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SUMMARY

Antioxidative nanomaterials with reactive oxygen species (ROS) scavenging capabilities hold promise for the
treatment of ulcerative colitis (UC). However, their clinical application is limited by rapid diffusion, suscepti-
bility to inactivation, and insufficient targeting of inflammatory sites. This study focuses on developing a
nanoplatform by integrating iron oxide nanoparticles (IONPs) into zeolitic imidazolate frameworks-8 (ZIF-
8), termed as ZIF-8@IONPs. ZIF-8@IONPs exhibited good biocompatibility and effective ROS scavenging ca-
pabilities in RAW 264.7 cells. To enhance inflammatory targeting, HA@ZIF-8@IONPs were generated through
hyaluronic acid (HA) surface modification. HA@ZIF-8@IONPs effectively reduced damage to intestinal tissues
in the UC mouse model. Mechanistic revealed that HA@ZIF-8@IONPs exhibited antioxidant and anti-inflam-
matory activities by eliminating endogenous ROS, activating the Nrf2 signaling pathway, and inhibiting the
NF-kB signaling pathway. This study highlights the nanoplatform’s potential as a promising candidate for
UC treatment due to its great targeting of inflammatory microenvironments and efficient ROS scavenging.

INTRODUCTION

Ulcerative colitis (UC) is a chronic inflammatory bowel disease of
unknown etiology.' lts primary clinical symptoms include
abdominal pain, tenesmus, and bloody diarrhea, often charac-
terized by recurrent flare-ups.” The global incidence and preva-
lence of UC have been steadily rising, posing a substantial global
health burden due to its increased risk of cancer and mortality
compared to other colonic inflammatory disorders.® Although
the precise pathogenesis of UC remains unclear, it is believed
to involve multiple factors, including intestinal microbiota dys-
biosis, abnormal immune responses, dysfunction of the intesti-
nal mucosal barrier, infections, and genetic predispositions.”
Standard treatment primarily aims to achieve and sustain corti-
costeroid-free remission. Oral and rectal 5-aminosalicylates
are frequently used for treating mild to moderate UC. In more se-
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vere cases, treatment options include biologics targeting tumor
necrosis factor and integrins, thiopurines, and small-molecule
Janus kinase inhibitors.® However, conventional oral drug deliv-
ery systems encounter significant challenges in the gastrointes-
tinal tract, including exposure to harsh environmental conditions,
such as highly acidic gastric juice, digestive enzymes, and vary-
ing bacterial populations, which can compromise drug stability
and reduce therapeutic efficacy.® Therefore, the development
of safe and effective treatment strategies for UC remains an ur-
gent priority in medical research, holding both clinical and scien-
tific significance.

Emerging evidence indicates that reactive oxygen species
(ROS) play a pivotal role in the development and progression
of UC.” Persistent intestinal inflammation in UC patients leads
to excessive ROS production, causing damage to DNA, proteins,
and lipids within intestinal epithelial cells. This cellular damage
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induces apoptosis or necrosis, further compromising the integ-
rity of the intestinal mucosal barrier.® Excessive ROS can stimu-
late immune cells, including macrophages and neutrophils, to
release pro-inflammatory cytokines, such as tumor necrosis fac-
tor-a (TNF-a), IL-6, and IL-1pB, thereby exacerbating localized
inflammation and contributing to UC pathogenesis.” Hence,
controlling oxidative stress and reducing ROS production may
represent important therapeutic strategies for alleviating UC.

Recently, functional nanomaterials have introduced signifi-
cant innovations in biomedical applications due to their
biocompatibility and unique physicochemical properties, such
as rich surface chemistry and catalytic activities.'®"'? Various
nanomaterials, including iron oxide nanoparticles (IONPs),
cerium oxide nanoparticles (CeNPs), and ultrasmall Prussian
blue nanoparticles (PbNPs), have demonstrated the ability to
remove ROS and reduce oxidative stress within inflammatory
microenvironments.'®>~'® IONPs, the only inorganic functional
nanoparticles approved by the FDA, are extensively utilized in
the treatment of various inflammatory diseases due to their
ROS scavenging properties and superior biocompatibility.'®
Our previous research showed that polyglucose-sorbitol-car-
boxymethyl ether (PSC)-modified IONPs enhanced antioxida-
tive activity in MC3T3-E1 and RAW 264.7 cells, facilitating
ROS scavenging. Moreover, they promoted osteogenic differ-
entiation via Akt-GSK-3p-p-catenin activation and inhibited
osteoclast differentiation by suppressing the MAPK and NF-
kB pathways in vitro."” However, several challenges persist in
using IONPs alone for UC treatment, including rapid diffusion,
short duration of therapeutic effect, susceptibility to inactivation
within the gastrointestinal tract, and suboptimal targeting to the
affected sites.

IONPs can be incorporated into biocompatible delivery sys-
tems, such as hydrogels, metal-organic frameworks (MOFs), or
polymer-based nanoparticles, to overcome these challenges.
This approach may improve retention at the target site, enhance
drug stability in the gastrointestinal tract, and enable controlled,
sustained release, thus boosting therapeutic efficacy in UC treat-
ment."®'® MOFs, synthesized through coordination reactions be-
tween metal cluster ions and organic ligands, are recognized as
effective drug delivery systems in biomedical applications. Their
tunable porosity, high surface area, and versatile functionality
enhance the stability and controlled release of therapeutic
agents.’®??  Zeolitic imidazolate frameworks-8 (ZIF-8),
composed of Zn?* and 2-methylimidazole (2-MA), is among the
most widely used MOFs due to its unique structural features
and exceptional properties. The superior structural properties
and controlled collapse characteristic of ZIF-8 make it an ideal
carrier for transporting various guest substances, such as func-
tional nanoparticles, anti-tumor and antibacterial drugs, proteins,
and nucleic acids.?® One advantage of ZIF-8 is its capacity for sur-
face modification with different functional molecules. Hyaluronic
acid (HA) targets the CD44 receptor, which is present at low levels
on epithelial, hematopoietic, and neuronal cells but is significantly
upregulated in inflamed areas. This selective targeting capability
makes HA a promising candidate for delivering therapeutic
agents to inflamed tissues.?* Consequently, HA modification on
ZIF-8-loaded IONPs enhances targeting to inflammatory micro-
environments, suggesting significant potential for UC therapy.
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In this work, antioxidant IONPs were incorporated into ZIF-8 to
form a smart nanoplatform, referred to as ZIF-8@IONPs. The
morphological and physicochemical properties, in vitro biocom-
patibility, and ROS scavenging ability of the nanoplatform
were comprehensively assessed. Furthermore, surface modifi-
cation with HA further enhanced the targeting ability of
ZIF-8@IONPs toward the inflammatory microenvironment
(HA@ZIF-8@IONPs), making it a promising system for precise
therapeutic delivery. The therapeutic efficacy of HA@ZIF-
8@IONPs was further evaluated using a mouse model of UC
in vivo. This study demonstrated that this novel nanoplatform,
with excellent inflammatory microenvironment-targeting and
ROS scavenging ability, can be considered a potential candidate
for UC treatment (Scheme 1).

