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Abstract
Inflammatory bowel disease (IBD) is driven by persistent disruption of the gut microbiota-
metabolite-barrier-immune network, creating a strong rationale for therapeutic strategies
that extend beyond direct suppression of inflammation. Prebiotics can support microbial
metabolic activity, epithelial barrier integrity, and mucosal immune homeostasis, but their
clinical application is limited by microbiome-dependent responses, high dose requirements,
nonspecific  gastrointestinal  exposure,  uncontrolled  fermentation,  and  relatively  slow
therapeutic onset. This review summarizes the therapeutic potential of prebiotics in IBD
and  discusses  how  nanoscale  engineering  can  improve  their  gastrointestinal  stability,
colonic  delivery,  local  retention,  and  integration  with  complementary  therapeutic
modalities.  Particular  emphasis  is  placed  on  three  questions:  how  prebiotics  can  be
incorporated  into  nanoscale  platforms,  whether  prebiotic  function  is  retained  after
engineering,  and  how  these  materials  can  be  integrated  with  conventional  anti-
inflammatory drugs, bioactive or biological therapeutics, antioxidant therapies, and gas-
based therapies. Current evidence indicates that these platforms can couple microbiota-
directed  regulation  with  more  rapid  pharmacological  or  catalytic  effects,  thereby

https://www.oaepublish.com
https://ucenter.oaepublish.com
https://orcid.org/0000-0003-4791-2763
https://orcid.org/0000-0002-3399-3067
https://dx.doi.org/10.20517/nmt.2026.12
https://dx.doi.org/10.20517/nmt.2026.12
https://crossmark.crossref.org/dialog/?doi=10.20517/nmt.2026.12&domain=pdf


Page 2 of 19 Zhang et al. Nanomed Ther. 2026;1:7

addressing both intestinal dysbiosis and ongoing inflammatory injury. However, further progress requires clearer
validation  of  the  functional  contribution  of  engineered  prebiotics,  more  clinically  relevant  disease  models,
microbiome-guided patient stratification, long-term safety evaluation, and reproducible manufacturing. Prebiotic-
integrated nanomedicine therefore represents a promising strategy for developing multimodal therapies that target
both the inflammatory and ecological components of IBD.

INTRODUCTION
Inflammatory bowel disease (IBD) comprises ulcera-

tive colitis (UC) and Crohn’s disease (CD). UC usu-

ally presents as continuous mucosal inflammation of

the colon, whereas CD can affect any segment of the

gastrointestinal tract and may cause patchy transmu-

ral inflammation, strictures, fistulas, or other pene-

trating complications. Both disorders are relapsing

and show substantial heterogeneity in location, dis-

ease behavior, treatment response, and prognosis.

Host genetics, environmental exposure, and the com-

positional and functional capacity of the gut micro-

biome are recognized determinants of disease sus-

ceptibility and progression
[1,2]

.

IBD develops when genetic and environmental sus-

ceptibility disrupts the regulated homeostatic rela-

tionship among the gut microbiota, epithelial barri-

er, and mucosal immune system. Treatment-naive,

new-onset CD is characterized by enrichment of

Enterobacteriaceae, Pasteurellaceae, Veillonellaceae,

and Fusobacteriaceae together with depletion of

selected Clostridiales and Bacteroidales members
[3]

.

Multi-omics studies further identify alterations in

bile-acid, sphingolipid, and redox-related microbial

functions
[4,5]

 and indicate that IBD involves a cross-

kingdom ecosystem comprising bacteria, fungi, virus-

es, and their metabolites.

Barrier injury converts dysbiosis into persistent tis-

sue inflammation. Disruption of mucus and tight

junctions facilitates the entry of microbial products

into the lamina propria, where inflammatory epithe-

lial, stromal, myeloid, and T-cell populations form

interconnected signaling networks
[6,7]

. Neutrophils

and activated macrophages generate reactive oxygen

and nitrogen species (RONS), which further impair

epithelial metabolism and create an ecological

advantage for oxygen-tolerant pathobionts. IBD can

therefore be viewed as a self-reinforcing cycle in

which dysbiosis, metabolite depletion, barrier fail-

ure, immune activation, and oxidative injury mutu-

ally amplify one another
[1-2,8]

.

Aminosalicylates, corticosteroids, immunomodu-

lators, biologics, and small-molecule inhibitors

remain central to IBD treatment, but their main

effects are directed at inflammatory signaling or

leukocyte trafficking. Biologics still fail to induce or

maintain remission in a substantial proportion of

patients
[9,10]

, and suppressing a cytokine or traffick-

ing pathway does not by itself restore epithelial,

metabolic, or microbiome function
[8]

. This gap has

encouraged adjunctive strategies aimed at the micro-

biota-metabolite-barrier axis. Prebiotics may

therefore be better positioned as adjuncts to rapidly

acting therapies than as stand-alone interventions,

because their effects are generally slower and depend

on the functional capacity of the resident micro-

biome.

Recent reviews have addressed prebiotic selection

and therapeutic outcomes in IBD
[ 1 1 ]

, prebiotic

carbohydrate-based gastrointestinal delivery

systems
[12]

, and broader colon-targeted nanothera-

peutic strategies
[13]

. Reviews centered on prebiotics

have mainly emphasized substrate selection, micro-

biome-dependent responses, and clinical or preclin-

ical efficacy, whereas delivery-oriented reviews have

focused primarily on gastrointestinal protection,

colonic targeting, and carrier design. An important

issue at the interface of these fields remains insuf-

ficiently resolved: whether chemical modification,

crosslinking, surface confinement, or nanoscale

assembly preserves the selective microbial utilization

that defines a prebiotic, and how this microbiota-de-

pendent function can be distinguished from and

integrated with faster pharmacological, biological,

redox-active, or gas-mediated interventions. Accord-

ingly, the review is organized around three linked

questions: how prebiotics are incorporated into

nanoscale platforms, what evidence demonstrates

retention of prebiotic function after engineering,

and how prebiotic and co-therapeutic components

can be mechanistically integrated and experi-

mentally distinguished.
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Figure 1. Prebiotic-integrated nanoplatforms for IBD therapy and their translational considerations. IBD involves interconnected
disturbances in the gut microbiota, microbial metabolism, epithelial barrier, redox balance, and mucosal immunity. Prebiotics such as
inulin, pectin, β-glucan, and resistant starch can act through microbiota remodeling, metabolite restoration, barrier repair, and
immune/redox regulation. These materials can be engineered into nanoscale systems through self-assembly, ionic complexation, chemical
modification, composite assembly, coating, or process-assisted nanostructuring, and further combined with anti-inflammatory, biological,
antioxidant, or gas-based therapies. Key translational issues include retention of prebiotic activity after engineering, microbiome-
dependent response variability, gastrointestinal fate and long-term safety, and manufacturing and regulatory standardization. IBD:
Inflammatory bowel disease; IL: interleukin; ROS: reactive oxygen species; RONS: reactive oxygen and nitrogen species; TNF-α: tumor
necrosis factor-α.

