3epHoBi npoaykTH i Kombikopmu, Vol.26, 1.2 (102) / 2026

-
@ ©) “ ONUT

UDC [664.641.1:664.8.037.5] m—sssrams Open Access
DOI https://doi.org/10.15673/gpmf.v26i2.3507
L. Telegenko, Dr. of Technical Sciences, Associate Professor, E-mail: telegenko@ukr.net
https://orcid.org/0000-0001-6675-2625
E. Ivanenko, PhD student, £-mail: ivanenkoegenij@gmail.com
https://orcid.org/0000-0001-8356-8352
Odesa National University of Technology, 112, Kanatna Str., Odesa, 65039, Ukraine

THE ROLE OF FROZEN FLOUR-BASED SEMI-FINISHED
PRODUCTS IN THE MODERN FOOD SYSTEM

Abstract

The article provides a comprehensive analysis of the role of frozen flour-based semi-finished products in the modern food
system in the context of globalization, urbanization, and transformation of the population's eating behavior. It is determined that the
growth of the convenience food segment and ready-to-eat solutions designed to replace home meal preparation is directly linked to
lifestyle shifts, time deficits for cooking, and an increasing demand for products with a high level of technological readiness. The
study substantiates that frozen flour-based semi-finished products perform an important function of adapting food systems to modern
socio-economic conditions, ensuring a combination of long shelf life, quality stability, processing convenience, and rapid product
preparation. This study analyzes current approaches to the classification of frozen flour-based semi-finished products, which include
dough systems, pre-formed products, and combined multi-component products. It is established that the quality of such systems is
determined not only by formulation but also by the specific structural organization of the product, water state, freezing rate, and
storage conditions. The mechanisms of cryodestructive processes associated with ice crystal formation, water migration, recrystalli-
zation, and the degradation of the dough gluten-starch matrix are examined. It has been determined that yeast-raised and fermented
systems are the most sensitive to low temperatures, characteristically exhibiting a decline in gas-holding capacity and the fermenta-
tive activity of yeast cells. Special attention is paid to multi-component frozen products such as lasagna, which are considered multi-
phase frozen food systems with a complex structure of interfacial interactions. It is shown that degradation processes in these sys-
tems encompass the disruption of the starch-protein structure of the dough, protein denaturation, destabilization of sauce emulsions,
and moisture migration between individual product layers. The necessity of a comprehensive approach to predicting textural, micro-
structural, and sensory changes during the freezing and reheating of multi-component products is substantiated. The article systema-
tizes contemporary international scientific approaches to improving the stability of frozen flour-based semi-finished products. The
application of naturally derived cryoprotectants, hydrocolloids, protein ingredients, enzymatic modification of dough, and innovative
structure stabilization methods is highlighted. The use of low-field nuclear magnetic resonance (LF-NMR) and differential scanning
calorimetry (DSC) to investigate water phase transitions, evaluate moisture mobility, and determine the degree of cryodestruction of
the gluten-starch matrix is analyzed separately. The state of water is established as the key factor determining structural stability,
rheological properties, and the rate of degradation processes in frozen systems. The impact of freezing on the nutritional and biolog-
ical value of flour-based products is analyzed. It is determined that under stable temperature conditions, the content of major macro-
nutrients remains relatively constant; however, freeze-thaw cycles can lead to the loss of water-soluble vitamins, alterations in anti-
oxidant activity, and modification of starch structure. It is shown that the retrogradation of amylose and amylopectin promotes the
formation of resistant starch and a potential reduction in the glycemic index of final products. Current developmental trends in fro-
zen flour-based semi-finished product technologies across the European Union, the USA, and Asia are summarized. The priority
research areas are identified as the creation of clean-label products with simplified formulations, the use of natural cryoprotective
components, the development of gluten-free systems, the optimization of energy-efficient freezing modes, and the integration of digi-
tal models for predicting degradation processes. It is proved that promising directions for Ukraine include the creation of interdisci-
plinary research platforms, the advancement of low-field nuclear magnetic resonance and differential scanning calorimetry methods,
the investigation of multi-component product stability, and the adaptation of international technological solutions to the conditions
of an unstable cold chain.

Keywords: frozen flour-based semi-finished products; dough systems; lasagna; freezing; cryoprotectants; cold chain; food
security; convenience foods.

Introduction the dough gluten-starch matrix, water migration, ice re-

The modern nutrition system is shaped by the in-
fluences of globalization, urbanization, intensification of
production, and changes in consumer dietary behavior.
One of the most dynamic segments of the agri-food sys-
tem is the market for frozen flour-based semi-finished
products, which provide a combination of processing
convenience, extended shelf life, and product quality
stability. Conditions of time deficits and growing de-
mand for convenience foods stimulate the development
of technologies for products with a high level of culinary
readiness, in which frozen flour-based items occupy a
crucial place.

At the same time, freezing processes are accom-
panied by complex physicochemical alterations within
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crystallization, and product structure degradation. This
necessitates a comprehensive investigation into the
mechanisms of cryodestruction, structure stabilization,
and nutritional value preservation in frozen flour-based
systems.

Research Purpose and Objectives

The purpose of this study is to systematize con-
temporary scientific approaches to frozen flour-based
semi-finished product technologies and to analyze the
physicochemical, technological, and nutritional aspects
of their functioning within the modern nutrition system.

Main objectives of the study:

To analyze the role of frozen flour-based semi-
finished products in modern food systems.
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To systematize the classification of frozen dough
and multi-component systems.

To characterize the mechanisms of dough struc-
ture degradation during freezing and storage.

To analyze the impact of freezing rates and water
states on product quality.

To investigate contemporary approaches to using
cryoprotectants and functional ingredients.

To evaluate the impact of freezing on the nutri-
tional and biological value of the products.

To summarize international research experience in
the EU, USA and Asia, as well as to outline perspectives
for the advancement of Ukrainian research in this field.

