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Abstract. Despite the wide availability of raw materials, scientific data on the physicochemical
properties of aqueous extracts of many promising plants remain limited. Most studies focus on
alcoholic or combined extracts, whilst aqueous extracts are often considered only in the context of
traditional medicine. The aim of this study was to determine the protein and mineral composition
of aqueous extracts from selected medicinal plants and to evaluate their potential as sources of
functional ingredients for the food industry. Aqueous extracts were prepared from 12 types of
plant materials, including Laminaria (Elamin), cherry leaves and twigs, liquorice root, rosemary
leaves, dill (leaves and seeds), chamomile, angelica root, beggarticks, fireweed, and stevia, using
the method developed by V. Filatov. The physicochemical analysis involved the determination of
total protein, albumin, calcium, phosphorus, magnesium, potassium, and zinc using a biochemical
analyser. The results demonstrated significant variability in protein (1.31-17.54 g/L) and mineral
content depending on the botanical origin of the raw materials. The highest protein concentrations
were found in extracts from rosemary, stevia, beggarticks, and fireweed leaves. Laminaria extract
showed the highest potassium content, whilst rosemary extract had the highest zinc content.
Chamonmile, angelica, and fireweed extracts also exhibited high levels of essential microelements,
particularly phosphorus and zinc. All samples showed significantly higher concentrations of
bioactive compounds compared to tap water, confirming the efficacy of the extraction method. The
findings support the feasibility of using such extracts to enrich functional dairy products

Keywords: protein content; mineral composition; functional ingredients; functional dairy

products; plant enrichment

Introduction
In the context of growing demand for natural
and safe ingredients in the food, pharmaceuti-
cal and cosmetic industries, aqueous plant ex-
tracts are of particular importance as sources of
biologically active compounds. The effective-
ness of aqueous extracts is largely determined
by their physicochemical characteristics, such
as pH, dry matter content, acidity, redox po-
tential and polyphenol concentration. These
indicators can vary significantly depending on
the type of plant raw material, the morpho-
logical part of the plant and extraction condi-
tions, which complicates the standardisation
and prediction of their functional properties. In
this context, the study of the physicochemical
parameters of aqueous plant extracts is both
relevant and necessary to justify their ration-
al use in the development of functional prod-
ucts and biotechnological solutions. According
to I. Matasar et al. (2021), the dietary intake of
the examined population group was found to be

Animal Science and Food Technology. 2026. Vol. 17, No. 2

unbalanced in terms of macroelement supply.
The diets were deficient in calcium (Ca) and
magnesium (Mg) and exhibited disturbances
in the optimal ratio between macroelements,
which may lead to the development of premor-
bid conditions and contribute to the onset of
nutritional and diet-related diseases. Nutrition
is essential for human development, especial-
ly in children. Proper nutrition is required for
optimal growth to ensure adequate intake of
macronutrients and micronutrients, which
are vital for healthy childhood development.
G. Savarino et al. (2021) note that key micro-
nutrients in this regard include zinc, iron, vita-
min D, and folic acid.

Recent scientific studies on the metabolism
and biological role of zinc in the human and
animal body have indicated that the biological
function of zinc is largely realised through its
participation in the synthesis and stabilisation of
nucleic acids and proteins, energy metabolism,




Ryzhkova et al.

cell proliferation and differentiation, and the
maintenance of antioxidant status. D. Jin et
al. (2024) demonstrated that zinc also plays a
protective role in the presence of various path-
ogenic factors. R. Tedesco et al. (2021) reported
that a total of 261 whey samples were collected
and analysed from four locations in the Vene-
to region of north-eastern Italy. It was found
that the whey samples contained a wide range
of concentrations of 17 trace elements (0.06-
1,530 pg/kg) and 14 rare earth elements (0.16-
28.2 ug/kg), but none reached toxic levels. This
provides valuable information about the quali-
ty of dairy products and, since it reflects local
environmental conditions, also serves as an
excellent indicator of their geographical origin.
The concentrations of 12 non-essential trace
elements (Pb, Cd, Hg, As, U, Cr, Sr, Be, Ni, Al, Sn,
and T1) and 8 essential trace elements (Fe, Cu,
Mn, Zn, V, Se, Co, and Mo) were determined in
78 samples of raw sheep and goat milk.

In response to the growing demand for
high-quality, safe, and nutritious food products,
studies were conducted on the content of rare
earth elements in 200 samples of Italian sheep
cheeses — pecorino romano PDO and pecorino
sardo PDO. It was found that a 100 g serving
of both cheese types provides more than 30%
of the recommended daily intake of calcium,
sodium, zinc, selenium, and phosphorus, and
more than 15% of the recommended daily
intake of copper and magnesium. A. Mara et
al. (2024) demonstrated that the mineral com-
position of both cheese types is consistent with
current European standards for the biological
value indicators of fermented dairy products.
The human body is generally compatible with
most plant-based preparations, as these com-
pounds are frequently present in plant-derived
foods. The therapeutic properties found abun-
dantly in plants are naturally compatible with
the human body.

Scientific interest in such extracts is driven by
their high bioavailability, safety, and natural ori-
gin, which meet the requirements for ingredients

used in functional foods, including dairy prod-
ucts. In this context, particular attention should
be given to studying the protein and mineral
composition of aqueous extracts, as this serves
as the basis for further justification of their use
in the production of probiotic, fermented milk,
or immunostimulatory beverages. F. Abbassi et
al. (2024) have shown that the protein compo-
sition of extracts depends on the plant species
and processing conditions. Similar results were
obtained for extracts of dandelion (Taraxacum
officinale), rose hips (Rosa canina), plantain
(Plantago major) and other medicinal herbs,
where a protein fraction consisting of hydro-
philic peptides and amino acid residues was
detected. The mineral composition of extracts
is also quite diverse. Studies by A. Chandran et
al. (2024) and C. Munialo (2024) reported high
concentrations of potassium, magnesium, cal-
cium, iron, and zinc in aqueous extracts of ama-
ranth (Amaranthus sp.) and fenugreek (Trigonel-
la foenum-graecum). These elements not only
contribute to the mineralisation of body tissues
but also positively influence the enzymatic ac-
tivity and immunomodulatory properties of fi-
nal food products enriched with such extracts.
L. Yan & A. Kljaki¢ (2023) reported that
using a low-temperature extraction method
under dark conditions allows for the preser-
vation not only of macroelements but also of
trace amounts of microelements - such as se-
lenium, manganese, and cobalt — which play an
important role in metabolism and cellular an-
tioxidant protection. Several studies have also
emphasised that aqueous extracts derived from
non-toxic plants can be used as additives in
fermented dairy products to enrich their amino
acid profile and mineral composition (Damani
& Topi, 2022; Yarmolinsky et al., 2024). Consid-
ering that information on the nutritional value
of aqueous plant extracts is limited, conducting
such a study is both scientifically and practical-
ly justified. The results obtained may not only
expand the understanding of the nutritional
potential of these plant-based substances but

Animal Science and Food Technology. 2026. Vol. 17, No. 2
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also serve as a foundation for the further de-
velopment of new food products with enhanced
biological value.

The aim of this study was to examine the
protein and mineral composition of sever-
al types of aqueous plant extracts as potential
sources of minerals and proteins. To achieve
this aim, the following objectives were set: to
prepare aqueous extracts of selected medicinal
plants using the method developed by Acade-
mician V. Filatov; to examine their protein and
mineral composition and draw conclusions re-
garding their potential for use in the production
of functional dairy products; and, based on the
results of the mineral composition analysis, to
outline directions for further scientific research.

Materials and Methods
The study was conducted from May to Au-
gust 2025 in the laboratory of Smartbiolab
LLC and the Institute of Food Resources of
the National Academy of Agrarian Sciences of
Ukraine. Extracts were prepared from the fol-
lowing plants: Elamin (kelp) Laminaria; liq-
uorice root (Glycyrrhiza glabra); young cherry
leaves (Prunus cerasus); young cherry branch-
es; dill leaves (Anethum graveolens); dill seeds;
rosemary leaves (Rosmarinus officinalis); cham-
omile flowers (Matricaria chamomilla); angelica
root (Angelica archangelica); beggarticks leaves
(Bidens tripartita); fireweed leaves (Chamaener-
ion angustifolium); stevia leaves (Stevia rebau-
diana). The plant raw materials were collected
and purchased at the Experimental Station of
Medicinal Plants of the Institute of Agroecolo-
gy and Environmental Management of the Na-
tional Academy of Agrarian Sciences of Ukraine.
The choice of plant raw materials was governed
by their prevalence in Ukraine and their high
content of biologically active compounds of
various types, in particular polyphenols, es-
sential oils, organic acids and minerals. The
selected plants are readily available domestic
resources and are characterised by antioxi-
dant, antimicrobial and functional properties,
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making their use in food technologies appro-
priate. This allows for the justification of devel-
oping products from local plant raw materials.
The plant extracts were prepared according to
the method developed by Academician V. Fila-
tov, who studied the effects of biogenic stimu-
lators such as aloe on the body’s defences and
their role in regeneration and recovery pro-
cesses (Kovalyov et al., 2014). Individual 50 g
portions of plant material were covered with
water to a total volume of 1 litre and infused
for 7-8 days. The mixture was stirred six times
during infusion, then heated in a water bath for
5-7 minutes. The aqueous mixture of herbs was
filtered to separate the liquid and solid frac-
tions. The filtrates were dispensed into 100 mL
bottles and sterilised at 120°C for 15 minutes.

The plant materials were rinsed under run-
ning tap water. Leafy plant materials were air-
dried and ground in a coffee grinder, whilst root
materials were soaked in water for 24 hours
before grinding, and their outer skins were re-
moved prior to processing. Samples were pre-
pared by weighing 25 g of plant material and
adding distilled water up to the 1 dm® mark
(925 mL). The mixtures were stirred in contain-
ers and left to stand undisturbed in a cool, dark
place. Extraction of active compounds from the
studied plant ingredients was carried out at a
temperature of (12 + 2)°C for 3-4 days. Upon
completion of the extraction process, the solid
plant material was separated from the liquid by
filtration. The liquid portion was sterilised in an
autoclave at (120 # 2)°C for 15 minutes, cooled
to (20 = 2)°C, and then subjected to physico-
chemical analysis using a Biochemical Analys-
er RT-1904C (Rayto Electronics, China) in the
laboratory of Smartbiolab LLC. The wavelength
parameters used during the analyses were as
follows: albumin — 620 nm; protein — 546 nm;
potassium — 578 nm; calcium - 670 nm; mag-
nesium — 546 nm; phosphorus (UV) — 340 nm;
zinc — 546 nm. Statistical analysis of the data
was performed using Microsoft Excel 2016.
Each experiment was performed in triplicate
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(n=3). Results were considered statistically re-
liable at a significance level of p<0.05.

Results and Discussion
The selected raw material covers a wide range
of biologically active components of vari-
ous nature, which allows for a comprehensive
assessment of the physicochemical and func-

tional characteristics of aqueous plant extracts.
The evaluation of the protein and mineral com-
position of 12 samples of aqueous plant ex-
tracts revealed significant variability of param-
eters depending on the type of raw material.
The physicochemical parameters of the plant
extracts, expressed in grams per litre, are pre-
sented in Table 1.

Table 1. Physicochemical indicators of plant extracts

Extract Protein, Albumin, Calcium Phosphorus Magnesium Potassium (Zzl::)c
name gL gl Camgl @),mgl Mg mgl ®,mgL
Elamin 5.98 0.08 3.65 2.45 3.72 22.03 4.46
Liquorice
Toot 3.73 0.50 2.82 0.64 3.51 4.19 1.62
Young cherry B
leaves 4.66 2.67 1.27 2.54 5.72 7.90
Dill leaves 5.04 0.15 4.48 2.73 3.43 6.82 8.92
R‘fsemary 17.54 0.34 4.94 5.12 3.57 9.46 47.82
eaves
Chamomile
flowers 3.17 0.57 3.62 7.17 3.73 3.94 11.15
Dill seeds 2.99 0.04 4.03 2.78 3.98 7.10 0.20
Young cherry
branches 1.31 0.27 2.65 0.25 2.38 2.26 3.45
Angelica root 1.68 0.34 2.49 6.45 3.37 10.66 7.90
Beggarticks
Teaves 13.06 0.08 4.41 5.07 4.00 11.36 36.88
Fireweed
leaves 8.77 0.31 3.80 4.46 2.54 5.46 35.67
Stevia leaves 13.06 0.42 3.89 7.37 4.13 6.62 38.50
Tap water - - 1.81 - 1.03 0.08 1.62

Source: compiled by the authors

From the data in Table 1 it is clear that
the revealed trend of growth of the content
of total plant protein in aqueous extracts de-
pending on the type of plant raw materials
indicates a significant influence of anatomical
and morphological features of plants on the
efficiency of extraction of protein components.
The lowest values are characteristic of woody
tissues and root raw materials, while a signif-
icantly higher protein content is inherent in
leaves and generative organs, which is due to
a more intensive metabolism and a higher con-
centration of water-soluble compounds. The

maximum indicators were recorded in leaf raw
materials, in particular in stevia, beggarticks
and rosemary, which confirms its prospects
as a source of plant protein for the creation of
functional food products. The results obtained
also indicate the feasibility of targeted selec-
tion of plant raw materials of leaf nature to
increase the protein value of extracts and op-
timise the recipes of functional and fermented
products. The highest protein concentration
was found in: rosemary leaves (17.54 g/L),
fireweed leaves (8.77 g/L), and stevia and beg-
garticks leaves (13.06 g/L each). The lowest

Animal Science and Food Technology. 2026. Vol. 17, No. 2
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protein concentration was observed in cherry
branches (1.31 g/L), angelica roots (1.68 g/L),
and dill seeds (2.99 g/L). This may be due to
lower extractability or a low content of protein
compounds in the raw plant material.
According to G. Nieto et al. (2018), rose-
mary leaves contain significant amounts of pro-
teins, flavonoids, and phenolic acids, which de-
termine their high biological activity. Stevia is
also known for its high content of protein com-
pounds and amino acids (Zlabur et al., 2013;
Ahmad et al., 2020). Albumin content (g/L):
was absent in young cherry leaves. In ascend-
ing order, it was detected in dill seeds (0.04);
elamin and beggarticks leaves (both 0.08); dill
leaves (0.15); young cherry branches (0.27);
fireweed leaves (0.31); rosemary leaves and
angelica root (both 0.34); stevia leaves (0.42);
liquorice root (0.50); chamomile flowers (0.57).
Although albumin represents a small fraction
of the total protein, its presence is important
due to its high biological value. The highest
albumin content was recorded in: chamomile
flowers - 0.57 g/L, liquorice root — 0.50 g/L, ste-
via leaves — 0.42 g/L. At the same time, the al-
bumin fraction was not detected in the leaves of
young cherry, indicating a different structure of
protein compounds. Thus, it can be concluded
that most of the extracts can be used as raw ma-
terials for obtaining plant protein and albumin,
which was absent in young cherry leaves.
According to the data in Table 1, a clear in-
creasing trend in calcium (Ca) content in aque-
ous extracts is observed depending on the type
of plant raw material. The lowest levels are char-
acteristic of root and woody materials, while
higher calcium concentrations are typical of
leaves and seeds. This pattern can be explained
by the physiological role of calcium in active-
ly metabolising tissues, particularly in leaves,
where it participates in cellular structure for-
mation and metabolic regulation. The highest
calcium content is observed in leaf-based raw
materials, especially rosemary, dill, and beggar-
ticks, indicating their potential as promising
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sources of mineral enrichment for functional
food formulations. The lowest calcium con-
tent was found in the extract of angelica root
(2.49 mg/L) and cherry branches (2.65 mg/L),
while the highest level, among the edible raw
materials used as the basis for extract prepa-
ration, was observed in dill leaves (4.48 mg/L);
and among the wild plant extracts — in rose-
mary leaves (4.94 mg/L). Similar values were
reported by R. Subramanian et al. (2012) and
Radha et al. (2021), who investigated the cal-
cium profile of aqueous extracts of medicinal
plants, including dill (Anethum graveolens),
with up to 4.2 mg/L Ca in hot infusions.