Figure 1 provides an integrated overview of prebi-

otic-integrated nanoplatform design, therapeutic

functions, combination strategies, and key transla-

tional considerations.

PREBIOTICS AS THERAPEUTIC AGENTS FOR
IBD
Definition, criteria, and major classes of
prebiotics

The International Scientific Association for Probi-

otics and Prebiotics (ISAPP) defines a prebiotic as “a

substrate that  is  se lect ively ut i l ized by host

microorganisms conferring a health benefit”
[14]

. This

functional definition is more stringent than the

broader concepts of dietary fiber or fermentable

polysaccharides: microbial degradability alone is

insufficient, and a material should be considered a

prebiotic only when selective utilization is linked to

a measurable host benefit.

Prebiotics with comparatively strong evidence

include inulin-type fructans and fructo-oligosacchar-

ides (FOS), galacto-oligosaccharides (GOS), selected

resistant starches, β-glucans, xylo-oligosaccharides

(XOS), and other structurally defined oligosacchar-

ides; pectin and pectic oligosaccharides have increas-

ingly  substantia l  but  structure-dependent

evidence
[11,15]

. Chitosan, alginate, and hyaluronic acid

should not automatically be labeled prebiotics; with-

out evidence of selective utilization and host benefit,
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Table 1. Representative prebiotics and their major fermentation characteristics relevant to IBD

Prebiotic
Representative microbial taxa involved in
fermentation

Major fermentation
products

Fermentation profile

Inulin-type
fructans / FOS

Bifidobacterium spp. as primary utilizers; butyrate-
producing taxa as cross-feeding partners

Acetate and lactate;
secondary butyrate

Relatively rapid fermentation,
predominantly in the proximal-to-mid
colon[16,17]

Pectin
Bacteroides spp. and Bifidobacterium spp.;
Faecalibacterium prausnitzii may benefit through cross-
feeding

Acetate and butyrate
Structure-dependent fermentation that
may extend across multiple colonic
regions[18]

Resistant
starch

Ruminococcus bromii as a key primary degrader;
Eubacterium rectale and other butyrate-producing
cross-feeders

Butyrate, acetate, and
propionate

Slower fermentation with sustained
substrate availability toward the distal
colon[19,20]

GOS
B. longum, B. bifidum, B. catenulatum; selected
Lactobacillus spp.

Acetate and lactate Relatively rapid colonic fermentation[21]

XOS
Selected Bifidobacteriaceae; Lachnospiraceae-related
taxa may participate in downstream cross-feeding

Acetate; butyrate varies
with chain length and cross-
feeding

Fermentation kinetics depend on degree
of polymerization[22]

Selected β-
glucans

Bacteroides uniformis and B. ovatus; Anaerostipes spp. as
downstream responders/cross-feeding taxa

short-chain fatty acids
(SCFAs), including
propionate in selected
studies

Fermentability varies with linkage
pattern, solubility, and branching[23]

IBD: Inflammatory bowel disease; FOS: fructo-oligosaccharides; GOS: galacto-oligosaccharides; XOS: xylo-oligosaccharides.

they are better described as bioactive polysacchar-

ides or delivery materials. Here, “prebiotic-integrat-

ed” refers to nanosystems that incorporate a

carbohydrate with established or proposed prebiotic

activity in its native form. Whether that activity sur-

vives nanoengineering is evaluated separately rather

than assumed from the material composition.

Representative prebiotics differ markedly in fer-

mentation region, dominant utilizers, and fermenta-

tion kinetics. Inulin-type fructans are generally fer-

mented relatively rapidly and tend to support

bifidobacteria-associated niches in the prox-

imal-to-mid colon; pectin fermentation is more

strongly influenced by molecular weight, branching,

and degree of esterification and may extend across

multiple colonic regions; resistant starch is degraded

more slowly and may sustain saccharolytic substrate

availability further into the distal colon
[16-20]

. Beyond

these three classes, GOS, XOS, and selected structu-

rally defined β-glucans also show substantial evi-

dence of selective microbial utilization, although

responder taxa and fermentation outputs remain

dependent on degree of polymerization, branching,

and the baseline host microbiome. Representative

microbial taxa involved in fermentation, major fer-

mentation products, and fermentation profiles of

selected prebiotics are summarized in Table 1.

Mechanisms of prebiotic action in IBD

Prebiotic action in IBD is best viewed as a sequence

rather than as several independent effects. Microbial

use of the substrate first changes community interac-

tions; the resulting shifts in fermentation and

metabolic output then influence the epithelial barri-

er and mucosal immune system.

Gut microbiota remodeling

Prebiotics alter microbial competition by preferen-

tially supplying substrates to organisms equipped

with the appropriate glycosidases, transport systems,

and utilization pathways. In IBD, therapeutic benefit

is unlikely to depend on expansion of a single pre-

defined beneficial taxon, but rather on restoration of

functionally interconnected microbial networks

involving primary degraders, commensals, and

cross-feeding partners. Studies in UC cohorts have

shown that inulin-type fructans can increase the rela-

tive abundance of Bifidobacteriaceae and selected

Lachnospiraceae members
[24]

. Patient-derived in

vitro fermentation further demonstrates that 2'-fuco-

syllactose, FOS, and GOS generate distinct patterns

of community remodeling
[25]

. Structurally character-

ized resistant starch was likewise associated with

increased Lactobacillus, Bifidobacterium, and

Lachnospiraceae-related taxa in dextran sulfate

sodium (DSS)-induced colitis
[26]

. Together, these

studies show that different prebiotic substrates

reshape microbial composition and ecological inter-
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actions in distinct ways.

