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ABSTRACT
Inflammatory bowel diseases (IBD) arise from a vicious cycle of intestinal barrier dysfunction, gut microbiome dysbiosis, and
dysregulated immune responses. Current therapies predominantly suppress immunity but fail to address root causes or break
this cycle. While inulin, a prebiotic, restores microbial diversity and enables colon-targeted drug delivery, they lack specificity for
inflamed tissue. On the other hand, even though butyrate, amicrobialmetabolite, is a potent enhancer of intestinal barrier integrity
and anti-inflammatory Treg cell differentiation, their clinical applications are limited by rapid systemic absorption, impractical
dosing, and unpleasant odor. To address these limitations, we have developed an inulin-butyrate conjugate-based nanogel (IBN)
which is capable of targeted modulation of gut microbiome, intestinal barrier, and immune systems in colitis. In dextran sodium
sulfate (DSS)-induced colitis mice, IBN specifically accumulates in the inflamed colon and released high amounts of butyrate via
gut microbial enzymes (inulinase/esterase). The inulin shell improved the gut microbiome, while the released butyrate enhances
intestinal barrier functions and promotes Treg differentiation, yielding robust therapeutic activity. Taken together, IBN addresses
the multifactorial nature of IBD, offering a biocompatible, transformative strategy to disrupt the disease cycle and restore gut
homeostasis.
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Introduction

lthough the exact underlying causes of inflammatory bowel
iseases (IBD) remain unclear, individuals susceptible to IBD
ommonly exhibit a disrupted intestinal barrier, a dysbiotic
icrobiome, and consequent dysregulated mucosal immune
esponses against the dysbiotic microbiome [1–3]. Given the
yclical interdependence of these factors, beneficial modulation
f these factors simultaneously is crucial for effective IBD
anagement. However, most current targeted therapies and
onventional medications primarily focus on suppressing the
ysregulated immune responses [4–8], thereby failing to address
his is an open access article under the terms of the Creative Commons Attribution License, which perm
ited.
2026 The Author(s). Small published by Wiley-VCH GmbH

mall, 2026; 22:e13252
ttps://doi.org/10.1002/smll.202513252
the root causes and break the vicious cycle driving disease
progression [1, 9–12].

Promoting the enhancement of the proliferation of beneficial
bacteria is important to improve the dysbiosis of the gut micro-
biome [13]. Approaches such as fecal microbiota transplantation
(FMT) and bacterial consortia demonstrate efficacy but face
limitations for chronic use, including donor variability, composi-
tional inconsistency, long-term safety concerns, and challenges in
maintaining bacterial viability [14–16]. Prebiotics, such as inulin,
offer a promising alternative due to their safety, stability, and ease
of administration. Inulin, a plant-derived, water-soluble dietary
its use, distribution and reproduction in any medium, provided the original work is properly
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iber, resists digestion in the stomach and the small intestine and
eaches the colon intact, where it serves as a prebiotic nourishing
eneficial bacteria [17–21]. Inulin can also be fermented by the
olonic microbiota to produce short-chain fatty acids, including
utyrate [22, 23]. Its natural gelling property enables versatile
ormulation applications, allowing for targeted drug delivery
o the colon while simultaneously restoring microbial diversity
24, 25]. However, prebiotics, including inulin, lack inflamed
ite specificity, modulating both healthy and inflamed regions
ndiscriminately [26–28]. Thus, strategies to localize their activity
o inflamed sites are urgently needed.

icrobial-derived metabolites, including short-chain fatty acids
SCFAs) and bile acids, play a crucial role in the modulation of
ntestinal barrier functions and immune responses [22, 29, 30].
utyrate, produced by commensal Clostridia, enhances colonic
egulatory T (Treg) cell differentiation via histone deacetylase
HDAC) inhibition at the Foxp3 locus, suppresses inflammation
n colitis [31–33]. In addition, there have been various reports
hat butyrate can enhance the intestinal barrier by facilitating
ight junction assembly and protect the intestinal epithelium
gainst oxidative stress-mediated damage [34]. However, orally
dministered butyrate is mostly absorbed into the systemic
irculation at the small intestine and only minimal amounts
f butyrate reach to the colon [35–38]. Indeed, as butyrate has
simple structure, it requires higher concentrations for the
eneficial actions. Additionally, its unpleasant odor and volatility
inder clinical applications [39–41].

o address these limitations, we developed an inulin–butyrate
onjugate nanogel (IBN), the first reported nanomaterial syn-
hesized by covalently linking inulin and butyrate to target
nflamed intestinal tissue and simultaneously modulate the
ut microbiome, immune responses, and intestinal barrier in
olitis. IBN selectively localizes to inflamed colonic regions while
esisting premature degradation and systemic absorption, thereby
nabling targeted microbiome modulation and releasing high
oncentrations of butyrate through the gut microbial enzymes
nulinase and esterase. The butyrate released specifically at the
nflamed site enhances intestinal barrier integrity and promotes
reg cell differentiation, leading tomarked amelioration of colitis.
wing to its simple, biocompatible structure and robust thera-
eutic efficacy, IBN holds substantial transformative potential for
BD therapy.

Result

.1 Preparation of Inulin-Butyrate
onjugate-Based Nanogel

e synthesized a series of inulin-butyrate conjugate polymers
ith varying degrees of substitution (DS) via a simple esterifi-
ation reaction from inulin and butyric anhydride (Figure 1a).
uccessful synthesis and DS quantification were confirmed by
H NMR analysis (Figure S1). Conjugates with high DS values
xhibited reduced aqueous solubility, while those with low DS
ailed to form stable nanostructures and had low butyrate loading
ercentages. Consequently, an intermediate DS value of 0.51,
hich corresponded to a drug loading efficacy (DLE) of 21.7
t.%, was selected for further studies (Table S1). We confirmed
of 16
that inulin-butyrate conjugate forms a nanostructure (inulin-
butyrate nanogel, IBN) via transmission electron microscopy and
dynamic light scattering (DLS) analysis. These results revealed
that IBN has a size of 57.3 ± 6.4 nm in TEM and has an
average hydrodynamic diameter of approximately 123.8 ± 3.6 nm
with a narrow polydispersity index (PDI), indicating uniform
nanoparticle distribution (Figure 1b,c). Its zeta potential value
was −21.5 ± 0.2 mV.

Furthermore, the IBN displayed a hydrated gel-like morphology
in aqueous solution, confirming its self-assembled nanogel state
(Figure S2). Unlike free butyrate, IBN emitted no unpleasant
odor, a key practical advantage for clinical translation. IBN
also remained colloidally stable under both acidic and neutral
pH conditions and in simulated gastric and small-intestinal
fluids, indicating minimal premature disassembly and negligible
butyrate release before reaching the colon (Figure 1d,e, Figure S3).
To evaluate enzymatic responsiveness, IBN was incubated with
inulinase, esterase, or both enzymes, and nanoparticle stability
was assessed via DLS (Figure 1f). Esterase alone caused negligible
size changes, suggesting steric hindrance from the nanogel’s
hydrophobic core shielded the internally positioned ester bonds.
Inulinase alone partially degraded the nanogel, reducing its size,
while co-treatment with both enzymes led to dramatic nanopar-
ticle disintegration. Complementary HPLC analysis of butyrate
release (Figure 1f) revealedminimal liberationwith esterase alone
(due to restricted ester bond accessibility) and none with inuli-
nase alone. Notably, co-treatment with both enzymes accelerated
butyrate release, probably owing to a sequential mechanism:
inulinase disrupts the nanogel structure, enabling esterase to
hydrolyze exposed ester bonds. The combination of gastroin-
testinal stability and this dual-enzyme synergy enables inflamed
colon-specific butyrate delivery, as inulinase—produced exclu-
sively by the gut microbiota in the colon—ensures enzymatic
activation occurs only at the inflamed colon, preventing prema-
ture release in the small intestine. Finally, butyrate quantification
in both feces and colonic tissue revealed that whereas DSS alone
markedly reduced these levels, IBN treatment in DSS-colitis
mice significantly increased butyrate concentrations in both
compartments, further supporting the inflamed-colon-specific
release of butyrate from IBN. (Figure S4)

2.2 IBN Accumulates in Inflamed Colon

Given the reported ability of orally administered nanoparticles
to preferentially accumulate at inflamed sites [42] through the
leaked intestinal barrier, we assumed that IBN might also have
the ability to target inflamed regions in the colon. To verify
this, IBN loaded with Cy5.5 or inulin loaded with Cy5.5 was
orally administered in mice given 2.75% DSS or normal water.
Notably, IBN loaded with Cy5.5 specifically localizes to the
inflamed colon of mice given 2.75% DSS, but Cy5.5 signals were
negligibly detected in the healthy colon of mice given normal
water (Figure 2a). In contrast, inulin loaded with Cy5.5 did not
accumulate in the inflamed colon (Figure 2a). These findings
suggest that IBN has the ability to selectively target inflamed sites
in the colon.

We next assessed whether an IBN-associated molecule can
preferentially localize to inflamed colonic cell populations. In
Small, 2026
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FIGURE 1 Preparation of inulin-butyrate conjugate-based nanogel. (a) Schematic illustration of IBN synthesis via esterification of inulin with
butyric acid anhydride, followed by dialysis and lyophilization. (b) Hydrodynamic size distribution and zeta potential of IBN measured by dynamic
light scattering (DLS). (c) Morphology of IBN visualized by transmission electron microscopy (TEM). (d) Drug release profiles of IBN at different pH
conditions: pH 2.0, pH 6.5, and pH 7.4 over 24 h. (e) Drug release profiles of IBN in simulated gastric fluid (SGF) and simulated intestinal fluid (SIF)
over 48 h. (f) Enzyme-responsive degradation of IBN analyzed by DLS after treatment with inulinase (25 U/mg), esterase (15 U/mg), or both enzymes.
DLS profiles were recorded at 0 and 24 h. Butyrate release from IBNwas quantified under the same conditions at 0, 3, 6, 12, and 24 h. Scale bar, 0.2 µmC.
Data are presented as mean ± s.e.m. from a representative experiment of three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, analyzed
by one-way ANOVA with LSD post hoc test.
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he colon, Cy5.5@IBN produced stronger fluorescence signals
n the intestinal epithelium (EpCAM+) and CD4+ T cells than
y5.5@inulin (Figure 2b). These results indicate that IBN enables
referential accumulation/association of its loaded cargo with
nflamed colonic epithelium and CD4+ T cells.

