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ABSTRACT

Conventional targeted therapies for inflammatory bowel disease (IBD) often rely on unstable biological recognition elements.
While molecularly imprinted polymers (MIP) offer robust synthetic alternatives, their utility is limited by an “always-on” binding
state: even weak non-specific adsorption can significantly compromise their target-binding capacity. We convert static MIP into
reactive oxygen species (ROS)-activated therapeutic actuators by conjugating mannose to transferrin-imprinted MIP via a ROS-
cleavable linker. The saccharide acts dually as a therapeutic agent and a protective cloak. It sterically blocks non-specific binding
during intestinal transit. At inflammatory sites, elevated ROS levels (higher than in healthy tissue) trigger simultaneous mannose
release and activation of high-affinity targeting. This enables precise MIP anchoring to the inflamed epithelium for physical
barrier formation and localized microbiome modulation. In murine colitis models, this achieved mucosal healing, mitigated
inflammation, and microbiota rebalancing using a mannose equivalent dose of 27.2 mg/kg/d, benchmarking against free mannose
and non-responsive MIP controls. This work establishes a generalizable paradigm for targeted recognition and drug delivery in
complex physiological environments, paving the way for intelligent, disease-responsive nanomedicines.

ery systems for IBD have flourished [6]. These systems often
incorporate modules that respond to environmental stimuli (such

1 | Introduction

Inflammatory bowel disease (IBD) [1] presents a formidable
challenge for targeted therapy due to the complex and hostile
gastrointestinal environment [2]. Current targeting strategies
predominantly rely on biological recognition elements (e.g.,
antibodies, peptides) [3-5]. While effective for systemic injected
therapies, these are prone to enzymatic degradation and denatu-
ration in the gastrointestinal tract, severely limiting their utility
for oral targeted delivery. Recently, nanocarrier-based drug deliv-
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as elevated reactive oxygen species (ROS) or dysregulated pH)
to release drugs [7]. However, these systems lack robust, specific
recognition elements capable of reliably distinguishing diseased
tissues.

Molecularly imprinted polymers (MIP) [8] are promising syn-
thetic antibody mimetics that offer superior stability and pro-
grammable recognition, positioning them as robust alternatives
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to biological agents for targeted applications [9-11]. However,
their in vivo efficacy is significantly hampered by an “always-on”
binding state [12], i.e., target-binding sites remain continuously
exposed, allowing unwanted interactions, where even minor non-
specific adsorption can markedly compromise target-binding
capacity. This limitation is particularly pronounced for oral
colon delivery, as the materials must first traverse the highly
complex small intestine—a milieu characterized by digestive
enzymes, abundant non-specific proteins, and dense microbiota
(e.g., trypsin/chymotrypsin, mucins, and Escherichia coli) [13-15].

A solution to this “always-on” dilemma lies in designing a
molecular switch to control MIP recognition—essentially, a
removable cloak for the imprinted cavities. We envisioned that
conjugating a therapeutic drug to mask the MIP’s binding cavities
could prevent off-target binding during transit. Upon stimulus-
triggered release, it could also deliver a local regulator. For the
payload, sugars act as key molecular mediators orchestrating
tripartite host-microbiota—environment interactions [16], posi-
tioning gut saccharide intervention as an emerging therapeutic
paradigm [17]. They demonstrate “dual-tiered regulation”: locally
via microbiota remodeling [18, 19] and barrier enhancement |20,
21], and systemically through interorgan axes [22, 23]. However,
existing oral sugar protocols require an administration dose of
150-500 mg/d/kg, which incurs systemic side effects [24] while
suffering from poor colonic accumulation due to absorptive
partitioning in the small intestine [25] and nonspecific dispersion.
Therefore, equipping MIPs with a removable “sugar cloak”
presents a strategic solution to concurrently address the in vivo
targeting challenges for both the MIP carrier and the therapeutic
sugar.

Herein, we report a paradigm-shifting approach that transforms
MIP from passive recognition elements into intelligent thera-
peutic actuators through a novel gating strategy (Figure 1a).
We conjugate mannose to the surface of transferrin-imprinted
nanoparticles [26, 27] via ROS-cleavable boronate ester bonds
[28-30]. Mannose was selected because it has reported anti-
inflammatory and barrier-protective effects in intestinal inflam-
mation, and can also modulate gut microbial communities [19,
31, 32]. This design creates a sophisticated targeting system where:
(1) the saccharide acts as both a therapeutic agent and a protective
cloak that sterically blocks the MIP’s recognition cavities during
transit; (2) at inflammatory sites, elevated ROS levels (10-100-
fold higher than in healthy tissue) [33] trigger saccharide release,
simultaneously unmasking the high-affinity targeting cavities
and delivering the therapeutic payload; and (3) the exposed MIP
specifically anchors to the inflamed epithelium to form protective
barriers.

Compared with previous MIP-based oral systems, this disease-
activated gating strategy addresses the “always-on” limitation
by minimizing nonspecific interactions during intestinal transit,
thereby improving effective in vivo recognition in inflamed,
ROS-rich tissue. Aided by an enteric coating to resist gastric
acid, our oral nanoprobe achieves unprecedented targeting speci-
ficity in murine colitis models (Figure 1b). It addresses the
multifactorial pathology of IBD by restoring mucosal integrity,
rebalancing microbial communities, and suppressing inflamma-
tory cytokines, outperforming conventional high-dose saccharide
regimens through a low-dose, targeted intervention. Our work

establishes MIP-based artificial antibodies as a generalizable
platform for targeted drug delivery in environments where bio-
logical ligands fail, opening new avenues for treating IBD and
other inflammatory diseases with intelligent, disease-responsive
therapeutic systems.

2 | Results and Discussion

21 | Construction of Transferrin-Targeting
Synthetic Antibody Mimetics

Molecularly imprinted polymers bind targets with high affin-
ity through size complementarity and multivalent interactions
[9, 10], while their surface functional groups permit further
chemical modification. We therefore selected transferrin (Tf)—
a protein markedly enriched on inflamed colonic epithelia and
a key molecular target for intervention [26, 27]—as a template
to engineer MIP that serve as synthetic antibody mimetics
by specifically recognizing inflammatory sites in the colon. Tf
enrichment is associated with inflammation-driven increases in
mucosal transferrin exposure and epithelial transferrin receptor
(TfR/CD71/TFRC) expression, which together enhance local Tf
engagement [27, 2, 34].

Figure 2a outlines the synthetic procedure. Fluorescein isoth-
iocyanate (FITC)-doped silica nanoparticles (FITC-SiO,; 100-
120 nm diameter, {-potential: -37.5 + 0.4 mV) served as fluorescent
tracing cores (Figure 2b,c). The Tf template was immobilized
onto these cores using 4-carboxyphenylboronic acid as the
linker (Figure S1). A surface-imprinting polymerization was then
carried out using 2-aminopropyl methacrylate (2-AM) as the
functional monomer and N,N’-methylene bisacrylamide (MBA)
as the crosslinker. Subsequent acid treatment removed the Tf
templates, generating specific recognition cavities and yielding
the final MIP nanoparticles. The resulting MIP featured a ~15-
nm-thick imprint layer and exhibited a {-potential shift to +45.5
+ 0.6 mV (Figure 2b,c), confirming successful polymer coating.

The Tf-specific binding capability of MIP was systematically eval-
uated in solution, in vitro, and in vivo. In a solution containing
0.4 mg mL~! Tf, MIP exhibited a 3.1-fold adsorption capacity (43.3
+ 1.7 ug mg~!, p < 0.0001) compared to non-imprinted polymers
(NIP) (Figure 2d,e). Selectivity assays against control proteins,
including mucin 2 (MUC2, dominant intestinal mucin) [35, 36],
bovine serum albumin (BSA) and albumin (ALB), confirmed
the preferential binding of MIP to Tf (Figure 2f). Although
adsorption of control proteins by MIP accounted for no more than
15.8% (for ALB) of its total capacity, it still led to a substantial
decrease in subsequent Tf binding (Figure S2). As the molecular
weight of control proteins decreased, this effect became more
pronounced. We attribute this to cavity occlusion: smaller pro-
teins can more readily penetrate or lodge within the imprinted
cavities (or their entrances), blocking Tf access even at low
overall adsorption. For ALB, pre-adsorption resulted in an 81.1%
reduction in Tf adsorption. These data suggest that even limited
non-specific adsorption can occlude the cavities and hinder target
access, thus highlighting the necessity of a switchable targeting
strategy for oral delivery to minimize off-target interactions in
the complex intestinal environment. For in vitro validation, Tf-
functionalized glass slides were used to mimic inflamed epithelia,

20f20

Advanced Healthcare Materials, 2026

858017 SUOULIOD BA1TE81D 3]qed! (dde au Ag pausenob afe Sajo1fe YO ‘SN J0 Sa|NI o} AReudau1IuQ A3]1M UO (SUONIPLIOD-PUE-SWLBIAL0D" A3 1M ALeiq1jputjuo//Sdny) SUONIpUOD pue swie | a4} 88S *[9202/20/02] uo Areiqiauliuo A8|im * Aiseaiun Builuen - uayd Buojun A g 698505202 WUPE/ZO0T OT/I0p/W02" A8 1M Aleiq 11 |Uo"peoLeAe//SANY WOy papeoiumoq ‘6T ‘9202 ‘65922612



a
Transferrin Transferrin Transferrin
recognition ON recognition OFF recognition ON
S * Y N A~
- @ N * o W
I 1 1 I
: ! . X ; HO OH !
1 I I 1
| - ol 2 | :
RV %:° ! P ' ) P ' )
S S B HO OH B R e B ROS OH R
- . - Saccharide D Saccharide o
8 o~ ik conjugation e release i@
c Q // > J g ¢ s Nt
gu .
w T I ~ )
9_) (0] \ ) N
S % 3
| OO0
MIP MIP-saccharide MIP
b
n Inflammatory loci :
< pH-responsive ‘ ROS-responsive @ _ :
o MIP-Man release Mannose release L ¥ M :
> O » Mannose ,
.
I
MIP-Man@ MIP-Man Microbiota |
(OFF) metabolism E ilPathogenic
MIP 9 | bacteria
7 - ¢ 1
(ON) ) ~ A
Q Lf ( ! é/w Probiotics
> XX i
oo | ' Atificial
W\ Mucus == protection
& o Q Epithelium g, | pelid
ROS= ROS+ . ROS-
I

