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This review comparatively evaluates the quantitative effects of non-thermal
processing technologies on probiotic survival, metabolic stability, and functional
performance across different strains and food matrices. A literature search identi-
fied relevant peer-reviewed studies, from which eligible original research articles
were included for detailed synthesis. Recent quantitative evidence indicates that
non-thermal technologies can enhance probiotic viability and functionality under
controlled conditions. For example, ultrasound-assisted fermentation in a mil-
let-based probiotic beverage containing Lactiplantibacillus plantarum reportedly
reduced fermentation time by up to 2.6-fold and improved probiotic viability by
approximately 1-1.5 log CFU/mL under specific treatment conditions. Similarly,
high hydrostatic pressure treatments at 200-300 MPa maintained probiotic
counts in selected food systems, while pulsed electric field-assisted pretreat-
ment within a specific spray-drying protocol elevated intracellular trehalose levels
to approximately 100 mM and achieved nearly 75% survival. Microencapsulation
strategies and emerging biological approaches, including bacteriophage-related
adaptations, further contribute to stress protection during processing. Overall,
non-thermal technologies represent promising alternatives to conventional
treatments; however, their effectiveness is strongly strain-dependent and requires
precise optimization of processing parameters to ensure stability and functional-
ity across diverse food systems.
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1 Introduction

The food and agriculture industries are rapidly changing, driven
by innovation and emerging technologies to meet dynamic consumer
preferences and sustainability demands. Consumers are becoming
increasingly health-conscious, prioritizing functional foods that offer
health benefits beyond basic nutrition. Functional foods may exert
these effects either inherently or through enrichment during process-
ing with bioactive compounds such as vitamins, trace elements, pro-
teins, or probiotics (Welk et al., 2025). The growing industrial interest
in probiotic-enriched foods has intensified research efforts to optimize
processing technologies that preserve microbial viability and
functionality.

Probiotics, defined as live microorganisms that improve health
when consumed in sufficient quantities, primarily alter the gut micro-
biota, which plays a critical role in enhancing host health (Hill et al.,
2014). Their beneficial effects are primarily associated with modula-
tion of gut microbiota composition and metabolic activity, including
enhanced short-chain fatty (SCFA) acid production, thereby contrib-
uting to improved intestinal homeostasis (de Assis et al., 2025;
Duysburgh et al., 2025). To exert these effects, probiotics must remain
viable at sufficient levels throughout storage and gastrointestinal tran-
sit. In food applications, products are typically formulated to deliver
at least 10° colony forming units (CFU)/g (or mL) at the end of shelf
life, although the effective dose may vary depending on the specific
strain and matrix (Hill et al., 2014). In food systems, probiotic micro-
organisms are predominantly represented by lactic acid bacteria
(LAB), particularly species formerly classified within the genus
Lactobacillus and now reclassified into genera such as Lacticaseibacillus,
Limosilactobacillus, and Lactiplantibacillus, as well as members of
Bifidobacterium. In addition, selected strains of Streptococcus,
Enterococcus, and the yeast Saccharomyces are employed in specific
functional or fermented applications (Marco et al., 2021).

Incorporating probiotics into food presents significant challenges,
as exposure to acidic environments during storage and to gastric and
intestinal conditions during digestion can substantially reduce cell
viability (Sultana et al., 2023; Moreno et al., 2025). Addressing these
challenges is critical for maintaining probiotic functionality and pre-
serving product quality throughout storage and gastrointestinal tran-
sit. The food matrix and delivery format significantly influence
probiotic survival and stability (Mahmoud et al., 2020). Consequently,
increasing attention has been directed toward non-thermal processing
technologies as alternative strategies to enhance probiotic perfor-
mance (Demir et al., 2023; Vieira et al., 2024). Techniques such as
ultrasound (US), high hydrostatic pressure (HHP), and pulsed electric
fields (PEF) have been investigated as sub-lethal interventions capable
of inducing adaptive stress responses, modulating membrane perme-
ability, and stimulating metabolic activity, thereby enhancing stress
tolerance and preserving viable cell counts under controlled condi-
tions (Pankiewicz et al., 2020; Ma et al., 2023; Brito et al., 2024). This
review critically examines the technological challenges associated with
probiotic incorporation into foods, with particular emphasis on non-
thermal approaches that aim not only to maintain viability but also to
enhance functional and metabolic performance.

Although numerous experimental studies have investigated pro-
biotic survival under specific stress conditions, including thermal
exposure, acidic environments, and gastrointestinal simulation, the
literature remains fragmented. Several reviews have addressed indi-
vidual aspects of this field, such as non-thermal technologies,
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encapsulation strategies, or factors influencing probiotic survival
(Demir et al., 2023; Pereira et al., 2018; Rajam and Subramanian, 2022;
Vieira et al., 2024). However, these topics are often discussed indepen-
dently, with limited comparative evaluation of how different techno-
logical approaches perform across diverse food matrices. In particular,
the interaction between matrix-specific stress factors (e.g., pH, water
activity, processing intensity) and optimized protective strategies
remains insufficiently integrated within a single analytical framework
(Afzaal et al., 2019; Hasgucmen and Sengun, 2020; Kemsawasd and
Chaikham, 2020; Mahmoud et al., 2020). Moreover, emerging strate-
gies, such as combining non-thermal technologies with encapsulation
systems or incorporating postbiotics and paraprobiotics as comple-
mentary bioactive approaches, are typically treated separately rather
than comparatively (Siciliano et al., 2021; Parvarei et al., 2021;
McGillin et al., 2022). Therefore, a structured synthesis that compara-
tively evaluates technological interventions, biological responses, and
matrix-dependent performance is needed to clarify current limita-
tions and guide future optimization strategies.

This review aims to comparatively evaluate the effects of non-
thermal processing technologies on probiotic viability, metabolic sta-
bility, and functional performance across diverse food matrices, while
integrating emerging biological and regulatory considerations to iden-
tify current research gaps and future optimization strategies.

2 Methodology

This review was conducted as a structured critical narrative review
rather than a formal systematic review or meta-analysis. A compre-
hensive literature search was performed using the electronic databases
PubMed, Scopus, Web of Science, and Google Scholar to identify rel-
evant peer-reviewed publications and authoritative guidance
documents.

To ensure coherent thematic coverage, the search strategy was
organized into five conceptual clusters: (i) probiotic viability and sta-
bility across food matrices, (ii) non-thermal and mild processing tech-
nologies influencing probiotic functionality, (iii) processing-driven
functional and sensory outcomes, (iv) emerging biological/biotech-
nology-based approaches (e.g., paraprobiotics, postbiotics, bacterio-
phages where relevant to food applications), and (v) safety and
regulatory considerations. Representative keyword combinations
included: (i) (“probiotic” OR “probiotic foods”) AND (“sensory prop-
erties” OR “nutritional benefits” OR “antimicrobial activity” OR
inflammation OR immunomodulation OR “cholesterol reduction” OR
“lactose intolerance”), (ii) (“probiotic viability” OR “probiotic sur-
vival” OR “cell count” OR “log CFU”) AND (yogurt OR dairy OR
meat OR frozen OR fruit OR “plant-based” OR bakery), (iii) (“probi-
otic”) AND (“non-thermal processing” OR “high hydrostatic pres-
sure” OR HHP OR “pulsed electric field” OR PEF OR “cold plasma”
OR “ultrasound” OR “ohmic heating”) AND (viability OR survival OR
stability), (iv) (“bacteriophage” OR phage therapy), (v) (“postbiotic”
OR “paraprobiotic”) AND (functional food OR viability OR stability),
(vii) (regulation OR legislation OR safety OR EFSA OR FDA) AND
(probiotic food).

Initial searches using representative combinations yielded several
hundred records per query, e.g., >1,000 “probiotic viability” OR “pro-
biotic survival” OR “cell count” OR “log CFU” AND yogurt OR dairy
OR meat OR frozen OR fruit OR “plant-based” OR bakery.” After
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removing duplicates and excluding unrelated fields, non-food applica-
tions, non-English articles, and non-relevant domains (e.g., purely
medical supplementation studies without food matrix context),
records were screened by title and abstract.

Studies were included if they: (i) reported original experimental
or regulatory data, (ii) addressed probiotic viability, functional stabil-
ity, or safety in food systems, (iii) provided quantitative or mechanistic
insights relevant to processing technologies. Screening was performed
in two stages (title/abstract followed by full-text assessment), and the
final synthesis prioritized original experimental studies for compara-
tive discussion of strain/matrix, processing conditions, and viability
outcomes.

In addition to relevance-based inclusion criteria, methodological
rigor and scientific quality were also considered during the evaluation
and synthesis of the selected studies. Preference was given to peer-
reviewed studies with clearly described experimental designs, appro-
priate control conditions, adequate analytical methodologies, and
statistically supported findings related to probiotic viability, functional
stability, processing performance, and safety. Studies lacking sufficient
methodological transparency or direct relevance to food-based pro-
biotic applications were not prioritized in the comparative synthesis.
However, as this work was designed as a structured critical narrative
review rather than a formal systematic review, no standardized quan-
titative risk-of-bias assessment tool was applied.

The primary search window focused on recent developments
(2015-2025/early 2026) to capture current non-thermal processing
applications and emerging product concepts. However, earlier foun-
dational, definitional, and internationally recognized consensus
sources were intentionally retained where conceptually necessary (e.g.,
FAO/WHO et al., 2002; Taverniti and Guglielmetti, 2011; Hill et al.,
2014/2015). These earlier references were included exclusively to sup-
port terminology, regulatory definitions, and baseline conceptual
frameworks, which remain valid and are not time-dependent.
Importantly, the experimental core of the review is predominantly
based on contemporary research: the majority of included original
studies were published after 2017, with more than 80% of the experi-
mental evidence dating from 2018 onward. This ensures that the syn-
thesis reflects recent technological advances in probiotic processing,
non-thermal interventions, and stability enhancement strategies.

In the final reference set (n = 155), review-type publications
account for approximately 9% of the total citations and were used
selectively to (a) map terminology and state-of-the-art context, (b)
support mechanistic interpretation of non-thermal technologies, and
(c) contextualize regulatory frameworks. The primary evidence base
of the manuscript is therefore composed of original experimental
studies and authoritative guidance documents.

3 Probiotic foods

Dietary choices are increasingly recognized as important
determinants of human health (Marco et al., 2021). Accordingly,
the probiotic market has expanded in recent years, reflecting grow-
ing awareness of their potential health benefits. The current pro-
biotic market includes fermented foods, beverages, dietary
supplements, and formulated products. However, food-based
delivery systems are often preferred because the food matrix can
provide protective effects that enhance probiotic stability and
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functionality (Afzaal et al., 2019; Mahmoud et al., 2020). Probiotics
can be successfully introduced into foods to enhance flavor, extend
shelf life, and improve human health (Lee et al., 2017; Liu et al,,
2024). Increased consumer demand for healthier foods has
resulted in a diversification of probiotic products and their inte-
gration into various food matrices. A review of the literature
reveals that, in addition to dairy products, fruits and vegetables are
widely used in the production of probiotic foods, followed by
cereal-based and meat products (Dimitrovski et al., 2021; Kokwar
et al., 2022; Tukel and Sengun, 2024; Table 1). Fruits and vegetables
naturally contain healthy nutrients and are free of allergens such
as lactose and casein, making them an ideal matrix for introducing
probiotics (de Oliveira et al., 2021). Many plant-based fermented
foods have long been part of traditional dietary practices and rep-
resent important elements of cultural heritage (Marco et al., 2021).
The production of fermented foods and beverages involves the
controlled growth of naturally occurring microorganisms or the
use of selected microbial populations and the action of microbial
enzymes. High concentrations of viable microorganisms, particu-
larly LAB, contribute to the accumulation of bioactive metabolites
and enhancement of antioxidant activity, as demonstrated in
recent studies reporting significant increases in phenolic and fla-
vonoid contents following probiotic fermentation (Yuan et al,,
2025; da Silva et al., 2023). As illustrated in Table 1, probiotic foods
can be obtained by adding probiotics to the food as starter cul-
tures, followed by a fermentation process that results in nutritional
and quality improvements, changes in organoleptic profiles,
enhanced safety and shelf life, peptide production, and
antioxidants.

Recent experimental evidence indicates that probiotic-
enriched fermented foods may enhance gut microbial balance and
metabolic outputs such as SCFA (Duysburgh et al., 2025;
Prangthip and Chaikham, 2025). When probiotics are added
during fermentation, non-probiotic starter cultures may be used
to exert technological roles, optimizing the fermentation process
depending on the specific properties of the product (Alinovi et al.,
2025; Wu et al., 2025). Alternatively, selected probiotic strains,
most commonly belonging to the genera Lactobacillus and
Bifidobacterium, may be incorporated as adjunct cultures or
directly added to food matrices to develop non-fermented or
minimally fermented probiotic foods (Kardooni et al.,, 2023;
Kiiglikgoz et al., 2024).

Developing probiotic food products is a complex process
influenced by several factors, including the selection of an appro-
priate food matrix and probiotic strain, culture stability, microbial
interactions, safety, sensory acceptance, and nutritional value.
Ensuring the viability of probiotic populations throughout storage
and consumption is a key issue in this sector. Probiotics, whether
part of the fermentative population or added to food matrices as
functional strains, must survive production and storage to exert
their benefits. Maintaining adequate probiotic viability until con-
sumption is widely recognized as essential for ensuring probiotic
functionality (Hill et al., 2014). In recent years, emerging non-
thermal technologies such as ultrasound, HHP, high-pressure
homogenization (HPH), and PEF have been investigated as sub-
lethal processing strategies for raw materials or directly for probi-
otic cultures (Demir et al., 2023; Vieira et al., 2024). Experimental
studies indicate that controlled treatments may enhance stress
tolerance, support metabolic activity, and improve probiotic
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TABLE 1 Comparison of probiotic food types and production methods.

10.3389/fmicb.2026.1893153

Probiotic Inoculum Food type Main Method Storage References
strain ingredients
L. plantarum 10" CFU/g Free Fermented Beef, fat, starter Fermentation 4°C, 60 days Tukel and Sengun
LP115 400B salami cultures, salt, nitrite (2024)
L. rhamnosus salt, antioxidant,
LR32 200B dextrose
B. lactis BB12
L. rhamnosus K3 | 10° CFU/g Free Puree Apple, chia seed, Fermentation 4°C,24h Kiigiikgoz et al.
L. johnsonii K4 oat bran, and oat (2024)
flakes

L. casei 01 10 CFU/mL Free Beverage Apple, pear, dried Fermentation 4°C, 90 days Yahsi and Sengun
L. rhamnosus date, pea protein (2024)
ATCC 5310 isolates, and
L. plantarum Spirulina platensis
299v
L. plantarum 10’ CFU/g Free Cheese Skim milk, bigels, Fermentation 4°C, 5 days Machado et al.
299v, B. animalis avocado oil, and (2023)
Bo coconut oil
L. rhamnosus 10° CFU/g Free Yogurt Yogurt and mango Fermentation - Zahid et al. (2023)
LGG peel powder
L. casei 43
B. lactis BB-12
L. plantarum 10®* CFU/mL Free Beverage Carrot, orange, and Fermentation 4°C, 21 days Valero-Cases et al.
CECT 220 inulin (2023)
L. acidophilus 10° CFU/mL Free Beverage Orange Inoculation into | 4°C, 21 days Kardooni et al.
B103 the final product (2023)
L. plantarum 10° CFU/mL Free Beverage Oats, barley, Fermentation 4°C, 10 days Kokwar et al.
NCIM 2084 buckwheat, and red (2022)
NCIB 853 rice
L. acidophilus 10" CFU/g Free and Bread Sorghum flour, salt, | Inoculationinto | 4-7°C, 10 days | Ghasemi et al.
NRRL B-4495 L. microencapsulated sugar, and instant the final product (2022)
plantarum yeast
ATCC-1491
L. casei 431 10’ CFU/mL Free Beverage Pumpkin Fermentation 4-7°C, 10 days | Dimitrovski et al.