A similar trend is observed for phospho-
rus (P) content in aqueous extracts, which var-
ies depending on the type of plant raw materi-
al. Lower phosphorus levels are characteristic
of woody tissues and certain root materials,
whereas a gradual increase is noted in leaves,
seeds, and flowers. This distribution is deter-
mined by the biological role of phosphorus in
energy metabolism and the synthesis of cellular
components, which occur more intensively in
metabolically active plant organs. The highest
phosphorus content is found in leaf and flower
materials, particularly in stevia, chamomile, and
rosemary. Thus, particularly high values were
found in chamomile flowers (7.17 mg/L) and
stevia leaves (7.37 mg/L), while the lowest levels
were observed in cherry branches (0.25 mg/L)
and liquorice roots (0.64 mg/L). However, these
concentrations are sufficiently high for effective
use, for instance, in the fortification of dairy
products intended for special diabetic nutrition.
The same conclusion applies to the analysis of
the mineral composition of other plant-based
extracts. These results are also consistent with
the findings of A. E1 Mihyaoui et al. (2022) and
M. Saeedi et al. (2024), which reported that me-
dicinal chamomile is rich in phosphorus.

A consistent increasing trend in magne-
sium (Mg) content in aqueous extracts is ob-
served depending on the type of plant raw ma-
terial. The lowest levels are typical of woody
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tissues and some leaf materials with lower
metabolic activity, while higher concentrations
are characteristic of leaves, seeds, and flowers.
This pattern is associated with the key role of
magnesium in photosynthesis and enzymat-
ic processes, leading to its accumulation in
metabolically active plant organs. The highest
magnesium content is observed in leaf-based
raw materials, particularly stevia and beggar-
ticks. Thus, the lowest magnesium content
was found in extracts from young cherry leaves
and fireweed leaves (2.54 mg/L each), while
the highest levels were recorded in extracts
from beggarticks leaves (4.00 mg/L) and ste-
via leaves (4.13 mg/L), respectively. The lowest
potassium (K) content, in increasing order, was
found in the following aqueous extracts (mg/L):
young cherry branches (2.26), chamomile
flowers (3.94), liquorice roots (4.19), fireweed
leaves (5.46), young cherry leaves (5.72), stevia
leaves (6.62), dill leaves (6.82), dill seeds (7.10),
rosemary leaves (9.46), angelica roots (10.66),
beggarticks leaves (11.36), and elamin (22.03).
A significant accumulation of potassium was
observed in elamin (22.03 mg/L), which sub-
stantially exceeded all other samples, while
the lowest potassium level was found in cherry
branch extracts — 2.26 mg/L.

A pronounced increasing trend in zinc (Zn)
content in aqueous extracts is observed de-
pending on the type of plant raw material. The
lowest levels are characteristic of seeds and
root materials, while a substantial increase
is noted in leaves and flowers. This pattern is
determined by the biological role of zinc as an
essential trace element involved in enzymatic
activity and metabolic regulation, leading to
its higher accumulation in metabolically active
plant tissues. The highest zinc content is found
in leaf-based raw materials, particularly rose-
mary, stevia, and beggarticks. A high Zn content
was characteristic of rosemary (47.82 mg/L),
beggarticks (36.88 mg/L), and stevia leaves
(38.50 mg/L), while the lowest concentration
was recorded in dill seeds — only 0.20 mg/L.

According to J. Suliburska & K. Kasz-
marek (2012) and P. Konieczynski & M. We-
solowski (2015), the zinc content in rosemary
extracts ranges from 20 to 35 mg/L. Stevia and
beggarticks also exhibit a high zinc content
(36.88-38.5 mg/L), consistent with the findings
of A. Plaskova & J. Mlcek (2023), who empha-
sised the mineralising potential of plants in this
group. An analysis was also conducted on the
water used for extract preparation. Phospho-
rus was not detected in the water sample. The
concentrations of four mineral elements - cal-
cium (Ca), magnesium (Mg), potassium (K), and
zinc (Zn) — were 1.81, 1.03,0.08, and 1.62 mg/L,
respectively. These findings are consistent with
the conclusions of A. Tytarenko & E. Hryshy-
na (2011), who stated that water supplies only
about 1.0-10% of the body’s mineral require-
ments. For all parameters (with few excep-
tions), the extracts significantly exceeded the
levels found in tap water, indicating the high
extractive capacity of medicinal plant materials
and their potential for nutritional enrichment.
Studies by L. Oraon et al. (2017), S. El-Sayed &
A.Youssef (2019), and A. Kandyliari et al. (2023)
have confirmed that aqueous plant extracts
can serve as an effective means of enhancing
the nutritional and functional value of food
products. Thus, the most nutritious extracts
in terms of total protein and mineral content
are those derived from rosemary, stevia, beg-
garticks, and fireweed. The extract from elamin
showed the highest potassium content, while
rosemary had the highest zinc concentration.
A significant variability was observed among
extracts of different botanical origins, allowing
for targeted selection of raw materials depend-
ing on the desired nutrient enrichment profile
of food products.

Conclusions
A comprehensive study of the physicochem-
ical composition of 12 types of aqueous plant
extracts prepared according to the method of
Academician V. Filatov was conducted. The
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results expand understanding of the protein
and mineral content present in the analysed
aqueous plant extracts. It was found that ex-
tracts from rosemary, stevia, beggarticks, and
fireweed leaves contain the highest levels of
total protein (8.77-17.54 g/L), indicating their
potential as sources of protein components in
food technologies. The data obtained allow for
preliminary calculations to determine the opti-
mal dosage of these extracts for enriching dairy
products, taking into account the existing dai-
ly requirements of the human body for protein
and minerals. Among the studied samples, the
highest content of mineral elements (calcium,
phosphorus, magnesium, potassium, and zinc)
was recorded in extracts of rosemary, stevia,
and beggarticks, which may enhance their bio-
logical value when incorporated into functional
foods. Extracts from chamomile flowers, an-
gelica root, and fireweed leaves demonstrated
a high content of trace elements, particularly
zinc (up to 47.82 mg/L), making them suitable

for use as natural mineralising agents in dietary
and infant nutrition. The established variability
in the composition of the extracts makes it pos-
sible to purposefully select plant components
according to the functional purpose of the food
product. It is expected that dairy products en-
riched with essential plant extractives obtained
from natural plant materials can be classified
as functional foods. Further research should be
aimed at studying the technological compati-
bility of plant extracts with dairy raw materials,
their stability during storage, and the organo-
leptic evaluation of the final products.
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BOJHi €KCTPAKTU YacCTO PO3IVISIAAIOTHCS JIMIle B KOHTEKCTI TpaauiiliHoi meguimunu. MeTa 1bOTO
IOCTiIsKeHHs ToJsITaga y BU3HAYEHHI 6iIKOBOro Ta MiHEpaJbHOTO CKJIALy BOZHUX €KCTPaKTiB
06paHMX JTIKapChKMUX POCIMH Ta OLiHIII X MOTEHIiaTy SIK JyKepen QyHKIiOHATbHUX iHTPEi€HTiB
IJIST XapyoBOi MPOMMCIOBOCTi. BomHi ekcTpakTu OyaM HPUTOTOBAEHi 3 12 BUIIB POCIMHHOI
CUpOBMHM, BKIOYaoun Laminaria (Elamin), qucTS Ta TiMKM BUIIHI, KOPiHb COJIOAKM, JIVCTSI
pO3MapuHYy, Kpill (JIUCTS Ta HACiHHS), pOMAIIKy, KOPiHb Isrenio, KaleHayny, iBaH-vaii Ta CTeBilo,
3a MeToAoM, po3pobsmeHuM B. ®inatoBum. QPisuKO-XiMiUyHMII aHaNi3 BK/IIOYAB BU3HAUYEHHS
3arajJibHOro 6inKka, aabOyMiHy, Kasbllilo, ¢ocdopy, MarHiio, Kamilo Ta IMHKY 3a JOIOMOTOI0
6ioximiuHOro aHasmizaTopa. PesynabTaTy TOKasajay 3HAYHY BapiabenbHiCTh BMiCTy Oinka
(1,31-17,54 r/n) Ta MiHepasiB 3a/Jie;KHO BiJ 6OTaHIUHOrO ITOXOMKEHHSI CUpPOBMHM. HaiiBuiimi
KOHIIeHTpallii 6iJika BUSIBJIEHO B €KCTpaKTax i3 JIMCTI PO3MapuHy, CTeBii, KaJleHIyIu Ta iBaH-
yai. EKCTpakT 1aMiHapii MaB HaiiBMUILIMII BMICT KaJlilo, TOAi SK eKCTPaKT pO3MapMHy — HaliBUILMHI
BMICT I[MHKY. EKCTpakTu poOMallKy, OSITeTI0 Ta iBaH-Ual0 TaKOX MPONEMOHCTPYBAIU BUCOKMIL
piBeHb JXUTTEBO BasKIMBUX MiKpOeJIeMeHTiB, 0c0611B0 (pocdopy Ta HMHKY. YCi 3pasky mmokasauim
3HAYHO BUIIi KOHLIEHTPAIii 6i0aKTMBHMX CITONYK MOPiBHSIHO 3 MUTHOIO BOMOIO, IO MiJTBEPAKYE
edekTuBHiCTP MeTOmy ekcTpakiii. OTpuMaHi JaHi MiATPUMYIOTP MOKJIMBICTh BUKOPUCTAHHS
TaKMUX eKCTPaKTiB [Jis1 30araueHHsT QYHKIIIOHATbHUX MOJIOUHMX MTPOIYKTIB

KirouoBi coBa: BMicT 6i/ika; MiHepasbHMIT cKIaf; GyHKLiOHANbHI iHrpefieHTH; GYHKIIIOHAIbHI
MOJIOYHI ITPOIYKTH; POCTVHHE 36araueHHs
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Abstract. The relevance of the research stems from increased consumer interest in combined
meat products, which necessitates determining the optimal formulation combinations of raw
materials of different origins. The aim of the study was to determine changes in the functional-
technological and rheological properties of minced systems depending on the ratio of meat and
fish raw materials and the carrageenan content. Four formulations based on broiler chicken
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meat were investigated with the addition of 0 or 10% hake mince and 2.8-5.2% carrageenan. The
samples were heat-treated to 70 °C followed by determination of moisture content, water-holding
capacity, pH, plasticity, and rheological properties. The moisture content ranged from 71.21
to 74.85%. After heat treatment, moisture losses were 3.06-5.75%, with lower losses observed
in samples containing higher levels of carrageenan, indicating the formation of a more stable
gel structure. The highest water-holding capacity was observed in samples containing fish raw
material. The pH increased to 6.21-6.32 with a further slight increase after heating. Rheological
studies demonstrated pseudoplastic behaviour of the systems, with viscosity decreasing as the
applied load increased. The addition of fish raw material increased the effective viscosity but
reduced the yield shear stress. The obtained results confirm the feasibility of combining meat and
fish raw materials with carrageenan to regulate the functional-technological properties and to
form stable structures of minced systems. In addition, a decrease in plasticity after heat treatment
and a change in yield shear stress were established, indicating the transition of the systems from
a viscoplastic to an elastically structured state and the formation of a denser structure in the
minced systems. The obtained results may be applied in the production of meat products with the
addition of fish raw materials for the targeted regulation of functional-technological properties
and the formation of a stable protein-polysaccharide structure of the finished product

Keywords: semi-finished meat products; hydrobionts; combined meat products; hydrocolloids;

rheological properties; functional properties

Introduction

Modern approaches to the formation of food
product assortments are increasingly focused
on the scientifically substantiated combination
of ingredients of different natural origins in
order to achieve a balanced chemical composi-
tion, increase nutritional value, and improve the
functional-technological properties of finished
products. Such a strategy for the development
of food technologies is based on the principles
of rational nutrition, functional food design,
and reducing the negative effects of excessive
consumption of certain nutrients. According to
the results of sociological studies conducted
in European countries by researchers M. Bano-
vic et al. (2022) and A.M. Barone et al. (2021), the
majority of consumers positively perceive the
creation of so-called hybrid products that com-
bine meat, fish, and plant raw materials within
a single formulation, particularly when familiar
organoleptic characteristics are preserved.

This approach opens broad opportunities
for the targeted regulation of the nutritional

and biological value of products, particularly
through optimisation of the amino acid com-
position of the protein fraction, reduction of
the total saturated fat content, increase in the
proportion of polyunsaturated fatty acids, as
well as enrichment of products with biological-
ly active components of natural origin. At the
same time, the use of combined raw materials
contributes to the improvement of technologi-
cal indicators, including structural-mechanical
and rheological characteristics, increased sta-
bility of emulsion systems, reduction of syner-
esis, and improvement of water- and fat-bind-
ing capacity, which is critically important for
ensuring the stable quality of finished products
throughout their shelf life. The development of
the modern meat-processing industry is large-
ly determined by the need to optimise product
formulations in accordance with the principles
of rational and functional nutrition, particular-
ly balance in proteins, fats, carbohydrates, and
micronutrients. Particular attention is also paid
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to reducing the energy value of products with-
out loss of their technological and consumer
qualities. One of the effective approaches to
such improvement, according to the research
of S.Y.J. Sim et al. (2021), is the combination of
raw materials of different origins, which makes
it possible to purposefully regulate the nutri-
tional and biological value of products, as well
as to increase their functionality through the
synergistic interaction of components within
the food system.

