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In recent years, changes in consumer expectations and the requirements for sustainable food production have

increased interest in non-thermal processing technologies. Non-thermal food processing technologies have

emerged as promising alternatives to traditional methods, offering effective solutions to challenges such as

nutrient loss, microbial contamination, and sensory degradation. This article focuses on the effects of six key

non-thermal methods, which are high hydrostatic pressure (HHP), pulsed electric field (PEF), ultrasonication

(US), cold plasma (CP), ultraviolet irradiation (UV-C), and ozonation on the preservation of heat-sensitive

nutrients, food safety, as well as quality parameters. These methodologies will be evaluated, with a discussion

of their possible benefits and limits, as well as their applicability in different food systems. Ultimately, this

article will contribute to the ongoing discussion about how to optimize food processing techniques for both

consumer health and environmental sustainability. Non-thermal technologies can preserve or enhance the

bioavailability of heat-sensitive nutrients such as vitamins, minerals, and antioxidants by reducing thermal

degradation and improving cellular release. They also offer effective microbial inactivation, notably against

common pathogens, through physical or oxidative mechanisms, providing safe and chemical-free

disinfection. Additionally, these methods help maintain sensory qualities and improve techno-functional

properties while supporting better digestibility, oxidative stability, and shelf life in various food matrices.

Moreover, their synergistic combinations offer added value by enhancing antioxidant retention, reducing

contaminants, and improving product stability beyond what individual methods achieve alone. With low

energy and water consumption, minimal additive use, and support for clean-label production, non-thermal

technologies present a comprehensive and sustainable approach to future food systems.
Sustainability spotlight

Non-thermal food processing techniques make it possible to produce safer, nutritious, and high-quality food by overcoming the shortcomings of traditional
methods. Non-thermal food processing techniques provide food safety, quality, and sustainability at the same time, reducing environmental impacts and
supporting production processes in line with circular economy principles. With advantages such as saving energy and water, reducing chemical use, and
preventing food waste, these technologies have an important place in the sustainable food systems of the future. Moreover, a holistic approach requires
a mindset that is not only product-centered but effective throughout the entire supply chain. Energy efficiency, reduction of water consumption, elimination of
chemical additives, and reduction of food waste show that these technologies contribute to sustainability goals at a system scale. Therefore, non-thermal
technologies are becoming a strategic tool not only for shelf-life and quality optimization but also for the development of climate-friendly, low-carbon-
footprint, healthy, and clean-label products. Non-thermal food processing approaches are effective in all processes from micro to macro: preservation of
bioactive compounds at the molecular level, functional quality at the product level, efficiency at the process level, and sustainability at the system level.
Consequently, for the future of food science and technology, a holistic approach is not just a choice but a strategic breakthrough in food technology. In terms of
sustainability, high hydrostatic pressure offers contributions such as low energy and water consumption, no toxic gas emissions, reduced need for chemical
preservatives, and no food waste. The importance of pulsed electric eld in terms of sustainability is highlighted by its low energy consumption, short processing
time, no need for chemical additives, and waste-free processing. In terms of sustainability, ultrasonication is an environmentally friendly technology with its low
energy and solvent consumption, non-toxicity, ability to operate at low temperatures, and no need for chemical additives. Owing to these features, it contributes
to the development of clean labeled products. At the same time, its ability to achieve many goals, such as extraction, product quality preservation, and yield
increase in a single process, makes it stand out among green processing technologies. In freezing processes, the ultrasonication, which reduces the size of ice
crystals and preserves cell integrity, minimizes the loss of nutrients while also contributing to environmental sustainability by providing energy savings with
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shorter drying times. Cold plasma technology is also very important in terms of sustainability. It is highly energy efficient, reduces the use of chemicals, limits
waste generation, and offers an environmentally friendly alternative with low water consumption. It also supports both consumer health and food safety with its
efficiency in the degradation of pesticide residues and mycotoxins. The fact that processing with CP technology prevents microbial contamination with minimal
damage to product quality, extends shelf life, and reduces waste makes it attractive for sustainable food systems. The sustainability benets of ozonation are
quite strong. It offers an environmentally friendly alternative by reducing the need for chemical disinfectants, reducing water use, leaving no toxic residue, and
requiring on-site production.
1. Introduction

The processes of access to and consumption of food have changed
continuously throughout human history. Since ancient times,
humans have developed variousmethods to store and secure food
for longer periods of time. In this process, humans have devel-
oped food processing methods to ensure food safety, portability,
and nutritional value preservation.1 Historically, traditional food
processing methods such as drying, salting, fermentation,
pasteurization, sterilization, and evaporation have been widely
used to ensure the microbial safety of food and extend their shelf
life.2 However, these methods can lead to the loss of some
bioactive components, especially heat-sensitive vitamins and
polyphenols, resulting in a decrease in the nutritional and sensory
quality of the food.3 This underscores the ongoing limitations of
thermal processes in preserving delicate micronutrients and
bioactives. Recent ndings by Ciptaan et al. (2024) have high-
lighted the necessity of exploring gentler alternatives to mitigate
such compositional losses.4 In addition, the effects of climate
change on agricultural raw materials are becoming increasingly
relevant. Environmental stressors such as rising temperatures and
pathogen prevalence can signicantly alter the biochemical
composition of crops, which may in turn reduce the efficacy of
post-harvest processing strategies. Consequently, more resilient
and responsive processing methods are required to preserve food
integrity in the face of environmental uctuations.5

Consumer demand for minimally processed foods with
preserved natural properties and high nutritional value has
increased signicantly. This trend has driven the development
of next-generation techniques that retain the natural prole of
foods while ensuring their stability and microbiological safety.6

In addition, climate change and sustainable production
requirements emphasize non-thermal technologies that save
energy and do not require chemical additives.7 Recent para-
digms in food systems advocate for preservation-focused,
environmentally aligned processing strategies, converging
with the rise of functionally enhanced and minimally altered
food innovations.8 Additionally, bioactive-rich compounds like
polyphenols have gained attention for their dual role in
enhancing microbial control and maintaining organoleptic and
compositional integrity.9

Non-thermal food processing techniques include innovative
methods that aim to extend the microbial safety and shelf life of
foods while avoiding the negative effects of heat treatment.10

These techniques include high hydrostatic pressure (HHP),
pulsed electric eld (PEF), ultrasonication (US), cold plasma
(CP), UV irradiation (UVC), and ozonation.11

HHP reduces the microbial load by applying high pressure to
foods while preserving heat-sensitive nutritional components to
025 The Author(s). Published by the Royal Society of Chemistry
produce fresh-like products.12 PEF provides microbial inactiva-
tion by targeting cell membranes with short-duration high-
voltage pulses while preserving sensory properties and nutri-
ents to a great extent.13 Ultrasonication provides microbial
inactivation by disrupting the cell structure with high-frequency
sound waves and is used in food processing processes with its
effects such as particle size reduction and regulation of enzyme
activity.14 Cold plasma has the advantage of retaining sensory
and nutritional quality due to its low-temperature operation,
which reduces microbial load via reactive species generated by
ionized gases.15 UVC is a method that reduces microbial load on
food surfaces and liquid foods using short-wavelength ultravi-
olet rays. While this technique is mainly used to control surface
contamination and eliminate pathogens in liquid foods, it can
cause the loss of some photosensitive vitamins depending on
the application dose.16 These methods ensure food safety and
quality with shorter processing times and lower temperatures
while maintaining fresh-like characteristics of foods with
minimal or no change.11 Ozonation, in contrast, provides
microbial inactivation owing to its strong oxidative capacity and
stands out as an effective environmentally friendly method to
reduce pathogens on water and food surfaces.17 In this direc-
tion, non-thermal food processing techniques make it possible
to produce safer, nutritious, and high-quality food by over-
coming the shortcomings of traditional methods.7 Non-thermal
food processing techniques provide food safety, quality, and
sustainability at the same time, reducing environmental
impacts and supporting production processes in line with
circular economy principles.6 With advantages such as saving
energy and water, reducing chemical use, and preventing food
waste, these technologies have an important place in the
sustainable food systems of the future.18

This article focusses on the potential of non-thermal food
processing techniques by examining comprehensively their
impact on nutritional value, nutritional quality, and microbial
safety. Innovative techniques including high hydrostatic pres-
sure, pulsed electric eld, ultrasonication, cold plasma, UV
irradiation, and ozonation will be discussed, and their advan-
tages, limitations, and optimization strategies compared to
conventional processing techniques will be evaluated in the
light of current scientic ndings.
2. Recent developments in non-
thermal food processing techniques
2.1 High hydrostatic pressure

High-pressure processing (HPP), also referred to as ultra-high
pressure (UHP) or high hydrostatic pressure (HHP), is a non-
thermal method in which food is subjected to uniform
Sustainable Food Technol., 2025, 3, 1284–1308 | 1285
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pressure from all directions for a short duration. Depending on
the food composition, pH, water activity, and microorganism
type, it can be achieved bacterial inactivation aer application.19

In HPP, hydrostatic pressure ranging from 100 to 600 MPa is
uniformly transmitted throughout the product using a pres-
sure-transmitting medium, and the temperature can be
increased up to 60–65 °C.20 HPP affects non-covalent bonds that
are sensitive to pressure. However, small molecules with cova-
lent bonds, such as those responsible for color and bioactive
properties, are generally less affected by pressure.21 Nonethe-
less, in red meat products, a value—indicating redness—have
been shown to signicantly decrease following HHP treatment,
due to the oxidation of ferrous myoglobin to ferric metmyo-
globin and pressure-induced structural changes in proteins.
Moreover, this discoloration effect becomes more pronounced
as pressure increases from 400 to 600 MPa.22,23 HHP technology
is applied to a wide range of products, such as fruit juices, milk
and dairy products, meat and seafood, sauces, vegetable purees,
ready-to-eat meals, and baby foods. It is used as an alternative to
pasteurization or sterilization, especially in liquid and semi-
solid products, and it is preferred to preserve product quality
and extend shelf life.24 In recent years, there has been
increasing interest in the use of HHP in milk instead of heat
treatment, and its applicability in fermented products, human
breast milk, herbal extracts and functional beverages has also
been demonstrated.25 However, HPP cannot be applied to foods
with air bubbles, such as bread and cakes, as the structure of
these foods may be adversely affected, and to low-moisture
foods such as dried fruits due to low microbial inactivation.24

Recent studies have shown that HHP is effective not only in
microbial inactivation but also in increasing antioxidant
capacity, preservation or liberation of bioactive components
such as polyphenols, avonoids as well as vitamins.26 For
example, the extraction of phenolic compounds and antioxi-
dants from tomato waste, red microalgae, grape pulp, and egg
yolk has been successfully realized with HHP. Moreover, inno-
vative application areas such as enhancing the bioactive content
in fermented beverages and safely processing sensitive matrices
like breast milk have gained prominence.18 In a recent study,
HHP pre-treatment of apple juice followed by fermentation with
Lactobacillus plantarum signicantly enhanced probiotic
viability, preserved phenolic compounds, and improved anti-
oxidant capacity compared to thermal pasteurization.27 Simi-
larly, a broccoli–carrot beverage treated with HHP combined
with ultrasound retained high levels of sulforaphane and
carotenoids during 28 day storage while achieving ∼6-log
microbial reduction, highlighting HHP's compatibility with
other non-thermal technologies.28 The advantages of HHP
include preservation of heat-sensitive ingredients, minimal
nutrient loss, fresh-like product texture, short processing time,
application in packaged products, and eliminating the need for
chemical additives.13,18 It also shows high inactivation efficiency
on pathogenic microorganisms, yeasts, and molds.29 In addi-
tion, since HPP causes structural changes in foods, it has been
shown that it can be used in the development of foods that
provide appropriate textural, color properties, microbiological
1286 | Sustainable Food Technol., 2025, 3, 1284–1308
safety and nutritional values that can be developed specically
for diseases.30