(2021)
L. rhamnosus 10" CFU/g Free Cheesecake Quark cheese, Inoculation into | 20°C, 120 days | Hasgucmen and
HNO001 honey, and butter the final product | and 4°C, Sengun (2020)

5 days

L. acidophilus 10°-10'" CFU/ Microencapsulated Beverage Grape Inoculation into | 4°C, 8 weeks Mokhtari et al.
PTCC 1643 mL the final product (2019)
B. bifidum PTCC
1644

stability, while maintaining or improving the overall quality of
functional food products (Siroli et al., 2020; Pankiewicz et al.,
2020; Ma et al., 2023).

The rapid expansion and diversification of the probiotic and/or
fermented food products market highlight the need for updated and
harmonized regulatory frameworks (Szajewska and Vinderola, 2024;
Panel et al., 2022). A lack of global harmonization, along with differ-
ences in national approaches and regulatory frameworks, persists and
has led to significant inconsistencies and misconceptions about pro-
biotic products, their efficacy, and applications, as individual countries
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and agencies continue to apply distinct standards and regulatory cri-
teria (ISAPP, 2022).

Producers of certain fermented foods may, on occasion, categorize
or label their products as “probiotic foods” or “contains probiotics” to
indicate the inclusion of living, health-promoting microorganisms.
Nevertheless, the term “probiotic” should only be used for products
demonstrated to provide health benefits due to the action of specific,
identifiable, and adequately specified levels of live microorganisms
(Hill et al., 2014). Therefore, the terms “fermented foods” and “probi-
otics” should not be used interchangeably. Probiotic foods are
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products “intended to maintain or enhance a healthy state in healthy
or at-risk populations” and contain living microorganisms in accor-
dance with the probiotic definition (Hill et al., 2014). Consequently,
fermented foods cannot be automatically classified as probiotic foods
unless strain-specific health benefits have been demonstrated under
defined conditions of use. This has also been confirmed in a consensus
statement, which aims to provide researchers, stakeholders, and con-
sumers with a clear definition of fermented foods, differentiate
between fermented foods and probiotics, summarize advances in
knowledge on the microbial ecology of those foods, and characterize
the health effects of fermented foods and their position in dietary
guidelines (Marco et al., 2021).

Probiotics are classified into three regulatory categories: probiotic
foods, probiotic dietary supplements, and live biotherapeutic prod-
ucts. The latter two are available as pills, capsules, or freeze-dried cell
powders (Szajewska and Vinderola, 2024). These categories are
reflected in corresponding regulations, depending on their intended
use, health claims, safety, and quality control. They are also categorized
by whether they aim to maintain consumers’ health by supporting
normal physiological functions (probiotic foods and supplements) or
preventing and treating diseases or symptoms (biotherapeutics).
Dietary supplements and probiotic-containing food products gener-
ally do not assert specific health claims (Hill et al., 2014; Szajewska and
Vinderola, 2024). Probiotic products intended to treat or prevent dis-
ease, and claiming therapeutic or diagnostic use, are categorized as
“drugs” (medical or therapeutic products). These require extensive
pre-marketing approval and are subject to regulation in accordance
with relevant legislation (ISAPP, 2022; Szajewska and Vinderola, 2024).

Probiotics are generally regulated under food or drug legislation
rather than under specific probiotic laws. However, regulatory defini-
tions, admissible claims, and quality standards vary widely across
countries, creating classification challenges and limiting global har-
monization (Szajewska and Vinderola, 2024). Many regulatory sys-
tems rely on positive lists of microorganisms considered safe for use.
In the EU, the Qualified Presumption of Safety (QPS) framework
governs strains intentionally used in foods, while in the United States
safety is established through the GRAS process (Panel et al., 2022).
Although the QPS list supports market entry, the term “probiotic” in
the EU is generally restricted on labels since not considered a health
claim under the EU regulatory framework, unless approved by EFSA
and with some exceptions and under specific conditions (Szajewska
and Vinderola, 2024). To date, only specific yogurt cultures have
received authorized health claims related to improved lactose diges-
tion within the EU framework. In addition, most countries have
enacted more or less restrictive rules on the use of claims related to
probiotics and prebiotics. In any case, the presence of truthful and
substantiated claims is fundamental: probiotic foods must be correctly
labelled to protect the consumer from misleading information so that
they can make informed choices. The label of a probiotic food must
include the following information: the genus, species, and strain of the
probiotic; the minimum viable number of each strain; the serving size;
an accurate description of the clinically validated physiological effect
of the strain; proper storage conditions; and the contact details of the
company for consumer information and safety under the conditions
of recommended use (ISAPP, 2022).

Consumer acceptance is strongly linked to transparency, trust,
and education. Accurate labeling, alongside educational efforts by
organizations and the research community, enhances consumer con-
fidence by providing clear information, terminology, traceability, and
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evidence-based guidance (Fredua-Agyeman and Larbi, 2025). Robust,
sustainability-based communication strategies that highlight scientific
evidence empower consumer decision-making. While traditional pro-
biotic foods use naturally occurring strains, understanding the molec-
ular mechanisms behind probiotic benefits and advances in
biotechnology could lead to improved strains through genetic modi-
fication. Engineering microbial strains is a promising tool for develop-
ing new microorganisms with enhanced functionalities, such as
targeted metabolite production or improved gut colonization (Qiao et
al.,, 2020). However, this approach raises ethical and safety concerns,
including horizontal gene transfer, antimicrobial resistance, and
uncontrolled colonization (Szajewska and Vinderola, 2024; Panel et
al,, 2022). Mitigation strategies, clear regulatory support, robust safety
testing, and public communication can help establish an ethical
framework based on transparent disclosure, which is indispensable for
maintaining public trust. Similar ethical concerns arise regarding the
use of bacteriophages as natural antimicrobials in probiotic foods to
combat antibiotic resistance. Bacteriophages can target specific patho-
gens with minimal disruption to the host microbiome, but improve-
ments in processing technologies and current regulatory frameworks
are needed to balance innovation with precaution (Thompson et al.,
2024; Wen et al., 2024).

3.1 Sensory properties of probiotic foods

Despite the increasing popularity of probiotic foods, technologi-
cal challenges extend beyond maintaining cell viability during pro-
cessing, storage, and gastrointestinal transit. Probiotic strains must
also tolerate freeze-drying, oxidative and osmotic stress, and tem-
perature fluctuations while preserving product quality (Gurram et al.,
2021; Hao et al., 2021). Importantly, the incorporation of probiotics,
either as starters, co-starters, or adjunct cultures, should not adversely
affect sensory attributes, as these are critical determinants of overall
consumer acceptance (Haro-Gonzalez and Velasquez-Reyes, 2025).
The sensory profile of fresh or fermented foods is usually defined by
many volatile organic compounds belonging to various functional
groups (acids, alcohols, ketones, esters, etc.) present in well-defined
proportions. Probiotics, LAB, as well as Bifidobacterium spp. and cer-
tain yeast strains, have demonstrated the ability to modulate volatile
compound production, particularly esters and alcohols, thereby
influencing the aroma and sensory characteristics of fermented food
matrices (Niamah et al., 2023). However, excessive acidification or
uncontrolled metabolite production may lead to sourness, bitterness,
or off-flavors. In dairy systems such as yogurt and cheese, probiotic
and mixed starter cultures can modulate key aroma compounds,
including acetaldehyde and diacetyl, thereby influencing volatile
flavor profiles and overall product acceptability (Biger et al., 2024; Ma
et al,, 2026). Similarly, in fermented sausages, probiotic starter cul-
tures can modulate lipid oxidation and amino acid metabolism,
thereby influencing volatile compound formation and contributing
to flavor complexity (Liu et al., 2024). Plant-based matrices present
additional challenges due to inherent beany or green notes. Probiotic
fermentation can mitigate these sensory limitations by modulating
volatile profiles, reducing off-flavor compounds, and degrading anti-
nutritional factors such as phytates, thereby enhancing both palat-
ability and nutritional value (de Sousa Melo et al., 2025; Alinovi et al.,
2025). Nevertheless, excessive lactic acid production may compro-
mise sensory balance. Optimizing probiotic metabolic performance
necessitates targeted strain selection and process control to modulate
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aroma formation and enhance palatability. Furthermore, comprehen-
sive sensory evaluation supported by advanced analytical techniques,
including electronic nose, GC-MS profiling, metabolomics, and pre-
dictive modeling approaches, is essential for establishing robust cor-
relations between volatile compounds and sensory perception,
thereby providing reliable insights into consumer acceptance (Zhang
et al., 2025; Zong et al., 2025).

Taken together, these findings emphasize the importance of main-
taining probiotic viability for delivering health benefits, ensuring
stable metabolic activity, and achieving consistent sensory quality in
functional food systems.

3.2 Nutritional and health benefits of
probiotic foods

Food digestion directly influences gastrointestinal tract (GIT)
functionality, which plays a central role in metabolic regulation and
immune homeostasis (Lee et al., 2017; Wu et al., 2021). Dietary pat-
terns can modulate gut microbiota composition, thereby affecting the
development of metabolic and inflammatory disorders. In this con-
text, functional food components capable of surviving digestion and
exerting physiological effects are essential elements of a balanced diet.
Probiotics, when administered in adequate amounts, confer docu-
mented health benefits. Their mechanisms of action include adhesion
to intestinal epithelial cells, reinforcement of epithelial barrier integ-
rity, competitive exclusion of pathogens, modulation of immune
responses, production of antimicrobial compounds, and regulation of
host-microbiota interactions (Wu et al., 2021; Moreno et al., 2025).
These mechanisms collectively contribute to improved gut homeosta-
sis and metabolic balance. Probiotics are naturally present in several
fermented foods, such as kefir, and they can be incorporated into
foods. Most consumers prefer to incorporate probiotics into their diets
through foods. Consumer preference tends to favor food-based deliv-
ery systems over pharmaceutical forms, highlighting the importance
of developing probiotic foods that combine technological stability
with functional efficacy (Welk et al., 2025). Accumulating experimen-
tal evidence indicates that probiotic consumption may influence meta-
bolic outputs such as SCFA production, immune signaling pathways,
and inflammatory markers, although strain-specific effects and dose
dependency remain critical considerations (Duysburgh et al., 2025;
Jiang et al., 2025).

3.2.1 Antimicrobial activity of probiotic foods

Experimental studies have demonstrated that probiotic-fermented
foods contain bioactive metabolites that exert antimicrobial activity
based on the production or release of lactic acid, antimicrobial pep-
tides (e.g., bacteriocins), hydrogen peroxide, etc. (Azizkhani et al.,
2021; Bayram et al., 2024; da Silva et al., 2023). Probiotics can also
limit pathogen invasiveness by competing with host cell receptors or
by secreting antioxidants. Additionally, probiotics can exert their anti-
microbial action by modifying the expression of genes responsible for
the colonization of intestinal pathogens (Iglesias et al., 2017; Moreno
et al., 2025). Despite the elucidation of mechanisms underlying pro-
biotic—pathogen interactions in the GIT, the interactions between
probiotics and pathogens in foods remain largely unexplored. Iglesias
etal. (2017) reported that the co-inoculation of L. monocytogenes with
L. rhamnosus GG reduced pathogen invasiveness due to competitive
metabolite production and lowered pH. These findings suggest that
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probiotic-derived metabolites play a crucial role in suppressing food-
borne pathogens.

3.2.2 Antiproliferative effects of probiotics

Several experimental studies have demonstrated that probiotic
strains and their derived metabolites exert antiproliferative effects
against colorectal cancer in both in vitro and in vivo models, partly
through the modulation of key signaling pathways such as BMP and
f-catenin (Alan et al., 2025; Sepehr et al., 2024). Water-soluble peptide
extracts derived from cow milk and buffalo cheddar cheese (produced
by L. lactis and L. cremoris) demonstrated significant growth inhibi-
tion activity against the human lung (H-1299) cell line (Rafiq et al.,
2018a). The extracts also showed efficacy against a range of cancer cell
lines, including adenocarcinoma (HCT-116) and colon (HT-29) cell
lines (Rafiq et al., 2018b). Rosa et al. (2020) investigated the in vivo
antiproliferative effects of probiotic whey beverages containing L. aci-
dophilus La-03, L. acidophilus La-05, B. animalis Bb-12, and L. casei
01. The authors suggested that whey beverage supplemented with
L. casei-01 may exhibit potential antiproliferative activity against pros-
tate cancer cells under in vitro conditions. Mostafa et al. (2020) inves-
tigated the antiproliferative effect of probiotic date juice against
Caco-2 and Hep-2 cell lines. They discovered that probiotic date juice
had anticancer activity against Hep-2 but not against Caco-2.
Collectively, these findings indicate that probiotic-derived metabolites
may contribute to the modulation of cancer-related cellular pathways,
although strain specificity, dosage, and matrix effects remain critical
variables.

3.2.3 The role of probiotics in inflammation

Inflammation represents a biological response to internal or exter-
nal stressors, including infection and tissue injury, and plays a role in
maintaining physiological homeostasis (Wu et al., 2021). Gut inflam-
mation is accompanied by increased intestinal epithelial permeability,
which enables pathogens to enter the bloodstream and subsequently
migrate to other organs (Jiang et al., 2022). The equilibrium of the gut
microbiota influences physiological processes, including digestion,
absorption, detoxification and immunity. Historically, antibiotics have
been a mainstay for treating intestinal inflammation. However, their
excessive use can lead to the formation of antibiotic-resistant patho-
gens, reduce their efficacy, and disrupt the delicate balance of the gut
microbiota (Szajewska and Vinderola, 2024). In contrast, selected pro-
biotic strains have been investigated as supportive strategies with a
more favorable safety profile compared to long-term antibiotic use.
These advantages offer substantial opportunity for the prevention and
improvement of intestinal inflammation. Probiotics exert anti-inflam-
matory effects by modulating immune responses, reinforcing epithe-
lial barrier integrity, and altering inflammatory cytokine profiles
(Sepehr et al., 2024; Jiang et al., 2025). For instance, multi-strain pro-
biotic administration has been shown to enhance tight junction integ-
rity, increase SCFA production, and reduce pro-inflammatory
mediators in advanced gut disease models (Maxan et al., 2026).

