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Abstract
Postbiotics have recently emerged as one of the latest functional food products due to the ever-evolving landscape for 
microbiome-targeted health interventions. Postbiotics, along with other functional biotics, viz., probiotics, prebiotics and 
synbiotics, confer their health benefits mainly via the modulation of the gut microbiota. Postbiotics are considered more 
promising than probiotics as they elicit similar effects, despite being inactivated, thus relegating concerns of strain activity 
and stability that have been raised about probiotics. This review attempts to provide critical insights into postbiotics by firstly 
revising its definition to create a streamlined framework for further discourse on the interplay between postbiotics, nutrition, 
microbiota, and health. Similarly, this review establishes the nexus between postbiotics and probiotics while highlighting that 
postbiotics can also be derived from other microbes apart from lactobacilli such as yeasts and fungi. Furthermore, an overview 
of the extraction and production of postbiotics are presented as well as the biochemistry of short-chain fatty acids, enzymes, 
peptides, polysaccharides, peptidoglycans and teichoic acids, which have all been identified as postbiotic components. Finally, 
their bioactivities (antioxidant, anti-inflammatory, antidiabetic, immunomodulatory, anti-hypertensive, antimicrobial) and the 
patent landscape of postbiotics are evaluated to promote its innovative applications in the food, veterinary, pharmaceutical 
and cosmetic industries. Having identified major gaps and areas of improvement, it is believed that this critical review will 
serve as a guide in the increasing effort to advance the industrial potential of postbiotics.
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Introduction: a paradox of nomenclature

The age-long consumption of fermented foods by various 
cultures across the world has been associated with vari-
ous health benefits, especially the attenuation of intestinal 
disturbances, which have been validated by various scien-
tific investigations (Mukherjee et al. 2024). It is believed 
that the relationship between traditional fermented foods, 
their natural microbiome and their biological activities was 
first developed into the scientific concept of probiotics in 
1907 by Elie Metchnikoffa (Russian scientist), after he had 

observed the consumption of sour dairy products containing 
beneficial microbes was related to the longevity and good 
health of Bulgarian peasants (Krawczyk And Banaszkiewicz 
2021). The science of functional biotics which was initially 
centred around the health-beneficial effects accruable from 
viable cells, viz., probiotics, has now expanded to include 
the various derivatives of the cells such as their metabolites, 
the inactivated (dead) cells as well as substrates which pro-
mote the growth of such beneficial microbes. Thus, having 
been established that various health benefits can be obtained 
beyond the viability of probiotic microbes, other functional 
biotic classes, including postbiotics, prebiotics, and synbiot-
ics, have now attracted the attention of scientists, consumers, 
the industry and other relevant stakeholders.

Postbiotics (sometimes referred to as metabiotics, bio-
genics), in particular, have become very prominent in both 
nutrition and health sciences as they are believed to confer 
various health benefits to the consumers/patients without the 
attendant concerns arising from the ingestion of probiotics 
in their living forms. However, like many other emerging 
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concepts, serious debates exist about the definition of post-
biotics as the critical review of both primary and secondary 
research papers reveals a lack of total consensus. Although 
some common denominators exist in some current defini-
tions, the situation where various cellular derivatives are 
termed postbiotics presents a wide knowledge gap, mak-
ing comparison between various findings non-feasible. For 
instance, various studies consider cell-free supernatants 
derived from the fermentation of probiotics as postbiotics 
(Dameshghian et al. 2024; Kim et al. 2024a, SAntana et al. 
2024), while in some other works heat-killed probiotic cells 
devoid of the supernatants (Kim et al. 2024b). Furthermore, 
some authors considered the inactivated probiotic cells pro-
cessed together with the supernatants as postbiotics (Kim 
et al. 2023; Xu et al. 2023a, b).

However, in this review, the widely accepted definition 
by the International Scientific Association of Probiotics and 
Prebiotics (ISAPP) which states that “postbiotics is a prepara-
tion of inanimate microorganisms and/or their components 
that confers a health benefit on the host”, will be considered 
as the standard. In adopting the ISAPP definition, this review 
does not in any way invalidate the other definitions but appre-
ciates the fact that the matter of nomenclature is an open 
and ongoing debate, which should not be a major stumbling 
block to the current advancements being made in this area of 
research. The authors also believe that baring the “invention” 
of a globally acceptable definition by international regulatory 
bodies such as the WHO, FAO or Codex Alimentarius, the 
opinion of ISAPP- which is a consortium of scientific experts 
focused on advancing the science of probiotics, prebiotics and 
related substances- would be less subjective than those held 
by various independent laboratories around the world. Fur-
thermore, considering that “postbiotics” is still a relatively 
emerging concept, it is expedient to have a more inclusive 
definition which considers postbiotics as the encompassing 
term for heat-killed probiotics, heat-inactivated probiotics, 
ghost-probiotics, non-viable probiotics, paraprobiotics, cell 
fragments, cell lysates and cell-free supernatants.

As earlier stated, the key highlight of postbiotics is 
they confer health-promoting effects despite their “non-
living” status, thus allaying fears of any detrimental effect 
on immunocompromised consumers (Sabahi et al. 2023; 
Sadeghi et al. 2023). Compared to probiotics, the use of 
postbiotics also minimises the potential risk of antibiotic 
resistance, and they are more stable during processing as 
well as during storage (Sabahi et al. 2023). The health ben-
efits of postbiotics have been posited to be pleiotropic and 
these benefits are elicited via direct interaction with the 
host’s system, the host’s gut microbiome or a combination 
of both (Uhlig et al. 2023). Furthermore, the various bio-
activities attributed to postbiotics are majorly a function 
of their components, which include bacteriocins, cell wall 
components, enzymes, exopolysaccharides, organic acids, 

peptidoglycan, short-chain fatty acids (SCFA) and other 
soluble bioactive compounds (Mehta et al. 2023; Sadeghi 
et al. 2023). Consequently, bioactivities due to living cells 
or any of the metabolite components in the purified form 
cannot be regarded as due to the activity of the postbiotic. 
Furthermore, these components synergistically elicit vari-
ous local benefits, including anti-inflammatory, antimicro-
bial and immunomodulation, as well as systemic effects 
such as anti-obesogenic, anti-proliferative, antihyper-
tensive, hypercholesterolaemic on the host physiological 
functions (Aguilar-Toalá et al. 2018). In this regard, vari-
ous experimental and clinical studies have demonstrated 
the ability of postbiotic preparations to ameliorate vari-
ous disease conditions or modulate homeostatic balance 
in humans (Fang et al. 2023; Rui et al. 2024) and other 
animals such as poultry birds (Johnson et al. 2019; Chaney 
et al. 2023), cattle (Ríus et al. 2022; Dai et al. 2024).

Contrary to the general notion that postbiotic prepara-
tions are typically derived from probiotic bacteria, espe-
cially from the Lactobacilli and Bifidobacterium genera, 
health-promoting postbiotics can also be produced from 
yeasts (Xu, et al. 2023a; Dai et al. 2024), and filamentous 
fungi (Jasim et al. 2022) that may not be systemically clas-
sified as probiotics. Consequently, drawing from their many 
benefits and versatility, various post-biotic-based products 
are currently being marketed worldwide with remarkable 
success. These products include postbiotic supplements 
for humans and animals, human cosmetics, as well as key 
ingredients in the food/beverage formulation and pack-
aging. According to data from Allied Market Research 
(2021), the global postbiotic market was estimated at USD 
1.6 billion in 2021 and was projected to grow at a CAGR 
of 6.8% to USD 3 billion in the next decade.

Despite being an emerging field, many review articles 
have been written on postbiotics, although mostly focus-
ing on their production, processing, and health benefits. 
However, some of these articles are limited in scope, 
especially due to their unambiguous definition of the term 
‘postbiotics’. Furthermore, the industrial applicability 
and the economic potential of this biotic preparation have 
received little or no attention. Therefore, having addressed 
the nomenclature paradox, the other objectives of this 
paper are to address the aforementioned gaps by critically 
analysing recent literature on the concept of postbiotics 
with special emphasis on the wide spectrum of source 
microbes, processing, biochemical composition and their 
biological activities. In addition, the paper also evaluates 
the current and potential industrial uses of postbiotics, 
their commercial potential as well as a brief overview of 
the patents space. Finally, the pertinent challenges and 
limitations encumbering the postbiotic concept are also 
identified, while possible solutions and future perspectives 
were also put forward.
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Probiotics to postbiotics

According to ISAPP, probiotics are “live organisms that, 
when administered in adequate amounts, confer a health 
benefit on the host”. These beneficial microbes are mainly 
obtained from fermented foods, as well as the gut micro-
biota of fishes (aquaculture), humans and animals, which 
all contain a plethora of strain-specific probiotics (Cai et al. 
2019). Probiotics are mostly lactic acid bacteria (LAB) 
which include members of the Lactobacillus (Zhang et al. 
2020), Lactococcus (Saeed et al. 2023) Leuconostoc (Alan 
et al. 2022), and Bifidobacterium (Alan et al. 2022) genera. 
However, eukaryotic organisms such as yeasts and fungi, 
have also been demonstrated to serve as probiotics, espe-
cially the yeast probiotics Saccharomyces cerevisiae and S. 
boulardii which produce a wide range of health-benefiting 
metabolites (Fu et al. 2023). Recently, the potential of some 
filamentous fungi as probiotics was also highlighted; for 
instance, Aspergillus niger served as a growth-promoting 
component in aquaculture feeds (Jasim et al. 2022). The 
benefits of probiotics include protection against pathogens 
(Popova et al. 2012), immunomodulation to aid in the regu-
lation of the host's immune responses (Azad et al. 2018), 
alleviating lactose intolerance (Gingold-Belfer et al. 2020), 
prevention of dental caries (Shi et al. 2023), adjuvants in 
hypercholesterolemia, cancer and hypertension (Latif et al. 
2023), and maintenance of the intestinal microbiota and 
intestinal barrier function (Liu et al. 2024).

