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Inflammatory bowel disease (IBD) exhibits pathological heterogeneity driven by multifactorial origins and
patient variability, posing therapeutic challenges due to divergent immune microenvironment dynamics.
Notably, neutrophils and macrophages showed prominent heterogeneity in IBD patients and underwent
different reprogramming during the acute and chronic inflammatory phases. To address this pathological
complexity, an orally administered TH@PVP-gel system integrating tanshinone IIA (Tan) and hemin (Hem)
was engineered to address the heterogeneity of IBD pathology with the aim of achieving multi-targeted
modulation of IBD. TH@PVP-gel specifically promoted neutrophil apoptosis and facilitated macrophage M2
polarization in the inflamed environment of the colon, targeting inflammatory heterogeneity and remod-
eling the inflammatory environment. In addition, the TH@PVP-gel efficiently scavenged reactive oxygen
species (ROS), inhibited the death of colonic epithelial cells, and restored the intestinal barrier. Ultimately,
the TH@PVP-gel demonstrated excellent therapeutic efficacy in both acute and chronic colitis, providing
a potential strategy for the broad-spectrum treatment of IBD.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Inflammatory bowel disease (IBD) is a chronic, nonspecific in-
flammatory disease of the intestines that mainly includes two
types: ulcerative colitis (UC) and Crohn’s disease (CD) [1]. In re-
cent years, with improvement in living standards and changes in
dietary habits, an increasing number of patients have been di-
agnosed with IBD, and its incidence is increasing globally, with
the current prevalence of IBD as high as 0.5% in Western coun-
tries [2,3]. The treatment of IBD is mainly at achieving remission
and maintenance therapy and requires long-term medication. Tra-
ditional therapeutic agents include 5-aminosalicylic acid (5-ASA),
glucocorticoids, and immunosuppressive agents [4]. However, these
drugs are limited by side effects, drug resistance and poor adapta-
tion to disease heterogeneity [5,6]. In addition, IBD pathogenesis
exhibits significant interpatient and intrapatient variability across
disease stages, and multiple pathologic factors and heterogene-
ity among patients make the treatment of IBD extremely diffi-
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cult. Conventional monotherapeutic approaches targeting isolated
pathways frequently fail to address the spectrum of molecular
mechanisms driving diverse treatment responses, ultimately lim-
iting their broad-spectrum efficacy in heterogeneous IBD popula-
tions [7].

IBD is characterized by a complex pathology in which
neutrophil-macrophage-reactive oxygen species (ROS) interact to
drive a self-perpetuating inflammatory cycle with temporal and
spatial variations [8,9]. Sustained activation and over-recruitment
of neutrophils are characteristic symptoms of IBD [10], and
these activated neutrophils release proteolytic hydrolases and pro-
duce excessive ROS, which not only directly damage the in-
testinal epithelium but also contribute to the polarization of
macrophages toward the pro-inflammatory M1 phenotype [11,12].
In turn, M1-type macrophages recruit more neutrophils by se-
creting chemokines and producing ROS via nicotinamide ade-
nine dinucleotide phosphate (NADPH) oxidase activity, thereby fur-
ther amplifying inflammation and creating a self-reinforcing cy-
cle of inflammation and oxidative stress [13-15]. Under physiolog-
ical conditions, apoptotic neutrophils are cleared by macrophages
via phagocytosis, a process that promotes macrophage reprogram-
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ming toward the M2 phenotype to alleviate inflammation [16-
23]. Conversely, impaired neutrophil apoptosis impacts this pro-
cess, preventing the transition to M2 macrophages and trapping
macrophages in a pro-inflammatory state that sustains ROS pro-
duction and neutrophil recruitment [24-27]. Notably, the myeloid
compartment, including neutrophils and macrophages, shows the
greatest compositional diversity in the patient population, suggest-
ing that these cell types contribute to differences in disease phe-
notype and progression over time between patients. On the ba-
sis of the heterogeneity of neutrophils and macrophages in the
patient population, neutrophil-macrophage-ROS interactions in the
progression of inflammation are therefore differentiated.

Based on these studies, the heterogeneity of acute and chronic
colitis was examined in our work. The experimental results
demonstrating the imbalance that arises in the different processes
of IBD-the heterogeneity of neutrophils versus macrophages in
acute and chronic colitis, highlights the need for adaptive ther-
apeutic strategies. In existing therapeutic studies of IBD, neu-
trophils or macrophages are usually regulated individually to al-
leviate inflammation, but precisely regulating the function of both
cell types simultaneously remains a major challenge. The use of
antioxidants to scavenge ROS in the gut is one of the key ther-
apeutic approaches for the treatment of IBD; however, antioxi-
dant monotherapy alone is insufficient, as it addresses only the
downstream oxidative consequences but not the cellular source of
ROS production, the dysregulated interactions between neutrophils
and macrophages. While recent studies have explored strategies
such as drug co-delivery nanoparticles [28], ROS-scavenging mate-
rials [29], or colon-targeted hydrogels [30] for IBD therapy, these
approaches often modulate one or two pathological facets or
lack a mechanism designed to dynamically adapt to the evolving
neutrophil-macrophage-ROS axis across acute and chronic disease
stages. The natural compounds tanshinone IIA (Tan) and hemin
(Hem) target all three axes of pathology simultaneously, provid-
ing a potential solution. Tan specifically induces neutrophil apop-
tosis, thereby reducing ROS production by neutrophils and form-
ing apoptotic bodies that contribute to macrophage polarization to-
ward the M2 phenotype [31-33]. Hem complements this effect by
directly scavenging ROS through its iron porphyrin structure while
inhibiting the activation of M1-type macrophages [34,35]. This spe-
cific dual-compound synergy targeting neutrophil apoptosis induc-
tion, M1 macrophage inhibition, and ROS scavenging represents a
distinct multi-axial strategy. However, the therapeutic potential of
this combination is diminished by its poor solubility and inabil-
ity to be delivered in a targeted manner to inflamed intestinal
regions [36-40]. Effective therapy must simultaneously modulate
neutrophil apoptosis, macrophage plasticity and ROS dynamics and
adapt to disease progression.