Restoration of microbial metabolites

The therapeutic relevance of microbiota remodeling

depends largely on what the remodeled community

produces. Different substrates favor different

degraders and cross-feeding networks and therefore

generate distinct profiles of short-chain fatty acids

(SCFAs) and other metabolites. Acetate, propionate,

and butyrate are the best-characterized SCFAs gener-

ated during carbohydrate fermentation. Butyrate is

an important fuel for colonocytes, promotes epithe-

lial oxygen consumption, and supports hypoxia-in-

ducible  factor  (HIF)-dependent  barrier

transcription
[27]

. SCFAs also contribute to colonic

regulatory T-cell homeostasis through receptor-me-

diated and epigenetic mechanisms
[28,29]

. For this rea-

son, compositional microbiome data alone provide

an incomplete measure of functional recovery, espe-

cially when nanoengineering changes the structure

or accessibility of the prebiotic.

Epithelial barrier repair

These metabolic changes can in turn support epithe-

lial repair. Butyrate supplies energy to colonocytes,

helps maintain physiological hypoxia, and supports

tight-junction and mucus-barrier integrity, thereby

limiting translocation of luminal antigens. Restoring

the barrier reduces the inflammatory input from the

lumen and can interrupt the cycle linking dysbiosis,

metabolite loss, and epithelial injury. Clinical

responses to prebiotic interventions, including

changes in intestinal permeability, inflammatory

biomarkers, and microbial metabolites, remain

heterogeneous across substrates, disease states, and

patient populations
[30-32]

.

Immune and redox modulation and its kinetic

constraints

Microbial metabolites also shape mucosal immune

and redox responses. SCFAs can influence mucosal

immune homeostasis through G-protein-coupled

receptor signaling, histone deacetylase inhibition,

and metabolic regulation. Among the best-estab-

lished effects, butyrate and other SCFAs promote

colonic regulatory T-cell (Treg) differentiation and

homeostasis
[28,29]

. Secondary bile-acid metabolites

provide another route: 3-oxoLCA suppresses T

helper 17 (Th17)-cell differentiation, whereas

isoalloLCA promotes Treg differentiation
[33]

. Barrier

repair and reduced microbial translocation may fur-

ther lessen immune-cell activation and RONS gener-

ation. Because these effects depend on microbial and

host remodeling, they generally develop more slowly

than direct catalytic RONS scavenging, providing a

rationale for pairing prebiotics with faster redox-ac-

tive interventions.

LIMITATIONS OF FREE PREBIOTICS IN IBD
THERAPY
Dependence on microbial utilization also con-

tributes to the variable performance of free oral

prebiotics in active IBD. Response varies with the

microbial functions available in each patient, where

and how much substrate reaches the colon, the rate

of fermentation, and whether ecological recovery

can keep pace with ongoing inflammation. Four limi-

tations are especially relevant when considering

nanoscale formulation.

Patient- and microbiome-dependent response
variability

The same substrate can produce different microbial

and metabolic responses because patients differ in

relevant transporters , g lycosidases , primary

degraders, and cross-feeding partners
[11,25]

. Nanoengi-

neering can alter where and when a substrate is deliv-

ered, but it cannot replace microbial functions that

are absent. Patient or microbiome stratification

therefore remains important.

High-dose requirements and poor lesion
targeting

Free prebiotics are often administered at gram-scale

doses, yet dissolved substrates disperse through the

intestinal lumen rather than accumulating at ulcerat-

ed sites. They are also difficult to co-localize with

epithelial or immune-cell targets. Nanoscale carriers

may reduce this spatial mismatch by concentrating

the prebiotic-derived structure and its co-therapeu-

tic cargo in selected gastrointestinal regions or

inflamed tissue, provided that the formulated

carbohydrate remains biologically accessible.

Uncontrolled fermentation and gastrointestinal
intolerance

Rapid exposure to soluble fermentable substrates

can increase gas production and contribute to bloat-

ing, abdominal pain, or altered bowel habits. In

active Crohn’s disease, 15 g/day FOS did not
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improve clinical response and was associated with a

higher withdrawal rate
[34]

. Engineered systems could,

in principle, stage substrate exposure through con-

trolled dissolution, enzyme-responsive disassembly,

or changes in accessible surface area, but clinical evi-

dence that nanostructuring reduces fermentation-re-

lated intolerance is not yet available.

Kinetic mismatch in active inflammation

Microbiota-dependent effects may also be too slow

for active disease with a high inflammatory or oxida-

tive burden. Co-delivery with faster anti-inflammato-

ry, antioxidant, biological, metabolic, or gas-releas-

ing modules is therefore intended to bridge this

kinetic gap rather than to replace the prebiotic

component.

NANOSCALE ENGINEERING STRATEGIES
FOR PREBIOTIC-BASED PLATFORMS
These limitations motivate nanoscale formulation,

but successful engineering requires more than

improved part ic le s tabi l i ty or drug loading.

Nanoscale design can alter gastrointestinal exposure

while also changing carbohydrate accessibility,

degradability, and microbial recognition. The main

approaches discussed here are self-assembly and ion-

ic complexation, chemical modification-driven self-

-assembly, composite assembly and surface function-

alization, and process-assisted nanostructuring. In

each case, preservation of microbial utilization is a

separate question from successful particle formation.

More broadly, stimulus-responsive nanoparticle

design provides a general framework for coupling

nanoscale structure with controlled therapeutic acti-

vation or release
[35]

.

Self-assembly and ionic nanocomplexation

Prebiotic polymers can form nanoparticles without

permanent hydrophobic grafts through intrinsic

aggregation or non-covalent complexation. Enzymat-

ically synthesized high-molecular-weight inulin, for

example, formed stable spherical particles with an

average diameter of about 112 nm above a critical

aggregation concentration
[3 6 ]

. In a more recent

formulation, calcium chloride was used for ionotrop-

ic gelation and natural honey for stabilization of

inulin nanoparticles intended for colon-targeted

delivery
[37]

. The earlier high-molecular-weight inulin

particles showed no significant prebiotic activity in

the probiotic strains tested, i l lustrat ing that

nanoscale assembly and prebiotic function do not

necessarily track together.

Pectin provides a complementary route because its

charge enables ionic gelation and polyelectrolyte

complexation with cationic polymers. Colon-direct-

ed systems have been prepared with trimethyl

chitosan or chitosan/tripolyphosphate, with polymer

ratio, charge density, pH, ionic strength, and

crosslinker concentration controlling particle size

and stability
[38,39]

. These studies establish pectin as a

useful construction and colon-delivery material, but

they do not by themselves show that the engineered

pectin retains selective prebiotic activity in IBD.