Transferrin=

Transferrin+ Transferrin=

FIGURE 1 | Fluorescently doped, saccharide-conjugated molecularly imprinted polymers (MIP) for targeted colitis management. (a) Schematic

of the gating strategy. A transferrin-imprinted MIP was synthesized using fluorescently doped SiO, as the carrier. Saccharides were conjugated via
borate linkages to sterically block the binding cavities, generating MIP-saccharide. Subsequent ROS-triggered saccharide release unblocks the cavities
and reactivates target binding. (b) In vivo imaging and treatment in a murine colitis model. MIP-mannose (MIP-Man) was encapsulated within an
Eudragit S100 (ES100)/poly(lactic-co-glycolic acid) (PLGA) composite (EP), forming the oral probe MIP-Man@EP. The probe remains stable under
gastric conditions but releases MIP-Man in the intestine. At inflamed colon sites (characterized by elevated ROS and epithelial-associated transferrin),
ROS-triggered mannose release allows MIP binding to transferrin, forming a protective physical barrier and simultaneously reprogramming the dysbiotic

microbiota.

while MUC2-coated (healthy epithelium mimic) and BSA-coated
slides served as controls [26]. Fluorescence imaging confirmed
stronger MIP binding to Tf-presenting surfaces relative to controls
(Figure S3).

We further evaluated the targeting efficacy in a DSS-induced
murine colitis model (2.5% DSS in drinking water for 7 days),
which is clinically relevant to human ulcerative colitis (Figure 2g-
k). MIP (or NIP, 40 mg mL™') was administered 4 h intra-
colonically after the last DSS treatment. Following intracolonic
administration, MIP accumulation in inflamed tissues was 24.5-
fold greater than in tissues from healthy mice (Figure 2h,j),
demonstrating a strong inflammation-targeting capability. In
contrast, NIP showed negligible accumulation in both healthy

and inflamed tissues (Figure 2i,k), confirming that the observed
specificity is indeed conferred by the imprinted cavities. Within
inflamed colons, the accumulation of MIP was 13.0-fold higher
than that of NIP (Figure 2j,k). This enrichment ratio substantially
exceeds the fold enrichment reported in the literature for system-
ically administered antibodies: in that study, the accumulation
of an anti-extradomain A antibody (F8-VEGFC) over its isotype
control in a similar DSS colitis model was 1.5-fold [37]. The
superior targeting performance of our MIP likely originates
from their polyvalent binding avidity and inherent resistance to
proteases. Collectively, these results establish that our synthetic
antibody mimetic possesses excellent specific binding within
inflamed colons, highlighting its potential for oral targeted
delivery.
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FIGURE 2 | Construction and specific recognition of transferrin-targeting MIP. (a) Schematic of the synthesis procedure of transferrin (Tf)-

imprinted MIP using FITC-doped SiO, as the core. (b) Transmission electron microscopy (TEM) images of the SiO, core (top) and the resulting MIP
(bottom). The MIP image reveals a uniform polymer layer on the surface. Scale bars: 200 nm (left) and 20 nm (right). (c) Zeta potential measurements
of the synthetic intermediates and the final MIP. (d) Schematic illustration comparing MIP with the nanoparticles without imprinted polymers (NIP).
(e) Binding isotherms of MIP and NIP after 2 h incubation in Tf solutions at 37°C. Data show the amount of Tf adsorbed (ug per mg of nanoparticles).
(f) Binding selectivity of MIP toward transferrin (Tf) vs. control proteins (MUC2, BSA, ALB). The imprinting factor (IF) is calculated as the ratio of MIP
adsorption to NIP adsorption. g) Diagram depicting the proposed binding mechanisms of MIP and NIP at the normal vs. inflamed intestinal epithelium,
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2.2 | Modulation of MIP Binding with a
Saccharide-Based Gating Strategy

After obtaining MIP with specific targeting capability, we sought
to minimize its non-specific adsorption during delivery by
blocking the MIP cavities with a removable saccharide (as a
therapeutics) cloak. We first established the conjugation and
release chemistry using a library of model saccharides, includ-
ing three monosaccharides (glucose, galactose, mannose), one
disaccharide (lactose), and one polysaccharide (mannan). We
employed ROS-cleavable boronate ester bonds to conjugate and
subsequently release saccharides (Figure 3a; Figure S4). The suc-
cessful formation of phenylboronic acid-saccharide complexes
and the subsequent ROS-triggered saccharide release was con-
firmed by 'H NMR for all saccharides tested (Figure 3b; Figures
S5-S9). These results confirm the robustness and universality of
ROS-triggered saccharide release via boronate ester chemistry,
providing a versatile toolbox for diverse saccharide therapeutics.

With the chemical feasibility established, we integrated this
programmable release mechanism with our synthetic anti-
body mimetics. This integration not only creates an intelligent
nanoplatform but also achieves a dual-purpose design: the con-
jugated saccharide acts simultaneously as a protective cloak and
a releasable therapeutic. Saccharides were covalently conjugated
to the amine groups on MIP via a nitrophenyl-functionalized
phenylboronic acid pinacol ester [38] (Figure 3c; Figures S10-
S12), creating an interface that displays saccharides in a mul-
tivalent manner. Taking mannose grafting as an example, the
morphology of MIP-Man remained unchanged after conjugation
(Figure 3d). Successful grafting was confirmed by the reversal of
surface charge to —29.3 + 1.3 mV. The negative surface potential
is favorable for subsequent targeting to the positively charged
inflamed epithelium. Quantitatively, an exhaustive oxidative
cleavage assay (20 mM H,0,) indicated an initial mannose
grafting density of 39.0 + 3.7 ug mg™' nanoparticles (Supporting
Information). Critically, this conjugation sterically blocked the
MIP’s cavities, reducing transferrin binding by 90.0% and 93.8%
for MIP-Man and MIP-Mannan, respectively (Figure 3e,f), indi-
cating near-complete blockade.

We then demonstrated H,O,-triggered saccharide release. High
performance liquid chromatography (HPLC) quantification con-
firmed H,0, concentration- and time-dependent release of
mannose from MIP-Man (Figure S13). Under simulated colitis
conditions (500 uM H,O0, [39, 40], 4 h), the release capacities
followed the order: mannan (75.7 uyg mg™!) > lactose (38.4 uyg mg™)
> mannose (34.0 pg mg™') > galactose (29.4 ug mg™") > glucose
(15.6 pg mg™) (Figure 3g), demonstrating broad applicability.
Notably, the released mannose under simulated colitis conditions
(34.0 ug mg™) corresponds to ~87% of the initial grafted amount
(39.0 pg mg™), indicating efficient ROS-responsive de-gating in
an inflammatory milieu. Most critically, H,O,-triggered saccha-

ride liberation concurrently restored the targeting function of
the synthetic antibody mimetics, as evidenced by a significant
recovery of transferrin binding post-release (64.5% for MIP-Man;
63.0% for MIP-Mannan; Figure 3f). Despite the efficient mannose
release (~87% under simulated colitis conditions), Tf binding
recovered only to ~64.5%, suggesting a non-linear “de-gating—
function” relationship. We speculate that a small residual fraction
of mannose can disproportionately suppress target binding by
persisting at cavity entrances or high-affinity imprinted sites,
thereby occluding Tf access. This interpretation is consistent with
our selectivity/pre-adsorption assays (Figure S2), where even
limited pre-adsorption of non-target proteins (<15.8% of total
adsorption capacity) markedly reduced subsequent Tf binding
(e.g., an 81.1% decrease after ALB pre-adsorption), indicating that
partial occupancy of cavities/entrances can strongly impede Tf
recognition. Importantly, the measurable recovery confirms the
intended ROS-responsive gating and reactivation of targeting.
Collectively, these data establish an intelligent MIP nanoplatform
in which a disease biomarker (ROS) triggers a therapeutics release
that simultaneously unlocks the targeting function.

2.3 | InVivo Targeting of Orally Administered
Saccharide-Conjugated MIP

To enable robust oral delivery and precise colonic release,
we encapsulated MIP-Man with pH-responsive Eudragit S100
(ES100, insoluble in acid but soluble at neutral pH) [41] and
biodegradable PLGA [42], forming MIP-Man@EP nanoprobes
(Figure 4a). The ESIOO0 coating ensures targeted dissolution
in the neutral colonic environment, while the PLGA matrix
undergoes controlled erosion to enable sustained drug release.
TEM confirmed intact coatings after 4-h exposure to pH 2.0,
whereas complete dissolution occurred at pH 7.4 (Figure 4b).
HPLC analysis revealed mannose release exclusively in pH 7.4
buffer containing H,0, (Figure 4c), with release levels match-
ing uncoated MIP-Man (Figure 3g). Probes pretreated at pH
2.0 for 4-16 h maintained responsive mannose release in pH
7.4 buffer containing H,0, (Figure S14), demonstrating >16-h
gastric stability. Critically, Tf binding capacity recovered post-
release (Figure 4d), comparable to the uncoated MIP-Man after
release, confirming preservation of molecular recognition sites.
These data establish the EP-coating’s functionality: gastric pro-
tection without compromising inflammatory microenvironment
responsiveness.

