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Abstract. The rising prevalence of cardiovascular diseases, type 2
diabetes, certain types of cancer, and other conditions primarily caused by
overweight and obesity has driven research into targeted health-oriented
foods. This, in turn, has led to a significant increase in the production of
functional food products. While the prebiotic effect is now a well-established
scientific fact that has influenced dietary preferences, the need to improve
the efficiency of production and the application of functional foods
necessitates refining their formulation models and expanding the range of
complementary ingredients. Synthesizing the research of numerous authors
has allowed for the inclusion of extruded grains, honey and bee products,
nuts, and hydrobionts as complementary ingredients. Furthermore, the
efficacy of various food compositions is determined by their bifidogenic
effect, which serves as a key factor in establishing the functionality of most
targeted food products. The study determined that extruded corn, wheat, and
barley grains exhibit the highest bifidogenic effect. It was also established
that using corn as a base for extrudates in combination with plant ingredients
such as pumpkin, parsley root, and carrot is highly effective, as these
combinations promoted the maximum bifidogenic response. The highest
counts of Bifidobacterium adolescentis cells were observed with the addition
of the following extrudates: corn grain and pumpkin (7,7-107 CFU/g), corn
grain and parsley root (5,4-107 CFU/g), barley grain and pumpkin (5,2-107
CFU/g), and corn grain and carrot (4,7-107 CFU/g). Given the industrial
scale of pumpkin and carrot production, as well as the significant volume of
by-products generated during their processing, it has been determined
feasible to utilize them in the production of functional food products based
on corn extrudates.

Keywords: functional food products, formulation model,
complementary ingredients, corn grain, barley grain, wheat grain, pumpkin,
carrot, celery root, parsley root, Jerusalem artichoke, bifidogenic effect.

Introduction. Formulation of the problem

healthcare, they have simultaneously altered social

interactions, leisure time, physical activity levels, and

While the health impact of both combined food
products and their individual ingredients has been
observed through practical experience since ancient
times, recent scientific research has elucidated the
mechanisms by which bioactive substances in specific
food ingredients affect human health, primarily by
modulating the microbiome, which in turn prevents a
range of diseases [1]. Furthermore, while urban
expansion and dominant industrial economic activities
have improved many aspects of life quality and
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food accessibility; consequently, quality of life and
longevity have become increasingly dependent on the
safety, quality, and diversity of the diet [2]. In general,
while modern populations enjoy increased leisure time
and access to a broader range of food products, daily
routines now demand less physical activity; however,
these shifts have complicated the balance between
energy intake and expenditure, as well as the
consumption of essential nutrients and bioactive
compounds. This imbalance has led to a global rise in
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the prevalence of overweight and obesity, significantly
increasing the incidence of cardiovascular diseases, type
2 diabetes, certain types of cancer, and other conditions,
which has prompted the search for targeted food
products designed to improve human health [2]. Since
the 1980s, food products that demonstrate effects on
physiological functions and human health have been
commonly referred to as functional, although their
definition is often misinterpreted due to a lack of legal
recognition in most countries [3]. However, Granato et
al. (2017) recently defined functional foods as
industrially processed or natural products that, when
consumed regularly as part of a diverse diet at effective
levels, exert potentially positive health effects that
extend beyond basic nutrition [4]. In 2010, Roberfroid
et al. established that the prebiotic effect is defined as
the «selective stimulation of growth and/or activity of
one or a limited number of microbial genera/species in
the gut microbiota that confers health benefits to the
host» [5].

Thus, the prebiotic effect is currently a well-
established scientific fact confirming the functional
nature of food products, which has led to a shift in
dietary preferences and, in turn, significantly
contributed to the intensive development of the global
food market. According to research by Pakhucha E.V.
and Sievidova 1.0., global sales of functional food
products exceeded $267 billion in 2020 (with the USA
alone accounting for $47.9 billion), while sales of
naturally healthy food reached $259 billion, and global
sales of organic food and beverages surpassed $105
billion [6]. The global functional food market, valued at
$280.7 billion in 2021, is projected to continue growing
at a compound annual growth rate (CAGR) of 8.5%,
reaching over $600 billion by 2030 [7].