.3 IBN Exhibits Strong Therapeutic Activity in a
urine DSS-induced Colitis Model

e next evaluated the therapeutic efficacy of orally administered
BN in a murine DSS-induced colitis model (Figure 3a, Figure
6a). Preliminary comparisons revealed that inulin, whichmodu-
mall, 2026
lates the gut microbiome, outperformed resistant starch (another
microbiome-modulating agent) in mitigating DSS-induced body
weight loss in DSS-induced colitis mice (Figure S5). Orally
administered IBN significantly ameliorated bodyweight loss, sup-
pressed disease activity, and attenuated inflammation-associated
reduction of colon length in DSS-colitis mice compared to
inulin, butyrate and inulin/butyrate mixture groups (Figure 3b-
–d, Figure S6b,c). Furthermore, IBN administration markedly
decreased myeloperoxidase (MPO) activity, preserved colonic
epithelial integrity, and reduced immune cell infiltration in
inflamed colon tissue of DSS-colitis mice, compared to inulin
and butyrate treatment alone (as reflected by the reduced his-
tological scores based on epithelial damage/crypt distortion and
3 of 16
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FIGURE 2 IBN accumulates in the inflamed colon. (a) After 10 h of treating animals with Cy5.5@IBN, Cy5.5@Inulin (20 mg/dose, equivalent
Cy5.5 dose), their organs were imaged by an in vivo imaging system (IVIS) and quantified for Cy5.5 fluorescence signal. (b) Healthy or DSS-colitis mice
were orally administered on day 7 with Cy5.5@IBN, Cy5.5@Inulin (20mg/dose, equivalent Cy5.5 dose), and colon tissues were excised after 10 h, stained
with anti-CD4 and anti-EpCAM antibodies and visualized by confocal microscopy. Scale bars, 20 µm (b). Data are presented as mean ± s.e.m. from a
representative experiment (n = 3 biologically independent animals). *p < 0.05, **p < 0.01, ***p < 0.001, analyzed by one-way ANOVA with LSD post
hoc test.
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nflammatory cell infiltration) (Figure 3e,f, Figure S6d,e). Compa-
able efficacy was observed when IBN treatment was started on
ay 0 (six doses), compared with the primary regimen initiated
n day −6 (eight doses) (Figure S7). These results demonstrate
hat IBN has a dramatic therapeutic activity when compared
o inulin, which is limited to gut microbiome modulation,
nd butyrate, which undergoes rapid systemic absorption with
inimal retention in the colon. Notably, IBN did not trigger any
vert signs of systemic toxicity, autoimmunity, or pathologies in
he major organs (Figure S8).

.4 IBN’s Gut MicrobiomeModulation Activity
s Crucial in IBN Therapy

ext, we examined the mechanism underlying the therapeu-
ic activity of IBN. We assumed that inflamed site-targeting
BN may have gut microbiome modulation activity owing to
he inulin shell, and inflamed site-targeted release of butyrate
ay contribute to immune homeostasis via Treg induction and
nhancement of the intestinal barrier.

6s rRNA gene sequencing of the V4 region in the fecal samples
howed that DSS supplementation markedly reduced bacterial
ichness and diversity, whereas IBN treatment significantly
estored both parameters (Figure 4a,b). Non-metric multidimen-
ional (NMDS) plots further revealed that the gut microbiome
of 16
profiles of DSS-colitis mice treated with IBN clustered apart
from those of DSS-colitis mice given PBS, NaB, or Inulin,
and were close to profiles of healthy mice (Figure 4c). At the
phylum/family/genus levels, IBNmarkedly increased Lactobacil-
lus [43–45], Bifidobacterium [46, 47], Bacteroides [48, 49], and
Clostridium XIVα [50], all of which are associated with anti-
inflammation activity (Figure 4d–f). Notably, Inulin alone, a
prebiotic, also enriched Bifidobacterium and Bacteroides, while
NaB alone had a minimal activity on these taxa.

To determine whether gut microbiome modulation is causally
involved in the therapeutic activity of IBN, pseudo germ-freemice
was prepared by receiving an antibiotic cocktail in drinking water
for six days prior to DSS administration and then, IBN or PBS
was orally administered with normal mice or pseudo germ-free
mice given 2.75% DSS or normal water. Surprisingly, therapeutic
activity of IBN significantly abrogated in pseudo germ-free mice,
indicative of crucial role of gut microbiome in IBN therapy.
(Figure 5).

2.5 IBN Promotes Regulatory T-cells and
Enhances Intestinal Barrier Functions

Since released butyrate has the ability to promote regulatory
T-cells [31–33] and enhance intestinal barrier function [51, 52],
we then evaluated the immunomodulatory activity of IBN. IBN
Small, 2026
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FIGURE 3 IBN exhibit strong therapeutic activity in a murine DSS-induced colitis model. (a) C57BL/6 mice were provided with water or 2.75%
DSS-containing water for 6 days. On days -6, -4, -2, 0, 2, 4, 6 and 8 mice were orally administered with PBS, NaB (equivalent to their content in IBN),
Inulin (equivalent to their content in IBN) or IBN (60 mg/dose). (b) Daily bodyweight changes in each group for 9 days. (c–e), On day 9, animals were
euthanized, and (c) colon length, (d) colonic MPO activity, and (e) colonic damage scores were measured. Scale bars, 100 µm (e). Data are presented as
mean ± s.e.m. from a representative experiment (n = 6 biologically independent animals) from independent experiments. *p < 0.05, **p < 0.01, ***p <
0.001, ****p < 0.0001, analyzed by (c, d, e) one-way or (b) two-way ANOVA followed by LSD post hoc test.
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reatment significantly reduced local levels of pro-inflammatory
ytokines such as IL-1beta, TNF-alpha, and IL-6 while increas-
ng IL-10 and TGF-beta in DSS-colitis mice. However, inulin
nd butyrate treatment have moderate activity (Figure 6a).
otably, IBN treatment significantly increased populations of
D4+Foxp3+ Treg cells compared to inulin and butyrate treat-
ent alone (Figure 6b–d, Figure S9), probably owing to the
DACi activity of released butyrate [31–33]. In DSS-induced
olitis mice, oral administration of IBN restored normal expres-
ion and mRNA levels of the tight junction proteins ZO-1 and
ccludin-1—critical for maintaining intestinal barrier integrity
Figure 7a,b), probably due to butyrate-mediated enhancement of
ntestinal barrier functions (Figure 7c). In contrast, neither inulin
or butyrate alone significantly improved tight junction regu-
mall, 2026
lation. These findings demonstrate that IBN modulate immune
homeostasis and strengthens the intestinal barrier functions
owing to the inflamed site-specific release of butyrate.

3 Discussion

Inflammatory bowel diseases (IBD) result from a vicious cycle
involving intestinal barrier dysfunction, gut microbiome dysbio-
sis, and dysregulated immune responses [1, 2]. Current therapies
primarily suppress the immune system but fail to break this
cycle [9–11]. To address this gap, we developed IBN as a targeted
nanomedicine designed to modulate the gut microbiota, restore
barrier function, and regulate immune responses (Figure 8). IBN,
5 of 16
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FIGURE 4 IBN modulates gut microbiome. (a–f) C57BL/6 mice were given 2.75% DSS in drinking water for 6 d and treated as shown in Figure 3.
Fecal samples collected on day 9 were analyzed for gut microbiome composition by 16S rRNA gene sequencing in the V4 region. (a–b) Microbiome
richness (Observed OTUs, a) and α-diversity (Shannon and Inverse Simpson indices, b). (c) Non-metric multidimensional scaling (NMDS) plot
illustrating β-diversity, each point denotes one mouse based on a subsample of 14,085 OTUs. d, Relative abundance of gut microbiota at the phylum
and family levels (% of total sequences). (e) Heatmap presenting the relative abundance of predominant families (rows) for each mouse (columns). (f)
Relative abundance of selected taxa. Data are presented as mean ± s.e.m. from a representative experiment (n = 4 biologically independent animals)
from independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001, analyzed by one-way ANOVA with LSD multiple-comparison post
hoc test.
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ith a size of approximately 123.8 ± 3.nm and a narrow PDI,
xhibited gel-like properties and lacked any unpleasant odor. In
murine DSS-induced colitis model, orally administered IBN
electively accumulated in the inflamed colon—especially within
D4+ T cells and the inflamed epithelium—while showing
inimal presence in healthy tissue (Figure 2). Notably, IBN
apidly released free butyrate upon co-treatment with esterase
nd inulinase, whereas esterase or inulinase alone had minimal
ffects, respectively (Figure 1). Since inulinase is absent in the
mall intestine and present only in the large intestine, and IBN
pecifically accumulates at inflamed sites within the colon, IBN
nables inflamed colon-specific degradation by gut microbial
nzymes, ensuring localized butyrate release after reaching the
nflamed colon, with minimal premature release in the small
ntestine. At the inflamed site, the inulin shell may act as a
rebiotic to modulate the gut microbiome (Figure 4), while the
eleased butyrate improves intestinal barrier functions (Figure 7)
of 16
and promotes Foxp3+ regulatory T cell differentiation (Figure 6).
Finally, IBN exhibited potent therapeutic efficacy in the colitis
model (Figure 3, Figures S6 and S7) without any systemic toxicity
(Figure S8). Importantly, the therapeutic activity of IBN was
significantly abrogated by antibiotic pretreatment, highlighting
the crucial role of the gut microbiome in IBN therapy (Figure 5).