We next evaluated the binding capacity of MIP-Man@EP to
transferrin (Tf) under conditions mimicking the oral delivery
route, using simulated gastric (SGF, pH 2.0), intestinal (SIF, pH
6.8), and colonic fluids (SCF, pH 7.4). In the absence of the
mannose cloak, MIP@EP after sequential incubation in SGF
(4 h) and SIF (2 h) exhibited significantly stronger nonspecific
adsorption (10.4 + 0.9 mg mL™!) compared to MIP-Man@EP (2.87

where Tf is overexpressed. (h,i) Ex vivo fluorescence images of colons from healthy (Normal) and DSS-induced colitic (DSS) mice, 4 h after intracolonic

administration of MIP (h) or NIP (i). (j,k) Quantification of the fluorescence intensity shown in (h) and (i) for MIP (j) and NIP (k) groups, respectively.

Data in (b) are representative of three independent experiments with similar results. Data in (c,e,f) are presented as mean + SD (n = 3 independent

experiments). Data in (h-k) are representative of two independent experiments (n = 3 biologically independent animals); Data in (j,k) are presented as

mean + SD (n = 3 biologically independent animals). p values were determined using two-sided Student’s t-test.
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FIGURE 3 | Equipping MIP with the saccharide-based gating module. (a) Saccharide conjugation and release mechanism. Saccharides react with

4-(hydroxymethyl)phenylboronic acid pinacol ester (HPBAP) to form saccharide-HPBAP. H,O,-triggered cleavage of the boronate ester bond releases
saccharides, 4-hydroxybenzyl alcohol (HBA), and boric acid. (b) 'H NMR spectra demonstrating H,0,-triggered mannose release (related to Figure

S5). (c) Schematic of saccharide conjugation to MIP. (d) TEM images of MIP-Man. MIP-Man shows uniform polymer surface layers, unchanged after
saccharide conjugation. Scale bars: 200 nm (left), 20 nm (right). (¢) ROS-triggered mannose release restores MIP recognition toward Tf. (f) Tf adsorption
of MIP-Man and MIP-Mannan (ug Tf per mg nanoparticles) before/after H,O, treatment (0.5 mM, 4 h, 37°C). (g) Saccharides released from different
MIP-saccharides (ug saccharide per mg nanoparticles) post-H,0, treatment (0.5 mM, 4 h, 37°C). Data in (b,d) are representative of three independent

experiments with similar results. Data in (f,g) are presented as mean + SD (n = 3 independent experiments).
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FIGURE 4 | Gastrointestinal delivery and responsive activation of MIP-Man@EP. (a) Schematic of MIP-Man encapsulation in ES100/PLGA
composite (EP) for oral delivery, enabling pH-responsive EP dissolution and ROS-triggered mannose release. (b) TEM images of MIP-Man@EP after
4 h incubation in PBS buffers (pH 2.0 or 7.4). Red arrows indicate the EP interface (upper). Scale bars, 500 nm. (c,d) Mannose release (c, ug mannose
per mg nanoparticles) and Tf binding capacity (d, ug Tf per mg nanoparticles) of MIP-Man@EP in: pH 2.0 PBS, pH 7.4 PBS, and pH 7.4 PBS containing
0.5 mM H,0, (37°C, 4 h). (e) In vivo binding of IR783-doped MIP-Man@EP to intestinal tracts of healthy (Normal) and colitic (DSS) mice. Whole-body
and ex vivo colon fluorescence imaging 22 h post-oral gavage. (f) CLSM images of colon sections 24 h post-administration of FITC-doped MIP-Man@EP.
Scale bar, 75 um. Data in (b) are representative of three independent experiments with similar results. Data in (c,d) are presented as mean+SD (n =3
independent experiments). Data in (e,f) are presented as a representative of two independent experiments (n = 3 biologically independent animals).
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+ 1.8 mg mL™") (Figure S15a). This effect was largely attributed to
adsorption of protease molecules present in SIF [13, 14]. Although
nonspecific adsorption accounted for only 25.5% of the total
adsorption capacity, it markedly reduced subsequent Tf binding
in PBS or SCF containing 180 um H,0, and 0.5 mg mL™! transfer-
rin (4 h), which decreased to only 35.9% and 29.0%, respectively,
of the Tf adsorption observed with MIP-Man@EP (Figure S15b).
These results confirm that the sugar cloak effectively shields
MIP from nonspecific adsorption, thereby preserving targeting
capacity during gastrointestinal transit and maintaining binding
function prior to reaching the target site.

We next assessed the in vivo targeting capability of the
MIP-Man@EP nanoprobe via oral gavage. We administered
NIR-labeled MIP-Man@EP (IR783) to healthy and DSS-induced
colitic mice (nanoparticle dose: 800 mg/kg/day; mannose-
equivalent dose: 27.2 mg/kg/day, Supporting Information).
Following administration, gastrointestinal fluorescence was
observed in both healthy and colitic mice at 4 h. Whereas
signals cleared in healthy intestines by 16 h, intense fluorescence
persisted in inflamed colons for 22-24 h (Figure 4e; Figure
S16), indicating inflammation-specific retention and protection
from clearance. Quantitative analysis revealed mean fluorescence
intensity (MFI) of 96.5 + 21.2 a.u. in inflamed colons, compared to
4.3 + 0.5 a.u. in healthy tissues, representing a 22.4-fold increase.
This demonstrates that MIP-Man@EP (IR783) successfully
navigates the GI tract, sheds its EP coating in the neutral colon,
and responds to elevated ROS levels at inflamed sites to release
mannose and activate targeting. The prolonged residence also
reflects MIP’s strong multivalent interactions and protease
resistance. Comparative analysis at 24 h post-administration
revealed selective accumulation of MIP-Man@EP (IR783) in
colitic tissues vs. control NIP-Man@EP (IR783) (Figure S17),
confirming molecular imprinting-mediated targeting. This aligns
with prior intracolonic MIP administration results (Figure 2h-k).
Further validation using orally delivered MIP-Man@EP (FITC)
(Figure S18) demonstrated perilesional enrichment along ulcer
margins in inflamed colon sections (Figure 4f), with negligible
healthy tissue signal, confirming in vivo targeting specificity to
pathological sites.

2.4 | Assessment of the Biosafety of
Mannose-Conjugated Synthetic Antibody Mimetics

To evaluate the in vivo biosafety of MIP-Man@EP, healthy mice
were orally administered MIP-Man@EP for 10 consecutive days
using the same regimen as in the delivery studies. Splenocytes
were harvested and analyzed by flow cytometry to assess potential
immune activation [43]. Compared with the PBS-treated group,
MIP-Man@EP-treated mice showed no significant changes in
frequencies of total leukocyte as well as major immune cell popu-
lations (Figure S19). Consistently, histopathological examination
of major organs (heart, liver, spleen, lung, and kidney) revealed
preserved tissue architecture without overt pathological lesions
in the MIP-Man@EP group, comparable to PBS-treated controls
(Figure S20). Serum biochemistry further showed that liver-
function markers (ALT, AST, ALP), kidney-function markers
(CREA-S, UA), and albumin (ALB) remained within normal
ranges and were not significantly different from those in control
mice. Collectively, these results indicate that repeated oral admin-

istration of MIP-Man@EP did not elicit overt systemic immune
activation or detectable organ toxicity under the tested conditions.

We note that the lesion-shielding “physical barrier” is designed
to be focal and microscopic, arising from reversible multivalent
anchoring at inflamed epithelial microdomains rather than a
continuous coating of the mucosa; thus, it is unlikely to mea-
surably compromise global absorptive function. In addition, any
surface-associated particles are expected to be transient because
intestinal epithelial turnover with luminal shedding occurs over
~3-5 days [44] and is accompanied by mucus turnover and peri-
staltic clearance [45, 46]. While our current data do not suggest
overt malabsorption, comprehensive preclinical studies will be
important to directly quantify long-term retention and intestinal
function, such as nutrient absorption assays and gastrointestinal
physiological readouts.

2.5 | Mannose-Conjugated Synthetic Antibody
Mimetics Exhibit Therapeutic Efficacy in Colonic
Inflammation

We next evaluated the therapeutic efficacy of MIP-Man@EP
in DSS-induced murine colitis. Following successful disease
induction with 2.5% DSS in drinking water (days 0-6), inflamed
mice were randomized into five treatment groups (n = 5 per
group) receiving daily oral gavage from day 3 for eight consec-
utive days: PBS (negative control), free mannose (Man group),
MIP@EP (MIP core with enteric coating), NIP-Man@EP (non-
imprinted control), and MIP-Man@EP (experimental), alongside
healthy normal controls (Figure 5a). Terminal analysis at day 11
revealed superior therapeutic outcomes for the MIP-Man@EP
cohort. This group exhibited the most significant weight recovery
(100.6% + 3.6% vs. 73.0%-75.8% in controls; Figure 5b), the lowest
disease activity index (DAI = 0.6 + 0.4 vs. 2.7-3.1; Figure 5c),
and colon length restoration comparable to healthy mice (6.3
+ 0.5 cm vs. 4.4-4.8 cm in controls; Figure 5d; Figure S21).
Histopathological analysis showed near-complete crypt archi-
tecture preservation in MIP-Man@ZEP-treated mice (Figure 5e),
contrasting sharply with epithelial damage and crypt destruction
in control groups. Blinded histological scoring (total score 0-12;
based on crypt damage [0-6] and inflammatory cell infiltration
[0-6]; see Experimental Section/Methods for details) confirmed
these findings, with the experimental group approaching healthy
tissue metrics (Figure S22). The marked therapeutic superiority
over comparator groups—particularly compared to MIP@EP
(barrier formation without saccharide release) and NIP-Man@EP
(saccharide delivery without barrier formation)—suggests the
essential synergistic action of inflammation-targeted barrier for-
mation and mannose release. This synergy likely arises from the
physical barrier that shields the mucosa and from the locally
concentrated mannose, which modulates the microbiome and
inflammatory response, thereby creating a self-reinforcing cycle
of repair.