Materials and Methods

The literature base of this study comprised recent
scientific publications on technologies for frozen flour-
based semi-finished products, physicochemical mecha-
nisms of freeze-induced structural deterioration, the use
of cryoprotectants, and quality assessment of frozen food
systems.

The study was based on research findings reported
in international scientific journals indexed in Scopus and
Web of Science, as well as on FAO materials and recent
review articles in the field of Food Science and Technol-
ogy.

The methodological framework of the study was
based on a comprehensive analytical approach that in-
cluded the systematization of literature sources, a com-
parative analysis of technological solutions, the synthesis
of physicochemical mechanisms underlying dough deg-
radation, and an assessment of international trends in the
development of freezing technologies.

The study utilized current analytical methods to
investigate frozen systems, including differential scan-
ning calorimetry (DSC), low-field nuclear magnetic res-
onance (LF-NMR), alongside textural, rheological, and
microstructural analyses. These methods enable the eval-
uation of water phase transitions, the state of the gluten
matrix, moisture mobility, and the structural stability of
frozen flour-based semi-finished products.

Results and Discussion

The modern nutrition system is a complex, multi-
level, and dynamic framework that integrates all stages
from production and processing to consumption and dis-
posal of products. The development of the nutrition sys-
tem is driven by global socio-economic transformations,
demographic shifts, and technological progress. One of
the leading trends is the globalization of agri-food chains,
which expands access to diverse food products regardless
of regional and seasonal constraints. However, at the
same time, this creates a structural dependency on inter-
national trade and elevates the risks of supply chain dis-
ruptions during crises. Concurrently, a process of produc-
tion intensification is taking place, driven by population
growth and urbanization. [1]

An important aspect is the transformation of the
population's dietary structure. In many countries, an in-
crease in the consumption of ultra-processed foods is
recorded. A distinct role in changing dietary behavior is
played by the factor of time deficits. The accelerating
pace of life, rising employment rates, and an urbanized
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lifestyle drive the increased demand for convenience
foods or ready-to-eat meals. Thus, the modern nutrition
system is shaped by interrelated global processes —
globalization, urbanization, and lifestyle shifts — which
collectively lead to the transformation of dietary patterns
toward increased availability and consumption conven-
ience.

In contemporary agri-food systems, food products
with varying degrees of technological processing, partic-
ularly semi-finished products, are gaining increasing im-
portance. Semi-finished products are foods or ready
meals that have undergone partial processing and require
minimal culinary preparation before consumption. Such
products play a vital role in the functioning of food sup-
ply chains, as they combine the technological advantages
of ease of use, contribute to the optimization of storage
processes and facilitate product quality standardization.

[2]

Within the context of contemporary research, food
security is defined as a state in which the population has
physical, social and economic access to a sufficient quan-
tity of safe and nutritious food necessary to maintain an
active and healthy lifestyle. [3] From the perspective of
food security, the utilization of semi-finished products
offers numerous advantages. Firstly, technologies involv-
ing pre-processing, freezing, and vacuum packaging al-
low for a significant prolongation of product shelf life,
expanding their availability across different regions and
ensuring the stability of food supplies. This is particular-
ly relevant for the foodservice and retail sectors. Second-
ly, semi-finished products ensure a more efficient utiliza-
tion of raw materials, including secondary resources of
the food industry, thereby contributing to the enhanced
resource efficiency of such food systems.

From the viewpoint of socio-economic factors, the
popularity of semi-finished products is closely linked to
shifts in the population's lifestyle. Urbanization and time
deficits for food preparation stimulate the demand for
convenience foods and ready-to-eat food solutions. [4, 5]
For foodservice establishments, the technologies of fro-
zen flour-based semi-finished products are of particular
importance, as they allow for the combination of high
customer service speed with product quality stability.
The use of frozen semi-finished products provides an
opportunity to partially shift labor-intensive technologi-
cal operations outside of peak production loads, which
contributes to the optimization of staff performance and
the reduction of operational stress during hours of maxi-
mum customer flow.

Furthermore, the application of frozen products
allows for the standardization of product organoleptic
characteristics, minimization of processing losses, and
enhancement of production process predictability. In the
HoReCa segment, this is particularly vital for establish-
ments with high service intensity, where the stability of
texture, taste, and preparation time directly impacts ser-
vice quality and the economic efficiency of production.

Contemporary concepts of convenience food and
home meal replacement (HMR) also demonstrate that the
utilization of frozen semi-finished products in the food-
service industry serves not only as a tool for production
optimization but also as an important element in adapting
food systems to the population's dynamic lifestyle. [4-6]
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Thus, semi-finished products perform the function
of adapting food systems to the modern consumption
model, which combines accessibility, speed of prepara-
tion, and relative stability of product quality. [2]

Among the wide assortment of semi-finished
products, frozen flour-based semi-finished products are
of distinct importance, combining both technological and
consumer advantages. The application of freezing pro-
cesses allows for the extension of their shelf life while
preserving their functional properties. This enables flexi-
ble planning of the production and marketing of such
semi-finished products. At the same time, the specific
characteristics of flour raw materials, particularly the
presence of the gluten matrix and starch, or biologically
active microflora in the case of yeast-leavened products,
determine the increased sensitivity of these products to
low temperatures and the associated physicochemical
transformations. The classification of frozen flour-based
semi-finished products allows for the structuring of exist-
ing approaches to their manufacturing and quality as-
sessment, while also establishing a foundation for further
analysis of the impact of technological factors on their
properties.

Frozen flour-based semi-finished products should
appropriately be considered a heterogeneous technologi-
cal group, in which quality, storage stability, and thawing
behavior are determined not only by formulation but also
by the degree of the product's structural organization. In
contemporary literature, this group is conventionally di-
vided into the following categories: frozen dough sys-
tems and pre-formed flour-based semi-finished products.
[7-9]

The first category includes various types of dough
— yeast-leavened, unleavened, puff, and shortcrust —
which are characterized by complex rheological behavior
and high sensitivity to cryogenic effects [10]. The second
category comprises pre-formed products, specifically
vareniki, dumplings, and pizza bases, as well as par-
baked or pre-formed bakery semi-finished items, for
which mechanical integrity, shape stability, and behavior
during final heat treatment are primarily decisive [9, 11].

