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Abstract

Irritable bowel syndrome is a disorder of gut-brain interaction characterized by recurrent
abdominal pain and altered bowel habits. Interactions among intestinal microorganisms
and their metabolites, the epithelial barrier, mucosal immunity, and gut-brain signaling
provide important insights into the heterogeneity of this condition. Engineered micro- and
nanoscale carriers may improve the stability of orally administered bioactive agents and
facilitate local intestinal delivery while modulating relevant pathological processes through
protection of viable microorganisms, delivery of microbial metabolites, or direct regulation
of host cells. This review examines major mechanisms underlying microbiota—immune
interactions and summarizes advances in colon-targeted delivery, protective carriers for
probiotics, plant-derived vesicle-like preparations, and microalgae-based hybrid systems.
We further discuss the biological characteristics of different clinical subtypes and key trans-
lational challenges, including safety, quality control, and rigorous verification of therapeutic
efficacy. In particular, evidence from direct irritable bowel syndrome studies is distin-
guished from findings in symptom-based models, other disease models, and fundamental
mechanistic experiments.

Keywords: colon-targeted delivery; visceral hypersensitivity; mucosal barrier; microbiome-based
therapeutics; host immunity; precision intervention

1. Introduction

Irritable bowel syndrome (IBS) is a disorder of gut-brain interaction characterized by
recurrent abdominal pain associated with changes in stool frequency or form [1]. The Rome
Foundation Global Epidemiology Study demonstrated that prevalence estimates depend
strongly on diagnostic criteria and survey methodology; the estimated worldwide preva-
lence in an internet-based survey using Rome IV criteria was approximately 4% [1]. Dietary
patterns, psychosocial factors, altered visceral sensation, and microbiota-associated changes
all contribute to symptom generation, although their relative importance varies substantially
among individuals [2,3]. Based on predominant bowel habits, IBS is classified as diarrhea-
predominant irritable bowel syndrome (IBS-D), constipation-predominant irritable bowel
syndrome (IBS-C), mixed irritable bowel syndrome (IBS-M), or unclassified irritable bowel
syndrome; these clinical categories do not imply stable, mutually exclusive microbiolog-
ical signatures [4]. In this review, “microbiota” denotes the intestinal microorganisms,
whereas “microbiome” encompasses their collective genomic and functional context. Meta-
analyses have identified differences in microbial composition and fecal short-chain fatty
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acid (SCFA) profiles between patients and healthy controls, although the direction of these
differences varies with population characteristics and analytical methods [5,6]. Mucosal
immune activation and epithelial barrier abnormalities in subsets of patients provide a
pathophysiological rationale for exploring local interventions directed at microbiota—host
interactions [7]. A multinational observational study also found associations of dietary pat-
terns with Rome IV-defined IBS prevalence and symptom severity [3]. Given the potential
bidirectional relationships among diet, medication exposure, and microbial metabolism,
however, these associations should not be interpreted as evidence that a particular dietary
pattern is therapeutically effective.

Microbiome-directed therapies face several barriers, including inactivation of bioactive
components in the upper gastrointestinal tract, inadequate exposure at the colonic site
of action, and substantial patient heterogeneity [8]. Aptamer-functionalized chitosan—
chlorogenic acid-derived nanoparticles have shown antioxidant and microbiota-associated
effects in mice with IBS-D [9]. Tea-derived exosome-like nanoparticles have modified barrier
function and corticotropin-releasing hormone-associated responses in a water-avoidance
stress rat model [10]. Spirulina-based hybrid platforms have been investigated for oral drug
delivery and microbiota modulation [11,12], whereas Janus nanoclay microgels have been
used to protect Pediococcus pentosaceus Li05 and improve disease-related phenotypes in ani-
mal models [13]. Endosomal protease-activated receptor 2 (PAR2)-targeted nanomedicines
have also been investigated, although the supporting evidence comes primarily from pre-
clinical visceral pain models rather than patients with IBS [14]. Together, these studies
provide evidence for distinct sites of initial action but should not be collectively described
as validated anti-inflammatory treatments for human IBS. We therefore examine critical
quality attributes and intestinal exposure, initial microbial or host-cell effects, downstream
barrier and immune responses, and ultimately symptom-relevant outcomes. Distinguishing
direct IBS evidence from symptom-based, other-disease, and basic mechanistic studies
enables a more balanced assessment of mechanistic confidence and translational readiness.

2. Molecular Networks Underlying Microbiota-Immune Interactions
in IBS

Changes in the gut microbiota and host immune responses are bidirectionally linked in
IBS. Major bacterial phyla include Bacillota (formerly Firmicutes), Bacteroidota (formerly Bac-
teroidetes), Actinomycetota (formerly Actinobacteria), Pseudomonadota (formerly Proteobac-
teria), and Verrucomicrobiota. Their metabolic interactions and colonization resistance—the
ability of an established community, supported by host barriers, to impede newcomer
establishment—contribute to mucosal homeostasis [15,16]. Microbial metabolites can in-
fluence epithelial cells, innate immune cells, and the enteric nervous system; conversely,
mucosal inflammation, increased permeability, and altered motility can reshape local micro-
bial habitats [15,16]. SCFA-dependent epigenetic and receptor-mediated signaling, innate
recognition of microbial components, and mast cell-associated neuronal sensitization rep-
resent distinct, interconnected processes. Community composition, genomic potential,
metabolic activity, and measured metabolite levels are distinct features; stool relative abun-
dance alone cannot establish mucosal function or causal direction. In particular, nutrient and
spatial competition and inhibitory microbial products are general ecological explanations
for colonization resistance, not evidence of a consistent IBS-specific defect. A unidirectional
account in which dysbiosis simply causes inflammation cannot adequately explain interindi-
vidual variation. Accordingly, nanocarrier effects should be interpreted in relation to their
primary contact sites, cargo-release profiles, and host tissue responses. Previous reviews
have emphasized links between the microbiota, gastrointestinal motility, epithelial function,
and mucosal immunity, while highlighting the heterogeneity of patients and limitations
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of longitudinal intervention evidence [17]. Initial sites of action differ by material compo-
sition and cargo properties. Protective microgels and microalgae hybrids primarily affect
microbial survival, local residence, and metabolite exposure, with possible downstream
epithelial and immune consequences. Antioxidant nanoparticles, plant-derived vesicles,
and receptor-targeted formulations, by contrast, may act directly on epithelial, immune, or
sensory neuronal signaling. Concurrent changes in microbial and inflammatory readouts
therefore do not establish causal direction; temporal measurements and appropriate mech-
anistic controls remain necessary. The principal conceptual interactions are summarized
in Figure 1.
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Figure 1. Conceptual framework of the microbiota—epithelial barrier-immune—neural network im-
plicated in irritable bowel syndrome. The schematic depicts bidirectional interactions between the
intestinal microbial community and host mucosal compartments, including the mucus layer, epithelial
cells, resident immune populations, and sensory or enteric neural pathways. Microorganisms and
their metabolites can influence epithelial transport and barrier function, while microbial structural
components and proteolytic activity may engage innate immune receptors and peripheral sensory
mechanisms. In turn, altered mucosal conditions, secretion, transit, inflammation, and stress-related
neuroendocrine signaling may modify the ecological environment experienced by intestinal mi-
croorganisms. SCFAs and biogenic amines represent examples of microbial products with cell- and
context-dependent biological effects; they are not presented as uniformly protective or pathogenic.
The diagram also emphasizes that barrier changes, immune cell activation, and visceral hypersensitiv-
ity may coexist without establishing an obligatory causal sequence. Relationships indicated by arrows
should therefore be interpreted as candidate signaling connections supported by different levels of
experimental or clinical evidence, rather than as a universally validated pathway in all patients or
clinical subtypes. This overview is intended to guide the selection of temporally resolved measure-
ments and appropriate mechanistic controls in future studies. The schematic is conceptual and does
not convey quantitative effect sizes or clinical efficacy. Figure source: Original artwork designed and
prepared by the authors Created in BioRender. ¥, /). (2026) https://BioRender.com/brk9a00.
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2.1. Microbial and Metabolic Dysregulation, Immune Signaling, and IBS