Recent advancements in understanding the dynamics and 
mechanisms of probiotics have led to a progressive transi-
tion in the use of live probiotic cultures, shifting towards 
their non-living metabolic byproducts, commonly known 
as postbiotics. It has since been established that microbial 
viability may not be necessary to attain the derived health 
benefits from functional biotics. In this context, Zhang et al. 
(2022) compared the effects of the probiotic, Bifidobacte-
rium adolescentis B8589, and the postbiotics derived from 
it and observed that both were capable of improving disease 
phenotypes, thus highlighting postbiotics as next-generation 
biotherapeutics. The shift to postbiotics has continued to 
rise following concerns about the potential health dangers 
of consuming probiotics, which are live organisms. Some of 
these dangers include antibiotic resistance genes (ARGs), 
limited storage potential due to the number of viable cells 
being reduced throughout the product shelf life (Tingiri-
kari et al. 2024), and the potential to negatively influence 
the balance between anti and pro-inflammatory cytokines 
amongst at-risk groups such as immunocompromised indi-
viduals, patients that have abnormal gastrointestinal bar-
riers, patients following surgical treatment and premature 
newborns (Siciliano et al. 2021; Tingirikari et al. 2024). 
Although many probiotics have been conferred with the 
GRAS (generally recognised as safe) status, instances of 

horizontal transfer of antibiotic resistance genes (ARGs) 
have been recorded. For example, antimicrobial resist-
ance (AMR) gene transfer was reported by Baumgardner 
et al. (2021) from commercial animal probiotics using PCR 
screening for known AMR genes such as tetM, ermB, sul1, 
and dfrG, to name a few; more than 90% of the 47 probiot-
ics contained at least one AMR gene, thus heightening the 
probability of AMR gene transmission to gastrointestinal 
microbiota. Similarly, spore-forming Bacillus spp. collected 
from 50 probiotic products displayed resistance to lincomy-
cin and tetracycline (Deng et al. 2021). An additional study 
by Tian et al. (2024) found that streptomycin resistance from 
Lactobacillus probiotics was highly transferrable to the rep-
resentative bacteria Enterococcus faecalis, Staphylococcus 
aureus and E. coli when co-incubated on human intestinal 
cells Caco-2, indicating its potential of elevating the rate of 
ARG transmission in the gut reservoir. A more serious case 
highlighting the adverse effects of probiotics was recently 
reported by Eze et al. (2024), where a 79-year-old patient 
with a history of chronic probiotic use, resulting in a resist-
ant case of Lactobacillus bacteremia with no benefit from 
antibiotic therapy, ultimately leading to death due to multi-
ple complications related the Lactobacillus bacteremia. Fur-
thermore, postbiotics are also promoted by their remarkable 
stability during processing and storage, which has been a 
key challenge with live probiotics, enhancing their utilisa-
tion in regions with unreliable cold chains that may rely on 
ambient storage temperatures (Salminen et al. 2021). This 
desirable characteristic was highlighted by Arrioja-Bretón 
et  al. (2020) who evaluated the stability of postbiotics 
derived from LAB under various storage conditions (15 °C, 
25 °C and 35 °C). The findings showcased that the highest 
bioactivity was maintained when stored at 15—25 °C, thus 
emphasising the suitability of ambient temperatures for pre-
serving postbiotic functions.

In addition, postbiotic preparations are recovered as 
extracellular secretions during the fermentation of probi-
otics; hence, from a functional perspective, the processing 
of postbiotics is less demanding (Blazheva et al. 2022). 
Besides their ease of processability and stability, the safety 
dose limits and unique chemical structures of postbiotics 
also enhance their applications as functional biotic products 
for human and animal use (Mohammed and Çon 2024). Con-
sequently, a wide range of postbiotics have been prepared 
from bacteria, yeasts as well as filamentous fungi (Table 1). 
It is not unexpected that most of the postbiotics were derived 
from Lactobacillus and Bifidobacterium genera, which have 
been well described for their tendencies to mainly produce 
beneficial organic acids and short-chain fatty acids, respec-
tively, during fermentation. However, various postbiotics 
have also been prepared using bacteria from other genera, 
such as Bacillus, Enterococcus, and Streptococcus strains 
(Table 1). Although the potentials of various yeast species, 
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Table 1   Postbiotics derived from various probiotic microorganisms

Probiotic Postbiotic component(s) Reference

Bacteria
Bacillus amyloliquefaciens J Phenyllactic acid, lactic acid, acetic acid, butyric 

acid, propionic acid, pentanoic acid, phenolic acid, 
ferulic acid

Tong et al. 2023 

Bacillus coagulans GBI-30 Myristic/capric/palmitic/stearic acids, cysteine, tryp-
tophan, tyrosine, alanine, phenylalanine, threonine 
and flavin adenine dinucleotide

Aguilar-Toalá et al. 2020 

Bacillus velezensis Kh2-2 Acetic acid, propionic acid, isobutyric acid, isovaleric 
acid, valeric acid

Chen et al. 2023 

Bacillus velezensis KMU01 Phenylalanine, tyrosine, tryptophan, valine, leucine, 
isoleucine, GABA, glutamine, cystine, histidine, 
proline, arginine

Jung et al. 2022; Chen et al. 2023 

Bifidobacterium longum CECT-7347 Whole cell postbiotic Martorell et al. 2021 
Bifidobacterium breve BB091109 (NCIMB43992) β-glucans Motei et al. 2023 
Bifidobacterium lactis BB12 Linoleic acid, exopolysaccharides (glucose, galac-

tose, glucuronic acid, rhamnose and xylose), 
bacteriocins (26, 45 and 95 kDa)

Amiri et al. 2021 

Enterococcus faecium EFM2 Glucose, 5-bromo-4-chloro-3-indoxyl-β–glucoside, 
β-glucopyranoside indoxyl, phenylalanine arylami-
dase, tyrosine arylamidase, galactose, cellobiose, 
maltose, -mannosidase, maltotriose, esculin 
hydrolysis, L-arabinose, leucine arylamidase, 
pyrrolydonyl-arylamidase, arginine

Kim et al.  2024a

Enterococcus faecium NCIM 5593 γ-aminobutyric acid (GABA) Gangaraju et al. 2022 
Enterococcus faecium EK13 Enterocins (EntA(P)/EK13, EntM/AL41, 

Ent4231, Ent7420, Ent55, Ent9296, Ent412 and 
DurED26E/7)

Zábolyová et al. 2024 

Lacticaseibacillus casei CRL 431 Myristic/capric/palmitic/stearic acids, cysteine, tryp-
tophan, tyrosine, alanine, phenylalanine, threonine 
and flavin adenine dinucleotide

Aguilar-Toalá et al. 2020 

Lactobacillus helveticus H9 Lactate. acetate, succinate, leucine, isoleucine, lysine, 
valine, phenylalanine, threonine, methionine, histi-
dine, tryptophan, glutamic acid, glutamine, proline, 
asparagine, aspartic acid, serine, tyrosine, alanine, 
arginine, glycine, cysteine

Rozhkova et al. 2023 

Lactiplantibacillus plantarum KM1 Phenylalanine, tyrosine, tryptophan, valine, leucine, 
isoleucine, GABA, glutamine, cystine, histidine, 
proline, arginine

Jung et al. 2022 

Lacticaseibacillus paracasei ABK Lactate. acetate, succinate, leucine, isoleucine, lysine, 
valine, phenylalanine, threonine, methionine, histi-
dine, tryptophan, glutamic acid, glutamine, proline, 
asparagine, aspartic acid, serine, tyrosine, alanine, 
arginine, glycine, cysteine

Rozhkova et al. 2023 

Lactiplantibacillus plantarum SN4 Phenyllactic acid, lactic acid, acetic acid, butyric 
acid, propionic acid, pentanoic acid, phenolic acid, 
ferulic acid

Tong et al. 2023 

Letillactobacillus kefiri LK1 Glucose, 5-bromo-4-chloro-3-indoxyl-beta-glucoside, 
β-galactopyranoside indoxyl, phenylalanine arylam-
idase, tyrosine arylamidase, 5-bromo-4-chloro-
3-indoxyl-alpha-galactoside, arabinose, arbutin, 
L-proline arylamidase, Ala-Phe-Pro-arylamidase, 
phenylphosphonate

Kim et al. 2024a

Lactococcus chungangensis CAU 1447 Lactic, acetic acid, aspartic acid, glutamic acid, 
asparagine, serine, glutamine, histidine, glycine, 
alanine, GABA, valine, methionine, tryptophan, 
phenylalanine, isoleucine, lysine, proline, caproic 
acid, lauric acid, myristic acid, palmitoleic acid, 
stearic acid, oleic acid, linoleic acid

Nam et al. 2021 
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Table 1   (continued)

Probiotic Postbiotic component(s) Reference

Lactococcus lactis subsp. cremoris WA2-67 Garavicin A, garavicin Q, nisin Z, nisin A Feito et al. 2023
Leuconostoc mesenteroides (A4X, Z36P, B12, and 

O9)
Dextran, mannitol, oligosaccharides, riboflavin 

(Vitamin B2)
Zarour et al. 2024 

Leuconostoc pseudomesenteroides (Y4, Y6, Y20, 
Y49 and Y51)