Inulin can modulate the gut microbiome, however, it lacks
inflamed-site specificity and therefore acts as a broad, non-
targeted prebiotic throughout the colon. The moderate
immunomodulatory and barrier-protective effects observed
with inulin alone may, at least in part, arise from microbiota-
mediated fermentation in the colon that generates endogenous
SCFAs, including butyrate. In contrast, free butyrate is directly
bioactive but is rapidly absorbed in the upper GI tract, limiting
its delivery and retention in the inflamed colon. By contrast,
IBN localizes the inulin shell to inflamed lesions, leading to
Small, 2026
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FIGURE 5 IBN’s gut microbiome modulation activity is crucial in IBN therapy. (a) C57BL/6 mice were pretreated for 6 days with an antibiotic
cocktail (ampicillin, vancomycin, metronidazole, and neomycin) in the drinking water, and then given either water or 2.75% DSS-containing water for
6 days. On days −6, −4, −2, 0, 2, 4, 6, and 8, mice were orally administered with PBS or IBN (60 mg/dose). (b–d) On day 9, animals were euthanized
and (b) colon length, (c) colonic MPO activity, and (d) histological damage scores were evaluated. Scale bars, 100 µm (d). Data are presented as mean
± s.e.m. from a representative experiment (n = 4 biologically independent animals) from independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001,
***p < 0.0001, analyzed by one-way ANOVA with LSD multiple-comparison post hoc test.
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distinct microbiome modulation together with localized
utyrate availability, thereby supporting enhanced intestinal
arrier function and promoting regulatory T-cell differentiation.
ollectively, this enables more effective coordinated regulation
f the gut microbiome, mucosal immune homeostasis,
nd intestinal barrier function than inulin or free butyrate
lone.

n conclusion, we developed an inulin–butyrate-based nanogel
y simply conjugating the prebiotic inulin with the microbial
etabolite butyrate, enabling targeted modulation of the gut
icrobiome, intestinal barrier, and immune system—an effect
hat is difficult to achieve with either component alone. As
nulin is a natural compound and butyrate is an endogenous
icrobiome-mediated metabolite, IBN exhibits high biocompat-
bility. Furthermore, IBN has a simple composition, based solely
mall, 2026
on the inulin–butyrate conjugate, along with effective masking
of butyrate’s unpleasant odor. Thus, these interesting features of
IBN support its strong potential for clinical translation. Given the
central role of dysbiotic gut microbiome and disrupted intestinal
barrier in various systemic diseases, our findings highlight the
potential of IBN as a versatile platform for treating not only colitis
but other microbiome-related disorders.

4 Experimental Section

4.1 Synthesis of Inulin-Butyrate Conjugate

To synthesize inulin-butyrate conjugate, 20 mg of inulin
(Sigma–Aldrich) was dissolved in 0.1 mL of degassed N,N-
dimethylformamide (DMF, Fisher Scientific). After complete
7 of 16
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FIGURE 6 IBN promotes regulatory T-cells. (a-d), Healthy or DSS-colitis mice were orally administered on day −6. −4, −2, 0, 2, 4, 6 and 8 mice
were orally administered with PBS, NaB (equivalent to their content in IBN), Inulin (equivalent to their content in IBN) or IBN (60 mg/dose). Colon
tissues were excised and analyzed for the mRNA levels of pro-inflammatory and anti-inflammatory cytokines (a) and colonic CD4+Foxp3+ Treg cells
populations (b) with quantifications of CD4+Foxp3+ cells in immunofluorescence images (c) and flow cytometry (d). Scale bars, 20 µm. Data are
presented as mean ± s.e.m. from a representative experiment (n = 6 for (a), n = 3 for (b) and (c), n = 4 for (d) biologically independent animals per
group). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, analyzed by two-way ANOVA (b) or one-way ANOVA (c–e) followed by LSD post hoc test.
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issolution, 3.58 µL of 1-methylimidazole (1-MI, Sigma–Aldrich)
nd 9.4 µL of butyric anhydride (Alfa Aesar) were added to
he solution. The mixture was stirred at 40◦C for 24 h under a
itrogen atmosphere to facilitate esterification between inulin
nd butyric anhydride. Upon completion, the reaction mixture
as dialyzed using a 1 kDa MWCO regenerated cellulose (RC)
embrane (Spectra/Por 6, Spectrum Laboratories) against
istilled water for 2 days to remove residual DMF, 1-MI,
nd unreacted butyric anhydride. The resulting solution was
yophilized to obtain the inulin-butyrate conjugate. To confirm
he chemical structure of the product, the lyophilized butyrlated
nulin was dissolved in 1 mL of deuterium oxide (D2O), and the
of 16

v

solution was transferred to a nuclear magnetic resonance (NMR)
tube. The 1H-NMR spectra were acquired using a 400 MHz
spectrometer. The degree of substitution (DS) was quantified
from the 1H NMR spectra by comparing the integrated peak area
of the butyrate protons (δ 0.8–2.5 ppm) with that of the inulin
backbone (fructose-ring) protons (δ 3.5–4.4 ppm). The drug
loading capacity (DLC) was then calculated from the DS value
as the theoretical butyric acid-equivalent content, assuming
complete hydrolysis of the ester linkages, using the following
equation.Sigma-AldrichSigma-AldrichDrug loading capacity
(DLC, %) = [DS × MWButyric acid] / [MWPolysaccharides unit + DS ×
(MWButyric acid—MWwater)] × 100
Small, 2026
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FIGURE 7 IBN enhances intestinal barrier functions. (a-c) Healthy or DSS-colitis mice were orally administered on day -6. -4, -2, 0, 2, 4, 6 and 8
mice were orally administered with PBS, NaB (equivalent to their content in IBN), Inulin (equivalently to their content in IBN) or IBN (60 mg/dose).
Colon tissues were excised and analyzed for the expression patterns (a) and mRNA levels (b, c) of ZO-1 and occludin-1. (d) mRNA expression levels of
ZO-1 in HCT-116 cells treated with control medium or butyrate (0.5 mM) in the presence or absence of hydrogen peroxide (200 µm). Scale bars, 20 µm
(a). Representative images from three slides are shown, obtained from n = 6 biologically independent animals across independent experiments. Data
are presented as mean± s.e.m. *P< 0.05, **P< 0.01, ***P< 0.001 and ****P< 0.0001, analyzed by one-way ANOVA followed by LSD post hoc test.
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.2 Preparation of Inulin-Butyrate
anogels(IBN)

fter dissolving 5mg of inulin-butyrate conjugate in 1mL of chlo-
oform, the solvent was evaporated under nitrogen gas to form a
hin film. Subsequently, 1mL of filtered distilledwater was added,
ollowed by ultrasonication for 10 min. The resulting suspension
as filtered through a 0.45 µm membrane to obtain IBN. The
orphology of IBN was examined using transmission electron
icroscopy (TEM, JEM-2100F, JEOL, Japan). The hydrodynamic
iameter and zeta potential of IBNweremeasured using dynamic
mall, 2026

reat
light scattering (DLS, Zetasizer Nano-ZS90, Malvern Instru-
ments, UK). IBN was diluted in phosphate-buffered saline(PBS)
for subsequent experiments.

4.3 Preparation of Cy5.5@IBN

Cy5.5-loaded IBN was prepared using a thin-film hydration
method. Briefly, 20 mg of IBN and 0.2 mg of Cy5.5-COOH were
dissolved in 1 mL of chloroform in a 2 mL microcentrifuge tube
(Eppendorf). The organic solvent was evaporated under a gentle
9 of 16
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FIGURE 8 Orally administered inulin-butyrate nanogel (IBN) accumulates in the inflamed regions and modulates gut microbiome, intestinal
barrier and regulatory T-cells in colitis. (a) A schematic of inulin-butyrate conjugation from butyric anhydride and inulin via simple esterification and
formation of nanogels from the inulin butyrate conjugate. (b) Inulin-butyrate conjugate-based nanogel specifically accumulates in the inflamed colon
and releases butyrate via gut microbial enzymes, inulinase and esterase while minimizing absorption and degradation in the small intestine. Thereby,
inulin could beneficially modulate the gut microbiome and released butyrate could enhance intestinal barrier functions and promote regulatory T-cells.
This leads to amelioration of inflammatory bowel diseases.

n
t
P
f
g
w
m
r
i
t
o
a

1

 16136829, 2026, 27, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.202513252 by C
hung-A

ng U
niversity, W

iley O
nline L

ibrary on [20/05/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C
itrogen stream, forming a thin film along the inner wall of the
ube. The film was then hydrated with 1 mL of filter-sterilized
BS, followed by 10 min of sonication to facilitate nanoparticle
ormation. The resulting suspension was centrifuged at 3,000 ×
for 5 min to remove unincorporated Cy5.5. The supernatant
as collected and dialyzed against PBS using a 1 kDa MWCO
embrane for 24 h to remove free or loosely associated dye and
etain only strongly entrapped Cy5.5 for imaging. The Cy5.5 load-
ng efficiency was determined by measuring the absorbance of
he nanoparticle solution at themaximumabsorptionwavelength
f Cy5.5 using a UV–vis spectrophotometer. For comparison,
control formulation using free inulin was prepared under
0 of 16

reat
identical conditions. Encapsulation efficiency (%) = (weight of
drug in particle/weight of drug added initially) x 100.

Drug loading percentage (%)= [weight of drug in particle/(weight
of drug in particle + weight of IBN added initially)] x 100.

