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1.	Introduction
The �ield of nutrition science has evolved signi�icantly over the 
past few decades, transitioning from a one-size-�its-all approach 
to a more nuanced and personalized framework that recognizes 
the profound interplay between diet, individual health, and the 
human microbiome [1]. Among the most exciting developments 
in this domain is the emergence of next-generation functional 
foods—foods that not only provide essential nutrients but also 
offer targeted health bene�its by modulating physiological and 
metabolic pathways [2]. These functional foods are gaining 
increasing attention in both academic research and industry 
due to their potential in promoting health, preventing disease, 
and enhancing overall quality of life [3]. A pivotal area of interest 
within the study of functional foods is their interaction with the 
gut microbiota, the diverse and dynamic ecosystem of 
microorganisms that reside in the human gastrointestinal tract. 
The gut microbiota is now recognized as a central player in 
human health, in�luencing a wide array of processes including 
immune system development, digestion, vitamin synthesis, 
metabolic homeostasis, and even mood and behavior through 
the gut-brain axis. Disruptions to the microbial balance, or 
dysbiosis, have been implicated in a range of health conditions, 
including obesity, type 2 diabetes, in�lammatory bowel diseases, 
cardiovascular disorders, allergies, and neurodegenerative 
diseases [4]. The realization that dietary choices can 
signi�icantly in�luence gut microbial composition and function 
has sparked a growing interest in developing functional foods 
speci�ically designed to restore or maintain a healthy 
microbiota. 
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The	 emergence	 of	 next-generation	 functional	 foods	 marks	 a	
transformative	 shift	 in	 the	 intersection	 of	 nutrition	 science,	
microbiology,	and	personalized	healthcare.	These	advanced	food	
formulations	 are	 designed	 to	modulate	 the	 gut	microbiota—a	
complex	and	dynamic	microbial	ecosystem	that	plays	a	central	
role	 in	 metabolic,	 immune,	 and	 neurological	 functions.	 By	
leveraging	 cutting-edge	 technologies	 such	 as	 microbiome	
pro�iling,	 next-generation	 sequencing,	 and	 bioinformatics,	
functional	 foods	 can	 now	 be	 tailored	 to	 individual	microbiota	
compositions.	 This	 personalized	 approach	 enables	 targeted	
dietary	 interventions	 to	 prevent	 and	manage	 chronic	 diseases,	
optimize	 nutrient	 absorption,	 and	 enhance	 overall	 well-being.	
Despite	challenges	in	regulation,	standardization,	and	consumer	
engagement,	 next-generation	 functional	 foods	 offer	 signi�icant	
promise	 as	 tools	 for	 precision	 nutrition	 and	 integrative	 health	
management.
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This has led to the formulation of products enriched with 
probiotics (bene�icial bacteria), prebiotics (non-digestible 
�ibers that stimulate the growth of bene�icial microbes), 
synbiotics (combinations of probiotics and prebiotics), and 
postbiotics (bioactive compounds produced during 
fermentation) [5]. These next-generation functional foods are 
being strategically engineered to exert precise effects on the 
microbiome, thereby improving host health outcomes in a 
personalized manner. Concurrently, the rise of omics 
technologies—including genomics,  transcriptomics, 
proteomics, and metabolomics—has revolutionized our ability 
to analyze and interpret complex biological data. These 
technologies enable comprehensive pro�iling of an individual's 
microbiota, offering insights into microbial diversity, metabolic 
capacity, and functional potential [6]. Coupled with advances in 
arti�icial intelligence and machine learning, these data can be 
used to develop predictive models that inform the design of 
personalized dietary interventions, the convergence of 
biotechnology, food science, and clinical nutrition is facilitating 
the development of novel food matrices that enhance the 
stability, bioavailability, and targeted delivery of functional 
ingredients. For example, microencapsulation techniques are 
being employed to protect probiotic strains from harsh 
gastrointestinal conditions, while smart delivery systems are 
enabling the controlled release of bioactives at speci�ic sites 
within the gut [7]. These innovations are critical for ensuring the 
ef�icacy of functional foods in real-world settings.
Regulatory frameworks for functional foods vary widely across 
regions, and there is often a lack of standardized methodologies
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for evaluating health claims. Additionally, consumer acceptance of microbiome-based dietary recommendations is still evolving, 
with concerns related to data privacy, cost, and accessibility posing potential barriers to widespread adoption, the intersection of gut 
microbiota research and functional food development represents a transformative paradigm in modern nutrition science [8]. The 
integration of personalized microbiome data with innovative food technologies holds the promise of ushering in a new era of 
precision nutrition—where dietary interventions are tailored not just to individual preferences or genetic backgrounds, but to the 
unique microbial ecosystems that inhabit each person [9]. This introductory review aims to explore the current landscape of next-
generation functional foods, emphasizing their potential in modulating the gut microbiota and advancing the �ield of personalized 
nutrition.
Table	1.	Classi�ication	of	Functional	Foods	Based	on	Mode	of	Action