2.6 | Mannose-Conjugated Synthetic Antibody
Mimetics Promote Barrier Restoration and
Inflammation Resolution

We next dissected therapeutic contributions through molecular
and microbiota-level analyses. At the molecular level, MIP-
Man@EP demonstrated superior intestinal barrier restorative
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FIGURE 5 | Therapeutic efficacy of MIP-Man@EP in DSS-induced murine colitis. (a) Treatment timeline. Mice were randomly divided into six
groups: the normal group (i, Normal) was given regular water, while the other five groups received 2.5% DSS in drinking water for 6 days to induce
colitis. From day 3 to day 10, the following solutions were administered via daily oral gavages: (ii) PBS, (iii) Man, (iv) MIP@EP, (v) NIP-Man@EP, and
(vi) MIP-Man@EP. Study endpoint: day 11. (b) Relative body weight change during treatment. Initial weight = 100%. (c) Disease activity index (DAI)
scores on day 11. (d) Colon lengths at endpoint (related to Figure S21). (e) H and E-stained colon sections. Scale bar, 500 pm (related to Figure S22). ()
MUC2 immunohistochemistry. Scale bar, 25 um. (g-i) Quantitative analysis of mean fluorescence intensity (MFI) of MUC2 (g), ZO-1 (h), and occludin (i)
(from f; Figure S23). (j-1) Relative colonic mRNA levels of TNF-« (j), IL-13 (k), IL-6 (1). Data in (b-1) are representative of two independent experiments.
Data in (b-d and j-1) are presented as mean + SD (n = 5 biologically independent animals). Data in (g-i) are presented as mean + SD (n = 3 biologically
independent animals (randomly selected from each group of Figure 5b)). p values were determined by ordinary one-way ANOVA with Tukey’s multiple
comparisons test.
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effects vs. control probes. MUC?2, a critical structural component
of the colonic mucus layer [35], is depleted during goblet cell
dysfunction in colitis [47]. Intense crypt-localized MUC2 fluo-
rescence in MIP-Man@EP-treated mice—comparable to healthy
controls—indicated restored goblet cell function and enhanced
mucus secretion (Figure 5f,g). While control groups showed
minimal MUC?2 signals, moderate MUC2 recovery in MIP@EP
mice suggested targeted MIP binding alone aids mucosal repair.
Furthermore, MIP-Man@EP normalized the distribution and
expression of tight junction proteins ZO-1 and occludin—
essential for barrier integrity [48, 49]—to levels indistinguishable
from healthy tissues (quantified via MFI of immunofluorescence;
Figure 5h,I; Figure S23). Intermediate occludin recovery in
MIP@EP mice further supported reparative role of MIP binding.

Pro-inflammatory cytokine imbalance characterizes IBD progres-
sion [50]. Quantitative PCR analysis (normalized to GAPDH)
revealed that MIP-Man@EP reduced TNF-a, IL-18, and IL-
6 mRNA to baseline (Figure 5j-1), signifying potent anti-
inflammatory activity. Comparator groups showed partial effi-
cacy: Free mannose significantly reduced TNF-« and IL-18 with
modest IL-6 reduction; NIP-Man@EP reduced TNF-« and IL-16.
We thus infer that mannose release dominates MIP-Man@EP’s
anti-inflammatory activity, consistent with prior reports [51].
To further substantiate this inference, we performed an in
vitro comparison using an LPS-stimulated Caco2 inflammation
model. Four groups were tested: untreated cells, free mannose,
mannose-free MIP (targeting scaffold only), and a physical
mixture of mannose-free MIP with free mannose (at the same
mannose dose). Free mannose and the physical mixture similarly
suppressed the secretion of pro-inflammatory cytokines (IL-
2 and TNF-a), whereas the mannose-free MIP alone showed
no detectable anti-inflammatory effect (Figure S24). These data
support the conclusion that mannose release is the major driver
of the observed immunomodulation.

2.7 | Mannose-Conjugated Synthetic Antibody
Mimetics Restore Microbial Homeostasis in Colitis

Gut microbiota dysbiosis—a hallmark of inflammatory bowel
disease (IBD)—drives disease progression through enhanced
immune activation, epithelial dysfunction, and compromised
barrier integrity [52, 53]. 16S rDNA sequencing revealed that
MIP-Man@EP restored a-diversity (Shannon index, Faith’s phy-
logenetic diversity (Faith’s PD)) to near-healthy levels, outper-
forming all comparators (Figure 6a; Figure S25a). f-Diversity
analysis (Jaccard/Unweighted UniFrac metrics) showed MIP-
Man@EP-treated microbiota closely resembled healthy controls
(Figure 6b,c; Figure S25b), indicating a near-complete recovery
of the gut microbial community. Mannose intervention groups
(Man, NIP-Man@EP) exhibited microbiota shifts diverging from
other controls, suggesting mannose modulates microbial com-
position [19]. Heatmap analysis (Figure 6d) at the genus level
revealed MIP-Man@EP group exhibited microbiota characteris-
tics that more closely resembled normal group, whereas Man
group demonstrated significant compositional divergence. Crit-
ically, compared with the PBS group, MIP-Man@EP treatment
significantly reduced Escherichia-Shigella [54] (a 36-fold reduc-
tion, Enterobacteriaceae, Figure 6e; Figure S26)—pathobionts
enriched in human IBD—while increasing probiotic Lacto-

bacillus (a 1.4-fold increase, Lactobacillaceae, mucus-promoting)
[55] and anti-inflammatory Muribaculaceae (a 3-fold increase,
Figure 6f,g) [56]. Concurrent enrichment of Lachnospiraceae
(promoting short-chain fatty acid production) [57] further evi-
denced ecosystem reprogramming (Figure 6h). These results
collectively demonstrate synergistic effects of the barrier forma-
tion and mannose release in rectifying inflammation-associated
dysbiosis.

Furthermore, the concomitant restoration of microbial ecology
(Figure 6), attenuation of pro-inflammatory cytokines (Figure 5j-
1), mucosal barrier recovery (Figure 5f-i), and ROS-triggered
mannose release & binding activation (Figure 4b—f) collectively
support a self-limiting therapeutic cascade. In this paradigm,
inflammation-derived reactive species initiate saccharide liber-
ation, which in turn promotes barrier restitution and microbial
balance, thereby mitigating inflammatory triggers via negative
feedback regulation. As a reference point, 5-aminosalicylic acid
(5-ASA) is commonly used as a positive-control therapy in
DSS-induced colitis models and serves as an established anti-
inflammatory benchmark [58, 59]. In our study, beyond cytokine
suppression (Figure 5j-1), MIP-Man@EP also restored mucosal
barrier markers and tight-junction proteins (Figure 5f-i) and
reshaped the microbiota toward a near-healthy profile (Figure 6),
supporting a multi-pronged therapeutic mechanism. We note
that comparisons to 5-ASA across studies are qualitative given
differences in DSS protocols and dosing; head-to-head evaluation
with a 5-ASA arm will be pursued in future work.

3 | Conclusion

This study establishes a transformative paradigm for oral intesti-
nal targeting through the rational design of intelligent synthetic
antibody mimetics. The core of our design lies in employ-
ing the therapeutic payload—here, saccharides—to sterically
block the binding capacity of molecularly imprinted polymers
(MIP). The linker between the MIP and the saccharide is
specifically cleaved in the pathological microenvironment. This
triggers the release of the saccharide for therapeutic action
while simultaneously restoring the MIP’s targeting ability—
enabling it to anchor to the inflamed epithelium and form
protective barriers. This strategy elegantly resolves the long-
standing challenges of in vivo targeting posed by the instability
of biological recognition elements and the “always-on” binding
state of conventional MIP. Moreover, this work represents the first
successful implementation of targeted saccharide intervention
in the colon, overcoming the inefficiencies and systemic side
effects associated with traditional high-dose oral administra-
tion.

In murine colitis models, MIP-Man@EP demonstrated high tar-
geting specificity (22.4-fold enrichment) and sustained retention
at the disease site (Figure 4). The exceptional performance
can be attributed to the multivalent binding of MIP, its resis-
tance to enzymatic degradation, and the effective prevention
of nonspecific adsorption during transit. Furthermore, upon
sensing the elevated ROS levels characteristic of inflammation,
MIP-Man@EP initiates a cascade of actions. This cascade collec-
tively addresses the multifactorial pathology of IBD—including
promotion of barrier repair, mitigation of inflammation, and
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FIGURE 6 | Gut microbiota modulation by MIP-Man@EP in colitic mice. Fecal samples were collected at day 11 for 16S rRNA sequencing-based
microbiota composition analysis. (a) a-Diversity analysis: Shannon index. (b,c) f-Diversity analysis: Each box plot indicates jaccard distance between
each treatment group and the normal group (b) and PCoA analysis of jaccard distance between groups, a midpoint connection (indicated by squares)
was added between the result points (c). (d) Based on genus-level taxonomic differential analysis, abundance changes of microbial genera in treated
groups relative to the normal group are displayed using a dual-color coding system: red denotes statistically significant increases in relative abundance,
while blue indicates significant decreases. Log2 FC: Log, Fold Change. (e) Decreased relative abundance of Escherichia-Shigella. (f-h) Increased relative
abundance of Lactobacillus (f), Muribaculaceae (g), and Lachnospiraceae (h). Data in (a-h) are representative of two independent experiments (n = 5
biologically independent animals). Box plot elements: centre line, median; box limits, upper and lower quartiles; whiskers (error bars), the highest and
lowest points within 1.5 interquartile range of the upper and lower quartiles. Data in (e-h) are presented as mean + SD (n = 5 biologically independent
animals). p values of (a,b) were calculated using the Wilcoxon rank-sum test with Benjamini-Hochberg false discovery rate (FDR) correction. For (d),
multiple testing correction within comparative groups was performed via the Benjamini-Hochberg method to control FDR.

restoration of microbiota balance. The designed MIP-Man@EP module played a more dominant role in restoring barrier
nanoprobe outperforms interventions based on its individual integrity (Figure 5f-i; Figure S23), while released mannose
components or mannose therapy alone. Crucially, compara- exerted a stronger effect on attenuating inflammation (Figure 5j-
tive analysis of single-component interventions vs. untreated 1). In terms of microbiota modulation, although oral mannose
controls revealed distinct functional contributions: the MIP alone significantly reshaped microbiota composition, only MIP-

Advanced Healthcare Materials, 2026 11 of 20

858017 SUOULIOD BA1TE81D 3]qed! (dde au Ag pausenob afe Sajo1fe YO ‘SN J0 Sa|NI o} AReudau1IuQ A3]1M UO (SUONIPLIOD-PUE-SWLBIAL0D" A3 1M ALeiq1jputjuo//Sdny) SUONIpUOD pue swie | a4} 88S *[9202/20/02] uo Areiqiauliuo A8|im * Aiseaiun Builuen - uayd Buojun A g 698505202 WUPE/ZO0T OT/I0p/W02" A8 1M Aleiq 11 |Uo"peoLeAe//SANY WOy papeoiumoq ‘6T ‘9202 ‘65922612



Man@EP fully restored near-normal community equilibrium
(Figure 6). This finding underscores the necessity for combina-
torial modulation strategies targeting IBD’s complex pathology.
Central to this platform is a self-regulating cycle: inflammation-
derived reactive species initiate saccharide liberation, which
promotes barrier restitution and microbial balance. This, in
turn, mitigates inflammatory triggers via a negative feedback
loop.