Gut microbial alterations may contribute to immune and metabolic disturbances in
IBS. Integrated multicenter amplicon-sequencing analyses have found population-level
taxonomic differences, but relative abundance should not be equated with absolute viable
counts or expressed microbial function; results also vary with geography, diet, transit,
sampling, and analytical procedures [18,19]. In IBS-D, enrichment of Ruminococcus gnavus
has been linked to altered amine metabolism and serotonin biosynthesis [20]. SCFAs
connect microbial metabolism with host immunity. Experimental studies have shown
that butyrate promotes colonic regulatory T-cell differentiation [21], while microbially
derived SCFAs can influence epithelial chromatin modifications and gene regulation by
modifying histone decrotonylase-associated activity [22]. These investigations involved
different cellular contexts and endpoints and do not establish equivalent therapeutic effects
in patients with IBS. Butyrate’s actions are dose-, cell-, and disease-context dependent:
animal experiments suggest that it can promote visceral hypersensitivity under particular
conditions through mast cell-neuronal pathways, while clinical associations between fecal
SCFA concentrations and symptoms remain inconsistent [23,24]. The so-called butyrate
paradox is therefore best understood as context-dependent immunometabolic activity, rather
than as evidence for an unvalidated universal beneficial or harmful concentration threshold.
SCFAs are generated primarily through microbial fermentation of dietary substrates, and
fecal concentrations reflect production, absorption, transport, and substrate availability;
they cannot directly establish the production capacity of a particular taxon [25]. Immune
regulation mediated by G protein-coupled receptor 109A and free fatty acid receptor 2 has
experimental support in non-IBS inflammatory intestinal models [26,27], but these findings
do not establish receptor-dependent therapeutic effects across IBS populations. Combining
ketogenic-diet mouse metagenomics with in vitro substrate-culture experiments, Tang and
colleagues found that changes in bacterial growth rates did not always parallel changes
in relative abundance [28]. This observation illustrates the importance of distinguishing
community structure from metabolic activity when interpreting diet-associated microbial
changes; the study did not assess IBS treatment.

Mucosal antigen exposure and microbial metabolites may shape regulatory T-cell
and T helper 17-associated responses. In this context, interleukin-10 and transforming
growth factor beta contribute to regulatory signaling, whereas interleukin-1p, interleukin-
6, interleukin-17, interleukin-22, and tumor necrosis factor alpha participate in context-
dependent inflammatory or epithelial-defense responses. Changes in individual mediators
nevertheless do not establish a uniform immune-polarization pattern in IBS. Studies in
postinfectious IBS and selected IBS-D cohorts have reported alterations in T-cell-associated
inflammatory features, but their direction and magnitude have not been consistent across
cohorts [29,30]. Berg and colleagues identified changes in several inflammatory markers in
intestinal mucosal samples, suggesting that IBS-associated immune abnormalities cannot be
reduced to a single T-cell subset [7]. Microbial amines, bile acids, and 5-hydroxytryptamine
(serotonin) may also connect enterochromaffin cells, local immunity, and sensory affer-
ents [20,31]. T-cell shifts must therefore be interpreted in relation to the population studied,
mucosal sampling site, and experimental outcome, rather than assumed to represent a
universal pathogenic pathway. SCFA-mediated immune effects are also cell-type dependent.
Basic studies have shown effects on the memory-forming potential of antigen-activated clus-
ter of differentiation 8-positive T cells [32], whereas separate experiments have established
physiological links between gut microorganisms, their metabolites, and enterochromaffin-
cell serotonin production [33,34]. These findings concern adaptive immunity and neuroen-
docrine regulation, respectively, and cannot be merged into a single IBS subtype-specific
pathway without direct patient evidence. The pathophysiological significance of individ-
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ual immune mechanisms must be anchored to measured endpoints. Human mucosal
studies have linked the proximity of mast cells to nerve endings with abdominal pain,
implicating the neuroimmune interface in symptom expression [35,36]. Toll-like receptor
4 and nuclear factor kappa B participate in microbial sensing and inflammatory signal
amplification. Evidence concerning the NLR family pyrin domain-containing 3 inflamma-
some and macrophage-related alterations remains drawn largely from restricted disease
models and cross-disease extrapolation; neither should be considered a proven common
pathogenic mechanism in all patients with IBS [37,38]. PAR2-dependent sensory neuronal
activation provides experimental support for a connection between microbial proteases and
visceral nociception [39]. The coexistence of these mechanisms neither establishes equiva-
lent clinical relevance nor demonstrates efficacy for nanomedicines directed against them.
Microbiota—gut hormone and bile acid—microbial interactions can additionally influence
secretion, motility, and visceral sensation, and their relevance in IBS requires integrated
measurements of metabolites, clinical subtype, and physiological function [40,41].