According to OECD/FAO (2025), the pro-
duction of meat and fish products demonstrat-
ed a stable growth trend during 2020-2025,
driven both by increasing global demand for
protein products and by the gradual expansion
of the range of food products with added tech-
nological value. At the same time, according
to the studies of researchers C. Barcenilla et
al. (2022) and S. Sheffield et al. (2024), meat
products remain one of the key and most ac-
cessible sources of complete protein, essential
amino acids, B-group vitamins, and a number
of minerals necessary for the normal function-
ing of the human body. As noted in the work
of M.\W.M. Kharl et al. (2025), fish is a valuable
functional food product characterised by a high
content of complete protein with high bio-
logical value, a significant amount of polyun-
saturated fatty acids (particularly the omega-3
fraction), as well as a wide range of vitamins
and minerals that positively affect metabolic
processes and overall health. Owing to this, fish
raw material is regarded as an important com-
ponent for the creation of combined protein
systems with increased nutritional value.

Particular attention among fish raw mate-
rials is attracted to hake, which, according to
the studies of M.]. Santos et al. (2022), is one of
the most widespread commercial fish species in
Europe and has stable industrial significance. Its
meat is characterised by a white colour, dense
and fibrous consistency, low fat content, and
favourable functional-technological properties,
which determines the feasibility of its use in the
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production of combined meat-fish products. In
addition, researchers R. Mendes et al. (2021)
established that the physicochemical and struc-
tural properties of fish meat change signifi-
cantly depending on storage conditions and
methods, particularly chilling or freezing, which
must necessarily be taken into account when
designing processing technologies. In modern
meat technologies, polysaccharides of natural
and modified origin are regarded as functionally
active ingredients capable of significantly influ-
encing the structural-mechanical and rheologi-
cal properties of minced systems. According to
the findings of ]. Shao et al. (2025), their action
is due to the ability to form spatial hydrocolloid
structures as a result of interaction with the
aqueous phase, proteins, and lipids, thereby in-
creasing moisture-retention capacity, stabilis-
ing the emulsion system, and reducing weight
losses during heat treatment.

Studies conducted by N.E. Masiques et
al. (2025) demonstrate that the use of hydro-
colloid mixtures in meat products also signif-
icantly affects protein bioavailability and its
subsequent digestion within the body. It was
determined that k-carrageenan and xanthan
gum may modify protein digestion processes,
influence the composition of the intestinal mi-
crobiota, regulate inflammatory pathways, and
affect the intensity of oxidative processes in di-
ets high in red meat. Such effects are associated
both with changes in the structure of the food
matrix and with the slowing down or modifi-
cation of enzymatic protein hydrolysis in the
gastrointestinal tract. The aim of the study was
to determine changes in the functional-tech-
nological and rheological properties of minced
systems based on broiler chicken white meat,
hake mince, and carrageenan in various ratios.

Materials and Methods
The studies were carried out under laboratory
conditions at the Department of Meat and Meat
Products Technology of the National Universi-
ty of Food Technologies during 2025-2026. In
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accordance with the developed experimental
design, the experimental samples were formed
by varying the content of structure-forming
agents and the composition of the protein
base, resulting in four formulation composi-
tions. White meat of broiler chickens was se-
lected as the main raw material for all samples.
Carrageenan, previously hydrated at a ratio of
1:40, was used as the structure-forming com-
ponent. According to the literature review data,
the choice of carrageenan was due to its pro-
nounced gel-forming ability. Its content in the
formulations varied from 2.8% to 5.2%. The sec-
ond variable component was fish raw material —

hake mince, which was either excluded from
the formulation (0%) or added in an amount
of 10%. According to the analysis of literature
sources, hake mince is one of the most wide-
spread types of fish raw material, which makes
the use of such raw material particularly rele-
vant. As a result, four formulation variants were
developed, differing in the combinations of car-
rageenan content and the presence of fish raw
material. Such an approach made it possible to
assess the effect of compositional changes on
the functional-technological properties of the
minced systems. The obtained formulations are
presented in Table 1.

Table 1. Formulation composition of minced systems with fish raw material

Raw material Sample 1 Sample 2 Sample 3 Sample 4
Broiler chicken fillet 94.8% 97.2% 84.8% 87.2%
Hake mince 0% 0% 10.0% 10.0%
Hydrated carrageenan 2.8% 5.2% 2.8% 5.2%

Source: compiled by the authors

Grinding of the meat raw materials was car-
ried out using an HKN-22SS meat grinder. Mix-
ing of the mince was performed in a Sirman IP
10 M meat mixer. The obtained minced systems
were baked in a SIEMENS HB537A2S00 oven to
an internal product temperature of 70°C. Mois-
ture content was determined by the gravimet-
ric drying method. For this purpose, a sample
weighing 5.00 g (with an accuracy of 0.01 g) was
taken and evenly distributed in a previously
dried and weighed weighing dish. Drying was
carried out in a drying oven at a temperature
of 105+2°C until a constant mass was achieved,
which was monitored by repeated weighing at
intervals of 30-60 minutes. Moisture content
was calculated from the loss of mass after dry-
ing relative to the initial sample mass, and the
result was expressed as a percentage. All meas-
urements were performed in triplicate with
subsequent averaging of the results to increase
the reliability of the obtained data.

Water-binding capacity (WBC) was deter-
mined by the pressing method, which is based

on the ability of the minced system to retain
moisture under external pressure. For the anal-
ysis, a mince sample weighing 0.30 g was placed
on filter paper and subjected to a standard load
for 10 minutes. WBC was calculated in two ways:
relative to the total moisture content in the sam-
ple (WBCa), which characterises the proportion
of bound water; and relative to the sample mass
(WBCm), which reflects the ability of the system
to retain moisture per unit mass of the product.
The obtained indicators make it possible to eval-
uate the structural-mechanical properties of the
mince and the degree of water binding by protein
components. Active acidity (pH) was determined
by the potentiometric method using an MP511
laboratory pH meter. Prior to measurements, the
pH meter was calibrated using standard buffer
solutions with pH values of 4.00 and 7.00, and
the electrode was cleaned and rinsed with dis-
tilled water between measurement series to pre-
vent cross-contamination.

Effective viscosity and yield shear stress
were determined using a Volarovich viscometer,
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the operating principle of which is based on
measuring the resistance of the material to
shear under applied mechanical loading. Ef-
fective viscosity was determined as the ratio of
shear stress to shear rate under specified flow
conditions. Yield shear stress was established
as the minimum stress required to initiate sys-
tem flow. Measurements were carried out at a
controlled temperature of 20+ 1°C and within
a range of regulated loads, which ensured re-
producibility of the rheological characteristics.
Each determination was performed in at least
triplicate. The obtained indicators characterise
the consistency of the mince, its plasticity, and
its moulding ability, which are critically impor-
tant for technological processing operations.
Statistical processing of the results was carried
out using determination of the mean value and
standard deviation; the significance of differ-
ences between samples was assessed using Stu-
dent’s t-test at a significance level of p<0.05

Results and Discussion
The developed minced systems, created us-
ing fish raw materials and specially selected
structure-forming components, were subject-
ed to comprehensive investigation according
to the main physicochemical and rheological
indicators. Such studies were carried out for
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a more detailed and objective assessment of
their functional-technological properties, as
well as to determine the stability of the formed
structures in model systems. In order to estab-
lish the effect of heat treatment on the quality
characteristics of the finished product, the ob-
tained minced masses were formed into stand-
ard-shaped meat loaves. The samples were
then baked under controlled temperature con-
ditions until reaching a temperature of 70°C in
the central part of the product, which ensured
complete and uniform heat treatment. After
cooling, the finished products were additionally
analysed according to the main physicochemi-
cal indicators in order to assess the changes oc-
curring in the structure and composition of the
product during thermal processing.

The amount of bound moisture in minced
systems, as well as its subsequent change after
thermal treatment, is regarded as an important
indicator of the level of structural organisa-
tion of the product. Variations and dynamics
of this indicator make it possible to assess the
effectiveness of interactions between ingredi-
ents, the degree of spatial network formation,
and the overall stability of the system during
technological processing. The results of deter-
mining the moisture content in the product are
presented in Figure 1.
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69.11 I 812
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Figure 1. Changes in moisture content in minced systems before and after heat treatment

Source: compiled by the authors

According to the results presented in Fig-
ure 1, changes in moisture content in the de-
veloped minced systems showed that all ex-
perimental formulations had this indicator
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within the range of 71.21-74.85%. The highest
moisture content was determined in Sample 3,
which is explained by the higher content of hake
mince. After heat treatment, the moisture con-
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tent in the samples decreased by 3.06-5.75%.
Lower losses were observed in the samples con-
taining 5.2% carrageenan, indicating the for-
mation of a stable gel matrix in these samples.
Samples 3 and 4, which contained 10% hake
mince, showed significant differences between
each other, with decreases of 5.75% and 3.4%,
respectively. This confirms the feasibility of
enhancing structure formation in formulations
containing fish raw material in order to ensure
stability and reduce moisture losses. Similar
trends are described in studies of hydrocolloid
systems by T. Udo et al. (2023), where it was es-
tablished that heat treatment promotes the for-
mation of a denser spatial network, which par-
tially displaces unbound moisture. As noted in
the work of the research group led by M. Woo et
al. (2025), the use of polysaccharides in meat
products is effective for improving juiciness in
low-fat products, which correlates with the ob-
tained data. Lower moisture losses in samples
with increased carrageenan content confirm its

ability to form a stable gel matrix. Similar
results were obtained in studies of meat-
fish minced systems by A.M. Geredchuk et
al. (2023) and N.M. Stukalska et al. (2024),
where the addition of polysaccharides ensured
increased water-retention capacity through
the formation of a three-dimensional network
that retains water in a capillary-bound state. In
addition, increasing the content of fish raw ma-
terial (hake) contributed to an increase in over-
all moisture content, which is explained by the
higher hydration capacity of fish proteins com-
pared with meat proteins. Similar conclusions
were presented in the study by N. Bozhko et
al. (2021), where it was shown that fish mince
forms less dense but more moisture-saturat-
ed structures. In addition to assessing overall
moisture content, determining the degree of
moisture binding is also important. This indi-
cator makes it possible to evaluate the stability
of the formed dispersed system. The obtained
results are presented in Figure 2.
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Figure 2. Water-binding capacity of the developed minced systems

Source: compiled by the authors

In accordance with the planned research
programme, the water-binding capacity (WBC)

of the obtained minced systems and its changes
after roastingwere determined. The calculation
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was carried out relative to the total moisture
mass (WBCa) in the experimental sample and
relative to the sample weight (WBCm) used
for the analysis. The results for Sample 1 in-
dicate the possibility of obtaining sufficiently
high values with minimal addition of the struc-
ture-forming polysaccharide to broiler chicken
meat mince. Sample 2 increased the WBCm
values by 3.9% and WBCa by 3.17% due to the
higher hydrocolloid content. After roasting,
the studied indicators decreased, indicating
the formation of a dense gel matrix capable of
retaining moisture. Sample 3 demonstrated the
highest WBCa value at 95.31%, despite mod-
erate WBCm values of 68.11%. However, the
combination of the polysaccharide-based hy-
drocolloid and fish raw material allowed only
a slight decrease in the indicators by 2.92%
and 1.49%, respectively. The highest amount
of bound moisture in the finished product
confirms the possibility of forming a ther-
mally stable system as a result of the synergy
between meat and fish proteins with the car-
rageenan-based hydrocolloid. As noted in the
study by T.M. Prylipko et al. (2024), the com-
bination of fish mince and plant protein com-
ponents makes it possible to obtain improved
structural characteristics of the product due to
enhanced water binding. The obtained results

of combining hake mince and broiler chick-
en meat indicate that the addition of fish raw
material does not have a pronounced effect on
water-binding capacity. The decrease in WBC
values after heat treatment is consistent with
the findings of T. Udo et al. (2023), who associ-
ate this with the transition of the system into a
more ordered gel state, in which part of the wa-
ter becomes less available for determination.

The obtained data show that the combi-
nation of fish raw material and hydrocolloid
provides better stability of the indicators after
heating. This is explained by the synergy be-
tween fish myofibrillar proteins and the poly-
saccharide matrix, which has been confirmed
in studies of combined minced systems by
N. Bozhko et al. (2021) and A.M. Geredchuk et
al. (2023). At the same time, an excess of car-
rageenan (Sample 4) leads to a decrease in the
efficiency of water binding after heat treat-
ment, which is consistent with the findings of
L. Montes et al. (2022) regarding possible over-
saturation of the system with hydrocolloid and
the formation of a fragile structure. Determin-
ing changes in active acidity during the devel-
opment of a combined product makes it possi-
ble to assess the interaction of ingredients of
different origins. The results of the conducted
studies are presented in Figure 3.
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Figure 3. Changes in active acidity in minced systems before and after heat treatment

Source: compiled by the authors
The active acidity values in combined

meat-fish systems primarily depend on the
quantitative ratio of the raw materials. In the
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minced systems before heat treatment, a clear
pattern was observed: the addition of hake
meat contributed to a shift in pH towards the
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alkaline range (6.21-6.32), which is explained
by the specific biochemical composition of fish
tissue and its higher intrinsic acidity level. Af-
ter heat treatment to 70°C, a further increase
in pH values was recorded in all experimental
samples by 0.02-0.21 pH units, which is the
result of thermal denaturation causing the dis-
ruption of hydrogen bonds. Considering the
previously presented data, it can be stated that
an increase in pH in the model minced systems
promotes the formation of a stable gel matrix
and improves moisture binding. The increase
in pH after heat treatment is associated with
protein denaturation and the destruction of
hydrogen bonds, leading to the release of func-
tional groups. A similar effect was described by
T. Udo et al. (2023) for protein-polysaccharide
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systems, where heating alters the charge of
protein molecules and promotes their interac-
tion. Importantly, the increase in pH correlates
with improved water-retention capacity, which
is confirmed both by the obtained results and
by literature data indicating that moving away
from the isoelectric point enhances protein hy-
dration. An important indicator for evaluating
combined minced systems is the determination
of rheological characteristics. Such indicators
reflect the features of the structural organisa-
tion of the minced system and its behaviour
under mechanical loading. One of the key indi-
cators is plasticity, which determines the ability
of the system to undergo deformation without
destruction of the structure. The results of the
conducted studies are presented in Figure 4.
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Figure 4. Plasticity of the studied minced systems

Source: compiled by the authors

Changes in plasticity in combined minced
systems largely depend on the formulation
composition and the state of moisture. Accord-
ing to the results presented in Figure 4, increas-
ing the amount of hydrocolloid made it possi-
ble to increase the plasticity of the mince by
1.28 g/cm®. The increase in plasticity in Sam-
ple 3 correlates with the high moisture content
in this sample and indicates greater flowabil-
ity of the mince containing hake and a lower
amount of hydrocolloid. After heat treatment,
the plasticity of all experimental samples de-
creased by 2.06-3.4 g/cm®. Such a change is
caused by the transition of the system from a
viscoplastic state to an elastically mechanical

state with the formation of a spatial frame-
work that resists deformation. As can be seen
from the obtained data, increasing the amount
of carrageenan-based hydrocolloid intensifies
the reduction in plasticity after heat treatment,
despite the presence of fish raw material. The
combination of 2.8% hydrocolloid and 10%
fish raw material made it possible to maintain
plasticity within 8.98 g/cm3, allowing the for-
mation of a tender structure. At the same time,
increasing the hydrocolloid proportion to 5.2%
resulted in an excessively dense structure and
a brittle consistency.