However, the current study still has areas that warrant
further improvement. Because transferrin is abundant
in serum, a theoretical off-target risk exists if a fraction
of de-gated MIPs reaches systemic circulation and binds
soluble transferrin. We expect this risk to be limited because
oral systemic exposure to intact nanoparticles is generally
constrained by intestinal barriers and most material is
cleared through the gastrointestinal tract. In addition,
circulating particles are likely to adsorb plasma proteins
(protein corona) that can occupy cavity entrances and reduce
binding competence; consistent with this notion, even limited
non-target pre-adsorption markedly suppressed subsequent
transferrin binding in our selectivity assays (Figure S2).
Nevertheless, quantitative evaluation of systemic exposure,
biodistribution/excretion, plasma transferrin binding, and
immunogenicity will be essential for translation, as also
emphasized in recent IBD biomarker-responsive nanomaterial
reviews [60].

While the H,O,-triggered recovery of transferrin binding
(Figure 3f) confirms the operational success of our gating
mechanism, the incomplete restoration (approximately 65%)
highlights an area for improvement, especially under the
complexity of in vivo conditions. Future iterations of this
platform will focus on optimizing the linker chemistry and
the design of the protective cloak to achieve more rapid and
quantitative release. An additional methodological consideration
is the pH-sensitive nature of the FITC label used for imaging;
employing pH-insensitive probes in future work will allow for
more quantitative biodistribution studies. In addition, these
findings were primarily established in preclinical murine
models. Future research should rigorously evaluate translational
potential in models that better recapitulate human intestinal
physiology, with particular attention to long-term safety upon
repeated dosing.

This work also opens several promising avenues. Most notably,
the platform is inherently generalizable and programmable.
By simply altering the imprinting template and payload, the
system can be adapted for a wide range of diseases beyond
IBD, including cancers, autoimmune disorders, and metabolic
syndromes, where precise, context-dependent intervention is
needed. It offers a generalizable platform for developing next-
generation nanotherapeutics capable of operating with biological
precision through purely synthetic means. In addition, the
demonstrated capability for in vivo imaging and lesion-specific
accumulation suggests potential for theragnostic applications,
particularly in guiding endoscopic interventions or monitoring
therapeutic responses. Future efforts will focus on advancing
the platform toward clinical translation through validation in
human-relevant disease models, scaling under GMP conditions,
and exploring its utility for delivering diverse therapeutics. By

bridging synthetic chemistry, biomaterials science, and targeted
therapy, this study not only offers a potent strategy for managing
IBD but also provides a foundational framework for the future of
intelligent, responsive nanomedicine.

4 | Experimental Section/Methods
4.1 | Materials

D-galactose (Gal), D-lactose (Lac), mannan from Saccharomyces
cerevisiae (Mann), N,N-dimethylformamide (DMF), bovine
serum albumin (BSA), and paraffin were obtained from
Sigma-Aldrich (USA). D-glucose (Glu) was purchased
from Rhawn Reagent (China). D-mannose (Man) and
N,N’-methylenebisacrylamide (MBA) were purchased from
Heowns Biochem Technologies. LLc. Tianjin (China). 4-
(Hydroxymethyl)phenylboronic acid pinacol ester (HPBAP),
4-carboxyphenylboronic ~ acid  (4-CPBA), 2-aminoethyl
methacrylate hydrochloride (2-AM) and 1-phenyl-3-methyl-
5-pyrazolone (PMP) were obtained from Bide Pharmatech
Co., Ltd. (China). Phosphate buffered saline (PBS, containing
136.7 mM NaCl, 2.7 mm KCl, 8.72 mM Na,HPO,, 1.41 mMm
KH,PO,) was obtained from Nanjing BioChannel Biotechnology
Co., Ltd. (China). Na,SO,, petroleum ether (PE), ethyl
acetate (EA), silica, MeOH and dichloromethane were
purchased from Greagent (China). H,0, was purchased
from Alfa Aesar (USA). Ethyl ether, ethanol absolute, HCI
(~35%) and CHCl; were purchased from Nanjing Chemical
Reagent Co., Ltd. (China). Fluorescein isothiocyanate (FITC),
transferrin (Tf), simulated gastric fluid (SGF), simulated
intestinal fluid (SIF), and simulated colonic fluid (SCF)
were purchased from Shanghai yuanye Bio-Technology
Co., Ltd. (China). IR783 was purchased from TCI Shanghai
(China). 3-Aminopropyltriethoxysilane (APTES), tetraethyl
orthosilicate (TEOS), N,N,N,N-tetramethylethylenediamine
(TEMED), acetic acid, triethylamine and mucin 2 (MUC2)
were obtained from Shanghai Macklin Biochemical Co.,
Ltd. (China). NH;-H,O, albumin from chicken egg white,
1-ethyl-(3-dimethylaminopropyl)carbodiimide (EDC), and N-
hydroxysuccinimide (NHS) were purchased from Shanghai
Aladdin Biochemical Technology Co., Ltd. (China). Potassium
persulfate (KPS) was purchased from Xilong Scientific Co.,
Ltd. (China). 4-Nitrophenyl chloroformate and tetrahydrofuran
(THF) were purchased from Energy Chemical (China). NaCl,
NaOH and acetone were purchased from Sinopharm Chemical
Reagent Co., Ltd. (China). CDCl; was purchased from Adamas
(China). D,0 and trifluoroacetic acid (TFA) were purchased from
Meryer (Shanghai) Biochemical Technology Co., Ltd. (China).
Eudragit S100 (ES100) was purchased from Shanghai Chineway
Pharma Tech Co., Ltd. (China). Poly(lactic-co-glycolic acid)
(PLGA) was purchased from Xi’an ruixi Biological Technology
Co., Ltd. (China). BCA Protein Assay Kit was purchased from
Jiangsu CoWin Biotech Co., Ltd. (China). Isoflurane was
purchased from RWD Life Science (China). DSS (36000-50000)
was purchased from MP Biomedicals (USA). Paraformaldehyde
was purchased from Beijing Innochem Science & Technology
Co.,Ltd. (China). TRIzol reagent was purchased from Thermo
Fisher Scientific (USA). DAPI staining solution, human IL-2
and TNF-a ELISA Kit, and all serum biochemical assay kits
were purchased from Beyotime Biotechnology. Aldehyde-
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functionalized glass slides were obtained from Shanghai BaiO
Technology Co., Ltd. (China). Formvar/Carbon supported copper
grids were obtained from Beijing Zhongjingkeyi Technology Co.,
Ltd. (China). All aqueous solutions were prepared with ultrapure
water (>18 MQ, Milli-Q, Millipore).

4.2 | Apparatus

The '"H NMR spectra were obtained on the BRUKER AVANCE III
400 MHz system (Bruck, Germany) and the data were analyzed
with MestReNova (version 14. 2. 1). The transmission electron
microscope (TEM) was performed on JEM-2800 transmission
electron microscope (JEOL Ltd., Japan). BCA measurements
were performed on a Varioskan Flash Spectral Scanning Mul-
timode Reader (Thermo Fisher Scientific, USA) and the data
was processed in Microsoft Excel software 2019. Fluorescent
slides were imaged on the ChemiDoc XRS+ Gel Imaging System
(Bio-Rad, USA). The animal imaging was performed on IVIS
Lumina XRMS III in vivo imaging system (PerkinElmer, USA)
and NIR-II fluorescence in vivo imaging system (NIROPTICS,
China). Fluorescence labeled colonic sections were imaged on
SP8 stimulated emission depletion (STED) 3X confocal laser
scanning microscopy (CLSM, Leica, Germany) and the images
were analyzed with Leica Application Suite X (LAS X, version
3.3.0). The flow cytometric analysis was carried out on the
CytoFLEX (Beckman, USA). HE stained tissue sections were
imaged on a Zeiss LSM 880 Confocal Laser Scanning Microscope
(Carl Zeiss, Germany). Zeta potential analysis was performed on
Zetasizer Nano Z (Malvern Panalytical, UK). Prominence LC-20A
high performance liquid chromatography (HPLC, SHIMADZU,
Japan) was used for quantification of saccharides. The colon
segments were homogenized using a Gastprp-64 high throughput
tissue grinder (SHANGHAI JINGXIN, China).