In this study, the heterogeneity of IBD was addressed by a
multi-targeted remodeling of the inflammatory environment to
achieve a stronger broad-spectrum IBD therapy. To ameliorate the
problems associated with the use of Tan and Hem in the oral
treatment of IBD [41-43], PVP-coated TH@PVP NPs self-assembled
from Tan and Hem were constructed to increase the stability of
the nanoparticles under acidic and basic conditions [44]. To fur-
ther enhance the oral delivery efficiency of TH@PVP NPs and drug
enrichment in the colon, TH@PVP NPs were further loaded into a
sodium alginate hydrogel to obtain TH@PVP-gel, which could effec-
tively target the release of nanoparticles at the colon site (Fig. 1)
[45,46]. This design integrates nanoparticle stabilization within a
colon-targeting hydrogel, creating a composite system specifically
enabling the oral delivery and targeted release of the synergis-
tic combination. The dual-phase action of the TH@PVP-gel adapts
to disease progression: in acute inflammation, targeting overac-
tive neutrophils reduces ROS bursts and neutralizes residual ROS,
breaking the neutrophil-M1 macrophage amplification cycle and
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Fig. 1. Schematic illustration of the construction of a hydrogel oral delivery system
for the colon-responsive release process and treatment of IBD.

attenuating epithelial damage; in chronic inflammation, it continu-
ously promotes neutrophil clearance, restores macrophage M2 po-
larization, and inhibits M1 activity to reduce fibrosis. This adap-
tive therapeutic logic, leveraging coordinated action on neutrophils,
macrophages, and ROS to achieve stage-specific effects. Owing to
its multi-targeting mechanism, TH@PVP-gel could ultimately effec-
tively inhibit the inflammatory response and promote the repair of
damaged tissues in acute and chronic IBD models, which has clini-
cal therapeutic potential for the broad-spectrum treatment of IBD,
which has complex pathological features and large individual dif-
ferences in patients.

IBD makes the treatment of the disease difficult because of its
complex pathological features, and commonly used clinical ther-
apeutic agents are often unresponsive in the treatment of many
patients. Currently, some studies have been conducted to further
understand the complex pathological features of IBD patients by
examining the heterogeneity of immune cells in the inflamma-
tory milieu in some samples from healthy individuals or IBD pa-
tients. Colonic biopsies from healthy people, UC patients, and CD
patients revealed that neutrophils and macrophages presented the
most obvious heterogeneity, which may be significantly associated
with differences between different stages of the disease or be-
tween different individuals. On the basis of these basic studies,
we examined several pathological features as well as the num-
ber of neutrophils and macrophages in an acute/chronic colitis
mouse model of with the application of dextran sulfate sodium
(DSS). First, hematoxylin and eosin (H&E), Masson, and terminal-
deoxynucleotidyl transferase mediated nick end labeling (TUNEL)
staining were performed on healthy samples and samples from dif-
ferent stages of inflammation (Fig. 2A). Compared with those in
healthy mice, many inflammatory cells were observed in the mu-
cosal layer and submucosal layer in acute colitis, and the crypts
were deformed and destroyed; epithelial hyperplasia, granulation
tissue hyperplasia, and colonic mucosal erosion were observed in
chronic colitis. Intestinal fibrosis is usually the result of chronic in-
flammation, a common complication of IBD, as shown in Fig. 2A,
and the degree of fibrosis differs between acute and chronic in-



