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Abstract. The aim of the study was to provide a comprehensive assessment of the impact of innovative
technologies on the processing and treatment of dairy products in order to extend their shelf life.
A comparative analysis of non-thermal methods revealed that high-pressure processing (600 MPa,
15 minutes) and pulsed electric fields (35 kV/cm, 1,000 Hz) were the most effective in inactivating
microorganisms, reducing their overall count by 4.2 and 3.8 log CFU/cm?, respectively. Non-thermal
techniques showed less impact on the nutritional composition of milk compared to traditional
pasteurisation, preserving up to 91.8% of vitamin C and 97.2% of whey proteins. The best organoleptic
properties were observed in samples treated with high-pressure processing and pulsed electric
fields, scoring 4.9 out of 5 on a 5-point scale. It was also found that ultrasound treatment accelerated
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yoghurt fermentation by 28%-32%, high pressure shortened cheese ripening time by 30%-35%, and
ultrafiltration increased the yield of acid-set cheese by 15%-18%. Among antimicrobial packaging
materials, the highest activity was demonstrated by films containing silver nanoparticles (1.5%). A
synergistic effect was observed when combining non-thermal processing methods with innovative
packaging materials, enabling the extension of milk’s shelf life to 35 days at a temperature of 4 = 1°C.
Intelligent packaging systems with pH-sensitive indicators were developed for monitoring product
freshness. To investigate the synergistic effect of combined treatments, a factorial experimental design
was employed with the calculation of synergy coefficients. An analysis of nanoparticle migration
from packaging materials showed that their concentration remained within permissible limits when
recommended storage conditions were observed. Mathematical models were developed to predict milk
shelf life based on processing and packaging parameters. An economic evaluation of the proposed
technological solutions demonstrated their competitiveness in comparison with traditional methods,
particularly in the production of premium-segment products

Keywords: non-thermal processing; high pressure; pulsed electric field; antimicrobial packaging;

nanoparticles; intelligent packaging systems

Introduction

Dairy products constitute an important compo-
nent of the human diet due to their high nutri-
tional value and the bioavailability of their nutri-
ents. However, these products are characterised
by a limited shelf life owing to their microbiologi-
cal vulnerability and susceptibility to oxidative
processes. This issue highlights the need for the
development and implementation of innovative
processing technologies capable of extending
the shelf life of dairy products without adversely
affecting their organoleptic and nutritional prop-
erties. Traditional preservation methods, such
as thermal pasteurisation and sterilisation, do
not always provide an optimal balance between
product safety and the retention of quality attrib-
utes. In particular, high-temperature processing
often results in protein denaturation, vitamin loss,
and a deterioration in taste.

Significant contributions to research on dairy
quality preservation technologies have been
made by V. Chiozzi et al. (2022), who conducted
a comparative analysis of thermal and non-ther-
mal food processing technologies. The authors
noted that techniques such as ultrasound, ultra-
violet (UV) irradiation, ozonation, and high hydro-
static pressure exhibit considerable potential for

microorganism inactivation in milk while exert-
ing minimal impact on its sensory and nutrition-
al characteristics. The researchers paid particular
attention to the safety of applying these tech-
nologies in the dairy industry and their compli-
ance with contemporary food safety standards.
K.K.Dash et al. (2022) and E. Bancalari et al. (2020)
investigated the effects of various thermal pro-
cessing regimes on the quality and microbiologi-
cal safety of milk and dairy products. The authors
systematised data on the impact of both tradition-
al and modified thermal treatments on the nutri-
ent composition of milk and proposed alternative
approaches aimed at minimising the adverse ef-
fects of heat treatment. These studies underscore
the need to develop innovative technologies that
ensure effective microorganism inactivation while
preserving the biological value of dairy products.

In the field of intelligent packaging systems,
significant contributions were made by A.M. Al-
izadeh et al. (2022) and PP. Akhila et al. (2022),
who analysed trends and opportunities for ap-
plying intelligent packaging to dairy products.
The researchers categorised various types of
active and intelligent packaging materials, in-
cluding antimicrobial agents, oxygen scavengers,
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moisture absorbers, as well as freshness sensors
and temperature indicators. They also assessed
the potential of these materials to extend the
shelf life of different dairy product categories and
their influence on consumer perception. S. Pand-
ey et al. (2022) explored the application of bio-in-
spired active packaging materials to enhance the
shelf life and safety of food products. The authors
focused particularly on materials with antimicro-
bial properties based on natural compounds such
as chitosan, essential oils, bacteriocins, and en-
zymes. They found that such materials are highly
effective against a broad spectrum of microor-
ganisms responsible for dairy spoilage, offering
the added benefit of environmental safety in
comparison with synthetic antimicrobial agents.
The barrier properties of packaging materials
for dairy products were thoroughly examined by
K.Sneha & A.Kumar (2022), who investigated the
potential of nanoemulsions for enhancing pack-
aging performance. The authors developed and
characterised various types of nanoemulsions
based on natural compounds with antimicrobial
and antioxidant properties. Their findings showed
that incorporating such nanoemulsions into
packaging materials can significantly extend the
shelf life of dairy products by enabling the con-
trolled release of active components and creating
an effective barrier against oxygen and mois-
ture. The functional properties of dairy products
under innovative processing technologies were
studied by H. Sharma et al. (2023), who explored
the impact of lactic acid bacteria and their me-
tabolites on the techno-functional properties and
health benefits of fermented dairy products. The
authors found that using specific strains of lac-
tic acid bacteria in combination with innovative
processing techniques not only prolongs product
shelf life but also enriches the products with bi-
oactive compounds such as bioactive peptides,
exopolysaccharides, and vitamins. Contemporary
developments in automation and digitalisation in
the food industry, including the dairy sector, were
explored by S. Sharma et al. (2021). They analysed
the potential of artificial intelligence and big

data analytics for optimising production process-
es, quality control, and predicting the shelf life of
dairy products. The authors developed conceptual
models of intelligent quality monitoring systems
that integrate data from various sources - includ-
ing in-pack sensors, storage conditions,and trans-
port environments - to enable more accurate
determination of actual shelf life under specific
conditions. The environmental aspects of innova-
tive technologies in the dairy industry were ex-
amined by W.Ahmed et al. (2022). The researchers
conducted a comprehensive life cycle analysis of
various packaging materials and processing tech-
nologies in terms of their environmental impact.
They proposed strategies to reduce the ecological
footprint of the dairy industry, including the use
of biodegradable packaging materials, energy-ef-
ficient processing technologies, and the adoption
of circular economy principles.