2.2. Epithelial Barrier Disruption and Inflammatory Feedback

The intestinal epithelial barrier comprises the mucus layer, epithelial cells, and mu-
cosal immune components. Peyer’s patches and lamina propria immune compartments
contain antigen-presenting dendritic cells, phagocytic macrophages, innate lymphoid cells,
regulatory and effector T cells, and B cells or plasma cells. Secretory immunoglobulin A
contributes to luminal immune exclusion and mucosal homeostasis, whereas immunoglob-
ulin G is a distinct antibody class whose role depends on the tissue and inflammatory
setting [42]. Food antigens contribute to the establishment of mucosal immune tolerance,
and subsets of activated mucosal lymphocytes can migrate through lymphatic and systemic
circulation to related mucosal sites. Altered tight-junction protein abundance or junctional
localization and increased intestinal permeability have been observed in some patients
with IBS, although their magnitude and distribution are heterogeneous [43,44]. These
observations require distinction among tight-junction messenger ribonucleic acid levels,
protein abundance or localization, and functional permeability measurements, which assess
different aspects of the barrier. Proposed mechanisms include inadequate SCFA-dependent
epithelial energy supply, lipopolysaccharide-Toll-like receptor 4-myeloid differentiation
primary response 88-myosin light-chain kinase signaling, and enzyme activities associated
with mucus-degrading bacteria [45,46]. Increased barrier permeability may facilitate expo-
sure of mucosal immune cells to microbial products, potentially enhancing nuclear factor
kappa B-related signaling and cytokine release [37,46]. Such processes could establish a self-
reinforcing barrier-inflammation loop, but current evidence does not support a universal
or fixed causal sequence in IBS. Experimental studies demonstrate that lipopolysaccha-
ride can modify epithelial tight-junction permeability via Toll-like receptor 4-dependent
pathways; separate investigations of diet-associated visceral pain have linked fermentable
carbohydrates, endotoxin, barrier changes, and visceral sensation under conditions that
do not fully reproduce typical clinical IBS [47,48]. The metabolism of mucus substrates is
species- and enzyme-specific. Identification of a sialic acid-utilization pathway in R. gnavus
provides mechanistic context for microbial adaptation to mucus, but does not show that
this organism damages the barrier in every patient with IBS [49]. Innate immune cells
may contribute to barrier-immune cross-talk. Human studies support low-grade mucosal
immune activation and mast cell-related alterations in some patients, whereas the spe-
cific contributions of macrophage polarization and NLR family pyrin domain-containing
3 require clear separation of direct IBS findings from postinfectious, postinflammatory,
and other intestinal disease models [7,35,38]. Proximity of mast cells to mucosal nerve
endings and release of their mediators have been associated with abdominal pain and
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permeability abnormalities [35,36]. In an acute microbiota-perturbation model, Baker and
colleagues further showed that protease activity can increase sensory neuron excitability
and visceral hypersensitivity through a PAR2-related mechanism [39]. Collectively, these
findings support functional links among the barrier, immune cells, and sensory nerves,
while differences between animal models and patient subsets limit generalizability.

2.3. Neuroimmune Communication Along the Gut-Brain Axis

Psychological stress may modulate IBS symptoms through neuroendocrine, im-
mune, and microbial metabolic pathways [50,51]. Experimental evidence indicates that
corticotropin-releasing hormone and its receptor 1 can affect colonic epithelial mitochon-
drial activity and the local oxygen environment, thereby modifying microbial ecology [52].
Links between early-life microbiota disruption and subsequent stress responses derive
mainly from animal studies [53]. Vagal signaling, inflammatory mediators, and micro-
bial metabolites constitute potential peripheral-to-central communication pathways [54].
Because these studies address distinct signaling levels, tissue localization and temporal
sequence are essential variables in mechanistic investigation. The intestinal neuroimmune
interface may be particularly relevant to abdominal pain. In patients, the proximity of acti-
vated mast cells to nerve fibers has been associated with pain severity [36], while mast cell
mediators and proteases can engage peripheral sensory endings and facilitate nociceptive
transmission [39]. Stress-related corticotropin-releasing hormone signaling predominantly
involves neuroendocrine and epithelial barrier responses, which are anatomically and func-
tionally distinct from PAR2-dependent peripheral nociception [52]. This distinction matters
when interpreting tea-derived nanoparticles and endosomal PAR2-targeted nanomedicines:
both may influence visceral sensitivity, but they differ in cargo, cellular sites of action, and
testable biological mechanisms. Neuropeptides contribute to signaling among neurons, im-
mune cells, and microorganisms, with effects that depend strongly on peptide identity and
experimental context [55]. Basic studies have described intestinal group 3 innate lymphoid
cells patrolling during inflammation and feeding-dependent neuronal regulation of group 3
innate lymphoid cells and epithelial barrier function [56,57]. A vasoactive intestinal peptide
neuron—group 3 innate lymphoid cell circuit further suggests a link between nutritional
state and mucosal immunity [58]. These findings identify testable neuroimmune nodes,
but their contribution and therapeutic tractability in human IBS remain to be established.
Because microbiota composition, microbial activity, and mucosal inflammation are recipro-
cally related, causal ordering rarely follows from single-time-point sampling. Nanodelivery
studies should therefore jointly evaluate microbial function, local cargo exposure, barrier
integrity, and neuroimmune outcomes, using unloaded-carrier and free-cargo controls to
distinguish material effects from cargo-specific and interactive effects.

3. Micro- and Nanoscale Delivery Strategies Targeting
Microbiota-Immune Pathways

On the basis of primary engineering objectives and initial sites of action, relevant
approaches can be grouped into colon-localized delivery, protective delivery of viable
microorganisms, naturally derived nanoparticles and postbiotic delivery, and microalgae-
based hybrids. This classification reflects distinct platform designs, not equivalent levels of
evidence [59]. Preclinical IBS-related studies have explored targeted delivery, probiotic pro-
tection, and microalgae composites [9,12,13]. The complete carrier must be distinguished
from its nanoscale constituents: probiotic microgels and algae-based hybrids are not neces-
sarily nanoparticles merely because they contain nanoclay or a nanocarrier. In the absence
of source-verified numerical dimensions, the size of an intact formulation should not be
asserted. Some nanoparticles enter cells by endocytosis, whereas carriers intended for
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luminal release or probiotic protection do not necessarily require cellular uptake. Repre-
sentative platforms, proposed targets, immune-related outcomes, and stages of validation
are compared in Table 1. The corresponding micro- and nanoscale delivery strategies are
illustrated in Figure 2.