Y.-Y. Bi, L.-E Zhang, Q. Chen et al. Chinese Chemical Letters 37 (2026) 111836

A Normal Acute Chronic B . c |
wl = Normal Acute Chronic «
: § 2 P=00207
E g5 2 5 PR 1L-6 9
= 2 3 3 4 . !
L e 2. g
c 2 3 ; 0 1 A
S 5 a0, g % %%‘ 2 e o Y
@ 3 g 22 R b2
20- 5 - - -
2 g 2 22 IL-16 7D
= g S 10 g 5%
o 3 2 (4 4 ko
= L s odem LI INFa
=) B $ %
=2 A & o . A -
118 A &
D v § %
Normal Acute Chronic i 3
9 o OTTEso000 8 10, 20008
g H 3 2200009
8 2 g |LL
g% e 8z 532
g | S% 83 2<5
S5 L 25 55 © 0%
£ £E 2 E 40 Cipgla tissue) Cell type
3 " 3 {o 900 Follicular B M2d
N 8 = 2“;:; - - ® Naive T ® M2a
& @t [P o = Activated Fib  ® M2b
g l ® T Lymphocyte
s e VECs ® |AVECs
G & =] = = g so% (=] ® MemoryT @ IGCs
. L | & | - e S % T a =i -, Pericytes
3 TP ﬂ 4‘ . B & o0 lp < Jogor” 3 - . e B Intra-IgA plasma
§ 2040 o s s 52l 8 |Peoome 2 & © 5% ® ActivatedB @ Prol-IgA plasma
z 2 40 & 40 G0 - VvsMCs ® APT
2 15 & 2 =
55 g £ ‘% - = ® GobletCs Perivascular cells
2 E1q 8 % - tu — ® lgAplasma @ Prolfferating cells
o = o
g o = i g = g White adipocytes
Oyt ! # | L —L : s
& e I J Moed |} Pless & @ # P & &G o &0 L=
- ol -2 Hp “atip Significance
. sas3e
Acute Chronic 100%: 5 P Sopinamn ’Wilimb ® w
. nf . ) down
& & 2 el
. Callg Cell type 5 i
< ;s °
LAY Vi 2 Fibroblasts 5 ° Group
g = & ® Endothelial cells 2
i 4 > 8 * Epineialcels 2 i
2 Myeloid cells = Chronic
o o o 3 : ot
g g d i Normal
£ £ g
5 5 g — @ Chronic
“10 5
Normal
Umap_1 Umap_1 Tmap_T Nomal  Acte  Chronic

Fig. 2. Heterogeneity of acute and chronic inflammatory environments in the colon. H&E, Masson, and TUNEL staining (A) and confocal images of ROS in the colon tissues
of each group. (B) Confocal images of ROS in the colon tissues of mice in each group after treatment. (C) Heatmap of the IL-6, IL-8, IL-16, TNF-«, IL-18 and IL-23 expression
profiles in serum (n=3 mice per group). (D) Confocal images of ZO-1 and occludin in the colon tissues of mice in each group after treatment. Confocal images of myeloper-
oxidase (MPO) (E) and F4/80 (F) expression in the colon tissues of mice after treatment in each group. (G) The number of neutrophils/macrophages in the colon and the
proportion of M2 macrophages in the colon were analyzed via FACS. Scale bar: 100 wm. Data are shown as the mean 4 SD (n=3 independent samples; one-way ANOVA
followed by Tukey’s HSD post hoc test). n.s., no significance. (H, I) Uniform Manifold Approximation and Projection (UMAP) plots showing all mouse cell populations by major
cell type and condition; bar plot showing the results of the cell type enrichment analysis. (J) Volcano plot of differentially expressed genes (DEGs) comparing in each group.

flammation, with chronic colitis resulting in increased collagen de-
position. In addition, various patterns of programmed cell death
are elevated during active intestinal episodes in patients with IBD,
and TUNEL staining revealed a greater degree of apoptosis in the
intestinal epithelium during acute inflammation. While ROS were
also examined as one of the factors contributing to the damage
caused to epithelial cells in the inflammatory milieu, ROS levels
were slightly higher in acute inflammatory colon tissues than in
chronic inflammatory colon tissues (Fig. 2B). The expression of in-
flammatory factors also differed between acute and chronic coli-
tis tissues (Fig. 2C), suggesting that the responsiveness of single-
target-based targeted modulation can vary from patient to patient.
Next, the expression of the tight junction proteins occludin and
zonula occludens-1 (ZO-1), which are regulators of epithelial pro-
liferation and survival, was examined. As shown in Fig. 2D, the
intestinal barrier was damaged to varying degrees in both acute
and chronic colitis tissues. On the basis of the heterogeneity of
neutrophils and macrophages reported in previous studies, the ra-
tio of neutrophils to macrophages in the colonic tissues of acute
and chronic colitis tissues mice was examined via immunofluores-
cence (IF) and fluorescence-activated cell sorting (FACS), respec-
tively. The results of IF staining for markers of neutrophils and
macrophages revealed greater infiltration of neutrophils in acute
colitis and of macrophages in chronic colitis (Figs. 2E and F). Next,
both the number of both types of cells and the number of M1/M2
macrophages were examined via FACS (Fig. 2G and Fig. S1 in Sup-
porting information), further confirming the heterogeneity of acute
and chronic colitis.

