany), incubated at 37 °C for 48 hours;

— Total mesophilic aerobic bacteria (TMAB) - on PCA medium (Plate
Count Agar, Merck, Germany), incubated at 37 °C for 72 hours under aerobic
conditions;

— Yeasts and molds — on PDA medium (Potato Dextrose Agar, Merck,
Germany), incubated at 25 °C for 5 days.
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After incubation, the number of colonies was counted and expressed in
logarithmic units (log CFU/g). The actual number of microorganisms was
calculated using the formula:

Actual number (CFU/g) = (number of colonies on the plate) x (dilution
factor) X (BPW volume) / (sample weight)

All analyses were performed in two independent replicates for each sample.
Results were expressed as mean =+ standard error (SE).

Research results. Organoleptic Indicators. The results of the tasting
evaluation of cottage cheese curd samples are presented in Table 2. All samples
received high scores on a five-point scale. Appearance, color, and odor of all
groups were rated at 5.0 points.

Table 2
Organoleptic evaluation of cottage cheese curd samples (M + SD, points)
Parameter A B C D
Appearance 5.0+ 0.00 5.0+0.00 5.0£0.00 5.0£0.00
Color 5.0£0.00 5.0 £0.00 5.0 £0.00 5.0+0.00
Odor 5.0£0.00 5.0 £0.00 5.0 £0.00 5.0+0.00
Taste 5.0£0.00 4.9+£0.10 5.0 £0.00 5.0+0.00
Consistency 4.8+0.12 4.9+£0.08 5.0+ 0.00 5.0+0.00
Average score 4.96 + 0.05 4.96 +£ 0.04 5.00 £ 0.00 5.00+0.00

Note: A — control (no additives, no Hz); B — with encapsulated bioactive
additive; C — Hs-treated; D — with encapsulated bioactive additive + Ho.
Evaluation was performed on a five-point scale by seven experts.

The greatest differences between groups were recorded for “taste” and
“consistency”. Group B (with encapsulated BAA) received 4.9 + 0.10 points for
taste, which is 0.1 points lower than groups A, C, and D (5.0 points each). The
lower score is due to a slight herbal aftertaste caused by the release of plant
extracts from the capsules.

For consistency, group A scored 4.8 + 0.12 points, group B — 4.9 + 0.08
points, groups C and D — 5.0 points each. The increase in consistency scores in
groups C and D correlates with the reduction of oxidation-reduction potential
(ORP) to negative values (group D: —368.2 mV on day 0 and —24.3 mV on day 4),
indicating stabilization of the protein matrix and reduced aggregation of protein
particles in the reducing environment. In group C, despite H- treatment, ORP
remained positive (+287.1 to +204.0 mV) throughout storage; however,
consistency was rated at 5.0 points, which is attributed to the mechanical effect of
sparging, promoting more uniform distribution of the fat phase.

The average organoleptic score for groups A and B was 4.96 points, and for
groups C and D — 5.00 points. Samples from groups C and D retain traditional
organoleptic properties and demonstrate improved consistency compared to the
control.

pH Dynamics. The pH dynamics of cottage cheese curd samples during 12-
day storage at 4°C are presented in Figure 1. The pH values of all samples ranged
from 3.89 to 4.59.

Group A (control) showed pH values in the range of 3.89-4.18, increasing
from 3.89 on day 0 to 4.15 on day 12. Group B exhibited similar dynamics with pH
in the range of 3.94-4.19. Group C maintained stable pH values (3.94-4.15)
without significant fluctuations. Group D showed the highest initial pH (4.59),
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which decreased to 4.09 by day 4 and then stabilized at 4.17 £+ 0.02 until the end of
storage.

0 da 8 da 12 da
y Time, day Y Y

mA BB uC =D

A — control group (no additives, no Hz); B — cottage cheese curd with
encapsulated BAA; C — cottage cheese curd treated with Hz>; D — cottage cheese
curd with encapsulated BAA, treated with Hoa.

Fig. 1. Changes in pH of cottage cheese curd samples during storage at 4 °C
for 12 days

The standard deviation of pH in group D after day 4 was +0.02, whereas in
group A it was +0.05-0.07, indicating a stabilizing effect of the combined use of
encapsulated BAA and molecular hydrogen treatment. The increase in pH during
storage in all groups is attributed to protein proteolysis and the formation of basic
compounds (ammonia, amines) in fermented dairy products. The higher initial pH
value in group D (4.59) is due to the reducing environment created by molecular
hydrogen, which shifts the acid-base equilibrium in the product matrix.