This study aimed to systematise and compare
modern innovative processing and treatment
technologies for dairy products with the objective
of extending shelf life, while taking into account
their effects on organoleptic, physicochemical,
and microbiological quality indicators. To achieve
this aim, it was essential to analyse the main fac-
tors limiting the shelf life of dairy products and
to classify non-thermal and combined process-
ing methods for both raw milk and finished dairy
goods. It was also necessary to examine the effec-
tiveness of various innovative technologies - in-
cluding advanced packaging solutions - depend-
ing on the category of dairy product.

Materials and Methods
The study was conducted during 2023-2024 at
the laboratory complex of the Department of Food
Technology and Microbiology, Odesa National
University of Technology. For the experimental
part of the research, whole cow’s milk was select-
ed with a fat content of 3.2%, protein content of
3.0%,and total solids of 12.5%, in accordance with
the requirements of DSTU ISO 707:2002 (2002).
Special attention was paid to preventing po-
tential contamination of samples during milk
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collection. The microbiological indicators of the
raw material met the regulatory standards: the
number of mesophilic aerobic and facultative
anaerobic microorganisms (MAFAM) did not ex-
ceed 1 x10° CFU/cm?3, and coliform bacteria and
pathogenic microorganisms were not detected.
For the comparative analysis of non-thermal
processing methods, the following equipment
was used: a UVC lamp unit (254 nm) with a radi-
ation intensity of 30 mW/cm? for UV irradiation;
a highpressure system operating in the range of
300-600MPa;apulsedelectricfield generatorwith
a field strength of 20-35 kV/cm and a frequency of
100-1,000 Hz; an ultrasonic generator operating
at a frequency of 20 kHz and a power output of
up to 1,000 W. To investigate antimicrobial pack-
aging materials, samples of polyethylene film
modified with silver, zinc oxide, and chitosan
nanocomposites were used at concentrations of
0.5%, 1.0%, and 1.5%.

The impact of non-thermal processing meth-
ods on the technological properties of milk was
studied under the following conditions: UV ir-
radiation in a thin layer (4 mm) with exposure
times of 10, 20, 30, and 40 seconds; high-pres-
sure treatment at 300, 400, 500, and 600 MPa
for 5, 10, and 15 minutes at a temperature of
15 £ 2°C; pulsed electric field treatment with a
field strength of 2035 kV/cm, pulse duration of
1-4 ps, and frequency of 200-1,000 Hz in a contin-
uous-flow system with a throughput of 1 L/min;
ultrasound treatment at intensities of 30, 50, and
70 W/cm? for 5, 10, and 15 minutes at a temper-
ature of 25 % 3°C. To assess structural changes in
milk proteins caused by non-thermal methods,
differential scanning calorimetry was employed.
Microscopic analysis of milk structure was carried
out using an optical microscope with a digital
camera at magnifications of x 400 and x 1,000.
The evaluation of the effectiveness of non-ther-
mal methods in milk processing included the
following: investigating the effect of ultrasound
treatment (50 W/cm?, 5 minutes) on yoghurt
fermentation; applying high-pressure process-
ing (500 MPa, 10 minutes) to accelerate cheese
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ripening; using ultrafiltration in the production of
acid-set cheese; employing pulsed electric field
treatment of milk prior to drying. To assess the
effectiveness of packaging materials, samples of
milk treated using different methods were stored
at a temperature of 4 = 1°C, with sampling car-
ried out on days 1,7,14, 21, 28,and 35 of storage.
The samples were analysed for microbiological
parameters (total microbial count, psychrotrophs,
and spore-forming bacteria), physicochemical in-
dicators (pH, titratable acidity, viscosity, degree of
fat oxidation, and vitamin content), and organo-
leptic characteristics using a 5-point scale. To
investigate the synergistic effect of combining
non-thermal processing methods with innovative
packaging materials, factorial experimental de-
sign was applied, and synergy coefficients were
calculated using the following formula 1:
Nx
S =log (5= x Nb), 1)
where Nx is the number of microorganisms after
combined treatment; Na and Nb are the number
of microorganisms after individual treatments.
Energy efficiency of the studied technologies
was evaluated by measuring electricity consump-
tion (kWh/L) for each processing method. An eco-
nomic assessment of the technological solutions
was conducted, taking into account capital and
operating costs, potential shelf life extension,and
expansion of market reach. For statistical analysis
of the results, analysis of variance was used. The
significance of differences was assessed using
Student’s t-test at a confidence level of p <0.05.
All experiments were performed in five replicates.

Results
The study of non-thermal milk processing meth-
ods revealed significant differences in their ef-
fects on microbiological parameters and product
shelf life. To enable an objective comparison of
the effectiveness of different technologies,a com-
prehensive analysis was conducted, encompass-
ing not only microbiological indicators but also
technological aspects of applying these methods
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in the processing of raw milk and the production
of various dairy products. It was found that the
highest level of microorganism inactivation in
raw milk was achieved using high-pressure pro-
cessing (600 MPa, 15 minutes) and pulsed elec-
tric field treatment (35 kV/cm, 1,000 Hz), which

extended the shelf life of milk to 21-28 days
when stored at 4 £ 1°C. A key consideration for
the practical application of these technologies
is their impact on subsequent processing stages
and the quality characteristics of the final dairy
products (Table 1).

