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Sulfasalazine- and Cerium lon-Loaded Polymersomes with
Enhanced RONS Scavenging and Colonic Mucosal Repair Ameliorate

Experimental Colitis
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ABSTRACT: Inflammatory bowel disease (IBD) is a relapsing
gastrointestinal disorder depicted by persistent oxidative/nitro-
sative stress, mucosal barrier disruption, and maladaptive immune
activation. Herein, we report that sulfasalazine- and cerium ion-
loaded polymersomes (SSZ/Ce-Some) that effectively treat IBD
through superior capability of scavenging reactive oxygen and
nitrogen species (RONS) and promotion of colonic mucosal
repair. SSZ/Ce-Some exhibits potent superoxide dismutase
(SOD)-like and catalase (CAT)-like catalytic activities, efficiently
scavenges representative ROS, and markedly generates oxygen. Its
excellent neutralization of RNS (NO) together with superoxide
indicates inhibition of tissue-destructive peroxynitrite. SSZ/Ce-
Some inhibits inflammatory macrophages and dendritic cell
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activation and suppresses pro-inflammatory cytokine secretion. In acute colitis, SSZ/Ce-Some accumulates in inflamed colons,
alleviates intestinal inflammation, and preserves epithelial tight junction integrity. Moreover, oral SSZ/Ce-Some in a mucoadhesive
hydrogel safely and effectively treats chronic Crohn’s disease, with tissue repair and immune regulation. Overall, SSZ/Ce-Some with
superior RONS-detoxifying capacity represents a promising therapeutic strategy for IBD treatment.

. INTRODUCTION

Inflammatory bowel diseases (IBDs), including ulcerative colitis
(UC) and Crohn’s disease (CD), are relapsing inflammatory
disorders of the gastrointestinal tract. IBD is characterized by
persistent intestinal inflammation, progressive mucosal barrier
disruption, immune dysregulation, and an increased risk of
colorectal cancer."? Among current clinical treatments, bio-
logics targeting tumor necrosis factor-a, integrins and
interleukin pathways, as well as systemic immunosuppressive
therapies, have improved disease control and symptom relief.*
However, biologics require costly repeated injections and risk
immunogenicity, while small-molecule drugs suffer from poor
absorption, side effects, and high dosing requirements. More-
over, effective mucosal healing or long-term remission remains
elusive.

Excessive oxidative stress within the intestinal mucosa has
shown to induce epithelial injury, activation of inflammatory
pathways, and disruption of redox homeostasis in the gut
microenvironment,”® correlating with disease activity in IBD.”
In parallel, accumulating evidence indicates that nitrosative
stress acts as a critical amplifier of tissue injury, while reactive
oxygen species (ROS) and reactive nitrogen species (RNS)
interact dynamically to form an oxidative—nitrosative network
that reinforces immune activation and barrier dysregulation,
particularly in chronic disease settings.””'" Given this
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intertwined pathology, modulation of redox imbalance has
emerged as a promising adjunctive strategy for IBD treat-
ment.' "' Conventional small-molecule antioxidants are,
however, rapidly consumed and generally lack catalytic
durability and selectivity toward inflammatory sites. Nano-
medicines, with advantages in targeted delivery, multimodal
therapy, and immune modulation, offer a promising approach
for IBD treatment.'”'* Cerium oxide-based nanozymes, due to
the reversible Ce*/Ce* redox couple, have demonstrated
potent catalytic ROS detoxifying activity and the efficacy in
mitigating inflammation.'>'° However, most redox-active
nanotherapeutics developed to date primarily target oxidative
stress and are evaluated in acute disease settings. The
contribution of nitrosative stress, particularly in chronic
intestinal inflammation, remains underexplored.