Table 1. Representative studies of micro- and nanoscale modulation of microbiota—immune interac-

tions in IBS.

Delivery-Platform Class

Representative System

Target/Mechanism

Immune-Related or
Barrier Outcome

Model and Reference

Aptamer—chitosan
composite formulation

Apt-CS@CHA CNs (CHA
component: 50.34 + 3.71
nm; whole-formulation
size unverified)

Aptamer-functionalized
delivery; reactive oxygen
species scavenging;
nuclear factor kappa
B-associated regulation

Changes in inflammatory
mediators and selected
microbiota indices

IBS-D mouse model
(males only) [9]

Nanoclay-containing
probiotic microgel

Janus microgel@Li05

Montmorillonite-mediated
lipopolysaccharide
adsorption; NLR family
pyrin domain-containing
3-related signaling

Changes in interleukin-
1B/interleukin-18 and
barrier-associated proteins

IBS-D rat model
(males only) [13]

Plant-derived
vesicle-like preparation

Tea-derived vesicle-like
particles (~165-168 nm
mean; broad distributions)

Corticotropin-releasing
hormone/receptor
1-related signaling;
tight-junction repair

Reduced visceral
hypersensitivity; improved
barrier-associated indices

Water-avoidance stress rat
model (males only) [10]

Microalgae-nanocarrier

Physical contact with
intestinal villi; SCFA—free

Increased SCFA-associated

IBS-D mouse model; free

: SP@MYnn ; measurements; changes in  fatty acid receptor
hybrid ga-:‘te}iaatzlélisriegcr?apﬁﬁ; gut-brain-related indices 2-knockout test [12]
PEG-Poly-AZ Endosomal PAR2 Sustained preclinical Mouse PAR2-evoked

PAR2-targeted polymer
nanoparticles

(AZ3451-loaded;
99 + 1 nm hydrodynamic
diameter)

signaling; Gag- and
B-arrestin-associated
pathways

analgesia; suppression of
endosomal
PAR?2 signaling

colonic pain and
experimental
colitis models [14]

Appearance
of symptoms

Colon-targeted delivery
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Figure 2. Schematic overview of micro- and nanoscale delivery strategies for investigating and modu-
lating microbiota—host interactions in irritable bowel syndrome. Four complementary engineering
approaches are illustrated: local delivery within the colon, encapsulation and protection of viable
probiotic strains, delivery of naturally derived bioactive nanoparticles or postbiotic components, and
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hybrid platforms that combine microalgae-derived structures with nanoscale delivery modules.
These approaches differ in their initial sites of action and intended formulation functions. Colon-
directed carriers principally seek to enhance local exposure and modulate cargo release, whereas
protective microgels aim to maintain microbial viability during gastrointestinal transit. Natural
particles may act through epithelial or immune-cell interactions, and microalgae hybrids may couple
mucosal contact and retention with payload delivery and microbiome-related activity. Potential
downstream outcomes include changes in microbial metabolic function, mucosal barrier indices,
immune signaling, and visceral sensitivity. Importantly, simultaneous changes in these endpoints do
not establish which component initiates the biological response. The figure therefore distinguishes
delivery properties from host outcomes and emphasizes the need for controls comprising free cargo,
unloaded carriers, component-only formulations, and complete systems. Examples shown reflect
technologies investigated at different experimental stages and should not be interpreted as clinically
interchangeable or as having demonstrated efficacy in patients with irritable bowel syndrome. This
is a mechanistic overview rather than a quantitative comparison of formulations. Figure source:
Original artwork designed and prepared by the authors Created in BioRender. %1, /I\. (2026)
https://BioRender.com/ugjlggz.

3.1. Colon-Targeted Delivery and Microbiota—Immune Regulation

Colon-targeted delivery is a major objective in oral nanomedicine, but it must be distin-
guished from oral approaches that cross the intestinal epithelium and target extraintestinal
tissues: transport mechanisms supporting systemic distribution do not demonstrate localiza-
tion within the colonic lumen [60,61]. pH-responsive polymers such as Eudragit may delay
cargo release by exploiting regional gastrointestinal pH differences, but interindividual
variability in pH, transit time, and disease state can affect actual targeting [62,63]. Polymer
interfacial properties, particle size, surface charge, and biomolecular coronas formed in
gastrointestinal fluids influence mucus diffusion, retention, and cellular uptake [64,65].
An oral-insulin study of a particular chitosan nanoparticle formulation found transient
tight-junction opening without a concurrent increase in lipopolysaccharide absorption in
the experimental model; this formulation-specific finding should not be generalized to
imply that all chitosan carriers are free of barrier-related safety risks [66]. Li and colleagues
reported inflammatory-site accumulation, reactive oxygen species scavenging, altered in-
flammatory markers, and microbiota-associated effects of Apt-CS@CHA CNs in mice with
IBS-D [9]. Eudragit-coated poly (lactic-co-glycolic acid) nanoparticles have also been investi-
gated to improve release or bioavailability, but those studies do not provide direct evidence
of therapeutic colon targeting in IBS [67]. Given differences in materials, models, and assays,
no universal optimal particle size, polyethylene glycol surface density, or release profile can
currently be specified; engineering parameters require formulation- and indication-specific
optimization. Physiological variability and gastrointestinal transit influence in vivo perfor-
mance, and in vitro release alone does not adequately predict human colonic exposure [61].
Biomolecular coronas may dynamically alter particle interfaces, mucus interactions, and
cell uptake, underscoring the need for measurements under relevant physiological condi-
tions [65]. Nanomaterials may additionally serve as analytical tools for microbial metabolite
detection. A review of graphene quantum dot-based biosensors summarized molecular
recognition and signal transduction methods [68], but this analytical application is distinct
from therapeutic delivery. Translation to IBS research would require assessment of matrix
interference in complex stool samples, assay reproducibility, and incremental value over
established methods.