4.4 pH-Dependent Butyrate Release from IBN

In vitro butyrate release was evaluated under varying pHwithout
enzyme to rule out the effect of pH. IBN was dispersed in
0.1 M phosphate buffer of pH 2.0, 6.5 and PBS of pH 7.4. The
Small, 2026
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eaction was carried out in microcentrifuge tubes containing IBN
equivalent to 50mmbutyrate), and incubated at 37◦Cwith gentle
haking (100 rpm) for up to 24 h. At each time point, the solution
as collected and filtered through a 0.22 µm syringe filter. The
oncentration of released butyrate was quantified using high-
erformance liquid chromatography (HPLC) equippedwith a UV
etector. Separation was performed on a C18 column using an
socratic mobile phase composed of 90% 20 mm phosphate buffer
pH 2.3) and 10% methanol containing 0.1% trifluoroacetic acid
TFA), at a flow rate of 1.0 mL/min. Detection was carried out
t 210 nm. A standard curve constructed using authentic sodium
utyrate was used for quantification.

.5 Butyrate Release Assessment of IBN In
imulated Gastrointestinal Fluids

n vitro butyrate release was evaluated under simulated gastric
luid (SGF) and simulated intestinal fluid (SIF). SGFwas prepared
y dissolving 34.2 mm of NaCl and 3.2 g/L of pepsin (2500 IU/mg,
igma-Aldrich) in pH 2.0 HCl solution. SIF was prepared by
eutralizing 6.8 g/L KH2PO4 solution to pH 6.8 with 0.2MNaOH
olution and dissolving 1.25 g/L of pancreatin (8 × USP specifi-
ations). IBN was dispersed in SGF and SIF at a concentration
orresponding to 50 mm butyrate equivalents (i.e., 50 mm with
espect to conjugated butyrate) and incubated at 37◦Cwith gentle
haking (100 rpm) for up to 48 h. At each time point, the solution
as filtered through 10 kDa ultracentrifugal filter by centrifuging
t 5000 × g for 10 min and the filtrate was collected for
utyrate quantification. The concentration of released butyrate in
iltrate was quantified using HPLC equipped with a UV detector.
eparation was performed on a C18 column using an isocratic
obile phase composed of 90% 20 mM phosphate buffer (pH
.3) and 10% methanol containing 0.1% TFA, at a flow rate of
.0 mL/min. Detection was carried out at 210 nm. A standard
urve constructed using authentic sodium butyrate was used for
uantification.

.6 Enzyme-Responsive Degradation and
utyrate Release of IBN

n vitro butyrate release was evaluated under simulated intestinal
onditions by dispersing IBN (equivalent to 50 mm butyrate) in
.1 m phosphate buffer (pH 6.5) and incubating it with inulinase
0.8 mg/5 mL, 25 U/mg, Sigma-Aldrich) and esterase (16.67 mg/
mL, 15 U/mg, Sigma–Aldrich), under conditions adapted from
revious reports with modifications [53, 54]. The enzymatic
eaction was carried out in microcentrifuge tubes containing
BN at a concentration of 50 mm, and incubated at 37◦C with
entle shaking (100 rpm) for up to 24 h. At each time point, the
eaction was terminated by heating at 93 ◦C for 7 min, followed
y centrifugation at 20,000 × g for 10 min at 4◦C. The resulting
upernatant was collected and filtered through a 0.22 µm syringe
ilter. The concentration of released butyratewas quantified using
PLC equippedwith aUVdetector. Separationwas performed on
C18 column using an isocratic mobile phase composed of 90%
0 mm phosphate buffer (pH 2.3) and 10% methanol containing
.1% TFA, at a flow rate of 1.0 mL/min. Detection was carried out
t 210 nm. A standard curve constructed using authentic sodium
utyrate was used for quantification.
mall, 2026
4.7 Animals

All work performed on animals was in accordance with and
approved by the Institutional Animal Care and Use Committee
(IACUC) at Ewha Womans University (EWHA IACUC 21-068-
t). All animals were obtained from the Young bio (Suwon, South
Korea) as mixed littermates and housed under pathogen-free
conditions in the animal facility at Ewha Womans University.
The investigators were not blinded to allocation during experi-
ments and outcome assessment, unless each section particularly
included any blind assessment.

4.8 IVIS Imaging

To evaluate the inflammation-targeting capability of IBN, an
acute colitis model was established by administering 2.75%
(w/v) dextran sodium sulfate (DSS, Thermo Fisher Scientific)
in the drinking water of 6-week-old female C57BL/6 mice for 6
consecutive days. On day 6, the mice were randomly assigned
to the following groups: (1) healthy mice orally administered
Cy5.5@IBN (20 mg/dose, containing 0.1 mg/kg of Cy5.5), (2)
DSS-induced colitis mice orally administered Cy5.5-labeled free
inulin (20 mg/dose, containing 0.1 mg/kg of Cy5.5), and (3) DSS-
induced colitismice orally administeredCy5.5@IBN (20mg/dose,
containing 0.1 mg/kg of Cy5.5). At 10 h post-administration, mice
were euthanized and the entire colon was excised. Fluorescence
signals in the excised tissues were captured using the In Vivo
Imaging System (IVIS) Lumina (PerkinElmer) equipped with a
Cy5.5 filter set. The exposure timewas set to 5 s for all acquisitions.
Fluorescence intensity in the colonic tissues was quantified using
Living Image software (PerkinElmer).

4.9 DSS-Induced Model of Colitis

Healthy female C57BL/6 mice (6 weeks old, 18–20 g) were
randomly assigned to six groups (n = 6 per group) as follows:
(1) PBS + normal drinking water (healthy control), (2) PBS +
2.75% DSS (colitis control), (3) NaB (at a dose equivalent to its
content in IBN) + 2.75% DSS, (4) inulin (at a dose equivalent
to its content in IBN) + 2.75% DSS, (5) NaB + inulin (each at
a dose equivalent to their respective content in IBN) + 2.75%
DSS, and (6) IBN (60 mg/dose) + 2.75% DSS. Colitis was induced
by administering 2.75% (w/v) DSS in the drinking water for 6
consecutive days, followed by normal drinking water for the
remainder of the experimental period. Treatment groups received
oral administration of their respective formulations on days −6,
−4, −2, 0, 2, 4, 6, and 8 during the DSS exposure and recovery
phases. In antibiotic depletion experiments, to assess the role
of gut microbiota, mice were pretreated with a broad-spectrum
antibiotic cocktail containing ampicillin (0.6 g/L), vancomycin
(0.3 g/L), neomycin (0.6 g/L), and metronidazole (0.6 g/L) in
drinking water for 6 days prior to DSS induction. Body weight
was monitored daily throughout the experiment. Fecal samples
were collected on day 9 for microbiome analysis. On the final
day, mice were euthanized and the entire colon was excised. The
colon length was measured, and the colon was gently washed
with physiological saline. Two distal segments (0.5 cm each)
were collected for histological and immunofluorescence analysis,
11 of 16
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hile the remaining tissue was used for myeloperoxidase (MPO)
ctivity assays and cytokine quantification.

.10 Histology

olon tissue samples were fixed in 4% paraformaldehyde (PFA,
H 7.4, Thermo Fisher Scientific), dehydrated through a graded
thanol series, and embedded in paraffin. Sections (5 µm thick)
ere prepared and stained with hematoxylin and eosin (H&E)
sing a commercial staining kit (Abcam) according to the
anufacturer’s instructions. Histopathological evaluation was
erformed in a blinded manner according to a previously
ublished scoring method [55], assessing epithelial integrity,
rypt architecture, and inflammatory cell infiltration. Briefly,
olonic damage was assigned scores as follows: 0, normal, 1,
yperproliferation, irregular crypts, and goblet cell loss, 2, mild
o moderate crypt loss (10–50%), 3, severe crypt loss (50–90%),
, complete crypt loss, surface epithelium intact, 5, small- to
edium-sized ulcers (<10 crypt widths), 6, large ulcers (≥10 crypt
idths). Inflammatory cell infiltration was scored separately for
he mucosa (0, none, 1, mild, 2, moderate, 3, severe), submucosa
0, normal, 1, mild to moderate, 2, severe), and muscle/serosa (0,
ormal, 1, moderate to severe). Scores for epithelial damage and
nflammatory cell infiltration were summed, resulting in a total
coring range of 0–12.

.11 MPO Activity Assay

or MPO activity measurement, colon tissue was homogenized
t a 1:10 (w/v) ratio in 50 mm phosphate buffer (pH 6.0) using
TissueLyser (Qiagen). The resulting homogenate was further
iluted 10-fold with 50 mm phosphate buffer containing 0.5%
exadecyltrimethylammonium bromide (HTAB, Sigma-Aldrich).
fter 10 s of sonication, the suspension underwent three freeze–
haw cycles, followed by centrifugation at 20,000× g for 20min at
◦C. Subsequently, 5 µL of each supernatant was added to 145 µL
f 50 mm phosphate buffer (pH 6.0) containing 0.15 mg/mL o-
ianisidine dihydrochloride (Sigma–Aldrich) and 0.005% H2O2.
hanges in absorbance at 460 nm were recorded over 5 min.
PO activity was calculated from the absorbance readings and
ormalized to the total protein concentration, which was deter-
ined using the Micro BCA Protein Assay Kit (Thermo Fisher
cientific).