Table	2.	Health	Bene�its	of	Functional	Foods	through	Gut	Microbiota	Modulation

Table	3.	Emerging	Technologies	in	Functional	Food	Development

2.	Functional	Foods	and	Their	Evolution
Functional foods have emerged as a signi�icant paradigm in the 
domain of nutrition science, evolving from simple dietary 
supplements to complex formulations designed to confer 
speci�ic physiological bene�its beyond basic nutritional needs. 
These foods are de�ined as those that provide health-promoting 
or disease-preventing properties due to the presence of 
physiologically active compounds [10]. The evolution of 
functional foods has been shaped by increasing consumer 
awareness, scienti�ic validation of health claims, and 
technological advancements in food processing and 
biotechnology, functional foods comprised natural or minimally 
processed items that were inherently rich in bene�icial 
components. Examples include yogurt, ke�ir, fermented 
vegetables, and whole grains—foods that naturally contain 
probiotics, �ibers, or antioxidants. These foods were widely 
recognized for their roles in promoting gut health, enhancing 
immunity, and reducing the risk of chronic diseases. However, 
their bene�its were largely generalized and not tailored to 
individual health pro�iles. With the advent of next-generation 
sequencing technologies and a growing understanding of the 
human microbiome, the �ield has shifted towards precision 
nutrition. This has spurred the development of next-generation 
functional foods that are customized to interact with an 
individual's gut microbiota [11]. Such foods may include 
forti�ied products containing speci�ic strains of probiotics, 
custom-designed prebiotics targeting particular microbial taxa, 
or synbiotic formulations that combine both elements for

enhanced synergistic effects.
Modern biotechnology and advanced food engineering 
techniques have signi�icantly contributed to this evolution. 
Innovations such as microencapsulation and nanotechnology 
enable the protection and targeted delivery of bioactive 
compounds, ensuring their stability and activity throughout 
digestion. Additionally, advancements in fermentation 
technology allow the enhancement of bioactive compound 
availability and the creation of novel health-promoting 
metabolites, omics-based research (genomics, proteomics, 
metabolomics) has facilitated the identi�ication of biomarkers 
linked to various health states, thereby enabling the formulation 
of functional foods that are both preventive and therapeutic. 
These developments have expanded the scope of functional 
foods from general wellness to targeted interventions for 
metabolic disorders, immune dysfunctions, and even 
neurological conditions, the evolution of functional foods 
re�lects a transition from traditional, broadly bene�icial food 
products to highly speci�ic, technologically engineered solutions 
aimed at individual health optimization [12]. As scienti�ic 
research continues to elucidate the complex interactions 
between diet, microbiota, and host physiology, functional foods 
are poised to play an increasingly pivotal role in personalized 
health management and disease prevention strategies.