Analysis of recent research and publications

A significant share of functional food products in
global markets is represented by dry breakfast cereals,
the global sales of which amounted to $96.1 billion in
2023, with expert projections suggesting an increase to
$107.9 billion by 2030 [8]. These data indicate that
while the global functional food market is expected to
grow 2.14 times by 2030 compared to 2021, the global
sales volume of dry breakfast cereals will increase by
only 12% relative to 2023; this disparity highlights
fundamental shifts in consumer preferences and
underscores the necessity of refining the formulation
models for functional food products.

In 2008, authors L.V. Kaprelyants and A.V.
legorova proposed a model for formulating the
composition of next-generation functional food
products [9], based on compliance with sanitary-
hygienic, microbiological, toxicological, and radiation
safety standards, while the selection of complementary
ingredients was relatively limited to cereals, vegetables,
fruits, dairy products, and fats [9].
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However, today not only have the approaches to
formulating functional food products evolved, but the
range of complementary components has also
significantly expanded. These ingredients, for instance,
enhance the prebiotic effect, thereby creating the
prerequisites for further refining the formulation model
for next-generation functional food products.

Indeed, functional foods are present across nearly
all food categories, although they are unevenly
distributed across market segments. Generally, these
products command a higher price point and require
compliance with specific legislative requirements
during their production and sale [10]. Furthermore, the
development of functional foods must account for
consumer demands, as consumer perception has been
identified as a key factor for the successful exploitation
of market opportunities [10].

Recent studies have demonstrated the positive
impact of thermal processing on enhancing the prebiotic
properties of grain. Additionally, research into the
prebiotic characteristics of honey, bee products,
hydrobionts, and various nuts has expanded the range of
complementary ingredients available for the production
of functional foods [12, 16, 18, 19, 20, 27].

The production technology for dry cereal breakfast
products is based on the extrusion processing of grains
and/or grain mixtures [11], which enables the creation
of grain products and grain-based derivatives with
functional properties [12]. Consequently, grain
extrudates have become widely used not only in the
manufacturing of dry breakfast cereals but also across a
broad range of functional food products [13, 14].

Studies by Coppola et al. (2025) have established
that honey oligosaccharides possess potential prebiotic
activity by selectively stimulating the growth of
beneficial microorganisms such as Lactobacillus and
Bifidobacterium [15]. Sanz et al. (2005) identified that
the primary oligosaccharides in honey include
disaccharides — such as turanose, nigerose, melibiose,
sucrose, and isomaltose — as well as four trisaccharides:
maltotriose, panose, melezitose, and raffinose [16].
Furthermore, honey contains antioxidant compounds
like flavonoids, amino acids, phenolic acids, and
glutathione, making it an attractive ingredient for
functional food production [16]. However, their
manufacturing process must account for the time-
dependent instability and thermolability of certain
phenolic compounds and glutathione.

While the use of nuts in human nutrition and food
production has been known since ancient times, recent
studies have confirmed their significant prebiotic effect.
This evidence supports the inclusion of nuts as a
complementary ingredient in the manufacture of
functional food products [18].

Nuts are rich in bioactive substances, serving as
one of the most abundant sources of polymerized
polyphenols, which are primarily represented in nuts by
ellagitannins and proanthocyanidins [20, 21].
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After cereal grains, nuts are the products richest in
dietary fiber [22]. Among them, almonds have the
highest fiber content (12%), consisting primarily of
insoluble fiber and a small amount of soluble fiber [22].
Dietary fibers, or plant cell walls, are mainly composed
of non-starch polysaccharides — non-extractable
material that is neither digested nor absorbed in the
small intestine [23]. The non-bioavailable cell walls in
nuts are represented by supramolecular structures such
as cellulose, hemicellulose, pectic substances, and non-
carbohydrate components [24]. These cell walls retain
significant amounts of lipids and consist of proteins and
polyphenols that remain in the large intestine after
duodenal digestion, making them available for
fermentation by the gut microbiota [19]. It is these
specific properties that allow nuts to be included in the
list of complementary ingredients for the production of
functional food products.