3.2. Protective Delivery of Viable Probiotics and Immune Effects

Effective intestinal exposure to live biotherapeutics is constrained by gastric acid, bile
salts, digestive enzymes, and host colonization resistance; survival depends substantially
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on the strain and formulation [8]. Polysaccharide-, protein-, and composite microgels can
physically shield bacteria from gastrointestinal stress while modifying their residence near
the mucosal surface [69]. Wu and colleagues used Janus nanoclay microgels to deliver
Pediococcus pentosaceus Li05 and observed improvements in diarrhea-related phenotypes,
inflammatory markers, and barrier-associated indices in an IBS-D rat model [13]. Because
carriers such as montmorillonite can themselves adsorb luminal molecules, observed effects
may arise from both increased bacterial exposure and intrinsic carrier activity. Free bacteria,
unloaded carriers, and complete formulations should therefore be compared, and bacterial
survival should be reported separately from host symptom outcomes. The processing sta-
bility and gastrointestinal protective effects of protein- and polysaccharide-based microcap-
sules have been comprehensively reviewed [70], yet viability is a formulation-performance
measure rather than a direct indicator of reduced abdominal pain or normalized bowel
habits. Clinical network meta-analysis has similarly highlighted substantial differences
among probiotics, prebiotics, synbiotics, and fecal microbiota transplantation in product
composition and study design [71]. The incremental benefit of a protective nanoplatform
should be established using the same strain and dosing conditions across free-bacteria,
carrier-only, and combined-treatment groups. A tiered evaluation should address viability
during manufacturing and storage, survival in simulated gastrointestinal environments,
in vivo local exposure and functional activity, and validated symptom-related animal or
patient outcomes. For formulations containing adsorptive clays, these controls are especially
important to avoid attributing carrier-specific effects solely to the microorganisms.

3.3. Immunomodulation by Postbiotics and Natural Nanoparticles

Postbiotics and naturally derived nanoparticles may deliver microbial metabolites
or plant-derived bioactive components without requiring persistent colonization by live
organisms. Gong and colleagues reported that tea-derived vesicle-like particles (termed
“exosome-like nanoparticles” in the original study) with mean diameters of 165-168 nm
reduced visceral hypersensitivity and modified barrier- and corticotropin-releasing hor-
mone/receptor 1-associated measures in a water-avoidance stress rat model [10]. Where
membrane enclosure is verified, vesicle-like preparations differ structurally from solid
particles; the source label alone does not establish exosomal biogenesis, and the reported di-
ameters have broad distributions. These outcomes remain specific to a stress-associated pre-
clinical model. Unlike these preclinical vesicle preparations, a combined microencapsulated-
butyrate, probiotic, and short-chain-fructooligosaccharide formulation has been evaluated
in patients with IBS, with improvement in selected symptoms [72]; the combined inter-
vention does not permit the clinical effect to be attributed exclusively to butyrate or to a
nanoscale delivery mechanism. Evidence for other naturally derived nanocarriers remains
predominantly preclinical: ginger-derived nanoparticles have shown macrophage uptake
and anti-inflammatory activity in murine colitis [73], whereas Santonocito and colleagues
described probiotic-associated changes in circulating nanovesicle signaling [74]. Microbial
proteases can activate host PAR2 and contribute to intestinal pain and inflammation [75].
An independent study delivered AZ3451 to cellular endosomes using nanocarriers and
achieved prolonged analgesic effects in preclinical models related to inflammatory intestinal
disease [14]. These studies support protease—-PAR2 nociceptive biology and endosomal
inhibition, not proven nanoparticle efficacy in patients with IBS. Regarding clinical mi-
croencapsulation evidence, a separate randomized trial involving 66 patients reported that
adjunctive microencapsulated sodium butyrate reduced selected symptom frequencies but
had limited effects on overall severity [76]. In the 120-patient randomized, double-blind,
placebo-controlled trial of the combined butyrate formulation, some global improvement
measures favored treatment, whereas IBS symptom severity and quality-of-life differences
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were not consistently demonstrated [72]. Although these trials provide preliminary clinical
evidence for microencapsulation approaches, differences in cargo and concomitant interven-
tions prevent attribution of independent carrier effects. They do not replace efficacy studies
of plant-derived nanoparticles or PAR2-targeted nanomedicines. Direct IBS clinical evidence
concerning delivery formulations currently derives principally from microencapsulated
butyrate, not established nanoparticle-targeted therapies.

3.4. Microalgae-Based Hybrid Systems: Intestinal Retention, Cargo Delivery, and Microbial
Functional Remodeling

Microalgae-based hybrids do more than attach nanoscale drugs to algal cells: they
exploit algal morphology, surface interfaces, and mucosal contact to redistribute orally
administered formulations within the intestine. Their effects may be divided into three
components: physical influences of the algal scaffold on intestinal transit and residence,
stabilization and release control by the nanoparticle carrier, and biological responses to
the alga or cargo. These components require different causal tests; endpoint microbiota
differences alone do not establish an intrinsic prebiotic effect of microalgae [11,12]. Ye
and colleagues developed a Spirulina-lipid nanosystem to improve oral delivery of poorly
soluble agents such as tanshinone IIA and reported pharmacokinetic and symptom-related
improvements in an IBS-D-associated preclinical model [11]. Thus, SP@TIIAn is supported
by evidence concerning both delivery performance and animal phenotypes, but exposure—
response studies are required to link them. Future experiments should compare free drug,
unloaded algae, nanoparticles without algae, and the complete hybrid, with separate quan-
tification of cargo stability, release location, local exposure, and symptom outcomes. The
SP@MYnn platform instead emphasizes local contact with intestinal villi and multistage
microbiome modulation. An IBS-D mouse study reported changes in microbial composi-
tion, SCFA-associated indices, and gut-brain-related phenotypes, and used free fatty acid
receptor 2 gene-knockout experiments to examine receptor involvement [12]. Compared
with endpoint correlations, receptor deletion strengthens the evidence for downstream
signaling necessity; however, it does not independently disentangle physical retention,
microbial metabolism, and direct host responses as initial mechanisms. Time-course and
functional-blockade experiments could better define causal ordering and mediation. Unlike
protective microgels principally designed to increase bacterial survival, microalgae hybrids
integrate structural localization with cargo delivery. Their targeting mechanism also differs
from pH-triggered formulations. Algal size and morphology, processing parameters, and
lipid coating composition may affect mucosal attachment, detachment, and elimination.
Spatial distribution, time-dependent residence, cargo release, and mucosal responses to
repeated dosing should therefore be quantified, accounting for variability in gastrointesti-
nal transit [62,65]. Translational quality control must consider algal strain provenance,
cultivation and purification, impurities, loading uniformity, storage stability, degradation,
and clearance. Effects on mucosal tissue and microbial function after repeated administra-
tion also require evaluation. Existing SP@TIIAn and SP@MYnn studies emphasize drug
exposure-animal phenotype relationships and microbial metabolism-receptor mechanisms,
respectively; the evidence should not be treated as interchangeable [11,12]. The central
future objective is to demonstrate that each added functional module confers a reproducible
and attributable therapeutic benefit.