3.	Gut	Microbiota	and	Health
The human gut microbiota, a densely populated and dynamic 
microbial ecosystem, plays a pivotal role in sustaining host
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health through a multitude of physiological functions. This 
complex microbial consortium, composed of trillions of 
microorganisms including bacteria, archaea, viruses, and fungi, 
has co-evolved with humans to perform essential metabolic and 
immunological roles. It contributes to the digestion of otherwise 
i n di g e st i b le  d i e t a ry  c o m p o n e n t s  su c h  a s  c o m p lex 
polysaccharides, resulting in the production of short-chain fatty 
acids (SCFAs) like acetate, propionate, and butyrate, which 
serve as vital energy sources for colonocytes and exert systemic 
anti-in�lammatory effects [13], the gut microbiota is involved in 
the biosynthesis of crucial vitamins, including vitamin K and 
several B vitamins (e.g., B12, ribo�lavin, folate), and in the 
biotransformation of bile acids and xenobiotics. It plays a 
central role in shaping and regulating the immune system by 
maintaining mucosal barrier integrity and promoting the 
development and function of gut-associated lymphoid tissue 
(GALT). The gut microbiota communicates bidirectionally with 
t h e  h o s t  t h r o u g h  t h e  g u t - b ra i n  a x i s ,  i n � l u e n c i n g 
neurodevelopment, behavior, and susceptibility to neurological 
conditions such as anxiety, depression, and autism spectrum 
disorders.
A state of dysbiosis, characterized by reduced microbial 
diversity and a shift in the relative abundance of commensal 
versus pathogenic species, has been linked to a growing list of 
non-communicable diseases. These include metabolic 
disorders such as obesity and type 2 diabetes, in�lammatory 
conditions like in�lammatory bowel disease (IBD) and irritable 
bowel syndrome (IBS), and systemic diseases including 
cardiovascular disorders and even certain cancers [14]. 
Dysbiosis may result from multiple factors, including poor 
dietary patterns, antibiotic overuse, stress, and environmental 
toxins, restoring microbial homeostasis through targeted 
dietary interventions and functional foods has emerged as a 
promising strategy in preventive medicine and therapeutic 
modulation. Dietary �ibers, prebiotics, probiotics, and 
synbiotics are increasingly being studied for their ability to 
in�luence the composition and function of the gut microbiota. 
Emerging evidence supports the hypothesis that personalized 
modulation of the gut microbiome can optimize health 
outcomes, highlighting the need for integrative research that 
bridges nutrition science, microbiology, and personalized 
medicine.

Figure	1.	Next-Generation	Functional	Foods	and	Gut	Microbiota	Modulation.

interplay between next-generation functional foods and gut 
microbiota in the context of personalized nutrition. It highlights 
the different categories of functional foods—probiotics, 
prebiotics, synbiotics, and postbiotics—and their roles in 
supporting gut microbial diversity, enhancing bene�icial 
bacterial populations, and suppressing pathogenic species. The 
infographic also shows how advanced technologies such as 
microencapsulation, fermentation, and targeted delivery 
systems improve the stability and ef�icacy of bioactives. At the 
center of the diagram is the gut microbiome, representing its 
crucial role in nutrient metabolism, immune modulation, and 
overall health. Arrows connecting dietary inputs and 
physiological responses emphasize the dynamic, bidirectional 
relationship between food intake and microbial composition, 
ultimately supporting the concept of individualized dietary 
interventions.