In recent years, there has been a significant
increase in research regarding bioactive substances in
hydrobionts, particularly in marine algae. The primary
seaweeds used for human consumption include: Nori or
red algae (Porphyra spp.), Aonori (Monostroma spp.
and Enteromorpha spp.), Kombu (Laminaria japonica),
Wakame (Undaria pinnatifida), Hijiki (Hizikia
fusiforme), Mozuku (Cladosiphon okamuranus), Sea
grapes or Green caviar (Caulerpa lentillifera), Dulse
(Palmaria palmata), Irish moss (Chondrus crispus),
Winged kelp (Alaria esculenta), Ogo (Gracilaria spp.),
and Callophyllis variegata [26]. These marine algae
contain polysaccharides with a degree of polymerization
(DP) ranging from 2 to 9, and occasionally from 8 to 20.
These include galacto-oligosaccharides (GOS),
agarose-derived oligosaccharides (AGAROQOS), xylo-
oligosaccharides (XOS), neoagaro-oligosaccharides
(NAOS), alginate-derived oligosaccharides (ALGOS),
arabinoxylans, galactans, and glucans. As components
of dietary fiber, they are not degraded by enzymes in the
upper gastrointestinal tract and exhibit a prebiotic effect
[27]. Such properties allow marine algae to be included
in the list of complementary ingredients for the
production of functional food products.

The effects of omega-3 fatty acids are widely

recognized in the treatment and prevention of
cardiovascular diseases, as well as in managing
immunological, neurological, reproductive, and

cardiovascular complications, and supporting general
well-being [28]. Fish, particularly fatty marine fish, is a
rich source of omega-3 fatty acids [29]. However, these
fatty acids are unstable when exposed to oxygen, light,
and heat. To ensure their protection, the addition of plant
extracts  containing  phenolic  compounds s
recommended. This highlights the complementary
nature of functional food ingredients such as omega-3
fatty acids and vegetables [29].

Thus, the model for formulating functional food
products requires refinement, taking into account recent
research findings, particularly those from the last
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decade. Furthermore, while extensive studies have
recently been published regarding the prebiotic effects
of extruded grains and the efficacy of various plant-
based additives, there remains a lack of sufficient data
on justifying the composition of such food products to
achieve the maximum bifidogenic effect. This research
gap necessitates a dedicated study.

Research materials and methods

The research materials for comparative analysis
included data obtained by other authors, as well as
samples of corn, wheat, hulled oats, barley, buckwheat,
and millet grains. Additionally, plant ingredients such as
pumpkin, carrot, Jerusalem artichoke, celery root, and
parsley root were utilized. To determine the bifidogenic
effect, classical research methods were employed,
including the microbiological seeding of cultures from
the genus Bifidobacterium (species Bifidobacterium
adolescentis, Bifidobacterium longum, and
Bifidobacterium bifidum) onto nutrient medium,
microscopy, isolation, identification, and microbial
counting.

Results of the research and their discussion

Since Istvan Siro et al. (2008) identified consumer
requirements and their perception of new-generation
food features as key factors for the successful
exploitation of market opportunities [10], it is
appropriate to base the functional food formulation
model on a generalized matrix of such requirements,
adapted to local markets.

Furthermore, a wide range of researchers has
scientifically substantiated the feasibility of expanding
the list of complementary ingredients for functional
food production. Specifically, Remigio Yamid Pismag
et al. (2024) [12], Kristina lvanova et al. (2017) [13],
Valentina Obradovic et al. (2014) [14], and others have
justified the use of extruded grain, which possesses
bifidogenic properties, as the primary component of
breakfast cereals.

Studies by Coppola et al. (2025) [15], Sanz et al.
(2005) [16], and Mustar (2022) [17] have identified a
high level of prebiotic characteristics in honey.
Furthermore, research conducted by Venketeshwer Rao
et al. (2021) [18], Rosa (2017) [19], Abe et al. (2010)
[20], Pérez-Jiménez et al. (2010) [21], Salas-Salvadé et
al. (2006) [22], Phillips and Cui (2011) [23], Grassby
(2014) [24], and others has substantiated the use of
various types of nuts as functional food ingredients.
Andrea Gomez-Zavaglia et al. (2019) [25], Holdt (2011)
[26], De Jesus Raposo et al. (2016) [27], Wang et al.
(2006) [28], and others demonstrated the feasibility of
using marine algae as a functional food ingredient.
Furthermore, Michalina Banaszak et al. (2024) [29],
Matilde Rodrigues et al. (2024) [30], and other
researchers have presented a novel perspective on the
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efficacy of omega-3 fatty acids in establishing a
prebiotic effect in food products.