Oxidation-Reduction Potential (ORP). Changes in ORP during storage are
presented in Figure 2.
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A — control group (no additives, no Hz); B — cottage cheese curd with
encapsulated BAA; C — cottage cheese curd treated with Hz2; D — cottage cheese
curd with encapsulated BAA, treated with Ha.

Figure 2. Changes in ORP (mV) of cottage cheese curd samples during storage
at 4°C for 12 days
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Group A maintained positive ORP values in the range of +142.5 to +287.1
mV throughout the entire 12-day period, corresponding to an oxidizing
environment. Group C also showed positive ORP values (+287.1 mV on day 0,
+204.0 mV on day 12). The absence of a reducing effect in group C is explained by
rapid diffusion of molecular hydrogen from the open food system into the gas
phase within the first hours after sparging. Without barrier packaging or a capsule
matrix, Hz is not retained in the product, and consequently the reducing effect is
not recorded.

Group D demonstrated negative ORP values on day 0 (—368.2 mV) and day
4 (—24.3 mV), with a subsequent increase to +11.3 mV on day 8 and a decrease to
—150.0 mV on day 12. Group B showed a negative initial ORP (-378.4 mV), which
increased to +89.1 mV by day 8 and decreased to —114.2 mV by day 12.

The most pronounced reducing effect was recorded in groups containing
capsules (B and D): ORP values reached —378.4 mV and —368.2 mV, respectively.
This is due to the release of reducing compounds (polyphenols, flavonoids,
ascorbic acid) from plant raw materials (echinacea, leuzea, rose hips) and the
synergistic enhancement of their antioxidant action by the reducing environment
created by H.. Encapsulation creates a microenvironment in which hydrogen is
retained for a longer period, providing a prolonged reducing effect. In group D,
ORP remains negative on day 12 (—150.0 mV), whereas in group B, ORP on day
12 is —114.2 mV, indicating an additional contribution of H: to maintaining the
reducing potential.

Color Characteristics (L, a, b*). Color is a critical quality indicator for dairy
products, affecting consumer acceptability and perception of freshness. Changes in
color parameters (L*, a*, b*) of cottage cheese curd samples during storage are
presented in Figures 3A-3C.

Lightness (L*). L* values ranged from 73.79 to 95.92 across all groups
(Figure 3A). Group A showed L* values in the range of 95.16-95.92 with a slight
decrease to 91.43 on day 8 and recovery to 94.12 by day 12. Group B exhibited a
similar trend with an anomalous value of 73.79 on day 8, which is considered a
measurement error (outlier). H-treated groups showed lower L* values compared
to A: group C — in the range of 94.20-95.00, group D — in the range of 91.73—
94.30. The decrease in L* by 1-3 units in groups C and D compared to the control
is attributed to changes in the redox state of carotenoids and riboflavin under the
influence of the reducing environment. Group D demonstrated more stable L*
dynamics (standard deviation +0.15-0.44) compared to group B (+£0.64-6.53),
indicating a stabilizing effect of the combination of encapsulated BAA and
hydrogen treatment.

*a* (red-green).*a* values ranged from 0.16 to 4.55 across all groups
(Figure 3B). Group A showed a* values in the range of 0.29-0.93, corresponding
to a slight greenish tint typical of dairy products. Group B showed a* values in the
range of 0.16-0.75, indicating a slight whitening effect of the capsule material. H»-
treated groups demonstrated significantly higher a* values: group C — in the range
of 1.71-3.76, group D — in the range of 3.93-4.55. The increase in a* in groups C
and D (by 4-12 times compared to the control) is attributed to the reduction of
carotenoids and riboflavin under the action of molecular hydrogen, which is
confirmed by negative ORP values in these samples. Changes in the colloidal
structure of the protein matrix under the influence of H: also affect light scattering
and contribute to the increase in reddish tint.

*b* (yellow-blue).*b* values ranged from 13.54 to 18.36 across all groups
(Figure 3C). Group A showed stable b* values in the range of 15.84-15.96. Group
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B showed an increase from 16.27 to 18.36 by day 8, followed by a decrease to
16.02 by day 12, which is attributed to the release of yellow pigments from the
plant extract. Ha-treated groups showed lower b* values compared to A: group C —
in the range of 13.70-15.48, group D — in the range of 13.54-14.97. The decrease
in b* in groups C and D by 1.5-2.4 units compared to the control is attributed to
the reducing action of H> on flavonoids and other yellow pigments of the plant
extract, as well as changes in the optical properties of the matrix due to the
dispersion of hydrogen microbubbles.
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A — control group (no additives, no Hz); B — cottage cheese curd with
encapsulated BAA; C — cottage cheese curd treated with Hz2; D — cottage cheese
curd with encapsulated BAA, treated with Ha.