Next, to further analyze the heterogeneity of acute and chronic
colitis, we analyzed the raw data from the Gene Expression Om-
nibus (GEO) database (GSE264408). To characterize the changes in
the cellular composition during inflammation visually, we quanti-
fied the proportions of the major cell types involved in acute and

chronic colitis (Fig. 2H). Consistent with the results of the previous
experiments, a dramatic reduction in the epithelial cell population
in acute colitis reflected tissue damage, and a partial reversal of
epithelial barrier disruption as well as an increase in the degree of
fibrosis was observed in chronic colitis compared with acute coli-
tis. In addition, the number of myeloid cells containing neutrophils
and macrophages differed between acute and chronic colitis. Next,
the major cell types involved in acute and chronic colitis were
further subdivided (Fig. 2I), and the results were consistent with
the results of FACS, which revealed more macrophages, especially
M1-type macrophages, in chronic colitis. In addition, macrophages
in different groups were also analyzed for differential gene ex-
pression, as shown in Fig. 1], further demonstrating the complex-
ity of inflammation-targeted therapies cause by heterogeneity. Pre-
liminary examination of the pathological features of the different
processes of inflammation and the immune environment revealed
some of the same and different characteristics of acute and chronic
colitis. Multi-target remodeling of the inflammatory milieu by ad-
dressing these characteristics may serve as a novel therapeutic op-
tion to improve the lack of responsiveness of single targets in the
clinical management of IBD patients.

Tan and Hem can synergistically remodel the IBD immune mi-
croenvironment and both act as antioxidants to scavenge ROS in
the gut; however, the extremely low water solubility and bioavail-
ability of Tan and Hem lead to poor catalytic activity. To address
this problem, PVP-encapsulated dual-drug self-assembled nanopar-
ticles (TH@PVP NPs) of Hem and Tan were prepared via the reverse
solvent method (Figs. 3A and B), and the optimal ratio of Hem to
Tan was determined by the encapsulation rate, particle size, and
polymer dispersity index (PDI). The experimental results are shown
in Fig. 3C. When the mass ratio of Hem to Tan was 2:1, various
metrics, such as the encapsulation rate, reached their optimum val-
ues. This ratio was chosen as the final ratio, and the encapsulation
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Fig. 3. Preparation of TH@PVP NPs and characterization of their in vitro ROS scavenging activity. (A) Preparation process and (B) ROS scavenging ability of TH@PVP NPs. (C)
Encapsulation efficiency, particle size, and PDI of nanoparticles formed with different proportions of Hem and Tan. (D) Particle size, PDI, zeta potential, and transmission
electron microscope (TEM) image of the TH@PVP NPs. Scale bar: 200 nm. (E) UV-vis spectra of Tan, Hem, PVP, and TH@PVP NPs. (F) Fourier transform infrared absorption
spectra of TH@PVP NPs, TH NPs, PVP, Tan, and Hem. (G) Self-assembly mechanism of TH@PVP NPs. Efficiency of ROS scavenging by TH@PVP NPs at different pH values (H) or
in different digestion solutions (I). (J) Changes in the particle size of TH NPs under different pH conditions. Data are shown as the mean + SD (n=3 independent samples).

rates of Hem and Tan were 82.51% + 1.04% and 80.73% + 1.18%,
respectively. The DLS results reveal that the average particle size
of the TH@PVP NPs was 139.33 £0.37 nm, with a zeta potential
of —28.26 +0.47 mV. The average particle size of the TH NPs with
unencapsulated PVP was 113.65+0.29nm, and the zeta potential
was —15.83 £0.67 mV, demonstrating the successful encapsulation
of PVP (Fig. 3D and Fig. S2 in Supporting information). To further
demonstrate the successful preparation of TH@PVP NPs, TH@PVP
NPs were characterized via UV-vis spectroscopy and Fourier trans-
form infrared (FTIR) spectroscopy. The UV-vis results revealed that
TH@PVP NPs had characteristic absorption peaks for both Hem and
Tan (Fig. 3E). The FTIR results, as shown in Fig. 3F, revealed that the
characteristic absorption peaks of the TH@PVP NPs were different
from those of the TH NPs, which were masked by the characteristic
absorption peaks of PVP, further confirming the successful wrap-
ping of PVP. In addition, the mechanism of the self-assembly of
TH@PVP NPs and TH NPs was examined, and hydrophobic forces
were the main force for the formation of TH@PVP NPs, whereas
ligand bonding and hydrogen bonding forces had a greater influ-
ence on TH NPs (Fig. 3G and Fig. S3 in Supporting information).

Moreover, the ROS scavenging ability of the TH@PVP NPs and
TH NPs was also examined in vitro, and the experimental results
revealed that the TH@PVP NPs were more efficient than the TH NPs
at scavenging hydrogen peroxide (H,0,), superoxide anions (O,"~)
and hydroxyl radicals (OH") at pH values of 1.2 and 8.4 and in dif-
ferent digestive fluids, which confirmed that the TH@PVP NPs had
a greater ROS scavenging capacity due to their stability in the GI
tract (Figs. 3H and I, Fig. S4 in Supporting information). Finally, the
stabilities of the TH@PVP NPs and TH NPs at different pH values
were also examined separately, and the TH NPs were found to be
unstable at both pH 1.2 and 8.4, whereas the encapsulation of PVP
significantly improved the stability of the nanoparticles during the
oral digestion (Fig. 3] and Fig. S5 in Supporting information).