Table 1. Effects of non-thermal processing methods on the technological properties of milk

Method of Processing Effect on protein Effect on technological Energy consumption
processing mode fraction properties (kWh/L)
Control _ . ; _
(untreated) Native structure Standard properties
Thermal Partial denaturation of Improved cheese yield,
asteurisation 72°C,15s whey proteins reduction in vitamin 0.12+0.01
P (18%-20%) content
Significant denaturation - .
Thermal o - Substantial improvement in
pasteurisation 90°C,20's of \Evthe%groooSms water-holding capacity 0.18+0.02
Ultraviolet Minimal changes Preservation of native
irradiation 40s (2%-3%) properties 0.04£0.01
- ) . Improved rennet
High-pressure 600 MPa, Reversible denaturation S
A ; %100 coagulation, increased 0.08+0.01
processing 15 min (15%-18%) cheese yield
Pulsed electric 35 kV/cm, Minimal changes Enhanced enzymatic 0.05+0.01
field 1,000 Hz (3%-5%) processes e
Ultrasound 70 W/cm?,  Partial fragmentation  Improved homogenisation, 0.09+0.02
treatment 15 min (8%-10%) reduced fermentation time o

Note: values presented are means * standard deviation (n=5)

Source: compiled by the authors

As shown in Table 1, non-thermal process-
ing methods offer significant advantages in
preserving the native structure of milk proteins
compared to thermal pasteurisation. Of particular
interest are high-pressure processing and pulsed
electric field treatment, which not only effective-
ly inactivate microorganisms but also enhance
the technological properties of milk for further
processing. For instance, high-pressure process-
ing (600 MPa, 15 minutes) leads to reversible
denaturation of whey proteins, improving ren-
net coagulation and increasing cheese yield by
4%-6% compared to conventional thermal
pasteurisation. Pulsed electric field treatment
(35 kV/cm, 1,000 Hz) has minimal impact on the
milk’s protein fraction (changes of only 3%-5%),
allowing the functional properties of the milk
to be preserved almost at the level of raw milk,

while still ensuring a high degree of microbio-
logical safety. Moreover, this technology has the
lowest energy consumption among the methods
studied (0.05 kWh/L), making it economically at-
tractive for industrial implementation.

An analysis of the impact of different pro-
cessing methods on the physicochemical pa-
rameters of milk showed that non-thermal tech-
niques better preserve thermolabile components.
The highest retention of vitamin C and whey pro-
teins was observed following pulsed electric field
treatment (91.8% and 96.5%, respectively) and
ultraviolet irradiation (87.5% and 97.2%, respec-
tively). These findings are particularly relevant for
the production of functional dairy products with
enhanced biological value. The study of struc-
tural changes in milk proteins using differential
scanning calorimetry showed that high-pressure
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processing (600 MPa, 15 minutes) induces confor-
mational changes similar to those observed dur-
ing mild thermal treatment (65°C, 30 minutes).
However, unlike thermal processing, these chang-
es are largely reversible, which explains the pres-
ervation of the proteins’ functional properties.
Pulsed electric field and ultraviolet irradiation
caused only minimal structural alterations, with
negligible effects on protein functionality.
Microscopic analysis of milk structure after
different treatments revealed that ultrasound
processing led to partial disintegration of fat
globules and casein micelles, resulting in im-
proved product homogeneity. This effect is par-
ticularly beneficial in the production of ferment-
ed dairy beverages and desserts, as it provides
a more uniform texture and reduces the risk of
whey separation.In addition to the impact on raw
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materials, an important focus of the study was
the effectiveness of combined technologies in
extending the shelf life of finished dairy products.
The combined use of non-thermal milk process-
ing methods and innovative antimicrobial pack-
aging materials demonstrated a synergistic effect.
Milk treated with high-pressure processing and
packaged in film containing silver nanoparticles
(1.5%) maintained microbiological stability for
up to 35 days, nearly twice as long as when each
technology was applied individually. The study
highlighted the broad potential of non-thermal
technologies not only for raw material treatment
but also at various stages of dairy product man-
ufacturing. Experiments were conducted using
non-thermal methods in the production of yo-
ghurts, cheeses, and other dairy products, with
the results presented in Table 2.

Table 2. Impact of innovative technologies on dairy product quality

Product Technology Technological effect Impact on product quality Economic effect
Yoghurt Ultrasound treatment ~ Fermentation time b;n;:geo/azsgg Vs'flﬁgfézs Productivity
2 H 0y _: ) °. o, H o,
(50 W/cm?, 5min)  reduced by 28%-32% reduced by 25%-30% increased by 23%
High-pressure Starter culture Improved texture, probiotic Shelf life
Yoghurt processing activity increased content increased by extended by
(400 MPa, 5 min) by 20%-25% 1.2 log CFU/g 14-18 days
Protein S .
o ) Product yield increased by  Production costs
é:ﬁlgez:t Ultrafiltration coir;gsggrsagcljon 15%-18%, improved water- reduced by
3.5-4 times holding capacity 12%15%

High-pressure
processing
(500 MPa, 10 min)

Hard cheese

Ripening accelerated
by 30%-35%

Intensified flavour

compound formation,
more uniform texture

Production cycle
shortened by
20%-25%

. - - Energy
; Dispersibility Improved solubility by B
Powﬁﬁred Pulsec: ee-lfrCti;:c field increased by 18%20%, preservation of c;)endsuucn;gttl)on
p ying 20%-25% native protein properties 0,110, y
10%12%
Improved R
Ultrasound . homogenisation, ice Enhanpeq texture, heat Freezing time
Ice cream treatment of mix crystal size reduced stability increased by reduced by
(40 W/cm2, 3 min) y 15%18% 22%25%

by 40%-45%

Source: compiled by the authors

One of the most promising directions iden-
tified was the use of ultrasound treatment in yo-
ghurt production. Treating the standardised milk
mixture with ultrasound (50 W/cm?, 5 minutes)
before the addition of starter cultures reduced
the fermentation time by 28%-32% compared to

traditional processing. This effect is attributed to
ultrasonic cavitation, which causes partial dis-
integration of casein micelles and increases the
availability of nutrients for the starter cultures.
In addition, the final product exhibited increased
viscosity (by 15%-20%) and reduced syneresis (by
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25%-30%), contributing positively to its sensory
properties and storage stability.