Such a classification is not merely descriptive but
also functional in nature. Specific product groups differ
significantly in the character and mechanisms of changes
occurring during freezing and subsequent storage. For
dough systems, the critical processes include ice crystal-
lization, water migration, destabilization of the gluten-
starch matrix, and a decline in gas-holding capacity [7,
12]. In contrast, for pre-formed products, especially mul-
ti-component ones, additional significance is held by
phenomena of local structural disruption, degradation of
interfacial boundaries, and textural changes after thawing
[9, 13].

Overall, yeast-leavened and pre-fermented sys-
tems are considered the most vulnerable to low tempera-
tures. This is attributed to the sensitivity of yeast cells
and the instability of the gas-holding structure. However,
pre-formed products with fillings or partially heat-treated
items demonstrate relatively higher stability, although
they are characterized by specific quality critical points,
such as shell integrity, layered structure stability, or fill-
ing behavior during thawing [9, 11].

A separate subgroup within the system of frozen
flour-based semi-finished products includes multi-
component pre-formed products that can be classified
neither as dough systems nor as simple flour-based semi-
finished products. This group comprises products such as
lasagna, which are characterized by a complex multi-
layered structure combining a flour matrix (pasta/dough
sheets), protein components (meat, cheese), sauce sys-
tems, and auxiliary ingredients. Lasagna, as a multi-
component frozen product, is characterized by a complex
system of interfacial interactions; therefore, the reaction
of individual components to freezing is heterogeneous.
During the freeze-thaw cycle, flour sheets may undergo
degradation of the starch-protein matrix and lose me-
chanical integrity due to water migration and starch ret-
rogradation. Meanwhile, meat components are sensitive
to protein denaturation and the loss of water-holding ca-
pacity, which can lead to increased syneresis after thaw-
ing. Sauce systems, specifically béchamel or tomato
sauces, are critical in terms of phase stability. During
freezing, emulsion separation, local concentration of so-
lutes, and the formation of ice crystals may occur, dis-
rupting textural uniformity. Cheese components may lose
plasticity and demonstrate increased graininess after
thawing due to dehydration of the protein matrix. Mois-
ture migration between layers plays a special role in la-
sagna stability. The redistribution of water between
dough sheets, sauce, and protein components can lead to
local over-moistening or, conversely, the drying of indi-
vidual layers. In scientific literature, such products are
considered combined or multi-component flour-based
semi-finished products, where integral quality is formed
through phase interaction, layer stability, and the ability
to retain sauce and structure after freezing and heat
treatment. Consequently, for multi-component products,
the freezing rate, temperature stability, and the use of
structure-forming components capable of stabilizing the
system'’s water state are critically important.

Thus, frozen lasagna represents a distinct classifi-
cation category — combined frozen flour-based semi-
finished products with a high degree of readiness, occu-
pying an intermediate position between classic flour-
based semi-finished products and fully prepared culinary
items. In contemporary research, such products are con-
sidered a distinct class of multiphase frozen foods, re-
quiring comprehensive models to predict textural, micro-
structural, and sensory changes during storage and re-
heating.

Freezing of flour-based semi-finished products is
a key technological stage that determines subsequent
quality stability, rheological properties, and behavior
during thawing and final heat treatment. Unlike many
other food systems, flour-based semi-finished products
are characterized by a complex multi-component organi-
zation, where water, starch, gluten proteins, and — in the
case of yeast-leavened products — the cellular structures
of microorganisms form a dynamic, thermodynamically
unstable system sensitive to cryogenic effects [7, 9, 10].
It is this structural complexity that necessitates a detailed
analysis of freezing technological parameters and their
impact on product quality.

In industrial conditions, fast and ultra-fast (shock)
freezing technologies are the most common, and their
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efficiency is determined by the speed at which the prod-
uct passes through the temperature range from 0 to —5°C,
which is critical in terms of crystal formation intensity

[7, 11].

Fast freezing promotes the formation of fine ice
crystals, which minimizes mechanical damage to the
gluten-starch matrix and ensures the preservation of the
dough's structural integrity after thawing [10, 14]. Ultra-
fast freezing, implemented using cryogenic agents or
intensive air flows, further limits moisture migration and
reduces the risk of degradational changes [9]. At the
same time, excessive intensification of the process can
negatively affect the biological components of the sys-
tem, particularly yeast cells, by reducing their fermenta-
tive activity [12]. Thus, the choice of freezing mode
should be based on a balance between minimizing struc-
tural damage and preserving the functional activity of the
biological components.

Cryoscopic processes, which determine water
phase transitions in the system, play a key role in shaping
the quality of frozen flour-based semi-finished products.
During freezing, a portion of the water transitions into a
crystalline state, accompanied by the concentration of
solutes in the unfrozen phase and changes in physico-
chemical parameters, specifically water activity, osmotic
pressure, and ionic strength [7, 15].

This, in turn, leads to partial dehydration of pro-
tein structures, alterations in gluten conformation, and
the disruption of interactions between proteins and
starch. Additionally, the increased concentration of dis-
solved components creates osmotic stress for yeast cells,
which can cause their partial inactivation [12, 13]. In this
context, the state of water (bound, capillary, and free) is
regarded as an integral indicator determining the intensi-
ty of cryodestructive processes.

The aforementioned physicochemical changes are
directly related to the freezing rate, which determines the
nature of ice phase formation and, accordingly, the de-
gree of structural damage. Slow freezing promotes the
formation of large ice crystals that disrupt the continuity
of the gluten matrix, reducing its mechanical strength and
gas-holding capacity [11, 14]. In contrast, fast freezing
ensures the formation of finer crystals and reduces the
degree of structural destruction. However, even under
optimal modes, the risk of ice recrystallization during
storage persists, especially under conditions of tempera-
ture fluctuations, which can negate the advantages of fast
freezing. It is also important to consider the impact of
formulation factors: the addition of sugars, hydrocol-
loids, or protein components can modify the cryoscopic
characteristics of the system, stabilize the dough struc-
ture, and reduce the negative effects of freezing [7, 9, 10,
16].