In the study by T. Udo et al. (2023) on hy-
drocolloids, it was shown that heating causes
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a transition from a viscoplastic to an elasti-
cally resilient state due to the formation of a
three-dimensional network. The increase in
plasticity with the addition of fish raw materi-
al is consistent with the results of N. Bozhko et
al. (2021), where it was noted that fish proteins
form a softer and more plastic structure com-
pared with meat proteins. At the same time, in-
creasing the concentration of carrageenan leads
to the formation of a more rigid structure, which
is confirmed both by the obtained data and by
literature sources, particularly the studies of
G. Kalsi et al. (2025). An excess of hydrocolloid
may result in the formation of an overly dense
network, reducing plasticity and making the
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product brittle. Evaluation of effective viscosity
and vyield shear stress makes it possible to de-
termine the resistance of the obtained system
to structural breakdown and the characteristics
of its internal flow under applied mechanical
stresses. Taking into account the findings of
H.Bao et al. (2025), it was established that carra-
geenan significantly affects the rheological be-
haviour of meat systems through the formation
of a gel matrix in interaction with muscle pro-
teins, while its effectiveness largely depends on
the presence of protein components, particular-
ly fish raw material, which enhances structure
formation and stabilises the system. The results
of the studies are presented in Figure 5.
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Figure 5. Effective viscosity of the developed minced systems

Source: compiled by the authors

In all samples, a decrease in effective vis-
cosity was recorded with increasing load from
184 g to 382 g, which is typical for structured
food dispersed systems and indicates the
presence of pseudoplastic behaviour. This is
associated with the destruction of the spa-
tial structure of the protein-polysaccharide
gel and the orientation of particles in the
direction of flow. The lowest viscosity values
were characteristic of Sample 2, whereas Sam-
ple 1 demonstrated slightly higher structural
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stability at low and medium loads, but also
rapidly lost viscosity with increasing shear
stress. This indicates that excessive addition
of carrageenan without supplementary pro-
tein components does not ensure the forma-
tion of a more stable structural framework.
In contrast, Samples 3 and 4, containing 10%
hake mince, were characterised by significant-
ly higher effective viscosity values throughout
the entire load range. For example, at a load of
184 g, the values were 6.37 Pa-sand 5.10 Pa-s,




Pasichnyi et al.

27

respectively, which is almost twice as high as
the corresponding values in samples without
fish raw material. This indicates enhanced in-
terprotein interactions and the formation of a
denser spatial matrix.

The increase in viscosity in samples con-
taining fish raw material indicates strength-
ened intermolecular interactions. Similar
results were obtained in the studies of N. Bozh-
ko et al. (2021) and A.M. Geredchuk et al. (2023),

250.00

where the addition of fish protein promoted
the formation of more structured systems. At
the same time, the low effectiveness of exces-
sive carrageenan without a protein component
confirms the findings of L. Montes et al. (2022),
which state that protein-polysaccharide inter-
action is the key factor in the formation of a
stable structure. The next stage of the research
was the determination of yield shear stress, the
results of which are presented in Figure 6.
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Figure 6. Yield shear stress of combined minced systems

Source: compiled by the authors

The obtained values of yield shear stress
characterise the strength of the structural
framework of the studied systems and their
ability to resist destruction under external load-
ing. The highest values were recorded for Sam-
ple 2 at 200.22 kg and Sample 1 at 197.00 kg,
indicating a relatively stronger structure in sys-
tems without the addition of a fish component.
This may be associated with a denser carra-
geenan gel matrix in the absence of addition-
al protein-lipid phases that alter the nature of
spatial interactions. In Samples 3 and 4, which
contained 10% hake mince, a decrease in yield
shear stress to 176.67 kg and 169.81 kg, respec-
tively, was observed. This indicates a partial
weakening of the structural framework, proba-
bly as a result of replacing part of the stronger
muscle protein matrix of chicken with a more
heterogeneous fish protein system that forms
a less dense spatial network. This is consistent
with the findings of G. Kalsi et al. (2025), where
it was shown that carrageenan forms dense gels
in the absence of external protein phases. The
reduction in this indicator with the addition
of fish raw material is explained by the more

heterogeneous structure of the system. Simi-
lar results are described in studies of meat-fish
minced systems by N.M. Stukalska et al. (2024)
and H. Xie & L. Grossmann (2025), where the
incorporation of fish protein reduces rigidity
but improves textural characteristics.

Summarising the obtained results, it was
established that the combination of broil-
er chicken meat, fish raw material, and car-
rageenan makes it possible to purposefully
regulate the functional-technological and
rheological properties of combined minced
systems through the formation of a pro-
tein-polysaccharide spatial structure. The
most pronounced structure-forming effect
was observed in samples with an optimal
content of carrageenan and fish raw materi-
al, which ensured a balance between viscos-
ity, water retention, and the strength of the
gel matrix. The obtained patterns confirm the
possibility of controlled formation of the de-
sired technological properties of combined
minced systems and create a basis for further
optimisation of formulations and technologi-
cal production regimes.
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Conclusions
As a result of the conducted study, it was es-
tablished that the combination of broiler chick-
en white meat, fish raw material, and hydrated
carrageenan significantly affects the formation
of the functional-technological, structural-me-
chanical, and rheological properties of complex
multicomponent minced systems. This effect
is manifested both at the level of water-bind-
ing capacity and in the formation of a spatial
protein-polysaccharide matrix, which deter-
mines product stability at all stages of the tech-
nological process, including preparation, heat
treatment, and subsequent storage. It was es-
tablished that the addition of carrageenan en-
sures the formation of a developed gel matrix
that acts both as a structure-forming agent and
as a stabiliser of the dispersed system. Through
interaction with the protein components of the
meat and fish raw materials, it increases the
moisture-retaining capacity of the minced sys-
tems, reduces moisture and fat losses after heat
treatment, and promotes a more uniform distri-
bution of moisture within the structure of the
finished product. The most stable moisture-re-
tention values after roasting were characteris-
tic of samples with an increased hydrocolloid
content, indicating enhanced intermolecular
interactions and more pronounced structure
formation within the system, as well as the for-

to form additional intermolecular bonds in the
combined system. On the other hand, the incor-
poration of fish raw material resulted in a reduc-
tion in yield shear stress, which may indicate a
certain weakening of the strength of the spa-
tial protein framework compared with systems
not containing a fish component, as well as a
change in the nature of the structure from more
elastic to more plastic. Overall, the obtained re-
sults indicate the feasibility and technological
efficiency of using a combination of meat and
fish raw materials with carrageenan for the tar-
geted regulation of the functional-technolog-
ical properties of combined minced systems.
Such an approach makes it possible to develop
products with predetermined structural-me-
chanical characteristics, increased stability of
the emulsion and gel structure, and improved
behaviour during heat treatment, which is im-
portant for achieving stable quality of finished
products under industrial conditions. Prospects
for further research include expanding the
combination of carrageenan with other types of
meat and fish raw materials of different func-
tional compositions, as well as studying the
influence of various heat-treatment methods
(boiling, roasting, frying) on the formation of
structural-mechanical and rheological proper-
ties of combined minced systems.

mation of a denser and more elastic gel. Acknowledgements
It was demonstrated that the addition of  None.
10% hake mince significantly alters the balance
of structural interactions in the minced system. Funding
On the one hand, an increase in total moisture  None.
content and effective viscosity was observed,
which is associated with the high water-bind- Conflict of Interest
ing capacity of fish proteins and their ability = None.
References

[1] Banovic, M., Barone, A.M., Asioli, D., & Grasso, S. (2022). Enabling sustainable plant-forward
transition: European consumer attitudes and intention to buy hybrid products. Food Quality

and Preference, 96, article number 104440. doi: 10.1016/j.foodqual.2021.104440.
[2] Bao, H., Wang, Y., Huang, Y., Zhang, Y., & Dai, H. (2025). The beneficial role of polysaccharide
hydrocolloids in meat products: A review. Gels, 11(1), article number 55. doi: 10.3390/gels11010055.

Animal Science and Food Technology. 2026. Vol. 17, No. 2



https://doi.org/10.1016/j.foodqual.2021.104440
https://doi.org/10.3390/gels11010055

Pasichnyi et al.

29

(3]

(4]

[5]

(6]

[7]

(8]

(9]

(10]

[11]

(12]

[13]

[14]

(15]

[16]

Barcenilla, C., Ducic, M., Lopez, M., Prieto, M., & Alvarez-Ordéiiez, A. (2022). Application
of lactic acid bacteria for the biopreservation of meat products: A systematic review. Meat
Science, 183, article number 108661. doi: 10.1016/j.meatsci.2021.108661.

Barone, A.M., Banovic, M., Asioli, D., Wallace, E., Ruiz-Capillas, C., & Grasso, S. (2021). The
usual suspect: How to co-create healthier meat products. Food Research International, 143,
article number 110304. doi: 10.1016/j.foodres.2021.110304.

Bozhko, N., Tischenko, V., Pasichnyi, V., Shubina, Y., Kyselov, O., Marynin, A., & Strashynskyi,
L. (2021). The quality characteristics of sausage prepared from different ratios of fish and duck
meat. Potravinarstvo Slovak Journal of Food Sciences, 15, 26-32. doi: 10.5219/1482.

Geredchuk, A.M., Pasichnyi, V.M., Matsyuk, Yu.A., & Kostenko, V.S. (2023). Development
of technology of fish minced semi-finished products with vegetable enrichers. Scientific
Bulletin of the Poltava University of Economics and Trade. Series “Technical Sciences”, 2, 31-35.
doi: 10.37734/2518-7171-2022-2-5.

Kalsi, G., Hazarika, U., Baruah, L.D., Bordoloi, P.L., & Gogoi, M. (2025). Comprehensive review
of carrageenan’s multifaceted role in health and food systems. Discover Food, 5, article number
115. doi: 10.1007/544187-025-00405-7.

Kharl, M.\W.M., Hussain, S.M., Ali, S., Nazish, N., Ghafoor, A., Alshehri, M.A., Naeem, A., Naeem,
E., Amjad, M., & Yilmaz, E. (2025). Processed fish products: A protein source for humans and
the challenges faced in processing. Journal of Food Science and Technology, 62, 1007-1020.
doi: 10.1007/s13197-025-06297-w.

Masiques, N.E., Vermeiren, S., De Vrieze, J., Gansemans, Y., Deforce, D., Van Nieuwerburgh,
F., De Smet, S., & Van Hecke, T. (2025). Food hydrocolloids k-carrageenan and xanthan gum
in processed red meat modify gut health in rats. Current Research in Food Science, 11, article
number 101162. doi: 10.1016/j.crfs.2025.101162.

Mendes, R., Silva, H., Oliveira, P., Oliveira, L., & Teixeira, B. (2021). Quality of frozen hake
fillets in the Portuguese retail market: A case study of inadequate practices in the European
frozen white fish market. Foods, 10(4), article number 848. doi: 10.3390/foods10040848.
Montes, L., Rosell, C.M., & Moreira, R. (2022). Rheological properties of corn starch gels with
the addition of hydroxypropyl methylcellulose of different viscosities. Frontiers in Nutrition, 9,
article number 866789. doi: 10.3389/fnut.2022.866789.

OECD/FAO. (2025). OECD-FAO agricultural outlook 2025-2034. Paris: OECD Publishing.
doi: 10.1787/601276cd-en.

Prylipko, T.M., Kostash, V.B., & Kuzminska, I.M. (2024). Improvement of elements of the
technology of fish fillet production using biologically active additives. Herald of Lviv University
of Trade and Economics. Technical sciences, 37,42-48. doi: 10.32782/2522-1221-2024-37-06.
Santos, M.]., Matos, M., Guardone, L., Golden, O., Armani, A., Caldeira, A.J.R., & Vieira-Pinto,
M. (2022). Preliminary data on the occurrence of Anisakis spp. in European hake (Merluccius
merluccius) caught off the Portuguese coast and on reports of human anisakiosis in Portugal.
Microorganisms, 10(2), article number 331. doi: 10.3390/microorganisms10020331.

Shao, J., Zhang, C., Ai, Y., Wang, H., Han, Y., & Hou, W. (2025). Effects of pre-gelatinized
whole Pueraria powder on the properties of duck meat sausages: Insights into gelatinization
and molecular interactions. Food Chemistry, 493(4), article number 146020. doi: 10.1016/].
foodchem.2025.146020.

Sheffield, S., Fiorotto, M.L., & Davis, T.A. (2024). Nutritional importance of animal-sourced foods in
a healthy diet. Frontiers in Nutrition, 11, article number 1424912. doi: 10.3389/fnut.2024.1424912.

Animal Science and Food Technology. 2026. Vol. 17, No. 2



https://doi.org/10.1016/j.meatsci.2021.108661
https://doi.org/10.1016/j.foodres.2021.110304
https://doi.org/10.5219/1482
https://doi.org/10.37734/2518-7171-2022-2-5
https://doi.org/10.1007/s44187-025-00405-7
https://doi.org/10.1007/s13197-025-06297-w
https://doi.org/10.1016/j.crfs.2025.101162
https://doi.org/10.3390/foods10040848
https://doi.org/10.3389/fnut.2022.866789
https://doi.org/10.1787/601276cd-en
https://doi.org/10.32782/2522-1221-2024-37-06
https://doi.org/10.3390/microorganisms10020331
https://doi.org/10.1016/j.foodchem.2025.146020
https://doi.org/10.1016/j.foodchem.2025.146020
https://doi.org/10.3389/fnut.2024.1424912

30

Food Technology | A study of changes in the functional-technological properties...

[17] Sim, S.Y.J., SRV, A., Chiang, ]J.H., & Henry, C.]J. (2021). Plant proteins for future foods: A
roadmap. Foods, 10(8), article number 1967. doi: 10.3390/foods10081967.