Studies on the effect of ultrasound treat-
ment on yoghurt quality during storage showed
that samples produced using this method main-
tained their sensory characteristics significantly
longer than the control samples. After 21 days
of storage at 4 *1°C, yoghurts produced with
ultrasound-treated milk showed 35%-40% lower
syneresis and retained higher viscosity. Micro-
biological analysis revealed that the number of
viable probiotic cultures in these samples was
0.8-1.0 log CFU/g higher compared to the control,
confirming the positive effect of ultrasound treat-
ment on probiotic viability. High-pressure pro-
cessing has demonstrated considerable poten-
tial in the production of hard cheeses. Treatment
during the ripening stage (500 MPa, 10 minutes)
allowed the ripening process to be accelerated by
30%-35%, due to the intensification of proteolytic
activity under high pressure. Flavour and aroma
profile analysis showed that cheeses treated with
high pressure had a richer taste and aroma com-
pared to control samples at the same ripening
stage. The economic benefit of this technology
lies in the shortened production cycle and re-
duced maturation costs. A detailed study of the
effects of high pressure on cheese proteolysis was
carried out using chromatographic analysis of
peptide profiles. It was found that high-pressure
treatment (500 MPa, 10 minutes) led to the for-
mation of low-molecular-weight peptides (under
5 kDa) in significantly greater quantities than in
control samples after 60 days of ripening. These
peptides play a key role in the development of
flavour and aroma, and may also exhibit poten-
tial biological activity. Moreover, microstructural
analysis of cheese after high-pressure treatment
showed a more uniform distribution of moisture
and fat within the cheese matrix, contributing to
an improved texture in the final product.

Membrane technologies, particularly ultra-
filtration, were investigated in the production of
acidset cheese. The use of ultrafiltration made it
possible to increase the protein concentration

by 3.5 to 4 times without adversely affecting its
functional properties. This led to a 15%-18% in-
crease in product yield and improved water-hold-
ing capacity. An economic efficiency analysis
showed that incorporating ultrafiltration into the
production process reduced manufacturing costs
by 12%-15%, owing to increased product yield
and lower energy consumption. The ultrafiltration
technique was also studied in combination with
high-pressure processing for the production of
functional cultured dairy products. It was found
that pre-treatment of milk by ultrafiltration, fol-
lowed by high-pressure treatment of the con-
centrate (400 MPa, 5 min) before the addition
of starter cultures, resulted in a product with a
higher protein content (8%-10%) and improved
rheological properties. This approach is particu-
larly promising for the manufacture of specialised
dairy products for sports nutrition and geriatric
diets, where a high protein content is a key fac-
tor. Pulsed electric field technology demonstrated
high effectiveness in the production of powdered
milk. Treatment of milk before drying (25 kV/cm,
500 Hz) enhanced dispersibility by 20%-25% and
preserved the native properties of proteins. The
resulting product exhibited improved solubility
(by 18%-20%) and retained the functional prop-
erties of the proteins - an especially important
characteristic in the production of infant formula
and functional food products.

The study of the impact of pulsed electric
field treatment on the milk drying process re-
vealed that this technology can reduce energy
consumption by 10%-12% by enhancing heat
transfer and shortening drying time. Further-
more, microstructural analysis of the resulting
milk powder showed that samples treated with
pulsed electric field prior to drying exhibited a
more porous particle structure, which account-
ed for their improved solubility. The functional
properties of proteins, such as foaming capacity
and emulsifying ability, were retained at 92%-
95% of their original values, whereas these in-
dicators dropped to 75%-80% in the control
samples. Ultrasound-assisted re-emulsification
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technology was explored in the production of but-
ter and spreads. Treating cream with ultrasound
(60 W/cm?, 3 minutes) prior to churning resulted
in a product with smaller water droplets (average
diameter 2-3 pym compared to 5-7 ym in the con-
trol) and their more uniform distribution within
the fat phase. This led to improved texture, en-
hanced thermal stability, and reduced tendency
towards phase separation. Additionally, the prod-
uct showed improved spreadability at low tem-
peratures, broadening its potential applications.
The microencapsulation technology using drum
drying was investigated for the development of
encapsulated probiotic cultures resistant to ad-
verse environmental conditions. It was found that
using sodium alginate and maltodextrin as coat-
ing materials significantly enhanced the surviv-
al of probiotic cultures under low pH conditions
(pH 2.0, simulating gastric juice) by 2.5-3.0 log
units compared to non-encapsulated cultures.
This opens up new opportunities for the creation
of functional dairy products with guaranteed de-
livery of probiotics to the consumer’s intestines.
As part of the study, intelligent packaging systems
with pH-sensitive indicators based on anthocya-
nins were developed and tested for monitoring
the freshness of dairy products. It was established
that the indicator colour changed from blue to
pink when the milk reached a critical acidity level
(pH £6.0), allowing for visual assessment of prod-
uct freshness without opening the package.
Experimental testing of the stability of the
pH-sensitive indicators showed that they retained
their activity throughout the entire shelf life of
the dairy products (up to 45 days), provided that
the recommended storage conditions were fol-
lowed. An important feature of the developed
indicators is their ability to respond specifically
to changes caused by microbiological spoilage,
without reacting to normal physico-chemical
processes occurring in milk during storage. To
enhance the effectiveness of quality control for
dairy products, a concept for an integrated mon-
itoring system was developed, combining in-
telligent packaging materials with automated
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control systems. The system incorporates minia-
ture sensors for pH, temperature, and gas com-
position, embedded into the packaging material;
Radio Frequency ldentification (RFID) tags for
product identification and tracking; a central data
collection and analysis platform using machine
learning algorithms; and a mobile application for
consumers, enabling them to obtain real-time in-
formation about product status by scanning a QR
code. A unique feature of the system is its ability
to predict the remaining shelf life of the prod-
uct based on the dynamics of monitored param-
eters. The machine learning algorithms, trained
on a large dataset of experimental results, can
accurately (up to 92%-95%) forecast the point at
which critical quality thresholds are reached. This
enables optimised logistics and reduced product
losses due to expired shelf life.