3.2.4 Immunomodulation
Gut microbiota has recently been the subject of intensive

research owing to its critical role in host health. The ingestion of
probiotics can influence and regulate the host immune system.
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According to Wu et al. (2021), probiotic-fermented raspberry juice
(L. casei) altered the gut microbiota to achieve a healthy in vitro
state, which was marked by an increase in the production of valeric
and isovaleric acids. In mice with no underlying health issues, all
fermented raspberry juice treatments also improved the produc-
tion of butyric, acetic, and isovaleric acids. There was also a rise in
the expression of certain genes, including Claudin-1, ZO-1,
Claudin-4, OCLN, E-cadherin, and Muc-2. Harahap et al. (2023)
reported that probiotic candidates derived from traditional
Sumatran fermented products exert immunomodulatory effects in
murine models.

3.2.5 Effects on blood cholesterol

Hypercholesterolemia is a significant factor contributing to the
development of primary hypertension. Clinical and experimental
studies have reported reductions in serum cholesterol levels following
probiotic consumption, although strain- and population-specific
responses have been observed. This result may be associated with the
interaction between gut microbiota and host lipid metabolism, since
cholesterol homeostasis is largely regulated through hepatic synthesis,
intestinal absorption, and microbial bile salt metabolism. Probiotics
have been evidenced in certain trials to facilitate a decline in blood
cholesterol levels and increase in low-density lipoprotein’s resistance
to oxidation, which can result in a lessening in blood pressure. Fan et
al. (2024) investigated probiotic sea buckthorn (Hippophae rhamnoi-
des L.) juice for its cholesterol-lowering potential and found that the
fermentation of sea buckthorn juice by L. plantarum 10,211 may boost
the lipid-lowering activity of sea buckthorn. In another study,
Papakonstantinou et al. (2024) investigated the effects of probiotics
(L. casei Shirota and L. rhamnosus GG) and orange juice fortified with
vitamin D3 (2000 IU) on cardiometabolic risk factors in overweight
and obese adults following a Westernized diet. The findings indicated
that the group consuming orange juice combined with vitamin D3 and
probiotics had statistically significantly decreased low-density lipopro-
tein cholesterol (LDL-C) levels than the control group. These findings
suggest that probiotic-enriched foods may play a role in personalized
nutrition strategies aimed at reducing metabolic risk and improving
lipid profiles.

3.2.6 Effects on lactose intolerance

Lactose intolerance is a genetically determined deficiency of
p-galactosidase (lactase), an enzyme responsible for hydrolyzing lac-
tose into glucose and galactose. Lactase activity in mammals is highest
during lactation, then declines after weaning, causing a decrease in
lactose absorption. Non-absorbed lactose in the small intestine is
transported to the colon, where it is metabolized by the microbiota,
resulting in the production of SCFAs and gases, predominantly hydro-
gen (H2), carbon dioxide (CO2), and methane (CH4), which contrib-
ute to gastrointestinal symptoms (Hill et al., 2014). For instance, after
consuming dairy products, lactose-intolerant individuals experience
gas, diarrhea, and abdominal pain. L. bulgaricus and B. bifidum are
two main strains that can synthesize the p-galactosidase enzyme,
which can hydrolyze lactose in dairy products and increase tolerance.
Masoumi et al. (2021) studied the impact of yogurt prepared using
L. acidophilus and Bifidobacterium spp. on patients with lactose
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intolerance. Their findings revealed that probiotic yogurt can safely
and effectively lessen lactose intolerance symptoms.

4 Probiotic viability
4.1 Significance of probiotic viability

Probiotics are described as “live microorganisms that, when
administered in adequate quantities, confer a health benefit on the
host” (Hill et al., 2014). This definition underscores the significance of
probiotic viability in achieving health effects. Regardless of the deliv-
ery method, probiotics must remain intact through the upper gastro-
intestinal tract to ensure health-promoting effects once they reach
their site of action, according to guidelines from the World Health
Organization (WHO) and the Food and Agriculture Organization of
the United Nations (FAO) (FAO/WHO et al., 2002).

In food applications, maintaining sufficient viable probiotic popu-
lations throughout shelf life is essential to ensure functional efficacy
(Hill et al., 2014). Effective daily intake levels are typically reported in
the range of 10°-10° CFU per day, depending on the specific strain,
target population, and intended health outcome. Achieving and main-
taining these levels requires careful consideration of formulation strat-
egies, storage stability, and gastrointestinal survival.

Considering the information above, the viability of probiotics is
typically regarded as a fundamental prerequisite for their functionality
in promoting consumer health. Qayyum et al. (2024) stated that when
LAB is used in functional foods or dietary supplements for cholesterol
reduction, live viable cells may offer greater efficacy in cholesterol
sequestering than non-viable or dead cells. Galdeano and Perdigon
(2004) conducted a study in mice to investigate the effects of viable
and non-viable Lactobacillus spp. on gut and mucosal immune stimu-
lation. They demonstrated that viability is a prerequisite for the stimu-
lation of the gastrointestinal immune system. A more recent review by
Liu et al. (2022) similarly emphasized the role of viable probiotics in
modulating immune signaling pathways, cytokine production, and
intestinal immune homeostasis through interactions with host epithe-
lial and immune cells. Conversely, some reports indicate functional-
ities associated with both viable and non-viable probiotics. This
suggests that in some studies, viability is not a prerequisite for all pro-
biotic effects, as not all cell mechanisms are directly linked to viability.
In fact, dead cells have been shown to provide beneficial effects to
consumers (Chung et al,, 2019; Kang et al., 2021; Ocampo-Zaragoza
etal,, 2026). However, a product must have the designated probiotics
in sufficient quantity at the moment of intake to be considered a pro-
biotic food. Maintaining the strains’ metabolic activity and viability
during manufacturing and storage, and eventual survival in the GIT,
is essential. It is also crucial to maintain consumer confidence in pro-
biotic products.

Several techniques have been proposed to enhance the viability
of probiotics in diverse food products throughout their production
and consumption (Gurram et al., 2021; Rajam and Subramanian,
2022). This is because probiotics are subjected to a wide range of
stress factors, including fluctuations in temperature, acidity, and
bile, high concentrations of specific ions or nutrient depletion,
exposure to osmotic and oxidative stress within product matrices,
and passage through the GIT. Such factors can detrimentally affect
the viability and functionality of probiotics (Hao et al., 2021;
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Gurram et al., 2021). Probiotic survival during processing and
storage is influenced by intrinsic product parameters such as pH,
titratable acidity, oxygen availability, water activity, salt and sugar
concentration, as well as processing conditions including fermen-
tation parameters, heat treatment, cooling, packaging systems, and
scale of production (Siroli et al., 2020; Ghasemi et al., 2022). After
oral intake, probiotics transit through the gastrointestinal tract
(GIT), which includes the mouth, stomach, small intestine, and
colon. The GIT contains a range of physicochemical factors (bile
acids, gastric acid, digestive enzymes) that impact the viability of
probiotics (Afzaal et al., 2019; Moreno et al., 2025).

4.2 Stress factors affecting probiotic viability

The factors affecting probiotic viability can be broadly classified
into four categories: those related to the food, growth conditions, gas-
trointestinal system, and probiotic strain (Gurram et al, 2021;
Figure 1).

The viability of probiotics can be influenced by food compo-
nents or growth media such as prebiotic compounds and additives
(sugars, salt, antimicrobials, flavorings, and even bacteriocins),
which can exert a positive or negative effect (Ghasemi et al., 2022).
Oxygen levels and redox potential are other significant factors,

10.3389/fmicb.2026.1893153

particularly during production and storage. The impact of oxygen
on cell viability varies considerably among different genera. For
example, Lactobacillus spp. exhibit greater tolerance to oxygen than
Bifidobacterium spp., although oxygen exposure may still reduce
viability depending on strain-specific characteristics. It is therefore
recommended that oxygen concentration and packaging permea-
bility be kept low to effectively control probiotic viability.
Fermentation temperature also affects their viability. Most LAB
exhibit optimal growth within a temperature range of 30-42 °C
(Hao et al., 2021). Additionally, titratable acidity and low pH can
affect probiotic viability during production and storage. Typically,
fruit juices with low pH and high organic acid content exert major
stress on probiotics. Among processing parameters, heat treatment
is the most significant factor influencing probiotic viability, con-
straining their use in heat-treated foods. Moreover, the resilience
of probiotics to heat stress can be enhanced through mild heat
treatment before use. Applying non-lethal heat shock enables them
to withstand a second, more intense heat stress, and heat adapta-
tion enhances the thermal tolerance of Lactobacillus spp.
(Bommasamudram et al., 2022; Hao et al., 2021). In frozen prod-
ucts, probiotic survival may be affected by ice crystal formation
and osmotic shifts that disrupt membrane integrity. Cold-induced
stress responses, membrane phase transitions, and osmotic flux
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TABLE 2 Potential solutions regarding factors influencing probiotic viability.

Main factors

Food matrix and formulation

pressure, and water activity

Detailed factors affecting viability

Nutrients, pH, acidity, oxygen, microflora, osmotic

10.3389/fmicb.2026.1893153

Suggested solution

Stabilizer and protective carriers, growth promoter addition (e.g.,

prebiotics), strain adaptation (pretreating), microencapsulation

Dosage Inoculation rate

Must be >10° CFU/g-mL, prebiotic addition

Strain characteristics

and genetic stability

Oxygen tolerance, heat tolerance, acid tolerance,

Use of resistant strains, appropriate strain selection

Processing conditions

packaging, freezing, and thawing

Temperature, oxygen, humidity, heat treatment,

Glass packaging, low temperature, low humidity, microencapsulation,
heat resistant strains, non-thermal techniques, strain adaptation

(pretreating), prebiotic or cryoprotectant addition

Storage conditions Temperature, pH, oxygen, and humidity

Suitable packaging, microencapsulation

Gastrointestinal system

levels, and microbiota

Acid and bile salts, digestive enzymes, oxygen

Microencapsulation, growth promoters addition (e.g., prebiotic)

have been identified as key determinants of survival in frozen and
refrigerated systems (Kemsawasd and Chaikham, 2020; Shi et al.,
2024). Table 2 presents potential solutions for factors influencing
probiotic viability.

Probiotics are present in many foods, but maintaining appropriate
levels during processing, storage, and transit through the GIT is chal-
lenging. This is important because low doses at the time of consump-
tion will not be effective.

Considering the aforementioned factors that impact probiotic
viability, the following section summarizes specific factors affecting
probiotic viability in various food groups.

4.3 Viability of probiotics in various food
products

The global probiotic food market has shown steady expansion,
driven by increasing consumer demand for functional and health-
oriented food products (Welk et al., 2025). From a technological
standpoint, a wide range of food matrices have been investigated as
potential delivery systems for probiotic microorganisms, provided
that sufficient viability and functional stability can be maintained
throughout processing and storage (Gurram et al., 2021).

Probiotics may be incorporated either during production as
starter or adjunct cultures, or added after processing as func-
tional ingredients (Rajam and Subramanian, 2022). They are
commonly applied in dairy products such as yogurt, cheese, fer-
mented milk, and ice cream (Biger et al., 2024), as well as in
baked goods (Zhang et al., 2018), meat products (Tukel and
Sengun, 2024), and fruit- and vegetable-based systems (de
Oliveira et al., 2021; Kardooni et al., 2023). However, incorporat-
ing probiotics into foods represents a significant scientific and
technical challenge. One of the primary concerns is the viability
and stability of these microorganisms. Probiotic survival within
food matrices is strongly influenced by intrinsic factors (pH,
water activity, redox potential, oxygen availability) and extrinsic
processing conditions (heat treatment, mechanical stress, storage
temperature), all of which may compromise membrane integrity,
metabolic activity, and ultimately cell viability. Furthermore, heat
treatment and other food manufacturing processes (e.g., mechan-
ical) may influence probiotic viability.
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4.3.1 Probiotic viability in yogurt

The buffering capacity of milk ensures the survival of probiotics
during fermentation and refrigeration, making dairy products the
primary category of probiotic foods available on the market. Dairy
matrices typically provide an environment and nutrients that probiot-
ics can utilize for growth and viability. The dairy category includes
products such as yogurt, fermented milk beverages, and frozen dairy
desserts. Yogurt has been the most widely utilized delivery vehicle for
probiotics to consumers (Biger et al., 2024; Chaikham et al., 2025).
Maintaining the recommended minimum viable probiotic level
throughout storage and at the time of consumption remains essential
for probiotic yogurt functionality (Hill et al., 2014). It is therefore cru-
cial to maintain the optimal functionality of the probiotic throughout
processing, storage, and transit through the GIT.

4.3.1.1 pH and acidity

The metabolic characteristics and viability of probiotics are mark-
edly influenced by pH and titratable acidity. Experimental evidence
indicates that probiotic growth is strongly strain-dependent and influ-
enced by environmental pH. For instance, B. lactis Bb12 has demon-
strated active growth within a pH range of 5.3-6.7 under controlled
conditions (Zhang et al., 2024), while optimal growth of L. plantarum
strains has been reported near neutral pH values (6.5-7.0), with
reduced growth observed at lower pH levels (Gokmen et al., 2024).
Acidification during fermentation is one of the main factors limiting
probiotic survival. Organic acids in their non-ionized form may dif-
fuse across cell membranes and disrupt intracellular pH homeostasis,
impairing viability (Célinoiu et al., 2016; Afzaal et al., 2019).

4.3.1.2 Oxygen

Oxygen exposure during mixing, homogenization, and storage
can promote reactive oxygen species formation, reducing probiotic
viability, particularly in oxygen-sensitive
Bifidobacterium (Gurram et al., 2021). The selection of appropriate

genera such as
packaging materials containing oxygen barriers and oxygen scaven-
gers (also known as active and intelligent packaging) may also have a
beneficial effect on the survival of probiotics. Probiotics can be main-
tained using other technological options, such as the addition of
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chemical materials (i.e., nitrogen), antioxidants (i.e., ascorbate and
cysteine), or enzymatic treatments (i.e., glucose oxidase).

4.3.1.3 Fermentation and storage

Probiotic cell counts may decline during active fermentation and
subsequent refrigerated storage due to cumulative thermal, acid, and
oxidative stresses. Fermentation temperature significantly affects pro-
biotic survival and the sensory characteristics of probiotic yogurt.
Many dairy-adapted probiotic strains exhibit optimal growth between
35-42 °C, although strain-specific differences are considerable. For
example, certain L. acidophilus strains can grow at 40-42 °C (Wu et
al.,, 2025). Temperatures exceeding 45 °C detrimentally impact probi-
otic growth and viability at all manufacturing stages (Calinoiu et al.,
2016). Consequently, the fermentation process must be shorter at high
temperatures to maintain probiotic counts. Probiotics should be
added to the medium during the downstream stages of yogurt manu-
facturing, following pasteurization. Prior to use, moderate heat treat-
ment can improve the heat tolerance of probiotics. Such adaptive
responses may improve survival during fermentation and early stor-
age; however, the magnitude of this protective effect remains strain-
dependent. During refrigerated storage, probiotic decline is often
associated with ongoing post-acidification, residual oxygen exposure,
and gradual metabolic exhaustion. Although low temperatures slow
metabolic activity, they do not fully prevent viability loss, highlighting
the importance of controlling fermentation endpoint, oxygen diffu-
sion, and storage conditions to maintain functional cell counts
throughout shelf life.