Maleic acid, citric acid, tartaric acid, pyruvic acid, 
malic acid, succinic acid, fumaric acid, acetic acid, 
acetoin, 2,3-butanediol

Ala n et al. 2022

Leuconostoc mesenteroides J.27 Lactic acid, acetic acid, citric acid, boric acid, suc-
cinic acid, methyl succinic acid, aminomalonic 
acid, glyceric acid, valine, alanine, lysine, glycine, 
tyramine, threonine, glucose, altrose, xylitol, 
sucrose, phosphoric acid, glycerol-3-phosphate, 
myo-inositol

Toushik et al. 2022 

Pediococcus acidilactici (B-LC-20) Gallic acid, protocaucic acid, procyanidin B2, 
catechin, 4-hydroxy benzoic acid, syringic acid, 
epicatechin, caftaric acid, chlorogenic acid, 2.5, di-
hydroxy benzoic acid, p-coumaric acid, ferulic acid, 
rutin, quercetin-3-glucoside, kaempferol-3-gluco-
side, myricetin, quercetin, luteolin, kaempferol, 
propiolic acid, formic acid, acetic acid, propanoic 
acid, 2-methyl-propanoic acid, butanoic acid, 
3-methyl-butanoic acid

İnci Li et al. 2021 

Pediococcus acidilactici (B-LC-20, Bactoferm) Linolenic acid, 2-propynoic acid, acetic acid, propa-
noic acid, 2-methyl propanoic acid, butanoic acid, 
2-methyl butanoic acid, pentanoic acid, lactic acid, 
octanoic acid, decanoic acid, 3-phenyl-2-propenoic 
acid, alpha-hydroxy-benzenepropanoic acid, 
dodecanoic acid, ethyl propanoate, 2-hydroxy-
methyl propanoate, ethyl butanoate, butyl acetate, 
ethyl pentanoate, ethanol, resveratrol, kaempferol-
3-glucoside

İnci Li et al. 2021 

Streptococcus alactolyticus FGM Fumaric acid, pyruvic acid, linoleic acid, phenyl 
lactic acid, tartaric acid, xylose, lactic acid, homo-
vanillic acid, indole lactic acid, glyceraldehyde, 
maleic acid, hydroxy phenyl lactic acid, phenyl 
pyruvic acid, ketoleucine, 3-methyl-2-oxopentanoic 
acid, fructose, glutaconic acid, N-acetyltryptophan, 
proline, creatine, glutamylalanine, glutamic acid, 
tryptophan, asparagine, glucaric acid, citramalic 
acid, aminocaproic acid, phenylalanine, glucose, 
ribulose, N-acetyaspartic acid, 2-methylbutyroyl-
carnitine, butyrylcarnitine, N-acetyalanine, suberic 
acid, methyl cysteine, glycyl proline, 3-hydroxy-
butyric acid, dimethylglycine, oxoadipic acid, 
4-hydroxybenzoic acid, isocitric acid, malonic acid

Gu et al. 2024 

Streptococcus salivarius K12 Salivabactin A, salivabactin B Do et al. 2024 
Yeasts
Saccharomyces bourlardii N-acryloylglycine, N6-acetyl-L-lysine, N-acetylhisti-

dine, N-methylalanine, p-aminobenzoic acid, tyro-
sol, glycerophosphocholine, 1-aminocyclopropane-
carboxylic acid, 2-hydroxy-4-methylpentanoic acid, 
shikimic acid, nicotinic acid, indoleacetaldehyde, 
serotonin, indolepyruvate, L-3-phenyllactic acid

Fu et al. 2023 



	 World Journal of Microbiology and Biotechnology          (2025) 41:293   293   Page 6 of 30

such as Debaryomyces hansenii (Angulo et  al. 2020), 
Kluyveromyces marxianus (Nag et al. 2023), and Pichia 
kudriavzevii (Zhang et al. 2023), to produce postbiotics have 
been demonstrated, much focus has been placed on detailing 
the composition and biological activities of Saccharomyces 
derived postbiotics. On the other hand, the production and 
characterisation of postbiotics from Aspergillus, Penicillium, 

and mushrooms such as Cordyceps and Phellinus species 
have also been demonstrated (Seidler et al. 2024).

Extraction and processing of postbiotics

The extraction and processing of postbiotics involves 
various techniques which may be used individually or in 

Table 1   (continued)

Probiotic Postbiotic component(s) Reference

Saccharomyces cerevisiae var. boulardii NCYC 3264 Succinic acid, D-glucose, 1,3-dioxolane, phenyl ethyl 
alcohol, amphetamine, 2-pentanoic acid, benze-
neacetic acid, M-cymene, hydroxycinnamic acid, 
L-leucylglycine, DL-aspartic acid, amphetamine, 
citric acid, cinnamic acid, L-alanine, acetic acid, 
2,4-dinitro-1-napthalenol, quinoline, erythromy-
cin, vanillic acid, L-phenylalanine, vitamin B6, 
hydroxylamine, L-phenylisoquinoline, L-proline, 
D-proline, pyruvic acid, 2,4-bis(1,1-dimethylethyl)-
phenol, fumaric acid, malic acid

Datta et al. 2017 

Saccharomyces cerevisiae BY4742 D-glucose, citric acid, lactic acid, succinic acid, glyc-
erol, fumaric acid, malic acid, valine, ethanolamine, 
isoleucine/leucine, glycerol, glycine, uracil, serine, 
threonine, homoserine, erythritol, cytosine, aspar-
tate, A-ketoglutaric acid, glutamate, phenylalanine, 
ribose, asparagine, 2-aminoadipic acid, orotic acid, 
glycerol-1-phosphate, glutamine, N-acetyl-glutamic 
acid, ornithine, lysine, mannitol, tyrosine, inositol, 
xylulose-5-phosphate, glucose-6-phosphate

Datta et al. 2017 

Saccharomyces cerevisiae KU200270, KU200280 β-glucan, GSH (glutathione), GSSG (glutathione 
disulfide), L-ornithine, spermidine, esterase, 
esterase lipase, leucine arylamidase, valine 
arylamidase, cystine arylamidase, trypsin, acid 
phosphatase, naphthol-AS-BI-phosphohydrolase, 
α-galactosidase, β-galactosidase, β-glucuronidase, 
α-glucosidase, β-glucosidase, N-acetyl-β-
glucosaminidase, α-mannosidase, α-fucosidase

Lee, et al. 2019a 

Fungi
Aspergillus flavus 2,4-hexadienoic acid, methyl ester, 1,4-diphe-

nylbut-3-ene-2-ol, 2-thiopheneethanol,5-(4,5-
dihydro-4,4-dimethyl-2-oxazolyl), 
phenol, 2,4-Bis(1,1-dimethylethyl), caryophylla-
4(2),8(13)-dien-5-ol,4 h-1-benzopyran-4-one,2-
(3,4-dimethoxyphenyl)−3,5-dihydroxy-7-methoxy-
,androstane-11,17-dione,3-[(trimethylesilyl)
oxy]−17-[o-(phenylmethyl)oxime],(3a,5a), Tricy-
clo[4,3,1,1(3,8)]undecane-3-carboxylic acid, Silane, 
trimethyl (stigmast-5-en-3beta-yloxy)-, Cholestan-
3-ONE,Cyclic 1,2-Ethanediyl Aetal,*(5 a)-, Curan, 
16,17-didehydro-,(20.xi.)-, Bis(2-ethylhexyl)
phthalate, Cyclohexane, hexaethyllidene-(isomer 1)

Alm Anaa et al. 2021 

Cordyceps militaris Uronic acid, mannose, glucose, galactose, α-glucan, 
β-glucan,

Kim et al. 2023 

Penicillin flavigenum Sorbicillin-like metabolites Suh et al. 2023 
Phellinus linteus Uronic acid, rhamnose, fucose, arabinose, xylose, 

mannose, galactose, glucuronic acid, galacturonic 
acid, glucose, rhamnopyranosyl, fucopyranosyl, 
arabinofuranosyl, xylopyranosyl, galactopyranosyl, 
galactopyranosidic

Suh et al. 2023 
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combination, depending on the applicatory needs, as well 
as available resources (Table 2). The first step in the produc-
tion of these biological preparations is the recovery of the 
fermentation broth (Tong et al. 2023). Prior to that, various 
fermentation conditions must be optimised for the probiotic 
culture to produce postbiotics both efficiently and effectively. 
For instance, the choice of substrate has been identified as 
a critical factor; it is believed that the typical use of com-
mercial media, especially de Man, Rogosa & Sharpe (MRS) 
broth, is quite expensive and non-feasible for upscaling. 
Interestingly, various alternative substrates, such as xylo-
oligosaccharides and arabinoxylooligosaccharides, may be 
extracted from agro-residues such as sugarcane straw, wheat 
bran and corn stover, to serve as feedstock for postbiotic 
production (Hu et al. 2016; Mathew et al. 2018; Wegh et al. 
2019). These biomass are usually abundant and cost-effec-
tive substrates to produce postbiotics at a larger scale (Knob 
et al. 2014). Following fermentation, the choice of the sub-
sequent processing steps largely depends on the metabolites 
of interest, which could be the intracellular or extracellular 
metabolites or a combination of both. The major difference 
between the processing of intracellular and extracellular 
postbiotics lies in the initial cell lysis required for harvesting 
intracellular metabolites; this lysis step is s not applicable 
in the latter since all the metabolites are secreted into the 
fermentation broth.