Chemical modification-driven self-assembly

Covalent modification is useful when a hydrophilic

prebiotic must be converted into an amphiphilic

carrier. Inulin contains abundant hydroxyl groups

that can be grafted with hydrophobic segments,

producing structures that self-assemble into micelles

or core-shell nanoparticles. Reported examples

include succinyl-ceramide/polyethylene glycol

(PEG) graft copolymers
[40]

, inulin-poly (D, L-lactide)

(INU-PLA) nanoparticles with an inulin-rich corona

whose organization depends on surface density
[41]

,

vitamin E-modified pH-sensitive nanomicelles
[42]

,

and propionylated or propyl inulin nanoparticles
[43]

.

The same principle has been applied to pectin: pect-

in-doxorubicin conjugates containing acid-sensitive

hydrazone linkages can co-self-assemble with hydro-

phobic drugs into pH-responsive nanoparticles
[44]

.

Chemical modification offers structural control but

can also mask glycosidic motifs or reduce enzyme

accessibility. Degree and position of substitution

should therefore be considered in relation to micro-

bial utilization, not only particle formation.

Composite assembly and surface
functionalization

A prebiotic does not need to form the entire particle

to contribute to a nanoscale platform. It can instead

serve as a co-assembling component or surface layer,

leaving the core to provide drug loading or structu-

ral stability while the carbohydrate interface con-

tributes gastrointestinal protection and, potentially,

microbial accessibility. Pectin has been incorporated

into whey-protein-isolate/zein nanoparticles
[45]

 and

deposited onto preformed liposomes to improve sta-

bility during simulated digestion
[46]

. In a multicompo-
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nent IBD system, inulin, trans-ferulic acid, and silk

sericin were assembled into nanoparticles before

being immobilized on coated Bifidobacterium lon-

gum
[47]

. Only the nanoparticle component is consid-

ered here because the subsequent whole-cell con-

struct lies outside the nanoscale scope of this review.

Scope also depends on where the carbohydrate sits

in the formulation. The scope includes systems in

which the prebiotic forms part of the nanoparticle

core, shell, or nanoscale interface, but excludes

nanoparticles that are simply embedded in a bulk

prebiotic hydrogel or another macroscopic matrix.

The latter are better considered hydrogel-based deliv-

ery systems rather than nanoscale prebiot ic

platforms.

Process-assisted nanostructuring

Physical processing offers a route to nanoscale orga-

nization without extensive covalent derivatization.

Resistant-starch nanoparticles have been produced

by pullulanase-mediated debranching followed by

nanoprecipitation
[48]

 and by ultrasound-assisted

enzymatic restructuring
[49]

. Pectin nanoparticles have

also been prepared from nanoemulsion templates

generated by high-pressure homogenization
[50]

.

These methods may preserve more of the native

chemistry than extensive grafting, but they can still

change molecular weight, branching, crystallinity,

surface accessibility, and fermentation behavior.

Those changes are relevant to microbial utilization

as well as to particle properties.

Most reports in this area still emphasize particle

formation and del ivery performance. Direct

comparisons of native and engineered carbohydrates

with respect to microbial degradation, fermentation,

and metabolic output remain uncommon and

should complement routine physicochemical charac-

terization.

Evaluating retention of prebiotic function after
nanoengineering

Successful incorporation of a prebiotic carbohydrate

into a nanoscale formulation does not by itself

demonstrate retention of prebiotic function. Evi-

dence can be considered at three levels. Direct evi-

dence includes demonstrated microbial utilization

or degradation of the engineered carbohydrate

together with fermentation or metabolite produc-

tion. Intermediate evidence includes microbiota and

metabolite changes that are associated with the engi-

neered carbohydrate but are not experimentally sepa-

rated from other formulation components. Indirect

evidence is limited to changes in microbiota compo-

sition or disease phenotype without direct demons-

tration of carbohydrate utilization. This distinction

is particularly important for chemically modified,

densely  cross l inked,  or  surface-confined

carbohydrates, whose accessibility to microbial

enzymes may differ substantially from that of the

native substrate.

Accordingly, future studies should compare native

and engineered forms using microbial degradation

assays, fermentation kinetics, SCFA or other metabo-

lite measurements, and appropriate carrier-only con-

trols. Microbiota-associated changes alone are

therefore not considered sufficient to establish

retained prebiotic activity.

Selected ionic, amphiphilic, composite, and multilay-

er architectures are shown in Figure 2. Several exam-

ples were developed outside IBD and are included

only to illustrate construction or oral-delivery

principles that can be transferred to prebiotic

nanomedicine.

MULTIMODAL COMBINATION THERAPY
BASED ON PREBIOTIC NANOPLATFORMS
The platforms described above become particularly

useful when the prebiotic and the co-therapy operate

on different timescales. Microbiota-dependent recov-

ery of fermentation, barrier function, and immune

homeostasis is relatively slow, whereas drugs, catalyt-

ic materials, and gasotransmitters can act more

rapidly on inf lammation or oxidat ive stress .

Combination platforms aim to exploit this difference

by controlling acute pathology while ecological

recovery develops. Current examples pair prebiotic

nanocomponents  with  conventional  anti-

inflammatory drugs, bioactive or biological therapeu-

tics, antioxidant modules, or gas-releasing systems.

Combination with conventional anti-
inflammatory drugs

A straightforward combination strategy pairs a prebi-

otic nanocomponent with an established anti-

inflammatory drug. The carbohydrate can con-

tribute gastrointestinal protection, colon-responsive

disassembly, or local retention, while the drug
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Figure 2. Representative construction and oral delivery architectures of inulin- and pectin-containing nanosystems. (A) Pectin-type B
gelatin polyelectrolyte complexes formed through electrostatic interactions for curcumin loading, showing nanoscale morphology and pH-
dependent drug release under simulated gastrointestinal conditions[51]. (A) is adapted from Ref.[51], under CC BY 4.0 License; (B)
Amphiphilic inulin-poly (D,L-lactide) (INU-PLA) graft copolymers assembled into core-shell nanoparticles for sorafenib loading, with the
inulin-rich surface layer governed by INU surface density[41]. (B) is adapted from Ref.[41], under CC BY 4.0 License; (C) Curcumin-loaded
lactoferrin/citrus-pectin core-shell microgel nanoparticles (LF/CP-Cur MN) prepared by lactoferrin-curcumin complex formation, pectin
incorporation, and Ca2+-mediated consolidation for IBD therapy[52]. (C) is adapted from Ref.[52], under CC BY 4.0 License; (D) Layer-by-
layer pectin/chitosan-coated, collagen-IV-targeted PLGA nanoparticles encapsulating the pro-resolving peptide Ac2-26 (P-C-Col IV-
Ac2-26 NPs), designed to remain intact during upper gastrointestinal transit and undergo microbiota-mediated shell degradation in the
colon[53]. (D) is adapted from Ref.[53], under CC BY 4.0 License. Ac2-26: Annexin A1-derived peptide Ac2-26; Col IV: collagen IV; CP: citrus
pectin; Cy5.5: cyanine 5.5; DMF: dimethylformamide; FALT: fixed aqueous layer thickness; INU: inulin; LF: lactoferrin; MN: microgel
nanoparticle; NP: nanoparticle; PEG: polyethylene glycol; PLA: poly (D,L-lactide); PLGA: poly (lactic-co-glycolic acid); IBD: inflammatory
bowel disease.