Thus, freezing technologies for flour-based semi-
finished products are based on the comprehensive man-
agement of the crystallization rate, the state of water, and
the structural organization of the product. However, the
current stage of research development is characterized by
a transition from empirical mode selection to an in-depth
analysis of microstructural and molecular changes within
the system. In particular, significant attention is paid to
the study of water distribution and the mechanisms of its
migration during freezing and storage.
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The current stage of development of frozen flour-
based semi-finished product technologies is accompanied
by a number of unresolved scientific and practical tasks.
Key problems include: ensuring the stability of dough
structure during long-term frozen storage, minimizing ice
recrystallization under conditions of temperature fluctua-
tions in the cold chain, preserving the viability of yeast
cells in fermented systems, and predicting the behavior
of multi-component products during reheating. A sepa-
rate challenge remains the absence of universal models
that allow for the simultaneous assessment of structural,
sensory, and nutritional changes in the product through-
out its entire life cycle.

Research aimed at creating naturally derived cry-
oprotectants with a "clean label" composition, optimizing
gluten-free frozen systems, and developing digital mod-
els for predicting degradation processes in dough and
combined flour-based products is of particular im-
portance. Modern studies also emphasize the need to
investigate the impact of freeze-thaw cycles on the mi-
crostructure of multi-component systems, as temperature
fluctuations are one of the main causes of texture deterio-
ration and product quality loss.

An additionally relevant direction is the develop-
ment of energy-efficient freezing technologies that allow
for a reduction in cold chain energy consumption without
compromising product quality, which aligns with modern
principles of sustainable food system development [7, 9,
17].

For a detailed analysis of these processes, modern
physicochemical methods are widely applied, such as
differential scanning calorimetry (DSC), low-field nucle-
ar magnetic resonance (LF-NMR), and spectroscopic
approaches, which enable the determination of water
phase transitions, the degree of its binding, and the char-
acter of interaction with the gluten-starch matrix. The
results obtained confirm that the water state serves as the
key factor controlling both the structural stability and the
rate of degradation processes in frozen systems [15, 18].

Concurrently, the use of cryoprotective ingredi-
ents (cryoprotectants) is an actively developing field,
where disaccharides, maltodextrins, hydrocolloids, and
protein additives play a special role. These components
are capable of modifying the system's water state, limit-
ing ice crystal growth, and stabilizing the gluten struc-
ture. At the same time, their effectiveness substantially
depends on the formulation and freezing conditions, ne-
cessitating an individualized approach to their application
[10, 16, 18].

Additionally, innovative technological approaches
are being investigated, including ultrasound treatment,
pre-fermentation, and combined structuring methods. It
has been shown that their application can improve the
hydration properties of the dough, stabilize the micro-
structure, and increase fermentative activity after thaw-
ing. At the same time, the decisive quality factor remains
not only the freezing process itself but also the stability
of the temperature regime during storage. Temperature
fluctuations cause ice recrystallization, which leads to
crystal enlargement and enhanced structural damage;
therefore, cold chain control is regarded as a critical ele-
ment of quality assurance [7, 9].
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Thus, the modern scientific approach to the freez-
ing technology of flour-based semi-finished products is
based on the integration of knowledge concerning physi-
cochemical processes, dough microstructure, and the
possibilities for technological and formulation regulation.
This enables a transition from empirical approaches to
science-based product quality management, which is a
necessary prerequisite for the development of the frozen
flour-based semi-finished products industry. Simultane-
ously, the evaluation of the effectiveness of such techno-
logical solutions cannot be limited solely to the structur-
al-rheological characteristics of the product, as an equally
important criterion is the preservation of its nutritional
and biological value.

The nutritional and biological value of frozen
flour-based semi-finished products depends on both the
starting raw materials and the impact of cryogenic pro-
cesses on the structure, availability, and metabolic activi-
ty of nutrients. Freezing, unlike thermal preservation
methods, does not cause significant degradation of mac-
ronutrients; however, it can alter their physicochemical
state, the degree of water binding, and functional proper-
ties, which in turn affects their bioavailability [7, 12].

Research indicates that the content of major mac-
ronutrients — proteins, fats, and carbohydrates — in
frozen flour-based semi-finished products remains rela-
tively stable during storage, as low temperatures effec-
tively inhibit enzymatic and oxidative processes [7].
However, freezing is accompanied by changes in the
structural organization of components, specifically the
modification of the gluten-starch matrix, partial protein
denaturation, and the redistribution of water between
bound and free forms. Such transformations can affect
the functional properties of the dough, as well as the ac-
cessibility of nutrients for enzymatic hydrolysis during
the digestion process [8, 17, 19].

It has been established that under stable tempera-
ture conditions, micronutrient losses are minimal, as low
temperatures slow down degradation reactions. However,
temperature fluctuations during storage, as well as re-
peated freeze-thaw cycles, can lead to a decrease in the
content of water-soluble vitamins, particularly the B
group, and changes in the product's antioxidant activity
[12, 15].

In this regard, a key factor in preserving the nutri-
tional value of frozen flour-based semi-finished products
is not only the initial freezing mode but also the stability
of the temperature chain across all stages of storage and
transportation. Thus, the nutritional value of such prod-
ucts is formed as a result of a complex interaction be-
tween technological freezing parameters, formulation,
and storage conditions, which necessitates its considera-
tion in close connection with the physicochemical pro-
cesses occurring in the system during freezing and sub-
sequent heat treatment.

One of the important aspects of these processes is
the impact of freezing on the glycemic index (GI) of
flour products, which is primarily associated with starch
transformations. During freezing and subsequent storage,
partial retrogradation of amylose and amylopectin oc-
curs, accompanied by the formation of resistant starch,
which is less accessible for enzymatic hydrolysis [20].
As a result, frozen and reheated flour-based products

may be characterized by a lower glycemic index com-
pared to their fresh counterparts, especially in the pres-
ence of dietary fiber in the formulation [20, 21]. At the
same time, the magnitude of this effect is variable and
depends on the product type, freezing mode, storage du-
ration, and culinary processing method, which limits the
possibility of universal generalizations.