Thus, the model for formulating the composition
of functional food products [9] can be enhanced by
incorporating new complementary ingredients — such as
grain extrudates, honey and bee products, nuts, and
hydrobionts (including marine algae and omega-3 fatty
acids) — based on an analysis of consumer expectations
(Fig. 1).

Given the extensive list of grains, vegetables, and
other complementary ingredients, it is necessary to
justify the selection of those that best promote a
maximum prebiotic effect, possess sufficient production
resources, and meet the technological requirements for
functional food manufacturing.

Innovative technologies such as high hydrostatic
pressure, ultrasound, microwave processing, spray
drying, and extrusion are employed in the production of
functional foods. These methods involve minimal
processing times and low temperature regimes, which
prevent the degradation of bioactive compounds, extend
shelf life, and preserve nutritional value, sensory
quality, and food safety [31]. Among these
technologies, the most effective and accessible is the
extrusion technology developed at the Odesa National
University of Technology [32, 33]. This process
involves the extrusion of prepared grain mixtures and
plant components subjected to short-term (15-25 s)
thermal treatment. However, the question of selecting
the optimal types of grain and plant components remains
to be addressed.

A comparative analysis of the prebiotic properties
of grains and selected plant components was conducted
by seeding and monitoring the growth of

Bifidobacterium and Lactobacillus species, which are
among the most prevalent and beneficial representatives
of the human microbiome [34]. The study accounted for
the dominance of the genus Bifidobacterium in healthy
individuals, specifically the species Bifidobacterium
adolescentis, Bifidobacterium longum, and
Bifidobacterium bifidum [35]. Following the inoculation
of these Bifidobacteria species onto a standard nutrient
medium and media supplemented with various types of
raw and extruded grains (Table 1), it was established
that, in most cases, prior extrusion of the grain had a
positive effect on enhancing bifidobacterial growth.
Among all grain types, extruded corn and wheat grains
most effectively promoted the growth of Bifidobacteria.
Furthermore, the most significant results were observed
for the growth of Bifidobacterium adolescentis and
Bifidobacterium longum.

The results presented in Table 1 indicate that the
addition of extruded grain to the nutrient medium
promoted enhanced growth of Bifidobacteria. However,
corn grain may be preferred as, unlike barley, it does not
require prior dehulling, which typically leads to
increased production costs. Furthermore, the extrusion
of corn grain exhibited higher process productivity
(25% higher compared to wheat and 47% higher
compared to barley), as well as lower specific energy
consumption (18% lower compared to wheat and 35%
lower compared to barley).

In subsequent experiments, the control (1) and
samples of corn, wheat, and barley grains supplemented
with 15% ground carrot (2), pumpkin (3), celery root
(4), Jerusalem artichoke (5), and parsley root (6) were
used for the inoculation of B. adolescentis (Fig. 2).

MICRONUTRIENT
ADDITION TO OPTIMIZE

SYNERGISM

AND ANTAGONISM
OF BIOACTIVE COMPOUNDS

/

ADDITION OF SINGLE OR MULTIPLE
FUNCTIONAL INGREDIENTS

AN

MINERAL AND BIOACTIVE COMPOUND COMPOSITION

COMPLEMENTARY TECHNOLOGICAL OPTIMIZATION
OF ENERGY, PROTEIN, CARBOHYDRATE, FATTY ACID,

/ SELECTION OF THE COMPLEMENTARY COMPONENT

Grain and | Vegetables, Milk and | gronev and Api
extrudates | fruits and milk or::m:ﬂcr; P! Hydrobionts| Nuts |Lipids
derivatives products

COMPLIANCE WITH SANITARY-HYGIENIC, MICROBIOLOGICAL,
TOXICOLOGICAL AND RADIATION SAFETY STANDARDS

ANALYSIS OF CONSUMER EXPECTATIONS AND IMPACT ON THEIR FORMATION

Fig. 1. Improved model for the formation of new generation functional food products
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Table 1. The influence of grain type on the growth of Bifidobacteria (-10” CFU/g)