However, there are some limitations, such as limited effect
on Gram-positive bacteria and spores, insufficient microbial
inactivation in low-moisture products, post-treatment tissue
changes, as well as high investment cost.31 In addition, HPP
cannot be effectively applied to foods that incorporate air (e.g.,
bread, sponge cakes), as the presence of air disrupts uniform
pressure transmission, leading to structural collapse. Moreover,
rigid packaging materials that cannot deform under pressure
are unsuitable for HPP, which restricts its application to exible
or semi-rigid packaging systems only.32,33 HHP has also been
shown to effectively inactivate microorganisms and enzymes in
solid foods – such as rice bran with 15–77% hydration – only
when sufficient water content (aw z 0.95–1.0) is present to
ensure uniform pressure transmission; lower moisture levels
substantially diminish HPP efficacy.34

In terms of sustainability, HHP offers contributions such as
low energy and water consumption, no toxic gas emissions,
reduced need for chemical preservatives, and no food waste.18

In these aspects, it is a suitable technology for both environ-
mentally friendly and clean label products.25,31 Furthermore, the
potential of HHP in transforming food processing processes in
line with climate change and efficient use of resources is
considered important. Thus, HHP technology stands out as one
of the food processing technologies of the future, with multi-
faceted advantages such as maintaining product quality,
keeping nutrients stable, ensuring microbial safety, and being
compatible with sustainable production principles.35
2.2 Pulsed electric eld

Pulsed electric eld (PEF) is a non-thermal processing technology
based on the principle of electroporation of cell membranes by
applying short-duration and high-voltage electrical pulses to
food.36 This technology changes the structure of microorganisms
by making cell membranes more permeable, which kills the
microorganisms. Therefore, the shelf life of the product can be
extended while nutrients and sensory properties can be largely
preserved.37 Recent studies indicate that PEF systems typically
operate with electric eld intensities of 15–80 kV cm−1 and pulse
durations between 0.5 and 100 ms, depending on the food matrix
and processing objective.38–40 For instance, apple juice treated at
35 kV cm−1 for 180 ms achieved signicant microbial reduction
with minimal quality loss;40 carrot juice exposed to 30 kV cm−1

with 45 pulses of 2 ms maintained ascorbic acid and color
stability;41 and orange juice processed at 25 kV cm−1 for 100 ms
resulted in a 5-log reduction of E. coli while preserving vitamin C
content.42 Moreover, milk treated at 18–22 kV cm−1 with 1–2 ms
pulses showed microbial inactivation without protein denatur-
ation,43 and aloe vera juice subjected to 20–40 kV cm−1 and 50–
100 pulses exhibited enhanced polyphenol availability and shelf
life.44 Reversible permeabilization facilitates the release of intra-
cellular components, while irreversible permeabilization leads to
cell death.37 In this context, electroporation is considered the
primary mechanism behind the PEF process, where electric eld-
induced membrane destabilization enables either compound
© 2025 The Author(s). Published by the Royal Society of Chemistry
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extraction or microbial inactivation, depending on the treatment
parameters.45

PEF is used for various purposes such as microbial inacti-
vation, enzyme deactivation, extraction efficiency, drying
kinetics improvement, and dehydration in liquid or semi-uid40

such as milk, fruit juices, potatoes, and seafood.14 Especially
when integrated as a pre-treatment into processes like pressing,
osmotic dehydration, convective drying, and freeze drying, it
shortens the processing time and reduces the loss of color,
aroma, and bioactive components.26 Notably, synergistic appli-
cations of PEF with other non-thermal or mild technologies
have gained increasing interest. For example, the combination
of PEF-assisted osmotic dehydration and ultrasound enhances
mass transfer, reduces water activity, and better preserves
phenolic compounds and anthocyanins in strawberries. Simi-
larly, ultrasound-assisted drying aer PEF pre-treatment has led
to up to 40% shorter drying times with improved retention of
color and antioxidant activity in citrus peels.45,46 In line with
these ndings, freeze–thaw and low-intensity PEF pretreat-
ments have also been reported to improve drying kinetics and
preserve cellular structure in orange peels, particularly when
combined with ultrasound-assisted convective drying.47 These
combined effects are attributed to enhanced cell wall disruption
and improved diffusivity created by electroporation.45,46 It is also
a preferred technique to increase the bioavailability of bioactive
components, such as avonoids and phenolic content in herbal
products.48 In addition to enhancing the extractability of
phenolics, PEF has been shown to affect food structure and
texture. For instance, PEF treatment improved tenderness and
reducedmicrobial load in beef by altering protein conformation
and increasing sarcoplasmic space, thus contributing to both
safety and sensory quality.49 Similarly, orange juice processed
with PEF retained over 85% of its vitamin C content while
ensuring microbiological safety through E. coli inactivation,
demonstrating the balance between preservation and nutri-
tional integrity.42

Recent studies have evaluated combinations of PEF with
vacuum impregnation, plant extract coatings, and low temper-
ature as part of barrier technology to enhance its microbial
inactivation potential.50,51 It has been reported to be particularly
effective in inactivating spoilage microorganisms including
Pseudomonas and Enterobacteriaceae in seafood, reducing
oxidative degradation, and suppressing melanosis.13 However,
PEF also has some limitations. Difficulty of application in solid
foods, high equipment cost, and factors affecting process
stability, such as bubble formation and inhomogeneous area
distribution, may limit the widespread use of the technology.52

In addition, the process parameters need to be carefully opti-
mized, as it does not have the same success in every food
matrix.52,53

The importance of PEF in terms of sustainability is high-
lighted by its low-energy consumption, short processing time,
no need for chemical additives, and waste-free processing.48

Besides, it has environmentally friendly advantages, such as
reducing pesticide residues and reducing the need for SO2 in
wine production.51 PEF technology is an innovative non-thermal
technology that supports the goals of ensuring microbial safety,
© 2025 The Author(s). Published by the Royal Society of Chemistry
preserving nutritional components, enhancing bioactive
extraction, and sustainable processing. However, process
design, equipment suitability, and energy efficiency need to be
optimized for wider use at the industrial level.54,55

Recent developments in PEF applications highlight its
expanding role in postharvest processing, especially for fruit
and vegetable preservation. In particular, continuous-ow
systems with improved energy efficiency and uniformity are
under development to enable large-scale industrial adoption.38

Moreover, the integration of PEF with enzymatic treatments,
hurdle technologies, and natural coating strategies is emerging
as a promising route for cleaner-label food processing with
enhanced shelf life and functional quality.56
2.3 Ultrasound

Ultrasound is a non-thermal processing technology based on
the application of sound waves with frequencies above the limit
of human hearing (>20 kHz) to food systems.57 According to the
frequency and power density used, it is divided into low-
intensity US (>100 kHz, <1 W cm−2) and high-intensity US
(20–100 kHz, >1 W cm−2).58 In the food industry, ultrasound can
be applied directly or indirectly through systems like sonotr-
odes or ultrasonic baths.59 US is used in many processes such as
cutting, cleaning, extraction, emulsication, crystallization,
drying, and pasteurization.60 US inactivates microorganisms by
generating cavitation bubbles that collapse near cell
membranes, causing physical disruption, membrane damage,
and leakage of intracellular components, ultimately leading to
cell death.61 Compared to conventional processes, product loss
and energy consumption are lower, and processing time is
shorter.60 US technology contributes to the preservation of the
color, aroma, and texture of the product while shortening the
processing time, thus minimizing the loss of sensory quality. In
addition, it is more successful in preserving vitamins, enzymes,
and volatile compounds since it is carried out at low tempera-
tures compared to heat treatments.62 It is widely used in milk,
fruit juices, vegetable juices, alcoholic beverages, sh products,
and bakery products in the food industry and has the potential
to simultaneously increase process efficiency and product
quality.14,63 US technology enhances homogenization by effec-
tively reducing fat globule size, which leads to improved
emulsion stability and viscosity in dairy products.64 As
a pretreatment before hot-air drying, ultrasound accelerates
moisture removal by 19–27%, as demonstrated in studies on
Cantharellus cibarius mushrooms and orange peel, through the
formation of microchannels that facilitate water migration
while preserving antioxidants and structural integrity.65 Simi-
larly ultrasound-assisted thin-bed drying has been shown to
effectively retain essential nutrients and antioxidant activity in
red bell peppers, as it facilitates water migration through the
formation of microchannels in the cell wall while preserving
antioxidant compounds.66

During ultrasonic processes, acoustic cavitation damages cell
structures, thereby accelerating mass transfer, reducing particle
size, and increasing surface area. As a result of these effects,
extraction efficiency increases signicantly.18 Recent studies have
Sustainable Food Technol., 2025, 3, 1284–1308 | 1287
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shown that ultrasound promotes the preservation and enhanced
bioavailability of bioactive components such as phenolic
compounds, ascorbic acid, avonoids, and anthocyanins. Espe-
cially in fruit and vegetable juices, including strawberry, mango,
pear, carrot, and pomegranate, antioxidant capacity and total
phenolic content were increased by US treatment.14,67 In a recent
systematic review, it was concluded that ultrasound treatments
exert antimicrobial effects primarily through cavitation-induced
mechanical stress, leading to disruption of microbial cell
membranes and reduced microbial loads in various food
matrices.68 Recent studies demonstrated that that the application
of ultrasound-assisted extraction to fruit peels signicantly
enhances the yield of polyphenol extracts.69,70

Recent developments reveal that ultrasound can be
combined with different food processes (enzymatic hydrolysis,
membrane ltration, fermentation, etc.) to give more effective
results, and its multifunctional use is becoming widespread. In
addition, in recent years, the use of ultrasound in the extraction
of microalgae, grains, and by-products has been increasing,
thus enabling the sustainable recovery of valuable compo-
nents.18,71 Qian et al. demonstrated that the combination of US
with organic acids (lactic and citric acids) effectively reduced
microbial load and maintained the physicochemical quality of
fresh-cut carrots, highlighting the synergistic potential of non-
thermal preservation methods.72 New research has also
focused on ultrasound-assisted pH-shi processes to improve
protein solubility and emulsication properties, such as in
peanut and hemp protein systems, achieving over 2-fold
increases in functional performance. Additionally, smart ultra-
sonic reactors with real-time energy feedback and uniform eld
distribution have been proposed for industrial scale-up and
continuous ow applications.73

However, limitations of the technology include the cavitation
noise that occurs in ultrasonic processes, possible nutrient losses
due to temperature increase, and, in some cases, color
changes.74,75 To increase industrial applicability, careful optimi-
zation of process parameters, improvement of equipment design,
and homogeneity of energy distribution should be ensured.76

In terms of sustainability, US is an environmentally friendly
technology with its low-energy and solvent consumption, non-
toxicity, ability to operate at low temperatures, and no need
for chemical additives. Owing to these features, it contributes to
the development of clean labeled products. At the same time, its
ability to achieve many goals, such as extraction, product
quality preservation, and yield increase in a single process,
makes it stand out among green processing technologies.77 US
technology is becoming increasingly important in the food
industry in terms of preserving functional ingredients, main-
taining product quality, and reducing environmental impacts.
However, the proper conguration of technical parameters such
as process design and equipment selection is critical for the
technology to become more widespread on an industrial scale.78
2.4 Cold plasma

Cold plasma is a non-thermal processing technology that works
by generating reactive oxygen and nitrogen species, free
1288 | Sustainable Food Technol., 2025, 3, 1284–1308
radicals, UV photons, and charged particles through plasma,
dened as the fourth state of matter.3 These ionized gases
damage the DNA and protein structures of microorganisms,
resulting in microbial inactivation.79 Since the process is carried
out at low temperatures, thermal damage to heat-sensitive
foods does not occur, and nutritional quality is largely
preserved.79,80 The primary mechanism involves a dual-phase
action: short-lived charged particles and UV photons act at
the surface to destabilize microbial cells, while long-lived
reactive oxygen and nitrogen species diffuse deeper into the
matrix, triggering oxidative and structural alterations in
biomolecules such as lipids, proteins, and nucleic acids. The
process remains non-thermal due to the nonequilibrium nature
of the plasma state, which minimizes heat transfer to the bulk
product.81

Cold plasma can be generated via remote (aerglow), indi-
rect, or direct contact systems such as dielectric barrier
discharge (DBD), each differing in the distance between the
electrodes and the product, thereby inuencing the exposure
intensity to reactive species.82,83 Feed gas composition—
commonly He, Ar, N2, O2, or ambient air—determines the
spectrum of generated species: oxygen-rich plasmas produce
reactive oxygen species (ROS), whereas nitrogen-dominant
environments enhance reactive nitrogen species (RNS), both
contributing to microbial and chemical decontamination.81,84,85