In this work, we report that sulfasalazine- and cerium ion-
loaded polymersomes (SSZ/Ce-Some), which show superior
RONS-scavenging ability and colonic mucosal barrier reparative
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Scheme 1. Schematic of the Formation of Sulfasalazine-Integrated Redox-Active Polymersomes (SSZ/Ce-Some) and Enabled
Effective ROS/RNS Scavenging, Inmune Modulation, And Epithelial Barrier Protection in IBD Models
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activity, enable effective treatment in both acute and chronic
IBD models (Scheme 1). SSZ is a first-line therapeutic for IBD
that exerts anti-inflammatory effects by inhibiting cyclo-
oxygenase-2 (COX-2) and NF-«xB pathways while promoting
intestinal mucosal repair,’”'® though its clinical efficacy is
limited by suboptimal bioavailability and poor control of
oxidative and nitrosative stress. Interestingly, SSZ/Ce-Some
displays potent SOD-like and CAT-like activities with superior
ROS and RNS scavenging performance and selective inhibition
of inflammatory macrophages. Intraperitoneal administration of
SSZ/Ce-Some effectively alleviates acute ulcerative colitis, while
oral administration of SSZ/Ce-Some in a mucoadhesive
hydrogel (SSZ/Ce-Some@gel) successfully controls chronic
Crohn’s disease. Therefore, SSZ/Ce-Some, with its combined
capability for RONS scavenging and colonic mucosal repair,
represents a highly attractive strategy for IBD treatment.

2. EXPERIMENTAL SECTION

2.1. Preparation and Characterization of SSZ/Ce-Some

Take the fabrication of SSZ/Ce-Some with theoretical loading contents
of SSZ and Ce at respective 15.7 and 1.7 wt % as an example. Stock
solutions A was prepared by dissolving PEG-P(TMC-DTC)-PAsp in
DMSO at 80 mg/mL. Sulfasalazine was dissolved in 0.1 mM NaOH at
20 mg/mL and then diluted with HEPES buffer (pH 6.8, S mM) to a
concentration of 1.5 mg/mL (stock solution B). Then Ce** and Ce*
mixture (at 3/7 mass ratio, final conc.: 0.14 mg/ mL) was blended to
450 uL stock solution B, to which 50 uL solution A was added under
mild stirring. After overnight incubation at 37 °C, the obtained SSZ/
Ce-Some was subject to purification via dialysis (MWCO: 3500 Da)
against HEPES buffer (S mM, pH 7.4) to obtain self-cross-linked drug-
loaded polymersomes. Polymersomes loaded with only SSZ or only Ce
ions were prepared (SSZ-Some and Ce-Some) as control using
identical method. The size, size distribution, morphology, element
compositions, and drug loading were measured using DLS, TEM,
elemental mapping, ICP-oes, UV, XPS and XRD. The stability of SSZ/
Ce-Some after storage at 4 °C for 6 weeks were investigated by tracking
changes in size and size distribution and Ce retention.
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2.2. In Vitro ROS Scavenging Experiments

Scavenging capacity of -OH was assessed using TMB oxidation assay
under inflammatory-mimicking condition. Briefly, FeSO, (1 mM) and
H,0, (2 mM) were mixed in sodium acetate buffer (pH 4.5, 0.5 mM),
and TMB (25 mM) was added and oxidized to turn a blue color. Then
SSZ/Ce-Some, SSZ-Some, Ce-Some, CeNPs (Ce equiv. conc.: S pg/
mL, SSZ/Ce = 10/1) and PBS were added under stirring, and after 3
min, the absorption at 650 nm was measured by UV—vis (n = 3).
Scavenging capacity was calculated based on the absorbance of samples
(As) compared to control (Ac, without samples) according to the

L) x 100.
Ab — As

For the following experiments, SSZ/Ce-Some was used at Ce conc.
of S ug/mL (SSZ/Ce = 10/1) if not stated otherwise.

Scavenging capacity of a superoxide anion (O,*”) was evaluated
using the WST-8 method. Briefly, WST-8 and xanthine oxidase was
mixed to produce a water-soluble formazan, and SSZ/Ce-Some or
control samples were added as above (1 = 3). After incubation for 30
min, the absorbance at 450 nm was measured, and scavenging capacity
was calculated as above.