RESULTS AND DISCUSSION

Synthesis and characterization of ZIF-8@IONPs

ZIF-8 was employed to encapsulate IONPs within its hollow
structure to reduce the rapid diffusion and limited therapeutic
duration of IONPs in the treatment of UC. As shown in
Figure 1A, the ZIF-8@IONPs composite was synthesized via a
one-pot method, successfully incorporating IONPs into the
ZIF-8 framework. The study investigated the influence of varying
IONP concentrations (0.5 mg/mL, 1.0 mg/mL, and 1.5 mg/mL) on
the morphological and physicochemical properties of ZIF-
8@IONPs. Figure 1B presents transmission electron microscopy
(TEM) images of both ZIF-8 and ZIF-8@IONPs. The particle size
of pure ZIF-8 was approximately 100 nm, while the ZIF-8@IONPs
composites, at all three IONP concentrations, exhibited sizes
ranging from 150 to 200 nm—slightly larger than the ZIF-8 con-
trol group. Despite this size difference, the morphology of the
IONP-loaded groups remained largely unchanged compared to
the ZIF-8 group. To further verify the successful incorporation
of IONPs, energy-dispersive spectroscopy (EDS) elemental
mapping is employed and the results demonstrate that iron
(Fe) has been incorporated in the nanoparticles (Figures 1C
and S1). Since the precursor of ZIF-8 (2-methylimidazole and
zinc nitrate) don’t contains iron, the Fe signals detected in ZIF-
8@IONPs exclusively originate from the IONPs, which indicated
that the IONPs have been successfully incorporated into the
ZIF-8 structure. The size distributions, evaluated from the TEM
images, are shown in Figure S2. The particle sizes of ZIF-8
loaded with different IONP concentrations were slightly larger
than those of the blank group, but the effect of varying IONP con-
centrations on particle size was not significant. Dynamic light
scattering (DLS) measurements (Figure 1D) revealed a slight
increase in the hydrodynamic diameter of ZIF-8@IONPs
compared to blank ZIF-8, although the effect of IONP concentra-
tion on particle size was minimal, with sizes consistently ranging
from 150 to 200 nm across all IONP concentrations. Zeta poten-
tial analysis (Figure 1E) indicated that ZIF-8, which is positively
charged (34.31 mV), became negatively charged upon binding
with IONPs. Furthermore, the absolute value of the zeta potential
increased with higher IONP concentrations, suggesting a stron-
ger negative charge as more IONPs were incorporated. Fourier
transform infrared (FT-IR) spectroscopy (Figure 1F) exhibited
the characteristic stretching vibrations of the imidazole ring
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Scheme 1. Schematic illustration of the HA-modified antioxidative nano-iron oxide incorporated nanoplatform with excellent inflammatory
microenvironment-targeting ability to attenuate the progression of ulcerative colitis

(C=N at 1574 cm™', C-N at 1145 cm™", and 994 cm™") in both
ZIF-8 and ZIF-8@IONPs. Additionally, the Zn-N stretching
mode of ZIF-8 appeared at 421 cm~'. The X-ray diffraction
(XRD) pattern (Figure 1G) demonstrated that the diffraction
peaks of ZIF-8@IONPs corresponded with those of ZIF-8, con-
firming the retention of the ZIF-8 crystal structure in ZIF-
8@IONPs. The crystal structure of ZIF-8 remained intact
following the incorporation of IONPs, as evidenced by the pres-
ervation of the characteristic diffraction peaks. These structural
characterization results suggest that varying concentrations of
IONPs did not alter the chemical bonding nor significantly impact
the crystal structure of ZIF-8. To further test the in vitro stability of
ZIF-8 and ZIF-8@IONPs, their hydrodynamic diameter was
measured at 0, 24, 48, and 72 h. As shown in Figure 1H, the re-
sults indicated that there was no significant changes in the hy-
drodynamic diameter of ZIF-8 and ZIF-8@IONPs across these
time points, demonstrating the excellent stability of all prepared
nanoparticle.

In vitro and in vivo biocompatibility, ROS scavenging,
and anti-inflammatory activities of ZIF-8@IONPs

The obijective of this study was to develop a biocompatible
smart nanoplatform with anti-inflammatory properties for the
treatment of UC. To assess its biosafety, the cytotoxicity of
ZIF-8@IONPs was first evaluated in RAW 264.7 cells. Accord-
ing to the results of the CCK-8 assay (Figure 2A), pure ZIF-8 ex-
hibited minimal cytotoxicity following a 24-h co-incubation with
RAW 264.7 cells. ZIF-8@IONPs demonstrated negligible cyto-
toxicity at a concentration of 50 pg/mL, likely due to the incor-
poration of biocompatible IONPs. Live/dead staining with fluo-
rescent dyes was conducted to visualize the cytotoxic effects

of ZIF-8@IONPs on RAW 264.7 cells, differentiating viable
from non-viable cells. This technique allows for clear visualiza-
tion of viable cells in green and non-viable cells in red,
providing a direct assessment of cell survival following treat-
ment.?® As shown in Figures 2B and S3, the majority of cells ex-
hibited green fluorescence, indicating cell viability following
treatment with ZIF-8@IONPs. Furthermore, F-actin/DAPI stain-
ing was employed to examine the effects of ZIF-8@IONPs on
the cytoskeleton and nuclear morphology of the cells. The
red fluorescence (F-actin) highlighted filamentous actin,
showing well-defined cell boundaries and cytoskeletal organi-
zation, while the blue fluorescence (DAPI) stained the nuclei,
confirming the presence of intact and healthy cells.”® As de-
picted in Figures 2C and S4, RAW 264.7 cells treated with
ZIF-8@IONPs displayed a uniform distribution of F-actin
throughout the cytoplasm, with well-rounded, distinct nuclei,
indicating normal cell morphology, and structural integrity.