directly suppresses inflammatory signaling. If the

engineered carbohydrate remains available to the

microbiota, the same formulation may also address

ecological functions that conventional drugs do not

directly restore.

Bud@MSN-IN illustrates this division of labor:

budesonide-loaded mesoporous silica nanoparticles

were coated with inulin
[54]

. The coating improved

upper-gastrointest inal s tabi l i ty and enabled

inulinase-responsive release in the colon, while

budesonide supplied the rapid anti-inflammatory

effect. Treatment was also associated with improve-

ments in oxidative-stress and microbiota-related

indices, and unloaded inulin-coated particles

showed measurable biological activity. These find-

ings are consistent with a contribution from the

inulin layer, although selective microbial utilization

of the engineered coating was not directly traced.

A key experimental issue is therefore not only

whether the combined formulation is effective, but

also whether the drug, carrier, and prebiotic make

distinguishable contributions. Appropriate controls

are needed to distinguish pharmacological activity

from carrier effects and microbiota-dependent

effects.

Combination with bioactive and biological
therapeutics

Beyond conventional drugs, nanoscale prebiotic sys-

tems can improve the oral delivery of bioactive
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agents that are poorly soluble, unstable, rapidly

metabol ized, or poorly retained in inf lamed

intestinal tissue. The carbohydrate usually con-

tributes assembly and gastrointestinal handling,

while the cargo supplies a more direct pharmacolog-

ical or regenerative effect.

TPP-IN-LA/CBD used chemically modified inulin

to formulate mitochondria-targeted, glutathione-re-

sponsive cannabidiol nanoparticles
[55]

. Importantly,

this study evaluated the platform in a preventive coli-

tis setting rather than as treatment of established dis-

ease. Under this regimen, the formulation reduced

Toll-like receptor 4 (TLR4)/nuclear factor kappa B

(NF-κB)-associated inflammatory responses,

improved epithelial-barrier markers, and was

accompanied by changes in microbial composition

and SCFA levels. However, microbial utilization of

the modified inulin was not isolated from the overall

formulation effect. Hesperetin-zinc and epigallocat-

echin gallate-manganese (EGCG-Mn) systems
[56,57]

also use prebiotic carriers; because redox regulation

is their main added function, they are considered in

Sect ion  Combination  with  antioxidant

therapeutics.

Microbial metabolites can also be incorporated

directly. The inulin-butyrate nanogel combines a fer-

mentable carbohydrate with butyrate replacement in

the same nanoscale structure
[58]

. It accumulated pref-

erentially in inflamed colonic tissue and underwent

inulinase- and esterase-responsive degradation.

Microbiota remodeling, barrier recovery, and regu-

latory T-cell responses accompanied treatment,

allowing the supplied butyrate to act early while

inulin remained available for slower microbiota-de-

pendent effects.

Biological cargos extend this concept beyond small

molecules. Engineered extracellular vesicles and bac-

terial outer membrane vesicles can carry activities

that are difficult to reproduce with conventional

drugs
[ 5 9 ]

. The inflamed-colon-targeted hybrid

nanotherapeutic (ICHN) combined inulin with mito-

chondria-targeted cerium-based nanocomponents

and mesenchymal stromal cell-derived extracellular

vesicles (MSC-EVs)
[60]

, with concurrent effects

reported on mitochondrial oxidat ive injury,

macrophage polarization, epithelial repair, and

dysbiosis. Because several active modules were pre-

sent, the microbiota response cannot be assigned

specifically to inulin.

Combination with antioxidant therapeutics

Oxidative injury provides a mechanistic rationale for

adding a fast-acting module to a prebiotic platform.

Redox-active agents can lower RONS before micro-

biota-mediated metabolic recovery is established;

reported systems range from small-molecule or coor-

dination complexes to catalytic nanozymes
[61-64]

.

Hes-Zn@IN and BG@EGCG-Mn represent the

small-molecule/coordination  end  of  this

spectrum
[56,57]

. Hes-Zn@IN couples a hesperetin-zinc

core with an inulin-containing shell that supports

pH-dependent del ivery and accumulation in

inflamed colon tissue. BG@EGCG-Mn uses oat β-

glucan nanopart ic les to carry an EGCG-Mn

complex. Both systems were associated with

improvements in barrier and microbiota-related out-

comes, although fermentation of the engineered

carbohydrate was not traced directly.

Catalytic systems pursue the same goal through

enzyme-mimetic RONS removal. CeO
2
@IN places

an  inul in  coating  around  cerium  oxide

nanoparticles
[62]

; the ceria core exhibited superox-

ide-dismutase- and catalase-like activity and was

reported to preserve epithelial integrity, while the

coating supported oral delivery. PSGI refers to a

nanosystem comprising sulfasalazine-loaded hollow

mesoporous Prussian blue nanoparticles encapsulat-

ed in a glutamine-modified inulin nanogel
[63]

. Here,

catalytic antioxidant activity and drug therapy are

paired with upper-gastrointestinal protection and

enzyme-responsive colonic release. In both systems,

the delivery role of inulin is clear, but post-engineer-

ing microbial utilization was not separated from the

overall treatment effect.

Resistant starch has also been incorporated into

cerium-sulfasalazine infinite coordination polymers

(Ce-SASP-RS ICPs)
[64]

. The system showed multien-

zyme-like redox activity and microbiota-associated

changes; however, gastric instability necessitated

intraperitoneal administration. Because this route

bypasses luminal gastrointestinal exposure, direct

intestinal microbial utilization of the resistant-starch

component cannot be assumed. This system is

therefore better regarded as a proof-of-concept for
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resistant-starch-containing multimodal nanotherapy

rather  than  direct  evidence  for  oral  prebi-

otic-integrated nanomedicine.