To further enhance the potential of TH@PVP NPs for oral ap-
plication, TH@PVP NPs were loaded into hydrogels of sodium al-
ginate to protect TH@PVP NPs from harsh gastric conditions and
achieve pH-responsive drug release in the intestine. The TH@PVP-
gel was prepared via the method shown in Fig. 4A, and the hy-
drogel loaded with TH@PVP NPs was successfully prepared after
the addition of Ca2* for cross-linking. Next, the elemental distribu-
tion and morphology of the TH@PVP-gel were further investigated
by scanning electron microscopy (SEM). The results revealed that
the elements C, H, O, Na, Fe, Ca, and N were uniformly distributed
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Fig. 4. Preparation of the TH@PVP-gel and examination of its in vitro release behav-
ior. (A) Preparation process and photographs of the TH@PVP-gel. (B) EDS element
mapping of the TH@PVP-gel. Scale bar: 100 wm. (C) SEM image of the TH@PVP-gel.
Scale bar: 50 wm and 500 nm. (D) Validation of the injectability of the TH@PVP-gel.
(E) Release profiles of the TH NPs (i), TH@PVP NPs (ii), and TH@PVP-gel (iii) in dif-
ferent digestion solutions. (F) Model of the release profile of the TH@PVP-gel during
oral administration. Data are shown as the mean + SD (n=3 independent samples).

in the TH@PVP-gel, which resulted in a three-dimensional mesh
structure in which nanoparticles were loaded (Figs. 4B-D). In the
next step, the release of TH NPs, TH@PVP NPs, and TH@PVP-gel on
Hem in different digestion solutions was examined. The results, as
shown in Fig. 4E, revealed that TH NPs were rapidly released into
the gastric fluid, that TH@PVP NPs were released into the gastric
fluid at a slower rate than were TH NPs, and that TH@PVP-gel max-
imally slowed the release of the drug in the gastric fluid. Further-
more, TH@PVP-gel was released fastest in the colon. These results
further suggest that the encapsulation of PVP enhances the stabil-
ity of the nanoparticles in the gastric fluid environment, whereas
sodium alginate hydrogel further enhances the stability in the gas-
tric fluid environment and can be released faster in the colon due
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Fig. 5. Anti-inflammatory mechanisms of TH@PVP NPs in vitro. (A) Cytotoxicity of
various formulations in cells after 24 h of incubation (n=5 independent samples).
(B) Inverted microscopy images of HT-29 cells subjected to calcein AM/PI double
staining after 6h of treatment with 4 pwmol/L different formulations and (C) in-
verted microscopy images of JC-1 in HT-29 cells treated with 4 pmol/L different
formulations for 6h (dose based on Tan; n=3 independent samples). (D) Cytotox-
icity of various formulations in HT-29 cells after 24 h of incubation (dose based on
Tan; n=5 independent samples). (E) Inverted microscopy images of ROS in HT-29
cells treated with 4 pwmol/L different formulations for 6h (dose based on Tan; n=3
independent samples). (F) FACS quantification of the uptake of Dil-TH@PVP NPs for
different durations in HT-29 cells. (G) The apoptosis rate of HL-60 cells after in-
cubation with 4 pmol/L different formulations (dosage based on Tan) for 6h was
determined by FACS analysis, and (H) detection of M1/M2 macrophages via FACS
(n=3 independent samples). Scale bar: 100 um. Data are shown as the mean + SD
(one-way ANOVA followed by Tukey’s HSD post hoc test).

to pH changes [47]. Finally, release during digestion was simulated
in vitro, as shown in Fig. 4F. TH@PVP-gel was released slowly in the
gastric and small intestinal fluids during the first 8 h, while the re-
lease was accelerated in the colonic fluids after 8 h, which could
effectively achieve on-demand release of the drug.

First, cytotoxicity experiments were performed using HT-29
cells, RAW264.7 cells, and HL-60 cells, which are the three com-
monly used cell lines to study colonic tissue epithelial cells,
macrophages, and neutrophils, respectively, to assess the biocom-
patibility and cellular-level anti-inflammatory mechanism of the
TH@PVP NPs. As shown in Fig. 5A, for HT-29 cells and RAW264.7
cells, the formation of Hem dimers was prevented by the self-
assembly of TH@PVP NPs, thereby alleviating the safety con-
cerns associated with the potential toxicity of high doses of Hem
[48]; for HL-60 cells, Tan specifically induced apoptosis, whereas
TH@PVP NPs induced HL-60 to a greater extent of apoptosis. Next,
the ability of TH@PVP NPs to induce apoptosis in HL-60 cells was
further examined via an apoptosis assay, and the results were con-
sistent with the cytotoxicity assay, which revealed that TH@PVP
NPs effectively induced apoptosis in HL-60 cells (Fig. 5B and Fig.
S6 in Supporting information).