4.3.1.4 Inoculation rate and strain

Probiotic viability during fermentation and subsequent cold stor-
age is also influenced by the initial inoculation level. While higher
inoculum concentrations may accelerate fermentation kinetics and
shorten production time, excessive cell density can intensify nutrient
competition and accelerate acid accumulation, thereby increasing
metabolic stress and promoting earlier entry into the stationary phase.
Such conditions may ultimately compromise long-term viability
during storage. Probiotic viability in yogurt also depends on the strain.
It is necessary to select suitable probiotic strains, especially those that
are acid, bile, and oxygen-tolerant and that can withstand the harsh
environment of the GIT and products to ensure their health benefits.

4.3.1.5 Homogenization and matrix composition

Mechanical processing may exert shear stress; however, optimized
homogenization can improve cell dispersion. Matrix composition,
including fat and lactose content, may further modulate probiotic sur-
vival by influencing buffering capacity and oxygen diffusion
(Hasgucmen and Sengun, 2020; de Oliveira et al., 2021).

4.3.2 Probiotic viability in meat products

Fermented and processed meat products represent a technologi-
cally challenging yet promising matrix for probiotic incorporation
(Tukel and Sengun, 2024; Goktas et al., 2022). Unlike dairy systems,
meat matrices are characterized by high protein and lipid content,
sodium chloride

limited carbohydrate availability, elevated
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concentrations, and reduced water activity (a,), all of which influence
probiotic survival.

Salt concentrations commonly used in dry-fermented sau-
sages (2-3% or higher) can exert osmotic stress, leading to mem-
brane dehydration and reduced metabolic activity (Hao et al,,
2021). Moreover, nitrites and nitrates, while essential for product
safety and color development, may affect certain probiotic strains
depending on their tolerance mechanisms. Competitive interac-
tions with the native meat microbiota further complicate probiotic
survival, as naturally occurring bacteria may produce bacterio-
cins, hydrogen peroxide, and organic acids that inhibit probiotic
growth. Strain selection is therefore critical when developing pro-
biotic meat products. Strains adapted to high-salt and low-a,, envi-
ronments, particularly those originating from fermented meat
ecosystems, may exhibit superior technological robustness.
Encapsulation strategies, including alginate-based microencapsu-
lation, have been investigated to improve probiotic stability under
these harsh processing conditions. Additionally, synbiotic
approaches combining probiotics with prebiotic substrates may
enhance survival and functional performance within meat matri-
ces (Mahmoud et al., 2020). Overall, probiotic viability in meat
products is determined by a complex interplay between matrix
composition, fermentation parameters, curing agents, and micro-
bial ecology, necessitating strain-specific and process-optimized
strategies.

4.3.3 Probiotic viability in frozen products

Frozen dairy products such as ice cream and frozen desserts rep-
resent attractive vehicles for probiotic delivery due to their widespread
consumption and relatively stable storage conditions. However, freez-
ing imposes unique physicochemical stresses that may compromise
probiotic viability. The primary mechanism of viability loss during
freezing is associated with ice crystal formation. The formation of ice
crystals during the freezing process can exert mechanical stress on
cells, potentially leading to damage to the cell wall or rupture of the
cell membrane (Goktas et al., 2022). In addition to the mechanical
stress that can occur during the mixing stage for oxygen incorpora-
tion, exposure to oxygen can generate a toxic action due to the forma-
tion of reactive oxygen species in the cell (such as hydrogen peroxide,
hydroxyl radicals, superoxide anions), resulting in cell death
(Kemsawasd and Chaikham, 2020).

The freezing process can result in cold injuries caused by tempera-
ture reduction (temperature shock), condensation of solutes in the
extracellular and intracellular medium, and cellular dehydration.
Moreover, additional characteristics can influence the viability of pro-
biotics within this matrix. These include the types of ingredients used,
particularly the sugar content, which can impact the osmotic effects
of this matrix on microorganisms, pH, and titratable acidity (espe-
cially in frozen variations). The aforementioned factors include stor-
age time and temperature, as well as temperature fluctuations and
abuse conditions, partial melting and re-freezing processes, and other
related variables.

Considering the aforementioned factors, microencapsulation can
be reasonably considered as a viable means of preserving cells over an
extended storage period. However, the most appropriate packaging
material must be selected to prevent the negative effects of oxygen. It
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is also necessary to ensure that the selected strain is appropriate for
the product since different strains have varying degrees of resistance
to external factors. The addition of prebiotics or cryoprotectants is also
a promising strategy for probiotic protection.

4.3.4 Probiotic viability in fruit and plant-based
products

The use of fruit and plant-based foods as potential vehicles for
probiotic foods is being increasingly investigated. Their vitamin, min-
eral, dietary fiber, and antioxidant content make them suitable sub-
strates for probiotic growth. Conversely, using probiotics within fruit
and vegetable matrices presents several challenges, largely owing to
compounds that can inhibit probiotics during manufacturing and
storage. Plant matrices also have unfavorable pH, anti-nutritional fac-
tors, and a lack of buffering capacity. Probiotic viability is therefore
inextricably linked to the intrinsic characteristics of the food matrix
and their interactions. Olivares et al. (2019) stated that incorporating
considerable quantities of dissolved oxygen into fruit juices presents a
significant challenge in maintaining probiotic viability. Since anaero-
bic and microaerophilic probiotic bacteria are the most widely used,
it is paramount to recognize that high oxygen levels within the prod-
uct may precipitate toxicity and viability loss. As an oxygen scavenger,
vitamin C may therefore provide protection during storage and foster
a more suitable anaerobic environment (which is not seen during fer-
mentation), as stated by Olivares et al. (2019). A range of formulations
combining mango juice with carrots, as well as various Lactobacillus
spp., were evaluated in consideration of matrix composition (de
Oliveira et al., 2021). The study found that the juice with a higher
proportion of carrot pulp exhibited higher microbial viability, which
can be attributed to its high fiber content. According to the scientists,
dietary fibers may significantly affect probiotics’ ability to survive
digestion and storage. It is crucial to highlight that phenolic com-
pounds are essential for the viability of probiotics. For example,
Valero-Cases et al. (2017) found that the metabolism of most phenolic
compounds in pomegranate juice was associated with the proliferation
of probiotics in the juice, with the degree of this association variable
depending on the strain utilized. Probiotic viability is further impacted
by heat treatment, incubation temperature, cooling, packing type,
material and storage techniques, and production scale.

As demonstrated in the preceding studies, probiotic survival was
attributable to the antagonistic and synergistic effects of multiple fac-
tors. For example, a reduction in pH can have a detrimental impact on
cell viability, whereas the presence of dietary fiber and protein can
protect cells from such stress.

4.3.5 Probiotic viability in bakery products

Cereals constitute a major component of the human diet and pro-
vide carbohydrates, proteins, dietary fiber, vitamins, and minerals.
Certain cereal-derived components may act as prebiotic substrates,
promoting the growth of beneficial microorganisms such as
Lactobacillus and Bifidobacterium spp. (Gibson and Roberfroid, 1995).

The development of probiotic food products within the bakery
industry represents an innovative approach to expanding the non-
dairy probiotic food market (Kokwar et al., 2022; Valero-Cases et al.,
2023). Probiotic cereal-based products serve as alternatives to conven-
tional probiotic dairy products, eliminating the need for refrigeration
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during storage and distribution. The food matrix of bakery products
contains prebiotics that serve as a source of energy to facilitate probi-
otic growth. In contrast, the greatest challenge in developing a probi-
otic cereal-based product is maintaining probiotic viability because
the production process involves high temperatures. Studies evaluating
the incorporation of free probiotic cells into bread dough prior to
baking have demonstrated significant reductions in viable counts,
often below the minimum threshold required for probiotic functional-
ity (Zhang et al., 2018; Hao et al., 2021). In addition to thermal stress,
low water activity (a,) during storage may further reduce viability
(Mahmud et al., 2022). To overcome these limitations, several strate-
gies have been proposed, including microencapsulation techniques to
enhance thermal protection and post-baking incorporation
approaches to preserve viable cell counts (Pandey et al., 2021; Mis-
Solval et al., 2019). Such technological interventions are essential to
ensure that probiotic levels remain above the minimum effective
threshold at the time of consumption.

4.4 Standardization of viability assessment
4.4.1 Limitations of current methods

The most widely applied method for probiotic enumeration is
plate count, requested by authorities and supported by ISO standards.
Plate counts are inexpensive, straightforward, and allow visualization
of colony morphology and contamination. However, they rely only on
the ability of cells to replicate.

Cells that are metabolically active but unable to form colonies
under standard laboratory conditions may therefore be underesti-
mated. Consequently, CFU counts do not fully reflect the physiologi-
cal state or functional potential of probiotic populations. Additional
drawbacks include labor-intensive preparation, long incubation peri-
ods (typically 48-72 h), cell clumping effects, and inter-laboratory
variability. Comparative studies have demonstrated discrepancies
between culture-based enumeration and molecular quantification
approaches, highlighting the limitations of CFU data alone in assess-
ing probiotic viability (Hansen et al., 2020; Kiefer et al., 2020; Sun et
al,, 2024).

4.4.2 Emerging tools

To overcome these drawbacks, several culture-independent tech-
niques (e.g., flow cytometry, fluorescence in situ hybridization,
nucleic acid amplification, bioluminescence, and biosensor technolo-
gies) have been introduced. Owing to their higher sensitivity, speci-
ficity, and efficiency, these tools are increasingly replacing
conventional culture-based methods. Flow cytometry (FC), often
combined with fluorescent dyes (e.g., PI/SYTO), enables rapid high-
throughput assessment of membrane integrity, metabolic activity, and
population heterogeneity; fluorescence-activated cell sorting (FACS)
can further isolate subpopulations. Molecular methods such as qPCR
and dPCR provide strain-level specificity and, when combined with
viability dyes like PMA/EMA, can selectively detect DNA from intact
cells (Kiefer et al., 2020). Multiplex PCR amplifies multiple targets
simultaneously, offering rapid and sensitive detection of several spe-
cies in a single reaction, though limited by PCR inhibitors, primer
design, and the need for specialized equipment (Hansen et al., 2020).
Spectroscopy and imaging techniques exploit microbial spectral
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signatures to distinguish and quantify strains even in mixed cultures,
offering rapid and non-destructive analysis, but requiring costly
instrumentation and technical expertise. Biosensor-based approaches
use biological recognition elements (e.g., enzymes, antibodies,
aptamers) to generate measurable optical or electrochemical signals.
They provide high sensitivity, rapid detection, and real-time monitor-
ing with potential for miniaturization, though challenges remain in
stability, sample matrix effects, and high development costs.

Collectively, these methods expand the concept of “viability”
beyond culturability, but their routine application demands careful
optimization, skilled operators, and often significant investment (Sun
etal., 2024).

4.4.3 Reporting guidelines

Despite significant methodological advances, there is currently no
universally harmonized operational definition of probiotic viability
across research and regulatory contexts. While the probiotic definition
emphasizes the presence of live microorganisms in adequate amounts
(Hill et al., 2014), enumeration approaches vary substantially between
studies. Some investigations define viability strictly as culturability
(CFU), whereas others incorporate complementary indicators such as
membrane integrity or molecular detection of intact cells. This incon-
sistency hinders inter-laboratory comparisons and regulatory harmo-
nization. Harmonized guidelines are needed, including: (i) Reporting
both CFU counts and complementary viability markers, (ii) Clear
descriptions of protocols, media, and strain-specific conditions, (iii)
Standardized combinations of culture-dependent and independent
methods to capture replication, metabolic activity, and stress tolerance.

Such harmonization would improve comparability between labo-
ratories, provide more reliable data for regulatory purposes, and

10.3389/fmicb.2026.1893153

strengthen consumer confidence in probiotic products (Sun et
al,, 2024).

5 Non-thermal innovative technologies
used for enhancing viability

The food matrix and harsh food processing, storage, and post-
ingestion conditions are examples of exogenous and endogenous fac-
tors that can potentially act as sub-lethal stressors of probiotic cells,
making it difficult to maintain the biological activity of probiotics in
relation to the methods used in the food industry.

Non-thermal technologies such as US, HHP, and PEF could be
used in food production without significantly affecting the viability of
probiotic cells or even increasing their viability (Figures 2, 3). Table 3
shows the results of studies on the effects of non-thermal technologies
on the viability of probiotics and the functional properties of foods.

5.1 Ultrasound-assisted technologies

US employs sound waves with frequencies exceeding the range of
human hearing (>18 kHz). These waves are divided into three primary
categories based on their frequency: diagnostic (>1 MHz), high-fre-
quency (20 kHz-2 MHz), and power (20-100 kHz). Cavitation is the
basis of ultrasound. When sound waves and mechanical vibrations are
applied to a liquid medium, alternating cycles of expansion and com-
pression occur. During the expansion phase, high-intensity ultrasonic
vibrations generate tiny bubbles that eventually combine. In the latter
phase, the bubbles approach their threshold size and volume, resulting
in a dramatic collapse over time due to their inability to absorb further
energy. Cavitation describes the progressive cycle of bubble
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Innovative technologies and their impact on probiotic viability and functionality.
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FIGURE 3
Schematic illustration of the mechanism of non-thermal technologies.

development, expansion, and implosion. During implosion, the bub-
bles release a large amount of energy, creating a surge in temperature
(approximately 5,000 K) and pressure (estimated 50,000 kPa), result-
ing in cell breakage, particle dispersion, and localized sterilization
(Munekata et al., 2020). Numerous studies have examined the lethal
effects of sonication on microorganisms. Although high-intensity
sonication can exert lethal effects, controlled or sub-lethal ultrasound
treatments have been shown to stimulate microbial metabolism and
fermentation performance. Several studies report accelerated fermen-
tation kinetics and improved probiotic viability in dairy and plant-
based systems following ultrasound-assisted treatments (Akdeniz and
Akalin, 2023; Bolivar-Jacobo et al., 2023; Brito et al., 2024; Mizuta et
al,, 2023). Mechanistically, mild ultrasound exposure may enhance
nutrient diffusion, increase membrane permeability, and activate
stress response pathways that improve tolerance to subsequent envi-
ronmental stressors (Shokri et al., 2021; Wang et al., 2021). These
effects are strongly dependent on treatment intensity, duration, fre-
quency, and strain-specific characteristics.

Therefore, while excessive sonication may damage cell structures,
optimized ultrasound parameters can function as a metabolic stimula-
tion strategy, contributing to improved probiotic stability and
enhanced functional properties of fermented foods.