In view of this, approaches to the functionaliza-
tion of frozen flour-based semi-finished products aimed
at increasing their nutritional and biological value are of
particular importance. The most common strategies in-
volve the use of dietary fibers, protein ingredients, and
hydrocolloids [21, 22]. Specifically, the addition of solu-
ble and insoluble fibers (inulin, B-glucans, polydextrose)
contributes to lowering the glycemic response, increasing
water-holding capacity, and stabilizing the dough struc-
ture [21, 22]. At the same time, the effectiveness of such
approaches is system-dependent and requires optimiza-
tion taking into account the formulation, freezing condi-
tions, and storage parameters.

Thus, modern approaches to assessing the nutri-
tional value of frozen flour-based semi-finished products
go beyond simple chemical composition analysis and
involve a comprehensive consideration of structural,
technological, and functional changes occurring in the
product throughout its entire life cycle. The nature and
depth of such studies vary significantly depending on the
scientific school, regional food traditions, the level of
freezing technology development, and regulatory re-
quirements for product quality and safety. In Ukraine, the
segment of frozen flour-based semi-finished products is
undergoing active transformation, driven by the simulta-
neous impact of urbanization, the development of chain
restaurant businesses, and the need to optimize produc-
tion processes under conditions of economic instability.
The modern approach to freezing flour products in
Ukraine is primarily based on the use of fast and shock
freezing technologies, which are applied both in industri-
al production and in the HoReCa sector.

Ukrainian research focuses primarily on issues of
dough structure stabilization, the utilization of plant-
based raw materials and cryoprotectants, as well as the
study of physicochemical changes in flour systems dur-
ing freezing. Of particular interest are works dedicated to
the use of local raw materials, dietary fibers, and func-
tional ingredients to enhance the nutritional value of fro-
zen products.

At the same time, the Ukrainian market is charac-
terized by insufficient stability of the cold chain, particu-
larly during the logistics and distribution stages, which
increases the risk of ice recrystallization and product
quality deterioration. In this regard, one promising direc-
tion is the adaptation of international technological ap-
proaches to the conditions of Ukrainian refrigeration in-
frastructure and energy constraints [19, 23]. Therefore, it
is appropriate to consider contemporary international
research within the context of regional specificity, specif-
ically with an emphasis on scientific and technological
trends that have emerged in the EU, the USA, and Asia.

In European Union countries, modern research on
frozen flour-based semi-finished products is character-
ized by a transition from traditional descriptions of quali-
ty changes to an in-depth analysis of molecular and mi-
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crostructural degradation mechanisms. Specifically, sig-
nificant attention is devoted to investigating the state of
water within the system using LF-NMR and differential
scanning calorimetry, which allows for the differentiation
between bound and free water and the evaluation of its
role in cryodestruction processes. Low-Field Nuclear
Magnetic Resonance (LF-NMR) is a physicochemical
method used to study the state and mobility of water in
food systems. The method is based on measuring the
relaxation characteristics of hydrogen protons (T,), ena-
bling the differentiation of water fractions (bound, im-
mobilized, and free) and the assessment of the degree of
their interaction with the gluten-starch matrix. In the con-
text of frozen flour-based semi-finished products, LF-
NMR is applied to analyze moisture migration, gluten
dehydration, and structural changes in the dough during
freezing and storage.

Differential Scanning Calorimetry (DSC) is a
thermal analysis method that allows for the determination
of thermal effects associated with phase transitions in the
system. Specifically, DSC is used to evaluate freezing
and melting temperatures, the enthalpy of phase transi-
tions, and to investigate starch gelatinization and retro-
gradation. In studies of frozen flour-based semi-finished
products, this method enables the quantification of frozen
and unfrozen water fractions, as well as the assessment of
system stability during storage [23, 24].

It has been shown that water redistribution and its
mobility are the decisive factors in changes to the texture
and stability of the dough during freezing [10]. Concur-
rently, the direction of using bioactive cryoprotective
agents—specifically antifreeze proteins, peptides, and
polysaccharides capable of inhibiting ice recrystallization
and stabilizing the gluten-starch matrix—is actively de-
veloping. Experimental studies demonstrate that such
compounds can reduce free water content, improve
dough microstructure, and enhance the quality of finished
products.

A separate research direction in the EU is associ-
ated with the development of gluten-free frozen products,
which are characterized by increased sensitivity to cryo-
genic effects due to the absence of a gluten matrix. In
such systems, hydrocolloids and cryoprotectants play a
special role by providing structural stabilization and pre-
serving the rheological properties of the dough.

At the same time, the clean label concept has a
significant impact on research development in Europe.
This concept involves the production of items with a
simple, clear, and maximally "natural” composition, with
minimal or no use of synthetic additives. In this context,
natural cryoprotectants and functional ingredients capa-
ble of ensuring quality stability without negatively affect-
ing consumer perception are being actively investigated
[17].

Thus, modern European research is characterized
by a transition to a multidisciplinary approach. This ap-
proach combines water state analysis, gluten structural
stability, innovative ingredients, and consumer require-
ments, forming a new paradigm for the development of
frozen flour-based semi-finished product technologies.

Currently, modern food science in the USA is ac-
tively moving away from traditional chemical additives,
such as inorganic phosphates (sodium tripolyphosphate,
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STPP), in favor of natural and functional ingredients.
Studies from 2026 highlight the effectiveness of casein
phosphopeptides (CPP) as cryoprotectants. CPP are ca-
pable of inhibiting ice recrystallization—achieving a
reduction in crystal size of 58.3%—thereby outperform-
ing traditional STPP [25]. Qil-in-water (O/W) emulsions
stabilized by pea protein effectively lower the freezing
point and act as a barrier to moisture migration. The use
of the PP-3 formulation (3% protein) allows for the
preservation of bread porosity and softness even after 4
weeks of storage. Furthermore, the addition of tomato,
broccoli, and acai powders in combination with polydex-
trose has shown significant improvement in yeast viabil-
ity. In control samples, after 60 days of storage, the num-
ber of viable cells dropped by 88%, whereas in samples
with plant-based additives, the decline was limited to
74%.