Combination with gas therapy

Gasotransmitters extend the same fast/slow design

logic. At low local concentrations they can rapidly

influence redox-sensitive and immune-regulatory

pathways
[ 6 5 ]

, but gastrointest inal del ivery is

complicated by instability, uncontrolled release, and

short local exposure. A prebiotic-derived carrier

may help localize the gas donor while retaining a sub-

strate for later microbial and metabolic effects.

DATS-loaded inulin-PCL nanomicelle (DIP) is an

oral inulin-grafted polycaprolactone nanomicelle

carrying diallyl trisulfide as a hydrogen sulfide (H
2
S)

donor
[66]

. Intracellular glutathione promoted H
2
S gen-

eration, activating heme oxygenase-1 (HO-1)-asso-

ciated antioxidant responses and suppressing the

phosphorylated signal transducer and activator of

transcription 3 (p-STAT3)/Th17/interleukin-17

(IL-17) axis. Treatment also increased Lacto-

bacillaceae and Muribaculaceae and raised acetate

and butyrate levels; multi-omics analyses linked

these changes with immune regulation, epithelial

repair, and barrier recovery. Unlike systems in

which the carbohydrate primarily serves as a coat-

ing, DIP was designed to couple microbiota-associat-

ed changes with gas-mediated activity within the

same formulation. It therefore illustrates a strategy

in which a prebiotic-derived nanocarrier is integrat-

ed with local gasotransmitter generation. Neverthe-

less, direct demonstration of microbial utilization of

the engineered inulin component remains important

for distinguishing retained prebiotic activity from

broader treatment-associated microbiota changes.

Summary: design principles for prebiotic
combination nanotherapy

Mechanistically interpretable combination designs

assign distinct functions to the prebiotic and the co-

therapy. The added module should address a defined

deficit - rapid control of inflammation, oxidative

injury,  or  metabol i te  shortage  -  while  the

carbohydrate retains a measurable delivery or micro-

biota-related function. This also dictates the control

groups: multicomponent systems should be com-

pared with simpler formulations so that the contribu-

tion of each module can be resolved. Figure 3 broad-

ens this comparison with pectin-based systems

carrying sulfasalazine, azathioprine, or celastrol
[67-69]

,

whereas Figure 4 contrasts a β-glucan/polydopamine

antioxidant platform with the DIP H
2
S system

[61,66]
.

Representative platforms are summarized in Table 2.

TRANSLATIONAL CHALLENGES AND
OUTLOOK
Most prebiotic-integrated nanoplatforms are still at

the proof-of-concept stage. The main barriers to

translat ion  are  not  l imited  to  nanopart ic le

performance: they include uncertain retention of

prebiotic activity after engineering, strong micro-

biome-dependent variability, incomplete knowledge

of gastrointestinal fate and repeated-dose safety, and

increasing formulation complexity. Evaluation

therefore must connect material properties with

microbial function, local intestinal pharmacology,

and manufacturability.

From preclinical efficacy to clinical relevance

Clinical evidence for prebiotics in IBD comes mainly

from free dietary substrates rather than nanoengi-

neered formulations. Inulin-type fructans and 1-

kestose have shown potential benefits in selected UC

populations, including changes in clinical activity,

fecal calprotectin, microbiota composition, or SCFA

production
[24,70,71]

. The results are not uniform: FOS

fai led to improve act ive Crohn’s disease in a

randomized trial
[34]

, and recent meta-analyses report

heterogeneous efficacy with generally limited

certainty
[31,32]

.

These findings justify continued interest in micro-

biota-directed therapy, but they cannot be extrapolat-

ed direct ly to prebiot ic nanomedicine. Most

nanoformulations have been tested in chemically

induced colitis, which is useful for early efficacy stud-

ies but does not capture the chronic, relapsing, and

heterogeneous course of human IBD. More informa-

tive validation would include chronic or recurrent

models, comparison with established treatments,

and sustained remission rather than only short-term

endpoints
[12,13]

.

Preserving prebiotic function across microbiome
heterogeneity

A recurring uncertainty is whether the carbohydrate

still behaves as a prebiotic after it has been engi-

neered. Nanostructuring can change molecular
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Figure 3. Prebiotic-integrated nanoplatforms combined with conventional drugs and bioactive therapeutics for IBD treatment. (A)
Pectin/chitosan-coated PLGA nanoparticles for colon-specific sulfasalazine delivery, with pectinase-triggered shell degradation and
microbiota modulation[67]. (A) is adapted from Ref.[67], under CC BY 4.0 License; (B) Pectin/zein/Eudragit S100 nanoparticles for colonic
azathioprine delivery and recovery of microbial, SCFA, and barrier indices[68]. (B) is adapted from Ref.[68], under CC BY 4.0 License; (C)
Pectin/TMC-coated celastrol liposomes for colonic retention and suppression of inflammatory signaling[69]. (C) is adapted from Ref.[69],
under CC BY 4.0 License; (D) Inulin-butyrate nanogels enabling enzyme-responsive release, microbiota remodeling, barrier repair, and
Treg promotion[58]. (D) is adapted from Ref.[58], under CC BY 4.0 License. (C) was further modified for improved graphical clarity and text
legibility using AI-assisted image editing, without intentional alteration of the scientific content. AZA: Azathioprine; Csn: chitosan; ES100:
Eudragit S100; FoxP3: forkhead box P3; HDAC: histone deacetylase; IFN-γ: interferon-γ; IL: interleukin; MPO: myeloperoxidase; MyD88:
myeloid differentiation primary response 88; NF-κB: nuclear factor kappa B; NP: nanoparticle; Pcn/PT: pectin; PLGA: poly(lactic-co-
glycolic acid); SAS: sulfasalazine; SCFA: short-chain fatty acid; TLR4: Toll-like receptor 4; TMC: trimethylated chitosan; TNF-α: tumor
necrosis factor-α; Treg: regulatory T cell; IBD: inflammatory bowel disease.

weight, branching, degree of substitution, glycosidic

accessibility, and degradation kinetics, all of which

may alter fermentation. The point is illustrated by

self-assembled high-molecular-weight inulin

nanoparticles: particle formation was successful, but

prebiotic activity was not detectable in the tested pro-

biotic strains
[36]

.