4.3 | Preparation of MIP Carrier

We use fluorescence (FITC or IR783)-doped, carboxyphenyl-
boronic acid (CPBA)-functionalized SiO, nanoparticles as the
MIP carrier. Fluorescent SiO, nanoparticles were first pre-
pared using a modified literature method: [61] A precursor
solution containing 2 mg FITC or IR783 and 10 pL (3-
aminopropyl)triethoxysilane (APTES) in 1 mL ethanol was incu-
bated at room temperature for 4 h in the dark. Subsequently,
2.425 mL water and 1.8 mL ammonia were added to 20 mL
anhydrous ethanol containing the precursor solution. After stir-
ring at 50°C for 10 min, 500 pL tetraethyl orthosilicate (TEOS)
was added to initiate 50 min of reaction under stirring. This
was followed by adding 3 mL APTES and continuing stirring at
25°C for 24 h to obtain fluorescence-doped, amine-functionalized
SiO, nanoparticles (SiO,-NH,). The product was collected via
centrifugation at 10 000 rpm for 5 min with three ethanol washes.

For CPBA functionalization, 120 mg CPBA was activated with
120 mg N-hydroxysuccinimide (NHS) and 240 mg 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC) in 10 mL dimethyl-
formamide (DMF) at room temperature for 20 min. After adding
100 mg SiO,-NH,, the reaction proceeded at 25°C for 12 h under
stirring. The final CPBA-functionalized nanoparticles (SiO,-
CPBA) were isolated by centrifugation at 10 000 rpm for 5 min
and washed three times with ethanol.

4.4 | Preparation of MIP

The SiO,-CPBA nanoparticles (1 mg) were incubated with 1 mL of
400 pug mL~ transferrin (Tf) solution at 25°C for 2 h under shaking
to form SiO,-Tf nanoparticles. After centrifugation at 10 000 rpm
for 3 min and two PBS (pH 7.4) washes, the nanoparticles were
collected for subsequent steps.

The pre-assembly solution was prepared by dispersing 22 mg
2-aminoethyl methacrylate hydrochloride (2-AM) and 20 mg
SiO,-Tf nanoparticles in 1 mL PBS, followed by 6 h incu-
bation at 37°C under shaking. The polymerization system
contained 3.7 mg N,N’-methylenebisacrylamide (crosslinker),
1 mg potassium persulfate (KPS, initiator), and 1 pL. N,N,N’,N'-
tetramethylethylenediamine (TEMED, catalyst). The mixture was
transferred to a Schlenk tube, sealed, frozen in liquid nitrogen,
and deoxygenated under nitrogen for 15 min. Polymerization was
conducted at 37°C for 12 h with stirring.

The reaction was terminated by air exposure, with nanoparticles
collected via centrifugation (10 000 rpm, 3 min) and washed three
times with PBS to eliminate unreacted components. Template
removal involved treating 10 mg nanoparticles with 1 mL 0.1 M
acetic acid under shaking at 25°C for 2 h, repeated until Tf became
undetectable in the supernatant. The as-prepared nanoparticles
are named as MIP. Non-imprinted polymer (NIP) was synthesized
identically, except omitting Tf during the imprinting step.

4.5 | Saccharide Conjugation and Release Studies

The 4-(hydroxymethyl)phenylboronic acid-saccharide complexes
were synthesized through the following procedure: A solution
containing 0.3 mmol of monosaccharide (glucose (Glc), man-
nose (Man), galactose (Gal)) or disaccharide (lactose (Lac)), or
70 mg of mannan (Mann), was combined with 3 mmol of 4-
(hydroxymethyl)phenylboronic acid pinacol ester (HPBAP) in
5 mL PBS (pH 7.4). The reaction mixture was stirred at room
temperature for 12 h, followed by multiple washes with CH,Cl,
to remove unreacted boronic ester. The aqueous phase was
lyophilized to yield the HPBAP-saccharide complex as a white
solid. Structural verification was performed by 'H NMR analysis.

For saccharide release studies, 20 mg of the synthesized complex
was treated with 1 mL of 20 mM H, O, aqueous solution at 25°C for
12 h. After reaction completion, the mixture underwent multiple
diethyl ether washes to eliminate hydrophobic byproducts. The
remaining aqueous phase was lyophilized and analyzed by
'H NMR. All chemical shifts are reported in ppm relative to
tetramethylsilane.

4.6 | Synthesis of 4-Nitrophenyl 4-(4,4,5,5-
Tetramethyl-1,3,2-Dioxaborolan-2-yl) Benzyl
Carbonate (NBC)

The boronate-functionalized linker NBC was synthesized
via a literature method: [38] 50 mmol of 4-
(hydroxymethyl)phenylboronic acid pinacol ester and 5.6 mmol
of 4-nitrophenyl chloroformate were dissolved in 15 mL
tetrahydrofuran (THF). Triethylamine (TEA, 10.0 mmol)
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was added dropwise to the solution maintained at 0°C. The
reaction was stirred at room temperature for 6 h, followed by
rotary evaporation to remove solvent. The residue was diluted
with dichloromethane (DCM) and sequentially washed with
deionized water and saturated NaCl solution. The organic phase
was dried over anhydrous sodium sulfate, concentrated by
rotary evaporation to obtain the crude product. Purification
was performed using silica gel column chromatography with
petroleum ether/ethyl acetate (10:1, v/v) as eluent, yielding NBC
as a white powder. Structural confirmation was achieved through
'H NMR analysis, with chemical shifts referenced in ppm relative
to tetramethylsilane.

4.7 | Preparation of MIP-Saccharide
Nanoparticles

The MIP nanoparticles (10 mg) were dispersed in 1 mL DMF
containing 6 mg NBC. Triethylamine (4.5 uL) was added dropwise
to the mixture under stirring at 25°C. The reaction was allowed
to proceed for a further 12 h, after which the nanoparticles were
collected via centrifugation (10 000 rpm, 3 min) and washed three
times with PBS.

For saccharide conjugation, 10 mg of the nanoparticles were
incubated with 1 mL of 2 mg mL™ saccharide solution (Glc,
Man, Gal, Lac, or Mann) at 25°C for 12 h under stirring. The
MIP-saccharide nanoparticles were collected by centrifugation at
10 000 rpm for 3 min and washed three times with PBS.

4.8 | Fabrication of MIP-Man@EP Nanoparticles

MIP-Man nanoparticles (10 mg) were suspended in 5 mL PBS (pH
5.0). An acetone solution (1 mL) containing 1 mg ES100 and 1 mg
PLGA was introduced dropwise into the suspension under con-
tinuous stirring. Following 1 h reaction at room temperature, the
MIP-Man@EP nanoparticles were harvested via centrifugation
(10 000 rpm, 3 min) and subjected to three washing cycles with
pH 5.0 PBS.

4.9 | Transmission Electron Microscope (TEM)

Nanoparticle suspensions were diluted to 10 mg mL™, and 100 uL
aliquots were deposited on Formvar/Carbon-coated 200-mesh
copper grids and dried at 60°C for measurement.

4.10 | Zeta Potential Analysis

Dispersions (20 mg mL™") were analyzed at 25°C using a Zetasizer
Nano ZS instrument.

4.11 | Binding Isotherm Analysis for MIP

MIP or NIP nanoparticles (1 mg) were equilibrated with 1 mL
transferrin (Tf) solutions (0.025-0.8 mg mL™ in PBS, pH 7.4)
at 37°C for 2 h under shaking. Following incubation, the super-
natant was collected via centrifugation, and Tf concentration (i.e.,
equilibrium concentration, C,, ug-mL™) was quantified using
a BCA protein assay. Tf concentration in the nanoparticle-free
protein control was also measured as C, (initial concentration,

pg-mL™). The binding capacity (Q, ug Tf per mg nanoparticles,
pg-mg~') was calculated using:

Q=(C - C)xV /W @

where V = solution volume (mL), and W = nanoparticle mass
(mg).

4.12 | Protein Selectivity Assessment for MIP

The protein binding selectivity of MIP was evaluated using
two independent assay systems: To detect the binding ability of
MIP and NIP toward target proteins in solution, MIP or NIP
nanoparticles (1 mg) were incubated with 1 mL solutions of
transferrin (Tf), bovine serum albumin (BSA), mucin 2 (MUC2),
or albumin (ALB) (1 mg mL™ each in PBS, pH 7.4). After
continuous shaking at 37°C for 2 h, supernatants were collected
by centrifugation. Residual protein concentrations (C,) were
quantified using a BCA assay. Protein concentration in each
nanoparticle-free protein control was also measured as C,. The
binding capacity (Q, pg-mg™") of MIP (Qy;p) and NIP (Qyp) was
calculated according to Equation (1). And the selectivity was
evaluated by the imprinting factor (IF):

IF = Qup / QNIP (2)

To detect the binding ability of MIP and NIP toward target pro-
teins anchored on substrates, aldehyde-functionalized glass slides
were sectioned into discrete 8-mm diameter reaction chambers
using porous stickers. Each chamber received 8 uL of protein
solution (30 mg mL™ in PBS): transferrin, MUC2, or BSA. After
12 hincubation at 37°C, chambers were rinsed with PBS. MIP/NIP
nanoparticles (8 uL, 10 mg mL™") were delivered to corresponding
chambers and incubated at 37°C for 2 h in a light-tight humidified
chamber. Unbound nanoparticles were removed by PBS washing.
Bound particles were imaged using a Bio-Rad ChemiDoc XRS+
system.

4.13 | Evaluation of Transferrin-Binding Capacity
of MIP After Nonspecific Protein Adsorption

MIP (1 mg) were first incubated with 1 mL solutions of bovine
serum albumin (BSA), mucin 2 (MUC2), or albumin (ALB)
(1 mg mL™ each in PBS, pH 7.4) under continuous shaking
at 37°C for 2 h. After centrifugation, the supernatants were
discarded, and the particles were then subjected to incubation
with transferrin solution (0.5 mg mL™, 1 mL) for 2 h at 37°C.
Finally, the supernatants were collected by centrifugation, and
the transferrin binding capacity (Q, pg-mg) was calculated
according to Equation (1).