Experimental testing of the system at a dairy
processing facility demonstrated that its imple-
mentation led to a 35%-40% reduction in prod-
uct returns due to non-compliance with quality
standards and improved supply chain efficiency
through better inventory management. Addition-
ally, the system provides full traceability from
producer to consumer, enhancing brand trust and
aligning with current trends in the food indus-
try. The economic assessment of the proposed
technological solutions demonstrated their com-
petitiveness compared to traditional methods.
Specifically, the implementation of a combined
technology (high-pressure milk processing and
antimicrobial packaging) enables a 20%-25%
reduction in energy consumption relative to con-
ventional thermal pasteurisation,and extends the
product’s shelf life by three to four times, signif-
icantly enhancing distribution opportunities. A
detailed analysis of the energy efficiency of var-
ious milk processing technologies revealed that
pulsed electric field treatment has the lowest
energy consumption among the methods stud-
ied, at just 0.05 kWh/L. This is due to the process
operating at room temperature, with energy ex-
penditure limited to generating the electric puls-
es. Although high-pressure processing involves
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substantial capital investment in equipment, it
also shows strong energy efficiency (0.08 kWh/L)
compared to traditional high-temperature pas-
teurisation (0.18 kWh/L). In the long term, these
technologies offer the potential to substantially
reduce operational costs and the environmental
footprint of production.

The economic feasibility of implementing
the developed technologies at a medium-capac-
ity dairy facility (processing 50 tonnes of milk
per day) showed that the capital investment
in non-thermal processing equipment can be
recouped within 2.5 to 3 years due to reduced
operating costs, higher product yields, and ex-
panded market reach. For enterprises producing
premium segment products, the payback period
may be reduced to 1.5 to 2 years, owing to the
potential for premium pricing of products with
enhanced sensory qualities and extended shelf
life. The analysis of current trends in the food
industry has identified several promising direc-
tions for the development of innovative technol-
ogies in the dairy sector. Among these, 3D print-
ing of dairy products stands out as particularly
noteworthy, enabling the creation of complex
structures from dairy-based materials with cus-
tomised properties. An experimental 3D-print-
ing unit for dairy applications was tested using
cheese mass enriched with probiotics. The re-
sults demonstrated that this technology allows
for the formation of products with intricate in-
ternal structures and controlled release of ac-
tive compounds (Dinkgi et al., 2019; Alirezalu et
al., 2020). Testing of various formulations for 3D
printing revealed that protein concentrate-based
mixtures supplemented with hydrocolloids (such
as pectin, gelatine and agar) serve best as struc-
tureforming agents. These compositions ensure
stable shape retention of printed structures dur-
ing storage while maintaining acceptable senso-
ry qualities. Enrichment with probiotic cultures
enables the production of functional foods with
targeted health-promoting properties.

Another promising direction is fermenta-
tion using immobilised cultures, which involves

fixing starter cultures onto specialised carriers to
enhance their stability and productivity. Experi-
mental research has shown that the use of im-
mobilised cultures can reduce fermentation time
by 35%-40% and increase the yield of bioactive
compounds. Various materials were tested as
carriers for immobilisation, including calcium al-
ginate, carrageenan, chitosan, and synthetic poly-
mers. The best results in terms of culture viability
and technological feasibility were achieved using
calcium alginate. Microscopic analysis showed
that the starter culture cells were evenly distrib-
uted within the carrier matrix and maintained
their metabolic activity over an extended period
(up to 30 fermentation cycles with repeated use).
Lyophilised methods for producing dry ferment-
ed products represent another promising area of
research. This technology combines fermentation
with subsequent freeze-drying, allowing the pres-
ervation of probiotic viability and the bioactive
properties of fermented products. It was found
that freeze-dried cultured dairy products retained
up to 80%-85% of viable probiotic cultures after
12 months of storage at room temperature. Op-
timisation of the freeze-drying process revealed
that pre-freezing the product at -40°C, followed
by drying at a pressure of 0.1 mbar and plate
temperature of 30°C, provided the best retention
of probiotics and bioactive compounds. The ad-
dition of protective agents such as trehalose and
inulin prior to drying further increased probiotic
survival by 15%-20%. The resulting lyophilised
products were characterised by high porosity,
rapid rehydration when water was added, and the
preservation of sensory properties comparable to
those of fresh fermented products.

A comprehensive study of the rheological
properties of reconstituted lyophilised fermented
dairy products revealed that their consistency de-
pends on the composition of the protective media
used prior to drying. The addition of prebiotics,
such as inulin and fructooligosaccharides, not
only enhances the survival rate of probiotic cul-
tures but also improves the texture of the recon-
stituted product, giving it a creamy consistency
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similar to that of fresh yoghurt. Furthermore,
these components increase the functional value
of the final product by creating a synbiotic com-
plex. Research into the microstructuring of dairy
proteins using a combined approach - including
controlled fermentation, high-pressure process-
ing, and ultrasound treatment - has enabled the
development of new types of protein ingredients
with unique functional properties. It was found
that such ingredients exhibit significantly higher
water-holding capacity (by 30%-35% compared to
traditional dairy protein concentrates), improved
emulsifying properties, and the ability to form
thermostable gels at low protein concentrations
(3%-4%). The microstructured protein ingredients
were successfully applied in the production of
lowcalorie dairy desserts, where they allowed for
a 50%-60% reduction in fat content without com-
promising the sensory qualities of the product.
Instrumental profilometry analysis of the texture
of these desserts demonstrated that their rheo-
logical properties were comparable to traditional
highfat analogues, and in some instances, even
surpassed them in terms of homogeneity and
creaminess. Automated control systems incor-
porating artificial intelligence demonstrate con-
siderable potential for optimising technological
processes in the dairy industry. An experimental
system for predicting the shelf life of dairy prod-
ucts, based on neural networks, achieved an ac-
curacy rate of 92%-95%, enabling optimisation of
logistics and a reduction in product waste.