Previous studies have shown that Hem can effectively scav-
enge ROS based on its porphyrin structure, whereas Tan can in-
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hibit ROS production and increase superoxide dismutase (SOD) ac-
tivity to scavenge ROS through a reverse electron transfer mecha-
nism. Therefore, the ability of TH@PVP NPs to protect against ROS-
induced injury in epithelial cells and the ability to scavenge ROS
were further investigated. First, HT-29 cells induced with H,0,
and treated with TH@PVP NPs were double-stained with calcein
acetoxymethyl ester (calcein AM)/propidium iodide (PI). The re-
sults showed that TH@PVP NPs treatment significantly alleviated
the death of epithelial cells caused by H,0, treatment (Fig. 5C).
To further verify these results, HT-29 cells induced with H,0, and
treated with TH@PVP NPs were stained with JC-1 (mitochondrial
membrane-potential dye). H,O, treatment led to mitochondrial de-
polarization in epithelial cells and thus early apoptosis, which was
significantly alleviated by TH@PVP NPs treatment (Fig. 5D and Fig.
S7 in Supporting information). In addition, the results were fur-
ther validated via a cytotoxicity assay in HT-29 cells, and the re-
sults were consistent with previous results showing that TH@PVP
NPs could protect intestinal epithelial cells from damage in the in-
flammatory environment (Fig. 5E). ROS staining was performed on
HT-29 cells after lipopolysaccharide (LPS) treatment and TH@PVP
NPs treatment (Fig. 5F and Fig. S8 in Supporting information), and
the results revealed that the intracellular ROS content in epithelial
cells was elevated in the inflammatory environment and that the
TH@PVP NPs effectively scavenged excessive intracellular ROS.

Next, the uptake of TH@PVP NPs was examined in each of the
three cell types. Compared with that of free Dil (1,1’-dioctadecyl-
3,3,3’,3’-tetramethylindocarbocyanine perchlorate), the uptake of
TH@PVP NPs by the three cell lines was significantly greater, and
the uptake increased continuously with time (Fig. 5G and Fig. S9 in
Supporting information). Finally, the therapeutic effects of TH@PVP
NPs and other control treatments on LPS-induced M1 polarization
of macrophages were also examined. As shown in Fig. 5H and
Fig. S10 (Supporting information), both Hem and Tan promoted
macrophage M2 polarization, while the TH@PVP NPs had the most
significant therapeutic effect. On the basis of the mechanism of the
anti-inflammatory effects of TH@PVP NPs in vitro, it can be con-
cluded that TH@PVP NPs can promote neutrophil-specific apopto-
sis, clear ROS, protect intestinal epithelial cells, and promote M2
macrophage polarization more effectively than Tan. These results
suggest that TH@PVP NPs can be used as a multi-targeted therapy
for IBD, providing an integrated treatment for complex pathologi-
cal features.

The use of drinking water containing DSS is a method for
constructing mouse models mimicking human IBD, where the
in vivo distribution of orally administered TH@PVP-gel was in-
vestigated by constructing DSS-induced acute colitis model mice
(all animal experiments were approved by the Regional Ethics
Committee of China Pharmaceutical University with the num-
ber of 2024-10-085). Next, the biodistribution of the TH@PVP-
gel was further examined in vivo on the basis of its good perfor-
mance for oral application in an in vitro simulated release assay.
First, nanoparticles encapsulating DiR (1,1’-dioctadecyl-3,3,3,3’-
tetramethylindotricarbocyanine iodide) or Dil were prepared and
further loaded into the hydrogels, and the animals were modeled
and treated according to the experimental protocol, as shown in
Fig. 6A. Imaging analyses were carried out in vivo and ex vivo at
2, 6, 10, and 24h after the administration of the TH@PVP-gel. As
shown in Figs. 6B and E, free DiR gradually reached the colon from
the stomach at 2-6h after oral administration, and reached the
highest value at ~10h. In addition, the fluorescence intensity ob-
served in the colon decreased, whereas the fluorescence intensity
of TH@PVP-gel loaded with DiR in the GI tract changed similarly
to that of free DiR during the first 6 h. The fluorescence intensity
detected in the colon was higher at the 10th h than that of free
DiR, and the fluorescence intensity did not decrease significantly
at 10-24 h. This result indicated that the drug accumulation at the
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Fig. 6. Biodistribution of the TH@PVP-gel. (A) Schematic diagram of the biodistribu-
tion examination. (B) Representative ex vivo biodistribution images of the digestive
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dependent samples). Scale bar: 100 wm. (E) Fluorescence quantification of ex vivo
biodistributed colon (left) and stomach (right) samples. (F) Fluorescence quantifica-
tion of in vivo biodistribution. (G) Quantification of the fluorescence intensity of Dil.
Data are shown as the mean =+ SD.

colonic site was significantly enhanced by constructing the hydro-
gel delivery system, which was beneficial for further drug treat-
ment. Similar conclusions could be drawn from in vivo imaging of
the mice, in which free DiR gradually reached the colon in the first
10h, and the total fluorescence intensity in vivo was significantly
reduced at the 24 h. In contrast, DiR-loaded TH@PVP-gel still re-
sulted in DiR accumulation in the colon at the 24™ h (Figs. 6C
and F). In addition, fluorescence quantification was also performed
for other organs ex vivo during this time period, and the results,
as shown in Fig. S11 (Supporting information), revealed that free
DiR passed through the hepatic-intestinal circulation after oral ad-
ministration, which caused a portion of the drug to accumulate in
the liver, and finally some would reach the kidney; whereas the
TH@PVP-gel released less free drug before it reached the colon site,
and thus the accumulation in other organs was lower than that
of free DiR. Next, to further examine the drug uptake by the cells
at the colonic site, the colonic tissues were sectioned at 24 h af-
ter the oral administration of free Dil or the Dil-loaded TH@PVP-
gel, and the fluorescence of the colonic tissues was photographed
and quantified via confocal microscopy. The results, as shown in
Figs. 6D and G, revealed that the accumulation of the Dil-loaded
TH@PVP-gel in the colon was significantly greater than that of
free Dil, which further demonstrated that the construction of the
TH@PVP-gel could effectively enhance the ability of the drug to tar-
get the colonic tissues, thus achieving effective treatment of IBD.