H,0, scavenging, CAT-like and SOD-like activities of SSZ/Ce-
Some were measured using a hydrogen peroxide assay kit, CAT kit and
SOD kit according to the manuals, respectively (n = 3). The definition
of one CAT activity unit (1 U) is the amount of enzyme that catalyzes
the decomposition of 1 gmol of H,O, per minute at 25 °C and pH 7.0.
The definition of one SOD activity unit (1 U) is the amount of enzyme
that achieves 50% inhibition of the reaction rate in a specific xanthine
oxidase-coupled reaction system.

To evaluate intracellular oxygen production capacity, BMDMs were
seeded in six-well plates (1x10°/well) overnight before stimulation
with LPS (1 ug/mL) for 12 h. Oxygen probe RDPP and SSZ/Ce-Some
were added. After 4 h incubation in the dark at 37 °C, cells were
measured using flow cytometry and analyzed using Flowjo (1 = 3).

following formula: scavenging capacity(%) = (1 -

2.3. In Vitro RNS Scavenging Capacity

Intracellular RNS (NO) clearance was assessed by using DAF-FM-DA
as a probe. BMDMs seeded in 24-well plates (1X10°/well) were
incubated overnight before LPS stimulation (1 yg/mL) for 12 h. SSZ/
Ce-Some or controls were added to incubate for 4 h. Then DAF-FM-
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DA was added and incubated for 30 min at 37 °C in the dark. Cells were
imaged using fluorescence microscopy and semiquantified (n = 3).

2.4. In Vitro Cellular Uptake of SSZ/Ce-Some by BMDMs

To study the internalization in macrophages, CyS-labeled SSZ/Ce-
Some was prepared similarly as in Section 4.1 except that 0.5 wt % Cy5-
labeled PEG-P(TMC-DTC) was premixed with 99.5 wt % PEG-
P(TMC-DTC)-PAsp. BMDMs were cultured overnight in a 6-well
plate (1x10%/well) and treated with PBS or LPS (100 ng/mL)/IFN-y
(10 ng/mL) for 12 h to acquire MO macrophages (MOM) or Ml
macrophages (MIM). Then, CyS-labeled SSZ/Ce-Some (Ce: S ug/
mL, SSZ: S0 pg/mL, Cy5:0.1 ug/mL) was added to incubate at 37 °C
(n=3).At2,4, or 12 h, cells were washed twice with PBS, resuspended
in 500 L of PBS, and immediately measured using a flow cytometer.

For the endocytic pathway study, M1M were added respectively with
endocytosis inhibitors, nystatin, genistein, amiloride, wortmannin,
chlorpromazine and dynasore at 37 °C. After incubation for 1 h, CyS-
labeled SSZ/Ce-Some was added and incubated for 4 h without
changing the medium. Cells were collected, washed twice with PBS,
resuspended in 500 yL of PBS, and immediately measured using a flow
cytometer. MIM directly treated with PBS, CyS-labeled SSZ/Ce-Some
or nonlabeled SSZ/Ce-Some, as well as M1M directly treated with CyS-
labeled SSZ/Ce-Some at 4 °C were studied for comparison. Using the
same schedule, the endocytic pathway of CyS-labeled SSZ/Ce-Some by
MOM was studied.

2.5. Anti-Inflammatory Effects and Immune Regulation In
Vitro

BMDMs cultured in 12-well plates (1x10°/well) were stimulated with
LPS (100 ng/mL) and IFN-y (10 ng/mL) for 1 h. SSZ/Ce-Some, Ce-
Some, SSZ-Some (Ce: S ug/mL, SSZ: 50 ug/mL) and PBS were added
and incubated at 37 °C for 24 h (n = 3). Unstimulated cells served as
negative control. Culture media were collected to measure the
concentrations of IL-6, TNF-q, and IL-10 using ELISA kits. Cells
were detached and labeled with anti-CD11b, anti-F4/80, and anti-
CD206 antibodies. Flow cytometry was performed to analyze the M1/
M2 ratio (M1IM: CD206; M2M: CD206%).