To train the neural network, a large data-
set was collected and analysed. This included
changes in physicochemical, microbiological, and
organoleptic parameters of various dairy prod-
ucts during storage under different conditions. A
multilayer perceptron neural network with three
hidden layers was trained on 80% of the avail-
able data, with validation carried out on the re-
maining 20%. The results showed that the system
could accurately predict the residual shelf life of
products based on an analysis of initial param-
eters and storage conditions (Fadiji et al., 2023).
In addition to shelf-life prediction, the developed
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artificial intelligence system was adapted to op-
timise the processing conditions in dairy prod-
uct manufacturing. Machine learning algorithms
analysed correlations between raw material
processing parameters (temperature, pressure,
duration, etc.) and the quality characteristics of
the final product. This allowed for the identifi-
cation of optimal regimes to achieve the desired
product properties with minimal energy and time
expenditure. The practical implementation of an
automated control system at a dairy facility sig-
nificantly improved product quality consistency,
reduced the proportion of defective batches by
40%-45%, and optimised the use of raw materials
and energy resources. An additional advantage
of the system lies in its capacity for continuous
self-improvement through the accumulation of
new data and refinement of predictive models.
An assessment of the energy efficiency of
various technological combinations revealed that
the most promising for industrial application
is the integration of pulsed electric field treat-
ment during the initial processing stage with
high-pressure processing applied to the pack-
aged end product. This combination enables a
30%-35% reduction in energy consumption com-
pared to traditional technologies, while main-
taining an equivalent or superior level of product
safety. An evaluation of the environmental impact
of innovative technologies, carried out using Life
Cycle Assessment (LCA) methodology, indicated
that non-thermal processing methods can re-
duce the carbon footprint of dairy production by
20%-25%, primarily by lowering energy consump-
tion and decreasing food waste due to extend-
ed shelf life. Moreover, the use of biodegradable
packaging materials modified with natural an-
timicrobial agents contributes to a further re-
duction in environmental burden (Morales-de la
Pena et al., 2019). A comprehensive analysis of
the quality of dairy products produced using in-
novative technologies included not only standard
physicochemical and microbiological parame-
ters but also an assessment of the bioavailability
of key nutrients. It was found that non-thermal
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processing methods, such as high-pressure pro-
cessing and pulsed electric fields, ensure greater
bioavailability of calcium and essential amino ac-
ids compared to traditional thermal pasteurisation.
This effect is attributed to a lower degree of protein
denaturation and the preservation of the native
structure of calcium-binding components in milk.

A study of the impact of innovative technolo-
gies on the allergenicity of milk proteins showed
that high-pressure treatment (600 MPa, 15 min-
utes) can reduce the allergenic potential of 8 lac-
toglobulin - one of the main milk allergens - by
25%-30%. This is explained by pressure-induced
conformational changes in the protein that re-
sult in the masking of certain epitopes respon-
sible for allergic reactions. These findings open
up opportunities for developing hypoallergenic
dairy products using high-pressure processing in-
stead of traditional thermal treatment. To evalu-
ate the broader prospects for the implementation
of innovative technologies in the dairy industry,
a SWOT analysis was conducted. The key find-
ings were as follows: strengths include improved
product quality, extended shelf life,and increased
energy efficiency; weaknesses involve high initial
investment costs and the need for specialised
personnel; opportunities relate to expanding
the product range and entering new markets;
threats stem from potential changes in regulato-
ry requirements and consumer hesitancy towards
new technologies. Marketing research conducted
as part of this study showed that consumers are
willing to pay 15%-20% more for dairy products
produced using innovative “green” technologies
that preserve the natural properties of milk. Will-
ingness to pay a premium was particularly high
among consumer segments focused on healthy
lifestyles and environmental responsibility. Thus,
the findings of this study demonstrate that in-
novative technologies for processing and man-
ufacturing dairy products have considerable po-
tential to improve production efficiency, enhance
product quality, and extend shelf life. Combined
approaches - integrating various methods of
raw milk processing, product manufacturing, and

packaging, along with automated quality control
systems - are especially promising.

Discussion

The study confirmed the high effectiveness of
non-thermal milk processing methods and in-
novative packaging materials in extending the
shelf life of dairy products. These findings should
be viewed in the context of current scientific re-
search in this field. The demonstrated high effi-
ciency of high-pressure processing in microbial
inactivation and minimal impact on organoleptic
properties aligns with the results obtained by
L. PicartPalmade et al. (2019). The authors noted
that treatment at 500-600 MPa can achieve levels
of microbial inactivation comparable to thermal
pasteurisation, while ensuring significantly bet-
ter preservation of thermolabile components in
milk. They also conducted detailed studies on the
impact of high pressure on specific microbial cul-
tures and found that Gram-negative bacteria ex-
hibit greater sensitivity to this method compared
to Gram-positive strains. Studies have shown that
high-pressure processing is particularly effective
in accelerating cheese ripening. This aligns with
the findings of A.Ch. Stratakos et al. (2019), who
investigated the impact of high-pressure process-
ing on the safety and quality of raw milk. Their
research confirmed that the technology not only
inactivates pathogenic microorganisms but also
has a beneficial effect on enzymatic processes
during cheese production, contributing to faster
ripening and the development of a more intense
flavour and aroma profile.

The results regarding the effectiveness of
ultraviolet irradiation treatment in extending
the shelf life of milk demonstrate significant mi-
crobial inactivation when applied in a thin layer.
However, the issue of uneven exposure due to the
shadowing effect in opaque liquids such as milk
remains a limiting factor for large-scale applica-
tions.M.M.Delorme et al. (2020) proposed innova-
tive technical solutions to address this challenge,
including the use of turbulent flow and specially
designed reactors with a high surface-to-volume
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ratio, which enable more uniform irradiation.
They also established that UV treatment has a se-
lective effect on different groups of microorgan-
isms in milk, showing the highest efficacy against
coliform bacteria and psychrotrophic microorgan-
isms - both of which are major contributors to
the spoilage of dairy products during storage. The
theoretical aspects of applying ultraviolet irradi-
ation for milk treatment are comprehensively dis-
cussed in the research of T. Koutchma (2019), who
proposed mathematical models for calculating
the effective radiation dose based on the optical
properties of the product, equipment geometry,
and the kinetics of microbial inactivation. The
author also systematised data on the impact of
UV radiation on the nutrient composition of milk
and established that, under optimised processing
conditions, up to 90%-95% of thermolabile vita-
mins are preserved - findings that are consistent
with those obtained in the present study. In this
research, pulsed electric field technology demon-
strated strong potential not only for microbial in-
activation but also for improving the technologi-
cal properties of milk. Of particular interest is the
influence of this method on fermentation pro-
cesses and texture formation in fermented dairy
products. These results complement the study
by M.M. Goodarzi et al. (2020), who found that
pulsed electric fields can stimulate the activity of
starter cultures and accelerate fermentation by
15%-20% due to increased permeability of mi-
crobial cell membranes.