To further assess the impact of ZIF-8@IONPs on inflammatory
responses of RAW 264.7 cells, TNF-a was measured through
enzyme-linked immunosorbent assay (ELISA). As shown in
Figure 2D, there was a significant increase in the levels of TNF-
o after the H,O, treatment. Among these nanoparticles, the
ZIF-8@IONPs-1.0 group exhibited the lowest TNF-a secretion
level compared to other treatment groups, demonstrating it
possessed the superior anti-inflammatory efficacy. Excessive
ROS production plays a central role in the pathogenesis and pro-
gression of UC, and therapies targeting ROS scavenging can
mitigate oxidative stress, protect the intestinal barrier, and
disrupt the inflammation cycle in UC.?” To evaluate the ROS-
scavenging ability of ZIF-8@IONPs, cells were exposed to
hydrogen peroxide to induce ROS production, and fluorescence
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Figure 1. Synthesis and characterization of ZIF-8@IONPs
(A) Schematic representation of the synthesis of ZIF-8@IONPs.
(B) TEM images of pure ZIF-8 and ZIF-8@IONPs.
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intensities were compared to reflect intracellular ROS levels
across different groups. Higher green fluorescence intensity cor-
responds to increased intracellular ROS levels. As shown in
Figures 2E and 2F, the fluorescence intensities of the ZIF-
8@IONPs-1.0 and ZIF-8@IONPs-1.5 groups were significantly
lower than those of the other groups, indicating enhanced ROS
scavenging capabilities in these formulations. We further as-
sessed the expression of key proteins involved in inflammatory
signaling pathways to investigate the anti-inflammatory effects
of ZIF-8@IONPs at the cellular level. An inflammatory response
was induced in the cells using lipopolysaccharide. As shown in
Figures 2G and 2H, there was a significant increase in the levels
of p-p65, p-IkBa, and TNF-«, while the expression of Nrf2 and
HO-1 was markedly reduced compared to the normal controls.
Treatment with ZIF-8@IONPs-1.0 inhibited the activation of the
NF-kB pathway and concurrently enhanced the expression of
detoxification enzymes and antioxidant proteins, including Nrf2
and HO-1, which are regulated by this pathway. These results
suggest that ZIF-8@IONPs not only reduce oxidative stress but
also improve inflammatory responses at the molecular level.
Furthermore, the in vivo biocompatibility of ZIF-8@IONPs was
further investigated. As shown in Figure S5, the serum biochem-
ical parameters of alanine aminotransferase (ALT), aspartate
aminotransferase (AST), and albumin (ALB) were remained
within the established murine reference ranges in both the con-
trol and experimental treatment groups. These results indicated
that the prepared ZIF-8@IONPs possessed good biocompati-
bility. Histopathological analysis of hematoxylin and eosin
(H&E)-stained tissue sections (Figure S6) also confirmed these
issues. Specifically, myocardial sections exhibited spindle-
shaped myocardial fibers with well-defined striations. Hepatic
sections displayed hepatocytes arranged radially around the
central veins within hepatic lobules. Splenic sections demon-
strated lymphocyte aggregates forming distinct blue-stained
nodules. Pulmonary sections showed occasional blue-stained
neutrophils within alveolar spaces. Renal sections revealed
uniformly distributed glomeruli. Importantly, no statistically sig-
nificant differences were observed between the control and
treatment groups. Overall, both the analysis results from serum
biochemical parameters and H&E-stained tissue sections pro-
vided the strong evidence supporting the excellent in vivo
biocompatibility of ZIF-8@IONPs.

Surface modification of HA to target inflammation

Targeting the inflammatory microenvironment is critical for the
efficacy of ROS-scavenging nanomaterials in inflammatory-
related diseases, as it ensures that these nanomaterials accu-
mulate at sites of high oxidative stress, thereby enhancing their
therapeutic efficacy while minimizing off-target effects.”®*°
Recent studies have increasingly demonstrated that HA inter-
acts with several receptors on the surface of immune cells,
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particularly CD44 and RHAMM, which are often upregulated in
inflamed tissues. This upregulation allows HA to preferentially
bind to these receptors, facilitating targeted delivery to sites of
inflammation.*® To enhance the targeting capability of ZIF-
8@IONPs for the inflammatory microenvironment, surface modi-
fication with HA was employed, as schematically depicted in
Figure 3A. TEM images (Figure 3B) of ZIF-8, ZIF-8@IONPs, and
HA@ZIF-8@IONPs revealed that the HA coating significantly en-
larges the ZIF-8@IONPs nanoparticles. This observation is
further supported by the hydrated particle size data presented
in Figure 3C. HA coats the outer surface of ZIF-8@IONPs, and
due to its negative charge, the zeta potential of HA@ZIF-
8@IONPs, shown in Figure 3D, remains negative. However, the
negative charge of HA is weaker than that of IONPs, resulting
in a lower absolute zeta potential for HA@ZIF-8@IONPs
compared to ZIF-8@IONPs. As indicated by the X-ray diffraction
(XRD) pattern in Figure 3E, the characteristic peak of ZIF-8 re-
mains, although its intensity is significantly reduced. The
observed attenuation in characteristic peak intensity, combined
with TEM morphological analyses, enlarged hydrated particle
dimensions, and modified surface charge characteristics,
collectively demonstrate successful HA encapsulation on ZIF-
8@IONPs surfaces, thereby validating the nanocomposite syn-
thesis achieved through this methodology.

To further assess the targeting capability and retention dura-
tion of HA@ZIF-8@IONPs in the inflammatory microenvironment,
bioimaging technology was employed to track the localization
and retention time of HA@ZIF-8@IONPs after conjugation with
rhodamine B. As shown in Figures 3F and S7, no fluorescence
was observed in the colons of both normal mice and those in
the dextran sulfate sodium(DSS)-induced UC model group. At
the 4-h time point following the final administration, fluorescence
was detected in the colons of both the ZIF-8@IONPs and
HA@ZIF-8@IONPs groups. Notably, the HA@ZIF-8@IONPs
group exhibited significantly higher fluorescence intensity
compared to the ZIF-8@IONPs group. After 24 h, the HA@QZIF-
8@IONPs group maintained prominent fluorescence in the co-
lon, whereas the fluorescence intensity in the ZIF-8@IONPs
group had significantly decreased and was notably lower than
that of the HA@ZIF-8@IONPs group. These results confirm that
the HA coating enhances the ability of ZIF-8@IONPs to target
colonic inflammatory lesions and prolongs their retention time
within these lesions.

HA@ZIF-8@IONPs alleviate colitis and relieve
histopathological symptoms in the DSS-induced UC
mouse model

To investigate the potential therapeutic efficacy of IONPs, ZIF-
8@IONPs, and HA@ZIF-8@IONPs in vivo against DSS-induced
acute colitis, we established a murine model using 3% DSS
exposure (Figure 4A), a well-established method for studying

C) Elemental mapping of ZIF-8@IONPs.

D) Dynamic light scattering (DLS) analysis of the hydrated diameter and distribution of ZIF-8@IONPs nanoparticles.

(
(
(E) Zeta potential of ZIF-8@IONPs nanoparticles (n = 3 per group).
(F) FT-IR spectra of ZIF-8@IONPs.

(G) XRD pattern of ZIF-8@IONPs.

(

H) The hydrated diameters of ZIF-8 and ZIF-8@IONPs nanoparticles at different time periods analyzed by DLS (n = 3 per group).
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Figure 2. Biocompatibility, ROS scavenging ability, and anti-inflammatory activities of ZIF-8@IONPs

(A) Cytotoxicity of ZIF-8@IONPs on RAW 264.7 cells after a 24-h co-incubation, as assessed by the cell counting Kit-8 (n = 6 per group).