5.1.1 Effects of ultrasound-assisted methods on
probiotic viability

Ultrasound is a well-known food processing technique. Its use in
probiotic foods has been reported to improve functionality and viabil-
ity, and even change the prebiotic structure, making it more accessible
to probiotics. The efficacy of a treatment in terms of microbial viability
is influenced by specific process characteristics, including power level,
exposure time, amplitude, targeted microorganisms, and temperature.
Recent research demonstrates that ultrasound treatment positively
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affects the growth and proliferation of probiotics in fermented dairy
foods (Shokri et al., 2021). Microstreaming is the main factor influ-
encing the ultrasonic phenomena present in probiotic cells. It simul-
taneously facilitates the transfer of nutrients and gases, encouraging
probiotic growth without causing physical harm. Munekata et al.
(2020) investigated how ultrasonic therapy affected the fused matrix
of thyme and rosemary. The researchers discovered that ultrasonic
exposure suppressed infections while increasing the growth of probi-
otics, resulting in strong antioxidant and anti-inflammatory effects.
Akdeniz et al. (2024) stated that ultrasound treatment enhanced the
growth of S. thermophilus, L. bulgaricus, and B. lactis BB-12 in yogurt
samples. Meena et al. (2024) demonstrated that low-intensity ultra-
sound treatment enhances the proliferation of probiotic (L. rhamnosus
GG) and lactic acid production in millet-based probiotic beverages.
Research shows that ultrasound can help enhance the viability of pro-
biotics. The use of ultrasound in production is an environmentally
friendly process, and it is hypothesized that this technology will posi-
tively influence consumer preference in line with the findings.
Nevertheless, it is critically important to quantify and regulate ultra-
sound parameters to prevent excessive cell permeability and cell death.

5.1.2 Effects of ultrasound-assisted methods on
probiotic functionality

The enhancement of product functionality following ultrasound
treatment is primarily attributed to the stimulation of probiotic meta-
bolic activity and the modulation of enzyme release, influencing
lipolysis and proteolysis. High-intensity ultrasound has been associ-
ated with increased f3-galactosidase activity, accelerated lactose hydro-
lysis, and enhanced trans-galactosylation reactions in probiotic
systems.

The increased production of bioactive peptides and oligosac-
charides in ultrasound-treated fermented milk resulted in
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TABLE 3 Studies on the effects of non-thermal technologies on probiotic viability and functional properties of foods.

Non-thermal

techniques

Probiotic
strain

Food matrix/
medium

Results

Viability

Functionality

10.3389/fmicb.2026.1893153

References

HPP (100-300 MPa,

L. casei 01

Sweet corn milk

100 MPa treatment

100 MPa preserved

Chaikham et al. (2025)

(1-3 kV/cm, 50 pulses,
4 Hz)

L. bulgaricus

activity and accelerated
fermentation kinetics
under optimized PEF

conditions

reduced by up to 0.52 h,
while lactic acid
concentration increased by
76-90% without negatively
affecting physicochemical or

sensory properties

10 min) yogurt maintained probiotic physicochemical stability and
viability above 7 log enhanced gastrointestinal
CFU/g during 6 weeks of | tolerance, whereas >200 MPa
refrigerated storage negatively affected texture
and probiotic survival
Low-intensity PEF S. thermophilus and Yogurt Enhanced LAB metabolic | Fermentation time was Miranda-Mejia et al. (2024)

Ultrasound (140, 370
and 440 W; energy
density: 1600, 640 and
200 J/mL; 1 and 3 min)

L. acidophilus LA5

Fermented milk

Treatment with probe at
640 J/mL maintained LA5
viability

Brito et al. (2024)

Ultrasound (750 W, 2.5,
5,7.5 and 10 min)

L. casei LCO1

Strawberry-flavored
probiotic fermented

drinks

Processing for 2.5 min is
better for probiotics,
which survive well in the

gut

Treatment for 2.5 min

increased antioxidant activity

Mizuta et al. (2023)

Ultrasound (23 kHz,
150 W 3-5 min)

L. brevis LMG 6906

Fermentation

medium

Sonication increased the
viability of probiotics up
to 1.19 logs depending on

y-aminobutyric acid yield
increased by 0.26 g/L after

moderate ultrasound

Shokri et al. (2021)

microwave (720 W, 35 s)

microwave and
ultrasound-microwave-

treated samples

antioxidant and anticancer

activities

the parameters treatment
Ultrasound L. plantarum Fermented apple Sonication during lagand | Ultrasound positively Wang et al. (2021)
(20 kHz, 58.3 and BNCC337796 juice logarithmic phases affected the hydrolysis of
93.6 W/L, 3 s) promoted the growth and | chlorogenic acid to caffeic
intensified the acid, the transformation of
biotransformation of procyanidin B2 and
malic acid to lactic acid decarboxylation of gallic acid
Ultrasound (24 kHz, L. acidophilus PTCC | Milk Higher L. acidophilus Ultrasonicated microwaved Gholamhosseinpour and
300 W, 30 min) - 1643 count was observed in samples exhibited higher Hashemi (2019)

HHP (600 MPa, 5 min)

L. plantarum LP299V

Mixed carrot and

mango juice

Viability of probiotic

strains maintained

Maintained f3-carotene

content,

Oliveira et al. (2020)

600 V. 100 pis)

PEF intensities (above
285 V/cm) results in
biphasic growth with the
presence of two
maximum specific growth

rates

(35 days) antioxidant activity and
sensory
properties of the juices
PEF (84, 126, 400, and L. bulgaricus CFL1 MRS broth The application of high - Peng et al. (2020)
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TABLE 3 (Continued)

Food matrix/
medium

Probiotic
strain

Non-thermal

techniques

Viability

10.3389/fmicb.2026.1893153

Results References

Functionality

PEF (0.3 kV/cm, 100 ps Skim milk

and 5, 21°C)

L. plantarum WCEFS1,
L. plantarum
LMG23545, L.
diacetylactis FM03
and L. acidophilus
NCFM

PEF pretreatment -
increased survival after

spray drying and storage

Vaessen et al. (2020)

L. salivarus CECT
4063

High-pressure Mandarin juice
homogenization (HPH,

20 and 100 MPa)

20 MPa HPH treatment
maintained probiotic
viability at ~6.8 log CFU/
mL after 10 days of

refrigerated storage

100 MPa treatment increased | Betoret et al. (2017)

cell hydrophobicity

improved sensory qualities and higher nutritional value. In plant-
based matrices, ultrasound has been applied to stimulate probiotic
growth and enhance isoflavone bioconversion in soymilk. Liu et al.
(2018) reported that short treatment times (2-3 min) increased
B-glucosidase activity, promoting more efficient bioconversion
processes.

In a study, researchers indicated that ultrasound enhanced
hydrophobicity by 20% and the adherence of probiotic bacteria to
CaCo-2 cells by a factor of 10 (Racioppo et al., 2017). Recently,
Santos et al. (2024) reported that ultrasound pre-treatment better
preserved the antioxidant potential of probiotic avocado samples.
In another study, ultrasonic treatment of probiotic yogurt reduced
the relative proportion of saturated fatty acids by up to 19% while
increasing polyunsaturated fatty acid (PUFA) ratios by up to 40%.
The authors also reported improved in vitro protein digestibility
and increased total amino acid content before and after digestion
(Akdeniz et al., 2024). Bevilacqua et al. (2024) indicated that ultra-
sound treatment could be used to improve some surface properties
and, for L. plantarum c19, it was used to improve biofilm stability.
Consequently, these studies demonstrate that ultrasound technol-
ogy can be a valuable tool for developing probiotic foods with
enhanced functionality.

5.1.3 Effects of ultrasound assisted methods on
food functionality

The application of ultrasound improved the water-holding
capacity and viscosity of a fermented finger millet beverage
(Meena et al., 2024). Ultrasound application trapped water within
proteins, altering the water-holding capacity of the fermented bev-
erage. Enhanced antimicrobial activity of probiotics, improved
adhesion to the mucosa, and increased colonization in the GIT
were observed. The ultrasound technique used to formulate double
emulsion microcapsules containing LAB was analyzed (Pandey et
al., 2021). The probiotic remained viable within the double emul-
sion microcapsule, exhibiting prospects for improved intestinal
delivery of probiotic bacteria through food systems. Researchers
reported that applying ultrasound to a Baru almond beverage
enhanced acidification during storage, attributed to increased
L. casei activity. Ultrasound application affected the phenolic com-
position of the beverage by enhancing both concentration and
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bioaccessibility during storage of the fermented product. Similarly,
increased levels of monounsaturated fatty acids (MUFA) and
PUFA were observed with improved fatty acid bioaccessibility. The
volatile composition also improved, resulting in higher sensorial
qualities. Homogenization-like effects were observed in probiotic
yogurts due to ultrasound application. Overall, ultrasound appli-
cation reduced particle size with increasing sonication power; in
particular, the particle size of milk fat globules was reduced,
increasing casein interactions. Increased bonding among casein
micelles resulted in an increased water-holding capacity of
yogurts. Additionally, faster acid development and a reduction in
pH were observed, attributed to enhanced hydrolysis and the
release of intracellular enzymes. Furthermore, enhanced viscosity
improved gel strength due to strong associations between milk fat
globules and proteins following high-intensity sonication. It was
also reported that including the probiotic culture in samples pre-
treated with ultrasound helped improve the sensory quality of the
yogurt by overcoming limitations associated with the development
of free sulthydryl groups affecting flavor (Akdeniz and
Akalin, 2023).

Ultrasound pretreatment, followed by incorporation of B. anima-
lis spp. lactis B94 and subsequent drying, increased the drying efhi-
ciency of avocado slices (Santos et al., 2024). The dehydrated (15%
moisture) avocado slices retained viable probiotic populations exceed-
ing 6 log CFU/g, exhibiting probiotic properties.

Ultrasound treatment at 120 W/L in milk samples increased the
production of exopolysaccharide (kefiran) and ascorbic acid during
the first hour of application (Potoroko et al., 2018). Sonication
enhanced the activity of microorganisms, which further resulted in
increased ascorbic acid production. Both ascorbic acid and kefiran
production led to heightened antioxidant activity in the milk sample.
In goat milk, ultrasound application for yogurt development helped
improve major limitations such as firmness, consistency, and viscosity
(Delgado et al., 2020). Ultrasound significantly reduced lactose con-
tent and increased glucose and galactose content with increased soni-
effect attributed
(Gholamhosseinpour and Hashemi, 2019). Yogurt produced from

cation time, an to induced hydrolysis
ultrasound-treated milk showed altered soluble protein profiles and
increased amino acid content by enhancing protein hydrolysis,
thereby improving the digestion of probiotic yogurts (Akdeniz et

al,, 2024).
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5.1.4 Effects of ultrasound on fermentation time

Meena et al. (2024) evaluated the influence of ultrasound applica-
tion, before or after inoculation of L. rhamnosus, on the fermentation
process for developing a finger millet-based probiotic beverage.
Applying ultrasound (0.29 W/mm?2 intensity for 2.63 min.) post-
inoculation lowered fermentation time from 8.58h to 2.52h.
Ultrasound significantly improved the fermentation of the finger
millet-based probiotic beverage by reducing and disrupting particle
size. Low-intensity ultrasound (23 kHz, 10 4 amplitude) increased the
cell count of L. brevis (LMG 6906) by 1.09 log CFU/mL by enhancing
fermentation and biomass production. Ultrasound accelerated the
fermentation process by promoting growth rate, waste removal, and
nutrient transport across the membrane (Shokri et al., 2021). A sig-
nificant reduction in fermentation time (13.6%) and an increase in
probiotic count was observed for the fermentation of a Baru almond
beverage when ultrasound was applied before fermentation (dos
Santos Rocha et al., 2023).

The positive influence of ultrasound application (640 J/mL) on
fermentation time was observed in fermented milk (Brito et al., 2024).
The 30-min reduction in time due to high-intensity ultrasound appli-
cation enhanced permeability, leading to increased bacterial growth
and improved fermentation. Treatment effects were also observed
during the storage period, with LAB populations increasing after
28 days. The reduction of fermentation time for probiotic yogurts was
attributed to increased activity of fermentative enzymes, improved
culture viability, and increased acid production, resulting in faster fer-
mentation (Akdeniz and Akalin, 2023). Sonication as a pretreatment
for milk used in fermented milk production by L. plantarum AF1
resulted in the highest growth over a 24-h fermentation period, attrib-
uted to increased growth from the release of intracellular enzymes
(Gholamhosseinpour and Hashemi, 2019). High-intensity ultrasound
exhibited a positive interaction with the composition of oat fermenta-
tion compounds, increasing probiotic proliferation and indicating
enhanced fermentation (Herrera-Ponce et al., 2022). High-intensity
ultrasound (20 kHz) applied at 30% amplitude for 3 min resulted in
maximum growth of L. acidophilus and L. helveticus, enhancing their
fermentation activity (Bolivar-Jacobo et al., 2023). Specifically, an
increase in p-galactosidase enzyme activity correlated with the fer-
mentative capacity of the evaluated bacteria.

5.2 High hydrostatic pressure

HHP, also referred to as high-pressure processing, pascalization,
or cold pasteurization, is a non-thermal preservation technique that
inactivates harmful vegetative spoilage microorganisms by applying
pressures typically ranging from 100 to 800 MPa (Vieira et al., 2024).

The preservation mechanism of HHP involves structural and
functional alterations at the cellular level, including membrane per-
meabilization, protein denaturation, enzyme inactivation, and ribo-
some dissociation, which collectively impair microbial metabolic
activity (Pankiewicz et al., 2020; Hao et al., 2021).

Three principles explain the preservation process: (i) the Le
Chatelier principle, which states that the temperature range is 5-10 °C;
that is, a pressure of 600 MPa cannot be higher than the temperature
of water at 30 °C; (ii) the isostatic principle, which guides the applica-
tion of consistent pressure across the food product, irrespective of its
size or shape; and (iii) the microscopic ordering principle, which
influences molecular structure and chemical reactions and increases
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with pressure at a constant temperature. Its main advantage over ther-
mal processing is that it eliminates the need for high temperatures,
thereby lowering the energy required for heating and cooling. Second,
HHP is applied to food products in their final packaging, limiting the
possibility of secondary contamination and re-use of the pressure
medium. Conversely, recent years have seen investigations into the
potential of HHP as a non-thermal technology to enhance the func-
tional properties of products without compromising the biological
activity of probiotics.

5.2.1 Effects of high hydrostatic pressure on
probiotic viability

The use of HHP in manufacturing probiotic foods is a subject of
considerable research due to its promise as a non-thermal alternative
for achieving pasteurization parameters without compromising pro-
biotic viability (Vieira et al., 2024). Pressure treatments induce various
changes in microbial cells, such as alterations in cell morphology and
membrane, suppression of protein and enzyme synthesis, disruption
of genetic mechanisms like transcription and translation, and changes
in cellular processes vital for reproduction and survival. Conversely,
some studies indicate that HHP successfully eliminates pathogens
while maintaining probiotic viability. Tsevdou et al. (2020) investi-
gated the effect of HHP (100-400 MPa at temperatures between 20
and 40 °C) on probiotic strains (L. casei and B. bifidum) added to
yogurt. Findings suggested that a pressure range of 200-300 MPa
improved strain survivability during a 28-day storage period.
Nevertheless, existing literature has not fully addressed the relation-
ship between HHP technology and its effects on probiotic foods.
Accordingly, further research is required to determine the impact of
this treatment on probiotic viability across various food matrices.