The various techniques for cell lysis or disruption include 
enzymatic, chemical, and mechanical means, each with its 
unique advantages and disadvantages (Grigorov et al. 2021). 
For instance, mechanical methods such as pounding, sonica-
tion, and homogenisation are rapid, and quite adaptable to a 
variety of cells, however, they often require heat-generating 
equipment which could destabilise heat-labile metabolites 
(Sun et al. 2023). In comparison, enzymatic methods are 
slower and more expensive, but they are more likely to pre-
serve the integrity of sensitive metabolites under moderate 
operating conditions (Abbasi et al. 2021). On the other hand, 
chemical methods, which are effective and readily scalable 
for commercial purposes, have been demonstrated to often 
cause denaturation of postbiotic protein components and are 
also associated with various safety risks (Gomes et al. 2020).

Centrifugation is the common starting point in the pro-
cessing of all types of postbiotics, and it has been docu-
mented for its user-friendliness, enhanced extraction effi-
ciency, and high recovery rates (Thorakkattu et al. 2022). 
Through centrifugation, cells/cell debris are separated from 
the metabolites which are subjected to further processing 
(Paul Beulah And Rajasekar, 2023). Subsequently, filtration 
may be employed to ensure the total separation of micro-
bial cells from the supernatant-containing metabolites, thus 
avoiding interference with downstream processing and facil-
itating high metabolite recovery (Lee et al. 2019b).

Table 2   Techniques involved in postbiotic processing

Category Method Agents/techniques used Principle Reference

Extraction methods Chemical – mediated Sodium dodecyl sulphate (SDS), 
hydrochloric acid,

polar solvents (methanol, ethanol, 
and water), non-polar solvents 
(hexane and chloroform)

Specific chemicals are used to dis-
rupt cell walls, thereby releasing 
bioactive compounds

 Mishra et al. 
2024a

Enzyme – mediated Lipases, proteases, glycosidases Specific enzymes are used to disrupt 
cell walls, thereby releasing bioac-
tive compounds

 Mishra et al. 
2024a

Mechanical Bead beating and ultrasonication Physical force breaks down cell 
structure to release bioactive 
compounds

Avramia and A  
Mariei 2022

Downstream processing Centrifugation Differential centrifugation Separates bacterial cells from 
cell-free supernatants containing 
postbiotic metabolites

 Nealon et al. 2024

Chromatography TLC, HPLC, GC Separation of postbiotics based 
on the interaction between the 
stationary and mobile phase

 Mishra et al. 
2024a; Nealon 
et al. 2024

Lypholization  Freeze dryer Concentration using non-thermal 
approach

 Nataraj et al. 2020

Filtration Microfiltration and nanofiltration Filters are used to remove larger 
particles whilst allowing smaller 
molecules to pass through

 Nataraj et al. 2020
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Păcularu-Burada and Bahrim (2021) highlighted the uti-
lisation of precipitation to concentrate accessible proteins 
inside postbiotic preparations, as well as to improve purity. 
Dialysis has also been noted to be a gentle method that 
allows for the selective removal of undesirable molecules 
and can be used to maintain the functionality and integrity of 
sensitive metabolites (Rad et al. 2022). Additional process-
ing of postbiotic metabolites may also include evaporation 
and/or lyophilisation, which serve concentration purposes, 
facilitate stability during storage and prepare the func-
tional biotics for downstream processes such as encapsula-
tion, granulation, compaction, and spray drying (Fang And 
Bhandari 2017). However, during evaporation and lyoph-
ilisation, the removal of the liquid constituents may lead to 
the loss of volatile compounds which are usually crucial for 
the functionality and bioactivities of the postbiotics (Hijová, 
2024; Mishra, et al. 2024a).

The comprehensive evaluation and effective utilisation 
of postbiotic preparations cannot be said to be complete 
without the analysis of the preparations using appropri-
ate analytical methods. The identification of postbiotic 
metabolites is typically achieved via chromatographic 
methods such as high-performance liquid chromatogra-
phy (HPLC) and gas chromatography (GC), however, it is 
believed that basic techniques such as thin layer chroma-
tography (TLC) or column chromatography may also pro-
vide some preliminary insights when required (Zhou et al. 
2024). Furthermore, analytical techniques such as nuclear 
magnetic resonance (NMR) spectroscopy (Balaguer et al. 

2022), mass spectrometry (MS) (Zhou et al. 2024) and 
Raman spectroscopy (Aguilar-Toalá et al. 2020) have also 
been instrumental in characterising the biochemical com-
position of postbiotics. It was also noted that combining 
complementary analytical techniques such as spectro-
scopic analysis and chromatographic separations, often 
yields a more comprehensive description of the postbiotic 
profile (Segers et al. 2019). However, further downstream 
processing and/or modification of postbiotics is largely 
dependent on their final and specific industrial applica-
tion. For instance, postbiotics have been used to supple-
ment fermented foods such as kombucha, sauerkraut and 
yoghurt in a process known as fermentation product inte-
gration (Prajapati et al. 2023). In another instance, the 
synergistic effect of Fig. 1.

Biochemical composition of postbiotics

The chemical profiles of postbiotics are essential in sup-
porting the biological activities initiated by these com-
pounds (Moradi et al. 2019). Furthermore, it is imperative 
to understand the biochemical nature of postbiotics, which 
plays significant roles in their absorption, metabolism, 
excretion and distribution across the hosts’ organs and tis-
sues. The biochemical composition of postbiotics from dif-
ferent microbial sources varies as much as the metabolic 
capabilities of the microbial sources and is also dependant 
on the nature of the growth/fermentation medium (Aguilar-
Toalá et al. 2018). Although postbiotics contain a wide 

Fig. 1   Process flow of postbiotic production
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range of metabolites in different proportions, studies have 
shown that the most active of the metabolites can be mainly 
categorised into short-chain fatty acids (SCFAs), enzymes, 
organic acids, lipids, polysaccharides, peptides, teichoic 
acids and peptidoglycan. Furthermore, vitamins (includ-
ing vitamin B) and folic acid have also been found as key 
components in quantifiable amounts in various postbiotic 
preparations (Zakrzewska et al. 2022). The wide range and 
diversity of compounds found in various postbiotic prepa-
rations have been highlighted in the previous section of 
this review (Table 1); it must, however, be noted that these 
compounds, when consumed in their purified individual 
forms, can no longer be considered as postbiotics.

Short‑chain fatty acids

Short-chain fatty acids (SCFAs) are saturated aliphatic 
organic acids that consist of one to six carbons, with ace-
tate, propionate and butyrate being the most common in 
the human body (Markowiak-Kopeć and Śliżewska, 2020). 
They are considered the most abundant postbiotic compo-
nents produced during microbial fermentation, and they 
have been demonstrated to be an important regulator of 
human GIT homeostasis (Ragavan And Hemalatha 2024). 
In addition, they have been reported to possess many physi-
ological functions such as antimicrobial, immunomodulation 
and antioxidant effects (Nataraj et al. 2020). For example, 
SCFAs such as butyrate have been proposed to prevent the 
growth of pathogenic microbes, and their presence in stools 
has been used as an indicator of gut health status (Anand 
et al. 2016). Furthermore, the immunomodulatory activity of 
a commercialised postbiotic, Hylak® forte, which contained 
a medley of metabolites from four bacterial strains, Lactoba-
cillus acidophilus DSM 4149, Lactobacillus helveticus DSM 
4183, Escherichia coli DSM 4087 and Enterococcus faecalis 
DSM 4086, was mainly attributed by its SCFAs (Patil et al. 
2019). In another study, Yilmaz et al. (2022) investigated 
the antimicrobial activity of postbiotics derived from four 
LABs, namely, Leuconostoc mesenteroides subsp. cremo-
ris, Pediococcus acidilactici, Lactococcus lactis subsp. lac-
tis and Streptococcus thermophilus, and identified acetic 
acid, propionic acid and butyric acid as prominent organic 
acids. It has been highlighted that these acids are effective 
acidifying agents, capable of lowering the pH and thereby 
reducing the survivability of non-acid-tolerant pathogens via 
pH-mediated stress and disruption of microbial homeostasis 
(Kareem et al. 2014). According to Mishra et al. (2024b), 
SCFAs may also attenuate inflammation by decreasing the 
generation of reactive oxygen species (ROS) as well as pro-
inflammatory cytokines.