BMDCs seeded in 12-well plates (1x10°/well) were stimulated with
LPS (100 ng/mL) for 1 h. SSZ/Ce-Some, Ce-Some, SSZ-Some, and
PBS were added and incubated at 37 °C for 11 h (n = 3). Culture media
were collected for quantification of cytokines using ELISA kits and cells
were labeled with anti-CD1lc and anti-CD86 antibodies for flow
cytometry measurement of activated CD86DCs.

2.6. Deposition in Inflamed Colonic and Biodistribution of
SSZ/Ce-Some in UC Mice

All animal experiments were performed in accordance with the
Guidelines for Care and Use of Laboratory Animals of Soochow
University (P.R. China) and approved by the Animal Ethics Committee
of Soochow University (approval numbers: 202412A1008,
202508A0096).

The acute ulcerative colitis (UC) models were built in CS7BL/6
mice by giving 3% DSS solution as drinking water for five successive
days. Mice were injected intraperitoneally with a single CyS-labeled
SSZ/Ce-Some (200 uL, 0.2 ug CyS/mouse). At 4, 10, and 24 h
postinjection, mice were sacrificed. Colonic tissues, main organs, and
mesenteric lymph nodes (MLN) were isolated (n = 3). After PBS
washing, ex vivo imaging was performed using IVIS imaging system and
fluorescence intensity were semiquantified. Colonic tissues were
prepared to obtain single cell suspensions, and stained with anti-
CD45, anti-CD11b, anti-F4/80, anti-CD206, anti-CD86, or anti-
CDlIc to determine the uptake of SSZ/Ce-Some and activation of
immune cells.

In a separate group, at 24 h postinjection, colon and MLN were
sectioned and stained with anti-F4/80 and DAPI antibodies to reveal
the localization of SSZ/Ce-Some.

2.7. SSZ/Ce-Some Treatment of UC Model

UC models were given 3% DSS water (starting from day 0) for S days,
and on days S, 7,9, and 11, SSZ-Some (10 mg/kg), Ce-Some (0.5 mg/
kg), Ce-Some (2 mg/kg), SSZ/Ce-Some (Ce/SSZ: 0.5/10 mg/kg), or
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SSZ/Ce-Some (Ce/SSZ: 2/10 mg/kg) were injected intraperitoneally
(n = 4). PBS-treated mice and healthy mice served as controls. Body
weight was monitored daily, and the disease activity index (DAI) was
calculated based on weight loss percentage, stool consistency, and
presence of rectal bleeding, as reported in the literature.'” Mice were
sacrificed on day 12, and colon was photographed and measured. Colon
tissue (100 mg) was homogenized for 10 min, and added to 500 uL lysis
buffer (containing 1% Triton X-100). After centrifugation (1000 rpm, S
min), supernatant was used for cytokine quantification (TNF-a, IL-6,
IL-1f, IL-10) using ELISA. The remaining tissue was fixed in 4%
paraformaldehyde, paraffin-embedded, sectioned, and stained with
hematoxylin—eosin (H&E), myeloperoxidase (MPO), and tight
junction protein antibodies (zonula occludens-1 (ZO-1) and occludin)
for pathological analysis.

2.8. SSZ/Ce-Some Treatment of TNBS-Induced CD Models

Chronic Crohn’s Disease (CD) models were established according to a
reported method but with modifications.* Briefly, C57BL/6 mice were
presensitized by topical application of 1% TNBS in ethanol/PBS
solution to the shaved dorsal skin to prime hapten-specific immune
responses and develop chronic intestinal inflammation. One week later,
anesthetized mice received weekly, via a 8 cm catheter in the rectum,
intrarectal administration of 100 uL TNBS for 6 weeks at increasing
concentrations of 0.75%, 1.5%, 2.5%, 2.5%, 2.5%, and 2.5%, respectively
(n=S5). After each injection, mice were inverted for 1—3 min to prevent
fluid leakage.