5.2.2 Effects of high hydrostatic pressure on
probiotic functionality

Applying low pressure directly to probiotic cells revealed strain-
dependent effects on their capacity to enhance desired functional
properties. Recently, Salas-Millan et al. (2024) found that HHP treat-
ment (200 MPa, 10 min) of a lactofermented broccoli leaf beverage
maintained the stability of its highest sulforaphane content (4.38-
8.82 mg/L) and its antidiabetic potential during refrigeration.

These findings indicate that HHP enhances certain functional
attributes of probiotics, underscoring its potential in the probiotic
food industry. Nevertheless, more recent research is required to dem-
onstrate the effects of this treatment on the functional properties of
probiotics and probiotic foods.

5.2.3 Effects of high hydrostatic pressure on food
functionality

In plant-based yogurts, HHP application (600 MPa for 5 min)
resulted in yogurts with viscosity and viscoelastic properties similar
to dairy-based products (Sim et al., 2020). Considering the influence
of different pressure applications in yogurt, 200 MPa pressure
improved textural quality without hampering probiotic viability
(Tsevdou et al., 2020). Applying high pressure (150 MPa) to homog-
enized protein encapsulation of probiotic cultures led to the develop-
ment of a consistent, low-moisture probiotic product. The spray-dried
cultures exhibited lower moisture content, particle size, and water
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activity due to changes in the protein matrix induced by pressure
application (Mis-Solval et al., 2019).

Application of high pressure (600 MPa) lowered the psychotropic
count to <1 log CFU/mL, while in the control sample, this value
increased to 5.02 log CFU/mL after 35 days of storage (Oliveira et al.,
2020). During storage, pH reduced and acidity was maintained in
pressure-processed samples and increased in control samples, suggest-
ing the influence of microbial growth. Similarly, retention of antioxi-
dant capacity (a-carotene and p-carotene) and inhibition of enzymatic
activity (polyphenol oxidase) were observed in samples treated with
high pressure. Also, the sensory acceptability was higher for samples
processed with high pressure. High-pressure (70 MPa) homogeniza-
tion was evaluated for enhancing the survival and in vitro digestion of
L. salivarius as a probiotic for fruit matrix (Ester et al., 2019). High-
pressure homogenization resulted in effective encapsulation of the
probiotic, improving its survival by 20% for 30 days of storage com-
pared to non-encapsulated. Additionally, high-pressure application
improved gastrointestinal survivability, enhancing target delivery and
ensuring probiotic effect.

High pressure (600 MPa for 3 min) applied after fermentation and
maturation in dry fermented meat sausage increased pathogen inac-
tivation, lowered pH, and reduced water activity early on, resulting in
quick product development without affecting its quality (Balamurugan
et al,, 2020). The impact of high-pressure processing on sliced ham,
followed by coating with a probiotic alginate-based film, affected pH
values and sensory quality. The growth of the probiotic favored the
sensory quality of ham, making it more sensorially acceptable.

5.2.4 Effects of high hydrostatic pressure on
fermentation time

The application of high pressures at 20 and 100 MPa in mandarin
juice with the addition of L. salivarius increased the proliferation of
the probiotic (Betoret et al., 2017). High-pressure application resulted
in small-sized cloud particles due to high-pressure homogenization
(HPH). The surface properties of the microorganisms changed, which
resulted in increased hydrophobicity. Compared to high pressure
(100 MPa), the lower pressure (20 MPa) application maintained the
probiotic requirement of the juice for 10 days. Considering the high
capacity of high-pressure processing to inactivate microorganisms, it
was suggested to include a higher concentration of probiotic during
the formulation of plant-based yogurts by pressure application (Sim
etal., 2020).

Considering the susceptibility of probiotics to high pressure (100-
400 MPa), Tsevdou et al. (2020) evaluated the impact of different pres-
sure treatments on the quality of probiotic yogurt produced with
B. bifidum and L. casei. The starter culture exhibited a reduced count
with increased pressure, with complete inactivation at 400 MPa.
However, at a slightly lower pressure (300 MPa), probiotic survival
was reduced but remained above the required level of 7 log CFU/g.
Similarly, Yang et al. (2021) evaluated the impact of pressure acclima-
tion on LAB strains (P, acidilactici, L. brevis, L. plantarum, and L. cur-
vatus). The fermentation performance of L. plantarum and L. curvatus
was enhanced, with survival ratios of 138 and 1,222, respectively.
Pressure acclimation improved the acid-producing capacity of the
LAB strains, suggesting better fermentation capacity (Yang et al,,
2021). Considering the reduced viability of probiotics during spray
drying, Mis-Solval et al. (2019) evaluated the impact of ultra-high-
pressure homogenization of encapsulated proteins on the survivability
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of probiotics (L. plantarum NRRL B-1927). The encapsulation of pro-
biotics resulted in greater survival.

Application of high pressure (600 MPa) did not negatively affect
the viability of L. plantarum in either fresh or stored samples. On the
contrary, counts increased from 8.2 to 9.0 log CFU/mL after 35 days
of storage, thereby enhancing the probiotic population (Oliveira et al.
2020). Application of high pressure (600 MPa for 3 min) reduced the
time required to produce dry fermented meat sausages (Balamurugan
etal., 2020).

5.3 Pulsed electric field

The pulsed electric field (PEF) is a revolutionary approach for
inactivating microorganisms using strong electric pulses. Using the
PEF approach, liquid or semi-liquid foods are held between two elec-
trodes for micro- to millisecond periods and subjected to brief, high-
voltage pulses (typically 20-80 kV/cm). The mechanism of microbial
inactivation by PEF involves electroporation, where electric pulses
create pores in the microbial cell membrane, resulting in cell rupture
and subsequent extrusion of cell contents as well as intrusion of sur-
rounding media. Technical parameters like the number, duration, and
intensity of pulses; microbial parameters like the growth curve phase
and microbial characteristics (e.g., spore-forming ability); and product
factors like pH, temperature, ionic force, electrical conductivity, and
the presence of antimicrobial compounds are the main factors that
determine how PEF affects microorganisms.

5.3.1 Effects of pulsed electric field on probiotic
viability

There is a lack of research on the use of PEF in probiotic foods.
Sotelo et al. (2018) found that PEF treatment increased the growth of
L. acidophilus ATCC 1643 in red cherries. Furthermore, Al Daccache
etal. (2020) examined the fermentation of Hanseniaspora spp. isolated
from Lebanese apples with PEF assistance (72-285 V/cm) and found
that the maximum growth rate was achieved with an electric field
strength of 285 V/cm applied in both the lag and log phases. PEF
treatment reduced fermentation time while boosting biomass concen-
tration. Spray-dried bacteria with an internal trehalose level of
>3.5 pg/107 CFU had greater survival rates, up to 10.1 ug/107 CFU
(above 100%), according to Gong et al. (2020). Electroporation at
2.5 kV/cm raised the survival rate from 38 to 61% following spray
drying. Thus, electroporation of trehalose into LAB prior to spray
drying can improve the vitality of microbial cells. Pankiewicz et al.
(2020) found that PEF increased the survival of L. rhamnosus B442 in
ice cream. Kanafusa et al. (2021) stated that nanosecond-scale PEF
treatment increased metabolite production without affecting cell
counts in fermented watermelon juice. Recently, Miranda-Mejia et al.
(2024) investigated the effect of low-intensity PEF pre-treatment on
yogurt starter cultures. They found that PEF could stimulate LAB
metabolism and increase the lactic acid concentration (0.76-0.90%).

Collectively, these findings indicate that appropriately optimized
PEF treatments may enhance probiotic growth, metabolite produc-
tion, and survival in selected food systems while maintaining micro-
bial viability. Nevertheless, further research is required to ascertain
whether this technology facilitates more efficient and sustainable pro-
biotic food production with high probiotic viability.
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5.3.2 Effects of pulsed electric field on probiotic
functionality

PEF treatment has been explored as a sub-lethal strategy to modu-
late probiotic physiology and functionality. The observed improve-
ments are attributed to transient membrane permeabilization and the
activation of stress response pathways, which may enhance metabolic
efficiency and adaptive capacity (Pankiewicz et al., 2020; Ma et al,,
2023). Controlled electroporation can facilitate ion transport and
nutrient uptake, potentially stimulating enzymatic activity and fer-
mentation performance. Recent studies indicate that moderate PEF
treatments may enhance probiotic robustness without compromising
structural integrity when electrical field strength, pulse duration, and
treatment time are carefully optimized (Brito et al., 2024; Vieira et al.,
2024). However, excessive electric field intensity can lead to irrevers-
ible membrane disruption and viability loss. Therefore, while mild
PEF pre-treatment shows potential as a functional modulation strat-
egy, further investigation is required to standardize processing param-
eters and elucidate strain-specific responses before large-scale
industrial application.

5.3.3 Effects of pulsed electric field on food
functionality

PEF technology, aside from affecting the viability of probiotics in
food products, can also affect the nutritional and sensory properties
of food while enhancing its functional qualities. The electroporation
effect of cellular membranes modifies structural and biochemical
attributes of food components without significant heating. Recent
studies have demonstrated PEF’s efficacy in improving various aspects
of food product functionality, such as texture, nutrient bioavailability,
or antioxidant properties (Table 4).

PEF has been thoroughly investigated for its potential to enhance
food texture by disrupting cell walls and facilitating the release of
intracellular components. PEF can improve meat tenderization,
thereby enhancing its sensory and quality properties. The mechanism
involves the electroporation of cell membranes, which disrupts sarco-
lemma and increases the permeability of intracellular structures. This
improves the activity and release of natural proteases like calpains and
cathepsins, leading to the degradation of myofibrillar proteins such as
troponin-T or desmin, and thus improving meat tenderness (Jeong et
al,, 2023). PEF treatment also enhances the water-holding capacity of
meat by causing the denaturation and partial solubilization of struc-
tural proteins, which reduces drip loss during cooking or storage
(Roobab et al., 2024).

Moreover, the increased membrane permeability and wider gaps
between muscle bundles improve the mass transfer of marinades and
brine, allowing them to penetrate deeper and more uniformly into the
meat. The disruption of cellular structures facilitates the diffusion of
salts, sugars, and spices, significantly reducing marination time com-
pared to conventional methods (Zhang et al., 2022).

Beyond meat, PEF can also improve the texture of plant-based
foods, reducing texture deterioration during subsequent thermal
treatment in vegetables such as carrots or potatoes (Moens et al.,
2021). Moreover, membrane disruption enhances the extraction of
various bioactive compounds. As shown by El Kantar et al. (2018),
PEF improved juice yield and polyphenol extraction from lemon,
pomelo, and oranges. Similar findings with improved polyphenol
extraction have been observed for olive leaves (Oleae folium), potato
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peel (Solani tuberosi cortex), and green tea (Camelliae sinensis)
(Frontuto et al., 2019; Jara-Quijada et al., 2024; Pappas et al., 2021). In
addition to improving extraction yield, extracts obtained through
PEF-assisted extraction show higher antioxidant power, which may be
due to improved inactivation of enzymes such as polyphenol oxidase
(Samaranayake et al., 2022; Yan et al., 2020). The inhibition of poly-
phenol oxidase by PEF improves the storage quality of many fruits and
vegetables by inhibiting browning, as demonstrated for bananas, pine-
apple, and mushrooms (Moura et al., 2024).

PEF can also affect the functional properties of food matrices. By
altering the secondary and tertiary structures of proteins, PEF induces
changes in their solubility, emulsifying capacity, and foaming proper-
ties. These changes result from the unfolding and partial denaturation
of proteins, which expose hydrophobic and functional groups,
enhancing interactions with other food components (Taha et al,,
2022). This was shown in a study by Wang et al. (2023), who observed
that PEF combined with pH shifting improved the solubility of soy
protein isolate from 26 to 70%. This, in turn, significantly improved
the emulsifying and foaming properties of the protein isolate.

5.3.4 Effects of pulsed electric field on
fermentation time

Recent studies have shown that PEF can be utilized during the
fermentation process. The use of PEF during this process can provide
benefits such as reduced fermentation time and inactivation of spoil-
age microorganisms (Feng et al., 2022). Although PEF is known for its
use against microorganisms, it can also be applied to improve fermen-
tation kinetics if applied in sub-lethal doses, leading to a growth-stim-
ulating effect (Pankiewicz et al., 2020; Ma et al., 2023). The distinction
between lethal and sub-lethal doses depends on the power of the elec-
tric field, treatment time, pulse frequency, or even geometry and
polarity of the pulses (Demir et al., 2023).

PEF has been particularly effective in reducing fermentation time
in dairy and non-dairy products. In dairy fermentations, such as
yogurt production, PEF treatment of milk prior to inoculation with
starter cultures has been shown to reduce fermentation time while
maintaining desired product quality attributes (Miranda-Mejia et al.,
2024). For instance, applying PEF to milk can lead to improved growth
of LAB and a faster decrease in milk pH. This improves product safety
and the aggregation of casein, which in turn leads to the formation of
a gel network (Chanos et al., 2020). This effect is attributed to the
reversible electroporation effect that occurs due to PEF at sub-lethal
doses, resulting in temporarily increased permeability of microbial cell
membranes induced by PEE which facilitates nutrient uptake and
metabolic activity (Demir et al., 2023).

In alcoholic fermentations, PEF has been used to stimulate yeast
activity in wine, beer or cider production (Al Daccache et al., 2020).
Studies have shown that PEF at lethal doses can also be used to inac-
tivate wild yeasts in grape must and therefore improve the fermenta-
tion kinetics by starter culture. As shown by Ricci et al. (2020), PEF
treatment of grape must has a significant impact on the quality of the
produced wine, improving color intensity and polyphenolic content.

5.4 Other innovative techniques
In addition to the non-thermal technologies discussed above, sev-

eral complementary strategies have been developed to enhance pro-
biotic stability and functionality in food systems (Figure 4).
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TABLE 4 Examples of recent applications of PEF to improve food functionality.