Mechanistically, the antimicrobial and functional effects arise
from the synergistic action of charged particles, UV photons,
ROS/RNS, and electric elds, which disrupt microbial
membranes, degrade nucleic acids, and induce oxidative and
structural modications in food matrices.86,87 Common
discharge types employed in food processing include DBD for
surface decontamination, atmospheric pressure plasma jets
(APPJ) for targeted treatments, and gliding arc or vacuum glow
systems for bulk applications.82,83

In addition to microbial inactivation in the food industry,
cold plasma has versatile applications like mycotoxin degrada-
tion, pesticide removal, preservation or enhancement of
bioactive components, emulsion stabilization, shortening
cooking times, and improving functional properties in some
foods.88 Therefore, it is widely applied in different matrices such
as fruits, vegetables, meat, dairy products, and cereals and is
considered a promising technology to improve the safety and
functionality of food products.29 Recent studies emphasize that
cold plasma can also be used in synergistic approaches. For
example, when combined with PEF, it has shown enhanced
drying efficiency and polyphenol retention in lychee peel.89

Similarly, integration of cold plasma with UV-C light has
demonstrated synergistic microbial inactivation on fresh-cut
produce without compromising texture or color. These syner-
gistic effects are attributed to improvedmembrane permeability
and sequential oxidative stress that amplify inactivation effi-
ciency.90 Additionally, cold plasma-assisted pretreatment has
been shown to induce structural modications in rice starch,
enhancing its complexation with stearic acid and altering
functional properties such as thermal stability and retrograda-
tion behavior, thereby offering novel applications for tailored
starch-based food systems.85,91
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Recent advances in CP applications clearly demonstrate the
potential of the technology to maintain and enhance the
stability of bioactive components. For example, micronutrients
such as phenolic compounds, anthocyanins, and vitamin C,
and antioxidant capacity have been found to be increased in CP-
treated products, and even bioaccessibility in some
samples.92–94 Positive effects on phenolic content and antioxi-
dant activity were reported, especially in products including
blueberry, cashew apple juice, orange, and guava. CP has been
observed to increase the stability and functionality of compo-
nents such as ascorbic acid, vitamin E, avonoids, and phenolic
acids. However, it has also been reported that some products
may suffer from lipid oxidation, especially at long application
times and high voltage levels.88,95

CP technology is also very important in terms of sustain-
ability. It is highly energy efficient, reduces the use of chemicals,
limits waste generation, and offers an environmentally friendly
alternative with low-water consumption.96 It also supports both
consumer health and food safety with its efficiency in the
degradation of pesticide residues and mycotoxins. The fact that
processing with CP technology prevents microbial contamina-
tion with minimal damage to product quality, extends shelf life,
and reduces waste makes it attractive for sustainable food
systems.97,98Moreover, cold plasma's ability to inactivate surface
pathogens without water, and its compatibility with clean-label
processing, aligns well with circular economy.99

However, CP also has some limitations. High initial invest-
ment cost, lack of process standardization, the need to carefully
optimize application conditions on a product and matrix basis,
and quality losses such as discoloration or lipid oxidation that
may occur in some products, especially at high voltage levels,
are among the major disadvantages.88,100 There is also a need for
further toxicity, safety, and sensory analysis studies for wide-
spread adoption of the technology.29

Recent developments in cold plasma technology focus on
scaling up continuous-ow plasma systems with optimized gas
compositions (e.g., He/N2/O2) to control the ROS/RNS ratio and
improve efficiency across diverse matrices. Advances in nozzle
and electrode design, combined with real-time sensors and
machine learning algorithms, are also being explored to
enhance precision and reproducibility. Emerging applications
include cold plasma-assisted seed priming, integration with
plant-based edible coatings, and dual treatments with enzy-
matic or UV-based barriers for maximum microbial safety and
minimal sensory alteration.81,101
2.5 Ultraviolet irradiation

Ultraviolet (UV) irradiation is a non-ionizing, non-thermal food
processing method using electromagnetic light in the wave-
length range of 100–400 nm. UV-C treatment is typically per-
formed using low-pressure mercury lamps emitting at 254 nm,
with system designs ensuring uniform exposure through
congurations such as rotating platforms or thin-lm ow
setups to maximize microbial inactivation efficiency.16 UV-C
wavelength, especially in the 200–280 nm range, prevents the
proliferation of microorganisms by triggering the formation of
© 2025 The Author(s). Published by the Royal Society of Chemistry
thymine dimers on DNA.102 Due to this effect, UV-C is oen
preferred to provide microbial inactivation and improve food
safety.103 UV-C technology has a wide range of applications in
the surface sterilization of liquid foods such as fruit juices, dairy
products, cider, liquid eggs, honey, beverages, as well as pack-
aging materials, shell eggs, and fresh produce.104,105 It is also
used to reduce surface contamination and extend the shelf life
of fresh and fresh-cut fruits and vegetables, lettuces, and blue-
berries.104 UV irradiation is a greener alternative to chemical
disinfectants, leaving no toxic residues and greatly preserving
product quality aer treatment.106

Recent research shows that UV-C treatment not only
provides microbial safety but also increases antioxidant activity
in some foods, contributing to the stability of micronutrients
such as phenolic compounds and ascorbic acid.107 For example,
UV-C treatments of products such as tomatoes, apples, blue-
berries, and milk have led to an increase in antioxidant capacity
and a reduction in mycotoxins.104,105,107 It has also been found
that in some cases, microbial toxins undergo photocatalytic
degradation under UV light, and their toxicity is reduced.108 UV-
C also presents promising synergy when combined with other
technologies. For instance, coupling UV-C with ultrasound
effectively reduced microbial contamination in cherry tomatoes
within a shorter processing time without compromising sensory
or nutritional quality.109 The combination of ultraviolet-C (UV-
C) irradiation and HPP effectively reduced aerobic microor-
ganisms as well as yeast and mold populations in “Nanglae”
pineapple juice to below detectable levels for 91 days.
Compared to conventional thermal processing, this method
preserved carotenoids, protein, and ascorbic acid levels to
a greater extent while ensuring microbial safety.110

The advantages of UV-C technology include low cost, easy
installation, energy efficiency, no need to use chemicals, no
waste, and minimal damage to the nutritional and sensory
qualities of food.77,105,111 At the same time, UV disinfection of
irrigation water provides environmentally friendly sterilization
without the use of chemicals such as pesticides or chlorine.111

The mycotoxin-degrading effect of UV irradiation also provides
an important benet in terms of both environmental health and
food safety.106 Factors such as low-water and energy consump-
tion in UV processes, no toxic waste production, and no residue
aer disinfection bring UV technology to the forefront among
sustainable food processing methods. As an alternative to
chemical disinfectants used during food processing, UV-C
contributes to both economic and environmental sustain-
ability goals.104

However, UV-C irradiation has some limitations. In partic-
ular, de low-penetration depth, limited efficacy on inhomoge-
neous surfaces, and adverse effects like color, taste, or structure
degradation can be observed at high doses.77 In addition, lipid
oxidation, vitamin loss, and cellular changes due to photo-
reactivity may occur. The effectiveness of UV applications varies
depending on the surface structure of the product, irradiation
dose, duration, application method, and the type of microor-
ganism.111 Therefore, it is recommended to use UV irradiation
in combination with other methods, especially on products with
irregular surfaces.104 UV-C irradiation is a promising,
Sustainable Food Technol., 2025, 3, 1284–1308 | 1289
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environmentally friendly technology for surface decontamina-
tion of liquid and solid foods, ensuring microbial safety, sup-
porting antioxidant capacity, and removing some mycotoxins.
However, it is an application that requires specic optimization
for each product and should be carefully controlled to avoid
negative effects on quality.77
2.6 Ozonation

Ozonation is a chemical decontamination method based on the
strong oxidative effect of ozone gas (O3) to inactivate food
products by disrupting microbial cell structures.29 This tech-
nology, which can be applied in gas or aqueous form, is used for
versatile purposes such as surface sterilization, fruit juice pro-
cessing, post-harvest fruit and vegetable processing, and
degradation of pesticides and mycotoxins.37

Ozone has been conrmed to be highly effective in both
reducing microbial contamination and removing pesticide
residues in studies on fruits, vegetables, cereals, meat products,
and packaging surfaces. Approved by the FDA with GRAS
(Generally Recognized as Safe) status, this technology stands
out as an environmentally friendly alternative as it leaves no
toxic residues on food surfaces.112 In addition, its breaks down
into oxygen as a result of the ozonation process offers an
advantage in terms of sustainability due to its lack of environ-
mental persistence.3

The antimicrobial activity of ozone is based on its strong
oxidizing potential, which enables it to react rapidly with
microbial cell membranes, proteins, and nucleic acids.
Through mechanisms such as ozonolysis and free radical
formation, ozone induces lipid peroxidation, enzyme inactiva-
tion, and DNA strand breaks, ultimately resulting in microbial
cell death. In aqueous systems, secondary ROS further enhance
oxidative degradation, making ozonation highly effective in
both surface and structural decontamination.113

Recent studies show that ozone treatment effectively
degrades mycotoxins such as aatoxin, ochratoxin A, ZEN,
DON, and fumonisin in fruits and vegetables and increases
antioxidant stability, shelf life, and safety in products such as
sugar cane juice, broccoli, rice, peanuts, corn, milk, and fruit
juices.106 At the same time, losses in phenolic compounds,
vitamin C, and total avonoid content in products can occur
aer ozonation. This change is generally considered a result of
oxidative stress.17 In particular, excessive ozone exposure in
citrus juices has been associated with reductions in ascorbic
acid and carotenoids, underscoring the importance of dose and
exposure time optimization.113

Ozone has gained an important place in the food processing
industry for disinfection, shelf life extension, equipment sani-
tization, and pesticide removal due to its broad-spectrum
antimicrobial effect and non-toxic, residue-free nature.114

When used in gaseous form, it can reach hard-to-reach areas of
surfaces, while more surface-friendly applications can be made
with its water-solubilized form.115 Moreover, ozone's ability to
structurally break down mycotoxins into less toxic compounds
increases its potential in food safety.106 Ozone treatment has
also demonstrated strong performance in reducing microbial
1290 | Sustainable Food Technol., 2025, 3, 1284–1308
load on fresh produce such as lettuce, strawberries, and apples
when used in bubbling aqueous form, where it penetrates
crevices and irregular surfaces effectively. However, exposure
conditions must be tightly controlled to minimize oxidation-
induced texture soening or color degradation.113 However,
ozonization technology also has some limitations. Since ozone
has high reactivity, it can cause loss of avor, color, and nutri-
tional value in food products when applied at the inappropriate
dosage or time.116 Especially lipid oxidation and ascorbic acid
losses have been reported.107 In addition, safety precautions
should be taken during application, and special ventilation
systems should be installed for ozone generators, as ozone can
harm human health if inhaled.37

The sustainability benets of ozonation are quite strong. It
offers an environmentally friendly alternative by reducing the
need for chemical disinfectants, reducing water use, leaving no
toxic residue, and requiring on-site production.117 Moreover, it
can be used in integrated approaches in combination with other
non-thermal methods (e.g., ultrasound, UV, cold plasma) to
increase efficiency and maintain product quality.29 Recent
research has emphasized the synergistic use of ozone with other
non-thermal technologies such as ultrasound, UV-C, and cold
plasma. For instance, ozone-ultrasound combinations have
been shown to improve pesticide removal in guava and spinach,
likely due to acoustic cavitation enhancing the diffusion of
ozone and generation of secondary radicals. Similarly, ozone
combined with UV-C or cold plasma has produced enhanced
microbial inactivation and improved shelf-life extension, while
reducing ozone dosage requirements. These hybrid approaches
support more effective, lower-impact processing by leveraging
complementary mechanisms of action.118–120