.12 Quantitative Real-Time PCR Analysis

o evaluate gene expression related to inflammation and intesti-
al barrier function, colon tissue samples were collected, homog-
nized, and processed for RNA extraction using the RNeasy
ini Kit (QIAGEN) according to themanufacturer’s instructions.
otal RNA concentration and purity were assessed using a Nan-
Drop spectrophotometer (Thermo Fisher Scientific). For cDNA
ynthesis, 1 µg of total RNA was reverse-transcribed using the
mfiRivert cDNA Synthesis Platinum Master Mix (GenDEPOT)
ollowing the manufacturer’s protocol. Quantitative real-time
CR (qRT-PCR) was performed to measure mRNA levels of pro-
nflammatory and anti-inflammatory cytokines (IL-1β, TNF-α, IL-
, IL-10, and TGF-β) as well as tight junction proteins (ZO-1 and
2 of 16
occludin). Gene expression was normalized to the housekeeping
genes TATA-box binding protein (TBP) and glyceraldehyde 3-
phosphate dehydrogenase (GAPDH). qRT-PCR was conducted
using SYBR Green Master Mix (Thermo Fisher Scientific) and
gene-specific primers. Relative gene expression was calculated
using the comparative CT (ΔΔCT) method. All samples were
analyzed in duplicate to ensure reproducibility. All primers were
synthesized by Macrogen (Seoul, Korea). The following primer
sets were used for qRT-PCR analysis. Primer sequences for IL-1β,
TNF-α, IL-6, IL-10, TGF-β, ZO-1, occludin, TBP, and GAPDH are
listed in Table S2.

4.13 Immunofluorescence Staining

Colonic tissues were trimmed at 20 µmand subsequently cryosec-
tioned at a thickness of 7–10 µm using a cryostat. Sections were
mounted on glass slides and circled with a hydrophobic barrier
using a PAP pen (Abcam). Tissue fixation was performed with 4%
PFA for 10 min at room temperature, followed by three washes
with ice-cold PBS (5 min each). Permeabilization was conducted
using 0.25% Triton X-100 (Alfa Aesar) in PBS for 10 min, followed
by three additional PBS washes. To block nonspecific binding,
sections were incubated for 30 min at room temperature in
blocking buffer containing 1% bovine serum albumin (BSA),
22.52 mg/mL glycine, and 0.1% Tween 20 in PBS (PBST).

For immune cell staining, sections were first incubated with
FITC-conjugated anti-CD4 antibody (RM4-5, Santa Cruz Biotech-
nology, Cat# 96127S, 1:100) for 1 h in a humidified cham-
ber at room temperature. After three PBS washes, eFluor
570-conjugated anti-Foxp3 antibody (FJK-16s, Thermo Fisher
Scientific/eBioscience, Cat# 41-5773-82, 1:40) was applied and
incubated overnight at 4◦C. Sections were then washed three
times with PBS, and nuclei were counterstained with Hoechst
33342 (Invitrogen, 1:2000 in PBS) for 3 min, followed by a
final PBS wash. Samples were mounted with 10 µL of aqueous
mountingmedium. For tight junction protein analysis, additional
cryosections were co-stained with anti-ZO-1 antibody (rabbit
polyclonal, Invitrogen, Cat# 40–2200, 1:100) and Alexa Fluor 594-
conjugated anti-Occludin antibody (OC-3F10, Invitrogen, Cat#
331594, 1:100), both diluted in 1% BSA in PBST. Sections were
incubated for 1 h in a humidified chamber at room temperature,
followed by three PBSwashes. To detect ZO-1, samples were incu-
bated with Alexa Fluor 488-conjugated goat anti-rabbit IgG H&L
antibody (goat polyclonal, Abcam, Cat# ab150077, 1:1000) for 1 h
at room temperature in the dark.Nucleiwere counterstainedwith
Hoechst 33342 (Invitrogen, 1:2000 in PBS) for 3 min, followed by
a PBS wash and mounting as described above.

To evaluate the colocalization of Cy5.5-labeled IBN with CD4+
cells in intestinal tissues, additional sections were co-stained
with PE-conjugated anti-CD326 antibody (G8.8, BioLegend, Cat#
118205, 1:100) and FITC-conjugated anti-CD4 antibody (RM4-
5, Santa Cruz Biotechnology, Cat# 96127S, 1:100), both diluted
in 1% BSA in PBST. Sections were incubated for 1 h in a
humidified chamber at room temperature, followed by nuclear
counterstaining with Hoechst 33342 (Invitrogen, 1:2000 in PBS)
for 3 min, PBS wash, and mounting as described above. All
fluorescence imageswere acquired using aZeiss LSM880 confocal
laser scanning microscope.
Small, 2026
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.14 Flow Cytometry Analysis

or isolation of T cells, entire colons were first washed with cold
BS, cut into 2–3 cm pieces, and incubated in PBS containing
0 mm EDTA on ice for 30 min. After vigorous shaking, tissues
ere repeatedly washed with PBS until the supernatant became
lear. The washed tissues were minced into small pieces and
igested in DMEM containing DNase I (2 U/mL, Thermo Fisher
cientific) and Liberase (2.5 mg/mL, Sigma-Aldrich) at 37◦C for
0 min. Digested tissues were passed through a cell strainer
nto DMEM medium (Welgene) supplemented with 10% fetal
ovine serum (FBS). Cells were collected by centrifugation and
urther purified using a 40%/80% Percoll (Sigma–Aldrich) density
radient. Cells at the interface were harvested, washed with
MEM, and used for flow cytometric analysis.

or flow cytometric analysis, cells were resuspended in 1%
SA and stained with fixable viability dye (eBioscience Fixable
iability Dye eFluor 450, Thermo Fisher Scientific/eBioscience,
at# 65-0863-14, 1:1000) at 4◦C for 30 min. Fc receptors were
locked by incubating cells with CD16/CD32 antibody (Rat
onoclonal, Thermo Fisher Scientific/eBioscience, Cat# 14-0161-
5, 1:20) at room temperature for 10 min. Subsequently, cells were
tained with APC/Cyanine7-conjugated anti-CD45 antibody (Rat
onoclonal, Biolegend, Cat# 103115, 1:100), FITC-conjugated
nti-CD3 antibody (Rat monoclonal, Biolegend, Cat# 100203,
:100), and APC-conjugated anti-CD4 antibody (Rat monoclonal,
M4-5, Thermo Fisher Scientific/eBioscience, Cat# 17-0042-82,
:100) at 4◦C for 30 min. After washing, cells were permeabi-
ized using a commercial kit (eBioscience Foxp3/Transcription
actor Staining Buffer Set, Thermo Fisher Scientific/eBioscience,
at# 00-5523-00) according to the manufacturer’s instructions
nd stained with PE-conjugated anti-Foxp3 antibody (Rat mon-
clonal, FJK-16s, Thermo Fisher Scientific/eBioscience, Cat#
2-5773-82, 1:100) at room temperature for 30 min. After washing,
ells were resuspended in 1%BSA and analyzed by flow cytometry
CytoFLEX S, Beckman Coulter, Brea, California, United States,
FEC-2024-11-300452).

.15 In vivo Toxicity Evaluation

ix-week-old female C57BL/6 mice were acclimated for 1 week
rior to experimentation. Mice were orally administered IBN
60 mg/dose) or PBS on days −6, −4, −2, 0, 2, 4, 6, and
. Throughout the study period, animals were monitored for
hanges in body weight and general behavior. At the end of
he observation period, blood samples were collected via cardiac
uncture and submitted to the Korea Non-Clinical Technology
upport Center for blinded hematological analysis. Mice were
hen euthanized, and major organs—including the heart, liver,
ungs, kidneys, and spleen—were harvested for histopathological
valuation. Tissues were fixed in 4% PFA in PBS, transferred to
0% ethanol, embedded in paraffin, sectioned, and stained with
&E. All histological assessments were performed in a blinded
anner to minimize observer bias.

.16 Cell Culture

he HCT-116 human colonic epithelial cell line was obtained
rom the American Type Culture Collection (ATCC, Manassas,
mall, 2026
VA, USA). HCT-116 cells were cultured in RPMI 1640 medium
(Welgene) supplementedwith 10% (v/v) heat-inactivated FBS, 100
U/mL penicillin, 100 µg/mL streptomycin, and 2 mm l-glutamine
at 37◦C in a humidified atmosphere containing 5% CO2.

4.17 In vitro Evaluation of ZO-1 Expression

HCT-116 cells were seeded in 6-well plates and cultured in RPMI
1640 medium (Welgene) supplemented with 10% FBS, 100 U/mL
penicillin, and 100 µg/mL streptomycin. Cells were treated with
butyrate (0.5 mm) or control medium in the presence or absence
of H2O2 (200 µm) for 24 h. Total RNA was extracted using TRIzol
reagent (Thermo Fisher Scientific), and cDNA was synthesized
using the amfiRivert cDNA Synthesis Platinum Master Mix
(GenDEPOT). mRNA levels of ZO-1 were quantified by qRT-PCR
as described above.

4.18 Quantitative Analysis of Butyrate in
Plasma, Feces, And Colon Tissues By GC-MS

Butyrate measurement in biological samples was performed
using gas chromatography-mass spectrometry (GC-MS). Plasma,
feces, and colon samples were collected from designated experi-
mental groups (DSS (negative control], NaB, inulin, IBN, etc., n=
3), and stored at −80◦C prior to analysis. For sample preparation,
plasma was mixed at a 1:1 ratio (v:v) with 50% methanol. Feces
and colon tissueswere homogenizedwith 50%methanol at a ratio
of 400 µL per 10 mg sample, feces samples were sonicated for
10min at 10◦C,while colon sampleswere homogenized for 10min
using an ultrasonic processor (KFS-150N, KORPROTECH, South
Korea) in an ice bath. Samples were kept in −80◦C for 12 h for
protein precipitation. All samples were centrifuged at 15,000 g
for 10 min at 4◦C, followed by extraction of 100 µL supernatant
mixed with 10 µL of internal standard (2-ethylbutyric acid). Sub-
sequently, 100 µL of methyl tert-butyl ether (MTBE) was added,
and extraction was performed twice. The upper organic layer
was transferred to a tube containing 15 mg MgSO4, centrifuged
again at 13,000 g for 10 min at 4◦C, and derivatized with N-
tert-butyldimethylsilyl-N-methyltrifluoroacetamide (MTBSTFA,
final concentration 10%) at 80◦C for 30 min, followed by cooling
to ambient temperature for 30 min. For GC-MS analysis, 1 µL
of the derivatized sample was injected into an Agilent 8890
gas chromatograph coupled to a Pegasus BT time-of-flight mass
spectrometer (LECO,St. Joseph, MI, USA), equipped with an HP-
5MSUI column (30m× 0.25mm, 0.25 µm,Agilent Technologies).
The injection temperature was 240◦C, and helium was used as
the carrier gas at 1 mL/min. The GC oven temperature was
programmed initially at 50◦C for 2 min, increased to 150◦C at
5◦C/min, then ramped to 300◦C at 50◦C/min and held for 5 min.
Electron ionization (70 eV) was employed, and data acquisition
was performed in full-scan mode (m/z 40–600). Quantification
was carried out using external calibration curves established by
spiking samples with butyric acid standards at concentrations of
0.5, 1, 5, 10, and 50 µm, each prepared and analyzed in triplicate.