4. Microbiota-Immune Features of IBS Subtypes
and Differentiated Interventions

Although IBS bowel-habit subtypes are clinically distinguishable, no sufficiently spe-
cific and reproducible microbiota—-immune molecular signatures have been established

https://doi.org/10.3390 /microorganisms14112543


https://doi.org/10.3390/microorganisms14112543

Microorganisms 2026, 14, 2543

11 of 22

across independent cohorts. Research in IBS-D has focused on biogenic amines, serotonin,
bile acids, and mucosal immunity; IBS-C studies have examined methanogenesis and transit;
and IBS-M research has emphasized temporal changes in symptoms and metabolism. These
observations generate stratification hypotheses rather than common causal mechanisms
specific to each subtype. Microbial findings are sensitive to diet, cohort composition, and
detection platform [77]. Stool-pattern classification remains clinically useful but incom-
pletely captures heterogeneity in pain, food-related symptoms, psychosocial factors, and
microbial metabolism. High-dimensional clustering of a large IBS cohort identified patient
groups distinguished by combinations of symptomatic and nonsymptomatic variables [78],
whereas a systematic review showed that cluster solutions depend on variable selection,
study population, and statistical methods [79]. Tap and colleagues identified fecal micro-
bial signatures associated with overall symptom severity but did not establish a universal
causal role for methane in IBS-C [80]. These studies support more comprehensive clinical
phenotyping without yet validating universal microbiological subtypes or their use in
nanomedicine selection. In 2944 Chinese adults, Fu and colleagues identified 130 ecological
guilds through microbial co-abundance networks and demonstrated differences between
guild-based and genus-level disease-associated analyses [81]. Although that study ex-
amined ecological organization and metabolic disease rather than IBS, it suggests that
genus-level relative abundance alone may overlook cooperative community relationships.
Interpretations of subtype-associated microbiota changes should therefore integrate com-
positional and functional measurements. Candidate features and corresponding research
directions are summarized in Table 2.

Table 2. Candidate microbiota—-immune features and potential micro- and nanoscale delivery strate-
gies across IBS subtypes.

Dimension IBS-D IBS-C IBS-M

Selected patients show Methane positivity occurs .

changes in R. in some patlents Wlth No stablg, exclusive .

o ) ated amine constipation but is not taxonomic marker; serial

Microbial ecology gnatv L{)S ?.sso.ata . universal; interpret sampling can

g:aettzrr?slfzr;rly axonomic together with breath tests  characterize temporal

by cohort [20,77] apd .clinical variation [79,83,84]

! findings [77,82]
Methane may slow

Serotonin and bile acid small-intestinal transit Tryptophan-related
Metabolic and signaling may relate to under experimental metabolic measurements
physiological links diarrhea and altered conditions; this does not may vary with symptom

sensation [20,85,86] establish a colon-motility phase [83,87,88]

treatment target [82]

Mucosal immunity
and symptoms

Low-grade mucosal

ummune activation in No consistently established No consistently established
subsets; mast

. e IBS-C-specific immune IBS-M-specific immune
cell-associated sensitization P P
may extend across pathway [77,79] pathway [77,79]
subtypes [7,35,36]

Nanomaterial evidence

IBS-D animal investigations
of protective delivery and
targeted carriers [9,13]

Limited direct evidence for Limited direct evidence for
IBS-C nanotherapies [77] IBS-M nanotherapies [77]

Clinical interpretation

Evaluate pain, diarrhea Integrate constipation, Consider symptom phase
severity, and individual bloating, methane and repeat measurements;
metabolic production, and avoid fixed molecular
characteristics [20,85] transit [82,89] labels [83,84]
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4.1. IBS-D: Candidate Microbiota—Serotonin—-Inflammation Networks

Studies of IBS-D provide multiple microbial, metabolic, and immune observations
that can inform mechanistic integration. Zhai and colleagues found that Ruminococcus
gnavus can generate tryptamine and phenethylamine through tryptophan and phenylala-
nine metabolism, promoting serotonin biosynthesis in enterochromaffin cells through a
trace amine-associated receptor 1-related mechanism and altering intestinal function in
experimental models [20]. This pathway has not been established as a universal cause of
IBS-D. Bile acid—G protein-coupled bile acid receptor 1 signaling may likewise influence
serotonin release, motility, and sensory neuron sensitivity [85,86]. These findings nominate
serotonin-associated, inflammatory, and PAR2-mediated nociceptive pathways as potential
intervention targets, but their supporting evidence differs in maturity. Apt-CS@CHA CNs
and Janus microgels have been evaluated in IBS-D animal models, whereas endosomal PAR2-
directed nanoparticles have demonstrated more sustained preclinical analgesia, largely
in models related to inflammatory bowel disease rather than human IBS [14]. Serotonin
receptors and adenosine A2A receptor signaling have pharmacological or immunological
support [30,90], but their incorporation into nanodelivery systems remains primarily a
mechanism-driven proposal. Because animal models reproduce only selected aspects of
IBS, the clinical value of multitarget treatment requires independent evaluation. Serotonin
regulates secretion, motility, and visceral sensation, but receptor subtypes have different
tissue distributions and pharmacological effects [91]. Consequently, changes in serotonin
synthesis must be interpreted alongside receptor identity, anatomical localization, and
functional measurements. Pediatric microbiome studies have examined whether microbial
signatures complement symptoms in identifying and stratifying patients, but observations
in children cannot be directly extrapolated to adults [92]. Adult multi-omics studies further
reveal complex relationships among microbial composition, functional potential, metabo-
lites, and bowel-habit subtype [93]. Accordingly, target selection in IBS-D should integrate
symptoms with measures such as bile acid and tryptamine metabolism rather than rely on
the relative abundance of any single genus.