(B) Cytotoxicity of ZIF-8@IONPs after a 24-h co-incubation in RAW 264.7 cells, examined using the calcein-AM/PI staining kit (scale bar, 200 pm).
(C) Cytoskeletal analysis of RAW 264.7 cells after 24-h co-incubation, stained with phalloidin (scale bar, 200 pm).

(D) Measurement of secretion of TNF-a by cells by ELISA assay.

(E) ROS fluorescence staining to evaluate the ROS-scavenging ability of ZIF-8@IONPs nanoparticles in RAW 264.7 cells.
(F) Semi-quantitative analysis of immunofluorescence staining for ROS (n = 4 per group).
(G) Western blot analysis showing the effects of ZIF-8@IONPs-1.0 on p-p65, p-lIkBa, TNF-a, Nrf2, and HO-1 signaling pathways, with p-actin as an internal

reference.

(H) Levels of colitis-related inflammatory cytokines, including p-p65, p-lkBa, TNF-a, Nrf2, and HO-1, in various groups (n = 3 per group).

acute UC. After treatment with IONPs, ZIF-8@IONPs, or
HA@ZIF-8@IONPs, a significant increase in body weight was
observed in DSS-induced colitis mice (Figure 4B). Furthermore,
these groups exhibited a moderate extension in colon length
(Figures 4C and 4D). Mice with DSS-induced UC displayed
notable clinical symptoms, including weight loss, lethargy, diar-
rhea, unkempt fur, and fecal occult blood, resulting in higher DAI
scores compared to control mice. Pretreatment with IONPs, ZIF-
8@IONPs, or HA@ZIF-8@IONPs significantly alleviated these
symptoms and reduced DAl scores (Figure 4E). Importantly, all
treatment groups demonstrated pharmacological efficacy in

6 iScience 28, 112448, May 16, 2025

managing DSS-induced UC, with HA@ZIF-8@IONPs showing
the most pronounced effect.

Compared to normal controls, the UC model group exhibited
distinct inflammatory histopathological features, such as severe
colonic mucosal damage, substantial epithelial erosion, deple-
tion of goblet cells, crypt distortion or loss, and extensive infiltra-
tion of inflammatory cells (Figure 4F). Consequently, this group
displayed elevated histological scores and a reduced density
of goblet cells (Figures 4K and 4L). Notably, treatment with
IONPs, ZIF-8@IONPs, or HA@ZIF-8@IONPs ameliorated the se-
vere histopathological damage induced by DSS. This was
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Figure 3. Surface modification of HA to target inflammation
A) Synthesis of HA@ZIF-8@IONPs.
B) TEM image of HA@ZIF-8@IONPs.

D) Zeta potential of HA@ZIF-8@IONPs (n = 3 per group).
E) XRD pattern of HA@ZIF-8@IONPs.
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(C) DLS measurements of the hydrated diameter and distribution of HA@ZIF-8@IONPs.
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F) Fluorescence distribution in mice following the administration of rhodamine B-labeled ZIF-8@IONPs and HA@ZIF-8@IONPs at different time points.

evident by well-preserved crypt structures, a higher density of
goblet cells, intact gut mucosa, and significantly lower histolog-
ical scores compared to the DSS-induced colitis group. The
enhanced bioactivity and targeting capabilities of HA@ZIF-
8@IONPs, likely attributed to their smaller particle size,
contribute to their superior efficacy in alleviating UC. Further-
more, serum biochemical markers for liver and kidney function,
including ALT (Figure 4G), AST (Figure 4H), blood urea nitrogen
(BUN) (Figure 4l), and creatinine (Cr) (Figure 4J), were examined,
and no signs of impairment were observed. These results sug-
gest that these treatments exhibit favorable safety profiles.

HA@ZIF-8@IONPs reduced inflammation and oxidative
stress

To elucidate the potential mechanisms underlying the observed
therapeutic efficacy, we further assessed the expression of key
signaling pathway proteins. The NF-xB pathway is a key pro-in-
flammatory signal that triggers an inflammatory response in the
progression of UC.%' The Nrf2 pathway regulates various detoxi-
fication enzymes and antioxidant proteins, such as HO-1, super-
oxide dismutase (SOD), and glutathione peroxidase (GSH-Px).?
In DSS-induced mice, levels of p-p65, p-IkBa, and TNF-a were
significantly higher than those in the control group (Figures 5A

iScience 28, 112448, May 16, 2025 7




¢ CellP’ress iScience
OPEN ACCESS Artlcle
A B
11
w7 } 3% DSS | £ o0
3. Adaption, |, |, , , Ly H
,{w 7 0 1 2 3 4 5 6 7 8 9 10 11 Days 2 807
¢ % 4 ZIF-8@IONPs/HA@ZIF-8@IONPs 3
o 701 ZIF-8@IONPs-1.0
| -+ HA@ZIF-S3@IONPs-1.0
T0 1234567809000
Days
Cc E
L T S T
T T 12 —
Control 104 =y e 1 3 -
E | o= . N i
DSS és' R e . {&
H 61 :E g 3
DSS+IONPs g o 27 *}
S 2 g 11
DSS+ - =
ZIF-8@IONPs-1.0 ! :
® Control H DSS A DSS+IONPs

DSS+
HA@ZIF-8@IONPs-1.0

Control

DSS+ZIF-8@IONPs-1.0 ¢ DSS+HA@ZIF-8@IONPs-1.0

DSS+

DSS+IONPs

DSS+

ZIF-8@IONPs-1.0 HA@ZIF-8@IONPs-1.0

F =4
=
<
==}
175}
<
a~
G H |
100 rr o 200 rr 60 I pren y o :
s04 T " 1 T i 1 ]
s = = . 2 401
é “] "%‘ é 100 A ?
= T A * 5 " *
z & st E = o § 20 % %
20 501 -E'B- A
K L
J T Jekk " Jekk ! - - kK * %
1004 @ *% z r T 1
2 r T 1 ‘% 304 *
= ‘:1.% g 104 _;E_ 5 '$' g
S e E 2 .
solem Lo E + E =
® Control H DSS A DSS+IONPs DSS+ZIF-8@IONPs-1.0 < DSS+HA@ZIF-8@IONPs-1.0

(legend on next page)

8 iScience 28, 112448, May 16, 2025



iScience

and 5B). Treatment with IONPs, ZIF-8@IONPs, or HA@ZIF-
8@IONPs effectively inhibited NF-xkB pathway activation. Mice
with DSS-induced colitis exhibited notably decreased expression
levels of Nrf2 and HO-1 (Figures 5A and 5B) compared to normal
control mice. Treatment with IONPs, ZIF-8@IONPs, or HA@ZIF-
8@IONPs significantly restored the expression of these proteins
(Figures 5A and 5B). Immunofluorescence analysis (Figure 5C)
further supported the findings from the western blot assays.