On the basis of the increased colonic accumulation of the
TH@PVP-gel in oral delivery applications and its excellent anti-
inflammatory activity, and the multi-targeted anti-inflammatory
mechanism was determined via in vitro experiments. Next, acute
and chronic mouse models of colitis were constructed to assess
whether the TH@PVP-gel could achieve a therapeutic effect in the
complex inflammatory environment in vivo.

First, a model of acute colitis was constructed via the same
method as that used for the biological distribution analysis, and
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oral administration of phosphate buffer saline (PBS), 5-ASA, Hem,
Tan, a physical mixture of Hen and Tan, TH@PVP NPs, and TH@PVP-
gel was given to each group simultaneously on days 1, 3, 5, and
7 during the modeling period. After the modeling and treatment
were completed, on day 8, the colon and other relevant tissues
were extracted out for further analysis (Fig. 7A). The distinguish-
ing features of colitis include weight loss and shortened colon
length. The changes in the body weight of the mice during treat-
ment are shown in Fig. 7B, where a significant reduction in the
body weight of the mice after DSS modeling was demonstrated,
and both TH@PVP NPs and TH@PVP-gel presented excellent ther-
apeutic effects compared with 5-ASA, which is currently a com-
monly used drug in the treatment of colitis. In addition, exami-
nation of the colon length led to the same conclusion, with the
TH@PVP-gel having the strongest therapeutic effect relative to the
other treatment groups (Figs. 7C and F). Furthermore, the patho-
logical histology of the colon site was examined after treatment,
and the TH@PVP-gel maximally ameliorated the pathological dam-
age to the colon tissue. Specifically, after TH@PVP-gel treatment,
the colonic crypt arrangement became ordered, the structure be-
came more intact, and the degree of ulceration was significantly
reduced (Fig. 7D). In addition, fibrosis and apoptosis of epithelial
cells in colonic tissues were also examined via Masson and TUNEL
staining (Fig. S12 in Supporting information), and the TH@PVP-gel
effectively alleviated fibrosis as well as the degree of epithelial cell
apoptosis.

Next, to further investigate how the TH@PVP-gel modulates
the complex pathological environment of colitis in vivo, the
anti-inflammatory mechanism of TH@PVP-gel was examined in
a model of acute colitis. First, the modulation of neutrophils
and macrophages by the TH@PVP-gel was examined, as shown
in Fig. 7D and Fig. S13 (Supporting information). The IF results
revealed that Tan could specifically induce neutrophil apoptosis,
thus recruiting macrophages through cytosolic burial, whereas the
TH@PVP-gel had a stronger effect than Tan on the basis of its abil-
ity to target drug release in the colon. Neutrophils, macrophages,
and M2 macrophages were quantified via FACS, and as shown
in Fig. 7E and Fig. S14 (Supporting information), the TH@PVP-
gel maximally promoted cytosolic burial and further promoted
macrophage M2 polarization on the basis of cytosolic burial and
the anti-inflammatory mechanism of Hem and Tan. Moreover, the
reduction of neutrophils was partly due to the apoptosis of neu-
trophils and efferocytosis of macrophages. TH@PVP-gel treatment
also significantly restored colonic tight junctions and restored in-
testinal barrier damage caused by inflammation. Next, the level
of oxidative stress in colonic tissues was examined after TH@PVP-
gel treatment. ROS levels in the colon were first examined, and
the TH@PVP-gel most effectively decreased ROS levels in the in-
flammatory environment (Fig. 7D and Fig. S13). Malondialdehyde
(MDA) is a lipid peroxidation product, and as shown in Figs. 7G
and H, the TH@PVP-gel most significantly decreased the level of
oxidative stress due to intestinal inflammation. In addition, the to-
tal antioxidant capacity (T-AOC), catalase (CAT), glutathione per-
oxidase (GPx and SOD activities were also examined, and the re-
sults, as shown in Fig. 71, revealed that TH@PVP-gel treatment
most significantly enhanced the activity of the antioxidant sys-
tem, which converts ROS into harmless substances, thus protect-
ing cells from oxidative damage. We then analyzed the morpho-
logical changes of the intestinal tract to assess the mucosal re-
covery degree. As shown in Fig. S15 and Table S1 (Supporting
information), control colon exhibited intact mucosal architecture
with straight, well-organized crypts and abundant mucin-rich gob-
let cells. DSS treatment induced severe acute damage: crypts be-
came fragmented and shortened with significant neutrophil infil-
tration, epithelial erosion, and goblet cell depletion, compromising
mucosal barrier function. TH@PVP-gel intervention demonstrated
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superior reparative effects, restoring near-normal crypt morphol-
ogy and mucosal thickness while dramatically increasing goblet
cell repopulation. Moreover, the serum levels of inflammatory fac-
tors were examined after treatment in each group, and the lev-
els of tumor necrosis factor-alpha (TNF-«), interleukin 18 (IL-18),
and IL-6 were decreased and the level of IL-10 was increased after
TH@PVP-gel treatment (Fig. 7]). Finally, the biosafety of the oral
TH@PVP-gel was also examined; no significant histological damage
to the organs was detected, and the serum biochemical parameters
were within the normal range (Figs. S16 and S17 in Supporting in-
formation).