In recent years, advanced ozonation systems utilizing
nanobubble or microbubble technology have been developed to
enhance ozone solubility and mass transfer in aqueous envi-
ronments. These systems enable more uniform and effective
microbial inactivation with reduced gas input and shorter
contact times.121 Furthermore, smart ozonation reactors with
real-time sensors and AI-based control algorithms are under
development for more precise dosing, minimizing nutrient loss
while ensuring safety.121,122Ozonation technology is a promising
non-thermal processing method in food processing with its
high oxidative power, non-toxic residue-free nature, wide
application area, and environmental advantages. However, it is
important to optimize the appropriate dose, duration, and form
for each product and application in order to maintain product
quality and to ensure human health.116,117 Fig. 1 illustrates the
fundamental mechanisms underlying various non-thermal food
processing methods.
3. Effects on nutritional value and
bioavailability
3.1 Macronutrients

Non-thermal processing methods have the potential to increase
the nutritional value and extend the shelf life of food compo-
nents by preserving their properties to a large extent.127 Among
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Fundamental mechanisms of non-thermal food processing
methods.21,81,123–126
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these technologies, HHP treatment has been reported to affect
the structural and physicochemical properties of poly-
saccharides depending on many factors such as molecular size,
chemical composition, chain length, application time, and
pressure level.128 Similarly, it is emphasized that the effect of
cold plasma treatment varies according to starch-specic
properties, including starch chain length, granule size,
amylose and amylopectin ratio.129 Dielectric barrier discharge
atmospheric (DBD) and radio-frequency (RF) cold plasma
treatment have been shown to increase the thermal stability of
amylose by inducing a more ordered helical structure.130

In protein structures, HHP-induced conformational changes
increase enzymatic hydrolysis susceptibility, leading to smaller
molecular weight peptides with potential bioactivities such as
antioxidant effects. However, in some cases, protein aggrega-
tion through pressure-induced interactions can limit hydrolysis
efficiency. Similarly, CP has been shown to alter a-helix and b-
sheet structures in plant-based proteins, enhancing solubility,
emulsication capacity, and water-holding properties.107 In
terms of lipid components, both HHP and CP applications have
contributed to improved oxidative stability, with CP maintain-
ing oil quality in functional lipid sources like axseed and
walnut oil under optimized parameters.18 Regarding carbohy-
drates, HHP has demonstrated enhanced digestibility particu-
larly in slow-digesting and resistant starch fractions131–134

though some matrices like quinoa have shown contrary
results.135Non-thermal treatments such as CP andHHP can also
help preserve the functional attributes of complex carbohy-
drates like pectin, leading to nutritional benets. CP-induced
modications in starch crystallinity and gelatinization temper-
atures, as well as increased water absorption capacity in treated
polysaccharides, positively affect food texture and
processability.136

PEF technology leads to signicant changes in functional
and nutritional properties, especially by affecting protein
structures. PEF applications can increase the surface hydro-
phobicity, solubility and emulsication ability of proteins,
making them more susceptible to enzymatic digestion. The
antioxidant properties of PEF-treated proteins are also
© 2025 The Author(s). Published by the Royal Society of Chemistry
improved.107 Studies in plant and milk proteins show that there
are changes in secondary structure (e.g. a-helix and b-layer
ratios) and these changes directly affect functional properties.43

In fatty components, PEF appears to drive lipid oxidation
processes, and in beverages such as wine and rice wine, some
fatty acids can reach natural aging levels. It also has effects on
free amino acid prole and can optimize taste proles.51

US technology facilitates the release of macro components
(especially proteins, fats, and polysaccharides) from cells
through the effect of acoustic cavitation and increases extrac-
tion efficiency. In the extraction of vegetable oils, pectins, and
proteins, US-assisted methods shorten the processing time and
improve solubility and functional properties. The application of
ultrasound in proteins leads to the formation of lower molec-
ular weight, high antioxidant potential peptides through the
unfolding of structures and the breaking of peptide bonds.18

Oxidative stability is also maintained in fat components, which
enhances the shelf life and functional properties of the fats.
Ultrasonically applied Maillard reactions increase both aroma
and functional component production; however, the formation
of some undesirable products (e.g., HMF) should also be care-
fully monitored.76

Non-thermal treatments are also reported to have remark-
able effects on the functional and structural properties of
proteins. US, HPP, PEF processes can cause conformational
changes in proteins by increasing the sensitivity of protein
structures to enzymatic hydrolysis.137 It has been reported that
ultrasound treatment accelerates proteolysis by creating
acoustic cavitation and increases the amount of amino acids by
playing a role in breaking peptide bonds.138 In the study con-
ducted by Anema,139 it was observed that HHP treatment
applied in the range of 10–40 °C did not lead to denaturation of
a-lactalbumin and bovine serum albumin in skim milk
samples; however, increasing temperature and holding time at
pressures of 500 MPa and above increased denaturation levels.
Liu et al. reported that electron beam treatment of egg white
proteins improved their functional properties such as solubility,
emulsication and gel formation.140

CP applications can cause structural and functional changes
in macronutrients, affecting the technological and nutritional
quality of foods.3 Especially in legume-based proteins, the use of
CP as a pretreatment has promoted the formation of lower
molecular weight peptides, making CP a potential technology
for the production of bioactive peptides. Additionally, it has
been reported that CP causes changes in the a-helix and b-sheet
structures, increasing the solubility, emulsication, and water-
holding capacities of proteins.106 In terms of lipids, CP can
affect fatty acid proles through free radicals; it has been noted
that oxidative stability can be preserved in functional fat sour-
ces with appropriate parameters. In carbohydrate structures,
the application of CP reduces starch crystallinity and improves
rheological properties by lowering the gelatinization tempera-
ture.18 Additionally, cold atmospheric plasma treatment
reduced the antigenicity of the peanut allergen Ara h 1 by 91%
by altering its protein structure and amino acid prole; thus, it
was evaluated as a potential approach to reduce allergenicity.141

Ovalbumin (OVA), the main allergen in egg whites, can be
Sustainable Food Technol., 2025, 3, 1284–1308 | 1291
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reduced in IgG/IgE binding capacity by ultrasound-assisted
glycation and PEF processes, enabling safer protein sources to
be obtained for allergic individuals.142 In terms of fat compo-
nents, non-thermal methods play an important role in main-
taining product quality by increasing oxidative stability and
have the potential to extend shelf life.143 For example, cold
atmospheric plasma treatment reduced lipid and protein
oxidation in mackerel sh and beef meatballs, extending the
shelf life of the products and contributing to the preservation of
freshness.144,145 Similarly, irradiation has been reported to
reduce lipid oxidation in chicken powdered spices, thereby
improving shelf life.146

UV-C is a non-thermal technology widely used in microbial
inactivation, and it shows limited effects on macronutrients
depending on the light dose and application time. In terms of
proteins, UV-C can lead to structural changes, particularly
through the photooxidation of aromatic amino acids; although
mild denaturation has been observed in milk and egg proteins
in some studies, it has been reported that the loss of nutritional
value is minimal.111 In lipids, UV-C light can cause oxidative
changes such as peroxide formation and avor deterioration by
targeting unsaturated fatty acids, although it has been reported
that these effects are limited in samples with high antioxidant
content.106 On carbohydrates, UV-C, particularly in starch, cau-
ses slight depolymerization and a decrease in gelatinization
temperature; however, it is stated that under appropriate pro-
cessing conditions, nutritional value and functionality can be
largely preserved.147

Ozonation is a non-thermal process carried out by applying
ozone gas, which has a strong oxidative capacity, to foods, and it
shows various effects on macronutrients in addition to micro-
organism inactivation and pesticide reduction.112 The effect on
proteins is mostly supercial, and it has been reported that it
enhances dough quality by promoting the cross-linking of glu-
tenin and gliadin proteins, especially in cereals; however,
excessive ozonation has been reported to lead to protein dena-
turation.29 In terms of lipids, although there is a potential for
Table 1 Effects of non-thermal processing techniques on macronutrien

Technology Food/product Effect

HHP Fermented beverages,
human breast milk

Nutrient preservation

HHP Tomato waste, red microalgae,
grape pulp, egg yolk

Phenolic & antioxidant
extraction

HHP Quinoa Digestibility changes
PEF Wine Stabilization of ascorbic
US Fermented pumpkins Bioactivity change
US Wheat our Gluten cross-linking
CP Flaxseed, walnut oil Oxidative stability
CP Legume-based proteins Structural transformatio
UV-C Milk, egg proteins Structural changes via

photooxidation
Ozonation Wheat, cereals Protein structure modi
Ozonation Wheat our, nuts Protein & lipid modica
Ozonation Starch-containing foods Carbohydrate structure

optimization

1292 | Sustainable Food Technol., 2025, 3, 1284–1308
oxidative change in unsaturated fatty acids, the oil prole of oily
seeds such as hazelnuts and walnuts has been preserved in
short-term applications; however, in long-term applications,
oxidative stability has been negatively affected due to the
increase in peroxide value.3 On carbohydrates, ozonation causes
slight structural disruptions in starch granules and a decrease
in gelatinization temperature, while also improving functional
properties such as water retention capacity and viscosity,
thereby contributing to the processability of food.148 Table 1
summarizes the effects of this non-thermal processing tech-
niques on the macronutrient content in various food matrices.

3.2 Micronutrients

Vitamins and minerals are micronutrients that have regulatory
roles in metabolic processes and are essential for human
health. Preservation of these elements during food processing is
critical for the maintenance of their nutritional value.151

Conventional heat treatments may lead to the degradation of
vitamins, which are particularly sensitive to heat and oxidation,
and they may also negatively affect the bioavailability of
minerals. At this point, non-thermal processing methods offer
the potential to preserve the stability of micronutrients by
processing with minimal temperature change, and there have
been remarkable developments in this eld in recent years.18

HHP treatment is one of the prominent methods among
non-thermal technologies in terms of preservation and
bioavailability of micronutrients. Studies on plant and animal
foods have shown that HHP treatment increases the extract-
ability of antioxidant vitamins such as carotenoids, tocopherols,
and chlorophyll by disrupting the cell structure.152,153 At the
same time, limited losses were observed, particularly in folate
and vitamins C and E, as a result of HHP application, and it was
determined that folate can maintain its relative stability under
HHP conditions despite its heat-sensitive structure.154–156 In
germinated grain products and rough rice, HHP treatment
increased the levels of GABA and vitamins B and E as well as
phenolic acids, and this increase was reported to be more
t composition in food products

Outcome Reference

Stable immunoglobulins, [ antioxidant content 18 and 25

[ antioxidant capacity, [ polyphenols 26

Y digestibility 149
acid Improved aging, balanced avor 51

[ antioxidant activity aer fermentation 150
Improved dough quality 74
Preserved oil quality 18

n [ solubility, Y allergenicity 106
Mild denaturation; value mostly preserved 111

cation [ dough quality via gluten cross-linking 29
tions [ dough quality; some oxidation in lipids 3 and 29

[ viscosity, [ water retention, Y gelatinization
temp

148

© 2025 The Author(s). Published by the Royal Society of Chemistry
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pronounced at certain pressure levels.155,157 In animal-derived
foods like milk and eggs, sensitive components such as folate
and immunoglobulins were reported to be stable against HHP
treatment, while the solubility of minerals such as calcium,
phosphorus, and zinc increased due to changes in casein
micelles and protein-matrix structures.152,156,158 In particular, the
weakening of folate's bonds with phosvitin has a favorable
effect on its bioavailability.156 However, it is emphasized that
HHP treatments combined with the germination process
further improve the bioavailability of minerals such as zinc and
iron by reducing phytic acid levels and are effective in reducing
anti-nutritive factors.157,159,160 Additionally, it has been stated
that HHP changes the mineral distribution and calcium–

phosphorus ratio depending on the product matrix. This could
cause variations in the nutritional prole of dairy products.152

The potential of HHP to both maintain nutrient stability and
improve bioaccessibility suggests that it is an effective non-
thermal technology for the production of functional and forti-
ed foods.161–163