SOD, myeloperoxidase (MPO), malondialdehyde (MDA), and
GSH-Px are key indicators of oxidative stress in acute colitis.**
Figures 5D and 5E shows that DSS treatment significantly
decreased SOD and GSH-Px activities in the colon relative to the
control group. In contrast, DSS treatment significantly increased
MDA and MPO activities (Figures 5F and 5G). Remarkably, admin-
istration of IONPs, ZIF-8@IONPs, or HA@ZIF-8@IONPs effectively
reversed the DSS-induced alterations. Collectively, the smaller
particle size and targeted delivery of HA@ZIF-8@IONPs contrib-
uted to enhanced therapeutic efficacy. The results support the hy-
pothesis that a nanoplatform targeting the inflammatory microen-
vironment, coupled with antioxidative nano-iron oxide, provides a
promising therapeutic approach for UC management.

Conclusions

In summary, we demonstrated the ZIF-8 nanocarrier construct
ZIF-8@IONPs for the treatment of UC, with additional HA encap-
sulation to enhance drug targeting. HA@ZIF-8@IONPs, this drug
cleans ROS and relieves immune stress by its active component,
IONPs. With the use of ZIF-8 carrier, the short action time and
easy dispersion of IONPs alone can be remedied. The introduc-
tion of the HA, more make the whole drugs have targeted ability
for inflammation. In vivo experiments showed that HA@ZIF-
8@IONPs could reduce the damage of intestinal tissue and liver
in DSS-induced UC model mice. In UC-induced mice, they
demonstrated antioxidant and anti-inflammatory activity by elim-
inating endogenous ROS, activating Nrf2 signaling pathways,
and inhibiting the NF-xB signaling pathway. To sum up, the
HA@ZIF-8@IONPs with inflammatory bowel disease showed
excellent curative effect can treat UC in mice.

Limitations of the study

This study was conducted using DSS in female C57BL/6 mice,
a well-established preclinical model of UC. However, the path-
ological manifestations of UC can vary across different animal
models and between preclinical studies and human disease.
Variations in genetic background, immune responses, and
environmental factors may influence disease progression and
treatment outcomes. Therefore, further investigations are
needed to determine the applicability and translational rele-
vance of our findings in other experimental models and human
UC patients.
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Figure 4. HA@ZIF-8@IONPs alleviate colitis in DSS-fed mice

(A) Mice were intragastrically administered the control vehicle, ZIF-8@IONPs, or HA@ZIF-8@IONPs at a daily dose of 100 mg/kg body weight for 14 consecutive

days.

(B-E) (B) Body weight, (C) macroscopic phenotype, (D) colon length, and (E) disease activity index of mice (n = 5 per group).
(F) Representative sections following H&E staining and PAS staining (scale bar, 200 pm).
(G-L) (G) AST, (H) ALT, () BUN, (J) Cr, (K) histology scores, and (L) goblet cell density in the serum (n = 5 per group). Asterisk indicates statistically significant

differences between control and experience group (**p < 0.01; ***p < 0.005).

iScience 28, 112448, May 16, 2025 9



mailto:rongwang@nnu.edu.cn
mailto:rongwang@nnu.edu.cn
https://doi.org/10.1016/j.isci.2025.112448
https://doi.org/10.1016/j.isci.2025.112448

¢? CellPress iScience
OPEN ACCESS
A B ® p-p65s e p-IkBa TNF-a Nrf2 HO-1
5 *kk  kkk Fkk *kK Kkk  dkk [ ek [
HA@ZIF-8@IONPs-1.0 - - - - + '*§ g —r 1 o L 1 —r 1 —r 1
ZIF-8§@IONPs-1.0 - - - + - %‘ Z
IONPs - - - - 5&M *s
DSS - + + + £3 §‘
2 = 3
p-p65| _— == | £ 2 059
Za iy 2
pIkBo [ S @D GS - o | 00;
TNF-a|—--——~| ‘Q:\SQQQ :\Semm @sQQ‘&%%QQQQ QS%“Q
N N < é‘e“% o e“e“% S
Nrf2 |- e — SO0 %o S
@4,@ @Q,Q @4@ Y QbQ C Q
o [ ] &F &Y Y S Y
SR X R X R Xw@
B-Actin | S S——— %&. & 22,2,» 0:‘&’ G},
§ § § § §
C DAPI p-p65 Merge DAPI TNF-a Merge
=
=]
&}
7]
wn
Q --- ---
£
Z
+
wn
wn
a
c
27
-9
3z
22
A ®
-]
=5
N3
<7
To
28
a%
D
kK Kk Kkk Fkk 1 *kk Jekk 107 FhK T
= 4004 %600— % c) = 8 =
5 2 z - S0 H Jf
5300- '{]—% 2400_ (3 .;t L B
% 2004 _.% § E o % 2 44 °
§ 100 E‘:m- -}- £ ﬁ_ =, s
0.4 0
® Control B DSS DSS+IONPs DSS+ZIF-8@IONPs-1.0 DSS+HA@ZIF-8@IONPs-1.0

10  iScience 28, 112448, May 16, 2025

(legend on next page)



iScience
Article

Received: December 24, 2024
Revised: March 7, 2025
Accepted: April 11, 2025
Published: April 16, 2025

REFERENCES

1.

10.

11.

12.

13.

14.

Le Berre, C., Honap, S., and Peyrin-Biroulet, L. (2023). Ulcerative colitis.
Lancet 402, 571-584.

. Gros, B., and Kaplan, G.G. (2023). Ulcerative Colitis in Adults: A Review.

JAMA 330, 951-965.

. Friedrich, M.J. (2018). Inflammatory Bowel Disease Goes Global. JAMA

319, 648.

. Agrawal, M., and Jess, T. (2022). Implications of the changing epidemi-

ology of inflammatory bowel disease in a changing world. United Euro-
pean Gastroenterol. J. 70, 1113-1120.

. Feuerstein, J.D., Moss, A.C., and Farraye, F.A. (2019). Ulcerative Colitis.

Mayo Clin. Proc. 94, 1357-1373.

. Du, Y., Jiang, Y., Song, Y., Chen, J., Wu, Y., Guo, R., He, Y., Shen, L.,

Wang, B., Huang, S., and Huang, Y. (2024). Alginate/silk fibroin/Zn?* com-
posite microspheres for site-specific delivery for enhanced ulcerative co-
litis therapy. Chem. Eng. J. 495, 153441.

. Reuter, S., Gupta, S.C., Chaturvedi, M.M., and Aggarwal, B.B. (2010).

Oxidative stress, inflammation, and cancer: how are they linked? Free
Radic. Biol. Med. 49, 1603-1616.

. Sena, L.A., and Chandel, N.S. (2012). Physiological roles of mitochondrial

reactive oxygen species. Mol. Cell 48, 158-167.

. Aviello, G., Singh, A.K., O’'Neill, S., Conroy, E., Gallagher, W., D’Agostino,

G., Walker, A.W., Bourke, B., Scholz, D., and Knaus, U.G. (2019). Colitis
susceptibility in mice with reactive oxygen species deficiency is mediated
by mucus barrier and immune defense defects. Mucosal Immunol. 72,
1316-1326.