Alongside cryoprotectants, American researchers
are actively employing the enzymatic modification of
dough, where Glucose Oxidase (GOX) is used to
strengthen gluten by oxidizing sulfhydryl groups into
disulfide bonds, significantly improving gas-holding ca-
pacity. Furthermore, Microbial Transglutaminase (TG)
enables the creation of covalent cross-links, effectively
maintaining the continuity of the gluten structure for up
to five weeks of storage. The simultaneous use of TG
(1%) and GOX (0.006%) produces a synergetic effect
that ensures a reduction in the syneresis rate by 12.9%
and stabilizes the rheological storage and loss moduli.

In the field of fundamental carbohydrate research,
leading centers such as the Whistler Center for Carbohy-
drate Research (Purdue University) and Kansas State
University are focusing on carbohydrate interactions,
establishing that specific oligosaccharides and ferulated
arabinoxylans (FAX) extracted from corn bran increase
the water absorption capacity of flour to 60.5%, which is
critical for moisture retention in frozen systems. Special
attention is also given to the development of gluten-free
systems based on quinoa and legume starches, where the
combination of TG and hydroxypropyl methylcellulose
(HPMC) helps achieve a high specific volume in the fin-
ished products. For objective quality assessment, Ameri-
can standards recommend employing Texture Profile
Analysis (TPA) conducted under strict pre-test condi-
tions of 3.0 mm/s, as well as Differential Scanning Calo-
rimetry (DSC) to monitor the rate of amylopectin retro-
gradation.

The Asia-Pacific (APAC) region is currently the
most dynamic market for frozen bakery products. Ac-
cording to forecasts, by 2033, the Compound Annual
Growth Rate (CAGR) in this region will reach approxi-
mately 8.6%, exceeding global averages. International
research indicates that Asia plays a leading role in the
development of the frozen flour-based semi-finished
products segment. This dynamics is driven by the signifi-
cant share of wheat products in the regional diet, rapid
urbanization, and a transition toward more convenient
food formats. To overcome the challenge of gluten deg-
radation during long-term storage, Asian manufacturers
are actively implementing enzymatic treatment and shock
freezing. These technologies allow for maintaining
dough stability for up to 120 days without loss of gas-
holding capacity.
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A defining feature of the Chinese market is the
industrialization of traditional flour products. Research
by Chinese scientists demonstrates that frozen dump-
lings, noodles, and steamed bread have transformed from
local traditional items into large-scale industrial catego-
ries integrated into the modern food system. Regional
studies also confirm a high concentration of production;
for instance, the Zhengzhou food cluster provides over
60% of the frozen products market in China.

In scientific reviews, Chinese, Japanese, and Ko-
rean products—such as frozen dumplings, noodles, and
steamed buns—are regarded as primary objects for tech-
nological innovation, particularly in the fields of gluten
matrix stabilization and post-freezing texture control
[26].

South Korea serves as a prime example of the in-
tegration of frozen flour-based products into the broader
Home Meal Replacement (HMR) segment. Research by
Korean scientists [6] indicates that the core determinants
of consumption are convenience, taste, variety, and trust
in product quality. Furthermore, additional studies by
Korean researchers demonstrate that the success of new
frozen products is determined not only by technological
parameters but also by marketing factors, such as product
shape, positioning, packaging characteristics, and distri-
bution channels. This confirms that the modern Asian
market is shaped at the intersection of food technology,
sensory science, and behavioral economics.

From a technological perspective, the key re-
search direction is the minimization of quality degrada-
tion during freezing and storage. Scientific works [9, 26]
have shown that the quality of frozen dough products is
determined by a complex of factors: flour composition,
gluten state, water distribution, fermentation regimes,
and freezing rate. Experimental studies further detail
these mechanisms. Specifically, [27] established that
various frozen dough technologies differently impact the
gluten structure and the quality of steamed buns. Fur-
thermore, [28] demonstrated that freeze-thaw cycles lead
to the degradation of the microstructure in dumpling
dough, while it was also proven that the particle size dis-
tribution of flour is a critical factor for quality stability
during freezing.

Consequently, modern trends in Asia can be
summarized as follows: the industrialization of tradition-
al products, rising demand for semi-finished goods, pre-
miumization of frozen production, development of cold
chain infrastructure, and the expansion of scientific re-
search aimed at optimizing dough structure and quality
stabilization. This confirms that frozen flour-based semi-
finished products have become an integral component of
the modern food system in Asia.

After analyzing modern international research in
the field of frozen flour-based semi-finished product
technologies, it can be stated that a promising direction
for the development of Ukrainian food science is the cre-
ation of interdisciplinary research platforms for studying
the freezing processes of flour-based and composite food
systems. Such research can be implemented through spe-
cialized food technology universities, agricultural univer-
sities, research centers, and laboratories for sensory and
physicochemical analysis. Currently, several modern
methods for studying frozen food systems are already
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represented in Ukraine, including differential scanning
calorimetry (DSC), thermogravimetric, textural, and rhe-
ological analysis, as well as specific branches of nuclear
magnetic resonance (NMR) spectroscopy.

The infrastructure for thermal and physicochemi-
cal analysis is the most developed, being well-
represented in specialized higher education institutions
and scientific centers. At the same time, the use of spe-
cialized low-field NMR (LF-NMR) platforms, cry-
omicroscopic methods, and complex multi-omic ap-
proaches to food system research remains limited com-
pared to leading international scientific centers. This gap
determines the prospects for the further development of
this research infrastructure in Ukraine.