The data obtained regarding the effective-
ness of ultrasound treatment are supported by
the findings of R. Mahendran et al. (2019), who
investigated the use of pulsed light to extend
product shelf life. Although the authors focused
on a different technology, their conclusions
on the mechanisms of microbial inactivation
and the optimisation of processing parameters
closely align with the results of the present
study. In particular, they found that combining
pulsed light with other non-thermal methods
(including ultrasound) produces a synergistic ef-
fect, allowing for a higher degree of microbial
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inactivation at less intensive processing levels,
thus minimising the impact on the sensory and
nutritional qualities of dairy products. The study
of the effectiveness of automated quality con-
trol systems based on machine learning aligns
with the findings of Z.H. Zhang et al. (2019), who
conducted a comprehensive analysis of nonther-
mal technologies and their current and future
applications in the food industry. The authors
emphasised that the advancement of digital
technologies and sensor systems is a key factor
in the successful large-scale implementation
of non-thermal processing methods. They pro-
posed an integrated approach to process au-
tomation that includes continuous monitoring
of critical processing parameters and product
quality prediction using mathematical models -
an approach closely aligned with the shelf-life
prediction system for dairy products developed
in the present study. The findings regarding the
use of membrane technologies, particularly ul-
trafiltration, to increase protein concentration
and improve the functional properties of dairy
products complement the research by A. Soni et
al. (2021). These authors analysed the applica-
tion of emerging processing technologies aimed
at enhancing the safety and bioactivity of milk.
They demonstrated that membrane technologies
not only enable the concentration of valuable
milk components but also facilitate the removal
of toxic substances and allergens, opening new
opportunities for developing specialised prod-
ucts for specific consumer groups, including in-
dividuals with dairy protein allergies.

The study’s findings on the impact of dif-
ferent processing methods on the allergenicity
of milk proteins are supported by the research
of H. Hernandez et al. (2022), who explored the
potential for developing innovative and health-
ier dairy products through the addition of mi-
croalgae. The authors found that certain com-
ponents of microalgae, particularly polyphenols
and peptides, are capable of binding to aller-
genic epitopes of milk proteins, thereby mask-
ing them and reducing the overall allergenicity
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of the product. This insight opens up promising
prospects for combining non-thermal processing
methods with the addition of bioactive com-
pounds to develop hypoallergenic dairy products.
The effectiveness of combining various technol-
ogies, as demonstrated in this study, is supported
by the research of N. Teixidé et al. (2022), who
investigated the use of biological agents as al-
ternatives to chemical preservatives. The authors
conducted a comprehensive study of various bio-
preservatives, including bacteriocins, the lactop-
eroxidase system, and natural extracts, and de-
termined their effectiveness against the primary
spoilage organisms in dairy products. The syner-
gistic effect observed in this study when com-
bining non-thermal processing methods with
antimicrobial packaging materials complements
the findings of M. Gogliettino et al. (2020). They
established that the combination of high-pres-
sure processing with active packaging materials
containing antimicrobial peptides can extend
the shelf life of meat and dairy products by two
to three times compared with the use of each
technology individually.

The findings on the development of intelli-
gent packaging systems with freshness sensors
are supported by the research of M.R. Yan et
al. (2022), who analysed innovative packaging
solutions in terms of quality, safety and consum-
er perception. The authors systematised various
types of smart packaging, including tempera-
ture,time and freshness indicators,as well as QR
codes and RFID tags for tracking product move-
ment. They established that such systems not
only provide improved quality control but also
enhance consumer trust - an important factor
in the adoption of new technologies within the
food industry. The economic viability of intro-
ducing innovative technologies, as demonstrat-
ed in the present study, aligns with the conclu-
sions of R.Vanaraj et al. (2024), who conducted
a comprehensive assessment of the cost-effec-
tiveness of different shelf-life extension tech-
nologies. The authors developed an integrated
evaluation model that takes into account both

direct costs associated with equipment and
its operation, and indirect benefits such as re-
duced product returns and the expansion of
distribution networks.

Research into the development of function-
al dairy products using non-thermal processing
methods complements the study of A. Sridhar et
al. (2020), who examined the application of pres-
ervation technologies and nanotechnology for
extending the shelf life of various food products.
Particular attention was given to the relationship
between processing methods and the bioavaila-
bility of functional ingredients, which is critical
in the development of products with enhanced
biological value. They found that non-thermal
methods, such as high-pressure processing and
pulsed electric fields, better preserve bioactive
components and their functionality compared
to conventional thermal technologies, which is
fully consistent with the results obtained in this
study. The environmental aspect of innovative
packaging solutions explored in this study com-
plements the findings of S. Pandey et al. (2022),
who conducted a comprehensive analysis of
current trends in active packaging. The authors
assessed the life cycle of various packaging
materials, including conventional polymers, bi-
odegradable materials and nanocomposites, in
terms of their environmental impact and poten-
tial for recycling or biodegradation.

Unlike previous studies, this research pro-
poses a comprehensive approach to extending
the shelf life of dairy products, encompassing the
entire technological chain - from initial raw milk
processing to packaging and storage of finished
products. Such an approach maximises the effi-
ciency of each technological solution through the
synergistic interaction of different components
within the system. The findings of the study lay
the groundwork for the further development of
innovative technologies in the dairy industry.