Wang, P., Ma, S., Ning, G., Chen, W., Wang, B., Ye, D., Chen, B, Yang,
Y., Jiang, Q., Gu, N., and Sun, J. (2020). Entry-Prohibited Effect of kHz
Pulsed Magnetic Field Upon Interaction Between SPIO Nanoparticles
and Mesenchymal Stem Cells. IEEE Trans. Biomed. Eng. 67,
1152-1158.

Li, W., Lv, Z., Wang, P., Xie, Y., Sun, W., Guo, H., Jin, X,, Liu, Y., Jiang, R.,
Fei, Y., et al. (2024). Near Infrared Responsive Gold Nanorods Attenuate
Osteoarthritis Progression by Targeting TRPV1. Adv. Sci. 11, 2307683.

Huang, C., Dong, J., Zhang, Y., Chai, S., Wang, X., Kang, S., Yu, D.,
Wang, P., and Jiang, Q. (2021). Gold Nanoparticles-Loaded Polyvinyl-
pyrrolidone/Ethylcellulose  Coaxial Electrospun Nanofibers  with
Enhanced Osteogenic Capability for Bone Tissue Regeneration. Mater.
Des. 212, 110240.

Qin, Z., Li, X., Wang, P., Liu, Q., Li, Y., Gu, A., Jiang, Q., and Gu, N. (2024).
Ultrasmall Prussian Blue Nanozyme Attenuates Osteoarthritis by Scav-
enging Reactive Oxygen Species and Regulating Macrophage Phenotype.
Nano Lett. 24, 11697-11705.

Bao, Q., Hu, P., Xu, Y., Cheng, T., Wei, C., Pan, L., and Shi, J. (2018).
Simultaneous Blood-Brain Barrier Crossing and Protection for Stroke
Treatment Based on Edaravone-Loaded Ceria Nanoparticles. ACS Nano
12, 6794-6805.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

¢ CellPress

OPEN ACCESS

Zheng, L., Zhuang, Z., Li, Y., Shi, T., Fu, K, Yan, W., Zhang, L., Wang, P.,
Li, L., and Jiang, Q. (2022). Bone targeting antioxidative nano-iron oxide
for treating postmenopausal osteoporosis. Bioact. Mater. 74, 250-261.
Lv, Z., Wang, P., Li, W., Xie, Y., Sun, W., Jin, X., Jiang, R., Fei, Y., Liu, Y.,
Shi, T., et al. (2024). Bifunctional TRPV1 Targeted Magnetothermal Switch
to Attenuate Osteoarthritis Progression. Research 7, 0316.

Yu, P., Zheng, L., Wang, P., Chai, S., Zhang, Y., Shi, T., Zhang, L., Peng,
R., Huang, C., Guo, B., and Jiang, Q. (2020). Development of a novel poly-
saccharide-based iron oxide nanoparticle to prevent iron accumulation-
related osteoporosis by scavenging reactive oxygen species. Int. J. Biol.
Macromol. 7165, 1634-1645.

Tang, S., Yan, Y., Lu, X., Wang, P., Xu, X., Hu, K., Yan, S., Guo, Z., Han, X.,
Zhang, F., and Gu, N. (2024). Nanocomposite magnetic hydrogel with dual
anisotropic properties induces osteogenesis through the NOTCH-depen-
dent pathways. NPG Asia Mater. 16, 16.

Wang, P., Wang, Q., Wu, D., Zhang, Y., Kang, S., Wang, X., Gu, J., Wu, H.,
Xu, Z., and Jiang, Q. (2024). Enhancing osteogenic bioactivities of coaxial
electrospinning nano-scaffolds through incorporating iron oxide nanopar-
ticles and icaritin for bone regeneration. Nano Res. 717, 6430-6442.

Jiao, L., Seow, J.Y.R., Skinner, W.S., Wang, Z.U., and Jiang, H.L. (2019).
Metal-organic frameworks: Structures and functional applications. Mater.
Today 27, 43-68.

Wang, X., Zhao, L., Wang, C., Wang, L., Wu, H., Song, X., Wang, W., Xu,
H., and Dong, X. (2028). Potent nanoreactor-mediated ferroptosis-based
strategy for the reversal of cancer chemoresistance to Sorafenib. Acta
Biomater. 159, 237-246.

Wang, L., Xu, Y., Liu, C., Si, W., Wang, W., Zhang, Y., Zhong, L., Dong, X.,
and Zhao, Y. (2022). Copper-doped MOF-based nanocomposite for GSH
depleted chemo/photothermal/chemodynamic combination therapy.
Chem. Eng. J. 438, 135567.

Ge, X., Wong, R., Anisa, A., and Ma, S. (2022). Recent development of

metal-organic framework nanocomposites for biomedical applications.
Biomaterials 287, 121322.

Huang, G., and Huang, H. (2018). Application of hyaluronic acid as carriers
in drug delivery. Drug Deliv. 25, 766-772.

Zhuang, Z., Li, Z., Gong, G., Li, Q., Zhang, Y., Huang, C., Huang, Y., Tian,
L., Wang, P., Guo, Z., and Jiang, Q. (2023). Two-dimensional superlattice
films of gold nanoparticle-polystyrene composites: a bioactive platform for
bone homeostasis maintenance. Adv. Compos. Hybrid Mater. 6, 166.
Zhang, H.Y., Tang, Y.Y., Gu, Z.X., Wang, P., Chen, X.G., Lv, H.P., Li, P.F.,
Jiang, Q., Gu, N., Ren, S., and Xiong, R.G. (2024). Biodegradable ferro-
electric molecular crystal with large piezoelectric response. Science
383, 1492-1498.

Xu, S., He, Y., Lin, L., Chen, P., Chen, M., and Zhang, S. (2021). The
emerging role of ferroptosis in intestinal disease. Cell Death Dis. 72, 289.
Zhang, G., Ma, L., Bai, L., Li, M., Guo, T., Tian, B., He, Z., and Fu, Q. (2021).
Inflammatory microenvironment-targeted nanotherapies. J. Control.
Release 334, 114-126.

Hu, D., Li, R., Li, Y., Wang, M., Wang, L., Wang, S., Cheng, H., Zhang, Q.,
Fu, C., Qian, Z., and Wei, Q. (2024). Inflammation-Targeted Nanomedi-
cines Alleviate Oxidative Stress and Reprogram Macrophages Polariza-
tion for Myocardial Infarction Treatment. Adv. Sci. 77, 2308910.
Senobari, F., Abolmaali, S.S., Farahavr, G., and Tamaddon, A.M. (2024).
Targeting inflammation with hyaluronic acid-based micro- and

Figure 5. HA@ZIF-8@IONPs exhibited anti-inflammatory and antioxidant activities via activation of the Nrf2 and inhibition of the NF-xB
pathways

(A) The expression levels of p-p65, p-lkBa, TNF-a, Nrf2, and HO-1 in colonic tissues were

d using western blots, with -Actin as an internal reference.