The most promising directions for Ukrainian re-
search encompass studying the stability of multi-
component frozen products under unstable cold chain
conditions, as well as investigating the impact of local
plant-based raw materials and functional ingredients on
dough cryostability. Furthermore, significant focus
should be directed toward utilizing LF-NMR, DSC, and
microscopic analysis to examine water status and micro-
structure, alongside the development of energy-efficient
shock-freezing regimes and the creation of functional
frozen products with natural and simplified (clean label)
compositions specifically for the HoReCa segment. The
practical implementation of such research is achievable
through robust collaboration between universities and
restaurant businesses, bakeries, and cold chain logistics
operators, which will facilitate the seamless integration
of fundamental research into real-world production sys-
tems.

Conclusions

The conducted analysis demonstrates that frozen
flour-based semi-finished products are a vital structural
component of the modern food system, evolving under
the influence of globalization, urbanization, and shifting
consumer behavior. Their role lies in ensuring accessibil-
ity, maintaining quality stability, and optimizing food
supply chains, which is particularly relevant given the
increasing demand for convenience foods. It has been
established that these products represent complex multi-
component systems whose properties are determined by
the structural organization of the gluten-starch matrix, the
state of water, and specific formulation characteristics.
Classifying these products into dough systems, shaped
products, and multi-component items allows for a sys-
tematic approach to quality assessment and the identifi-
cation of specific degradation mechanisms unique to
each group.

The study shows that the decisive factors deter-
mining the quality of frozen flour-based semi-finished
products include the freezing rate, the nature of ice crys-
tallization, water redistribution, and temperature stability
during storage. Physicochemical processes associated
with protein dehydration, modifications to the gluten
structure, and starch retrogradation directly impact the
textural, rheological, and functional characteristics of the
products. Modern scientific approaches highlight a tran-
sition from empirical technological solutions toward mo-
lecular-level quality management, which includes water
state control, the use of cryoprotectants, enzymatic modi-
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fication, and the application of advanced instrumental
analysis such as DSC and LF-NMR. This shift enhances
product stability and minimizes degradation during the
freezing and storage stages.

Furthermore, it was determined that freezing does
not cause significant degradation of macronutrients;
however, it does influence their physicochemical state
and bioavailability. Specifically, starch transformations
can lead to a reduction in the glycemic index, while the
stability of micronutrients remains highly dependent on
storage conditions, necessitating a comprehensive ap-
proach to nutritional value assessment. An analysis of
international research revealed distinct regional trends:
EU countries prioritize microstructure and clean label
ingredients; the USA focuses on functional additives and
enzymatic modification; and Asia combines the industri-

alization of traditional products with the active imple-
mentation of quality stabilization technologies and the
development of the convenience food segment.

Nevertheless, the rising consumption of semi-
finished products requires a balanced approach, as an
excessive share of ultra-processed foods may negatively
affect the nutritional profile of the diet. Consequently, the
development of frozen flour-based products with en-
hanced functional and nutritional characteristics remains
a promising direction. In conclusion, frozen flour-based
semi-finished products should be regarded as a techno-
logically significant component of modern food systems,
the development of which is based on the integration of
innovative technologies, science-based quality manage-
ment, and the principles of rational nutrition.
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POJIb 3AMOPOXEHUX BOPOIIHAHUX HAIIIBOABPUKATIB
Y CUCTEMI CYYACHOI'O XAPYYBAHH#A