4.19 Microbiome Analysis

Fecal samples were collected and submitted to Macrogen Inc.
(Seoul, Republic of Korea) for 16S rRNA gene sequencing and
13 of 16
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icrobiome analysis. Genomic DNA was extracted using the
Neasy PowerSoil Pro Kit (Qiagen, Hilden, Germany) accord-
ng to the manufacturer’s instructions. DNA concentration was
easured using PicoGreen reagents on a VICTOR Nivo system
PerkinElmer). Sequencing libraries for 16S rRNA gene anal-
sis were prepared following the Illumina 16S Metagenomic
equencingLibrary Preparation protocol using 5 ng of inputDNA,
erculase II Fusion DNA Polymerase (Agilent Technologies),
nd universal primers targeting the V3–V4 region. After the
irst PCR amplification, products were purified with AMPure
eads, followed by index PCR using Nextera XT indexed primers.
he final libraries were purified, quantified, and quality-checked
sing the TapeStation D1000 ScreenTape system, normalized,
ooled, and quantified by qPCR before sequencing on the Illu-
ina MiSeq i100 platform. Sequences were curated using the
ommunity-supported software program mothur (v.1.48.3) and
y following the steps outlined in the MiSeq SOP (http://www.
othur.org/wiki/MiSeq_SOP). Sequenceswere assigned toOTUs
sing a cut-off value of 0.03 and classified against the Ribosomal
atabase Project 16S rRNA gene training set (v.19) using a naive
ayesian approach with an 80% confidence threshold. Curated
TU sequence datawere converted to relative abundance± s.e.m.
he Shannon diversity and inverse-Simpson indices were used to
alculate alpha diversity, and the Yue and Clayton dissimilarity
etric was used for beta diversity measures. Analysis of molecu-
ar variance was used to detect significant clustering of different
reatment groups in non-metric multidimensional scaling. To
onfirm what specific bacterial taxa were over- and/or under-
epresented among groups, we analyzed relative abundance
esults by using linear discriminant analysis effect size.

.20 Statistical Analysis

ll experiments were independently performed at least twice
ith technical duplicates. Data are presented as mean± standard
rror of the mean (s.e.m.). Statistical significance was assessed
sing one-way or two-way ANOVA followed by the least signif-
cant difference (LSD) post hoc test. No data transformation or
ormalization was performed unless otherwise stated. Data were
pproximately normally distributed, and variance was similar
etween groups. The number of independent experimental repli-
ates is indicated in the figure legends, and each figure presents
ata from a representative independent experiment. No samples
ere excluded from the analysis. Statistical significance is indi-
ated as *P< 0.05, **P< 0.01, ***P< 0.001, and ****P< 0.0001. All
tatistical analyses were performed using GraphPad Prism v8.0
GraphPad Software).

uthor Contributions

.L. supervised the project. N.Y. and Y.L. designed the experiments. N.Y.
erformed most experiments. B.L., H.-J.J., J.Y.K and S.P. aided with some
xperiments. S.K., D.-K.L. andY.L. analyzed the data. Y.L.wrote the paper.

cknowledgements

he Basic Science Research Program through the National Research
oundation of Korea (NRF) funded by the Ministry of Education,
upported this research (2022M3H4A1A03067401). This research was also
4 of 16
supported by a grant by the Korea Health Technology R&D Project
through the Korea Health Industry Development Institute (KHIDI),
funded by the Ministry of Health & Welfare, Republic of Korea (RS-
2023-00265981) and a Korea Basic Science Institute (National Research
Facilities and Equipment Center) grant funded by the Ministry of Edu-
cation supported this research (2023R1A6C103A026, RS-2024-00404884).
The authors thank the Ewha Drug Development Research Core Cen-
ter for their help with NMR (AVANCE NEO Nanobay 400 MHz
NMR Spectrometer, Bruker Switzerland AG, Fällanden, Switzerland,
NFEC-2021-08-272465), Zetasizer (Zetasizer Nano ZS90, Malvern Instru-
ments, Malvern, UK, NFEC-2021-08-272489), UV–vis spectrophotometer
(NanoDrop ND-2000, Thermo Fisher Scientific, Waltham, MA, USA,
NFEC-2023-03-286005), and IVIS (IVIS Lumina III imaging system,
PerkinElmer, Waltham, MA, USA, NFEC-2021-08-272490). The authors
also appreciate Ewha Fluorescence Core Imaging Center for their help
with confocal analyze (LSM880 Airyscan, Carl Zeiss, Inc., Oberkochen,
Germany, NFEC-2016-05-209580). The authors appreciate help with TEM
(JEM-2100F, JEOL Ltd., Tokyo, Japan, NFEC-2009-08-074129) from Ewha
Nanobio-Energy Materials Center.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The authors declare that data supporting the findings of this study are
available within the article and its Supplementary Information files. All
relevant data can be provided by the authors upon reasonable request.

References

1. L. S. Celiberto, F. A. Graef, G. R. Healey, et al., “Inflammatory Bowel
Disease and Immunonutrition: Novel Therapeutic Approaches through
Modulation of Diet and the Gut Microbiome,” Immunology 155, no. 1
(2018): 36–52, https://doi.org/10.1111/imm.12939.

2. M. Levy, A. A. Kolodziejczyk, C. A. Thaiss, and E. Elinav, “Dysbiosis
and the Immune System,” Nature Reviews Immunology 17, no. 4 (2017):
219–232, https://doi.org/10.1038/nri.2017.7.

3. C. Chelakkot, J. Ghim, and S. H. Ryu, “Mechanisms Regulating Intesti-
nal Barrier Integrity and Its Pathological Implications,” Experimental &
Molecular Medicine 50, no. 8 (2018): 1–9, https://doi.org/10.1038/s12276-
018-0126-x.

4. T. Kobayashi, B. Siegmund, C. Le Berre, et al., “Ulcerative Colitis,”
Nature Reviews Disease Primers 6, no. 1 (2020): 74, https://doi.org/10.1038/
s41572-020-0205-x.

5. V. Khare, A. Krnjic, A. Frick, et al., “Mesalamine and Azathioprine
Modulate Junctional Complexes and Restore Epithelial Barrier Function
in Intestinal Inflammation,” Scientific Reports 9, no. 1 (2019): 2842, https://
doi.org/10.1038/s41598-019-39401-0.

6. M. C. Dubinsky, “Azathioprine, 6-Mercaptopurine in Inflammatory
Bowel Disease: Pharmacology, Efficacy, and Safety,” Clinical Gastroen-
terology and Hepatology 2, no. 9 (2004): 731–743, https://doi.org/10.1016/
S1542-3565(04)00344-1.

7. A. D. Levin,M. E.Wildenberg, andG. R. van den Brink, “Mechanism of
Action of Anti-TNF Therapy in Inflammatory Bowel Disease,” Journal of
Crohn’s and Colitis 10, no. 8 (2016): 989–997, https://doi.org/10.1093/ecco-
jcc/jjw053.

8. S. Schreiber, K. Aden, J. P. Bernardes, et al., “Therapeutic Interleukin-
6 Trans-Signaling Inhibition by Olamkicept (sgp130Fc) in Patients with
Active Inflammatory Bowel Disease,” Gastroenterology 160, no. 7 (2021):
2354–2366.e11, https://doi.org/10.1053/j.gastro.2021.02.062.

9. S. Bhat, B. Click, andM.Regueiro, “Safety andMonitoring of Inflamma-
tory Bowel Disease Advanced Therapies,” Inflammatory Bowel Diseases
30, no. 5 (2023): 829–843, https://doi.org/10.1093/ibd/izad120.
Small, 2026

ve C
om

m
ons L

icense

http://www.mothur.org/wiki/MiSeq_SOP
https://doi.org/10.1111/imm.12939
https://doi.org/10.1038/nri.2017.7
https://doi.org/10.1038/s12276-018-0126-x
https://doi.org/10.1038/s41572-020-0205-x
https://doi.org/10.1038/s41598-019-39401-0
https://doi.org/10.1016/S1542-3565(04)00344-1
https://doi.org/10.1093/ecco-jcc/jjw053
https://doi.org/10.1053/j.gastro.2021.02.062
https://doi.org/10.1093/ibd/izad120


1
R
G
o

1
i
h

1
e
L
1

1
D
h

1
S
C
c

1
T
n

1
M
G
1

1
o
I
1

1
G
D
3

1
l
I
r
1

2
N
R
S

2
N
I
(

2
D
n

2
P
n
s

2
I
A
1

2
I
p
h

2
“

S

 16136829, 2026, 27, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.202513252 by C
hung-A

ng U
niversity, W

iley O
nline L

ibrary on [20/05/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

re
0. R. Pan, Y. He, J. Yuan, et al., “The Role of Antibiotic Exposure as
isk Factor for IBD Epidemic: an Updated Meta-Analysis,” Journal of
astroenterology and Hepatology 39, no. 12 (2024): 2561–2571, https://doi.
rg/10.1111/jgh.16751.