After acute colitis treatment, a model of DSS-induced chronic
colitis was further constructed, and a treatment protocol was set
up (Fig. 8A), with oral administration on days 1, 3, and 5 of
every 6 days of DSS modeling, and the whole process was re-
peated in three rounds. Finally, the same test indices were used as
those used for acute colitis. After treatment in each group, changes
in body weight, pathological damage to colonic tissues, colonic
length, tight junctions, neutrophils and macrophages, and oxida-
tive stress levels were examined (Figs. 8B-] and Figs. S18-S23 in
Supporting information). Chronic DSS exposure caused transmural
pathology: Crypt atrophy with loss of glandular architecture, dense
lymphoplasmacytic infiltration, submucosal fibrosis, and muscu-

laris propria hyperplasia leading to marked wall thickening (Ta-
ble S2 in Supporting information). While TH@PVP nanoparticles ef-
fectively targeted crypt regeneration and reduced collagen deposi-
tion, TH@PVP-gel achieved near-complete normalization of intesti-
nal histology. It sustained crypt regeneration, suppressed fibropro-
liferation across mucosal and muscular layers, and reversed patho-
logical wall thickening. As could be seen from the results, the sys-
temic toxicity data of TH@PVP-gel was almost negligible and no
obvious difference could be detected among different groups. Ow-
ing to the heterogeneity between chronic and acute colitis, the
effects of 5-ASA, which is widely used in clinical practice, are
different, with poorer therapeutic efficacy in chronic inflamma-
tion than in acute inflammation. In addition, the effects of Hem
and Tan monotherapy also differ from those in acute inflamma-
tion. In contrast, the multi-target effects of the TH@PVP-gel in
the treatment of chronic inflammation in different inflammatory
environments compared with in acute inflammation simultane-
ously address both the heterogeneity and commonality of differ-
ent inflammatory environments. TH@PVP-gel efficiently scavenges
ROS, attenuates the extent of colonic apoptosis, and downregu-
lates the level of chronic inflammatory fibrosis while modulating
neutrophils and macrophages. Compared with single-agent ther-
apy, the TH@PVP-gel has superior therapeutic efficacy in both acute
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Fig. 8. Therapeutic efficacy of the TH@PVP-gel in the mice with DSS-induced chronic colitis. (A) Schematic diagram of the experimental design. (B) Daily changes in body
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and chronic colitis because of its multi-target effects on the inflam-
matory milieu and its ability to release drugs in a colon-targeted
manner.

With the great advancement of combing machine learning,
high-throughput screening and anti-oxidative therapy, the thera-
peutical effect on IBD is largely increased [49,50]. However, cur-
rent therapeutic strategies for IBD, including corticosteroids, im-
munomodulators, and biologics, remain constrained by suboptimal
efficacy in both induction and maintenance phases, coupled with
risks of treatment resistance, dependency, and adverse effects. A
significant subset of patients fails to achieve durable mucosal heal-
ing despite aggressive therapies, perpetuating cycles of relapse and
elevating susceptibility to long-term complications. These limita-
tions underscore the urgent need for novel approaches address-
ing the pathophysiological heterogeneity of IBD, particularly the
dynamic interplay between innate immune dysregulation and ep-
ithelial barrier dysfunction. Emerging evidence highlights distinct
immune microenvironmental signatures in acute versus chronic in-
flammation, characterized by divergent neutrophil infiltration lev-
els and macrophage polarization states. This biological heterogene-
ity necessitates therapeutic strategies capable of adaptively modu-
lating immune responses across disease stages.

We developed TH@PVP-gel, an orally administered hydrogel
platform engineered to target multiple pathological axes of IBD.
TH@PVP-gel exhibits potent ROS scavenging capacity in vitro and in
vivo, thereby mitigating oxidative stress-induced epithelial apopto-
sis and restoring intestinal barrier integrity. Notably, the hydrogel
displays microenvironment-responsive immunomodulatory proper-
ties: under inflammatory conditions, it selectively induces neu-
trophil apoptosis, a critical mechanism for resolving acute inflam-
mation, while concurrently promoting macrophage repolarization
toward the M2 phenotype. This dual action facilitates transition
from a pro-inflammatory to a pro-reparative milieu, addressing
both acute exacerbations and chronic inflammatory remodeling.

The therapeutic superiority of TH@PVP-gel was evident in ex-
perimental models of acute and chronic colitis, where it achieved
comprehensive mucosal remission-a clinical endpoint rarely at-
tained with conventional monotherapies. By synchronously target-
ing epithelial survival, oxidative stress, and innate immune cell dy-
namics, this approach circumvents the mechanistic limitations of
current treatments that often focus on single inflammatory path-
ways. Importantly, the oral route of administration and localized
action of TH@PVP-gel may reduce systemic immunosuppressive
risks associated with biologics or small-molecule inhibitors.
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