Product Effect

Decreased cutting strength, hardness, and chewiness

Beef meat Improved meat tenderization

Slight increase in lipid oxidation and reduced lightness were observed after treatment

10.3389/fmicb.2026.1893153

Reference

Jeong et al. (2023)

PEF was combined with ultrasound treatment
Reduced hardness, adhesiveness, and chewiness
Improved meat tenderization

Chicken breast
Reduced cooking losses

Higher release of flavor-related amino acids

No effect on color

Roobab et al. (2024)

Reduced marination time
Beef meat Improved dispersity of NaCl and tenderness

No effect on color and cooking loss

Zhang et al. (2022)

Reduced texture degradation during cooking

Potatoes
PEF reduced potato pectin methylestrification

PEF improved Ca** crosslinking

PEF in combination with Ca?* solution showed enhanced effects on texture stability

Moens et al. (2021)

Orange, pomelo, Increased juice yield by 25-59%

lemon

Improved extraction of polyphenols using the solvent method

El Kantar et al. (2018)

Increased cell disintegration
Sugar beet
Decrease in viscoelastic properties

Rezaee et al. (2019)

Improved polyphenol extraction
Olive leaves
Extraction efficiency depended on solvent type

Pappas et al. (2021)

PEF prior to solid-liquid extraction improved extraction yield

PEF allowed for reduced extraction time, temperature, and solvent use

Improved inactivation of polyphenol oxidase

Potato peel Frontuto et al. (2019)
PEF extracts showed higher antioxidant power
PEF did not cause any significant degradation of main bioactive polyphenols
PEF improved extraction yield
PEF extracts had higher antioxidant power Jara-Quijada et al.
Green tea
PEF assisted extraction caused significantly lower greenhouse gas emissions than maceration, ultrasound-assisted, or | (2024)
microwave-assisted extraction
Samaranayake et al.
Apple juice Improved inactivation of polyphenol oxidase
(2022)
Decreased texture and color deterioration
Portobello
Inhibition of lipid oxidation and polyphenolic compound degradation Yan et al. (2020)
mushroom

PEF was combined with pH shifting
Soy protein isolate

Improved protein solubility, emulsifying properties, and foaming properties

Wang et al. (2023)

5.4.1 Synbiotics

Probiotics are defined as live microorganisms that confer health
benefits when administered in adequate amounts (Hill et al., 2014).
However, their technological application is often limited by instability
during processing, storage, and gastrointestinal transit.

As a complementary approach, prebiotics such as inulin, fruc-
tooligosaccharides (FOS), galactooligosaccharides (GOS), and xylo-
oligosaccharides (XOS) have been extensively incorporated into
probiotic food systems due to their ability to selectively stimulate ben-
eficial microbial populations and support microbiome modulation.
Unlike general dietary fibers, these compounds are preferentially uti-
lized by specific microbial groups, thereby contributing to improved
probiotic functionality and gut microbial balance.
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The combination of probiotics and prebiotics, known as syn-
biotics, was first described by Gibson and Roberfroid (1995) and
subsequently refined by the International Scientific Association
for Probiotics and Prebiotics (ISAPP; Swanson et al., 2020).
Synbiotics may exert synergistic effects by simultaneously deliver-
ing viable microorganisms and their preferential substrates,
enhancing survival, colonization potential, and metabolic
performance.

From a mechanistic perspective, probiotic utilization of prebiotics
depends on substrate structure and strain-specific carbohydrate
metabolism pathways. Short-chain FOS are typically fermented rap-
idly in the proximal colon, whereas longer-chain inulin persists in
distal regions, influencing fermentation dynamics and metabolite pro-
duction (Zhang et al., 2022).
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FIGURE 4

Other non-thermal methods for enhancing probiotics viability (created with BioRender.com).

Beyond physiological benefits, such as modulation of bile salt
metabolism, immune regulation, and anti-inflammatory activity, syn-
biotics also provide technological advantages. Prebiotic matrices can
act as protective carriers, improving probiotic stability during storage
and gastrointestinal exposure.

Encapsulation techniques, for example, have emerged as a promis-
ing tool for the effective delivery of synbiotics. Malos et al. (2025)
demonstrated that microcapsules containing L. plantarum with FOS
coated in chitosan and alginate improved survival to log 8 CFU/mL
under simulated gastrointestinal conditions. Similarly, Thinkohkaew
et al. (2025) reported that 4% FOS in chitosan-coated alginate/gellan
gum microcapsules achieved 83.36% survival after freeze-drying and
retained ~6.4 log CFU/g after digestion, sustaining viability for 90 days
at 4 °C. These findings highlight the robustness of encapsulation as an
approach to overcoming key technological barriers. In summary, syn-
biotics represent a synergistic strategy that enhances probiotic viabil-
ity, selectively stimulates beneficial microbiota, and adds value to
functional food design. However, challenges remain, such as strain-
specific responses, dosage optimization, and regulatory uncertainties.
Nevertheless, the integration of synbiotics, particularly through
advanced encapsulation methods, shows great potential for scalable
applications in food and therapeutic contexts.

5.4.2 Microencapsulation

Microencapsulation involves entrapping probiotic cells within
protective matrices to shield them from adverse environmental condi-
tions during processing, storage, and gastrointestinal transit. By form-
ing microcapsules around viable cells, this technique enhances
probiotic stability across diverse food matrices.

The protective mechanism of microencapsulation is achieved
through improved thermotolerance of probiotics, enabling them to
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withstand higher temperatures that would otherwise reduce their
viability. For instance, microencapsulation has been shown to increase
the survival rates of probiotics during thermal processing, such as
spray-drying or mild heat treatment (Bagdat et al., 2024). It should be
mentioned, though, that even microencapsulated bacteria will not
survive at higher temperatures for prolonged periods (Hao et al., 2021;
Mahmoud et al., 2020). Microencapsulation can also safeguard probi-
otics from stomach acid or intestinal bile salts, improving the chances
of their successful delivery to the gut. Moreover, microencapsulation
can improve the stability of probiotics during storage by protecting
them from oxygen, moisture, and other environmental factors that
may compromise their time
Subramanian, 2022).

Several encapsulation techniques are commonly applied.

viability over (Rajam and

Emulsion-based methods entrap probiotics within dispersed droplets
that are subsequently solidified, providing a relatively simple and scal-
able approach. Spray-drying encapsulation involves atomization of
probiotic suspensions with carrier materials such as maltodextrin or
whey proteins, producing stable powdered formulations suitable for
dry food systems (Barajas-Alvarez et al., 2022). Freeze-drying (lyophi-
lization) combined with protective agents remains widely used for
thermosensitive strains, as it preserves structural integrity during
dehydration (Mahmud et al., 2022).

Microencapsulation can also be integrated with other non-ther-
mal methods to further improve probiotic viability and technological
efficiency. One common combination involves using non-thermal
methods, such as HPP, to eliminate the food product’s native micro-
flora before adding microencapsulated probiotic strains. This reduces
competitiveness and improves product shelf life and stability
(Worametrachanon et al., 2014). However, adding probiotics after
HPP treatment can be problematic because HPP is primarily a post-
packaging preservation technique, and packages are generally not
reopened after processing. To address this limitation, McGillin et al.
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(2022) developed a proof-of-concept system where cocoa butter
microencapsulated freeze-dried probiotic strains were incorporated
into the product prior to HPP treatment. After processing, controlled
heating of the sealed packaged product to 40 °C allowed the cocoa
butter matrix to melt, enabling rehydration and subsequent prolifera-
tion of the encapsulated bacterial cells without reopening the package.
This method yielded 8-9 CFU/g of viable probiotic cells while reduc-
ing the native microbiota and extending shelf life.

Other non-thermal methods can enhance microcapsule proper-
ties, thereby affecting probiotic survivability. Sun et al. (2024) applied
cold plasma to modify the surface charge and structure of alginate
nano-montmorillonite, which resulted in a denser structure and
improved viability of encapsulated L. kefiranofaciens after exposure to
simulated digestion.

However, not all studies show a beneficial effect of method com-
binations. Giordano et al. (2022) reported that combining sonication
with microencapsulation did not further improve the viability or
attenuation effect (negative changes in pH and sensory scores) of
stored tomato juice.

Therefore, microencapsulation can be a powerful tool for improv-
ing probiotic viability in regular food products and enhancing surviv-
ability during other processing and preservation steps.

5.4.3 Ohmic heating

Ohmic heating involves passing an electric current through
food, causing rapid and uniform heating due to the food’s electrical
resistance. While this method can inactivate pathogens and spoilage
organisms, it can also damage probiotic bacteria. However, as
reviewed by Pereira et al. (2018), ohmic heating can also be applied
in sub-lethal conditions to enhance bacterial growth, bacteriocin
production, and improve the fermentation process. One advantage
of ohmic heating is the precise control over treatment parameters,
which can affect probiotic viability during sub-lethal conditioning.
In addition to improving fermentation, sub-lethal ohmic heating can
be used for probiotic preconditioning or sub-lethal stress applica-
tion. This process exposes probiotics to mild stresses to induce a
cellular stress response, which in turn promotes the production of
cell components such as heat-shock proteins. It has been shown that
sub-lethal exposure to mild temperature shock of L. casei strains
their
(Bommasamudram et al., 2022). Therefore, sub-lethal ohmic heating

promotes survival during later heat-drying steps
can enhance stress tolerance by inducing the synthesis of protective
proteins and promoting structural adaptations in the cell membrane,
allowing probiotics to maintain their viability and efficacy when
incorporated into functional foods (Pereira et al., 2018). Moreover,
sub-lethal ohmic heating is being explored for its potential in pro-
ducing paraprobiotics—non-viable probiotics with retained health-
promoting properties. Ohmic heating allows for careful modulation
of heating parameters to inactivate cells without destroying bioactive

components (Siciliano et al., 2021).
5.4.4 Bacteriophage application

Bacteriophages (phages) are viruses that specifically infect bacte-
ria and can influence the stability and viability of probiotic cultures in
food systems and the gastrointestinal tract (Rogovski et al., 2021).
Their presence may affect probiotic performance either negatively,
through phage-induced lysis of beneficial strains, or positively,

Frontiers in Microbiology

21

10.3389/fmicb.2026.1893153

through selective modulation of competing or pathogenic bacterial
populations.

Phages can impact probiotic populations through mechanisms
such as lysogeny, where the phage integrates its genetic material into
the host bacterium’s genome, known as a prophage. This can lead to
disadvantages or advantages, depending on the nature of the pro-
phage. However, researchers are exploring the potential to engineer
prophages using carefully selected phages, potentially conferring
advantages such as enhanced stress resistance or metabolic capabili-
ties. This interaction can enhance the survival and functionality of
probiotics within the GIT (Qiao et al., 2020). However, the presence
of lytic phages, which actively replicate and cause the destruction of
bacterial cells, poses a challenge to maintaining probiotic viability in
both food products and the gut environment. Phage-induced lysis can
lead to significant reductions in probiotic populations, undermining
their health benefits. To mitigate this, strategies such as the develop-
ment of phage-resistant probiotic strains or the application of protec-
tive encapsulation techniques are being explored. Encapsulation can
shield probiotics from phage attacks, thereby preserving their viability
during storage and after ingestion (Wen et al., 2024).

Opverall, bacteriophages represent both a potential risk factor for
probiotic viability and a promising microbiological management tool
in probiotic food systems. Understanding phage-probiotic interac-
tions may contribute to the development of more stable fermentation
processes and improved strategies for maintaining probiotic viability
during processing and storage.

5.4.5 Atmospheric cold plasma method

The atmospheric cold plasma (CP) method is a short-term food
processing treatment conducted at low temperatures in various gas
compositions with different parameters, such as frequency, treatment
time, voltage, and electrode gap distance. In the food industry, CP can
be utilized for raw material pretreatment to achieve advanced attri-
butes; for example, it can inactivate pathogenic microorganisms on
fermentation substrates without significant thermal degradation of
sensitive nutrients. Furthermore, CP-induced mild oxidative stress
can enhance the metabolic activity of starter cultures, resulting in
improved fermentation performance (Souza et al., 2025).

The mild oxidative stress induced by CP can increase total phenol
content and, consequently, antioxidant activity (Amiri et al., 2025).
Additionally, CP treatment can induce structural changes in fiber,
leading to increased SCFA content achieved by fermentation, as well
as enhanced prebiotic activity and probiotic growth (Mehta et al.,
2022). Similarly, Pina-Pérez et al. (2024) reported that CP degraded
complex polysaccharides in Arthrospira platensis (Spirulina) into more
fermentable substrates, increasing the prebiotic activity of L. rhammno-
sus and Limosilactobacillus rhamnosus. Sun et al. (2024) applied CP to
modify the surface charge and structure of alginate nano-montmoril-
lonite, which in turn resulted in a dense structure and improved via-
bility of encapsulated L. kefiranofaciens after exposure to simulated
digestion. CP also degraded toxic compounds (formic acid, acetic
acid, furfural, etc.) in sulfuric acid-hydrolyzed sugarcane bagasse,
leading to increased bioethanol production (from 0.25 to 0.65 g/L/h)
in Kluyveromyces marxianus (Lin et al., 2020). In Klebsiella pneu-
moniae, dielectric barrier discharge plasma improved tolerance to
glycerol and 1,3-propanediol production by inducing the activities of
key enzymes: glycerol dehydratase, glycerol dehydrogenase, and
1,3-propanediol oxidoreductase (Dong et al., 2010). The same method
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TABLE 5 Key benefits of non-thermal technologies as compared to thermal technologies.

Advantage

Probiotic viability

Non-thermal technologies

Preserves probiotic viability by avoiding heat-induced

damage

10.3389/fmicb.2026.1893153

Thermal technologies

Probiotics may be damaged by high temperatures, reducing

survival

Nutritional quality

Retains nutritional content (vitamins, minerals, bioactive

compounds)

Heat can degrade sensitive nutrients (e.g., vitamins)

Sensory properties

Maintains natural flavors, textures, and colors

Can alter flavor, texture, and color due to heat exposure

Selective microbial inactivation

Inactivates harmful microorganisms while preserving

probiotics

May inactivate both harmful and beneficial microorganisms

Fermentation time

Reduces fermentation time (e.g., PEF, ultrasound)

Longer fermentation time due to slower microbial growth

Energy efficiency

Often more energy-efficient (e.g., PEE, HPP)

Energy-intensive, especially at high temperatures

Environmental impact

More sustainable, with less energy consumption

Higher energy consumption and associated carbon footprint

Product shelf life

Extends shelf life by preserving probiotics and food quality

Shortened shelf life due to loss of probiotics and altered food

properties

Heat-sensitive products

Ideal for heat-sensitive products (e.g., dairy, juices)

Not suitable for heat-sensitive products as it causes damage

Consumer demand

Aligns with consumer preference for minimally processed

Perceived as heavily processed by consumers

foods

also increased ethanol production in Saccharomyces cerevisiae (Dong
etal., 2014).

Using atmospheric pressure glow discharge plasma, mutations
were generated in Streptomyces avermitilis to increase antiparasitic
avermectin Bla production (Wang et al., 2010).

5.5 Advantages of non-thermal
technologies over thermal technologies

Non-thermal technologies, such as HHP, PEE, and US, offer several
advantages over traditional thermal methods for processing food prod-
ucts, particularly those containing probiotics (Table 5). Thermal treat-
ments can damage probiotics by disrupting cellular membranes,
denaturing proteins, and reducing metabolic functionality, ultimately
compromising their viability. Non-thermal methods, conversely, use
mechanical, electrical, or pressure-based processes that inactivate patho-
gens and spoilage organisms while preserving probiotic viability and
functionality. These technologies also retain the nutritional and sensory
attributes of food, ensuring product quality and enhancing probiotic sur-
vival during processing and storage. By selectively inactivating harmful
microorganisms without affecting probiotics, non-thermal technologies
extend product shelf life while maintaining probiotic efficacy, a challenge
difficult to achieve with thermal methods (Sotelo et al., 2018).