Conclusions
As a result of the study, a comparative analy-
sis of modern innovative technologies for the
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processing and treatment of dairy products
was conducted. It was found that non-thermal
methods - such as high-pressure processing,
pulsed electric fields, ultrasound, and UV irra-
diation - ensure a higher retention of nutrients
and superior organoleptic properties compared
to conventional thermal processing. The most
effective methods were high-pressure process-
ing (600 MPa, 15 minutes) and pulsed electric
fields (35 kV/cm, 1,000 Hz), which reduced the
total microbial count by 4.2 and 3.8 log CFU/
cm?, respectively, while preserving up to 91.8%
of vitamin C and 96.5% of whey proteins. Com-
bining these methods with antimicrobial pack-
aging materials (silver nanoparticles, 1.5%)
extended the shelf life of milk to 35 days. The
study demonstrated the significant potential of
non-thermal methods in dairy processing: ul-
trasonic treatment accelerated yoghurt fermen-
tation by 28%-32%; high-pressure processing
reduced cheese maturation time by 30%-35%;
and ultrafiltration increased the yield of acid-set
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contributes to a 20%-25% reduction in the
carbon footprint of production. Economic analysis
confirmed the commercial viability of implement-
ing these technologies, with a payback period of
1.5 to 3 years, making them particularly attractive
for producers of premium dairy products. Prom-
ising directions for future development include
3D printing of dairy products, fermentation using
immobilised cultures, lysophilic technologies for
the production of functional foods, and micro-
structuring of dairy proteins to create low-calorie
products with enhanced sensory properties. An
integrated approach that combines various in-
novative technologies for processing, treatment
and packaging enables the production of safe,
functional, and energy-efficient dairy products
that meet the demands of the modern market,
consumer preferences, and the principles of sus-
tainable food industry development with minimal
environmental impact.
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npouecu 06pobku Ta nepepobkM MONOYHMX MPOAYKTIB 3 METOK MOLOBXEHHSI CTPOKY iX MpUAATHOCTI.
MopiBHANBHMI aHaNi3 HETepMiYHMX METOAIB MOKas3aB, WO HaWBUILy edeKTUBHICTb iHaKTMBaLii
MiKpoOpraHi3miB 3abe3neuvytoTb TexHonoria Bucokoro Tucky (600 Mrlla, 15 xB) Ta iMnynbcHe
enektpuyHe none (35 kB/cm, 1000 ), SKi 3HMXKYIOTb 3aranbHy KinbKiCTb MiKkpoopraHi3mis Ha 4,2 Ta
3,8 log KYO/cMm?® BignosigHo. HetepMidHi METOAM AEMOHCTPYBAAM MEHLLMIA BIJIMB HA HYTPIEHTHMIA CKNag,
MOJIOKa MOPIBHAHO 3 TPaAMLUiiHOW MnacTepusauieto, 3abe3nevytoun 3b6epexenHs fo 91,8 % BitaMiHy
C1a po 97,2 % cupoBatkoBux 6inkiB. Halkpalli opraHonenTUyHi xapakTepucTUKM CnocTepiranucs y
3paskax, 06pobneHnx TEXHONOTIE BUCOKOrO TUCKY Ta iMMYNIbCHUM enekTpuyHuM noneMm (4,9 6ana 3a
5-6anbHo0 LWKanot). BctaHoBneHO, Wo ynbTpa3BykoBa 06pobka NPUCKOPHOE pepMeHTaLilo MorypTis Ha
28-32 %, BUCOKMIA TUCK MPUCKOPIOE [03piBaHHA cupiB Ha 30-35 %, a ynbTpadinbTpauia nigBuLLye BUXIL
KMCIOMONOYHOro cupy Ha 15-18 %. Cepep, aHTUMIKpOOHMX NaKyBalbHUX MaTepianis HaMBULLY aKTUBHICTb
NpoLEeMOHCTPYBanM MAiBKM 3 HaHOYaCTMHKamu cpibna (1,5 %). BuseneHo cuHepreTuuHuii edbekT npu
KOMBiHOBAaHOMY 3aCTOCYyBaHHi HETEPMiUHUX MeToAiB 06pOoOKM Ta iIHHOBALIMHMX NaKyBasbHUX MaTepianis,
WO [03BONSE 36iNbLINTK TEPMIH NPMAATHOCTI Monoka Ao 35 ni6 npu Temnepatypi 4 + 1°C. Po3pobneHo
iHTeneKTyanbHi NakyBanbHi CUCTEMU 3 pH-YYTAMBUMM iIHAUKATOPAMM AN MOHITOPUHIY CBIXKOCTI MPOAYKTY.
[ns  pocnipkeHHs CUHepreTMYHOro edekTy KOMbGiHOBaHOI 00pobKM 3acTocoByBanocs GakTopHe
NNaHYBaHHA EKCNepUMEHTY 3 PO3pPaxyHKOM KoedilieHTiB CMHeprii. AHanis Mirpauii HaHOYaCTMHOK
3 MaKyBa/lbHWX MaTepianiB MOKasae, WO iX KOHLEHTpaLis He nepeBuwlyBana AOMNYCTUMMX PIiBHIB npu
[OTPMMaHHI peKOMeHL0BaHUX YMOB 36epiraHHs. Po3pobneHo MateMaTUuHi Modeni AN NPOrHO3yBaHHS
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TEPMiHY NPUAATHOCTI MOIOKA 3aNEXHO Bif napamMeTpiB 06pobku Ta nakyBaHHS. [poBefeHO eKOHOMIYHY
OLiHKY 3aMpONOHOBAHMX TEXHONOTIYHMX PillieHb, KA NOKa3ana iX KOHKYPEHTOCMPOMOXHICTb NOPiBHAHO
3 TPaAMUIAHUMU MeToAaMU NPKU BUPOBHULTBI NPOAYKLIT MpeMiafbHOro CerMeHTy

KnioyoBi cnoBa: HeTepMiyHa 06poOKa; BUCOKMI TUCK; IMNYNbCHE ENEKTPUYHE MOoNe; aHTUMIKpoGHe
MaKyBaHHS; HAHOYACTUHKM; iHTENEKTYaNbHi NaKyBaibHi CUCTEMM
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