(B) the relative intensities of p-p65, p-IkBa, TNF-a, Nrf2, and HO-1 proteins were normalized to those of p-actin (n = 3 per group).

(C-G) (C) immunostaining of colonic tissues revealed various molecules indicated as green and then counterstained with DAPI indicated as blue: p-p65, TNF-«
(scale bar, 200 pm). All representative images were captured using an inverted fluorescence microscope, levels of (D) SOD, (E) GSH-Px, (F) MPO, and (G) MDA in
colonic tissues (n = 5 per group). Asterisk indicates statistically significant differences between control and experience group (**p < 0.01; ***p < 0.005).
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Nrf2 Cell Signaling Technology Cat#12721; RRID:AB_2715528

HO-1 Cell Signaling Technology Cat# 86806; RRID:AB_2893444

TNF-a Cell Signaling Technology Cat# 11948; RRID:AB_2687962

p-p65 Cell Signaling Technology Cat# 3033; RRID:AB_331284

p-IkBa Cell Signaling Technology Cat# 2859; RRID : AB_561111

Secondary antibody for IF Abcam Cat# ab150077; RRID:AB_2630356

Secondary antibody for WB Abcam Cat# ab205718; RRID:AB_2819160

B-Actin Abcam Cat# ab8226; RRID:AB_306371

Biological samples

RAW 264.7 cells
C57BL/6 mice
RAW 264.7 cells
C57BL/6 mice

Institute of Life Science Cell Culture Center in Shanghai
The Model Animal Research Center of Nanjing University
Institute of Life Science Cell Culture Center in Shanghai
The Model Animal Research Center of Nanjing University

SCSP-5036
C57BL/6JGpt|strain NO.N00OO1
SCSP-5036
C57BL/6JGpt|strain NO.N0OOO1

Chemicals, peptides, and recombinant proteins

FeCl;-6H,0
FeCl,-4H,0
2-methylimidazole
Zn(NOg),-6H,0
FeCl;-6H,0
FeCl,-4H,0
2-methylimidazole
Zn(NO3),-6H,0

Sigma Aldrich Life Sciences and High Technology Group
Sigma Aldrich Life Sciences and High Technology Group
Shanghai Aladdin Biochemical Technology Co., Ltd.
Sinopharm Chemical Reagent Co., Ltd

Sigma Aldrich Life Sciences and High Technology Group
Sigma Aldrich Life Sciences and High Technology Group
Shanghai Aladdin Biochemical Technology Co., Ltd.
Sinopharm Chemical Reagent Co., Ltd

Cat#10025-77-1
Cat#13478-10-9
Cat#693-98-1

Cat#10196-18-6
Cat#10025-77-1
Cat#13478-10-9
Cat#693-98-1

Cat#10196-18-6

Experimental models: Cell lines

RAW 264.7 cells
RAW 264.7 cells

Institute of Life Science Cell Culture Center in Shanghai
Institute of Life Science Cell Culture Center in Shanghai

SCSP-5036
SCSP-5036

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Female C57BL/6 mice, aged 6-8 weeks and weighing approximately 20 g, were obtained from the Model Animal Research Center of
Nanjing University. The experimental protocols were approved by the Drum Tower Hospital committee, affiliated with the Medical
School of Nanjing University, and were conducted in accordance with the Institutional Animal Care and Use Committee (IACUC)
guidelines (Approval document: 2023AE02011). The mice were housed under specific pathogen-free (SPF) conditions at 22 + 1°C
with 50 + 1% relative humidity and a 12-h light/dark cycle. UC was induced using oral dextran sulfate sodium (DSS).

METHOD DETAILS

Materials

Polyglucose-sorbitol-carboxymethyl ether (PSC), dextran, FeCls-6H,0, and FeCl,-4H,O were purchased from Sigma Aldrich Life
Sciences and High Technology Group, Inc. 2-MA was obtained from Shanghai Aladdin Biochemical Technology Co., Ltd., and Zn
(NO3),-6H,0O was sourced from Sinopharm Chemical Reagent Co., Ltd. All other chemicals were of analytical grade and were
used as received unless specified otherwise.

Preparation of IONPs

PSC-coated IONPs were synthesized via chemical coprecipitation using ferrous chloride hexahydrate and tetrahydrate as precur-
sors, following a previously described method.'® Briefly, 0.2 g of PSC was dissolved in 10 mL of deionized water. To this solution,
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0.06 g of FeClz and 0.03 g of FeCl,, dissolved in 15 mL of deionized water, were added. The mixture was cooled to 5°C, after which 1 g
of 28% (w/v) ammonium hydroxide was added, and the mixture was stirred for 2 min. The solution was then heated to 80°C for 1 h,
followed by 24 h of dialysis with five ultrafiltration cycles using a 100 kDa membrane. The synthesized IONPs were stored at 4°C until
further use.

Preparation of ZIF-8@IONPs

IONPs were incorporated into zeolitic imidazolate frameworks-8 (ZIF-8) to form a smart nanoplatform, designated as ZIF-8@IONPs,
following a previously reported method. Briefly, 160 mg of Zn(NO3),-6H,0 was dissolved in 2 mL of water. Next, 0.261 mL of IONPs at
a concentration of 23 mg/mL was prepared, and 2 g of 2-methylimidazole (2-MA) was dissolved in 10 mL of water. Both solutions
were slowly combined and stirred at low speed for 12 h. After the reaction, the precipitate was collected by centrifugation, washed
1-2 times with water, and freeze-dried for 24 h to yield ZIF-8@IONPs in powder form.

Preparation of HA@ZIF-8@IONPs

First, 100 mg of hyaluronic acid (HA) and ZIF-8@IONPs were weighed and dissolved in 5 mL of water. The resulting solution was
stirred vigorously for 48 h, then freeze-dried for an additional 24 h to obtain flocculent HA@ZIF-8@IONPs. The freeze-dried
HA@ZIF-8@IONPs were stored at 4°C until further use.

Characterization

The as-prepared ZIF-8@IONPs and HA@ZIF-8@IONPs were primarily characterized using transmission electron microscopy (TEM)
(JEM-200CX, JEOL, Japan). Hydrodynamic diameters and zeta potential were measured using dynamic light scattering (DLS) with a
BeNano 90 Zeta particle size analyzer (China). X-ray diffraction (XRD) analysis was conducted using an Ultima IV diffractometer (Ri-
gaku, Japan) to assess crystallinity. Fourier-transform infrared (FT-IR) spectra were recorded in attenuated total reflection (ATR)
mode using a Thermo Fisher Nicolet iS 5 spectrometer, covering the range from 4000 to 500 cm ™" over 32 scans. Elemental distri-
bution was analyzed using energy-dispersive spectroscopy (EDS) mapping.