Grain type B. adolescentis B. longum B. bifidum
raw | extruded raw | extruded raw | extruded
Control 2,1 1,8 2,3
QOats* 2,5 2,7 2,9 2,8 2,2 2,4
Corn 4,5 4,85 4,7 53 44 50
Barley* 3,3 3,5 3,3 3,6 3,0 3,4
Wheat 2,2 2,35 2,15 2,30 1,8 2,0
Buckwheat™ 1,8 19 19 2,0 1,75 1,8
Millet* 0,55 0,65 0,6 0,75 0,7 0,9
*hulled grain
107 CFU/g
8 1.7
7
6 6
54 5,2
5 4,7 g 45 5
3,75
R B B 4 34
s N E N R 3 2,65 s N 2,8
3 2.4 22 3
, 11,8 8 B B B B , 1.8 18 17 , |18 B
1,2
1+ — — — — — - 1+ — — — — — - JEE EE T EE T
O T T T T T 1 0 T T T T T 1 0 T T T T T 1
1 2 3 4 5 6 1 2 3 4 5 6 1 2 3 4 5 6
a b c

Fig. 2. Effect of various plant ingredients on the growth of B. adolescentis on extrudates
Based on corn (a), wheat (b), and barley (c): 1 — control, 2 — carrot, 3 — pumpkin, 4
— celery root, 5 — Jerusalem artichoke, 6 — parsley root.

As shown in the results presented in Fig. 2, the
highest counts of B. adolescentis cells were observed
with the addition of the following extrudates: corn grain
and pumpkin (7.7-10” CFU/g), corn grain and parsley
root (5.4-10” CFU/g), barley grain and pumpkin (5.2-107
CFU/g), and corn grain and carrot (4.7-107 CFU/g).
Thus, for further theoretical and experimental
justification of the composition of grain-based
functional food products, corn grain, pumpkin, parsley
root, and carrot can be recommended. However, given
the limited scale of industrial production for parsley
root, pumpkin and carrot remain the most commercially
attractive options. Global pumpkin production in 2023
reached 27.832 million tons [36]. China ranks first in
pumpkin production with 16.14 million tons (58%),
followed by India in second place with 5.57 million
tons, and Ukraine in third with 1.11 million tons (4%).
In 2020, global carrot production was approximately 45
million tons, with a forecast of annual growth [37].
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China is also the leader in carrot production at 21.4
million tons, while Uzbekistan and the USA rank second
and third with 2.77 million tons and 2.25 million tons,
respectively [37]. Ukraine is among the top five
producers, with a production volume of 0.87 million
tons [37].

Conclusion

As a result of the conducted research, the model
for formulating functional food products has been
enhanced. This model accounts for consumer
requirements as a key factor for the successful
utilization of market opportunities, while also
incorporating current trends in expanding the range of
complementary  plant-based ingredients  and
hydrobionts.

Comparative experiments established that corn
grain is the most suitable substrate for the production of
extruded functional foods. Among the plant
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components, extrudates of corn grain combined with
pumpkin, carrot, and parsley root exhibited the most
pronounced bifidogenic effect. Given that varietal
differences in the chemical composition and bioactive

compound content of pumpkin and carrot are
substantial, further experimental studies to determine
their specific bifidogenic potential are of significant
interest.
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%kadheipa XapuoBOi XiMii, eKCIIEpTH3M Ta 610TEXHOIOTTi