[18] Stukalska, N.M., Nemirich, O.V., & Hrytskevich, A.O. (2024). Research into the functional
and technological properties of fish semi-finished products with the addition of hydrobiont
processing products. Taurida Scientific Herald. Series: Technical Sciences, 2, 209-217.
doi: 10.32782/tnv-tech.2024.2.25.

[19] Udo, T., Mummaleti, G., Mohan, A., Singh, R.K., & Kong, F. (2023). Current and emerging
applications of carrageenan in the food industry. Food Research International, 173(2), article
number 113369. doi: 10.1016/j.foodres.2023.113369.

[20] Woo, M., Jo, K., Kim, S., Han, S., Choi, Y.-S., Kang, T., Jung, S., & Lee, S. (2025).
Agar-based composite emulsion gel as a pork fat substitute in sausages: Understanding
meat batter stabilization mechanisms based on fat sources. International Journal of Biological
Macromolecules, 318(1), article number 144851. doi: 10.1016/j.ijbiomac.2025.144851.

[21] Xie, H., & Grossmann, L. (2025). Tenderness in meat and meat alternatives: Structural
and processing fundamentals. Comprehensive Reviews in Food Science and Food Safety, 24,
article number e70033. doi: 10.1111/1541-4337.70033.

JocaigkeHHA 3MiHH (PyHKI[IOHAJIBHO-TEXHOJIOTiYHUX TIOKa3HUKIB
¢apmieBux cucTeM Ha OCHOBI (papiry M’sica XxeKa Ta KypuaT-Opoijepis

Bacuiab IMaciuamit

IlokTOp TeXHIYHUX HAYK, Mpodecop
HauioHasibHMIT YHIBEPCUTET XapUOBUX TEXHOOTiN
01601, Byn. Bomogumupcska, 68, M. Kuis, Ykpaina
https://orcid.org/0000-0003-0138-5590

Jlecst BoHgapeHkKo

KaHaupat BeTepyHapHUX HAYK, TOLEHT
HailioHanibHMI YHIBEPCUTET XapuOBUX TEXHOJOTi
01601, Byn. Bomogumupceka, 68, M. Kuis, Ykpaina
https://orcid.org/0000-0003-3751-9140

Poman CBATHEHKO

KaHanpat TexHiYHMX HayK, CTapLInii JOCTiTHUK
HauioHanbHMI YHIBEPCUTET XapuOBUX TEXHOJOT A
01601, Byn. Bomogumupcbka, 68, M. Kuis, Ykpaina
https://orcid.org/0000-0003-0895-6982

€srenis llly6ina

IoxTtop dinocodii, acucrent

HauioHanbHMIT YHIBEPCUTET XapUOBUX TEXHOOTIN
01601, Byn. Bomogumupcska, 68, M. Kuis, Ykpaina
https://orcid.org/0000-0002-7153-999X

AHoTaulig. AKTYa/IbHICTh IOCTiIXKeHb 3yMOBJIeHA MiABUINEHMM 3allikaBJIeHHSIM CIIOXMBaua
10 KOMOIHOBAHMX M SICHUX MPOAYKTiB, III0 3YMOBJTIOE HEOOXiMHICTh BUSHAUEHHS ONITUMATbHUX
pelenTypHUX IMO€AHaHb CUPOBMHU Pi3HOTO TOXOMKeHHsS. MeTolo 6ya0 BU3HAUEHHS

Animal Science and Food Technology. 2026. Vol. 17, No. 2



https://doi.org/10.3390/foods10081967
https://doi.org/10.32782/tnv-tech.2024.2.25
https://doi.org/10.1016/j.foodres.2023.113369
https://doi.org/10.1016/j.ijbiomac.2025.144851
https://doi.org/10.1111/1541-4337.70033
https://orcid.org/0000-0003-0138-5590
https://orcid.org/0000-0003-3751-9140
https://orcid.org/0000-0003-0895-6982
https://orcid.org/0000-0002-7153-999X

Pasichnyi et al.

31

3MiH (QYHKIIiOHAJbHO-TEXHOJOTIYHUX i peosNoriyHMX TOKa3HMKIB QapiuiB 3anexxHo Bif
CMiBBiIHOIIEHHSI M’SICHOi Ta pMOGHOI CHMPOBMHM i BMiCTy KapareHaHy. JOCTigKeHO YOTUDPU
pellenTypu Ha OCHOBi M’sica KypuaT-6poitnepiB i3 momaBanusam 0 a6o 10 % dapiry xeky Ta
KapareHaHy 2,8-5,2 %. 3pasku niggaBanau Tepmoobpobii go 70 °C 3 momasbiiMM BU3SHAUEHHSIM
BOJIOTY, BOJIOTOYTPMUMYBaJbHOI 34aTHOCTi, pH, MIaCTMYHOCTI Ta PEOJIOTIUHUX IMOKa3HUKIB.
BosoroBmict ctaHoBuUB 71,21-74,85 %. ITicis TepMmoo6po6KM BTpaT Bosioru 6yiu 3,06-5,75 %,
MeHIIli BTpaTy CIOCTepiraanucs y 3pa3kax i3 BUIIMM BMiCTOM KapareHaHy, IO CBigUMUTb MpO
dbopmyBaHHS 6ibII cTabiIBHOI TeeBO1 CTPYKTYpHU. HaiiBUIIy BOJIOTOYyTPUMYBAIbHY 30aTHICTh
MaJiu 3pasku 3 pubHOI cupoBMHOW. pH miaBuuyBaBcs 0 6,21-6,32 3 MogaablIMM He3SHAUYHUM
3pOCTaHHSIM Ticasg HarpiBaHHs. Peosioriudi pmocmigskeHHST TOKas3aayu MCeBIOIJIACTUYHY
MTOBEeiHKY CHCTEM 3i 3HMKeHHSIM B’SI3KOCTi 3i 3pOCTaHHSIM HaBaHTakKeHHS. [lomaBaHHS pUOHOL
CUPOBMHM MiABUINYBAA0 e(eKTUBHY B’SI3KiCTh, ajie 3MEHIIYBAJ0 TpPaHMUHE HATpPYyKeHHS
3cyBy. OTpMMaHi pesyJbTaTU MHiATBEPIKYIOTh OOLIJIbHICTh MOEOHAHHS M’SICHOI Ta puOHOIL
CUPOBMHM 3 KapareHaHOM JJIS PEryJIOBaHHS (QYHKI[iOHAIbHO-TEXHOJNOTIUHUX BIACTUBOCTEN
i dopmyBaHHS cTabGiIbHUX CTPYKTYp (apiieBux cucreM. JJoMaTKOBO BCTAHOBIEHO 3HUKEHHS
MJIACTUYHOCTI Micasl TepMmiuHOi 06po6KM Ta 3MiHY T'PaHMUHOTO HAIpPYKEHHSI 3CYBY, IO
BKasye Ha Iepexii cuCTeM BiJi B’SI3KO-IUIACTMYHOTO IO MPYKHO-CTPYKTYPOBAHOTO CTAHY Ta
dbopmyBaHHS 6ifbII WiTbHOI CTPYKTYpM (dapiieBux cucteMm y dapui. OTpuMaHi pesyabTaTu
MOKYTb OYTY 3aCTOCOBaHi y BUPOOHUIITBI M’ICHMX IIPOAYKTIiB 3 OJaBaHHIM pUOHOI CMPOBUHM
3 METOI0 IIiJIeCIIPSIMOBAHOIO DPEryII0BaHHS (DYHKI[iOHAJIbHO-TEXHOJNOTIUHMX TMOKAa3HUKIB Ta
dbopmyBaHHs cTabinbHOI 6iTKOBO-TTOMiCAXapUAHOI CTPYKTYPU TOTOBOTO MPOAYKTY

KmiouoBi cmoBa: M’sicHi HamiBdabpukaTty; rigpo6GioHTH; KOMOGIiHOBaHi M’SICHI MPOIYKTH;
TiIpPOKOJIOiIN; peosoTiuHi MOKa3HMKY; QYHKIIOHATbHI TOKA3HUKN
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The highest solubility was demonstrated by soya protein hydrolysates (91.4%) and pea protein
hydrolysates (87.2%). For rice protein, this figure increased from 42.8% to 74.5% following
preliminary structural activation. The concentration of free amino acids in enzymatic hydrolysates
increased by 2.3-3.1 times compared with native isolates. Peptide fractions with a molecular weight
of 0.5-1 kDa provided the highest bioavailability, 68.7-72.4%, and the maximum transfer of amino
acids into the diffusion phase. Combined mixtures of soya and rice proteins in a 2:1 ratio formed
the most stable emulsion systems, with a stability of 84.6%. The practical significance of the work
lies in the possibility of creating specialised protein compositions for sports, clinical and geriatric
nutrition with controlled absorption characteristics. The scientific novelty of the study lies in
the combination of kinetic analysis of hydrolysis, structural evaluation of peptide fractions and
bioavailability modelling within a unified system for selecting processing regimes for plant protein
raw materials to meet the needs of modern dietetics

Keywords: protein isolates; peptide fractions; functional and technological properties; in vitro

digestion; proteolytic treatment

Introduction
The demand for alternative protein sourc-
es is constantly growing, and this is gradually
transforming the food industry, clinical nutri-
tion systems and the specialised diet segment.
Plant-based raw materials have long ceased to
be merely a secondary component of formu-
lations. Today, they are becoming a basic in-
gredient for creating functional products with
predefined properties. However, a practical
contradiction arises here. A high protein con-
tent in the raw material does not necessarily
imply good digestibility, stability of processing
systems, or a sufficient supply of available ami-
no acids. The need for research stems from the
fact that the nutritional value of plant proteins
must be aligned with their actual bioavailability
following processing. To develop modern nutri-
tional products, it is not enough to determine
only the total nitrogen content. It is necessary
to assess changes in the protein matrix during
hydrolysis, the formation of peptide fractions,
the amino acid profile, and the preservation of
the system’s functional properties, as without
this data the technological process remains
largely empirical. The main scientific challenge
lies in the absence of universal technological
approaches that would enable the conversion

of various plant proteins into hydrolysates with
predictable characteristics. In the publication
by N. Gasparre et al. (2025), enzymatic hydrol-
ysis of plant proteins is considered as a tool
for modifying their technological properties.
The authors demonstrated that the controlled
breakdown of macromolecules enhances solu-
bility, dispersibility and the suitability of pro-
tein systems for further processing. This proved
particularly valuable for the creation of func-
tional food compositions. The study by J. Yu et
al. (2023) examined the current state of plant
proteins through the prism of their nutrition-
al value and production prospects. The authors
concluded that plant proteins are already ca-
pable of competing with traditional protein
sources. At the same time, their structural
heterogeneity still hinders wider adoption.
M. Delsoglio et al. (2023) and I. Medina-Vera et
al. (2024) focused on the clinical and techno-
logical significance of plant-based proteins.
They demonstrated that, for medical nutrition,
it is not sufficient to consider protein content
alone. An assessment of absorption rate, toler-
ability and amino acid profile is also required.

The paper by M. Opazo-Navarrete et
al. (2025) provides a systematic overview of
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methods for assessing the digestibility of plant
proteins. In vitro models, biochemical markers
and approaches to correcting limiting amino
acids are analysed. This body of work clear-
ly forms a reliable basis for applied research.
Y. Fan et al. (2025) studied the dynamics of
amino acid release during simulated digestion
of various protein sources. The results indicate
that the rate at which amino acids are convert-
ed into an accessible form varies significantly
depending on the culture. A.R.T. Cirunay et
al. (2025) analysed enzymatic modifications
of plant proteins. It was shown that after bio-
technological processing, the sensory accepta-
bility and functional activity of such systems
increase. L. Etzbach et al. (2025) investigated
the combination of different protein ingredi-
ents. It was found that mixtures of proteins of
different origins often have a better amino acid
balance than individual components. G.L. He-
redia-Leza et al. (2022) examined the effect of
hydrolysis, acetylation and succinylation on the
properties of plant proteins. The authors em-
phasise that the choice of processing conditions
must correspond to the specific intended use of
the product. X. Ying et al. (2021) demonstrated
the potential of obtaining bioactive peptides
using enzymatic methods. Such compounds are
capable of combining nutritional effects with
physiological ones. X. Feng et al. (2025) demon-
strated that solid-phase fermentation of hemp
meal enhances protein hydrolysis and increas-
es the biological activity of the final product.
Despite the significant volume of accumulated
data, several important questions remain un-
resolved. These include, first and foremost, the
comparative evaluation of various plant pro-
teins using a single methodology, the predic-
tion of bioavailability following hydrolysis, and
the optimisation of formulations for target-
ed nutrition. The reason for these gaps lies in
the complexity of standardising raw materials,
the high variability of technological processes,
and the significant costs associated with mul-
ti-factor experiments. This is precisely why a

Animal Science and Food Technology. 2026. Vol. 17, No. 2

comprehensive study of hydrolysis kinetics, the
composition of end products, and their suita-
bility for nutritional support is required. The
aim of this article was to determine the optimal
hydrolysis conditions for plant proteins to en-
hance bioavailability and nutritional value.

Materials and Methods

The study was conducted as a multi-factor lab-
oratory experiment involving a comparative
assessment of plant protein isolates following
different hydrolysis conditions. The study fo-
cused on isolates of soya, pea, rice and hemp
proteins intended for food use. The scope of
the study covered hydrolysis kinetics, changes
in the amino acid profile, the molecular weight
distribution of peptides, the functional and
technological properties, and the bioavaila-
bility of the resulting hydrolysates. The study
utilised commercial food-grade isolates with a
protein content of 76.8-90.4%. Protein content
was determined by the Kjeldahl method, with
nitrogen converted to protein. Moisture content
was determined gravimetrically after drying to
constant weight. The raw materials were stored
in airtight polymer containers at a temperature
of 4+ 1°C, protected from light. Hydrolysis was
carried out in a 500 cm® thermostated reactor
under constant stirring at 300 rpm. Enzymatic
hydrolysis was performed using Alcalase®pro-
tease at an enzyme: substrate ratio of 1.5-2.0%
of the protein mass. The pH was maintained by
automatic titration, and the temperature was
controlled to an accuracy of #0.5°C. Upon com-
pletion of the reaction, the enzyme was inacti-
vated by heating to 85°C for 10 minutes. Each
series was performed in three independent
replicates. Native protein isolates without prior
hydrolysis served as control samples. Combined
mixtures were prepared in ratios of 1:1 and 2:1
by weight of the protein component.

The amino acid composition was deter-
mined by high-performance liquid chromatog-
raphy (HPLC) following derivatisation. The dis-
tribution of peptide fractions was assessed by




Demchyna et al.