During the induction process, at 24 and 72 h after the third, fourth,
fifth, and sixth intrarectal TNBS administration, mice received oral
gavage of 400 yL SSZ/Ce-Some@gel (Ce/SSZ equivalent dose: 2/10
mg/kg) (n=35). CD mice receiving only PBS and healthy mice without
treatment were used as controls. Body weight and DAI were recorded
daily to assess disease severity. On day 50, mice were euthanized and
main organs were collected, and colons were photographed and
measured. About 1 cm distal colonic segments were excised at 1 cm
proximal to the anal verge, and processed for histopathological
evaluation, including H&E staining, MPO immunohistochemistry,
and immunofluorescence staining for ZO-1 and occludin. Inflamed
colonic tissues (100 mg) were homogenized, and subject to lysis. After
centrifugation, supernatant was used for cytokine quantification (TNF-
a, IL-6, IL-10) by ELISA. Colon, MLNSs and spleen were prepared for
single cell suspension, and macrophages (anti-CD11b, anti-F4/80, anti-
CD206), DCs (anti-CD11c, anti-CD80, anti-MHCII), B cells (anti-
CD69, anti-B220), Tregs (anti-CD3, anti-CD4, anti-CD2S, anti-
Foxp3) and Thl (anti-CD3, anti-CD4, anti-CXCR3) were labeled
with corresponding antibodies.

2.9. Statistical Analysis

Data are presented as mean =+ standard deviation. Data were processed
and analyzed using GraphPad Prism 9.0. Mouse survival was analyzed
using the log-rank (Kaplan—Meier) test. Group differences were
assessed by one-way ANOVA followed by Tukey’s multiple comparison
test or Student’s  test. Statistical significance was set as *p < 0.05, **p <
0.01, ***p < 0.001, and ****p < 0.0001 as highly significant
differences.

3. RESULTS AND DISCUSSION

3.1. Preparation and Physicochemical Characterization of
SSZ/Ce-Some

SSZ/Ce-Some was constructed by coassembling PEG-P(TMC-
DTC)-PAsp with cerium ions and SSZ in HEPES buffer (pH
6.8, S mM), during which multivalent coordination between
cerium ions with carboxylate groups of poly(aspartic acid)
segment and SSZ occurred concurrently with disulfide cross-
linking within polymersomal membrane. This one-pot assembly
yielded stable vesicular nanostructures capable of simulta-
neously accommodating redox-active cerium ions and a
clinically approved small-molecule drug. Control formulations
containing only SSZ (SSZ-Some) or cerium ions (Ce-Some)

https://doi.org/10.1021/acs.biomac.6c00702
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Table 1. Characteristics of SSZ/Ce-Some (n = 3)

Ce loading SSZ loading
sample DLC? wt % DLE” % DLC® wt % DLE® % size (nm)
$SZ/Ce-Somel/$S 15 84.6 7.2 86.4 25.0
$SZ/Ce-Somel/10 L5 83.8 15.8 87.2 25.0
$SZ/Ce-Somel/20 LS 83.8 23.1 85.6 25.0
Ce-Some 1.5 85.7 33.0
$SZ-Some 83 86.4 24.0