Polysaccharides and peptidoglycans

Polysaccharides and peptidoglycans are key components of 
bacterial cell walls and are found in significant quantities in 
postbiotic preparations as exopolysaccharides (Abbasi et al. 
2023). The polysaccharides are either homopolysaccharides 
or heteropolysaccharides, and their specific properties vary 
depending on the producing organism as well as the produc-
tion conditions (Bhatia et al. 2024). For example, dextran, a 
homopolysaccharide made of α-(1, 6)-linked d-glucopyra-
nose- was found to be a major component of Leuconostoc 
mesenteroides postbiotics and it demonstrated significant 
anti-inflammatory properties. Similarly, homopolysaccha-
rides produced by Weissella, Leuconostoc, Lactobacillus, 
and Pediococcus species have been noted to elicit immu-
nomodulatory and antimicrobial effects (Guérin et al. 2020). 
Polysaccharides detected in postbiotics have been demon-
strated to include oligosaccharides such as 3′-galactosyl lac-
tose (Toca et al. 2023), panose, and maltotriose (Zarour et al. 
2024). In addition to polysaccharides, various peptidogly-
cans have also been identified as components of postbiotics. 
Peptidoglycans, which are typically composed of alternating 
N-acetylglucosamine (GlcNAc) and N-acetylmuramic acid 
(MurNAc) residues, are integral to cell wall integrity, shape, 
and rigidity, especially in Lactobacillus strains and in other 
gram-positive probiotics (Zheng et al. 2024). These com-
pounds have also been described for their bioactivities; for 
example, peptidoglycan from Lacticaseibacillus rhamnosus 
GG was shown to enhance immune responses and provide 
anti-inflammatory benefits (Salva et al. 2021). Similarly, 
L. plantarum and Bifidobacterium bifidum produced pepti-
doglycans with similar health-promoting effects (Semenov, 
2021). It is believed that other co-polymers in peptidogly-
cans contribute largely to their health benefits. According to 
Kolling et al. (2018), their immunogenic properties may be 
attributed to the fact that they are cross-linked by short pep-
tide chains. For instance, L. rhamnosus peptidoglycan, made 
up of alternating GlcNAc and MurNAc units crosslinked 
by peptide chains, enhanced immune function while also 
inhibiting pathogenic bacteria (Walter & Mayer, 2019). The 
beneficial effects of monosaccharides that are found in post-
biotics, such as arabinose, fructose, galactose, galacturonic 
acid, glucose, mannose, rhamnose, and xylose have also 
been highlighted. For example, galacturonic-rich polysac-
charides (GAPs) produced by species of Lactobacillus and 
Leuconostoc were described to modulate the gut microbiome 
and immune system (Zeidan et al. 2017). Furthermore, these 
bacterial-derived exopolysaccharides can also showcase sig-
nificant antibacterial, antioxidant and antidiabetic activity. 
In an investigation conducted by Aliouche et al. (2024), 
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exopolysaccharides derived from Lactiplantibacillus plan-
tarum O7S1 showed significant antidiabetic activity denoted 
by the percentage inhibition of α-amylase at 71.57%. The 
postbiotic exopolysaccharides can also be utilised to reduce 
intestinal inflammation.

Enzymes and peptides

It is believed that the biological activities of postbiotic 
preparations may be partly due to their enzyme components. 
Recently, the ability of L. plantarum to scavenge free radi-
cals, both in vivo and in vitro, was ascribed to the presence 
of antioxidant enzymes such as superoxide dismutase (SOD), 
catalase (CAT) and glutathione/glutathione reductase (Abdel 
Tawab et al. 2023). Similarly, postbiotic enzymes, such as 
glutathione peroxidase (GSH-px), SOD, nicotinamide ade-
nine dinucleotide (NADH)-oxidase and NADH-peroxidase, 
were also reported to exhibit remarkable antioxidant and 
antimicrobial effects (Aguilar-Toalá et al. 2018). For exam-
ple, GSH-px and CAT enzyme activities were assessed by 
Alan et al. (2022), who highlighted the beneficial antioxidant 
system functions of the probiotic microorganism Leucon-
ostoc pseudomesenteroides from which the postbiotic was 
derived. Cell-free extracts (postbiotic) of Lacticaseibacillus 
paracasei were also shown to exhibit considerable lipolytic 
activity at 2395 μg/g and biochemical profiling revealed the 
presence of antioxidant enzymes SOD, CAT and GSH-px 
(Osman et al. 2021). Furthermore, many postbiotic formula-
tions contain β-galactosidases, also known as lactase, which 
significantly ameliorates lactose intolerance in affected indi-
viduals (Jansson-Knodell et al. 2022). Peptides, which are 
important components of postbiotics, are chains of amino 
acids produced by microorganisms; they vary widely in their 
sizes, specific sequences, and biological activities (Chaud-
hary et al. 2024). They vary from dipeptides to long polypep-
tide chains. For example, L. rhamnosus GG secreted the pep-
tides NPSRQERR and PDENK, which have been recognised 
as postbiotic peptides (Kathayat et al. 2021). The majority 
of these peptides possess either gut-health-promoting and/
or antimicrobial activities. For instance, Limosilactobacillus 
reuteri postbiotics were observed to contain various bioac-
tive peptides that support gut microbiota balance (Peluzio 
et al. 2021). Furthermore, Roux et al. (2022) found that post-
biotics derived from S. thermophilus contained peptides that 
can facilitate lactose digestion and promote gut health while 
also supporting immune system functions. Specific examples 
of these peptides which have been made popular for their 
antimicrobial activities against different pathogens include 
nisin which is a 34 amino acid peptide from Lactococcus 
lactis; lactacin B, a small peptide from L. acidophilus; and 
enterocin, a 3–5 kDa peptide from Enterococcus faecium 
(Vukomanović et al. 2017; Abd-Elwahed et al. 2023). In 
addition, bacteriocin 29, with a molecular weight of 6 kDa, 

from L. plantarum also demonstrated antimicrobial activity 
(Moradi et al. 2020).

Teichoic acids

Teichoic acids are anionic polymers found in the cell walls, 
capsules, and membranes of most Gram-positive bacteria 
and are typically composed of glycerol phosphate or ribi-
tol phosphate (Balaguer et al. 2022). These compounds, 
which are considered polysaccharide derivatives, exhibit 
promising immunomodulatory properties (van der Es et al. 
2017). As key components of postbiotics, these acids are 
metabolites or cellular elements derived from probiotics; 
thus, many probiotic bacteria, including species of Lacto-
bacillus and Bifidobacterium, produce teichoic acids with 
health benefits. Teichoic acids are classified into two major 
types, lipoteichoic acid and wall teichoic acid, both of which 
have significant bioactivities in immune regulation and gut 
colonisation, especially in Lactobacillus species (Shirai-
shi et al. 2016). For instance, teichoic acids in a postbiotic 
from L. rhamnosus GG modulated immune responses and 
reduced inflammation in a mouse model of colitis. Simi-
larly, lipoteichoic acids from Lactobacillus plantarum was 
reported to elicit anti-inflammatory activities on human 
intestinal epithelial cells by counteracting interleukin-8 pro-
duction (Noh et al. 2015). Furthermore, lipoteichoic acid 
from Lactiplantibacillus plantarum MTCC 5690, Limosi-
lactobacillus fermentum MTCC 5689 and L. rhamnosus GG 
have been noted to perform various beneficial roles in host 
immune systems (Pradhan et al. 2023).

Biological activities of postbiotics

Postbiotics not only influence the human GIT and promote 
gut health but can also offer potential benefits that can allevi-
ate and prevent diseases linked to the heart, liver, and pan-
creas, to name a few (Rad et al. 2021b; Rad et al. 2022). A 
large number of in vitro and in vivo studies have demon-
strated the ameliorative effects of postbiotics against vari-
ous health conditions, including infections, cardiovascular 
diseases, diabetes, hypertension, and skin health (Fig. 2). 
These health benefits are mediated by various mechanisms 
such as alteration of the gut microbiota, enhancement of 
immune responses, antiproliferation, antioxidation and 
the direct induction of apoptosis (Chuah et al. 2019). The 
modulatory effects of postbiotics are due to their metabolic 
byproducts as well as their cell components as highlighted 
earlier (Tables 1) in this article.

Antioxidant

Various postbiotic preparations have been reported, both 
in vitro and in vivo, to exhibit strong antioxidant properties 
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(Qiao et al. 2024; Yousefvand et al. 2024). It is believed that 
these antioxidant capabilities may facilitate the recovery and 
balance of gut microbiota from dysbiosis, typically caused 
by the various ingested substances such as colourants, pre-
servatives and medicinal substances which exhibit some 
antimicrobial effects (Beres et al. 2020). In addition to these 
extraneous stressors, the human microbiota is also exposed 
to endogenous free radicals which further impair health, 
causing oxidative stress leading to a number of chronic dis-
eases such as cardiovascular, diabetes and neurodegenerative 
diseases (Blazheva et al. 2022).

The antioxidant capabilities of postbiotics are largely due 
to the cellular antioxidant enzymes glutathione peroxidase 
(GPx) and catalase (CAT), which are the first line of cellular 
defence (Alan et al. 2022). A study by Kang et al. (2021) 
highlighted the antioxidant potential of heat-inactivated 
postbiotics derived from Bifidobacterium bifidum MG731 
possessing high 2,2-diphenyl-1-picrylhydrazyl (DPPH) 
free radical scavenging activity (90%). Similarly, B. lac-
tis MG741- derived postbiotics showed remarkable ABTS 
radical scavenging activity (99.5%), which is attributed to 
the postbiotic antioxidant enzymes. Furthermore, the use 
of postbiotics in cosmetics has become popular due to their 
radical scavenging activities against skin-damaging reac-
tive oxygen species (ROS). This was highlighted by Lee 
et al. (2024), where the antioxidant and wrinkle-improving 
activities of Levilactobacillus brevis BK3-derived postbiot-
ics were assessed and showed a high antioxidant capacity 
of 30.97% and 46.65% for both DPPH and ABTS radical 
scavenging activities. These antioxidant postbiotic capa-
bilities extend far beyond the skin-surface level and have 

also been reported to enhance ruminal barrier function. 
This was observed by Izuddin et al. (2020), where post-
biotics produced from L. plantarum had shown improved 
antioxidant activity with increased glutathione peroxidase 
(GPX) present in the post-weaning lamb ruminal serum, 
thus highlighting its potential in maintaining ruminal bar-
rier function. Additionally, antioxidant postbiotics have also 
been reported to mitigate the effects of ulcerative colitis. 
Rezaie et al. (2025) conducted an in vivo study against mice 
with dextran-induced colitis and showed that the mice that 
received the antioxidant postbiotic cocktail had a lower dis-
ease activity index with increased intestinal mass and length 
(p < 0.05). This highlights the potential of postbiotic formu-
lations as a promising biotherapeutic agent with enhanced 
antioxidant activity across multiple target sites.