4.14 | H,0,-Responsive Saccharide Release from
MIP

MIP-saccharide nanoparticles (10 mg; types: Glc, Gal, Man, Lac,
Mann) were dispersed in 1 mL of 0.5 mM H,0,, and the mixture
was stirred at 37°C for 4 h. The supernatant was then collected
by centrifugation (10 000 rpm, 3 min) and lyophilized to isolate
released saccharides.
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4.15 | Saccharide-Regulated Transferrin
Recognition Analysis

To evaluate the impact of saccharide conjugation/release on MIP
recognition, two sample sets were prepared:

(1) Saccharide-conjugated MIP: MIP-Man and MIP-Mann
nanoparticles.

(2) H,0,-treated MIP-Man and MIP-Mann: MIP-Man or MIP-
Mann nanoparticles (10 mg) were dispersed in 1 mL of
0.5 mM H,0,, stirred at 37°C for 4 h, collected by cen-
trifugation (10 000 rpm, 3 min), and washed thrice with
PBS.

Nanoparticles (10 mg) were incubated with 1 mL transferrin
solution (0.5 mg mL™) at 37°C for 2 h with shaking. Supernatants
were collected by centrifugation. Transferrin concentration in
supernatant (C,) was determined using a BCA Protein Assay
Kit. Transferrin concentration in the nanoparticle-free protein
control was also measured as C,. Transferrin binding capacity (Q,
pg-mg~') was calculated according to Equation (1).

4.16 | Saccharide Release Kinetics of
MIP-Man@EP Under Different Physiological
Conditions

MIP-Man@EP nanoparticles (10 mg) were incubated under three
physiologically relevant conditions:

(1) Simulated gastric fluid: 1 mL PBS, pH 2.0

(2) Simulated colonic fluid: 1 mL PBS, pH 7.4

(3) Simulated inflamed colonic fluid: 1 mL PBS (pH 7.4)
containing 180 uM H, 0,

Following 4 h incubation at 37°C, supernatants were collected by
centrifugation (10 000 rpm, 3 min). Mannose concentrations in
supernatants were quantified by HPLC.

4.17 | Transferrin Binding Capacity of Processed
MIP-Man@EP

Three nanoparticle samples were evaluated:

(1) MIP-Man@EP (10 mg) incubated in 1 mL pH 2.0 PBS (37°C,
4h)

(2) MIP-Man@EP (10 mg) incubated in 1 mL pH 7.4 PBS (37°C,
4h)

(3) MIP-Man@EP (10 mg) incubated in 1 mL pH 7.4 PBS with
180 uM H,0, (37°C, 4 h)

Following treatment, nanoparticles were harvested by centrifu-
gation, rinsed, and incubated with 1 mL transferrin solution
(0.5 mg mL™1). After 2 h shaking at 37°C, supernatants were

collected by centrifugation. Transferrin binding capacity (Q,
pg-mg~') was calculated following established methods.

418 | Transferrin Binding Capacity of
MIP-Man@EP and MIP@EP During Simulated
Delivery

To evaluate the nonspecific adsorption: MIP-Man@EP or
MIP@EP nanoparticles (10 mg) were respectively subjected to
two different procedures:

(1) Incubation in 1 mL of simulated gastric fluid (SGF, 37°C, 4 h);
(2) Sequential incubation in 1 mL of SGF (37°C, 4 h) and
simulated intestinal fluid (SIF, 37°C, 2 h).

After final incubation, the supernatant was collected via centrifu-
gation, and the protein concentration in the simulated fluids (i.e.,
equilibrium concentration, C,,, ug-mL™") was quantified using a
BCA protein assay. The protein concentration in the control fluids
without nanoparticle added was also measured as C,, (initial
concentration, pg-mL™). The binding capacity (Q,, ug protein per
mg nanoparticles, ug-mg-') was calculated using:

Qn = (COn - Cen) xV / w (3)

where V = solution volume (mL), and W = nanoparticle mass
(mg).

To evaluate Tf adsorption capability: MIP-Man@EP or MIP@EP
nanoparticles (10 mg) were respectively subjected to three
different treatment procedures:

(1) Sequential incubation in 1 mL of SGF (37°C, 4 h) and PBS
(pH 7.4, containing 0.5 mg mL™ transferrin and 180 um
H,0,,37°C, 2 h);

(2) Sequential incubation in 1 mL of SGF (37°C, 4 h), SIF
(37°C, 2 h), and finally PBS (pH 7.4, containing 0.5 mg mL™!
transferrin and 180 um H,0,, 37°C, 2 h);

(3) Sequential incubation in 1 mL of SGF (37°C, 4 h), SIF (37°C,
2 h), and finally simulated colonic fluid (SCF, containing
0.5 mg mL~! transferrin and 180 um H,0,, 37°C, 4 h).

The transferrin binding capacity (Q, ug-mg™") was calculated
according to Equation (1).

4.19 | HPLC Saccharide Quantification

For analysis of Man, Glc, Gal, or Lac after H,O, treatment,
supernatants were centrifuged and lyophilized. The powder was
dissolved in 400 puL H,O, mixed with 400 puL 0.3 M NaOH and
400 pL 0.5 M 1-phenyl-3-methyl-5-pyrazolone (PMP) in methanol,
heated (70°C, 90 min), cooled, neutralized with 500 puL 0.3 M
HCI, and extracted thrice with chloroform (2 mL per extraction).
Derivatives in aqueous solution were analyzed by HPLC.
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For analysis of mannan after H,O, treatment, the lyophilized
powder was dissolved in 500 uL 4 M TFA, hydrolyzed (80°C, 5 h),
and TFA evaporated. The residue was dissolved in 400 uL H,O,
then derivatized identically as described above.

The conditions of HPLC parameters as follow: Column: Thermo
Fisher C18 (4.6 x 50 mm), particle size 1.8 um, at room tempera-
ture. Detection wavelength: 250 nm. Mobile phase A: 70% 0.2 M
aqueous ammonium acetate. Mobile phase B: 30% acetonitrile.
Injection volume: 20 pL. Flow rate: 0.8 mL min~'. Analysis
duration: 15 min per sample.

4.20 | Animals

All animal experimental procedures were conducted in accor-
dance with protocols approved by the Institutional Animal Care
and Use Committee (IACUC) of Nanjing University (approval
number IACUC-2502008).

4.21 | Induction of Colitis in Mice Using DSS

Female C57BL/6 mice (8 weeks old; GemPharmatech) were
group-housed (5 per cage) with a 7-day acclimatization period.
Colitis was induced by administering 2.5% (w/v) dextran sulfate
sodium (DSS, 36-50 kDa) in drinking water ad libitum for 7 days,
followed by normal water. Healthy control mice received normal
water throughout.

4.22 | In Vivo Colonic Binding Behavior of MIP

To evaluate targeting specificity, mice (n = 3 per group: nor-
mal and DSS-induced colitis) received intrarectal administration
of MIP (150 pL, 40 mg mL™! in PBS). Following 4 h post-
administration incubation, mice were euthanized. Excised colons
were PBS-rinsed and immediately imaged using an IVIS Lumina
XRMS III system (Ao, /Aepy: 488/493-517 nm). Fluorescence inten-
sity was quantified using Living Image 4.4 software. Parallel
experiments with NIP control (150 pL, 40 mg mL™! in PBS) were
conducted under identical conditions.

4.23 | Targeting Efficiency Assessment using
IR783-Doped Nanoprobes

Normal and DSS-induced colitis mice (n = 3/group) received oral
gavage of IR783-doped MIP-Man@EP (MIP-Man@EP (IR783);
80 mg mL™! in PBS, pH 5.0; 200 uL). After 22 h, mice were anes-
thetized (isoflurane) and subjected to in vivo NIR-II fluorescence
imaging. Following euthanasia, excised colons underwent ex vivo
NIR-II imaging.

DSS-colitis mice received either IR783-doped MIP-Man@EP or
NIP-Man@EP (80 mg mL™ in PBS; n = 1 per group). At 24 h
post-administration, in vivo NIR-II imaging was performed under
isoflurane anesthesia, followed by ex vivo colon imaging after
euthanasia.

Excitation wavelength: 808 nm; laser energy: 10 W; emission was
collected with a 900 nm long-pass filter. MFI is calculated by
dividing the total fluorescence signal of the colon tissue area by
the corresponding area in pixels.

4.24 | Binding Kinetics of MIP-Man@EP (IR783)

Normal and DSS-colitis mice (n = 5/group) received oral gavage
of IR783-doped MIP-Man@EP (80 mg mL™ in PBS, pH 5.0;
200 pL). At designated time points (4, 8, 12, 16, or 24 h), one
mouse per group was randomly selected for NIR-II imaging and
subsequently euthanized. The gastrointestinal tracts were excised
and immediately subjected to NIR-II imaging.

4.25 | Targeting Validation using FITC-Doped
MIP-Man@EP

Normal and DSS-colitis mice (n = 5/group) received oral gavage
of FITC-doped MIP-Man@EP (80 mg mL™ in PBS, pH 5.0;
200 pL). After 24 h, colons were excised and imaged using
an IVIS Lumina XRMS III system (A/Aey: 488/493-517 nm).
Fluorescence intensity was quantified (Living Image v4.4).

Colon sections were DAPI-counter-stained and imaged by an
SP8 STED 3X confocal microscope with the following settings:
DAPI, 405 nm excitation/420-500 nm emission; FITC, 488 nm
excitation/500-550 nm emission.