4.	Modulation	of	Gut	Microbiota	through	Functional	Foods
The modulation of the gut microbiota through functional foods 
represents a targeted nutritional strategy aimed at promoting 
health and preventing disease [15]. Functional foods exert their 
effects by in�luencing the composition and metabolic activity of 
the gut microbiome. This modulation is achieved through the 
inclusion of speci�ic dietary components such as probiotics, 
prebiotics, synbiotics, and postbiotics, each offering unique 
mechanisms of action.
Probiotics	are live microorganisms that, when administered in 
adequate amounts, confer a health bene�it on the host. These 
include various strains of Lactobacillus, Bi�idobacterium, and 
Saccharomyces, which have been shown to enhance gut barrier 
function, outcompete pathogenic microbes, and modulate 
immune responses [16]. Their consumption has been 
associated with reduced incidence of gastrointestinal 
infections, improvement in symptoms of irritable bowel 
syndrome (IBS), and potential bene�its in metabolic and allergic 
disorders.
Prebiotics	are non-digestible food ingredients, typically �ibers 
s u c h  a s  i n u l i n ,  f r u c to o l i g o s a c c h a r i d e s  ( FO S ) ,  a n d 
galactooligosaccharides (GOS), that selectively stimulate the 
growth and/or activity of bene�icial gut bacteria. These 
compounds serve as substrates for microbial fermentation, 
resulting in the production of short-chain fatty acids (SCFAs) 
like butyrate, acetate, and propionate, which play crucial roles in 
gut health and systemic metabolic regulation [17].
Synbiotics are synergistic combinations of probiotics and 
prebiotics that enhance the viability and functionality of 
probiotic strains. By co-delivering both components, synbiotics 
optimize the gut environment for colonization and activity of 
bene�icial microbes. This dual approach not only supports 
microbial balance but also augments the physiological effects of 
each component, leading to enhanced immune modulation, 
reduced in�lammation, and improved nutrient absorption.
Postbiotics refer to the bioactive compounds produced during 
microbial fermentation, including SCFAs, bacteriocins, 
enzymes, and peptidoglycans. These metabolic byproducts 
exert health-promoting effects even in the absence of live 
microorganisms [18]. Emerging evidence suggests that 
postbiotics can enhance epithelial barrier integrity, modulate 
in�lammatory pathways, and in�luence gut-brain axis signaling.
The integration of these components into daily diets through 
functional foods can signi�icantly in�luence the structure and 
function of the gut microbiota. Personalized approaches to 
modulation, based on individual microbial pro�iles and health
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Fermentation not only enhances the nutritional pro�ile of food 
products but also generates novel bioactive compounds with 
potential health bene�its. For instance, fermented foods often 
contain unique peptides, organic acids, and bacteriocins that 
contribute to gut health and microbial balance [4]. Finally, the 
integration of arti�icial intelligence (AI) and data analytics into 
the functional food industry is revolutionizing product design. 
By analyzing large datasets from microbiome studies, AI 
algorithms can identify correlations between dietary 
components and microbial responses. This data-driven 
approach enables the formulation of functional foods that are 
more precisely tailored to achieve desired health outcomes. 
Together, these technological advancements are enabling the 
creation of more sophisticated, effective, and consumer-friendly 
functional foods that align with the principles of personalized 
nutrition and gut microbiota modulation.

7.	Challenges	and	Future	Directions
Despite the signi�icant promise and progress in the 
development of next-generation functional foods, several key 
challenges must be addressed to fully realize their potential in 
personalized nutrition and gut health management.
Ÿ Regulatory	 Complexities: The regulatory landscape 

surrounding functional foods is fragmented and often lacks 
clear de�initions, especially concerning claims related to gut 
microbiota modulation. Varying standards across countries 
complicate global product development, labeling, and 
approval. Establishing harmonized guidelines and robust 
criteria for substantiating health claims is crucial for 
consumer trust and market stability.

Ÿ Standardization	 and	 Reproducibility	 of	 Microbiome	
Data: The diversity and complexity of the human microbiota 
make it challenging to create standardized protocols for 
microbiome analysis. Differences in sample collection, 
sequencing methods, data processing, and interpretation 
can lead to variability in results. The development of 
universally accepted methodologies and reference 
databases  is  needed to  ensure consistency and 
comparability across studies and applications.

Ÿ Consumer	Awareness	and	Acceptance: Although interest 
in personalized nutrition is growing, there is still a 
signi�icant knowledge gap among consumers regarding the 
gut microbiome and functional foods. Education campaigns 
and transparent communication about the bene�its, safety, 
and scienti�ic basis of these products are essential for 
increasing adoption and engagement.