1. R. Dhital and A. Kavanaugh, “Autoimmune Consequences of Biolog-
cs,” Journal of Allergy and Clinical Immunology 149, no. 1 (2022): 48–50,
ttps://doi.org/10.1016/j.jaci.2021.11.011.

2. M. Tena-Garitaonaindia, M. Arredondo-Amador, C. Mascaraque,
t al., “Modulation of Intestinal Barrier Function by Glucocorticoids:
essons from Preclinical Models,” Pharmacological Research 177 (2022):
06056, https://doi.org/10.1016/j.phrs.2022.106056.

3. K. Hou, Z.-X. Wu, X.-Y. Chen, et al., “Microbiota in Health and
iseases,” Signal Transduction and Targeted Therapy 7, no. 1 2022: 135,
ttps://doi.org/10.1038/s41392-022-00974-4.

4. S. Porcari, N. Benech, M. Valles-Colomer, et al., “Key Determinants of
uccess in FecalMicrobiota Transplantation: fromMicrobiome to Clinic,”
ell Host & Microbe 31, no. 5 (2023): 712–733, https://doi.org/10.1016/j.
hom.2023.03.020.

5. Y. Yu, W.Wang, and F. Zhang, “The Next Generation Fecal Microbiota
ransplantation: To Transplant Bacteria or Virome,”Advanced Science 10,
o. 35 (2023): 2301097, https://doi.org/10.1002/advs.202301097.

6. C. Danne, N. Rolhion, and H. Sokol, “Recipient Factors in Faecal
icrobiota Transplantation: One Stool Does Not Fit All,” Nature Reviews
astroenterology &Hepatology 18, no. 7 (2021): 503–513, https://doi.org/10.
038/s41575-021-00441-5.

7. Y. Song, Y. Cui, Y. Wang, et al., “The Effect and Potential Mechanism
f Inulin Combined with Fecal Microbiota Transplantation on Early
ntestinal Immune Function in Chicks,” Scientific Reports 14, no. 1 (2024):
6973, https://doi.org/10.1038/s41598-024-67881-2.

8. S. Imran, R. B. Gillis, G. G. Adams, S. M. Kok, S. E. Harding, and G.
. Adams, “Application and Use of Inulin as a Tool for Therapeutic Drug
elivery,” Biotechnology and Genetic Engineering Reviews 28, no. 1 (2012):
3–46, https://doi.org/10.5661/bger-28-33.

9. H. Zhang, L. Zhou, Q. Zhou, et al., “Manganese Oxide Nanozyme-
oaded CO-releasing Halloysite Nanotubes for Remodeling Colonic
mmune, Microbiota, and Intestinal Barrier Homeostasis with Concur-
ent Pain Relief in Ulcerative Colitis,” Bioactive Materials 56 (2026):
36–159, https://doi.org/10.1016/j.bioactmat.2025.09.043.

0. H. Lu, Q. Zhou, J. Li, et al., “CO-Releasing Polyoxometalates
anozyme with Gut Mucosal Immunity and Microbiota Homeostasis
emodeling Effects for Restoring Intestinal Barrier Integrity,” Advanced
cience 12, no. 17 (2025): 2500116, https://doi.org/10.1002/advs.202500116.

1. T. Jin, H. Lu, Q. Zhou, et al., “H2S-ReleasingVersatileMontmorillonite
anoformulation Trilogically Renovates the Gut Microenvironment for
nflammatory Bowel Disease Modulation,” Advanced Science 11, no. 14
2024): 2308092, https://doi.org/10.1002/advs.202308092.

2. C. H. Kim, “Control of Lymphocyte Functions by Gut Microbiota-
erived Short-Chain Fatty Acids,” Cellular & Molecular Immunology 18,
o. 5 (2021): 1161–1171, https://doi.org/10.1038/s41423-020-00625-0.

3. T. Van-Wehle andM.Vital, “Investigating theResponse of the Butyrate
roduction Potential to Major Fibers in Dietary Intervention Studies,”
pj Biofilms and Microbiomes 10, no. 1 (2024): 63, https://doi.org/10.1038/
41522-024-00533-5.

4. K. Han, J. Nam, J. Xu, et al., “Generation of Systemic Antitumour
mmunity via the in Situ Modulation of the Gut Microbiome by an Orally
dministered Inulin Gel,” Nature Biomedical Engineering 5, no. 11 (2021):
377–1388, https://doi.org/10.1038/s41551-021-00749-2.

5. K. Han, F. Xie, O. Animasahun, et al., “Inulin-Gel-Based Oral
mmunotherapy Remodels the Small Intestinal Microbiome and Sup-
resses Food Allergy,” Nature Materials 23, no. 10 (2024): 1444–1455,
ttps://doi.org/10.1038/s41563-024-01909-w.

6. R. L. Hughes, D. A. Alvarado, K. S. Swanson, and H. D. Holscher,
The Prebiotic Potential of Inulin-Type Fructans: a Systematic Review,”
mall, 2026
Advances in Nutrition 13, no. 2 (2022): 492–529, https://doi.org/10.1093/
advances/nmab119.

27. M. A. C. Looijer Van Langen and L. A. Dieleman, “Prebiotics in
Chronic Intestinal Inflammation,” Inflammatory Bowel Diseases 15, no. 3
(2008): 454–462, https://doi.org/10.1002/ibd.20737.

28. M. Oliero, A. A. Alaoui, C. McCartney, and M. M. Santos, “Colorectal
Cancer and Inulin Supplementation: the Good, the Bad, and the Unhelp-
ful,” Gastroenterology Report 12 (2024): goae058, https://doi.org/10.1093/
gastro/goae058.

29. Y. Fu, J. Lyu, and S. Wang, “The Role of Intestinal Microbes on
Intestinal Barrier Function and Host Immunity from a Metabolite
Perspective,” Frontiers in Immunology 14 (2023): 1277102, https://doi.org/
10.3389/fimmu.2023.1277102.

30. C. H. Kim, “Complex Regulatory Effects of Gut Microbial Short-
Chain Fatty Acids on Immune Tolerance and Autoimmunity,” Cellular &
Molecular Immunology 20, no. 4 (2023): 341–350, https://doi.org/10.1038/
s41423-023-00987-1.

31. Y. Furusawa, Y. Obata, S. Fukuda, et al., “Commensal Microbe-
Derived Butyrate Induces the Differentiation of Colonic Regulatory T
Cells,” Nature 504, no. 7480 (2013): 446–450, https://doi.org/10.1038/
nature12721.

32. N. Arpaia, C. Campbell, X. Fan, et al., “Metabolites Produced by
Commensal Bacteria Promote Peripheral Regulatory T-cell Generation,”
Nature 504, no. 7480 (2013): 451–455, https://doi.org/10.1038/nature12726.

33. M. Luu, K. Weigand, F. Wedi, et al., “Regulation of the Effector Func-
tion of CD8+ T Cells by Gut Microbiota-derived Metabolite Butyrate,”
Scientific Reports 8, no. 1 (2018): 14430, https://doi.org/10.1038/s41598-018-
32860-x.

34. X. Li, C. Wang, J. Zhu, et al., “Sodium Butyrate Ameliorates Oxidative
Stress-Induced Intestinal Epithelium Barrier Injury and Mitochondrial
Damage through AMPK-Mitophagy Pathway,” Oxidative Medicine and
Cellular Longevity 2022, no. 1 (2022): 3745135, https://doi.org/10.1155/2022/
3745135.

35. A. Pituch, J.Walkowiak, andA. Banaszkiewicz, “ButyricAcid in Func-
tional Constipation,” Gastroenterology Review 5, no. 5 (2013): 295–298,
https://doi.org/10.5114/pg.2013.38731.

36. C. Coutzac, J.-M. Jouniaux, A. Paci, et al., “Systemic Short Chain
Fatty Acids Limit Antitumor Effect of CTLA-4 Blockade in Hosts with
Cancer,”Nature Communications 11, no. 1 (2020): 2168, https://doi.org/10.
1038/s41467-020-16079-x.

37. M. G. Schmitt, K. H. Soergel, and C. M. Wood, “Absorption of Short
Chain Fatty Acids from the Human Jejunum,” Gastroenterology 70, no. 2
(1976): 211–215, https://doi.org/10.1016/S0016-5085(76)80011-X.

38. K. Hodgkinson, F. El Abbar, P. Dobranowski, et al., “Butyrate’s Role in
Human Health and the Current Progress towards Its Clinical Application
to Treat Gastrointestinal Disease,” Clinical Nutrition 42, no. 2 (2023): 61–
75, https://doi.org/10.1016/j.clnu.2022.10.024.

39. R. B. Canani, M. D. Costanzo, L. Leone, M. Pedata, R. Meli, and
A. Calignano, “Potential Beneficial Effects of Butyrate in Intestinal and
Extraintestinal Diseases,” World Journal of Gastroenterology 17, no. 12
(2011): 1519, https://doi.org/10.3748/wjg.v17.i12.1519.

40. M. Wijdeveld, A. Schrantee, A. Hagemeijer, et al., “Intestinal Acetate
and Butyrate Availability Is Associated with Glucose Metabolism in
Healthy Individuals,” Iscience 26, no. 12 (2023): 108478, https://doi.org/
10.1016/j.isci.2023.108478.

41. S. Cao, E. Budina, M. M. Raczy, et al., “A Serine-conjugated Butyrate
ProdrugwithHighOral Bioavailability Suppresses AutoimmuneArthritis
and Neuroinflammation in Mice,” Nature Biomedical Engineering 8, no. 5
(2024): 611–627, https://doi.org/10.1038/s41551-024-01190-x.