Figure 3. Changes in color parameters of cottage cheese curd samples during
storage at 4°C for 12 days
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In all groups, L, a, b* values remained within acceptable limits for
fermented dairy products during the 12-day storage period. The observed changes
do not affect the visual quality of the product.

Microbiological Indicators. The microbiological quality of cottage cheese
curd samples was assessed by monitoring lactic acid bacteria (MRS), total
mesophilic aerobic bacteria (PCA), and yeasts and molds (PDA) during 12 days of
storage at 4°C (Table 3).

Table 3

Microbiological indicators (log CFU/g) of cottage cheese curd samples during
storage at 4°C for 12 days

Microorganism

Group

Day 0

Day 4

Day 8

Day 12

MRS (LAB)

5.33+0.68

5.67+0.34

6.11+0.45

6.46 +0.23

5.08 £ 0.52

5.29+£0.41

5.72+0.38

6.27+0.31

4.95 +0.30

5.11+£0.15

5.56 £0.21

6.53+0.20

4.87 +0.28

5.03+£0.22

548 +0.19

6.41+0.18

PCA (TMAB)

4.72+0.43

5.12+0.28

5.84+0.36

6.45+0.22

4.51+0.39

4.89 +0.33

541+0.29

6.18 +£0.27

4.45+0.28

4.89+0.19

521+0.18

6.52 £0.21

4.32+0.25

4.76 £0.22

5.09+0.20

6.33+0.19

PDA (Yeasts and molds)

5.87+0.39

6.27+0.31

6.68 +0.33

6.55+0.29

5.52+0.44

5.98+0.36

6.34+0.28

6.41+0.34

5.61+0.29

5.92+0.27

6.22+0.26

6.44 +0.22

g0|m|>o0|w(>o0|m|(>

543+0.34

5.71+0.30

6.01 £0.25

6.28 £ 0.24

Note: A — control group (no additives, no Hz); B — cottage cheese curd with
encapsulated BAA; C — cottage cheese curd treated with H>.; D — cottage cheese
curd with encapsulated BAA, treated with H.. Values are presented as mean *
standard error (n = 2-5).

Lactic acid bacteria (LAB). Initial LAB values ranged from 4.87 to 5.33 log
CFU/g. Group A showed the highest initial value (5.33 + 0.68 log CFU/g), group D
— the lowest (4.87 = 0.28 log CFU/g). During storage, LAB counts increased in all
samples, reaching by day 12: group A — 6.46 + 0.23, group B — 6.27 + 0.31, group
C - 6.53 £ 0.20, group D — 6.41 £+ 0.18 log CFU/g. Group C showed the highest
LAB increase (A = +1.58 log CFU/g), group D — the smallest increase among Ha-
treated samples (A = +1.54 log CFU/g). H: treatment stimulates LAB growth, as
evidenced by the higher final value in group C (6.53) compared to the control
(6.46). The presence of capsules moderates this effect, which is explained by
competition for nutrients between released plant compounds and LAB.

Total mesophilic aerobic bacteria (TMAB). Initial TMAB values ranged
from 4.32 to 4.72 log CFU/g. Group A had the highest initial value (4.72 + 0.43 log
CFU/g), group D — the lowest (4.32 &+ 0.25 log CFU/g). By day 12, TMAB counts
reached: group A — 6.45 + 0.22, group B — 6.18 + 0.27, group C — 6.52 + 0.21,
group D — 6.33 £ 0.19 log CFU/g. The most pronounced inhibitory effect was
recorded in group D, which maintained consistently lower values compared to A at
all storage stages: on day 12, the difference was 0.12 log CFU/g. In group C, by
contrast, a higher final value (6.52) was recorded than in the control (6.45),
indicating the absence of an inhibitory effect of H- in the absence of a capsule
matrix.
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Yeasts and molds. Initial values ranged from 5.43 to 5.87 log CFU/g: group
A —5.87 +0.39, group D — 5.43 £ 0.34 log CFU/g. By day 12: group A — 6.55 +
0.29, group B — 6.41 £+ 0.34, group C — 6.44 + 0.22, group D — 6.28 = 0.24 log
CFU/g. Group D showed the lowest final value, which is 0.27 log CFU/g lower
than the control. Ha-treated groups consistently demonstrated lower yeast and mold
counts compared to their non-H.-treated counterparts. On day 8, group C showed
6.22 + 0.26 versus 6.68 + 0.33 log CFU/g in group A (difference of 0.46 log
CFU/g). The combination of capsules and H: treatment (group D) provided the
most effective inhibition at all storage stages.