PDI®

0.1
0.1
0.1
0.1
0.1

zeta potentiald(mV)
=55

—0.1

“Determined by ICP-OES. *Measured by UV. “Determined by DLS at 25 °C in HEPES (5 mM, pH 7.4). “Determined by Zetasizer Nano-ZS at 25
°C in in HEPES (5 mM, pH 7.4).
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Figure 1. Characterization of SSZ/Ce-Some. Size distribution determined using (A) DLS and (B) TEM (scale bar: S50 nm). (C) STEM-EDS mapping
of SSZ/Ce-Some. (D) XPS patterns of SSZ/Ce-Some and high-resolution spectra of (E) Ce 3d and (F) O 1s. (G) XRD spectra of SSZ/Ce-Some, Ce-
Some and empty polymersomes. (H) Drug release profiles of SSZ and Ce ions under various conditions (1 = 3). Scavenge efficacy of (I) *OH, (J) O,~*
and (K) H,0,, as well as (L) SOD-like and (M) CAT-like catalytic activities of SSZ/Ce-Some. (N) Intracellular hypoxia levels of BMDM treated with
SSZ/Ce-Some. Scavenging of (O) ABTS and (P) DPPH. (Q) Intracellular NO levels of BMDM treated with SSZ/Ce-Some.

were prepared using identical protocol. Previous investigations

have confirmed the vesicular structure of the small nanoparticles

formed from PEG-P(TMC-DTC)-PAsp triblock copolymers
with PAsp repeating units of 5 to 10 and 15, with Cryo-TEM
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Figure 2. In vitro redox immune modulation in macrophages and DCs (n = 3). (A) Viability and (B) internalization of MOM and M1M treated with
SSZ/Ce-Some. (C) Endocytotic pathway study of SSZ/Ce-Some in MIM (n = 3). (D) Flow cytometric plots and (E) proportions of M1M, (F)

M2M/MI1M ratio, and levels of (G) IL-6, (H) TNF-q, and (I) IL-10 secreted by BMDMs at 24 h incubation with SSZ/Ce-Some. (J) Ilustration of

SSZ/Ce-Some’s dual-action on M1M. (K) Proportions of mDCs and secretion of (L) IL-6, (M) TNFaq, and (N) IL-10 of DCs at 24 h incubation with
SSZ/Ce-Some. Ce-Some, SSZ-Some, and PBS were used as controls. Ce conc.: 5 ig/mL, SSZ conc.: 50 ug/mL.

images showing diameters decreasing from 29 nm to 21 and 16
nm for and static light scattering measurements showing R./Ry,
values ranging from 0.92 to 0.99, in accordance with a vesicular
structure.”!

By varying the Ce/SSZ mass ratio (1/5,1/10 to 1/20) at a

fixed cerium content and a predefined Ce**/Ce*" ratio (3/7),

4738

SSZ/Ce-Some showed high and reproducible loading efficacies
for both SSZ and cerium (~85%), corresponding to SSZ loading
content of up to 23.1 wt % and cerium loading content of 1.5 wt
% (Table 1). DLS measurements showed that SSZ/Ce-Some
had an average size of 24 nm (PDI of 0.1) and a slightly negative
surface potential (—5.5 mV). TEM images confirmed the
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formation of small spherical vesicles (Figure 1A,B, Table 1).
STEM-EDS elemental mapping results revealed homogeneous
distribution of C, O, S, and N throughout the nanostructure
(Figure 1C). SSZ-Some and Ce-Some had comparable drug
loading contents, particle sizes, and zeta potentials as SSZ/Ce-
Some (Table 1), and used as control groups in subsequent
experiments. To illustrate how Ce ions interact with polymer,
FT-IR and UV—vis measurements of Ce-Some were performed.
FT-IR spectra showed that the characteristic peaks of Ce-Some
at 1277 cm™ (vC—OH) and 920 cm™' (vO—H) exhibited
reduced intensities compared to empty vesicles (Figure S1A),
and the UV spectrum of Ce-Some displayed a new peak in the
range of 250—290 nm (Figure S1B), both ascribable to the
coordination of the carboxyl groups of copolymers with Ce ions.
The stable coordination between cerium and carboxyl groups,
which has been reported in multiple studies,?” rather than mere
salt loading, ensures the stability of the cerium loading within
polymersomes, preventing early leakage. Moreover, XPS
deconvolution of Ce 3d peaks confirmed the coexistence of
Ce’*/Ce*" species at the designed ratio (ca. 3:7), and O Is
spectra feature supported coordination interactions (Figure
ID—F). Notably, the absence of characteristic crystalline
diffraction peaks in XRD patterns for SSZ/Ce-Some and Ce-
Some (Figure 1G) verifies the noncrystalline, atomically
dispersed nature of cerium species within SSZ/Ce-Some.