Skatespa TEXHOIOTT PECTOPAHHOTO i 0310pOBUOTO XapuyBaHHs

Opecbkuii HaI[lOHATBHUH TEXHOJIOTIYHUHN YHIBEPCUTET

Byn. Kanatna, 112, m. Opneca, Ykpaina, 65039

“TOB «BiokoHTakT», Byl KocTioka, M. Kuis, 39 Ykpaina03170,

AHoTauisi 3pocTaHHs YaCTOTH NPOSIBY CEPIIEBO-CYJMHHIX 3aXBOPIOBaHb, 1ia0eTy 2-T0 THITY, IESKUX BUIIB OHKOJIOTTYHHX
Ta {HIIMX 3aXBOPIOBaHb, OCHOBHOIO TIPUYMHOIO SIKMX € HaJAMIpHA Bara Ta OKMpIHHS, CIIPUSE PO3BUTKY JOCII/PKEHb 3 MOIIYKY
XapYOBHX MPOAYKTIB IIJIECIPSIMOBAHOTO BIUIMBY Ha CTaH 3I0POB’S JIIOJEH, IO MPH3BEIO OO 3HAYHOTO 3POCTaHHS OOCSTIB
BUPOOHHUITBA (PYyHKIIOHAJIBHUX XapuoBUX NPoAyKTiB. [IpebioTnunnii edexT 3apa3 € 100pe BCTAHOBICHUM HAYKOBUM (hakToM,
SIKUI MPU3BIB /10 3MiHM Xap4OBHX YIOJ00aHb, ajie HEOOXiJHICTb MiIBHUIIEHHS e(EKTHBHOCTI BUPOOHUITBA | BUKOPHCTAHHS
(YHKIIOHAIBHUX Xap4yOBHMX MPOAYKTIB IpH3BeNa 10 HEOOXiJHOCTI YAOCKOHAJICHHsS MOJedi 1X (opMyBaHHS Ta PO3LIMPEHHS
CKJIa/ly KOMIUTIMEHTapHUX IHIPelieHTIB. Y3arajibHEeHHs pe3yJIbTaTiB JOCIIDKEeHb 6araThoX aBTOPIB 103BOJIMIIO BHECTH JI0 YHCIIA
KOMILUTIMEHTapHHUX iHTPEIIEHTIB eKCTPYAOBaHE 3€pHO, M/ 1 MPOIYKTH OJUKITBHUAITBA, TOPIXH 1 TiIpOOiOHTH, a eEeKTUBHICTh
3aCTOCYBaHHS Xap4YOBHUX MPOIYKTIiB PI3HOTO CKJIATy BU3HAYATH 32 POSIBICHHAM 0i(hiforeHHOTo eheKTy, Ik OCHOBHOTO YHHHHKA
(dopmyBaHHS (QYHKIIOHATBHOCTI OLIBIIOCTI Xap9OBHX MPOAYKTIB IIiyiecripsaMoBaHoi aii. B xomi mociimkeHs Oyno BU3HAUYCHO,
10 HaWBUIIUM 0ipiTOTEHHUM €(pEKTOM BOJIOJIE EKCTPYAOBaHE 3€pHO KyKYypy[3H, IIICHUI i suMeH0. Takok BCTaHOBJIEHA
JOLIJIBHICTE BUKOPUCTAHHS KYKypPYI3H B SIKOCTI OCHOBH €KCTPYJATIB Y MO€JIHAHHI 3 TAKUMH POCIHHHHMH IHIPEiEHTaMH, K
rap0Oy3, KOpiHb NETPYIIKU i MOPKBA, 1[0 CIIPUSUIIO MPOSBICHHIO MaKCUMaIbHOTO OidimorenHoro edekry. Haiibinpina KinbKiCTh
kiituH Bifidobacterium adolescentis Bupocia nmpu 101aBaHHI €KCTPYAATIB: 3epHa KyKypya3H i rapoysa (7,7-107 KYO/T), 3epua
KyKypyI3u i kopens nerpyukd (5,4-107 KYO/T), 3epHa stumento i rapoy3sa (5,2-107 KYO/r), a Takosx 3epHa KyKypyI3¥ i MOPKBH
(4,7-107 KYO/r). BpaxoBytoun iHAyCTpiabHI MacuITabu BUPOOHUITBA TapOy3a 1 MOPKBH, a TAKOX 3HAYHY KUTBKICTh TIOOIYHHX
MPOAYKTIB HpH iX MepepoOili BH3HAYEHO MAONUIBHICTE BHKOPHCTAHHS iX JJIsi BUPOOHHITBA (YHKIIOHAJHHHUX XapYOBHX
MIPOAYKTIB HA OCHOBI KYKYPYI3SHUX €KCTPY/IaTiB.

KiwuoBi cnoBa: (yHKIiIOHaNBHI Xap4oBl MPOXYKTH, MOJENb (OPMYBaHHS, KOMIDTIMEHTAPHI IHTPEMi€HTH, 3€PHO
KYKypYI3H, 3epHO SUMEHIO, 3epHO MIIEHHMI, TapOy3, MOPKBa KOPiHb CeJlepH, KOPiHb METPYIIKH, TomiHaMOyp, OidizoreHHui
e(exT.
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