Anti‑inflammatory

Inflammation is the response of the immune system to a 
harmful stimulus such as injury or infection (Rivera-Jiménez 
et al. 2022). However, as demonstrated in many studies, such 
conditions can be mitigated by the administration of post-
biotics. For example, Rezaie et al. (2024) investigated the 
effectiveness of postbiotic mixtures from various Lactobacil-
lus and Bifidobacterium species and showed that the prepa-
rations elicited a significant reduction of pro-inflammatory 
cytokines and an increase in anti-inflammatory cytokines. 
Similarly, the consumption of Lactobacillus delbrueckii 
CIDCA 133 was observed to induce immunomodulatory 
actions in colitic mice by increasing the levels of anti-
inflammatory cytokines TGFβ and decreasing the expression 

Fig. 2   The beneficial bioactivities of postbiotics
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of inflammatory markers (dos Santos et al. 2024). It has 
been reported that the metabolites present within postbiotic 
formulations inhibit the growth of harmful microorganisms 
and reduce the elevated levels of inflammatory cytokines 
induced by these microbes. Chung et al. (2022) showed 
that postbiotic complex treatment (Lactobacillus helveticus 
HY7801 and Lactococcus lactis HY449) had regulated the 
inflammatory cytokines IL-8 while simultaneously exhib-
iting activity against skin pathogens S. aureus and Cuti-
bacterium acnes. The abovementioned examples showcase 
the promising anti-inflammatory properties emerging from 
postbiotic sources, from intestinal inflammation (colitis) to 
skin inflammation, highlighting its potential as both a topical 
agent and biotherapeutic agent for oral administration whilst 
maintaining its overall activity.

Antidiabetic

Postbiotics are considered one of the management strategies 
for diabetic complications due to the interesting interaction 
between human gut microbiota and the gut-brain axis, which 
includes the intestinal nervous system (Kim et al. 2024b). 
Postbiotic components, especially SCFAs such as acetate, 
propionate and butyrate, have been noted to alleviate type 
2 diabetes by maintaining intestinal homeostasis and regu-
lating glucose metabolism upon administration (Kim et al. 
2024b). Similarly, gamma-aminobutyric acid (GABA)-rich 
postbiotics improved metabolic indices in diabetic mice 
models (Abdelazez et  al. 2022). Similarly, Beteri et  al. 
(2024) have shown that postbiotics rich in exopolysaccha-
rides and SCFAs from B. breve 091109 facilitated a sig-
nificant increase in GLP-1 and PYY production and conse-
quently an increase in insulin secretion and HbA1c levels, 
highlighting their remarkable potential in alleviating symp-
toms amongst prediabetic individuals (Beteri et al. 2024). 
Recently, Beteri et al. (2024) utilised both galactopolysac-
charides and exopolysaccharides from Bifidobacterium breve 
postbiotics in a clinical trial with prediabetic volunteers and 
reported a significant increase in butyrate-producing bacteria 
indicating its potential in managing prediabetes with mini-
mal invasive intervention.

Antiobesogenic activity

The ingestion of postbiotics, especially cell-free superna-
tants from probiotics such as Bacillus velezensis, has been 
found to elicit anti-obesogenic effects via a reduction in 
blood cholesterol, adipose tissue and body weight (Shin et al. 
2024). In addition, postbiotics derived from the fermentation 
of LAB (strain LKDH5) were shown to mitigate high-fat 
diet-induced weight gain, adipose tissue accumulation, and 
elevated plasma triglyceride levels, which were all linked to 
favourable changes in the gut microbiota, further supporting 

the hypothesis that postbiotics influence metabolic health 
by modulating microbial communities (Youn et al. 2022). 
The postbiotic preparation from Bifidobacterium infantis 
was described to contain a range of short-, medium, and 
long-chain fatty acids, which may induce thermogenesis via 
the promotion of “browning” in white adipocytes (Rahman 
et al. 2023). Some evidence has also suggested that postbi-
otic supplementation may support mood, reduce fatigue, and 
increase athletes'readiness during exercise training (Kerksick 
et al. 2024). Furthermore, supplementation of postbiotics, 
particularly from Lactiplantibacillus plantarum I-UL4, 
in animal species such as piglets, mice, and rats has been 
shown to alter metabolic activity, especially glucose homeo-
stasis (Lin et al. 2020). Studies investigating the effects of 
postbiotics in rats have also elucidated their role in modulat-
ing cholesterol levels, promoting growth, and influencing 
the pH of the gastrointestinal tract, with short-chain fatty 
acids, such as butyrate and propionate, being associated with 
improved hunger control and enhanced energy metabolism 
(Li et al. 2018; Song et al. 2019).

Immunomodulation

The immunomodulatory ability of postbiotics has been 
described in various studies as having the ability to stimulate 
both the innate and adaptive immune systems via different 
biological mechanisms. (Rocchetti et al. 2024; Salva et al. 
2021; Xin et al. 2024). In particular, postbiotics interact with 
immune cells, which, in turn, hasten the production of use-
ful cytokines (Azad et al. 2018). Their immunomodulatory 
effects have also been shown to occur via the regulation of the 
Th17/Treg balance (Xin et al. 2024), enhancing the produc-
tion of IL-10 and TNF-α factors, altering cytokine patterns in 
human macrophages, and attenuating the transcriptional acti-
vation and secretion of both TNF-α and IL-8 (Rocchetti et al. 
2024). It was noted that postbiotics from Lacticasebacillus 
rhamnosus, L. reuteri, and Bifidobacterium animalis subsp. 
lactis demonstrated remarkable immunomodulatory effects 
and competed favourably with activities obtained from live 
probiotic strains (Yeşilyurt et al. 2021; Zago et al. 2021). A 
study by Salva et al. (2021) also highlighted that in addition 
to the safety of postbiotics derived from Lacticaseibacillus 
rhamnosus compared to living bacteria, the postbiotic also 
showed higher immunomodulatory activities. It was also sug-
gested that increased levels of short-chain fatty acids found 
within postbiotics may correlate negatively with opportunis-
tic E. coli and Bacteroidetes, thus, their gut microbiome mod-
ulation role (Szydłowska and Sionek, 2022). The postbiotics 
from Lactobacillus jensenii TL2937 were also described to 
reduce dextran sodium sulphate-induced colitis in mice by 
altering the genomic response of intestinal epithelial tissues 
(Sato et al. 2020).
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Antihypertensive and hypercholesterolaemic 
activities

Postbiotics are emerging as promising antihypertensive ther-
apeutics as evidence has shown that postbiotics are largely 
responsible for the antihypertensive activity of some probi-
otics. The ability of L. plantarum to reduce blood pressure 
in nutritional therapy was partly attributed to its postbiotics 
(Robles-Vera et al. 2017). The SCFA components of post-
biotics, such as butyrate and propionate, have been linked 
severally to blood pressure management, and it is believed 
that they increase endothelial function and reduce inflam-
mation (Tain et al. 2023). According to Wang et al. (2017), 
sodium butyrate, an SCFA, lowers blood pressure through 
the renin-angiotensin system pathway, especially by inhib-
iting the intrarenal renin-angiotensin system which raises 
blood pressure in angiotensin II-induced hypertension. In 
the same vein, exopolysaccharides-rich postbiotics from L. 
planturum have also been highlighted for their significant 
antihypertensive activity (Gezginç et al. 2022). Postbiot-
ics have also emerged as promising agents in the manage-
ment of hypercholesterolemia. Studies indicate that they 
can effectively cut down total cholesterol and low-density 
lipoprotein cholesterol levels in a similar fashion to probiot-
ics. In particular, postbiotics from Lactobacillus acidophilus 
CL1285, L. plantarum, and L. reuteri have demonstrated 
significant cholesterol-lowering capabilities (Frappier et al. 
2022). The mechanisms behind these cholesterol-lowering 
effects are multifaceted. For instance, muramyl dipeptide 
(MDP), a bacterial cell wall component, plays a role in lipid 
metabolism regulation and stimulates immune defences 
(Park et al. 2017). Also, postbiotic metabolites like SCFAs 
inhibit cholesterol synthesis and enhance bile acid excretion, 
while bacteriocins also lower their cholesterol levels (Wegh 
et al. 2019).

Antimicrobial and antiproliferative activity

Postbiotics possess a mixture of bioactive metabolites 
responsible for bacterial lysis, including bacteriocins, 
organic acids, hydrogen peroxide and fatty acids, all with 
prominent antimicrobial potential (Moradi et al. 2019). The 
composition of these soluble bioactive antimicrobial agents 
and their effectiveness varies depending on factors such as 
the strain utilised and fermentation conditions (Ooi et al. 
2021). For example, Tong et al. (2023) assessed the E. coli 
inhibitory activity of postbiotics obtained from solid state 
fermentation, which varied depending on the combination of 
strains, incubation temperature, and water content of the fer-
mentations. The antimicrobial action of postbiotics against 
fungi has also been established. For instance, Ebrahimi et al. 
(2021) reported the anti-mycotoxigenic capabilities of Api-
lactobacillus kunkeei postbiotics as well as in situ inhibitory 

effect against Candida albicans. Given the latest trends in 
functional biotics, postbiotics may be a promising alterna-
tive to counter antibiotic resistance in the food and phar-
maceutical industries (Hossain et al. 2021). Uncontrolled 
cell proliferation has been identified as one of the hallmarks 
of the various types of cancers in the human body. A large 
number of probiotics such as LAB have been reported pre-
viously to impact the carcinogenesis process associated 
with various cancers (Motevaseli et al. 2017). However, 
postbiotics derived from various probiotics have efficiently 
shown their therapeutic potential in new cancer treatment 
strategies due to their significant cytotoxicity (Dameshghian 
et al. 2024). The mechanism of antiproliferative action of 
postbiotics from several LAB was determined by Nowak 
et al. (2022), whereby stronger inhibitory activity was found 
against Caco-2 and HeLa cells; cellular apoptosis was also 
recorded in the supernatants of both L. plantarum and Lev-
ilactobacillus brevis. Similarly, the impact of postbiotics 
derived from B. breve was notably effective against HT-29 
cells, highlighting its anti-proliferative, anti-migration and 
apoptosis-related effects (Erfanian et al. 2024).