In studies conducted with PEF technology, it has been re-
ported that vitamins A, C, and B group vitamins are largely
preserved, particularly as ascorbic acid and carotenoids reach
higher bioaccessibility aer PEF treatment.164 In fruit and
vegetable tissues, PEF pretreatment shows positive effects on
the preservation of polyphenols and avonoids while main-
taining the stability of bioactive components such as b-carotene
and vitamin C.164–166 However, some studies have revealed that
PEF applied at high energy densities may cause losses in
ascorbic acid and polyphenols due to the intensity of the
process.164,167 Molecular analyses on the oxidative stability of
vitamin C have shown that PEF promotes the structural trans-
formation of ascorbic acid (enol / keto form), slowing down
the oxidation process and increasing its antioxidant capacity. In
liquid foods including fruit juice and dairy products, PEF
treatment has been reported to better preserve vitamins C and B
compared to conventional heat treatments while supporting the
sustainability of sensory properties.168,169 Moreover, the stability
of heat-sensitive vitamins such as folate, thiamine, and ribo-
avin was reported to be high, and the combination of PEF +
mild heat provided microbial safety without nutrient loss.169

Although PEF treatments are generally considered stable in
terms of mineral content, electrode-induced increases in Fe
concentration have been observed in some cases.164 However,
PEF has also been shown to increase the ion uptake capacity of
Saccharomyces cerevisiae cells for the biofortication of trace
elements such as zinc and selenium.170 PEF technology is also
reported to improve both nutrient content and bioavailability by
increasing the extractability of b-carotene and other bioactive
compounds in plant-based products.167 The ability of PEF to be
applied at low temperature in a short time makes it an effective
non-thermal alternative for preserving micronutrients and
improving the functional quality of food.164–167

US technology is an effective non-thermal processing
method that disintegrates cell walls by cavitation, releasing
micronutrients and increasing their bioaccessibility.171,172 Low-
frequency, high-intensity US applications signicantly
increase the extraction efficiency of bioactive components such
© 2025 The Author(s). Published by the Royal Society of Chemistry
as avonoids, polyphenols, and tocopherols, while maintaining
the stability of heat-sensitive vitamins such as ascorbic acid,
folate, and carotenoids.173–175 US treatment minimized the loss
of vitamin C in fruit products such as orange, tomato, straw-
berry, and bergamot juice, while providing positive effects on
total phenolic and antioxidant capacity.173–177 High-power
ultrasound treatments promoted vitamin A activity by
increasing the solubility of pigments such as lycopene and beta-
carotene in tomato and carrot juice and contributed to the
preservation of vitamin C and B group vitamins in products
such as meat, chicken, and yogurt.176,178 US technology also
increases the bioavailability of minerals such as iron, zinc,
calcium, and magnesium and supports their digestibility by
allowing them to be released more easily from the food
matrix.179–181 In liquid foods, yogurt, and dairy products, even in
frozen and dried foods, ultrasonic treatments are reported to
minimize both vitamin and mineral losses.182 Furthermore,
ultrasound technology, combined with processes like drying
and freezing, has emerged as a strategic tool to preserve the
functional properties of products by reducing the thermal
degradation of nutrients.179

CP, especially oxidation-sensitive compounds such as
vitamin C, folate, and B group vitamins, can be highly protected
during CP treatment; in some cases, the stability of these vita-
mins is increased, and their bioavailability is improved.79,183,184

CP treatments of vitamin C-rich fruits such as kiwifruit, camu–
camu, blueberries, jujube, and anacardium apples preserved
the functional properties of the products by limiting the
oxidative degradation of ascorbic acid.183,185–188 Similarly, the
oxidative stability of vitamins C and B was maintained in
animal-derived foods such as meat, milk, and mushrooms,
while protective effects were reported for vitamins A and E in
some samples depending on the processing conditions.79,189–192

Although the effects of CP technology on mineral content are
mostly indirect, it has been observed that the solubility and
bioavailability of minerals such as iron, zinc, potassium, and
magnesium are increased through the degradation of anti-
nutrient components such as phytate.193,194 This procedure
facilitates the passage of minerals contained in plant matrices
into the digestive tract, strengthening the potential of CP for use
in functional food production. However, it is emphasized that
CP can also lead to degradation of some vitamins (especially
vitamins C and E) through reactive species production, so the
treatment time, voltage, frequency, and gas composition should
be carefully optimized.80,195,196 Depending on the product
matrix, treatment time, and energy density, differences in
vitamin stability and mineral bioavailability may occur. As
a result, CP technology is considered an environmentally
friendly non-thermal processing alternative that can contribute
to the production of functional and nutritious foods by
preserving both vitamin and mineral content at high levels
when optimized according to the process conditions.195,197

It has been demonstrated that UV-C treatment can tend to
decrease bioactive components like vitamin C and phenolic
compounds.16,198–200 For example, it was reported that UV-C
exposure in apple and kale juice resulted in statistically signif-
icant decreases in ascorbic acid levels, with this effect being
Sustainable Food Technol., 2025, 3, 1284–1308 | 1293
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more pronounced in claried products.201 However, in orange,
carrot, and celery juice blends, UV-C treatment increased the
carotenoid content by up to 84%, indicating that it can support
the bioavailability of bioactive compounds under certain
conditions.16,202 In studies on fungi, it has been reported that
UV-C light induced a signicant increase in vitamin D levels by
triggering ergosterol / vitamin D2 conversion.203 In sensitive
matrices including human milk and grapes, UV-C treatment
caused limited losses in a-tocopherol levels, while g-tocopherol
and some immune proteins were able to maintain stability.204,205

It was also emphasized that furan formation caused by UV-C
treatment could be reduced by the addition of antioxidants,
thus preventing vitamin losses.198 Findings on mineral content
are limited; most studies reported that UV-C does not cause
signicant changes in minerals or may affect bioavailability
through indirect effects.200,201,206 In general, the effects of UV-C
treatment on micronutrients depend on many factors
including light transmittance, application time, dose, product
matrix structure, and presence of antioxidants.201

Ozonation technology draws attention as an effective non-
thermal treatment to increase the microbial safety and extend
the shelf life of foods owing to its strong oxidative capacity. Its
effects on micronutrients vary depending on factors such as
product type, application method, and dose. For instance, an
increase in ascorbic acid levels was observed in parsley treated
with O3-micro–nano bubble water (O3-MNBW), and this effect
was associated with increased antioxidant enzyme activities,
and nutritional quality was preserved.207 Long-term studies on
Lonicera spp. revealed that ozone treatment signicantly
improved the antioxidant capacity of the fruits by increasing
vitamin C and total polyphenol content.208 Similarly, it was
found that 300 ppb of ozone gas applied to ‘Soreli’ kiwifruit
promoted ascorbic acid, polyphenol, and avonoid content and
improved microbial quality in samples stored at low tempera-
ture.209 In contrast, it was reported that although ozonated
water treatment of apple samples greatly reduced pesticide
residues, it caused a loss of up to 83.66% in ascorbic acid
content with a treatment time of 30 minutes and caused
a decrease in some anthocyanins.210 These differences suggest
that ozone treatment may positively or negatively affect vitamin
stability depending on the treatment time, concentration as
well as structural characteristics of the product. In general,
there is limited data on the direct effects of ozone on mineral
content, although some studies suggest that increased antioxi-
dant capacity and enzyme activity may have positive effects on
mineral metabolism.207,211 Table 2 summarizes the effects of this
non-thermal processing techniques on the micronutrient
content in various food matrices.
3.3 Bioactive compounds

Food processing has a direct impact on the bioavailability of
bioactive compounds such as antioxidants, vitamin C, gluta-
thione, b-carotene, a-tocopherol as well as various avonoids.214

Processes such as deglycosylation of avonoids as a result of
tissue destruction may increase bioavailability by making these
compounds more accessible.214,215 It is reported that these
1294 | Sustainable Food Technol., 2025, 3, 1284–1308
bioactive compounds are preserved at a higher level in foods
processed with non-thermal technologies and the anti-diabetic,
anti-hypertensive, anti-microbial and anti-cancer potential of
these compounds can be revealed more effectively.216 It is
noteworthy that these methods are capable of preserving
important nutritional components as well as ensuring micro-
biological safety in the processing of breast milk, which is
considered to be the most suitable food source for
newborns.217,218

For instance, it was reported that the combination of ultra-
sound and microwave provides a signicant increase in
phenolic compounds and avanols in tangerine juice, while in
beetroot sample, batalain content and antioxidant activity are
improved by ultrasound-assisted extraction.138,219 Ultrasonic
pre-treatment before thawing has been reported to increase the
extraction yield of bioactive compounds220 and this process was
reported to increase phenolic matter and antioxidant activity
levels in apples by reducing drying time by 11–15%.221 Similarly,
Zhang et al.222 reported that the bioavailability of micro-
nutrients such as carotenoids, phenolic compounds and
ascorbic acid increased signicantly aer ultrasound pretreat-
ment. Shaik et al.,223 reported that thermal pasteurization of
sweet lime juice resulted in a 38.6% and 42.2% reduction in
total phenolic content and antioxidant activity, respectively,
while sequential pulsed light and ultrasound treatment resulted
in lower losses of 4.1% and 3.9%, respectively. Öğüt et al.150

showed that ultrasound technology improved the anticancer
properties of wild apple vinegar by preserving and increasing its
bioactive components. In contrast, it was reported that the loss
of phenolic compounds increased aer ultrasound pretreat-
ment in fermented pumpkins aer ultrasonic pretreatment,
whilst an increase in antioxidant activity was observed aer
fermentation.224 Ultrasonic bleaching techniques have been
shown to reduce the total tocopherol and sterol content of
sunower oil more than industrial bleaching techniques.225

HHP and PEF treatments of ranberrybush fruit were also
reported to maintain the bioactivity of phenolic compounds
aer digestion.226 HPP and electron beam irradiation (EBI)
treatments enhanced the shelf-life stability of fermented spicy
Chinese cabbage sauce, improved the extractable contents of
total phenolic compounds and carotenoids, and signicantly
increased its antioxidant capacity.227 Dao et al.228 showed that
HPP treatment increased total phenolic compounds in pig-
mented rice grass juice by increasing many phytochemical
compounds such as protocatechuic acid and quercetin. US
combined with HPP treatment at mild temperatures and for
short periods of time effectively increased the extraction of
bioactive compounds in g puree and did not adversely affect
the volatile compounds of the fruit.229 According to Jiménez-
Pulido et al.230 the combined treatment of hydrolysis and HPP
in wheat bran and oat hulls increased phenolic compounds
(especially ferulic acid) and b-glucan content and antioxidant
activity, and decreased phytic acid content. HPP treatment
(600 MPa, 3 min, 4 °C) of sour cherries was shown to preserve
the color, total polyphenols and total anthocyanins of the
cherries at levels comparable to fresh product over a storage
period of 3 months, while providing microbial inactivation.231
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Effects of non-thermal processing techniques on micronutrient composition in food products

Technology Food/product Effect Outcome Reference

HHP Milk, eggs Mineral and folate
interaction

Folate stable, [ Ca, P, Zn
solubility

152, 156 and 158

HHP Germinated grain products,
rough rice

Vitamin and amino acid
bioenhancement

[ vitamins B, E, phenolic acids,
GABA

155 and 157

PEF Carrot juice Carotenoid extractability
enhancement

[ b-carotene extractability 167

PEF Yeast (Saccharomyces cerevisiae) Biofortication via mineral
uptake

[ Zn and Se uptake 170

PEF Wine, rice wine Stabilization of ascorbic
acid

[ ascorbic acid antioxidant
activity

51

US Orange, tomato, strawberry,
bergamot juice

Vitamin and avonoid
preservation

[ vitamin C, [ antioxidant
capacity

173, 176 and 177

US Meat, chicken, yogurt Vitamin and mineral
preservation

[ vitamin C & B vitamins,
[ mineral preservation

176 and 178

CP Cherries, kiwis, blueberry juice,
mushrooms

Shelf life extension and
avor stability

Reduced microbial load,
maintained aroma

183, 184 and 190

CP Camu–camu, anacardium
apple, blueberries, winter
jujubes

Micronutrient stabilization
and sensory retention

Preserved vitamin C, potassium,
aroma and texture

185, 186 and 188

CP Meat, milk, mushrooms Micronutrient stabilization
under CP

[ vitamins A, E, C, B stability 189–192

CP Meat, meat products Textural and functional
enhancement

[ water-holding, improved
avor and color

189, 191 and 212

CP Shrimp, seafood Protein and antioxidant
enhancement

[ antioxidant activity, stabilized
protein

195 and 213

CP Coconut milk Sensory and microbial
quality improvement

[ aroma, effective microbial
inactivation

196

UV-C Orange, carrot, celery juice
blends

Photochemical
enhancement of
carotenoids

[ carotenoid content 202

UV-C Milk, grapes Photooxidation and
tocopherol interaction

Limited a-tocopherol loss, other
nutrients stable

204 and 205

Ozonation Parsley Ozone-induced antioxidant
enzyme activation

[ ascorbic acid via antioxidant
enzyme activity

150

Ozonation Hazelnuts, walnuts Lipid protection in short-
term ozonation

Preserved oil prole; long-term:
oxidation risk

3 and 29

Ozonation Sugar cane juice, broccoli, rice,
peanuts, corn, milk, fruit juices

Mycotoxin degradation and
antioxidant protection

[ antioxidant stability,
[ shelf life

106
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Cold atmospheric plasma (CAP) treatments showed similarly
favorable effects in various fruits. CAP was shown to increase
phenolic content in beetroot juice,232 increase antioxidant
activity, vitamin C and phenolic compound concentrations in
lime fruit233 and help preserve bioactive components in banana
slices during blanching.234 Ultrasound-assisted extraction of
used coffee grounds aer CAP pretreatment signicantly
increased total phenolic content and antioxidant activity.235