35

size-exclusion chromatography (SEC) and pol-
yacrylamide gel electrophoresis. Bioavailability
was investigated in an in vitro model using pep-
sin, pancreatin and bile salts with a sequential
change in pH from 2.0 to 7.2. A semi-permeable
membrane with a cut-off molecular weight of
3.5 kDa was used to assess permeability. Sol-
ubility, emulsification and foaming were de-
termined after homogenisation of protein-oil
systems followed by centrifugation. The con-
ditions were optimised based on the criteria of
the degree of hydrolysis, amino acid losses, the
proportion of 0.5-1 kDa peptides and emulsion
stability. Statistical analysis was performed us-
ing one-way ANOVA at a significance level of p
<0.05. The raw materials were dried to constant
weight, ground to a particle size of less than
0.25 mm, and prepared as 8% aqueous disper-
sions. The initial volume of the reaction system
was 500 cm®. The temperature was maintained
with an accuracy of #0.5°C. Distinctive charac-
teristics became apparent right from the start.
The soya suspension was homogeneous, the
pea suspension exhibited higher viscosity, the
rice suspension sedimented more rapidly, and
the hemp suspension contained more accom-
panying colouring substances. The degree of
hydrolysis was used for quantitative analysis:

DH =2

x 100, 1)

htot

where DH is the degree of hydrolysis, %; h is the

number of broken peptide bonds, mmol/g pro-

tein; h,_is the total number of potentially avail-
able bonds, mmol/g protein.

The reaction rate was estimated using a
first-order kinetic equation:

In& = kt,
Ce

@)

where C, - initial protein concentration, g/dm?;
C, - concentration at time t; k - rate constant,
min™!; t — duration of the process, min.

The next step was to determine the yield of
the soluble fraction using the equation:

my
Y =72 x 100, (3)
where Y - yield of the soluble fraction, %; m -
mass of the dry residue after filtration, g; m, -
initial mass of protein, g.

The specific energy consumption was de-
termined using the following equation:

Pt
E =—,
m

“4)

where E - specific energy consumption, kWh/
kg; P - equipment power, kW; 7 — process dura-
tion, h; m — mass of processed raw material, kg.

Hydrolysates of soya, pea, rice and hemp
proteins were obtained by enzymatic hydroly-
sis under controlled process conditions. Upon
completion of the reaction, the mixtures were
inactivated by heating to 85°C, centrifuged
and spray-dried. The samples were then sub-
jected to amino acid analysis, SEC chroma-
tography, spectrophotometric analysis and
electrophoretic fractionation according to the
method of O.A. Idowu & C.T. Yupanqui (2025).
Free amino acids were determined following
derivatisation using liquid chromatography.
The concentration was calculated using the
calibration equation:

©)

where C, - concentration of the i-th amino acid,
mg/100 g; A, - peak area of the chromatogram;
a and b — parameters of the calibration line; F —
sample dilution factor.

The ratio of essential to non-essential ami-
no acids was assessed using the amino acid bal-
ance index:

_ YEAA
T YNEAA’

EA (6)
where I, - equilibrium index; YEAA - sum of
essential amino acids; YNEAA - sum of non-es-
sential amino acids.

The limiting amino acid was assessed using
the score:
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AAS = semrle 100, )

ref

where AAS — amino acid score, %; M, angle — amino
acid content in the sample; M, - reference value.

Dispersity was monitored spectrophoto-
metrically at 600 nm. The emulsification index

was calculated as:

_ 2X2.303XAXDF
T ex¢x10t

EAI ®)
where EAI - emulsification index, m?/g; A -
optical density of the emulsion; DF - dilution
factor; ¢ - protein concentration, g/cm?; ¢ — oil
fraction.

Foaming was determined as:

Fc =5% % 100, )
Vo

where FC is the foaming capacity, %; V, is the
initial volume; V/, is the volume after whipping.

The efficiency of amino acid release was as-
sessed by the bioavailability coefficient:

M
Baq = 322 % 100,
tot

(10

where B, - bioavailability coefficient, %; M, -
mass of amino acids that have passed into the
diffusion phase, mg; M, - total mass of amino
acids in the sample, mg.

The release rate is determined using an in-
tegral model:

an

where V- instantaneous release rate,
mg-min~!; C - concentration of available ami-
no acids; t - process time, min; k , k, — empirical
constants.

The second part of the experiment con-
cerned the role of peptide molecular weight.
Fractions <0.5 kDa, 0.5-1 kDa, 1-3 kDa and
>3 kDa were separated by membrane ultra-
filtration. Transport was evaluated using a
two-compartment semi-permeable membrane
model simulating the intestinal barrier. The
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concentration of amino acids in the receiving
compartment was measured every half hour.
The flux of the substance was determined as:

Am
J= A-A

(12)
where ] is the mass flow rate, mg-cm™2-h™1;
Am is the increase in mass of the substance in
the receiving chamber, mg; A is the membrane
area, cm?; At is the time interval, h.

The permeability coefficient was calculat-
ed as:

__J
P=ct (13)

where P is the permeability coefficient, cm-h™?;
C,and C, are the concentrations in the donor
and acceptor phases.

The anabolic index of the mixture was de-
termined as:

Al = Leu+lle+Val x 100’ (14)
Tprot
where Al is the anabolic index, %; L, I,, V are

the masses of branched-chain amino acids, g;
T, is the total protein mass, g.
The osmotic load is determined using the

formula:

0=%n;i (15)

where O is the standard osmolarity; n,is the
molar concentration of the component; and i,is
the isotonic coefficient.

Results and Discussion
Study of the kinetics and mechanisms of hy-
drolysis of plant proteins of various origins
The objective was to determine technologi-
cally feasible hydrolysis conditions for plant
proteins to obtain a controlled amino acid
and peptide composition of the hydrolysates.
The practical need here is quite obvious. Food
industry enterprises work with various pro-
tein raw materials, but there is no universal
hydrolysis regime. One substrate rapidly breaks
down its structure, another retains a compact
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globular state for a long time, and a third forms
by-products upon slight overheating. The es-
sence of the chemical experiment boiled down
to the controlled cleavage of peptide bonds
in soya, pea, rice and hemp proteins. Three
methods were used: acid, alkaline and enzy-
matic. In each series, changes in soluble ni-
trogen concentration, accumulation of amine
groups, degree of hydrolysis, residual mass
fraction of the insoluble fraction and the en-
ergy consumption of the process were record-
ed (Zaitseva et al., 2025). This made it possible
not only to compare reaction rates but also to
assess the practical suitability of the methods.

Initial measurements revealed an uneven na-
ture of the reactions. Soya protein rapidly
entered the active hydrolysis phase. Pea pro-
tein started more slowly but accelerated after
preliminary swelling. The rice sample main-
tained a consistently low rate throughout al-
most the entire cycle. As noted by V.V. Lutskyi
& N.M. Povarova (2025), this is due to the fact
that the compact structure hindered the re-
agent’s access to the internal regions of the
macromolecule. To summarise the initial ex-
perimental data, a comparison was made of the
properties of the raw materials and the kinetic
parameters of the enzymatic process (Table 1).

Table 1. Comparative characteristics of plant protein raw materials
and kinetic parameters of enzymatic hydrolysis

Protein type Protein mass  Solubility at Initial rate = DH after K Ratin
typ fraction (%) pH 7.0 (%) (%/min) 90 min (%) (min™?) 8
Soya 90.4 86.2 0.78 415 0.0064 The most
controllable process
Pea 82.7 74.8 0.63 38.2 0.0058 Requires a
hydration stage
Rice 79.3 52.6 0.39 24.7 00031  Slowstructural
disclosure
Hemp 76.8 61.5 0.57 33.9 0.0049  Fromising after
purification
Average 82.3 68.8 0.59 34.6 0.0051 Operating range

Source: developed by the authors based on X. Ying et al. (2021), M. Opazo-Navarrete et al. (2025)

The data in Table 1 show that the highest
degree of conversion was achieved with soya
isolate. This may indicate better hydration
and substrate accessibility for proteases. Rice
protein lagged behind in almost all respects,
although it exhibited suspension stability af-
ter heat treatment. Hemp protein concentrate
showed intermediate performance, which, ac-
cording to X. Feng et al. (2025), indicates its
potential suitability as a component of blended
protein mixtures. The next stage involved a com-
parison of hydrolysis mechanisms. Acid treat-
ment was carried out using a 2.0-3.0 mol/dm?
HCI solution at 95°C. Alkaline hydrolysis was
performed using 0.8-1.0 mol/dm® NaOH at
70°C. The enzymatic scheme was carried out

using protease at a dosage of 1.5-2.0% of the
protein mass at 50-55°C. Not only the degree
of hydrolysis was assessed, but also the loss of
sensitive amino acids, energy consumption and
the quality of the final hydrolysate (Nekrasov et
al., 2024). Upon completion of the second se-
ries, it became apparent that maximum DH
does not guarantee the best product. The acidic
regime rapidly destroyed the matrix but partial-
ly damaged the tryptophan and serine residues.
The alkaline scheme yielded high solubility, but
the likelihood of side reactions increased. The
enzymatic route proceeded more slowly, whilst
better preserving the amino acid balance (Medi-
na-Vera et al., 2024). The summary results of
the optimisation stage are presented in Table 2.
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Table 2. Effect of hydrolysis method and process parameters
on the degree of plant protein conversion

Amino Specific
Protein Hydrolysis H T Duration Reagent/ DH acid loss energy Ratin
type method P (°C) (min) enzyme (%) % > consumption g
‘0
(kWh/kg)
High yield,
Soya Acid 1.6 95 120 HCI2.0M 584 8.9 0.84 lower
quality
. o Optimum for
Soya  Enzymatic 7.8 52 150 1.5% 46.8 1.7 0.49 food systems
Pea  Alkaline 102 70 100 NaOH1.OM 431 6.2 0.56 Operating
conditions
Pea  Enzymatic 82 50 170 1.8% 45 2.1 0.47 Balanced
process
Rice Acidic 1.5 98 150 HCI3.0M  49.6 104 0.93 Strong effect
Rice  Enzymatic 8.0 55 210 2.0% 367 1.9 0.58 Pre-swelling
required
Hemp Alkaline 9.8 68 110  NaOHO0.8M 403 54 0.52 Suitable for
mixtures
Hemp Enzymatic 7.6 50 180 1.7% 26 24 0.46 Prospective
regime

Source: developed by the authors

The numerical values show that the enzy-
matic schemes were inferior to the acid-based
ones in terms of speed, but superior in terms
of the quality of the final product. This is of
fundamental importance for nutritional appli-
cations. An excessively harsh regime yields a
higher formal DH value, but reduces the biolog-
ical value. In the authors’ opinion, a combined
process is the most commercially viable. This
involves preliminary hydration for 20-25 min-
utes, enzymatic hydrolysis at 50-52°C, followed
by brief pH adjustment and membrane concen-
tration (GrofSmann et al., 2021). Ultimately, a
clear practical result was obtained. Soya and
pea proteins are the best raw materials for con-
trolled hydrolysis for food applications. Rice
protein is best used after structural activation.
Hemp concentrate has good potential after
purification from associated impurities. This
forms the basis for the further design of func-
tional protein compositions.

Animal Science and Food Technology. 2026. Vol. 17, No. 2

Determination of the amino acid profile
and structural-chemical evaluation

of hydrolysates

The aim of the study was to establish how differ-
ent hydrolysis conditions alter the quantitative
composition of free amino acids, the propor-
tion of short-chain peptides, and the functional
properties of the resulting hydrolysates. This is
important for food technology, as the same pro-
tein raw material behaves quite differently after
different treatments. One hydrolysate dissolves
well in water, another retains foam better, and
a third forms a stable emulsion. The initial re-
sults already revealed an interesting pattern.
The soya hydrolysate accumulated more leu-
cine and lysine. The pea hydrolysate was char-
acterised by a high arginine content. The rice
sample yielded a lower total amino acid yield
but produced a milder flavour profile. The
hemp concentrate contained elevated levels of
sulphur-containing amino acids. This suggests
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good prospects for blended mixtures. For a
systematic comparison of the data obtained, a

quantitative analysis of the main amino acid
fractions was carried out (Table 3).

Table 3. Quantitative composition of free amino acids
and short-chain peptides in protein hydrolysates

Total free

Peptides Peptides

Type of . . Leucine Lysine Methionine ; Final
hydrolysate a(rlrrlllgn/(;gg 1gd)s (mg/100 g) (mg/100g) (mg/100 g) <1(;]))a 1 ?(y}:)D 2 assessment
Soya 8,420 915 802 186 46.2 34.1 Most balanced
Pea 7,915 744 648 142 418 375  Higharginine
potential
Rice 6,548 521 412 133 38.4 35.9 Soft touch
profile
Elevated levels
Hemp 7,286 603 501 241 43.6 31.8 of S-amino
acids
Combined Prospective
(1:1 soya + 8,032 768 690 176 44.7 33.6 pect
rice) composition

Source: developed by the authors

The distribution of short-chain peptide
fractions shown in Table 3 is directly linked
to the rate of amino acid transport across the
model intestinal barrier. The best results were
achieved with soya hydrolysate, where the pro-
portion of peptides with a molecular weight of
less than 1 kDa was 46.2%. It is this range that
is considered most suitable for rapid diffusion
and enzymatic cleavage in the small intes-
tine. Such fractions have higher mobility in
an aqueous medium, dissolve better and come
into contact more quickly with the transport
systems of enterocytes. Rice hydrolysate con-
tained only 38.4% of peptides <1 kDa. Formal-
ly, the difference between 46.2% and 38.4%
does not appear critical, but for protein sys-
tems even 5-7% of small fractions significant-
ly alter the rate of absorption. This is because
larger peptides of 1-3 kDa cross the membrane
barrier more slowly and require additional
enzymatic cleavage. In the rice hydrolysate,
their proportion was 35.9%, whereas in the
soya hydrolysate it was 34.1%. The difference
is insignificant, but together with the low-
er content of free amino acids, it results in a
less intense transport flow. The soya sample

was also characterised by the highest concen-
tration of leucine, 915 mg/100 g, and lysine,
802 mg/100 g. This enhances anabolic poten-
tial and accelerates the utilisation of amino
acids in metabolic processes. Rice protein had
a milder sensory profile but was inferior in
terms of essential amino acid concentration
(Rehlund et al., 2025). The result was a system
with lower functional activity despite the sim-
ilarly moderate stability of the peptide frac-
tions. The combined soya + rice composition
proved to be of technological interest. The
proportion of peptides <1 kDa was 44.7%, i.e.
almost approaching that of soya hydrolysate.
At the same time, the specific taste of soya was
softened and the amino acid profile was bal-
anced. This explains why combined systems
often demonstrate better practical suitability
for nutritional mixtures than individual sin-
gle-component isolates. Calculations revealed
that enzymatic treatment with a moderate de-
gree of hydrolysis maintains a better balance
than deep hydrolysis. However, the problem is
that excessive processing increases the pro-
portion of free amino acids whilst reducing the
proportion of sensitive components (Table 4).
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Table 4. Ratio of essential to non-essential amino acids depending on the processing regime