SSZ/Ce-Some remained colloidally stable with minimum
cerium leakage after prolonged storage at 4 °C for 1 month or
incubation in media containing 10% FBS (Figure S2).
Interestingly, SSZ was released quickly under acidic/oxidative
conditions (pH 6.0, 3% H,0,) and reductive conditions (pH
7.4, 10 mM GSH), mimicking an inflamed intestinal micro-
environment and intracellular cytosolic conditions, respectively,
contrasting to the significantly more stable retention of cerium
ions (Figure 1H). Such a stimulus-responsive profile is
advantageous for localized drug action while maintaining
systemic stability.

3.2. Integrated ROS and RNS Scavenging and Antioxidant
Capacity of SSZ/Ce-Some

Oxidative and nitrosative stress constitute intertwined patho-
logical drivers in inflamed colons. We therefore evaluated the
capacity to neutralize representative ROS and RNS. SSZ/Ce-
Some exhibited efficient scavenge ability of *OH and O,*”
comparable to that of Ce-Some but significantly superior to SSZ-
Some and the cerium oxide nanoparticle (CeNPs); while for
H,0, decomposition, SSZ/Ce-Some outperformed both
monotherapies (Figure 11-K). These results underscore the
catalytic advantage conferred by atomically dispersed cerium
centers. Consistent with its efficient elimination of O,*” and
H,0,, SSZ/Ce-Some displayed robust SOD- and CAT-like
catalytic activities (Figure 1L,M). In particular, it exhibited a
synergistically enhanced H,0, decomposition and CAT activity.
Furthermore, SSZ/Ce-Some as a nanozyme exhibited superior
stability and durability compared to natural enzymes. The
activity of natural enzymes decreased significantly both at 4 and
37 °C, while SSZ/Ce-Some maintained high CAT-like and
SOD-like activity (above 90% of original value) after a 7 day
storage (Figure S3A,B). SSZ/Ce-Some also kept high CAT- and
SOD-like activities in serum solutions (Figure S3C,D).
Correspondingly, pronounced oxygen generation was observed
within the M1 phenotype of BMDMs (M1M), a representative
in vitro inflammatory model (Figure IN). This feature is
particularly relevant to inflamed colonic tissues, where hypoxia
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exacerbates epithelial injury and immune activation.””** SSZ/
Ce-Some also exhibited the highest clearance efficiencies for
stable radicals ABTS** and DPPH"* (Figure 10,P), suggesting
enhanced broad-spectrum radical-scavenging capacity.

Furthermore, the broad free-radical-quenching capability
associated with RNS regulation was assessed by examining the
intracellular NO levels in MIM using DAF-FM DA staining.
Inflammatory stimulation induced strong NO-associated
fluorescence, indicating excessive intracellular NO accumula-
tion. Remarkably, SSZ/Ce-Some most effectively suppressed
intracellular NO signals, substantially exceeding both Ce-Some
and SSZ-Some (Figure 1Q, Figure S4), confirming that its
radical-scavenging capability can be translated into biologically
relevant regulation of RNS and nitrosative stress in inflamma-
tory cells. It is noted that SSZ-Some exhibited weaker
scavenging activity against *OH, O,°~ and DPPH?®, comparable
activity against H,0,, and much higher activity against ABTS®**
as compared to Ce-Some. Remarkably, coencapsulation of SSZ
and Ce ions within a single polymersome, SSZ/Ce-Some,
achieved complementary scavenging of multiple free radicals,
thus broadening the scavenging spectrum of ROS and RNS.
This finding is fully demonstrated by the superior comprehen-
sive effects of SSZ/Ce-Some in intracellular oxygen generation
and NO scavenging assays.