Anomauis

Y cmammi 30iticneno komnnexcHutl ananiz poii 3amMopodtceHUx OOPOWHAHUX HANIBPAOPpUKAmMIE Y cyHacHill cucmemi xapyy-
8aHHA 8 yMogax enobdanizayii, ypoarizayii ma mparcgopmayii xapuogoi nogedinku HaceneHHs. Busnaueno, wo po3sumox cecmenma
NnpOOYKmi6 weuoKo20 NpUeomy8anHs ma 20mosux piuens 0 3aMiHU OOMAUWHBLO20 XaAPUYEaHHA 6e3nN0CcepeOHbo Nos8 A3aHull 3i 3Mi-
Hamu cnocody scummsi, 0e@iyumom 4acy Ha NPULOMYSAHHS idci ma 3pOCMAHHAM NONUMY HA NPOOYKYIIO 3 6UCOKUM DIBHEM MeXHO-
Jn02iuHoi 2omoerocmi. OOIPYHMOBAHO, WO 3AMOPONCEHT DOPOWHAHI HANIGhabpuramu GUKOHYIOMb 8aAXCIUGY QYHKYII0 adanmayii
Xapuogux cucmem 00 CYYACHUX COYIATbHO-EKOHOMIYHUX YMO8, 3a0e3neuyiouu NOEOHAKH MPUBAI20 MepMiny 3bepieanns, cmabinb-
HOCMI AKOCMI, MEXHOA0IUHOI 3pYUHOCIE MA BUCOKOT WUOKOCMI NPpUu2omy8ants npodykyii. I[Ipoananizoeano cyuaci nioxoou 0o
Kaacugixayii 3amMopodiceHux OOPOUHAHUX HANIBadpuKamis, AKI GKIOYAIOMb MICMOBI cucmemu, cQhopmosani supodu ma KOMOIHO-
6ani bazamoxomnonenmui npooykmu. Bemanoesneno, ujo axicme maxux cucmem U3HAYAEMbCA He TUULe peyenmypHuM cKIaoom, aie
il 0cobnUBOCMAMU CIMPYKMYPHOI opeanizayii npooyKkmy, CImaHom 600U, WEUOKICIIO 3aMOPOAUCY8AHHA Mma ymogamu 36epicants. Po3-
SNAHYINO MEXAHIZMU KPIOOeCmMpPYKMUBHUX NPOYecie, No8 A3aHuUX i3 KpUCmaioymeopeHHAM, Miepayicio 800U, nepekpucmanizayicio
100y ma 0ezpadayieio OiNKOB0-KpOXMAbHOI mampuyi micma. Busnaueno, wjo natioinbu yymausumu 00 Oii HUZLKUX meMnepamyp €
OpidcodHCco6i ma epmenmosani cucmemu, Ons AKUX XAPAKMEPHE ZHUNCEHHS 2A30YMPUMYBANbHOI 30amHOCmi ma ghepmenmayiinoi
akmuerocmi Opigcodcosux Kkaimun. Ocobaugy yeazy npudineno 6a2amoKoMnOHEHMHUM 3aMOPONACEHUM BUPOOAM MUNY NA3AHbI, AKI
PO321120aI0MbCs AK 6a2amopasHi 3aMopoNHceHi Xapuosi cucmemu 3i CKIAOHOI0 CIMpYKmypoio mixcghasnux e3aemooii. Ilokasano, wo
Odezpadayiiini npoyecu y makux CUCMeMax OXONI0ms PYUHY8AHHA KPOXMAIbHO-0LIKO60T cIpyKmypu micma, oeHamypayito OinKis,
nopyuieHHss CmabilbHOCMi COYCHUX eMYbCitl Ma Micpayito 80102U Mide oKpemumu wapamu npooykmy. O6IpyHmosano HeoOXionicms
KOMNIEKCHO20 Ni0X00y 00 NPOSHO3Y8AHHs MEKCMYPHUX, MIKPOCMPYKMYPHUX A CEHCOPHUX 3MiH N0 Y4aC 3aMOPOAICYBAHHSA 1l HOBMO-
PHO20 HazpieanHs 0A2amMOKOMNOHEHMHUX 6upobie. Y pobomi cucmemamus08ano Cy4acHi MidCHAPOOHi HAYKO8I nioxoou 00 niogu-
wenHs. cmabinbHOCMI 3aMOPOACEHUX OOPOWHAHUX Haniepabpukamis. Buceimaeno sacmocysans Kpio3axuchux pevyosun npupooHo-
20 NOX00JICeHH s, 2i0OPOKONI0INI8, OIIKOBUX IHEPEJIEHMIE, (hepmenmamusHoi Moougikayii micma ma iHHOBAYIUHUX MemoOié cmabini-
sayii’ cmpyxmypu. OKpemo npoananizoeano 6UKOPUCMAHHA MEMOo0i6 HU3bKONOIbOBO20 SA0EPHO20 MASHIMHO20 pe3oHaHcy ma Ouge-
PeHYitinoT cKanyouol Karopumempii 0ns 00CHIOHCeH s (ha308ux nepexodié 600U, OYIHIOBAHHS MODLILHOCII 801021 MA GUIHAYECHHS
cmynens Kpiooecmpykyii Oinkoeo-kpoxmanvroi mampuyi. Bcmanosneno, wo cman 600u € Kao4o8um paxmopom, aAKull 8UsHA4AE
CMPYKMYPHY CMABITbHICIb, PEeON0TUHI 8IACMUBOCME MA WEUOKICMYb 0e2padayiliHux npoyecis y 3amopodicenux cucmemax. Ilpoana-
JI308AHO GNIUE 3AMOPOIICYBAHHA HA XAP408y ma 0i0N02IuHY YiHHICMb OOPOWHAHUX 8Uupobis. Busnaueno, wo 3a ymos cmabiibHO20
MeMnepamypHo20 peicumy 6MICI OCHOGHUX MAKPOHYMPICHMIG 3aTUMAEMbCA 8IOHOCHO CMAOINTbHUM, 0OHAK YUKIU 3AMOPOIUCYBAH-
HA—PO3MOPONCYBAHHS MONCYIMb NPU3E0OUMU OO0 SMPAMU 6000PO3UUHHUX GIMAMIHIE, 3MIHU AHMUOKCUOAHMHOL AKMUSHOCI MA MO-
oughixayii cmpyxmypu xkpoxmamo. Iloxkazano, wo pempoepadayiss amino3u i amilONeKmMuHy CHPUsSE VMEOPEHHIO Pe3UCMEHMHO20
KPOXMAIIO Ma NOMEHYIUHOMY 3HUNICEHHIO 2NIIKEMIUH020 THOEKCY 20mosux eupobie. Yzazanvueno cyuachi meHOeHyii po3eumKy mex-
HONO2IT 3aMOopodiceHux 6opowHsHUX Haniegabpukamis y kpainax €sponeticbkoeo Coiozy, CIIIA ma A3ii. Bcmanosneno, wo npiopu-
mMemHuMU HanPAMamu 00CIiONHCeHb € CIMBOPEHHs NPOOYKMIE i3 HAMYPATbHUM MA CHPOWEHUM CKAAOOM, 6UKOPUCTNAHHSA NPUPOOHUX
KpIiO3axXuchux KOMHOHEHMI8, po3pooOnenis 0e3210mMeH08UX CUCeM, ONMUMI3aYis enepeoepeKmMUBHUX PedCUMI8 3AMOPOIICYBAHHI Ma
inmezpayis yugposux moodeneti npocHo3yeanHs despadayitinux npoyecis. [losedeno, wo ona Yxpainu nepcnekmugnum Hanpsmom €
CMBOPeHHs MIHCOUCYUNTTHAPHUX OOCTIOHUYLKUX NAAMPOPM, PO3BUMOK MEMOOi8 HU3bKONOIbOBO20 SIOEPHO20 MACHIMHO2O PE30HAHCY
ma Ougepenyiinoi ckanyuoi Karopumempii, 00CIiONHCeHHs: cmadiibHOCMI 6aA2aMOKOMNOHEHMHUX 8UpOOI8 ma adanmayis MidiCHa-
PDOOHUX MEXHONOIYHUX PileHb 00 YMO8 HeCmabilbHO20 X000068020 NAHYIOZA.

Knwuosi cnosa: 3amopoiceni naniegpadpuxamu; dopowinani nanieghadpuxamu; micmogi cucmemu; 1a3anva; 3amo-
DONCYSAHHA; KPIO3AXUCHI PeuOGUHU; X0T0006UIl TAHUI0Z; NPOO0BOTbYA De3neKa; Haniegadpukamu.
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