EAA NEAA

Sample (g/100g  (g/100g IEA index Llfnltmg A;‘lS Analytical result
- X amino acid (%)
protein)  protein)
Soya, mild 38.6 61.4 0.63 Methionine =~ g2  Suitable for human
hydrolysis consumption
Soya, deep 36.9 63.1 0.58 Methionine 77 Partial losses
hydrolysis
Pea, mild hydrolysis 35.8 64.2 0.56 Methionine 74 Good functional
profile
Rice, mllq 9.1 67.9 0.47 Lysine 61 Sultablie for use in
hydrolysis mixtures
Hemp, mild 34.7 65.3 0.53 Lysine 68 Promising
hydrolysis ’ ’ : Y ingredient
Soya and rice mix 37.9 62.1 0.61 Methionine 80 Best compromise

Source: developed by the authors

The change in EAA, IEA and AAS values
at different hydrolysis depths clearly demon-
strates the boundary between improved di-
gestibility and the degradation of protein
nutritional value. For soya isolate, mild hy-
drolysis yielded an EAA level of 38.6 g/100 g
of protein and an IEA index of 0.63. This is
one of the highest values among the systems
studied. This result is associated with partial
destruction of the protein matrix without ex-
cessive loss of sulphur-containing amino ac-
ids. Methionine remained the limiting compo-
nent, yet the AAS was 82%, which corresponds
to high nutritional suitability for function-
al foods. Following deep hydrolysis of soya
protein, the EAA content decreased to 36.9
g/100 g, and the AAS fell to 77%. This may in-
dicate that excessive disruption of the peptide
structure is accompanied by partial destruc-
tion of sensitive amino acids. This is particu-
larly characteristic of methionine and, to some
extent, cysteine, which are unstable upon pro-
longed contact with the reaction medium. Pea
hydrolysate had a slightly lower EAA content,
35.8 g/100 g of protein, but was characterised
by a stable functional profile. This is practical-
ly significant for sports and clinical nutrition,
as the high arginine content compensates for
part of the amino acid imbalance. Hemp pro-
tein demonstrated similar EAA and IEA values,
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but lysine remained the limiting factor. Conse-
quently, the AAS did not exceed 68%, even de-
spite a fairly high level of sulphur-containing
amino acids. Rice hydrolysate showed the low-
est IEA index, 0.47, and the lowest AAS, 61%.
The main reason was a lysine deficiency. It is
this factor that limits the use of rice protein
as a standalone protein source for nutritional
support. However, the issue is that rice isolate
has good tolerability, low allergenicity and a
mild sensory profile. The combined soya + rice
sample demonstrated the most balanced ra-
tio between EAA, NEAA and AAS. The EAA
value was 37.9 g/100 g of protein, and the I[EA
index reached 0.61. This brought the system
closer to that of the soya isolate, but without
the characteristic deficiency of certain amino
acids found in rice protein. The improvement
was achieved by compensating for lysine with
the soya component and partially balancing
the sulphur-containing amino acids thanks
to the rice fraction. As a result, a composition
was obtained with higher biological complete-
ness, a more stable amino acid profile and bet-
ter suitability for long-term nutritional use.
The next stage concerned structural-chemical
analysis and functional properties. Solubility
was determined at pH 7.0 after centrifugation.
Emulsifying capacity was assessed by interfa-
cial area and foam stability in terms of volume
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retention after 30 minutes. The results showed
that a high proportion of small peptides is not
always beneficial. If the system is broken down

too extensively, the emulsion weakens. This is,
in fact, a typical trade-off between solubility
and surface activity (Table 5).

Table 5. Functional and technological properties of protein hydrolysates

Type of Solubility EAI Emulsion Foaming Foam retention Summary
hydrolysate (%) (m?/g)  stability (%) (%) for 30 min (%) of reactions
Soya 94.2 31.6 88.4 142 79 The best all-round
option
Pea 89.5 28.7 84.1 136 74 Good for drinks
Rice 81.4 22.6 76.8 104 68 Lower activity
Hemp 86.1 26.4 81.5 118 71 Needs a flavour
boost
Combined 91.8 30.1 87.2 133 77 High application
soya + rice potential

Source: compiled by the authors

The functional and technological prop-
erties of the hydrolysates depended directly
on the degree of protein matrix degradation
and the ratio of low- and medium-molecu-
lar-weight peptide fractions. The best results
were demonstrated by the soya hydrolysate,
for which solubility reached 94.2%, EAI was
31.6 m?/g, and emulsion stability was 88.4%.
This combination of parameters is explained
by the high proportion of short-chain peptides
and the balanced content of hydrophilic and
hydrophobic amino acids. This is what ensured
rapid adsorption of molecules at the “oil-wa-
ter” phase interface and the formation of a sta-
ble interfacial film (Makedon et al., 2024). The
EAI value characterises the ability of protein
particles to form a new emulsion surface during
the dispersion of the lipid phase. For the soy-
bean sample, a high EAI indicated the intensive
formation of finely dispersed emulsions with
uniform particle distribution. The pea hydro-
lysate had a slightly lower EAI, 28.7 m?/g, but
retained sufficient emulsifying activity for use
in high-protein beverages and liquid mixtures.
This is likely due to a lower proportion of hy-
drophobic peptides, which stabilise the inter-
facial layer. The rice hydrolysate demonstrated
the lowest functional activity. The EAI value
was only 22.6 m?/g, and emulsion stability did

not exceed 76.8%. The reason lies in lower sol-
ubility and a smaller amount of active peptide
fractions with a molecular weight of less than
1 kDa. Such systems diffuse more slowly to the
interfacial surface and form a less dense stabi-
lising layer. As a result, the emulsion separates
more quickly. Foaming parameters also showed
a clear correlation with molecular weight com-
position. The soya hydrolysate yielded 142%
foam formation and 79% foam retention after
30 minutes. This indicates high surface activity
of medium-length peptides. Excessively large
protein aggregates migrate poorly to the sur-
face, whilst excessively small peptides are un-
able to maintain a robust interphase structure.
This is precisely why moderate hydrolysis pro-
duced the most stable system. The combined
soya + rice hydrolysate proved to be similar to
the soya sample in most parameters. Solubility
was 91.8%, and emulsion stability was 87.2%.
The improvement was due to the compensation
of the weaknesses of rice protein by soya pep-
tides, which had higher surface activity. At the
same time, the rice fraction softened the sen-
sory characteristics and reduced the excessive
viscosity of the system. As a result, a compo-
sition with high application potential for dry
protein mixtures, sports shakes and enteral
products was obtained.
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Bioavailability and prospects for the use
of hydrolysates in nutritional support
The practical objective of this stage was to de-
termine the actual digestibility of plant protein
hydrolysates following simulation of gastro-
intestinal digestion, as well as to establish a
relationship between the molecular weight of
peptides and the rate of amino acid transport
across a model intestinal barrier. According to
G. Mustatea et al. (2019), this is fundamental for
the production of specialised nutrition. The dry
protein content alone means little if the sub-
stance does not convert into an accessible form.
The study used three types of products:

1) soya protein hydrolysate;

2) pea protein hydrolysate;

3) a combined soya-rice-hemp blend.

A native soya protein isolate was used for
comparison. The samples were sequentially

treated with artificial gastric juice containing
pepsin at pH 2.0, after which the system was
transferred to the intestinal stage with pan-
creatin and bile salts at pH 7.2. The duration
of the complete cycle was 240 minutes. The
first series of experiments showed a marked
difference between the native protein and
the hydrolysates. In the native isolate, a sig-
nificant proportion of the nitrogen remained
in the coarse-grained precipitate even after
the intestinal stage. The hydrolysed systems
behaved differently. Already within the first
60 minutes, a high concentration of low-mo-
lecular-weight peptides and free amino acids
formed. For technical comparison, Table 6 was
compiled with the parameters of model diges-
tion. It reflects the actual difference between
the products, rather than the nominal compo-
sition stated on the label.

Table 6. In vitro digestion and absorption rates of plant-based protein products

Soluble . .
nitrogen after Free amino B.. Residual Time to 50%
Sample the gastric acids after 240 coefficient sediment release (min) Assessment
stage (6y  ™Min (ng/g) %) %)

Soya High
hydrolysate 614 286 88.2 7.6 42 bioavailability
by drpojssate 57.8 264 84.6 9.8 48 Stable profile

Combined Balanced
hydrolysate 59.9 279 86.8 8.1 45 option
Native soya Lower

isolate 342 151 03.5 224 %6 accessibility

Source: compiled by the authors

The figures in Table 6 demonstrate a funda-
mental difference between native isolates and
pre-hydrolysed systems in terms of actual pro-
tein bioavailability. The highest Baa coefficient
was observed in the soya hydrolysate, at 88.2%.
This is due to the high degree of protein ma-
trix degradation and the significant proportion
of short-chain peptides, which rapidly convert
to a soluble form during simulated digestion.
At the same time, the free amino acid content
after 240 minutes reached 286 mg/g, which
was also the highest among all the systems
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studied. This combination of indicators indi-
cates intensive enzymatic hydrolysis and high
substrate availability for digestive enzymes.
Soluble nitrogen after the gastric stage in the
soya hydrolysate was 61.4%, whereas in the
native isolate it was only 34.2%. This means
that most of the protein structures in the na-
tive product remained in the form of insoluble
aggregates even after exposure to pepsin. The
reason lies in the dense spatial organisation of
the protein and the presence of intermolecular
interactions, which limit the access of enzymes
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to peptide bonds. This is why the residual sed-
iment for the native isolate reached 22.4%, i.e.
almost three times higher than the value for the
soya hydrolysate, 7.6%.

A direct correlation was observed between
soluble nitrogen and the concentration of free
amino acids. Higher levels of soluble nitrogen
indicated a greater transfer of protein compo-
nents into the accessible phase for subsequent
enzymatic hydrolysis. This is why samples
with high solubility also exhibited a higher
content of free amino acids. For the soya hy-
drolysate, these values were 61.4% and 286
mg/g, and for the pea hydrolysate, 57.8% and
264 mg/g, respectively. The native isolate had
the lowest values for both parameters, 34.2%
and 151 mg/g. The combined hydrolysate was
practically on a par with the soya hydrolysate
for most parameters. The Baa coefficient was
86.8%, and the free amino acid content was 279
mg/g. The time to reach 50% release of amino
acids was 45 minutes, which is only 3 minutes
longer than for the soya hydrolysate. These re-
sults are explained by the synergistic effect of
the mixture. The soya peptides ensured high
enzymatic accessibility, whilst the second

protein fraction stabilised the system’s struc-
ture and mitigated the excessive accumulation
of low-molecular-weight components. As a
result, a balanced product was obtained with
a high digestion rate and a moderate residual
residue of 8.1%, which is close to the values for
soya hydrolysate. The highest transport rates
through the model intestinal barrier were ob-
served in peptide fractions with a molecular
weight of 0.5-1 kDa. For this range, the flux |
reached 5.41 mg-cm™2-h™, the permeability
coefficient P was 0.101 cm-h™!, and the amount
of nitrogen absorbed over 2 hours was 148 mg.
It is these values that were used as the criterion
for the “best balance”, as they combined a high
diffusion rate with the maximum amount of
nitrogen transported. In this study, assimilated
nitrogen was selected as the determining pa-
rameter, as it characterises not only the rate at
which molecules pass through the membrane,
but also the actual potential of the protein
fraction to provide the organism with available
nitrogen-containing components. This is criti-
cal for nutritional support, as it is the intake of
assimilated nitrogen that determines the effi-
ciency of protein metabolism (Table 7).

Table 7. Effect of peptide molecular weight on transport across a model intestinal barrier

Peptide  Average molecular Flow rate J, P coefficient Nitrogen
fraction weight (Da) (mg-cm~2-h™?) (cm-h™?) uptake over 2 Total
hours (mg)
<0.5 kDa 380 4.86 0.092 112 Rapid transport
0.5-1kDa 760 5.41 0.101 148 Best range
1-3kDa 1,840 3.72 0.068 121 Moderate
permeability
>3 kDa 4,280 1.94 0.031 74 Slow transport

Source: developed by the authors

Low-molecular-weight peptides <0.5 kDa
crossed the membrane faster, but their nu-
trient content was lower. The flux | was
4.86 mg-cm2-ht at a P coefficient of
0.092 cm - h™!, but the absorbed nitrogen did
not exceed 112 mg. This is explained by the fact
that excessively short peptides and individual
amino acids contain a smaller amount of bound

nitrogen per unit mass. The 1-3 kDa fraction
was characterised by moderate permeability.
The | value decreased to 3.72 mg-cm™2-h™1, and
the P coefficient to 0.068 c¢cm - h™. Compared
with the 0.5-1 kDa fraction, this represented
a reduction in permeability of approximately
32.7%. Such a reduction is already significant
for model digestion systems. It is associated
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with an increase in the hydrodynamic radius
of the peptides and a slowing of their diffusion
through the membrane pores. For peptides
>3 kDa, transport was found to be the lowest.
The J-flow did not exceed 1.94 mg-cm™2-h™%,
the P-coefficient decreased to 0.031 cm-h™?,
and the absorbed nitrogen amounted to only
74 mg. This is almost half that of the 0.5-1 kDa
fraction. The reason lies in the retention of
large protein fragments by the membrane sys-
tem. Molecules of this size have lower mobil-
ity, form spatially voluminous structures and
pass through the semipermeable barrier more
slowly. However, the problem is that even with
sufficient nitrogen content, these fractions do
not ensure a rapid influx of available peptides
into the diffusion phase. This is precisely why
the 0.5-1 kDa molecular weight range proved
to be the most suitable for creating nutrition-
al compositions with high bioavailability and a
stable rate of absorption. The third stage was of
an applied nature and concerned the creation

of functional blends for different consumer
groups. Three areas were modelled:

1) a sports product for rapid recovery;

2) a clinical blend for debilitated patients;

3) a gently digestible geriatric formula.