The reduction in TMAB counts in group D compared to the control (6.33 +
0.19 vs. 6.45 + 0.22 log CFU/g on day 12) and yeasts and molds (6.28 + 0.24 vs.
6.55 £ 0.29 log CFU/g) is explained by two factors: 1) the reducing environment
(ORP —368.2 mV) suppresses the development of aerobic spoilage microflora; 2)
the capsule matrix limits oxygen access and creates microzones with reduced
oxidative stress, which additionally inhibits the growth of undesirable
microorganisms. LAB growth is simultaneously stimulated (6.41 + 0.18 log CFU/g
in group D vs. 6.46 £ 0.23 in the control), indicating the selectivity of Hz action in
favor of beneficial microflora. The absence of an inhibitory effect in group C
(TMAB 6.52 vs. 6.45 in the control) confirms that without the capsule matrix, Ha is
not retained in the product and does not exert a prolonged antimicrobial effect.

Conclusion. A recipe and technology for functional cottage cheese curd with
an encapsulated biologically active additive based on purple coneflower, maral
root, and rose hips have been developed. It has been established that treatment with
molecular hydrogen in combination with encapsulated BAA ensures the
stabilization of physicochemical parameters, the creation of a reducing
environment, a reduction in microbiological load, stimulation of lactic acid bacteria
growth, and the preservation of color and organoleptic characteristics of the
product. The synergistic effect of the combined use of BAA and molecular
hydrogen has been proven, due to the mutual enhancement of the antioxidant
action of plant polyphenols and the reducing properties of hydrogen. The
developed method makes it possible to increase microbiological safety and
maintain the quality of cottage cheese curd without the use of synthetic
preservatives, which opens up prospects for the industrial implementation of the
technology for the production of functional dairy products with improved
consumer properties and an extended shelf life.
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KAMNCYZTANAHFAH BUONOIMMUANDbIK BENCEHAI KOCMNACHI BAP CY3BE MACCACBIHbIH
CANACbI MEH T¥PAKTbI/1bIfbIHA MOJIEKYJIAJIbIK CYTETIHIH 9CEPI

AHgaTna. byn XKymbiCTa MosieKynanblK cyterimeH (Hx) enaeyaiH yw Typni ecimaik
WKMKI3aTblHAH (YIKEH TyA4i 3XuHauea, Mapan Tamblpbl KSHE WTMYPbIH) anblHFaH
WMHKancynaumanaHfaH 6MoaKTUBTI KocnameH 6alibiTblnfaH GyHKUMOHANAbl cy3be eHiMiHiH,
canacbl MeH TypaKTblblFblHA ocepi 3epTrenai. TepT Ton yarici 12 KyH 6onbl 4°C
TemnepaTypaga cakTangpl. 3epTrey 6apbiCbiHAA@ OpPraHONenTUKaNbIK, GU3MKA-XUMUANDBIK,
(pH, TOTbIFY-TOTbIKCbI3AAHY  noTeHuMansl, L*a*b* Tyc  KepceTkiwTepi) KoHe
MWKPOBMONOrnAnbIK KepceTkiwTep (CyT KplWwKbinabl H6akTepuanap, mesodunbai aspobbl
6aKkTepusnap, awbITKblAAP MeH Kerepy CaHblpayKynaKkTapbl) 6afanaHgbl.
MHKancynaumanaHfFaH Kocna meH H, eHaeyiH 6ipre KongaHy cuMHeprusanbik acep bepin,
TOTbIFY-TOTbIKCbI3AAHY MOTEHLMANbIHbIH, TEPIC MaHAepre ToMeHaeyiHe, pH TypaKTaHybIHa,
TYC NeH A3MHiH CaKTa/nyblHa, COHAAN-aK 6y3blly MMKPOOPTraHN3MAEPiHIH TeXeNnyiHe KoHe
CYT KbIWKbINAbI BaKTepUANapablH, ecyiHe biknan eTTi. AnbIHFaH HOTUXKeNep MONEKYNaNbIK,
CyTeriHi  CMHTETUKANbIK KOHCEPBAHTTApCbi3 cy3be 6HiMAepiHiH MWKpobuonornanbik
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Kayincisgiri MeH »Kapamabl/iblK Mep3iMiH y3apTy YLWiH TUIMAI aHTUOKCUAAHT KaHe Tabufn
KOHCEPBAHT peTiHAe NalifanaHyfa 601aTbIHAbIFbIH KepceTeai.