42. E.-M. Collnot, H. Ali, and C.-M. Lehr, “Nano- and Microparticulate
Drug Carriers for Targeting of the Inflamed Intestinal Mucosa,” Journal
of Controlled Release 161, no. 2 (2012): 235–246, https://doi.org/10.1016/j.
jconrel.2012.01.028.
15 of 16

ative C
om

m
ons L

icense

https://doi.org/10.1111/jgh.16751
https://doi.org/10.1016/j.jaci.2021.11.011
https://doi.org/10.1016/j.phrs.2022.106056
https://doi.org/10.1038/s41392-022-00974-4
https://doi.org/10.1016/j.chom.2023.03.020
https://doi.org/10.1002/advs.202301097
https://doi.org/10.1038/s41575-021-00441-5
https://doi.org/10.1038/s41598-024-67881-2
https://doi.org/10.5661/bger-28-33
https://doi.org/10.1016/j.bioactmat.2025.09.043
https://doi.org/10.1002/advs.202500116
https://doi.org/10.1002/advs.202308092
https://doi.org/10.1038/s41423-020-00625-0
https://doi.org/10.1038/s41522-024-00533-5
https://doi.org/10.1038/s41551-021-00749-2
https://doi.org/10.1038/s41563-024-01909-w
https://doi.org/10.1093/advances/nmab119
https://doi.org/10.1002/ibd.20737
https://doi.org/10.1093/gastro/goae058
https://doi.org/10.3389/fimmu.2023.1277102
https://doi.org/10.1038/s41423-023-00987-1
https://doi.org/10.1038/nature12721
https://doi.org/10.1038/nature12726
https://doi.org/10.1038/s41598-018-32860-x
https://doi.org/10.1155/2022/3745135
https://doi.org/10.5114/pg.2013.38731
https://doi.org/10.1038/s41467-020-16079-x
https://doi.org/10.1016/S0016-5085(76)80011-X
https://doi.org/10.1016/j.clnu.2022.10.024
https://doi.org/10.3748/wjg.v17.i12.1519
https://doi.org/10.1016/j.isci.2023.108478
https://doi.org/10.1038/s41551-024-01190-x
https://doi.org/10.1016/j.jconrel.2012.01.028


4
F
D
o

4
b
t
2

4
l
C
J
1

4
c
I
a
0

4
B
T
1

4
B
I
A
0

4
o
i

5
B
N

5
o
I
o

5
a
M
d

5
I
G
o

5
S
T
1

5
t
C
1

S

A
I
S

1

 16136829, 2026, 27, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.202513252 by C
hung-A

ng U
niversity, W

iley O
nline L

ibrary on [20/05/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are govern
3. K. L. Madsen, J. S. Doyle, L. D. Jewell, M. M. Tavernini, and R. N.
edorak, “Lactobacillus Species Prevents Colitis in Interleukin 10 Gene–
eficient Mice,” Gastroenterology 116, no. 5 (1999): 1107–1114, https://doi.
rg/10.1016/S0016-5085(99)70013-2.

4. C. M. Galdeano and G. Perdigon, “The Probiotic Bacterium Lacto-
acillus Casei Induces Activation of the Gut Mucosal Immune System
hrough Innate Immunity,” Clinical and Vaccine Immunology 13 (2006):
19–226.

5. M. S. Geier, R. N. Butler, P.M. Giffard, andG. S. Howarth, “Lactobacil-
us Fermentum BR11, a Potential New Probiotic, Alleviates Symptoms of
olitis Induced by Dextran Sulfate Sodium (DSS) in Rats,” International
ournal of Food Microbiology 114, no. 3 (2007): 267–274, https://doi.org/10.
016/j.ijfoodmicro.2006.09.018.

6. N. Mandelbaum, L. Zhang, S. Carasso, et al., “Extracellular Vesi-
les of the Gram-positive Gut Symbiont Bifidobacterium Longum
nduce Immune-modulatory, Anti-inflammatory Effects,” npj Biofilms
nd Microbiomes 9, no. 1 (2023): 30, https://doi.org/10.1038/s41522-023-
0400-9.

7. S. J. Gavzy, A. Kensiski, Z. L. Lee, E. F. Mongodin, B. Ma, and J. S.
romberg, “Bifidobacterium Mechanisms of Immune Modulation and
olerance,”GutMicrobes 15, no. 2 (2023): 2291164, https://doi.org/10.1080/
9490976.2023.2291164.

8. C. Wang, Y. Xiao, L. Yu, et al., “Protective Effects of Different
acteroides Vulgatus Strains against Lipopolysaccharide-induced Acute
ntestinal Injury, and Their Underlying Functional Genes,” Journal of
dvanced Research 36 (2022): 27–37, https://doi.org/10.1016/j.jare.2021.06.
12.

9. C. Wang, J. Zhao, H. Zhang, Y.-K. Lee, Q. Zhai, and W. Chen, “Roles
f Intestinal Bacteroides inHumanHealth andDiseases,”Critical Reviews
n Food Science and Nutrition 61 (2021): 3518–3536.

0. Y. Furusawa, Y.Obata, S. Fukuda, et al., “CommensalMicrobe-derived
utyrate Induces the Differentiation of Colonic Regulatory T Cells,”
ature 504, no. 7480 (2013): 446–450, https://doi.org/10.1038/nature12721.

1. L. Peng, Z. He, W. Chen, I. R. Holzman, and J. Lin, “Effects of Butyrate
n Intestinal Barrier Function in a Caco-2 Cell Monolayer Model of
ntestinal Barrier,” Pediatric Research 61, no. 1 (2007): 37–41, https://doi.
rg/10.1203/01.pdr.0000250014.92242.f3.

2. R. Wang, S. Cao, M. E. H. Bashir, et al., “Treatment of Peanut Allergy
nd Colitis in Mice via the Intestinal Release of Butyrate from Polymeric
icelles,” Nature Biomedical Engineering 7, no. 1 (2023): 38–55, https://
oi.org/10.1038/s41551-022-00972-5.

3. H. Torabizadeh and A. Mahmoudi, “Inulin Hydrolysis by Inulinase
mmobilized Covalently onMagnetic Nanoparticles PreparedwithWheat
lutenHydrolysates,” Biotechnology Reports 17 (2018): 97–103, https://doi.
rg/10.1016/j.btre.2018.02.004.

4. B. Shashni, Y. Tajika, and Y. Nagasaki, “Design of Enzyme-Responsive
hort-Chain Fatty Acid-Based Self-Assembling Drug for Alleviation of
ype 2DiabetesMellitus,”Biomaterials 275 (2021): 120877, https://doi.org/
0.1016/j.biomaterials.2021.120877.

5. Y. Lee, H. Kim, S. Kang, J. Lee, J. Park, and S. Jon, “Bilirubin Nanopar-
icles as a Nanomedicine for Anti-Inflammation Therapy,” Angewandte
hemie International Edition 55, no. 26 (2016): 7460–7463, https://doi.org/
0.1002/anie.201602525.

upporting Information

dditional supporting information can be found online in the Supporting
nformation section.
upportingFile: smll73162-sup-0001-SuppMat.docx.
6 of 16 Small, 2026

ed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1016/S0016-5085(99)70013-2
https://doi.org/10.1016/j.ijfoodmicro.2006.09.018
https://doi.org/10.1038/s41522-023-00400-9
https://doi.org/10.1080/19490976.2023.2291164
https://doi.org/10.1016/j.jare.2021.06.012
https://doi.org/10.1038/nature12721
https://doi.org/10.1203/01.pdr.0000250014.92242.f3
https://doi.org/10.1038/s41551-022-00972-5
https://doi.org/10.1016/j.btre.2018.02.004
https://doi.org/10.1016/j.biomaterials.2021.120877
https://doi.org/10.1002/anie.201602525

	Inulin-Butyrate Nanogel for Modulation of Gut Microbiome, Intestinal Barrier, and Regulatory T-Cells in Colitis
	1 | Introduction
	2 | Result
	2.1 | Preparation of Inulin-Butyrate Conjugate-Based Nanogel
	2.2 | IBN Accumulates in Inflamed Colon
	2.3 | IBN Exhibits Strong Therapeutic Activity in a Murine DSS-induced Colitis Model
	2.4 | IBN’s Gut Microbiome Modulation Activity Is Crucial in IBN Therapy
	2.5 | IBN Promotes Regulatory T-cells and Enhances Intestinal Barrier Functions

	3 | Discussion
	4 | Experimental Section
	4.1 | Synthesis of Inulin-Butyrate Conjugate
	4.2 | Preparation of Inulin-Butyrate Nanogels(IBN)
	4.3 | Preparation of Cy5.5@IBN
	4.4 | pH-Dependent Butyrate Release from IBN
	4.5 | Butyrate Release Assessment of IBN In Simulated Gastrointestinal Fluids
	4.6 | Enzyme-Responsive Degradation and Butyrate Release of IBN
	4.7 | Animals
	4.8 | IVIS Imaging
	4.9 | DSS-Induced Model of Colitis
	4.10 | Histology
	4.11 | MPO Activity Assay
	4.12 | Quantitative Real-Time PCR Analysis
	4.13 | Immunofluorescence Staining
	4.14 | Flow Cytometry Analysis
	4.15 | In vivo Toxicity Evaluation
	4.16 | Cell Culture
	4.17 | In vitro Evaluation of ZO-1 Expression
	4.18 | Quantitative Analysis of Butyrate in Plasma, Feces, And Colon Tissues By GC-MS
	4.19 | Microbiome Analysis
	4.20 | Statistical Analysis

	Author Contributions
	Acknowledgements
	Conflicts of Interest
	Data Availability Statement
	References
	Supporting Information