4.2. IBS-C: Methanogenic Activity and Intestinal Motility

Elevated breath methane is observed in a subset of patients with constipation-
predominant IBS. Experimental small-intestinal methane perfusion and human motility
studies suggest that methane exposure may affect small-bowel transit and contractile activ-
ity [82]. This does not imply that methanogenesis is increased in every patient with IBS-C,
nor can small-bowel experiments substitute for direct evidence concerning colonic transit or
treatment response. Methanogenic archaea participate in complex metabolic networks with
other members of the gut microbiota, and genus-level relative abundance cannot replace
direct functional measurements. Compared with IBS-D, there is little direct evidence for
nanodelivery strategies in IBS-C. The potential adaptation of colon-targeted formulations
or interventions addressing microbial metabolism should therefore be presented as a re-
search direction, not an established subtype-specific treatment. Breath methane, transit
time, stool frequency, and bloating represent distinct dimensions of microbial metabolism,
physiology, and patient experience and should be measured separately. Microbiome-based
machine-learning models may identify features associated with disease classification [94],
but classification accuracy does not establish predictive value for treatment benefit. Candi-
date nanomaterial approaches require prospective studies with clinically relevant symptom
and motility endpoints.
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4.3. IBS-M: Symptom Fluctuation and Metabolic Heterogeneity

IBS-M is characterized by alternating diarrhea and constipation over time; a single stool
sample may therefore fail to represent an individual’s changing microbial and metabolic
state. Through host and microbial pathways, tryptophan contributes to serotonin, kynure-
nine, and indole metabolism, producing compounds with diverse effects on neuronal,
epithelial, and immune processes [95]. Associations between tryptophan-related metabo-
lites and IBS symptoms have been reported, but these findings should not be described as
molecular signatures unique to IBS-M [87,88]. Longitudinal observations of host-microbial
metabolic changes underscore the importance of within-person dynamics and coexisting
symptom burdens, rather than one-time microbial profiles. Longitudinal multi-omics
research has identified time-varying host-microbiota functional associations in subsets
of patients with IBS [83]. These findings support repeated sampling matched to symp-
tomatic phases, but current predictive performance is insufficient for allocating treatment.
Future IBS-M studies should synchronize sample collection with symptom states, stan-
dardize metabolite quantification, record dietary exposures, and control analytical batch
effects. Repeated measurement can distinguish biological variability from measurement
error without presupposing that a particular tryptophan-metabolism profile is suitable for
clinical prescribing.

5. Clinical Translation: Opportunities and Challenges

Micro- and nanoscale delivery platforms offer means to improve local exposure, pre-
serve the activity of viable microorganisms, or modulate host signaling, providing a tech-
nological basis for mechanism-guided IBS interventions. Clinical translatability, however,
cannot be inferred from material properties or isolated animal endpoints. It depends on
matching candidate mechanisms to patient phenotypes and establishing a continuous evi-
dentiary link among local exposure, meaningful therapeutic benefit, and long-term safety.
We first consider mechanism-informed patient stratification and candidate formulation se-
lection, and then examine evidence gaps, ecological safety, and reproducible quality control.
The principal translational barriers and priority research requirements are summarized
in Table 3.

Table 3. Clinical translation barriers and priority research requirements for micro- and nanoscale
delivery platforms for IBS.

Barrier

Priority Experimental or

Current Evidence Gap

Quality Requirement

Clinical efficacy

Few randomized trials of nanoparticles in
human IBS; studies of microencapsulated
butyrate do not verify nanoparticle
efficacy [72,76,96]

Prespecify pain, bowel function, and
quality-of-life outcomes; compare free cargo
and unloaded carrier

Long-term safety

Insufficient evidence concerning
repeated-dose local accumulation, immune
stimulation, microbial function, and
postwithdrawal recovery [97-99]

Assess systemic and local toxicology,
microbiome functionality, and follow-up
after withdrawal

Targeted release

Variation in gastrointestinal pH, transit, and
biomolecular corona formation [61,62,65]

Verify release and local exposure under
human-relevant simulated conditions

Patient heterogeneity

Multidimensional differences in symptoms,
omics characteristics, and temporal
trajectories [78,79,83]

Longitudinal phenotyping, replication in
independent cohorts, and
effect-modification analyses

Formulation reproducibility

Batch controls for microgels, microalgae, and
natural carriers are not yet
standardized [64,69,70]

Define acceptance criteria for size, loading,
stability, and viable-cell potency

Preclinical extrapolation

Stress and diarrhea models capture only
subsets of IBS mechanisms [10,13,14]

Use orthogonal models, human-derived
systems, and patient-level validation
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5.1. Mechanism-Informed Phenotyping and Candidate Formulation Selection

Clinical translation should begin with patient-relevant symptoms and actionable mech-
anistic hypotheses, not assign nanomedicines solely on the basis of IBS-D, IBS-C, or IBS-M
labels. Research stratification should first use standardized measures of abdominal pain,
bloating, stool consistency, and symptom trajectories, with analytically validated metabolic,
motility, or mucosal immune markers added only for specific hypotheses. Novel biomarkers
should demonstrate predictive value beyond conventional symptom-based classification
before being introduced into clinical decision making [78,79,89]. For example, in patients
with prominent diarrhea and evidence suggesting altered bile acid metabolism, investigators
could assess whether fecal bile acid profiles, microbial metabolic capacity, and symptom
trajectories jointly predict responses to localized delivery. No bile acid subtype-specific
nanomedicine has, however, been prospectively validated [41,85,93]. In patients with con-
stipation and bloating, breath methane and transit should be treated as separate measurable
physiological dimensions. Although animal and selected human studies associate methane
with transit, methane positivity cannot be equated with a universal cause of IBS-C or used
alone to prescribe treatment [82]. In IBS-M, repeated sampling across symptom phases
should take priority over assuming that a single metabolomic profile represents a stable phe-
notype [83,84,88]. Clinical stratification must distinguish three separate questions: whether
a feature is associated with disease, whether it predicts the natural course, and whether
it predicts the relative benefit of a particular intervention. Pediatric microbiome-based
phenotyping, adult multi-omics, and high-dimensional symptom-clustering studies offer
partial insights but differ in their populations and modeling tasks [92-94]. The microbial
associations with symptom severity reported by Tap and colleagues are more appropriate
for describing heterogeneity than for directing formulation choice [80]. Treatment-response
prediction must be independently tested in studies with prespecified treatment contrasts
and patient-centered endpoints. Microbial ecological guild analysis can capture cooperative
relationships overlooked by genus-level abundance, but the relevant population study
was not conducted in IBS [81]. Diet, medication, and substrate exposure can jointly affect
microbial growth and metabolite measurements [28,100], and should be recorded and in-
corporated into prespecified confounder-adjustment plans. A systematic review of artificial
intelligence in IBS found that most algorithms were developed for disease identification and
that study quality and external validation remain limited [101]. Deep-learning approaches
to microbial community prediction offer methodological examples, but their targets were
not patient responses to nanomedicines [102].