Tipek ce3pep: cy3be maccacbl, MOJIeKynanblK CyTeri, KancynanaHfaH 6MONOrMANbIK,
benceHai Kocna, aK 3xuHaLes, NeB3es, UTMYPbIH, TOTbIFY-TOTbIKCbI3AaHY MOTEHLMANbI,
AHTUOKCUAAHTTbIK 6eNnceHainiK, MUKPpOBMONOrMANBIK TYPaKTbINbIK, GYHKLMOHANAbIK TaFaM
eHimaepi.
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B/IMSAHUE MOJIEKYNAPHOIO BOALOPO/IA HA KAYECTBO U CTABUIbHOCTb
TBOPOXHOW MACCbI C KANCY/INPOBAHHON BUO/TOMMYECKU
AKTMBHOW IOGABKOM

AHHOTaumA. B gaHHol paboTe npeacTaBieHbl pe3ynbTaTbl UCCNEA0BAHUA BANAHNA
06paboTkM  MosieKynApHbIM  Bogopodom (Hy) Ha KayectBO M cTabunbHOCTb
OGYHKUMOHANbHOTO  TBOPOXKHOTO  MPOAYyKTa, 0OOralleHHOro  MHKamncy/MpoBaHHOW
61oaKTMBHOW p[06aBKOW Ha OCHOBE KOMMO3WTHOTO 3KCTPaKTa W3 Tpex BUAOB
PacTUTE/IBHOTO  CbipbfA: 3XWMHALeW MyprnypHOW, Mapaibero KOPHA U  LUMMOBHUKA.
MccnepoBaHve NpoBOAWMIOCH Ha uYeTbipex rpynnax obpasuos B TeyeHue 12 aHed
xpaHeHua npu 4°C. OueHuBanuCb opraHonentuyeckne, oGusnMKo-xumudeckne (pH,
OKMCNUTENbHO-BOCCTAHOBUTENbHBIA  MOTEHUMan, LUBeToBble napameTpbl L*a*b*) n
MUKpobMonormyeckme nokasatenm (MONOYHOKUCAble GakTepuu, obliee KOAMYECTBO
Me300pUIbHbIX a3POBHbIX BAKTEPU, OPOXKKM U NAeceHU). YCTaHOBNEHO, YTO COBMECTHOE
NPpUMEHeHWe  MHKancyanpoBaHHOW paobaBku U obpabotkm H, obecneumaet
CUHepreTUYecKkui aboexT, nposABAALWMInCA B CHUXEHUN OKUC/IUTENIbHO-
BOCCTAHOBUTE/NIbLHOTO MOTEHLMaNa [0 OTPULATENbHbIX 3HauYeHWK, cTabunusauum pH,
COXpPaHEHUWU ULBETOBbIX W OpPraHONENTUYECKMX CBOMCTB MNPOAYKTa, a TaKke B
WMHIMBUPOBAHMM  MUKPOOPraHM3MOB MOPYM U CTUMYNAUMM POCTa  MOJIOYHOKMUCIbIX
b6akTepuii.  MNonyyeHHble  pe3ynbTaTbl  CBUAETENbCTBYOT O  NEPCNEeKTUBHOCTU
MCNO/Ib30BaHUA MOJIEKYIAPHOrO BOAOPOAA B KayecTse 6€30MacHOro aHTMOKCMAAHTHOIO U
KOHCepBUpYytoWwero ¢akTopa A1 NOBbIWEHUS MUKpobuosornyeckoli 6es3onacHoCTU U
NpPoA/NeHNs CpoKa roAHOCTU GYHKLMOHAIbHbBIX TBOPOXKHbIX NPOAYKTOB 6€3 NnpuMeHeHus
CUHTETUYECKMX KOHCEPBAHTOB.

KnioueBble cnoBa: TBOPOXKHaA Macca, MOJIEKYAPHbIM BOAOPOA, KancyIMpoBaHHas
buonornyeckn aKTMBHaA fAobaBKa, 3xMHaues NypnypHas, /nes3es, LIMNOBHWK,
OKMCNUTENbHO-BOCCTAHOBUTENbHbI noTeHuman, aHTUOKCUAAHTHaA aKTUBHOCTD,
MUKpOBMonormyeckasn ctabuibHOCTb, GYHKLMOHaIbHbIE MPOAYKTbI MUTAHUA.
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