4.26 | Therapeutic Evaluation of MIP-Man@EP in
Murine Colitis Model

Mice were randomly allocated to six groups (n = 5):

1. Normal control: Standard drinking water without interven-
tions.

2. (2-6) Treatment groups: Received 2.5% (w/v) DSS in drinking
water for 6 days. From Day 3 to Day 10 the following solutions
(1 administrations/day) were administered via daily oral
gavages:

3. (2) PBS control: PBS (pH 5.0, 200 pL)
4. (3) Man: 2.56 mg mL™! mannose in PBS (pH 5.0, 200 uL)
5. (4) MIP@EP: 80 mg mL~! MIP@EP in PBS (pH 5.0, 200 L)

6. (5) NIP-Man@EP: 80 mg mL™ NIP-Man@EP in PBS (pH 5.0,
200 uL)

7. (6) MIP-Man@EP: 80 mg mL~! MIP-Man@EP in PBS (pH 5.0,
200 pL)

Body weight was recorded daily. At endpoint, disease activity
index (DAI) was evaluated, fecal samples collected for micro-
biome analysis, and mice euthanized. Colon length was measured
immediately post-euthanasia. After gentle PBS perfusion, a
0.5 cm distal colon segment underwent histological assessment
and immunofluorescence. Remaining tissue was analyzed for
inflammatory cytokines.
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DAI scoring criteria:

Percentage of body weight loss: no loss = 0, 1%-5% = 1, 5%-10% =
2,10%-15% = 3, >15% = 4;

Fecal consistency: hard = 0, soft = 2, runny = 4;

Fecal bleeding: no blood = 0, presence of blood = 2, visible
bleeding = 4.

The DAI score was obtained by dividing the total score by three.

4.27 | Histopathological Evaluation

Distal colon segments were fixed in 4% paraformaldehyde (8 h),
dehydrated through ethanol gradients, paraffin-embedded, sec-
tioned (5 um), and H&E-stained. The colonic histological damage
was evaluated using a blinded approach according to the scoring
system [62].

Colonic damage scores were as follows: normal = 0; hyperpro-
liferation, irregular crypts and loss of goblet cell = 1; Mild to
moderate crypt loss (10%-50%) = 2; Serious crypt loss (50%-90%)
= 3; complete crypts loss, surface epithelium intact = 4; small-
to medium-sized ulcers (<10 crypt widths) = 5; large ulcers (=10
crypt widths) = 6.

Inflammatory cell infiltration was scored based on the mucosa
(normal = 0; mild = 1; modest = 2; severe = 3), submucosa
(normal = 0; mild to modest = 1; severe = 2) and muscle/serosa
(normal = 0; moderate to severe = 1).

These scores are added together to give a total score ranging from
0 to 12.

4.28 | Immunofluorescence Imaging

Tissue sections underwent antigen retrieval by heating at 100°C
for 15 min. After blocking with goat serum (1 h, room temper-
ature), slides were incubated with primary antibodies at 4°C
overnight: rabbit anti-ZO-1 (1:200, Aifang Biological), rabbit anti-
occludin (1:200, Proteintech), and rabbit anti-MUC2 (1:1000,
Abcam). Secondary antibody incubation was performed for 1 h
at room temperature using Alexa Fluor 488-conjugated antibody
(Anti-rabbit IgG (H+L), Invitrogen) for MUC2 and Alexa Fluor
546-conjugated antibodies (Anti-rabbit IgG (H+L), Invitrogen)
for ZO-1 and occludin. Nuclei were counter-stained with DAPI.
Imaging was performed using an SP8 STED 3X confocal micro-
scope with the following settings: 488 nm excitation/500-550 nm
emission or 546 nm excitation/560-610 nm emission.

4.29 | Reverse Transcription Quantitative PCR
(RT-qPCR)

Total RNA was extracted from colon tissues using TRIzol reagent.
Following manufacturer instructions, 1 ug RNA was reverse
transcribed with HiScript III RT SuperMix for qRT-PCR (+gDNA
wiper). cDNA was amplified using ChamQ SYBR qPCR Master

Mix (High ROX Premixed) on an Applied Biosystems StepOne-
PlusTM system. Relative gene expression was calculated via the
2—AACT method.

The following primer sequences were used for amplification:
mTNF-a

FW: 5°-GTGCACGGTCACCTATGAGAATG-3;
RV: 5-GGCTTCGTTCTGTCCCACTG-3’
mIL-18

FW: 5-TCCTTCATCTTTGAAGAAGAGCCC-3%
RV: 5-ATGGGAACGTCACACACCAG-3
mlIL-6

FW: 5°-CTGGTCTTCTGGAGTACCATAGC-3’;
RV: 5-CTGAAGGACTCTGGCTTTGTC-3
mGAPDH

FW: 5°-GAAGGGCTCATGACCACAG-3’;

RV: 5-AGATCCACGACGGACACATT-3’

4.30 | InVitro Anti-inflammatory Effect
Invaluation

The anti-inflammatory effect of mannose was assessed using a
cellular model of intestinal inflammation. Caco2 cells were pur-
chased from ATCC (American Type Culture Collection). Caco2
cells were cultured in DMEM supplemented with 10% fetal bovine
serum (FBS). To establish an inflammatory model, cells were
stimulated for 24 h with 1 pg mL-1 lipopolysaccharide (LPS) [63].
After LPS stimulation, cells were treated for 12 h with one of the
following: 1 mL of 10 mg mL~" MIP, 0.34 mg mL~" free mannose
(an equivalent dose to the payload carried by 10 mg of MIP-Man),
or a physical mixture of MIP and free mannose at the aforemen-
tioned concentrations. After incubation, cell culture supernatants
were collected, lyophilized, and reconstituted in 100 uL PBS. The
concentrations of the pro-inflammatory cytokines interleukin-2
(IL-2) and tumor necrosis factor-alpha (TNF-a) were quantified
using specific enzyme-linked immunosorbent assay (ELISA) kits
according to the manufacturers’ protocols.

431 | Gut Microbiome Analysis

Total genomic DNA was extracted via the CTAB method. DNA
concentration and purity were assessed by 1% agarose gel elec-
trophoresis. Samples were diluted to 1 ng-uL-1 in nuclease-free
water. The V3-V4 region of bacterial 16S rRNA genes was ampli-
fied using barcoded primers 341F (5-CCTAYGGGRBGCASCAG-
3’) and 806R (5-GGACTACNNGGGTATCTAAT-3’). All PCR
reactions were carried out with 15 yL of Phusion High-Fidelity
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PCR Master Mix (New England Biolabs, USA); 2 uM of forward
and reverse primers, and about 10 ng template DNA. Thermal
cycling consisted of initial denaturation at 98°C for 1 min,
followed by 30 cycles of denaturation at 98°C for 10 s, annealing
at 50°C for 30 s, and elongation at 72°C for 30 s. Finally, 72°C for
5 min.

Amplified products were mixed 1:1 with loading buffer (1x,
SYBR Green-containing), visualized on 2% agarose gels, pooled
equimolarly, and purified (Qiagen Gel Extraction Kit). Sequenc-
ing libraries were prepared with the TruSeq DNA PCR-Free Kit
(Ilumina), with the addition of index codes. Library quality was
verified using Qubit 2.0 (Thermo Scientific) and Bioanalyzer
2100 (Agilent). Paired-end sequencing (250 bp) was performed on
Illumina NovaSeq.

Sequences were analyzed using QIIME 2 software and phyloge-
netic tree was constructed using the ‘align-to-tree-mafft-fasttree’
g2-phylogeny plugin with the default parameters. Jaccard dis-
similarity and unweighted Unifrac distance beta diversity were
used to characterize beta diversity, and Shannon index and Faith’s
phylogenetic diversity were performed to calculate alpha diver-
sity. Pairwise comparisons of genus-level taxonomic composition
were performed using Linear discriminant analysis (LinDA) with
effect size thresholding.

4.32 | Assessment of Systemic Biosafety and
Immunogenicity

To evaluate the systemic safety and immunogenic potential of
the MIP-Man@EDP, healthy mice were randomly assigned to two
groups (n = 3 per group): PBS control group and MIP-Man@EP
treatment group. Mice in the control group received daily oral
gavage of 200 uL PBS (pH 5.0) for 10 consecutive days. Mice in
the treatment group received daily oral gavage of 200 pL. MIP-
Man@EP (80 mg mL™" in PBS, pH 5.0) for the same period. All
animals were euthanized on day 11 for sample collection.

4.321 | Serum Biochemistry and Histopathology

Blood was collected via orbital sinus puncture, and serum was
separated for biochemical analysis. The levels of alanine amino-
transferase (ALT), aspartate aminotransferase (AST), alkaline
phosphatase (ALP), albumin (ALB), serum creatinine (CREA-S),
and uric acid (UA) were measured using standard clinical assay
kits. Major organs (heart, liver, spleen, lung, and kidney) were
harvested, fixed in 4% paraformaldehyde, dehydrated through a
graded ethanol series, embedded in paraffin, sectioned at 5 ym
thickness, and stained with hematoxylin and eosin (H&E) for
histopathological examination.

4.32.2 | Immunophenotyping of Splenocytes

Spleen were harvested aseptically. Single-cell suspensions were
prepared by mechanical dissociation followed by red blood
cell lysis. Splenocytes were stained with fluorescently labeled
antibodies against mouse CD45, CDllc, CDIlb, and CD3 for
30 min at 4°C in the dark. After washing, the cells were analyzed

by flow cytometry to determine the counts of total leukocytes
(CD45%), dendritic cells (CD11c*), macrophages (CD11b*), and T
cells (CD3%).

4.33 | Statistical Analysis

All experiments were independently repeated in triplicate unless
otherwise stated. The results are expressed as means + S.D. Two-
sided Student’s t-test, one-way analysis of variance (ANOVA)
with Tukey’s multiple comparisons, and Wilcoxon rank-sum test
with Benjamini-Hochberg false discovery rate (FDR) correction
were used for testing differences among groups. No samples
were excluded from analysis. A value of P < 0.05 was considered
statistically significant. For Figure 6D, the Benjamini-Hochberg
method was applied with statistical significance defined as BH-
adjusted p < 0.1 and [log2 FC| > 2. GraphPad Prism (version 9.0.0)
software was used for all statistical analyses.
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