5.2. Evidence Gaps, Ecological Safety, and Quality Control

The first obstacle to clinical translation is a discontinuity in the evidence base. Most plat-
forms have been assessed in animals using inflammatory cytokines, microbial abundance,
barrier proteins, or visceral sensitivity as endpoints. These measurements capture selected
pathophysiological processes but cannot replace clinically meaningful improvements in
pain, bowel habits, and overall symptoms. Human IBS trials relevant to local delivery have
mainly investigated microencapsulated sodium butyrate, alone or with probiotics and pre-
biotics, and do not establish efficacy for nanoparticles with different structures, dimensions,
and exposure characteristics [72,76,96]. Existing guidance on pharmacological IBS manage-
ment provides symptom-oriented comparative benchmarks but cannot replace independent
validation of novel platforms [103,104]. Future clinical protocols should preregister primary
endpoints, appropriate placebo and active comparators, observation periods, and clinically
important effect thresholds. A second major obstacle concerns material toxicology and
ecological safety during repeated oral exposure. Intestinal degradation, corona formation,
mucus penetration, and systemic absorption may vary with particle size, charge, and dis-
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ease state; metal-based, polymeric, plant-derived vesicle, and algal-lipid hybrid products
therefore require distinct safety assumptions [65,97,98]. Beyond acute histopathology and
liver or kidney indices, evaluation should assess mucosal accumulation, immunogenicity,
functional changes in commensal communities, antimicrobial resistance-associated features,
and ecological recovery following withdrawal. Studies of nanomaterials in inflammatory
bowel disease or colorectal cancer can inform risk identification but cannot substitute for
IBS-specific long-term safety trials [99,105,106]. Products intended for chronic use may
additionally require assessment of chronic toxicity, hypersensitivity, abnormal immune acti-
vation, and potential genotoxicity, with clinical adoption ultimately guided by the balance
between patient benefit and risk.

A third obstacle is the limited reproducibility of relationships between formulation
quality and in vivo targeting. Batch-dependent particle-size distributions, surface chem-
istry, cargo loading, release profiles, and live-organism potency may affect exposure, while
variation in gastrointestinal pH, motility, and biomolecular corona formation weakens
the predictive value of in vitro data for human colonic localization [61,62,69]. Minimum
reporting standards should specify batch provenance, critical quality attributes, stability
in simulated gastrointestinal environments, unloaded-carrier and free-cargo controls, and
evidence of local exposure from in vivo or human-derived models. For complex hybrid
platforms, the necessity of each functional component should be tested directly rather
than inferred from differences relative to untreated controls. A fourth challenge concerns
comparability of models, host backgrounds, and analytical pipelines. Stress, inflamma-
tory, diarrhea, and visceral pain models each reproduce only selected IBS features, and
sex, diet, and prior medication use may modify responses [10,107]. Toll-like receptor 9
associations in postinfectious IBS cannot be transferred uncritically to Toll-like receptor 4 as
an identical causal mechanism [108]. Microbial sequencing also depends on preanalytical
factors, including deoxyribonucleic acid extraction procedures; sample collection, storage,
extraction, and statistical analyses should be standardized, and absolute microbial abun-
dance or functional measures distinguished from relative abundance [109]. A coherent
translational pathway should first demonstrate reproducible formulation quality and target-
site exposure, then attribute microbial or host mechanisms using adequate controls, and
finally establish patient-centered symptom improvement and long-term ecological safety.
Intelligent materials design may assist formulation screening, but predictions of carrier
performance cannot substitute for direct validation of clinical treatment response [110].

6. Conclusions and Future Perspectives

This review integrates microbial metabolism, epithelial barrier function, mucosal immu-
nity, and gut-brain communication in IBS within a framework of bidirectional microbiota—
host interactions. Colon-targeted systems principally aim to increase local bioactive ex-
posure; protective probiotic carriers preserve microbial viability and functional output;
naturally derived nanoparticles transport bioactive components; and microalgae hybrids
combine structural localization with cargo delivery. Across different preclinical models,
these technologies have been associated with changes in microbiota, barrier integrity, im-
munity, or visceral sensation, but studies differ in cargo, tissue compartment, and disease
phenotype. Their value therefore lies not in the number of proposed functions but in
whether effects on a defined pathophysiological process can be independently attributed
and connected to clinically meaningful outcomes. Three interrelated limitations persist.
First, randomized interventional studies of nanoparticles in patients with IBS remain scarce.
Clinical investigations of microencapsulated butyrate provide a foundation for formulation
research but do not establish efficacy for structurally distinct nanomaterials. Second, micro-
bial remodeling and improvements in immune indices frequently occur together without
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sufficient longitudinal sampling, carrier controls, or target-specific interventions to deter-
mine causal sequence. Third, symptom fluctuations, interindividual microbial heterogeneity,
and variability in intestinal formulation exposure limit the extrapolation of average animal
effects to patient-specific treatment benefits. These limitations call for integrated assessments
of material characterization, mechanistic experiments, and patient-centered outcomes.

Mechanistic studies should test explicit, falsifiable causal pathways. For live-microbe
and microalgae hybrid systems, unloaded carriers, free cargo, physical mixtures, and
complete formulations should be compared while jointly measuring mucosal retention,
microbial function, metabolite production, and host immune responses during repeated ad-
ministration. For SCFA-free fatty acid receptor 2, corticotropin-releasing hormone/receptor
1, and PAR2-related pathways, receptor perturbation, tissue localization, and time-resolved
analyses can determine whether individual signals occupy the expected positions in the
proposed causal chain. Patient-derived cells, organoids, and standardized microbial cocul-
tures can complement animal models, provided their lack of integrated neural and systemic
immune inputs is acknowledged. Translation should proceed in defined stages, beginning
with verification of critical quality attributes, intestinal exposure, and tolerability after
repeated oral dosing. Mechanistic phenotypes must then be evaluated jointly with observed
treatment responses to identify candidate responder populations, followed by controlled
studies using prespecified patient-centered outcomes. Multi-omics and machine learning
may integrate longitudinal symptoms, dietary and drug exposures, microbial function,
and metabolite profiles, but disease identification, progression prediction, and treatment-
response prediction must remain distinct tasks and undergo multicenter external validation.
Ultimately, micro- and nanoscale delivery intervention can become a credible precision
treatment approach only when mechanistic attribution, reproducible clinical benefit, and
long-term ecological safety are demonstrated together.
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Abbreviations

Abbreviation  Full Term

IBS irritable bowel syndrome

IBS-D diarrhea-predominant irritable bowel syndrome
IBS-C constipation-predominant irritable bowel syndrome
IBS-M mixed irritable bowel syndrome

SCFA short-chain fatty acid

PAR2 protease-activated receptor 2
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