For this reason, a shift in microbiota composition

should not be treated as sufficient evidence of

retained prebiotic function. Native and engineered

forms should be compared directly for microbial

degradation, fermentation behavior, and relevant

metabolic outputs. Substitution degree, crosslink

density, and surface accessibility should also be relat-

ed to microbial utilization rather than reported only

as physicochemical variables
[11,12]

.

Patient-to-patient variability adds a second layer of

uncertainty. Relevant degraders, carbohydrate-active

enzymes, and cross-feeding networks differ with

diet, medication exposure, disease location, and

inflammatory activity
[1,11,15]

. Functional microbial fea-

tures may therefore be more useful for patient strat-
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Figure 4. Prebiotic-integrated nanoplatforms for antioxidant and gas-based combination therapy in IBD. (A) Polydopamine-coated yeast
β-glucan nanoparticles (YBNs@PDA) combine ROS scavenging with microbiota regulation and epithelial-barrier recovery[61]. (A) was
adapted from Ref.[61] under CC BY 4.0 License; (B) DIP accumulates in inflamed colon and generates H2S in response to intracellular GSH,
coupling redox and immune regulation with microbiota remodeling, SCFA recovery, and barrier repair[66]. (B) was reproduced with
permission from Ref.[66]. Copyright © 2026 Elsevier Ltd. DATS: Diallyl trisulfide; DIP: DATS-loaded inulin-PCL nanomicelle; GSH:
glutathione; H2S: hydrogen sulfide; HO-1: heme oxygenase-1; IBD: inflammatory bowel disease; IEC: intestinal epithelial cell; IL: interleukin;
IP: inulin-PCL copolymer; JAK-STAT: Janus kinase-signal transducer and activator of transcription; MCP-1: monocyte chemoattractant
protein-1; MPO: myeloperoxidase; NP: nanoparticle; PCL: polycaprolactone; PDA: polydopamine; ROS: reactive oxygen species; SCFA:
short-chain fatty acid; TJP: tight-junction protein; TNF-α: tumor necrosis factor-α; YBN: yeast β-glucan nanoparticle.

ification than taxonomic composition alone.

Gastrointestinal fate, local pharmacology, and

safety

Systemic pharmacokinetics alone are a poor descrip-

tion of exposure for an oral, colon-directed prebiotic
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Table 2. Representative nanoscale prebiotic-integrated combination platforms investigated in IBD models

Platform Physical form
Co-therapeutic
component

Nanoplatform-specific
advantages

Functional contribution of
the prebiotic component

Bud@MSN-IN[54] Inulin-coated MSN Budesonide
Upper-GI protection with inulinase-
responsive colonic release of
budesonide

Inulin forms the enzyme-
responsive outer layer and
contributes to colon-specific
release; microbiota-related
effects were observed, although
they were not independently
attributed to the inulin coating

SAS@PLGA-Csn-Pcn[67] Pectin/chitosan-coated
PLGA NPs

Sulfasalazine
(SAS)

Multilayer oral protection with
pectinase-triggered shell
degradation and enhanced colonic
accumulation.

Pectin functions as a
microbiota-degradable outer
layer that enables colonic
release and generates pectin-
derived fragments after shell
degradation; their selective
microbial utilization was not
independently demonstrated

APZE[68] Pectin/zein/ES100 NPs AZA
pH-responsive colon targeting with
mucoadhesion, enhanced uptake,
and prolonged colonic retention

Pectin contributes to colon-
responsive delivery and was
associated with microbiota
remodeling and increased SCFA
levels during treatment

TPP-IN-LA/CBD[55] Modified-inulin NPs
Cannabidiol
(CBD)

Colon accumulation with
mitochondrial targeting and GSH-
responsive intracellular cannabidiol
release; evaluated in a preventive
model

Modified inulin contributes to
nanoparticle construction and
was associated with microbiota
and SCFA changes in the
preventive model, although its
specific microbial contribution
was not isolated

Inulin-butyrate
nanogel[58] Inulin-butyrate nanogel Butyrate

Preferential accumulation in
inflamed colon with dual
inulinase/esterase-responsive
degradation, integrating substrate
delivery with direct butyrate
supplementation

Inulin serves as a degradable
nanogel scaffold and a potential
fermentable substrate,
complementing direct butyrate
supplementation

Cel/PT-LbL Lipo[69] Pectin/TMC-coated
liposomes

Celastrol

Layer-by-layer GI protection with
pH-responsive release and TMC-
mediated mucoadhesion and colonic
retention

Pectin primarily functions as a
colon-responsive coating; a
distinct microbiota-mediated
contribution was not evaluated

ICHN[60] Inulin hybrid NPs
Ce-TPP nanozyme
+ MSC-EVs

Inflamed-colon targeting with
coordinated delivery of a cerium
nanozyme and MSC-EVs in a single
oral hybrid platform

Inulin contributes to the hybrid
nanostructure and may support
microbiota recovery alongside
the antioxidant and regenerative
modules, although an inulin-
specific effect was not resolved

Hes-Zn@IN[56] Inulin-armored NPs Hesperetin-Zn

pH-dependent intestinal release with
enhanced localization of the
hesperetin-zinc therapeutic module
in inflamed colon tissue

Inulin primarily contributes to
the protective carrier shell and
intestinal delivery; a distinct
microbial role was not
independently established

BG@EGCG-Mn[57] Oat β-glucan NPs EGCG-Mn

Nanoscale co-localization of β-
glucan and the EGCG-Mn complex
for combined redox and barrier-
focused intervention

β-Glucan forms the nanoscale
matrix and may contribute to
microbiota-associated recovery
in addition to serving as the
prebiotic component of the
combination platform

YBNs@PDA[61]
PDA-coated β-glucan
NPs

PDA

A mucoadhesive PDA coating
prolongs gastrointestinal retention
while providing ROS-scavenging
activity around a β-glucan core

β-Glucan constitutes the
nanoparticle core and provides
the putative microbiota-
modulating component; its
direct microbial utilization after
engineering was not
demonstrated
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CeO2@IN[62] Inulin-coated ceria NPs Ceria nanozyme
Oral nanozyme delivery integrating
catalytic ROS scavenging with CT-
guided theranostic imaging

Inulin stabilizes the nanozyme
during gastrointestinal transit
and supports oral colonic
delivery; its microbial
contribution was not separately
evaluated

PSGI[63] Inulin-coated Prussian
blue NPs

Prussian blue +
SAS

Multimodal oral platform co-
localizing a Prussian blue nanozyme
and sulfasalazine with inflamed-site
adhesion and retention