Research has shown the potential of non-thermal technologies to
enhance the quality and viability of probiotics in various food products.
For instance, PEF has been found to improve the shelflife of probiotics in
red cherries and ice cream while also reducing fermentation time in dif-
ferent food matrices (Al Daccache et al., 2020; Pankiewicz et al., 2020).
PEF applied at sub-lethal doses has been shown to improve microbial
growth and metabolism by temporarily increasing cell membrane perme-
ability, which enhances nutrient uptake and accelerates fermentation
(Taha etal., 2022). In dairy fermentations, PEF boosts LAB growth, accel-
erates pH reduction, and enhances casein aggregation, improving the
texture and safety of yogurt (Miranda-Mejfa et al., 2024; Morais et al.,
2023). Similarly, in alcoholic fermentation, PEF enhances yeast activity,
improving fermentation kinetics and wine quality (Al Daccache et al.,
2020). High-pressure treatments, ranging from 20 to 100 MPa, have been
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demonstrated to increase probiotic proliferation, particularly in mandarin
juice, where pressures around 20 MPa preserved probiotic viability for up
to 10 days (Tsevdou et al., 2020). While high-pressure treatment at higher
pressures (100-400 MPa) may inactivate probiotics, pressures around
300 MPa maintain survival above required levels, and pressure acclima-
tion improves fermentation in LAB strains (Yang et al., 2021).

Ultrasound treatment, another non-thermal method, offers several
benefits for probiotic foods by stimulating enzyme release and improving
lipolysis, proteolysis, and fermentation. Ultrasound accelerates the secre-
tion of f-galactosidase and enhances the production of bioactive peptides,
improving both the nutritional and sensory properties of fermented prod-
ucts (Racioppo et al.,, 2023). Studies have shown that ultrasound can
increase probiotic counts, reduce fermentation times, and improve the
protein and fatty acid content of yogurts and beverages (Meena et al.,
2024). Ultrasound is a useful method for enhancing the functionality of
foods high in probiotics because it also increases the bacterial adhesion,
hydrophobicity, and antioxidant potential of probiotics. The application
of non-thermal methods, such as ultrasound and HPP, also offers flexibil-
ity for processing heat-sensitive products, including beverages, yogurts,
and other functional foods, where traditional heat treatments often result
in probiotic losses. Moreover, non-thermal technologies align with con-
sumer demand for minimally processed foods, as they preserve natural
flavors, textures, and nutrient profiles, offering a more sustainable and
energy-efficient alternative to thermal methods. These advantages make
non-thermal technologies a promising option for the development of
probiotic-rich functional foods that maintain both microbial stability and
high product quality throughout their shelf life.

5.6 Challenges for viability and functionality
of probiotics

Despite recent developments, enhancing probiotic viability and
functionality in food systems remains challenging across processing,
storage, and gastrointestinal transit stages.

The first challenge relates to processing sensitivity. Many probiotic
strains are susceptible to environmental stresses such as heat, oxygen
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exposure, mechanical forces, and pressure fluctuations. Although
non-thermal technologies provide promising alternatives to conven-
tional heat treatments, their effectiveness varies. For example, bacte-
rial survival rates generally differ, and the effects of PEF on
L. rhamnosus physicochemical parameters (content of dry matter,
protein, fat, and carbohydrates, and melting rates) in ice creams
(Pankiewicz et al., 2020), HHP on L. plantarum regarding total phenol
content and antioxidant activity in fermented fruit juices (Ma et al.,
2023), and US on L. acidophilus fermentation time of milk in yogurt
(Brito et al., 2024) are all strain-dependent. This requires precise opti-
mization of processing parameters to avoid sub-lethal damage or
unintended inactivation.

The second challenge concerns storage stability. Probiotic viability
may decline during shelf life due to oxygen exposure, moisture fluc-
tuations, temperature variation, and post-acidification in fermented
products (Wendel, 2022; Meybodi et al., 2020). Microencapsulation
has been proposed as an effective protective strategy; however, it
increases formulation complexity and production costs and may influ-
ence texture or sensory perception depending on the encapsulating
material and food matrix compatibility (Yao et al. 2020; Camelo-Silva
etal. 2022).

A third major challenge is survival during gastrointestinal transit.
Probiotics must withstand acidic gastric conditions, bile salts, diges-
tive enzymes, and osmotic stress to reach the colon in adequate num-
bers (Hill et al, 2014; Wendel, 2022). While strategies such as
pre-conditioning and encapsulation may enhance survival, their pro-
tective efficacy remains strain-specific and influenced by host-related
factors.

Regulatory and consumer-related aspects further complicate pro-
biotic product development. Regulatory frameworks differ between
regions and often require strain-specific clinical evidence before
allowing health claims (Hill et al., 2014; Mukherjee et al. 2022; ISAPP,
2022). The lack of global harmonization in definitions, admissible
claims, and safety evaluation criteria continues to create classification
and labeling challenges.

Finally, industrial scale-up of innovative non-thermal technolo-
gies remains a technical and economic barrier. Technologies such as
PEF and high-pressure processing require significant capital invest-
ment and specialized operational expertise, limiting widespread
industrial adoption (Miiller et al., 2020; Vieira et al., 2024).

Addressing these limitations requires multidisciplinary collabora-
tion among food technologists, microbiologists, regulatory authori-
ties, and industry stakeholders. Advances in strain selection, adaptive
stress conditioning, encapsulation systems, and process optimization,
combined with harmonized regulatory frameworks, will be critical to
improving the long-term viability and functional reliability of probi-
otic foods.

5.7 Economic feasibility and scalability

Non-thermal techniques are recognized for their ability to pro-
duce high-quality products. However, they require significant capital
investment. On the positive side, these techniques are environmentally
friendly and cost-effective over the long term due to their prolonged
operational periods. Additionally, non-thermal techniques typically
require lower energy inputs as they do not involve heating. Despite
their advantages, non-thermal processing can increase product costs,
making such products suitable for premium customers. However,
advancements in technology could help reduce these costs. In
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contrast, traditional methods often expose samples to thermal shock,
which can diminish effectiveness, compromise quality, and lower sta-
bility. Furthermore, non-thermal methods reduce power consumption
and the need for water and solvents, thereby lowering operational
costs and enhancing energy efficiency. When considering industrial
barriers, the commercial adoption of non-thermal processing meth-
ods faces several challenges. These include scaling up to large-volume
production and improving processing capacity. The complexity of the
equipment necessitates specialized training for operators.
Nevertheless, with ongoing advancements in technology, equipment
can be modified to better meet processing limitations and

requirements.

5.8 Paraprobiotics and postbiotics:
applications, stability, and health benefits

Recent evidence indicates that probiotics and their metabolites,
whether live or non-viable, can exert health-promoting effects. As
viability is not always necessary to trigger biological responses, the
concept of paraprobiotics has been proposed as a broader category
than traditional probiotics.

Paraprobiotics, according to Taverniti and Guglielmetti (2011),
are non-viable bacterial cells or cell fragments that, when given in
sufficient quantities, have positive health effects. Often termed “inac-
tivated” or “ghost probiotics,” they are considered safer and more
stable alternatives for use in food products. Their non-viable status
provides advantages in terms of safety, storage stability, and reduced
risk of microbial overgrowth in vulnerable populations. However,
health effects remain strain-specific and must be clinically validated.

In contrast, postbiotics are bioactive metabolites or by-products
of probiotics, including organic acids, SCFAs, exopolysaccharides,
bacteriocins, and cell wall components (Aggarwal et al., 2022). These
compounds are naturally present in fermented foods or can be inten-
tionally incorporated into food matrices and packaging systems.
Postbiotics have been associated with various biological activities,
including immunomodulatory, anti-inflammatory, antioxidant, anti-
microbial, antihypertensive, hypocholesterolemic, and anti-obesity
effects, primarily attributed to their metabolites. The functional prop-
erties of postbiotics confer greater stability, texture, and palatability
compared to probiotics, positively influencing the physicochemical
and sensory characteristics of the final product and allowing their use
as functional excipients. Moreover, postbiotics do not adversely alter
sensory attributes; for instance, yogurt enriched with postbiotics was
shown to avoid excessive acidification after fermentation.

Despite growing evidence of their benefits, there are currently no
standardized regulations governing the use of paraprobiotics and
postbiotics. Like probiotics, the health effects of paraprobiotics are
strain-specific and must be validated in well-designed clinical trials.
Nevertheless, both paraprobiotics and postbiotics exhibit biological
activities, such as immunomodulatory, antioxidant, and antimicrobial
effects, which are similar or complementary to those of live probiotics.

Several randomized controlled trials have confirmed the immu-
nomodulatory potential of heat-inactivated L. plantarum. Lee et al.
(2017) reported enhanced natural killer (NK) cell activity and
increased IL-12, IgG1, and IF-y concentrations after 12 weeks of
yogurt consumption containing heat-treated strains. Similarly, Bae
etal. (2022) and Hong et al. (2024) demonstrated that supplementa-
tion with paraprobiotic capsules improved innate immune
responses, including NK cell activity and cytokine production,
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without adverse effects. These findings highlight paraprobiotics as
safe and effective alternatives for strengthening host immunity.

Paraprobiotics have also been successfully incorporated into vari-
ous food matrices without compromising product quality. For
instance, the addition of L. gasseri to grape juice did not alter pH or
acidity (Gholian et al., 2023), while inactivated L. plantarum in soy-
based beverages enhanced antioxidant activity and phenolic content
(Zahidah et al., 2024). Notably, strain selection remains critical:
Parvarei et al. (2021) observed that dead cells of B. lactis BB-12
improved yogurt sensory attributes, whereas inactivated L. acidophilus
reduced acceptability. Such results indicate that paraprobiotics not
only maintain but may even improve sensory and functional qualities,
supporting their integration into commercial functional foods.

From a technological standpoint, paraprobiotics and postbiotics
offer clear advantages over live probiotics, as they exhibit greater sta-
bility during processing, storage, and passage through the GIT. Their
robustness facilitates incorporation into diverse food products, func-
tional ingredients, and therapeutic formulations. However, challenges
remain regarding standardized definitions, mechanistic understand-
ing, and regulatory frameworks, highlighting the need for further
research and international harmonization.

6 Future perspectives

Future technologies aimed at maintaining probiotic viability in
food products must adopt a multidisciplinary and adaptive approach
to address challenges across processing, storage, and consumption
stages. Innovations in strain selection will play a pivotal role, focusing
on identifying and engineering probiotic strains with inherent resis-
tance to environmental stresses such as heat, oxygen, and gastric acid-
ity. Advanced genomic and proteomic tools can be utilized to pinpoint
genetic markers for stress tolerance, enabling the development of
robust strains tailored to specific food matrices. Non-thermal process-
ing methods, such as HHP and PEEF, offer promising alternatives to
traditional thermal techniques. However, scaling up these technolo-
gies will require significant investment in cost-effective equipment and
process optimization protocols to balance efficacy and economic fea-
sibility. Furthermore, microencapsulation techniques must evolve to
incorporate novel materials compatible with diverse food systems
while maintaining sensory qualities and ensuring cost-effectiveness.
The combination and optimization of HHP, PEF, US, CP, and ohmic
heating techniques could be investigated in the future to increase the
effectiveness of fermentations utilizing different strains. However, the
unlikely but theoretically potential toxicity of residual plasma-gener-
ated compounds from CP techniques requires testing to guaran-
tee safety.

Research should focus on expanding existing methods, optimiz-
ing microcapsule design, and addressing technological challenges to
enable the development of novel functional foods. Synbiotics, combin-
ing probiotics with prebiotics, offer a promising avenue for enhancing
gut microbiota modulation and health benefits. Identifying effective
prebiotics to support probiotic survival in the GIT and utilizing sus-
tainable resources for prebiotic extraction will be critical for future
advancements. To ensure successful adoption, collaboration between
academia, industry, and stakeholders is essential for fostering con-
sumer awareness and driving innovation in functional foods.
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7 Conclusion

Probiotic viability in food products is influenced by multiple
interrelated factors, such as processing methods, food matrix compo-
sition, storage conditions, and environmental stressors. Addressing
these factors is essential for creating probiotic foods that consistently
deliver health benefits at the time of consumption. While thermal
treatments are effective for pathogen inactivation, they often compro-
mise probiotic survival due to membrane disruption and protein
denaturation.

In contrast, non-thermal technologies such as HHP, PEF, US,
CP, and ohmic heating preserve probiotic viability, maintain nutri-
tional content, and minimize degradation of bioactive compounds.
The composition of the food matrix significantly impacts probiotic
stability, with factors such as pH, fat content, and the inclusion of
prebiotics or encapsulation materials offering protective benefits.
Maintaining probiotic levels across a product’s shelf life also
requires optimizing storage conditions, such as temperature,
humidity, and packaging.

Although numerous studies have investigated individual non-
thermal technologies, the literature remains fragmented, with most
reports focusing on single processing methods, specific strains, or
isolated food matrices. Moreover, probiotic viability is often evalu-
ated solely through culturability, without integrating functional or
metabolic indicators, leading to inconsistencies in interpreting
technological effectiveness. This lack of integrated evaluation rep-
resents a critical gap in current research. This review bridges this
gap by comparatively synthesizing recent experimental evidence
on non-thermal technologies, including HHP, PEF, ultrasound,
and ohmic heating. It examines not only survival outcomes but
also functional performance, metabolic enhancement, and matrix-
dependent responses. By structuring the evidence across process-
ing technologies, food systems, biological responses, and
regulatory considerations, this review provides a multidimensional
framework for understanding probiotic stability beyond simple
CFU preservation. Furthermore, the integration of emerging con-
cepts such as paraprobiotics and postbiotics within non-thermal
processing contexts remains limited in the literature. This review
highlights the potential of combining technological and biological
strategies to enhance both stability and functionality, offering a
more comprehensive approach to probiotic product development.

From a practical standpoint, these insights can assist the food
industry in selecting strain-specific and matrix-appropriate mild pro-
cessing technologies for the development of stable, high-quality pro-
biotic products aligned with sustainability goals and consumer
expectations. Nevertheless, several challenges remain, including
strain-dependent technological responses, feasibility of industrial-
scale implementation, regulatory harmonization, and standardization
of viability assessment methodologies. Future research should there-
fore prioritize: (i) harmonization of viability and functionality assess-
ment tools, (ii) development of strain-specific processing parameters,
(iii) integration of encapsulation and non-thermal strategies, (iv)
techno-economic and scalability evaluations, and (v) clearer regula-
tory pathways for probiotic, paraprobiotic, and postbiotic applications.

By addressing these critical gaps, the food industry can advance
toward the production of probiotic products that consistently retain
their health-promoting properties while meeting safety, quality, sus-
tainability, and regulatory standards.
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