PEF is a promising non-thermal technique for the preser-
vation of phenolic components of vegetable and fruit juices236

urging PEF-assisted extraction, total phenolic content (TPC),
avonoid content (FC), total anthocyanin content (TAC), tannin
content (TC) and antioxidant activity (FRAP) values of red grape
pomace were improved by 15%, 60%, 23%, 42% and 31%,
respectively.237 The medium intensity PEF (0.25 kV cm−1)
increased the amount of some bioactive compounds, especially
carotenoids with high antioxidant activity (such as radical
scavenging activity) in tomato.238 In extra virgin olive oil, US and
US-PEF combined treatments increased its quality and market
© 2025 The Author(s). Published by the Royal Society of Chemistry
value by enriching polyphenols (8–12%) and tocols (3–5%).239

Low-temperature processing with and without high pressure
combined with PEF treatment resulted in the highest preser-
vation of the main phenolic compounds content of apple
pomace extracts.240

UV-C light and ultrasonication treatments enriched most
bioactive compounds in hawthorn vinegar and made anticar-
cinogenic activities more pronounced.241 Levent and Aktaş
revealed that UV light and ultrasound applied before germina-
tion increased total phenolic content and antioxidant activity
more than black lentil samples germinated without any treat-
ment.242 UV-A irradiation at 12 W signicantly increased
anthocyanin, chlorophyll, polyphenol and ascorbic acid accu-
mulation in broccoli and radish sprouts.243

While ozone technology is an effective sterilization tech-
nique and is known to stimulate the synthesis of bioactive and
antioxidant compounds by activating secondary metabolic
pathways, there are conicting results in the literature.244 It was
reported that ozone processing, especially 2 ppm/9 minute and
Sustainable Food Technol., 2025, 3, 1284–1308 | 1295
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5 ppm/3 minute applications, preserved the physicochemical
properties, bioactive compounds and visual appearance of fresh
plums during storage.245 On the contrary, when ultrasonication
and ozone treatment of candied apple juice were compared, it
was reported that ultrasonication increased the preservation of
bioactive compounds, but ozone treatment showed detrimental
effects by reducing TPC, vitamin C and avonoid content.246

Ozone processing induced microbial inactivation in water-
melon juice but caused signicant changes in some physico-
chemical properties and signicant degradation of bioactive
compounds.247 Ozone treatment of Lonicera caerulea L. fruits
was found to signicantly increase their antioxidant value.248

Table 3 summarizes the effects of the non-thermal processing
techniques on the bioactive compounds in various food
matrices.
4 Effects on food quality

HHP technology offers signicant advantages in terms of
preserving and improving nutritional quality while ensuring the
microbial safety of foods. In fruit and vegetable-based products
including plum puree, red pepper puree, melon, and grapefruit
juices, HHP contributed to the preservation or enhancement of
Table 3 Effects of non-thermal processing techniques on bioactive com

Technology Food/product Effect

HHP Pigmented rice grass juice Flavonoid and antioxida
stimulation

HHP Tomato waste, grape pulp,
red microalgae

Phenolic and antioxidan
via HHP

PEF Red grape pomace Cell disruption and anth
extraction

PEF Tomato Electroporation-induced
increase

US Beetroot Betalain enrichment an
activation

US Apple Phenolic compound rete
US Wild apple vinegar Preservation of anticanc

phytochemicals
US Hawthorn vinegar Ultrasound-induced enr

bioactives
US Black lentil (germinated) Ultrasound-enhanced sp

US Candied apple juice Preservation of bioactive

CP Blueberries Phenolic compound sta

CP Beetroot juice Ultrastructural change e
antioxidant release

UV-C Cherry tomatoes UV-C triggered antioxida
accumulation

Ozonation Juniper berries UV-C triggered antioxida
accumulation

Ozonation Kiwifruit Ozone-stimulated pheno
Ozonation Candied apple juice Oxidative degradation u

exposure
Ozonation Watermelon juice Bioactive compound deg

Ozonation Lonicera caerulea L. fruits Ozone-enhanced antioxi
bioactivity

1296 | Sustainable Food Technol., 2025, 3, 1284–1308
bioactive components like vitamin C, polyphenols, and total
antioxidant activity, with minimal changes in physicochemical
properties such as color, pH, and soluble solids.18,26,31 Similarly,
in products like aronia, strawberry-apple-lemon, and broccoli-
carrot mixture, HHP treatment was shown to maintain color
stability, antioxidant capacity, and sensory quality better than
heat treatments and signicantly reduced microbial load
during storage.28,250,251 The ability of HHP to modify protein
structure has improved parameters such as emulsion stability
and viscosity in dairy products and supported textural quality
aspects including gel formation aa well as texture improvement
in meat products.252 In addition, it can reduce the glycemic
response by facilitating gelatinization in foods with high starch
content and preserve taste and shelf life in low-salt formula-
tions, allowing the development of healthier meat products.162

HHP also provides functionality in terms of protein digest-
ibility; for example, it contributes to the formation of functional
peptides by increasing the digestibility of b-phosvitin protein in
egg yolk granules.253 All these ndings indicate that HHP can
better preserve sensory, physicochemical, and functional
quality in different food matrices compared to thermal treat-
ments and therefore is an effective technology in cold chain
processes.18,26,31
pounds in food products

Outcome Reference

nt synthesis [ quercetin, phenolics 229

t liberation [ antioxidant peptides, polyphenols 26

ocyanin [ anthocyanins, [ phenolics 238

antioxidant [ carotenoids, [ antioxidant
compounds

239

d antioxidant [ betalains, [ antioxidant capacity 249

ntion [ phenolics, [ antioxidant activity 221
er [ anticancer bioactives 224

ichment of [ bioactive compounds, [ anticancer
potential

242

routing [ total phenolics, [ antioxidant
activity

243

compounds [ bioactive retention compared to
ozone

247

bilization [ phenolics, [ antioxidant
stabilization

188

nabling [ phenolics, [ antioxidant capacity 233

nt [ lycopene (up to 6-fold) 17

nt [ total phenolics 17

lic synthesis [ vitamin C, [ phenolics 209
nder ozone Y TPC, Y vitamin C, Y avonoids 247

radation Signicant degradation of bioactive
compounds

248

dant [ antioxidant value 208

© 2025 The Author(s). Published by the Royal Society of Chemistry
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PEF technology has contributed to the preservation of visual
and structural quality by providing signicant reductions in DE
and the index of cell structure damage in carrots.165 Similarly,
PEF-assisted drying applications have shown positive effects on
b-carotene, antioxidant capacity, and color parameters in
products such as apricots and pumpkins; signicant reductions
in processing time and energy consumption have been ach-
ieved.254 PEF pretreatments have also increased oil yield by up to
17% in olive oil extraction, enhanced the levels of antioxidant
components, and signicantly preserved product quality.255,256

In applications involving pomegranate juice, coconut water,
and dairy products, it has been noted that physicochemical
parameters including pH, °brix, and viscosity remained stable,
while increases in vitamin C and phenolic content were ach-
ieved, and enzymatic degradation was reduced through the
inactivation of PPO and POD.257–259 In meat products, PEF has
caused positive changes in quality determinants like water-
holding capacity, tissue stability, and free amino acid prole
by shortening the dissolution time.260,261 In addition, it has been
stated that PEF changes functional properties like viscosity,
foam stability, and emulsifying capacity depending on voltage
and duration in egg products. In dairy products, it kills micro-
organisms when mixed with low temperature while keeping
nutritional components. In plant products such as spinach and
potatoes treated with PEF, it has also been reported that cellular
integrity is preserved and undesirable compounds like acryl-
amide formation can be reduced.262,263 Finally, studies have re-
ported that PEF shortens the fermentation time, diminishes
syneresis, and enhances the rmness of yogurt products fer-
mented with starter cultures.264

High-power ultrasound applications reduce particle size in
processes such as emulsication and homogenization, thereby
enhancing the stability and textural quality of products,
resulting in more homogeneous structures and improved
viscosity properties in dairy products.171,265 Additionally, US
reduces microbial load, extending shelf life and preserving the
sensory qualities of food, such as taste, aroma, and color, by
maintaining its organoleptic properties.173,266–268 US treatments
applied to fruit- and vegetable-based products like baobab,
amla, and carrot enhance the bioavailability of phenolic
compounds and inhibit spoilage enzymes like polyphenol
oxidase and peroxidase, thereby maintaining color
stability.174,268,269 Ultrasound-assisted osmotic dehydration
improves the microstructure of the product while enhancing
tissue integrity, thereby increasing both visual and textural
quality.270 US application also enhances the water retention
capacity and tenderness of meat and poultry products by
inducing protein denaturation and structural transformation,
supports microbial safety, and extends shelf life.172,177,178 In
freezing processes, the US, which reduces the size of ice crystals
and preserves cell integrity, minimizes the loss of nutrients
while also contributing to environmental sustainability by
providing energy savings with shorter drying times.182,271 In
liquid foods, both microbiological safety and overall product
quality are improved through the more effective extraction of
aroma compounds, color preservation, and the stabilization of
biologically active components.180,272 Next-generation
© 2025 The Author(s). Published by the Royal Society of Chemistry
approaches like sonoprocessing and direct contact ultrasound
(DTU) aim to preserve food components and optimize nutri-
tional values, making US technology a strong non-thermal
alternative in terms of both functional and sensory
quality.273,274 Improvements in viscosity, color, and taste
parameters have been reported in products such as yogurt and
carrot juice; this is a signicant effect that increases consumer
preference.275,276

CP technology has been found to be particularly successful
in preserving sensitive micronutrients including vitamin C and
potassium in fruit-based products like camu–camu,185 Anacar-
dium apple,186 blueberries,188 and winter jujubes;277 positive
effects have also been observed on organoleptic properties like
aroma, texture, and color. CP has been reported to reduce
microbial load, extend shelf life, and maintain the stability of
avor and aroma compounds in products such as cherries,278

kiwis,183 blueberry juice,184 and mushrooms.190 In meat and
meat products, CP applications enhance the avor prole by
allowing the release of aroma compounds while improving
parameters like texture, color, and water-holding capacity,
thereby increasing product quality.189,191,212 Especially in high-
protein foods including shrimp195 and seafood,213 CP can
enhance sensory quality while maintaining protein stability and
increasing antioxidant activity. However, CP applications can
sometimes trigger lipid oxidation, leading to the formation of
undesirable compounds such as aldehydes and carboxylic
acids, which can negatively affect taste and nutritional value.192