Industrial applications of postbiotics

Postbiotics, as the metabolic byproducts or components of 
probiotic microorganisms, offer a novel avenue for develop-
ing innovative products with enhanced functionalities and 
health-promoting properties. As earlier stated, various inves-
tigations have demonstrated the effectiveness and efficacy of 
postbiotic preparations at levels that are commensurate with 
their more popular counterparts, viz., probiotics and prebiot-
ics. In this regard, the applications of postbiotics-based prod-
ucts in various industries including food and beverage, phar-
maceuticals, veterinary, and cosmetics, continue to garner 
considerable interest due to their potential impact on various 
industrial sectors. Thus, the current and potential industrial 
applications of postbiotics, as well as their role in fostering 
the development of value-added products and addressing 
the evolving consumer demands for natural, functional, and 
sustainable solutions, are reviewed in this section.

Food and beverage

The use of postbiotics as natural or bio-preservatives, food 
supplements, postbiotic-enriched functional foods, and 
bioactive compounds in food formulations aligns with the 
growing consumer preference for clean-label products and 
the industry's pursuit of sustainable and eco-friendly ingre-
dients (Poeta et al. 2023; Mishra et al. 2024a). This is in 
light of increasing concerns about the potential long-term 
effects and individual sensitivities associated with conven-
tional food preservatives such as butylated hydroxyanisole 
(BHA) and butylated hydroxytoluene (BHT), as well as 
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the nitrites, nitrates and sulphites (Lalani et al. 2024). For 
instance, cell-free supernatant from a L. plantarum strain 
was demonstrated to serve as an effective biopreservative 
for chicken breast fillets which had been contaminated 
with Enterococcus faecium 711, maintaining the integrity 
of the food product for over a week (da Silva Sabo et al. 
2017). Similarly, postbiotic preparation derived from Lacti-
caseibacillus rhamnosus EMCC 1105 at a dose of 100 mg/g 
significantly reduced Clostridium perfringens  in minced 
chicken (Hamad et al. 2020). Postbiotics have also shown 
potential in preserving non-meat products, as demonstrated 
by the preservative effect of cell-free supernatant from 
Lactiplantibacillus plantarum YML007 on soybean grains 
(Ahmad et al. 2013). In addition, postbiotics have been used 
to supplement fermented food products, such as yoghurt, to 
enhance the organoleptic properties and nutritional value of 
the final product (Huang et al. 2020). This is in accordance 
with the hypothesis that the health promoting effects of fer-
mented foods, including kombucha, kimchi, kefir, tempeh 
and yoghurt, might be due to their postbiotic conten3t (Gill 
And Staudacher 2023; Isaac-Bamgboye et al. 2024). In one 
notable example, incorporating Lactarius volemus Fr. post-
biotic extracts into probiotic yoghurt significantly improved 
water-retention capacity, essential amino acid content and 
the overall quality of the product (Huang et al. 2020). Postbi-
otics have also been demonstrated to enhance the functional 
properties of food packaging materials, preventing food 
spoilage and extending shelf life in the process (Shafipour 
Yordshahi et al. 2020). These enhanced functional properties 
are believed to be mainly due to the antimicrobial peptides, 
bacteriocins and organic acid components of the various 
postbiotics (Moradi et al. 2020). In another study, impreg-
nating a biobased packaging material made from bacterial 
nanocellulose with lyophilised postbiotics of L. plantarum 
at a concentration of 21.21% decreased the total mesophilic 
and psychrophilic count as well as lipid peroxidation of the 
enclosed meat products (Shafipour Yordshahi et al. 2020). 
The supplementation of chitosan with Pediococcus acidilac-
tici postbiotic has also reduced the total viable count, LAB, 
and psychotropic bacteria in the enclosed chicken breast fil-
lets, extending the shelf-life by approximately 12 days (İncili 
et al. 2021).

Pharmaceutical industry

The pharmaceutical sector has witnessed a surge in inter-
est in leveraging postbiotics for the development of novel 
therapeutic agents and drug delivery systems (Heniedy 
et al. 2024), as postbiotics exhibit a diverse range of bio-
activities, as earlier reviewed in this article. In particular, 
the antiproliferative activity of postbiotics from various 
sources has raised considerable interest in their potential 
for cancer management (Rad et al. 2021a). According to 

Aghebati-Maleki et al. (2021), postbiotics may act via 
the modulation of immune responses, induction of intrin-
sic and extrinsic apoptotic pathways, inhibition of can-
cer invasion, reduction of angiogenesis, decrease in cell 
proliferation, as well as delay of cell cycle progression. 
For example, postbiotics derived from Lactobacillus del-
brueckii OLL1073R-1 enhanced the proliferation of T and 
NK cells and regulated the immune response by interact-
ing with dendritic cells and macrophages, demonstrating 
their ability to resist tumour cells (Makino et al. 2016). 
Additionally, postbiotics derived from different strains of 
L. plantarum exhibited significant antiproliferation against 
human colorectal adenocarcinoma cells (HT-29) and some 
suspension cancer cells (K562 and HL60) (Chuah et al. 
2019). Postbiotics also exhibit notable antimicrobial activ-
ities, thus raising possibilities of their utilisation in the 
formulation of antibiotics in the pharmaceutical industry 
(Hossain et al. 2021, Ishikawa et al. 2021; Azami et al. 
2022). Their antimicrobial effect has been majorly attrib-
uted to the ability of different components to impede 
quorum-sensing activities, inhibiting social contact and 
communication between pathogens, and thereby interrupt-
ing biofilm production and dispersing preexisting biofilms 
(Ishikawa et al. 2021; Azami et al. 2022). Interestingly, 
postbiotics derived from L. plantarum and Latilactoba-
cillus curvatus inhibited the growth and biofilm-forming 
capabilities of the highly pervasive food-borne bacteria, 
Listeria monocytogenes (Hossain et al. 2021). There are 
recent instances where postbiotics such as those of Lac-
ticaseibacillus rhamnosus GG, were incorporated into 
supplements to provide protection against oxidative stress 
and diarrhoea in human enterocytes induced by SARS-
CoV-2 derived antigens (Poeta et  al. 2023). Increased 
focus has also been placed on designing effective postbi-
otic delivery systems for increased efficacy and stability, 
e.g., nanoformulations and nanocarriers ). In this regard, 
nanoparticles or liposomes have been recorded to protect 
postbiotics from degradation and facilitate controlled 
release at the intended site (Liang and Xing 2023; Zhang 
et al. 2023). For example, L. paracasei postbiotic encap-
sulated by nanoparticles demonstrated outstanding anti-
gastric cancer activity (Huang et al. 2020). Furthermore, 
technologies such as microencapsulation and spray dry-
ing have also facilitated the integration of postbiotics into 
pharmaceutical formulations by enhancing their stability 
and controlled release profiles, as well as improving their 
bioavailability and therapeutic efficacy (Khani et al. 2024).

Veterinary medicine and nutrition

Postbiotics have been noted to exhibit many beneficial 
effects on animal health by promoting innate and adapta-
tive immunity and decreasing intestinal colonisation and 
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multiplication of pathogenic microorganisms (Karuvelan 
et al. 2025). These make them eco-friendly components 
that balance animal body performance and promote the 
production of safe animal-based products, such as eggs and 
meat for human consumption (Feye et al. 2019). In animal 
husbandry, postbiotics have also demonstrated potential 
as antibiotic alternatives, growth promoters, and immu-
nostimulants (Ibraheim et al. 2023). For example, in dairy 
farms, S. cerevisiae fermentation products (SCFP) dem-
onstrated notable benefits for calves, including improved 
performance, immune system function, post-weaning 
body gain, and management of bovine diseases (Sivin-
ski et al. 2022). The immunomodulatory properties of the 
SCFP were observed to effectively reduce the occurrence 
of bovine respiratory disease in newborn calves, subse-
quently decreasing mortality rates in their population (Siv-
inski et al. 2022). Using postbiotics instead of commercial 
antibiotics to treat clinical and subclinical bovine mastitis 
was recently identified as a safe approach against antibiotic 
resistance (Mathur et al. 2022). Postbiotics derived from 
Latilactobacillus sakei EIR/CM-1 strain found in cow milk 
demonstrated potent antibacterial and antibiofilm activi-
ties against cow mastitis pathogens, including methicillin-
resistant Staphylococcus aureus ATCC 43300 and Strepto-
coccus agalactiae ATCC 27956, achieving more than 70% 
reduction in bacterial load. This holds promising prospects 
for cow farmers and veterinarians in effectively controlling 
cattle mastitis (Sevin et al. 2021). Consequently, postbi-
otic-based products, such as NutriTek® LS, Dia-V™ SC, 
and LiquiPro™ SC, present a promising option for farmers 
to control the prevalence of cow mastitis and other teat and 
nipple infections, which are considered economically sig-
nificant diseases (Vailati-Riboni et al. 2021). Incorporating 
postbiotics into aquafeed formulations also showed posi-
tive effects on the growth performance and disease resist-
ance of aquatic species, thereby contributing to sustainable 
aquaculture practices and the production of safe and qual-
ity seafood products (Tao et al. 2024). For instance, post-
biotics derived from S. cerevisiae, used as feed additives 
in aquaculture fish and shrimp farms, have been shown to 
support digestive tissue integrity and increase survivabil-
ity and production yield (Wang et al. 2021).