The inulin nanogel provides
gastrointestinal protection and
inulinase-responsive colonic
release; its prebiotic
contribution was not
independently quantified

Ce-SASP-RS ICPs[64] RS-grafted Ce-SASP
polymers

Cerium + SAS

Coordination-polymer integration of
cerium and sulfasalazine provides
multienzyme-like redox activity,
although gastric instability precluded
oral administration

Resistant starch is incorporated
into the coordination polymer,
but its luminal prebiotic function
cannot be inferred because
intraperitoneal administration
bypassed direct intestinal
exposure

DIP[66] Inulin-grafted PCL
nanomicelle

DATS-derived H2S
Inflamed-colon accumulation with
intracellular GSH-triggered H2S
generation for localized gas therapy

Inulin contributes to
nanomicelle construction and
was associated with microbiota
and SCFA recovery,
complementing the more rapid
H2S-mediated effect

Nanoplatform-specific advantages’ summarizes platform-level engineering or delivery advantages that arise from the integrated nanoscale design
rather than from the prebiotic component alone. ‘Functional contribution of the prebiotic component’ summarizes the structural, delivery, and
microbiota-related roles attributed to the prebiotic component within each nanoplatform. Microbiota or metabolite changes are reported as
treatment-associated observations and should not be interpreted as direct evidence of retained prebiotic function unless microbial utilization or
fermentation of the engineered carbohydrate was specifically demonstrated. Hydrogel-dominant depots, conventional microparticles, and whole-
cell synbiotic coatings are excluded to maintain a strict nanoscale scope. MSN: Mesoporous silica nanoparticle; GI: gastrointestinal; PLGA: poly
(lactic-co-glycolic acid); NP: nanoparticle; AZA: azathioprine; SCFA: short-chain fatty acid; GSH: glutathione; TMC: trimethylated chitosan; ICHN:
inflamed-colon-targeted hybrid nanotherapeutic; MSC-EV: mesenchymal stromal cell-derived extracellular vesicle; TPP: triphenylphosphonium;
EGCG-Mn: epigallocatechin gallate-manganese; PDA: polydopamine; YBNs@PDA: polydopamine-coated yeast β-glucan nanoparticle; ROS:
reactive oxygen species; CT: computed tomography; Ce-SASP-RS ICP: cerium-sulfasalazine infinite coordination polymer; DIP: DATS-loaded inulin-
PCL nanomicelle; PCL: polycaprolactone; DATS: diallyl trisulfide; ES100: Eudragit S100。

nanomedicine. More relevant measurements include

upper-gastrointestinal stability, regional disassem-

bly, mucus interaction, retention in inflamed tissue,

microbial degradation, local generation of metabo-

lites or therapeutic agents, and elimination
[12,13]

.

These measurements are especially important for

enzyme-responsive and gas-releasing systems, whose

activity depends on sequential events at specific

intestinal sites.

Dose also needs to be interpreted differently from

free prebiotic supplementation. Dietary interven-

tions commonly use gram-scale amounts, whereas a

nanoformulation may contain only milligrams or

micrograms of carbohydrate and may alter where

that carbohydrate becomes accessible. Dose-ranging

studies should therefore pair conventional pharma-

cokinetic or efficacy measurements with gas-

trointestinal tolerability and fermentation readouts.

Safety assessment should address both the carrier

and the engineered carbohydrate. Chemical mod-

ification can introduce residual reagents or new

degradation products, while inorganic nanozymes

and other persistent materials raise questions about

long-term retention and repeated dosing. Fermenta-

tion-related gastrointestinal effects and unintended

release of highly active cargos also need to be charac-

terized. Because IBD treatment is often prolonged or

recurrent, repeated-dose local and systemic safety is

more informative than short-term tolerability alone.

Manufacturing standardization and regulatory
translation

Manufacturing reproducibility is particularly chal-

lenging when natural polysaccharides are used as

functional components. Biological source, extrac-

tion, molecular-weight distribution, branching, and

degree of esterification can vary between batches,

and chemical modification adds further variability in

substitution and residual reactants. Particle size dis-

tribution, surface composition, loading, stability,

and release behavior a lso require consistent

control
[12,13]

.

Quality control should therefore include biological
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attributes when efficacy depends on preserved prebi-

otic function. Microbial degradability and fermenta-

tion behavior may be as important as conventional

physicochemical specifications. Complexity also mat-

ters: formulations that combine drugs, nanozymes,

extracellular vesicles, or gas donors are more diffi-

cult to scale, sterilize, store, and characterize. Addi-

tional components should be retained only when

they provide a distinct, experimentally supported

function.

A clinically credible prebiotic nanomedicine will ulti-

mately need reproducible manufacturing, document-

ed prebiotic activity, predictable gastrointestinal

behavior, acceptable long-term safety, and a patient-

selection strategy compatible with microbiome varia-

bility. Accordingly, translational success will require

simultaneous control of material quality, gas-

trointestinal behavior, microbiological function, and

patient-dependent biological variability rather than

optimization of nanoparticle properties alone. These

requirements are likely to be more decisive for trans-

lation than efficacy in a short-term colitis model

alone.

CONCLUSION AND FUTURE PERSPECTIVES
The central challenge in prebiotic nanomedicine is

to gain a delivery or therapeutic advantage without

losing microbial utilization of the carbohydrate. At

present, the major limitation of the field is not the

lack of therapeutic efficacy in experimental colitis,

but the limited causal evidence that engineered

carbohydrates continue to function as prebiotics

after formulation. In a successful design, the prebiot-

ic should retain a defined role - such as colon-re-

sponsive disassembly, microbial substrate activity, or

longer-term metabolic recovery - while the partner

module provides a faster anti-inflammatory, redox,

regenerative, metabolic, or gas-mediated effect.

Mechanistic interpretation is facilitated by simpler

systems with experimentally separable functions

rather than increasingly complex formulations

whose individual contributions cannot be resolved.

Future studies should compare native and engi-

neered carbohydrates directly for microbial utiliza-

tion, fermentation kinetics, and metabolic output.

Patient-derived or disease-relevant microbial consor-

tia could help identify ecological features associated

with response before clinical testing. For multi-

component platforms, additive or synergistic benefit

should be demonstrated against simpler controls,

and clinical endpoints should couple mucosal heal-

ing with microbial and metabolic recovery. These

steps will help establish whether prebiotic-integrated

nanomedicine can progress from experimental coli-

tis models to a reproducible therapeutic strategy.
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