In vitro study

Cell culture

RAW 264.7 cells were obtained from the Institute of Life Science Cell Culture Center in Shanghai, China. Cells were maintained in
high-glucose Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% fetal bovine serum and 1% penicillin/strepto-
mycin at 37°C in a 5% CO, incubator. To prevent spontaneous differentiation, cells were passaged frequently, and cell density was
monitored to maintain growth within the range of 50%-80%. Subsequent experiments were performed using cells in the exponential
growth phase.

Biocompatibility analysis

The biocompatibility of ZIF-8 and ZIF-8@IONPs with RAW 264.7 cells were assessed using the Cell Counting Kit-8 (CCK-8). RAW
264.7 cells were exposed to ZIF-8 or ZIF-8@IONPs at concentrations ranging from 0 to 50 pg/mL. After a 24-h incubation, 10%
CCK-8 solution was added to each well, followed by an additional incubation for 30 min. Absorbance at 450 nm (A4s0) was then
measured using a microplate reader.

Enzyme-linked immunosorbent assay (ELISA)

After homogenization and centrifugation (10000 xg, 10 min, 4°C), the supernatant was collected and cryopreserved at —80°C. ELISA
kits were adopted to assay the levels of inflammatory indicators (TNF-a). All ELISA procedures were implemented according to the kit
protocols.

Evaluation of ROS

The ROS scavenging capacity of ZIF-8@IONPs was evaluated through fluorescence imaging. RAW 264.7 cells were exposed to
100 pM H,0, for 90 min to induce oxidative stress and then incubated with ZIF-8@IONPs-0.5, ZIF-8@IONPs-1.0, or ZIF-
8@IONPs-1.5 for 24 h. After media removal, each well was treated with 500 pL of a 10 M DCFH-DA solution (Beyotime) and incu-
bated for 30 min. The wells were then washed gently three times, and intracellular ROS levels were assessed by visualizing DCF green
fluorescence signals using a fluorescence microscope.

Western Blot (WB) analysis

Colon samples were collected and immediately homogenized at 4°C. Protein concentrations were quantitatively measured using a
BCA protein assay kit (Pierce Biotechnology, Rockford, IL, USA). Superoxide dismutase (SOD), myeloperoxidase (MPO), malondial-
dehyde (MDA), and glutathione peroxidase (GSH-Px) levels were assessed using assay kits from Nanjing Jiancheng Bioengineering
Institute, following the manufacturer’s guidelines. Colonic tissues and cells were subjected to protein extraction using RIPA buffer
(Beyotime Biotechnology, China), supplemented with a protease and phosphatase inhibitor cocktail (Invitrogen). SDS-polyacryl-
amide gel electrophoresis was performed according to established protocols. After electrophoresis, proteins were transferred to
membranes, blocked with skim milk for 1 h, and incubated overnight with primary antibodies at 4°C. The membranes were then incu-
bated with secondary antibodies for 1 h. Primary antibodies targeting Nrf2, HO-1, TNF-«, phospho-NF-xB p65, and phospho-lkBa
were incubated at 4°C overnight. Chemiluminescence signals were visualized using an HRP substrate (Millipore, Germany) and

e2 iScience 28, 112448, May 16, 2025



iScience ¢? CellPress
OPEN ACCESS

detected with a Tanon 5200-Multi Chemiluminescent Imaging System (Tanon, China). p-actin served as a normalization control. Band
density was semi-quantitatively analyzed using Image-Pro Plus software and presented in bar charts.

In vivo study

Female C57BL/6 mice, aged 6-8 weeks and weighing approximately 20 g, were obtained from the Model Animal Research Center of
Nanjing University. The experimental protocols were approved by the Drum Tower Hospital committee, affiliated with the Medical
School of Nanjing University, and were conducted in accordance with the Institutional Animal Care and Use Committee (IACUC)
guidelines (Approval document: 2023AE02011). The mice were housed under specific pathogen-free (SPF) conditions at 22 + 1°C
with 50 + 1% relative humidity and a 12-h light/dark cycle. UC was induced using oral dextran sulfate sodium (DSS). Mice were
randomly assigned to five groups (n = 5 per group): normal control (sterile water), UC model (DSS), IONPs therapy (DSS +
IONPs), ZIF-8@IONPs-1.0 therapy (DSS + ZIF-8@IONPs-1.0), and HA@ZIF-8@IONPs-1.0 therapy (DSS + HA@ZIF-8@IONPs-1.0).
Colitis was induced by providing 3% DSS in the drinking water for 8 days. From Days 1-11 of the DSS treatment period, a daily intra-
gastric dose of 100 mg/kg (w/w) of IONPs, ZIF-8@IONPs-1.0, or HA@ZIF-8@IONPs-1.0 was administered. Throughout the experi-
mental period, daily assessments were conducted to monitor diet consumption, body weight, rectal bleeding, and fecal consistency.
These parameters were assessed and scored according to established criteria to determine the disease activity index (DAI) for UC,
providing a comprehensive measure of disease severity.

In vivo biocompatibility analysis

For histological analysis, the heart, liver, spleen, lungs, and kidneys were fixed in 10% formalin, embedded in paraffin, sectioned to a
thickness of 5 pm, and mounted on slides. The sections were stained with H&E and examined under light microscopy.

In vivo imaging

Mice were administered oral gavage of Rhodamine B-labeled ZIF-8@IONPs and HA@ZIF-8@IONPs at a dose of 100 mg/kg body
weight for three consecutive days. At 4 and 24 h post-final administration, the mice were euthanized, and their intestines were
excised for evaluation of fluorescence intensity.

Histological analysis and serum biochemical test

For histological analysis, 0.5 cm segments of the distal colon were fixed in 10% formalin, embedded in paraffin, sectioned to a thick-
ness of 5 pm, and mounted on slides. The sections were stained with H&E and examined under light microscopy. Histological dam-
age scores were assigned based on established protocols. Mouse blood was collected and analyzed for serum biochemistry using
an automatic biochemical analyzer (Chemray 420).

Immunofluorescence staining

For immunofluorescence analysis, after deparaffinization and gradient hydration, the tissue sections underwent antigen retrieval and
blocking of endogenous peroxidase activity. A blocking buffer containing 10% fetal bovine serum (FBS) was applied to the slides for
1 h to prevent non-specific staining. The slides were then incubated overnight at 4°C with primary antibodies. The following day, the
slides were incubated with fluorescence-conjugated secondary antibodies for 30 min and counterstained with DAPI for 5 min. The
stained sections were visualized using an Olympus BX53 fluorescence microscope.

QUANTIFICATION AND STATISTICAL ANALYSIS
All statistical analyses for dose-response data were performed using Origin 2017 or Graphpad Prism 8. For comparisons between
experimental conditions, statistical significance was determined using two-way ANOVA or Student’s t test, where appropriate. All

experiments were performed in duplicates or higher. The exact number of replicates (n) for each experiment is noted in the respective
figure legends. All data are expressed as mean + standard deviation (SD), unless otherwise noted in the figure legends.
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