Ÿ Ethical	 and	 Privacy	 Concerns: Personalized nutrition 
relies heavily on sensitive biological and lifestyle data. 
Safeguarding this information requires stringent data 
privacy measures and ethical frameworks to ensure 
informed consent, equitable access, and responsible use. 
Regulatory bodies and stakeholders must work together to 
address these concerns proactively.

Future	 Directions: Future research should prioritize 
longitudinal human studies to better understand the dynamic 
interactions between diet, microbiota, and health outcomes. 
Integrative approaches using multi-omics technologies and 
systems biology can help unravel the causal relationships and 
biomarkers of response to dietary interventions. Moreover, the 
development of scalable platforms for microbiome testing and 
the integration of AI-driven algorithms will facilitate the 
practical application of personalized nutrition.

status, are being explored to maximize therapeutic ef�icacy. 
Future advancements in microbiome science and functional 
food formulation are expected to further re�ine these 
interventions, contributing to more effective and sustainable 
health strategies [19]. Tailoring these components based on an 
individual's microbial pro�ile can lead to improved health 
outcomes and enhanced nutrient utilization.

5.	Personalized	Nutrition	and	Microbiome	Pro�iling
Personalized nutrition represents a signi�icant shift from the 
traditional one-size-�its-all dietary paradigm to a more 
individualized approach that considers the unique genetic 
makeup, metabolic characteristics,  and microbiome 
composition of each person. Central to this evolution is the 
understanding that the gut microbiota plays a pivotal role in 
mediating the effects of diet on health. Recent advancements in 
next-generation sequencing (NGS), metabolomics, and 
computational biology have enabled scientists to analyze 
individual gut microbial communities with unprecedented 
precision [20]. These tools allow the identi�ication of speci�ic 
microbial taxa, functional genes, and metabolites that correlate 
with  health  outcomes,  paving the  way for  dietary 
recommendations that are �inely tuned to an individual's 
biological pro�ile. With such insights, personalized functional 
foods can be developed to target speci�ic de�iciencies or 
imbalances in the gut microbiota. For instance, individuals with 
low levels of short-chain fatty acid (SCFA)-producing bacteria 
may bene�it from functional foods rich in speci�ic prebiotics that 
promote their growth. Similarly, people with an overabundance 
of pro-in�lammatory microbes might be guided toward diets 
enriched in anti-in�lammatory compounds derived from plant 
polyphenols. Moreover, commercial services and academic 
research initiatives are now offering microbiome testing kits 
that provide consumers with data-driven insights into their gut 
health. These services often combine microbiome data with 
lifestyle and dietary information to generate personalized 
nutrition plans [21]. This growing trend re�lects a broader 
consumer interest in self-optimization and preventative health 
through tailored dietary interventions.

6.	Technological	Innovations	in	Functional	Food
Development
The development of next-generation functional foods has been 
signi�icantly advanced by innovations in biotechnology and food 
engineering. These technologies are essential for ensuring the 
ef�icacy, stability, and bioavailability of bioactive compounds 
designed to modulate the gut microbiota [5]. One of the most 
critical technologies is microencapsulation, which involves 
coating probiotics and sensitive bioactives with protective 
materials to shield them from harsh processing conditions and 
the acidic environment of the stomach. This technique improves 
the viability of probiotics and ensures their targeted release in 
the intestine, where they exert their bene�icial effects. Another 
key innovation is the use of targeted delivery systems. These 
systems enable the controlled release of functional compounds 
at speci�ic sites in the gastrointestinal tract, enhancing their 
effectiveness and minimizing degradation [12]. For example, 
enteric-coated capsules and pH-responsive hydrogels are being 
employed to deliver probiotics and prebiotics directly to the 
colon, where they can interact with the resident microbiota 
more effectively.
Fermentation technology also plays a crucial role in the 
development of functional foods. 
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