Disturbances in properties such as color, texture, and aroma
have been reported in DBD-CAP (dielectric barrier discharge
atmospheric cold plasma) systems when process parameters
(duration, voltage, gas type) are not optimized.80,279 It has been
noted that SP applications can cause color changes in some
leafy green vegetables through pigment oxidation and that there
may be reductions in bioactive components like vitamin C,
phenolic compounds, and chlorophyll. Nevertheless, the liter-
ature also highlights the positive effects of CP technology, such
as its capacity to remove chemical contaminants like pesticides,
its ability to enhance antioxidant capacity by increasing the
release of natural compounds, and its modulation of protein
functionality through enzymatic processes.280,281 Additionally, in
liquid products such as coconut milk, CP contributes to the
preservation of sensory quality by promoting the formation of
aroma components while providing microbial inactivation.196

Overall, CP is a versatile technology that supports the nutri-
tional value and physicochemical quality of both fruits and
vegetables as well as animal products; however, it is necessary to
carefully optimize the application parameters, conduct product-
based evaluations, and minimize potential negative effects.282

UV-C light is one of the non-thermal technologies that has
the potential to extend the shelf life of foods by reducing
microbial contamination. The application can provide micro-
bial inactivation in various foods while largely preserving the
physicochemical and nutritional value of the products.16,204 For
instance, processes performed on human milk using UV-C light
have better preserved bioactive proteins and enzymes including
IgA, lactoferrin, lipase, and lysozyme compared to Holder
pasteurization, and no increase in lipid oxidation products has
Sustainable Food Technol., 2025, 3, 1284–1308 | 1297
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Fig. 2 Different mechanism of non-thermal food processing on
inactivation of pathogenic microorganisms.
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been observed.204 In addition, it has been reported that the
addition of antioxidants can reduce the formation of UV-C-
derived furan, thereby contributing to chemical safety.198 UV-C
irradiation can support the production of plant-based vitamin
D by converting provitamin D into its active form in some fruit
and vegetable products.283 In studies conducted on mango
juice, the combination of UV-C and sonication increased the
extraction of carotenoids, polyphenols, and avonoids,
enhanced antioxidant capacity, and extended shelf life by
reducing microbial load.107 Similarly, it has been reported that
UV-C treatment increased the lycopene content in cherry
tomatoes by up to six times and signicantly improved their
quality.17 In studies conducted on kale juice, grape juice, and
other vegetable-fruit juices, it has been noted that the UV-C
treatment preserves quality with minimal effects on phenolic
compounds and antioxidant capacity.202 Conversely, changes in
phenolic compounds have been reported in products such as
grape juice; it has been emphasized that the mechanism of
action of UV-C radiation depends on many factors including the
type of food, surface properties, irradiation time, and compo-
sition.284 Reports also indicate that UV-C can lead to structural
soening in certain products, surface darkening, and losses in
volatile compounds.206,284

Ozone (O3) applications are one of the non-thermal tech-
nologies that stand out due to their potential to ensure micro-
bial safety in foods, extend shelf life, and contribute to the
preservation of certain bioactive components. In a study on
juniper berries, it was noted that a 30 minute ozone application
at a dose of 100 g O3 per m3 approximately doubled the total
phenolic content; however, longer applications led to the
degradation of phenolic compounds.17 In the case of green
cabbage, the combined use of ozone and ultrasound effectively
inactivated pathogens such as Escherichia coli and Salmonella
while preserving sensory and nutritional quality by maintaining
vitamin C content and product color.285 In cereal products,
ozonation provides functional benets including the removal of
mycotoxins and the improvement of the rheological properties
of the dough. However, the effects on ascorbic acid and
phenolic compounds can differ depending on the application
parameters.286 In the storage and washing of vegetables, ozone
applied in liquid and gas phases decreases surface contami-
nation and extends shelf life; at the same time, it can largely
preserve the natural appearance and sensory properties of the
products.287 However, high concentrations or prolonged appli-
cations can cause color, taste, and texture losses in some foods;
this indicates that ozone needs to be optimized on a product
basis.211
5. Effects on food safety and microbial risk management

The presence of many foodborne pathogenic diseases makes
food safety a critical public health issue at the global level.288

Non-thermal sterilization processes do not require the addition
of chemicals that can cause residues in food and better preserve
food quality.289 Non-thermal processes have been shown to
inactivate toxin-producing microorganisms through various
mechanisms such as releasing reactive species, disrupting cell
1298 | Sustainable Food Technol., 2025, 3, 1284–1308
membrane integrity, affecting genetic materials, and degrada-
tion of molecular structures responsible for toxic effects.290

Fig. 2 shows several effects of non-thermal treatments on
pathogenic microorganisms.

HHP processing is recognized as an effective method of
microbial inactivation and the European Food Safety Authority
(EFSA) has reported with 99–100% condence that HHP does
not pose an additional microbial safety risk to the consumer
compared to routine food processing practices.291 However, it
has been reported that thermal pasteurization of milk did not
achieve the expected reduction of more than 10 log10 in most
pathogens such as Mycobacterium bovis, Brucella melitensis, L.
monocytogenes, Salmonella spp. and Shiga toxin-producing E.
Coli (STEC), Campylobacter spp, TBEV and S. aureus with HPP,
but lower log10 reductions that meet the recommendations of
international organizations.292 For example, inactivation rates
of Escherichia coli, Salmonella spp., Staphylococcus aureus and
Listeria monocytogenes were 94.8%, 100.0%, 86.7% and 100.0%,
respectively, in HHP-treated meat.293 Moreover, in some foods
with low water activity, like cured ham, the efficacy of HHP on L.
monocytogenes may be limited. However, even in this case, no
pathogen growth was observed during storage and the expres-
sion of relevant virulence genes was reported to decrease.294 Dao
et al.228 showed that HPP treatment at 612 MPa, 11 minutes and
36 °C inactivated E. coli and Listeria innocua in pigmented rice
grass juice. It was also shown that HPP treatment at 500 MPa for
9 minutes in human milk resulted in >5 log reduction in vege-
tative neonatal pathogens while retaining bioactive proteins
including IgA, IgM, lactoferrin, elastase, PIGR and BSSL well.295

PEF is used for microbial inactivation of nutrients by
electroporation. It has been shown to cause bacterial death by
altering the permeability and fatty acid composition of the cell
membrane, causing cells to change shape and shrink, leading
to leakage of intracellular proteins, and affecting ROS and ATP
synthesis.296 It has revealed that it can be applied to inactivate
Staphylococcus aureus and Escherichia coli in Thai orange
juice.297 Araújo et al. reported a similar reduction in viable L.
monocytogenes cell count and a more signicant reduction in E.
Coli count in goat milk when comparing 64 °C pasteurization
with PEF pretreatment to typical 72 °C pasteurization.298 It has
been stated that PEF technology may be effective in reducing
the amount of sulfate used in winemaking owing to its effect in
© 2025 The Author(s). Published by the Royal Society of Chemistry
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preventing microbial contamination aer alcoholic and malo-
lactic fermentation in red wine.299 Cai et al.296 showed that
HVPEF treatment with high-voltage pulsed electrical elds
combined with antibacterial agents can provide bacterial inac-
tivation while reducing the dosage of antibacterial agents.
Contradicting these studies, a study with edible insects showed
that continuous PEF treatment with an energy of about 20 kJ L−1

did not signicantly reduce the microbial load in practical
terms, while batch PEF treatment at higher energies (>150 kJ
kg−1) led to reductions in microbial load up to 5 logs, while
causing heating up to 75 °C and affecting protein structure.300

The effect of ultrasound technology on the inactivation of
pathogenic microorganisms has been conrmed and its
combination with other non-thermal technologies (e.g.UV, PEF,
ozone, microwave) has been reported to provide synergistic
benets.301 In minimally processed winter jujube, the effect of
ultrasound alone was limited, but the combination of ultra-
sound applied at a frequency of 28 kHz with free chlorine
resulted in a signicant reduction in microbial load during
storage.302 Sequential pulsed light (0.80 J cm−2) and ultrasound
(0.4 W cm−3) reduced the S. cerevisiae population in sweet
lemon juice by 6.2 log cycles and reduced polyphenol oxidase
(PPO) activity by 90%, with 95% retention of vitamin C.223 The
combined effect of US and plasma activated water treatment
(UP treatment) has been shown to inactivate microorganisms
such as Escherichia coli O157:H7 and Listeria monocytogenes up
to 3 log CFU g−1 in fresh chopped celery by damaging the cell
membrane.303 Rodŕıguez et al.304 reported that the combination
of US (1440 s) and HPP (400 MPa for 2 min) showed a synergistic
effect in orange juice, resulting in a 5 log CFUmL−1 reduction in
Escherichia coli. However, since the application parameters
(such as frequency, temperature, sample volume, device type)
can signicantly inuence the results, a standardized protocol
for ultrasound is not yet available and has not been officially
approved by regulatory bodies.301,305

Cold plasma treatments are also reported to provide high
microbial inactivation, cause minimal changes in nutritional
components as they are carried out at room temperature and
leave no toxic residues.293 Direct or indirect plasma applied to
ricotta cheese extended the shelf life of the product up to two
days.306 Cold atmospheric plasma torch (CAPT) treatment of
ready-to-eat Olivier salad signicantly reduced the microbial
load.307 The combination of clove oil and encapsulated atmo-
spheric pressure plasma was shown to have a strong antibac-
terial effect on Escherichia coli O157:H7 and Staphylococcus
aureus.308 Atmospheric oxygen and air cold plasma treatment
has also been shown to successfully inactivate Bacillus cereus in
foods with low water activity (soy powder, rice, black
pepper).309–311 Kim et al. conducted in-pack microbial inactiva-
tion of cabbage slices using a combination of hydrogen
peroxide (H2O2) and atmospheric dielectric barrier discharge
cold plasma (ADCP). This method resulted in 1.8 and 2.0 log
CFU g−1 reduction in E. coli O157:H7 and Listeria mono-
cytogenes, respectively, and 1.0 and 1.3 log reduction in Bacillus
cereus spores and local bacteria, respectively.312

UV-C prevents the formation of new DNA chains by causing
photo-chemical damage to DNA, thus showing an antimicrobial
© 2025 The Author(s). Published by the Royal Society of Chemistry
effect.313 UV-C LEDs are widely used to eliminate pathogenic
microorganisms such as Listeria monocytogenes, Staphylococcus
aureus, Bacillus cereus, Escherichia coli and Salmonella Typhi-
murium in water.314,315 However, it has been shown to be inef-
fective in inactivating internal enzymes owing to its relatively
poor penetration capacity.316 UV-C-assisted washing effectively
reduced E. coli and Salmonella pathogens, especially in products
with smoother surfaces such as tomatoes, whereas the same
effect was not observed in fresh-cut lettuce with rougher
surface.109 UV LED treatment of meat for 24 hours resulted in
signicant reductions in E. coli, Salmonella and S. aureus loads;
however, no similar effect was obtained for L. monocytogenes.293

UV-C treatment was shown to effectively inactivate Alicyclo-
bacillus spp. spores and other microbial strains in textured
orange juice;317 and E. coli and L. monocytogenes in sweet lemon
juice.318 Borges et al.319 reported that UV treatment of cured
smokedmeats reduced the number of L. monocytogenes, but had
no effect on endogenous microbial populations. UV-C irradia-
tion combined with peracetic acid (PAA) or lactic acid (LA) was
found to signicantly reduce Salmonella enteritidis biolms on
food contact surfaces and chicken skin.320 However, Zhang et al.
investigated the long-term persistence of three human rotavirus
(HRV) strains on beef, chicken and lettuce and found that while
UV-C irradiation was generally effective, its effect was incon-
sistent between different food surfaces. UV-C dose of 100 mJ
cm−2 resulted in >4 log10 reduction on lettuce but >1 log10
reduction on beef and chicken.321 In one study examining the
microbial inactivation of UV processing in tropical fruit juices,
it was demonstrated that UV treatment resulted in >5 log
reduction of E. coli in pineapple, starfruit, graviola, mango,
passion fruit, naranjilla and carob beverages. However, UV did
not signicantly affect microbial spoilage indicators and
carotenoid content in mango beverage compared to thermal
pasteurization.322

Ozone technology provides effective microbial elimination
by causing oxidative degradation of vital components of
microorganisms.313 It has been demonstrated that it can have
a signicant selectivity effect on bacteria in water and can
reshape the bacterial community in reclaimed water.323 For
example, gaseous ozone applied to vacuum-packed beef kept
the L. monocytogenes load below the detection limit for 16
days.112 Souza Grilo et al.324 showed that ozone reduced the titer
of norovirus surrogate bacteriophage MS2 to 3.6 log PFU g−1 in
blackberry and 4.1 log PFU g−1 in pitangada fruit. In the study of
Zai et al., treatment with 2% H2O2, 19 mJ cm−2 UV-C dose and
20 ppm ozone as an alternative to conventional formaldehyde
disinfection in incubation and table eggs was shown to inacti-
vate Salmonella at a rate of 5 log CFU per egg.325
6. Can non-thermal processing
optimize nutritional value, quality, and
safety simultaneously?