Cosmetic formulation

Recent trends have shown the applicability of postbiotics 
as active ingredients in cosmetics and personal care prod-
ucts with enhanced health benefits and microbiome-friendly 
properties (Majeed et al. 2020; Machado et al. 2023). It 
has been shown that the incorporation of postbiotics into 
skincare formulations, such as creams, postbiotic-infused 
serums, and lotions, offers the potential to modulate the 
skin microbiota, support skin barrier function, mitigate 

inflammatory skin conditions, alleviate skin sensitivities, 
improve microbial facial diversity and overall complex-
ion (Kim et al. 2023). For instance, BiomeRenew™ and 
Lactosporin® are postbiotics-dependent skin care prod-
ucts (extracellular metabolites) derived from the probiotic 
strain Bacillus coagulans and used as efficient anti-acne for-
mulations due to their ability to reduce sebaceous secretion 
by their 5-alpha reductase inhibition (Majeed et al. 2020). 
Postbiotic preparation of Vitreoscilla filiformis applied topi-
cally to the skin improved barrier function, promoted the 
growth of endogenous bacteria, and facilitated the restora-
tion of a healthy skin microbiome (Gueniche et al. 2021). 
The extract from Vitreoscilla filiformis has been utilised as 
an anti-acne treatment in the La Roche-Posay (LRP) brand 
due to its antibacterial and antioxidant effects against acne-
related bacteria and chronic inflammatory skin conditions 
(Heniedy et al. 2024). Additionally, the use of postbiotics 
in hair care products, including shampoos and hair condi-
tioners, has been explored due to their potential to restore 
scalp microbiome balance and address scalp conditions, 
contributing to the development of holistic hair care solu-
tions (Yoon et al. 2022). For instance, a shampoo contain-
ing heat-inactivated Lacticaseibacillus paracasei GMNL-
653 postbiotic improved human scalp health by regulating 
the scalp microbiome (Tsai et al. 2023). Specifically, the 
heat-killed GMNL-653 was able to co-aggregate with the 
human scalp commensal fungus, Malassezia furfur, in vitro, 
and the GMNL-653-derived lipoteichoic acid inhibited the 
biofilm formation of M. furfur on Hs68 fibroblast cells in 
a dose-dependent manner. It has also been indicated that 
postbiotic preparations of L. chungangensis CAU 1447 have 
a beneficial effect on wound healing. In a study involving 
type 1 diabetic mice, wound dressings infused with these 
postbiotics significantly reduced wound size and enhanced 
the expression of healing-related cytokines, growth factors, 
and chemokines. Key compounds in the preparation, such as 
palmitic acid and palmitoleic acid, contributed to increased 
anti-inflammatory activity and inhibited pro-inflammatory 
cytokines, thereby promoting the wound-healing process 
(Nam et al. 2021). Similarly, using postbiotics in oral care 
products, such as toothpaste and mouthwash, holds prom-
ise for promoting oral microbiome balance and oral health 
maintenance. Notably, postbiotics from L. paracasei were 
demonstrated as key ingredients in some commercial oral 
products, specifically toothpaste and mouthwash, reducing 
halitosis, and regulating the oral microbiome while also 
exhibiting anti-bacterial activities against oral pathogenic 
bacteria (Nam et al. 2021). Fig. 3.

Commercial status of postbiotics

Currently, the postbiotic supplements market is valued at 
approximately USD 11 million, and it is projected to increase 
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a CAGR of 10.9% to ~ USD 30 million by 2034 (Future 
Market Insights, 2024). It is believed that this projected 200 
percent increase in the market value would be propelled by 
raising awareness about the health benefits of postbiotic 
products, especially as more evidence has linked overall 
health with the gut microbiome, as well as the demand for 
naturally-derived products. Based on a market report that 
estimated the total functional biotics market, which com-
prises probiotics, prebiotics, and postbiotics, between 2024 
and 2030 to be USD 57 million, it can be inferred that the 
postbiotic market accounts for approximately 20% of the 
total share (Precision Business Insights, 2023). The major 
players in the postbiotic-based markets have been noted to 
include Archer-Daniels-Midland Company (USA), AB-
BIOTICS, S.A. (Spain), Adare Biome (France), Bioflag 
Group (Taiwan), Cargill Incorporated (USA), Danish Agro 
(Denmark), Lactobio A/S (Denmark), GeneFerm Biotech-
nology Co. (Taiwan), Kirin Holdings Company, Limited 
(Japan), KOREA BeRM Co. Ltd. (South Korea), Lesaffre 
(France), MCLS Europe (Netherlands), Mitsubishi Corpo-
ration Life Sciences Ltd. (Japan), Postbiotica S.R.L. (Italy), 
Probiotics Australia Pty (Australia) and Sabinsa Corpora-
tion (USA). A critical review of the regulation and guide-
lines of the leading regulatory authorities around the world, 
including the US Food and Drug Administration, European 

Food Safety Authority, Japanese Pharmaceutical and Food 
Safety Bureau as well as the UK’s Medicines and Health-
care Products Regulatory Agency, revealed that the regula-
tory landscape of postbiotics is relatively undefined. This 
observation poses significant challenges for standardisation, 
manufacture, growth, and innovation in postbiotic-based 
products. Furthermore, some insights were also gained into 
the commercial landscape of postbiotics by the analysis of 
the currently available patents. The information obtained 
from patent databases, including the Canada Patent Office, 
the European Patent Office, the French National Institute of 
Industrial Property, the Korea Intellectual Property Rights 
Information Service, the China Patent, the Taiwan Intellec-
tual Property Office, the Russian Federal Service for Intel-
lectual Property and the US Patent Office, also highlights 
the increasing focus on the utilisation of postbiotics for per-
sonalised health solutions, particularly targeting gut health 
through innovative delivery systems (Table 3). There are 
currently more than 1000 patents on postbiotic-based prod-
ucts, which vary from animal feed, antibiotics, food supple-
ments, and cosmetic formulations, to mention a few. It was 
also observed that the major patent assignees were business 
establishments and not educational or research institutions, 
and the leading companies were identified as Seed Health 
Inc (USA), ATA BIO Technology Food Medicine Cosmetics 

Fig. 3   Applications of postbiotics in various industries
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Industry Trade Ltd. (Turkey), Jihaesi Life Science Co. Ltd. 
(South Korea), Guangzhou Zhengming Biotechnology Co. 
Ltd. (China), Can Technologies, Inc. (USA), Sichuan Gao-
fuji Biotechnology Co. Ltd. (China), and Fonterra Co-oper-
ative Group Limited (New Zealand), arranged in descending 
order with each company accounting for between 1% and 
2.3% of the total patents.

Future perspective

Postbiotics, which are simply defined as non-viable micro-
bial cells and their metabolic byproducts, have been noted 
to be potential alternatives to probiotics in human nutrition, 
animal feed, cosmetics, and pharmaceutical applications. 
These functional biotic products effectively bridge the gap 
between traditional probiotics and next-generation thera-
peutic approaches as they offer several advantages over the 
more popular probiotics, especially reduced risk of antibi-
otic resistance, easier processability, storage stability, and 
industrial scale-up. It has been noted that their stability and 
efficacy make them ideal candidates for incorporation into 
a wide range of products. However, the transition of post-
biotics from the concept stage to industrial reality requires 
standardised definitions, methodologies, and rigorous sci-
entific validation that will explicitly distinguish them from 
probiotics and other functional biotics. As highlighted in 
this paper, the processing route of postbiotics, such as the 
mode of inactivation, enzymatic treatment, and fermenta-
tion type, are critical factors concerning their production 
and variability in the conditions for these processes may 
lead to heterogeneity in postbiotic preparations, raising 
concerns about their inconsistency, both in research and 
in the industry. Thus, establishing standardised protocols 
for postbiotic processing will facilitate reproducibility and 
enhance regulatory approval for their real-time usage in 
food, pharmaceuticals, and other industries. Interestingly, 
their efficacy in ameliorating various health conditions such 
as gut microbiota imbalance, pathogenic infection, oxidative 
stress, and their various associated pathologies have now 
been established, and these have been attributed to their 
biochemical components, especially the peptides, poly-
saccharides, and organic acids. The major basis for these 
health benefits has been identified to be the propensity of 
these bioconstituents to interact with host cells, modulate 
gut microbiota, and influence systemic health. Nevertheless, 
understanding the structure-function relationships of these 
biological components is considered imperative in order 
to maximise their target-specific applications and optimise 
their formulation. Advances in omics approaches, such as 
transcriptomics, proteomics, and metabolomics also present 
promising avenues to reveal the complex mechanisms under-
lying postbiotic actions. Similarly, personalised nutrition and 
precision medicine offer interesting opportunities to tailor 

postbiotic interventions to individual needs. Although the 
current patent landscape and market trends demonstrate a 
significant interest in postbiotics-based products, a lot still 
has to be done with respect to regulatory clarity as well as 
standardised pre-clinical and clinical studies. In summary, 
postbiotics represent a transformative category in the spec-
trum of functional biotics, with significant implications for 
redefining approaches to health and nutrition as they meet 
the growing demand for safe, effective, and sustainable solu-
tions. Continued research, innovation, and interdisciplinary 
collaboration will be instrumental in realising the full poten-
tial of postbiotics and shaping their future trajectory in func-
tional foods and microbial biotherapy.
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