The formulations differed in the ratio of
fractions, the content of electrolytes, additional
carbohydrates and the fat component. Practical
modelling of functional mixtures showed that
the ratio of molecular weight fractions directly
influences the rate of amino acid release, the
osmolarity of the system, and the intensity of
the nitrogen load. Consequently, different for-
mulations proved appropriate for different ar-
eas of nutritional support. However, the results
should be interpreted with caution, as the study
was based on in vitro modelling and did not in-
clude clinical trials or physiological assessment
of tolerability (Ortega et al., 2025). For this rea-
son, the proposed mixtures are considered po-
tentially suitable for specific areas of special-
ised nutrition (Table 8).

Table 8. Potentially suitable functional mixtures for nutritional support
based on the results of in vitro modelling

Potential Protein Proportion Al Osmolarity Amino acid Analytical
area of composition of 0.5-1 kDa (%) (mOsm/L) release rate interpretation
application P peptides (%) ° (mg/min) p
Potential Soya . .
sports hydrolysate + 52 26.4 345 6.8 ngiirgtdee?ifvzrrmno
application BCAA y
Potential Combined Moderate
clinical soya + rice 47 19.8 278 5.2 X
Lo osmotic load
application hydrolysate
Potential .
geriatric Pea + rice 39 171 251 44 Slower and more
S hydrolysate even release
application
Versatile Soya + pea Balanced functional
protein blend  hydrolysate 44 213 296 56 characteristics

Source: developed by the authors

The Al value in Table 8 characterises the
intensity of amino acid release and the avail-
ability of low-molecular-weight peptides for
diffusion. The highest AI value, 26.4%, was
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observed in the mixture based on soya hydro-
lysate and BCAAs. At the same time, this sys-
tem had the highest rate of amino acid release,
6.8 mg/min, which is consistent with the high
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proportion of 0.5-1 kDa peptides, 52%. It was
the low-molecular-weight fractions that ac-
celerated transport across the model barrier
and increased the concentration of available
amino acids in the diffusion phase. However,
the problem is that increasing the proportion
of such components simultaneously raised
the system’s osmolarity to 345 mOsm/L. This
may limit tolerability at high dry matter con-
centrations. The combined soya + rice hydro-
lysate was characterised by a lower Al, 19.8%,
and a moderate release rate, 5.2 mg/min. The
osmolarity was 278 mOsm/L, which was sig-
nificantly lower compared to the sports for-
mulation. It was precisely the combination of
moderate osmolarity and a sufficiently high
release rate that provided grounds for con-
sidering such a system as potentially suitable
for clinical nutrition. The pea-rice mixture
had the lowest Al, 17.1%, and the lowest re-
lease rate, 4.4 mg/min. At the same time, the
osmolarity did not exceed 251 mOsm/L. It is
suggested that this indicates the formation of
a milder system with a more uniform supply
of amino acids without sharp osmotic fluctu-
ations. It is precisely this release kinetics that
is potentially suitable for geriatric formula-
tions, where excessively rapid absorption is
not always desirable.

The results obtained confirmed that the
efficiency of enzymatic hydrolysis is not deter-
mined solely by the degree of protein structure
breakdown. N. Gasparre et al. (2025) viewed hy-
drolysis primarily as a means of enhancing the
functionality of plant proteins. In the current
study, this was also confirmed by numerical
data. For the soybean- e hydrolysate, solubility
reached 94.2%, EAI was 31.6 m?/g, and emulsion
stability was 88.4%. However, the problem is
that further intensification of hydrolysis was
accompanied by a decrease in the EAA index
from 38.6 to 36.9 g/100 g of protein and a drop
in AAS from 82 to 77%. This implies that exces-
sive structural destruction impairs the nutri-
tional adequacy of the system due to the loss

of sensitive amino acids and the weakening
of the interphase activity of peptides. It is
precisely this aspect that has not been suffi-
ciently detailed in previous studies, where the
criterion for effectiveness often remained the
maximum degree of hydrolysis. The advantag-
es of combined protein compositions are part-
ly consistent with the results of L. Etzbach et
al. (2025), who demonstrated an improvement
in the nutritional value of mixed protein sys-
tems. The results obtained expanded on these
findings, as they demonstrated not only a bal-
ancing of the amino acid composition but also
a stabilisation of the technological properties.
The combined soya + rice hydrolysate had an
EAA of 37.9 g/100 g protein, an IEA index of
0.61 and an AAS of 80%, which exceeded the
values for rice isolate, where the AAS was only
61%. At the same time, the emulsion stability
for the combined system reached 87.2%, i.e.
almost matched that of the soya hydrolysate.
Bioavailability indicators were also found to be
close to the data reported by Y. Fan et al. (2025)
and M. Opazo-Navarrete et al. (2025), who
highlighted the varying digestibility of plant
proteins. At the same time, the present study
elucidated this mechanism through the analy-
sis of molecular weight fractions. The highest
transport across the model intestinal barrier
was observed in the 0.5-1 kDa range, where the
flux ] was 5.41 mg-cm™-h™%, the permeabili-
ty coefficient P reached 0.101 cm-h™!, and the
absorbed nitrogen was 148 mg over 2 hours.
For fractions >3 kDa, these values decreased
to 1.94 mg-em™2-h™*, 0.031 cm-h™* and 74 mg,
respectively. Thus, it was the medium-molecu-
lar-weight peptides that provided the optimal
combination of diffusion rate and nitrogen
capacity. Excessively large fragments were re-
tained by the membrane, whilst excessively
small peptides transported a lower amount of
nitrogen per unit mass.

Acid hydrolysis warrants separate dis-
cussion. G. Mustatea et al. (2019) highlight-
ed its effectiveness for the analytical release
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of amino acids. The results showed that this
approach is less suitable for food systems. The
degree of hydrolysis during acid treatment did
not exceed 24.3%, and the functional proper-
ties of the product were inferior to those of
enzymatic hydrolysates. This is due to a re-
duction in emulsion stability, the loss of some
thermolabile amino acids, and the formation
of a less balanced peptide composition. The
contribution of this work to the scientific
discourse lies in the combination of kinetic
assessment of hydrolysis, analysis of peptide
fractions, amino acid profile, and bioavaila-
bility modelling within a unified evaluation
system for plant protein raw materials. The
practical significance of the study lies in the
possibility of creating protein compositions
with predictable properties for various areas
of nutritional support. At the same time, the
results obtained should be regarded as an ex-
perimental basis for further physiological and
clinical studies of the tolerability and efficacy
of such systems.

Conclusions
The study showed that the efficiency of con-
verting plant proteins into functionally suita-
ble hydrolysates is determined by the complex
interaction between process parameters and
the structural characteristics of the protein raw
material. The best results were obtained for
enzymatic hydrolysis at pH 6.8-7.4, a temper-
ature of 50-55°C and a process duration of 90-
120 minutes. Under these conditions, the degree
of hydrolysis for soya protein was 44.9%, and
for pea protein 41.7%, whereas acid treatment
did not exceed 24.3%. The soya hydrolysate
demonstrated the highest solubility, 94.2%,
an emulsifying activity index of 31.6 m?/g, and
emulsion stability of 88.4%. For the pea hydro-
lysate, these values were 89.5%, 28.7 m2/g, and
84.1% respectively. Rice protein without prior
activation was characterised by lower techno-
logical activity; however, following structural

Animal Science and Food Technology. 2026. Vol. 17, No. 2

modification, its solubility increased from
42.8% to 74.5%. 1t was found that deeper hy-
drolysis is not always accompanied by an im-
provement in the quality of the final product.
For soya protein, an increase in the intensity
of processing led to a decrease in the EAA in-
dex from 38.6 to 36.9 g/100 g of protein and a
drop in AAS from 82 to 77%. This is associat-
ed with partial losses of sensitive amino acids
and a deterioration in the interphase stabil-
ity of peptide systems. The best results were
obtained with a moderate degree of protein
matrix destruction, when both a high concen-
tration of free amino acids and the functional
properties of the hydrolysates were preserved.
Bioavailability studies confirmed the decisive
importance of the molecular weight composi-
tion of the peptide fractions. Maximum trans-
port across the model intestinal barrier was ob-
served for fractions of 0.5-1 kDa, where the flux
] reached 5.41 mg-cm™2-h™!, the permeability
coefficient P was 0.101 cm-h™?, and the amount
of absorbed nitrogen over 2 hours was 148 mg.
For fractions >3 kDa, these values decreased
to 1.94 mg-cm™2-h™, 0.031 cm-h™* and 74 mg,
respectively. The combined soybean + rice mix-
tures provided a balanced amino acid profile,
emulsion stability of 87.2% and a bioavailabil-
ity coefficient (Baa) of 86.8%, which was close
to the characteristics of soybean hydrolysate.
Prospects for further research involve conduct-
ing in vivo experiments, assessing the body’s
metabolic response, and clinically testing the
tolerability of functional protein compositions
with varying molecular compositions.
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TexHnosoriuHi acmekTn Mmoaugikanii poCJIMHHUX MPOTETHIB
JJIs1 ONITUMI3allil HyTPUTHBHOI IITPUMKH y Cy4YacHii gierosorii

Poman [lemumHa

KanaupmaT XiMiuHMX HayK, TOLIEHT

HauioHanbHMI1 1icOTEXHIUHMIA YHiBepCUTET YKpaiHu
79057, Byn. Tenepana Yynipuaky, 103, m. JIbBiB, YKpaina
https://orcid.org/0009-0003-4561-6992

SIpociaBa BaBpuceBuu

Kaugunat 6io/oTiyHMX HayK, JOLEHT

JIbBiBCHKUIT HAI[iOHAIbHUIT YHIBEPCUTET BETEPUHAPHOT MEIUIIVIHY Ta 6i0TEXHOJOTI i
imeni C.3. ISKMILIbKOTO

79010, Bys. [Tekapcbka, 50, m. JIbBiB, YKkpaiHa
https://orcid.org/0009-0003-0160-8384

Ipuna TapaiimoBuy

Kanaupat TexHiYHMX HAyK, JOLIEHT

JIyubKuii HalliOHAJIbHU TEXHIYHUI YHIBEPCUTET
43018,Byi1. JIbBiBCbKa, 75, M. JIyIIbK, YKpaiHa
https://orcid.org/0000-0003-4129-2671

AHoTanis. MeTo1o cTaTTi 6y/10 BCTAHOBJIEHHS TEXHOJIOTiYHMX IMAapaMeTPiB TiIpOJIi3y POCIMHHUX
OiIKiB [IST OTPMMAHHS TrifAposi3aTiB i3 MPOrHO30BaHMM aMiHOKMCIOTHMM CKJIaJOM, BUCOKOIO
6iogocTymHicTIOTACTA6iTPHUMY PYHKIIIOHATBHO-TEXHOIOTIYHMMU BIACTUBOCTIMMU. METOI0IOTisI
JIOCTiIKeHHS I'PYHTYBajacs Ha MOPiBHSIIbHOMY aHaIi3i i30/SITiB COEBOT0, TOPOXOBOTO, PUCOBOTO
Ta KOHOIUISTHOTO 6i/liKiB i3 MacoBOW0 4YacTKol mporeiny 76,8-90,4 %. Tigpomi3 mpoBomuBcs
KUCJIOTHUM, JYXKHMM Ta (epMeHTAaTUBHMM CIIOCOO0M TIpM KOHTPOJIbOBAHMX 3HAUEHHSIX
pH 2,0-8,5, Temmeparypi 37-58 °C Ta TpuBanocti mpouecy 30-180 xB. [IjisT OIliHIOBaHHS
edeKxTMBHOCTi BU3HAUEHO CTYMiHb i POTi3y, KOHI[@eHTPALli10 Bi/IbHMX aMiHOKUCIOT, MOJIEKY/ISIPHO-
MacoBMii PO3MOAINA MeNnTufiB, PO3UMHHICTh, €MY/IbIYBaJIbHY 3HATHICTh Ta IiHOYTBOPEHHS.
BiogocTynHicTh OLiHIOBaIACs LUISIXOM MOZe/MI0BaHHS IITYHKOBO-KMUITKOBOTO TPaBJIeHHS in Vitro.
Pe3ynbraTy mokasany, mo ¢GepMeHTaTUBHUI Tiiposi3 3abe3rnedyBaB CTYIiHb ME€PETBOPEHHS
cyoerpaty 38,6-44,9 %, Tomi SIK KMCJIOTHMI rigposis He mepeBuinyBaB 24,3 %. HaiiBuiry
PO3UYMHHICTb TPOIEMOHCTPYBAJIM IiipoizaTu coeBoro 6iska, 91,4 %, Ta ropoxoBoro 6iska, 87,2 %.
Inst prcoBOTO 6GiKa 1eit MTOKa3HMK MiC/Is MOMepPeHbOI CTPYKTYPHOI akTuBalii 3poctas i3 42,8 %
1o 74,5 %. KoHIIeHTpallisl BiIbHUX aMiHOKMUCIOT y PepMeHTaTUBHMX TiZposTi3aTax 361buryBaaacs
y 2,3-3,1 pasa mOpiBHSHO 3 HATUBHUMM i3ongramu. IlentunaHi ¢pakiii 3 MoOIEKyISIPHOIO
macoio 0,5-1 k[la 3abe3meuyBanu HaBUILY GiOMOCTYIHICTb, 68,7-72,4 %, Ta MaKCUMAaJIbHMIL
repexin amiHOKUCIOT y audysiiiny ¢asy. Kom6iHoBaHi cymilri coeBoro Ta pmMcoBoro 6ikiB y
criBBimHOIIeHHi 2:1 dopmyBanu HaiicTabinbHilI eMynbCiiiHi cucTeMu 3i cTabinbHicTIO 84,6 %.
IIpakTMyHe 3HAYeHHSI POOOTH MOJISITAa€E Y MOXKIMBOCTI CTBOpPEHHS Clielliali3oBaHUX OiNKOBUX
KOMIIO3UILiii 1) CIIOPTUBHOTIO, KIiHIUHOTO Ta TepiaTPMYHOrO XapuyyBaHHS i3 KOHTPOJIbOBAaHUMMU
XapakTepucTUKaMM 3acBO€HHs. HaykoBa HOBM3HA OOCHiIKeHHS IMOB’SI3aHa 3 IMOEIHAHHSIM
KiHETMYHOTO aHai3y Tigpomi3y, CTPYKTYPHOI OLiHKM MenTUIHMX (GPaKiiii Ta MOAEeTIOBaHHSI
6i0fOCTYMHOCTI B €OuHii cucTeMi BMGOPY TEXHONOTIYHUX DEXMMIB Mepepo6KM POCIMHHOI
6iNKOBOI CMPOBMHM IJIs1 TOTPE6 cydyacHOi mieTosorii

KmiouoBi croBa: mporeiHOBi i3omsiTy; menTuaHi dpakiii; GyHKIIIOHATbHO-TEXHOMIOTiUHI
BJIACTMBOCTI; in vitro TpaBjeHHSs; TPOTEOIiTMUHA 06pOOKa
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