The main advantage of non-thermal food processing technolo-
gies is that they do not only improve one attribute of food quality
but can enhance multiple aspects simultaneously.17 Non-thermal
Sustainable Food Technol., 2025, 3, 1284–1308 | 1299
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processing technologies, when properly designed and optimized,
can largely eliminate traditionally existing trade-offs between
nutritional value, microbial safety, and product quality. Sensory
attributes including product texture, color, and aroma can be
kept largely constant, along with the preservation of heat-
sensitive vitamins, minerals, and bioactive compounds. At the
same time, these technologies also contribute signicantly to the
reduction of chemical contaminants like pesticides, mycotoxins,
and allergens.326 However, in order to achieve these three main
objectives simultaneously, the process parameters need to be
carefully optimized specic to the product type and matrix, and
oen these technologies need to be used in combination with
each other. Hence, non-thermal processing is not just a technical
innovation but represents a comprehensive approach to food
production that combines nutritional quality, safety, as well as
environmental sustainability.327,328

Compared to heat treatment, HHP treatments achieve high
success in microbial inactivation while preserving nutrients to
a large extent; especially in liquid and semi-solid products, they
can achieve this triple balance by preserving product texture
and sensory quality.31 PEF reduces microbial contamination by
increasing cell permeability and increases the bioavailability of
bioactive compounds such as phenolic compounds; however, it
requires product-based optimization as its effect may be limited
in solid foods.329 Ultrasound works at low temperature, pro-
tecting heat-sensitive components while increasing antioxidant
capacity and supporting quality by reducing processing time;
however, the resulting temperature increase can affect sensory
properties if not carefully controlled.74 Cold plasma, works at
low temperatures, ensuring microbial safety on the product
surface and increasing the stability of compounds such as
phenolics and vitamin C. However, the process conditions
should be carefully determined as there is a risk of quality loss
owing to oxidative stress in some products.330 UV-C irradiation
improves microbial safety, especially in surface and liquid
foods, and when applied at low doses, it can support antioxi-
dant capacity and maintain quality and nutritional value
together; nonetheless, the dose and duration should be care-
fully optimized as light-sensitive vitamins may be lost.77 Ozon-
ation, conversely, can reduce both microbial and chemical
contaminants due to its strong oxidative nature, and also
contributes to functional quality by increasing phenolic
stability; however, avor and color changes can be observed in
excessive applications.3 In this context, although each method
has its advantages and limitations, under appropriate condi-
tions and when optimized according to the product type, non-
thermal technologies are versatile systems that can simulta-
neously support nutritional value, quality and safety.77

In contrast, the comprehensive approach suggests that non-
thermal technologies should be considered as integrated solu-
tions rather than singular solutions.77 For example, when tar-
geting microbial inactivation, processes that simultaneously
minimize vitamin loss and reduce pesticide residues should be
preferred. Here, combined treatments such as PEF + CP, US +
ozone, or UV-C + ozone can offer simultaneous improvements at
different levels of food systems (nutrient protection, quality
sustainability, toxic compound removal).331–334 Moreover,
1300 | Sustainable Food Technol., 2025, 3, 1284–1308
a comprehensive approach requires a mindset that is not only
product-centered but effective throughout the entire supply
chain. Energy efficiency, reduction of water consumption,
elimination of chemical additives, and reduction of food waste
show that these technologies contribute to sustainability goals
at a system scale.333 Therefore, non-thermal technologies are
becoming a strategic tool not only for shelf-life and quality
optimization but also for the development of climate-friendly,
low-carbon-footprint, healthy, and clean-label products.330

Non-thermal food processing approaches are effective in all
processes from micro to macro: preservation of bioactive
compounds at the molecular level, functional quality at the
product level, efficiency at the process level, and sustainability
at the system level. Consequently, for the future of food science
and technology, a comprehensive approach is not just a choice
but a strategic breakthrough in food technology.335

7 Conclusions

This article shows that non-thermal food processing methods
like ozonation, pulsed electric eld (PEF), high hydrostatic
pressure (HHP), ultrasonication (US), cold plasma (CP), and UV-C
irradiation have a lot of potential to make food healthier, more
nutritious, and less likely to contain microorganisms. Compared
to conventional thermal methods, these technologies enable
better preservation of heat-sensitive vitamins, minerals, and
bioactive compounds, while also contributing to shelf life
extension and minimizing degradation of sensory and physico-
chemical properties. In addition, technologies such as CP, ozone,
and UV-C have been reported to reduce chemical contaminants
including pesticide residues, mycotoxins, and allergens. Each
non-thermal method offers specic advantages in preserving
macro- andmicronutrients, enhancing bioavailability, improving
functional quality, and ensuring microbial control. However, the
effectiveness of these technologies varies depending on product
type, matrix structure, and processing parameters. Hence,
product-specic optimization strategies are essential to maxi-
mize their benets. From a comprehensive perspective, combi-
nations of non-thermal methods (e.g., HHP + PEF, US + ozone,
UV-C + CP) can provide simultaneous benets such as nutrient
protection, contaminant reduction, and environmental sustain-
ability. These applications support circular economy principles
and climate-friendly food systems through clean-label produc-
tion, reduced energy use, and minimal chemical inputs.

Non-thermal technologies should not only be considered for
improving process efficiency but also for the production of
functional, enriched, and allergen-free foods; therefore, opti-
mization studies tailored to specic food matrices should be
expanded, and the synergistic effects of combined treatments
should be further explored along with their industrial scal-
ability. Moreover, the establishment of regulatory frameworks
and the promotion of awareness efforts are essential to enhance
consumer condence.
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M. Mota, T. Gusmão, S. Sousa, J. Gomes and A. Rocha,
Food Biosci., 2025, 68, 106719.

90 H. Yuan, F. Chen, J. Zhang, X. Guo, J. Zhang and W. Yan,
Foods, 2025, 14, 550.

91 Y. Hu, Y. Zhu, H. Aalim, Y. Cao, L. Peng, J. Dou, Y. Ma,
X. Zhai, Z. Guo, J. Cai, C. Zhou, S. Liu and X. Zou, Food
Biosci., 2024, 60, 104492.

92 H. Liu, X. Zhang, Z. Cui, Y. Ding, L. Zhou and X. Zhao, Food
Res. Int., 2022, 159, 111655.

93 R. Kaavya, G. Mohsen, J. Surangna, K. A. Chandra,
S. Pratiksha, K. Anjineyulu, K. Manoj, K. A. Mousavi,
N. G. Ahmad, D. A. Hussain, U. Jalal, A. M. Javed and
H. A. Hemeg, Crit. Rev. Food Sci. Nutr., 2023, 63, 11370–
11384.

94 J. d. A. Bezerra, C. V. Lamarão, E. A. Sanches, S. Rodrigues,
F. A. N. Fernandes, G. L. P. A. Ramos, E. A. Esmerino,
A. G. Cruz and P. H. Campelo, Food Res. Int., 2023, 167,
112663.

95 M. Zhang, J. K. Oh, L. Cisneros-Zevallos and M. Akbulut, J.
Food Eng., 2013, 119, 425–432.

96 M. Umair, J. Saqib, A. Zubaria, M. A. Rana, A. Muhammad,
Z. Jianhao and Z. Liqing, Food Rev. Int., 2022, 38, 789–811.

97 K. K. Gupta andW. Routray, Food Chem., 2025, 472, 142960.
98 X. Yepez, A. E. Illera, H. Baykara and K. Keener, Foods, 2022,

11, 1833.
99 M. Nikzadfar, A. Kazemi, R. Abooei, R. Abbaszadeh,

M. Soltani Firouz, A. Akbarnia and M. Rashvand, Food
Bioprocess Technol., 2024, 17, 4473–4505.

100 M. E. Oner, B. Gultekin Subasi, G. Ozkan, T. Esatbeyoglu
and E. Capanoglu, Food Res. Int., 2023, 172, 113079.

101 A. Shelar, A. V. Singh, P. Dietrich, R. S. Maharjan,
A. Thissen, P. N. Didwal, M. Shinde, P. Laux, A. Luch,
V. Mathe, T. Jahnke, M. Chaskar and R. Patil, RSC Adv.,
2022, 12, 10467–10488.

102 T. Dai, M. S. Vrahas, C. K. Murray and M. R. Hamblin,
Expert Rev. Anti-Infect. Ther., 2012, 10, 185–195.
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Eng., 2024, 47, e14629.

104 Y. Lee and Y. Yoon, Food Sci. Anim. Resour., 2024, 44, 19–38.
105 B. Bisht, P. Bhatnagar, P. Gururani, V. Kumar, M. S. Tomar,

R. Sinhmar, N. Rathi and S. Kumar, Trends Food Sci.
Technol., 2021, 114, 372–385.

106 Y. Wang, A. Zhou, B. Yu and X. Sun, Foods, 2024, 13, 2244.
© 2025 The Author(s). Published by the Royal Society of Chemistry
107 H. B. Jadhav, U. S. Annapure and R. R. Deshmukh, Front.
Nutr., 2021, 8, 2021.

108 T. K. Ranjitha Gracy, P. S. Sharanyakanth and
M. Radhakrishnan, Crit. Rev. Food Sci. Nutr., 2022, 62,
1782–1799.

109 J. Wang and Z. Wu, LWT, 2023, 182, 114901.
110 P. Suthiluk, N. Chuensombat, S. Setha and M. Naradisorn,

Front. Sustain. Food Syst., 2023, 7, 2023.
111 V. Yemmireddy, A. Adhikari and J. Moreira, Front. Nutr.,

2022, 9, 871243.
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242 H. Levent and K. Aktaş, J. Food Sci., 2024, 89, 2557–2566.
243 G. Che, M. Chen, X. Li, J. Xiao, L. Liu and L. Guo, Plants,

2024, 13, 450.
244 R. Barthwal, A. Negi, D. Kathuria and N. Singh, Food Chem.,

2025, 463, 141489.
245 C. Caner, U. Pala Ç and M. Yüceer, Food Sci. Technol. Int.,

2024, 10820132241263198, DOI: 10.1177/
10820132241263198.

246 M. Chauhan and P. S. Negi, J. Food Sci. Technol., 2025, 62,
519–529.

247 B. J. Lee, A. S. Y. Ting and Y. Y. Thoo, J. Food Sci. Technol.,
2022, 59, 979–989.

248 O. Basara and J. Gorzelany, Molecules, 2024, 29, 3616.
249 A. R. A. Silva, M. M. N. Silva and B. D. Ribeiro, Food Res. Int.,

2020, 131, 108972.
250 G. Jia, M. Jiang, A. Sun and Z. Gan, Molecules, 2022, 27,

5892.
251 X. Feng, Z. Zhou, X. Wang, X. Bi, Y. Ma and Y. Xing, Foods,

2020, 9, 218.
252 H. Liu, Y. Xu, S. Zu, X. Wu, A. Shi, J. Zhang, Q. Wang and

N. He, Foods, 2021, 10, 1872.
1306 | Sustainable Food Technol., 2025, 3, 1284–1308
253 Y. Ben-Fadhel, V. Perreault, A. Marciniak, R. Gaillard,
Y. Pouliot, G. Brisson and A. Doyen, J. Food Sci., 2024, 89,
2803–2813.

254 W. Huang, Z. Feng, R. Aila, Y. Hou, A. Carne and
A. E. A. Bekhit, Food Chem., 2019, 291, 253–262.

255 R. Mart́ınez-Beamonte, M. Ripalda, T. Herrero-Continente,
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