The concurrent clearance of both O,*” and NO is of
particular importance in the context of IBD, because these two
species can rapidly react to generate peroxynitrite (ONOO™),
which is one of the most destructive RNS in inflamed intestinal
tissues, and is known to induce protein nitration, lipid
peroxidation, and mitochondrial dysfunction, thereby disruptin
epithelial barrier integrity and delaying mucosal repair.”>~>
Collectively, these results indicate that SSZ/Ce-Some broadens
redox coverage beyond conventional ROS-centered antioxidant
strategies and may provide a more comprehensive means of
controlling oxidative—nitrosative stress in IBD.

3.3. Regulation of Pro-Inflammatory Macrophages and
Dendritic Cells In Vitro

Macrophages exposed to inflammatory cues are major sources
and amplifiers of RONS in IBD. Using LPS-stimulated BMDMs
as an in vitro model, we evaluated the immunomodulatory
effects of SSZ/Ce-Some under inflammatory conditions. SSZ/
Ce-Some induced pronounced, dose-dependent cytotoxicity
toward M1 macrophages (M1M) that predominate at inflamed
sites, reducing cell viability to 48% at SSZ of 100 yug/mL (Ce: 10
ug/mL; Figure 2A), while minimal effect was observed on naive
macrophages (MOM) or intestinal epithelial cells (Figure 24,
Figure SS), demonstrating a favorable safety profile. Cellular
uptake studies revealed preferential internalization of Cy5-
labeled SSZ/Ce-Some by MIM relative to MOM (Figure 2B),
consistent with their heightened phagocytic activity”® and high
cytotoxicity to M1M. Endocytosis inhibition experiments
revealed that SSZ/Ce-Some uptake involved multiple pathways,
including caveolae-mediated, clathrin-mediated, and macro-
pinocytotic processes (Figure 2C, Figure S6), and the
internalization was markedly suppressed upon dynamin
inhibition and nearly eliminated at 4 °C, confirming an active,
highly energy-dependent internalization mechanism.

Beyond direct cytotoxicity, at subcytotoxic concentrations,
§$SZ/Ce-Some exhibited a great capacity of repolarizing M1IM to
M2-like reparative phenotype (M2M), showing a reduced
proportion from 59.3% to 19.8% and the highest M2M/M1M
ratio (1.5—2-fold higher than monotherapies) (Figure 2D—F).
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Figure 3. Therapeutic efficacy of SSZ/Ce-Some in UC models (n = 5). (A) Treatment scheme (Ce doses: 0.5 or 2 mg/kg; SSZ dose: 10 mg/kg).
Changesin (B) body weight and (C) disease activity index during the treatment. (D) Length (data are shown as mean + SEM) and (E) photographs of
colons. Contents of (F) IL-15, (G) IL-6, (H) TNFa and (I) IL-10 in colon tissues on day 12. (J) Pathological images of inflamed colon slices stained
with H&E, MPO, ZO-1 and occludin (scale bar: 200 ym).

Concurrently, this phenotypic shift was accompanied by marked 2G-I), confirming relieved inflammation, which consequently
suppression of pro-inflammatory cytokines (IL-6, TNF-a) and reduce RONS generation and epithelial barrier damage.””*
elevation of anti-inflammatory reparative cytokine IL-10 (Figure These results illustrate that SSZ/Ce-Some elicits dual-action on
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Figure 4. Colonic deposition of SSZ/Ce-Some and M1M repolarization upon i.p. injection (n = 3). (A) Experimental schedule in IBD mouse models.
(B) Ex vivo images and (C) semiquantification of colon average fluorescence with time (n = 3). (D) Percentage of CyS* cells in total colonic cells. (E)
Counts of macrophages (CD11b*F4/80") in CD45" cells and (F) their CyS* cell proportions. (G) Counts of CD11c" cells in CD4S* cells and (H)
their CyS* cell proportions. CyS* cell contents in (I) MIM and (J) M2M. (K) M2M/M1M ratio and (L) contents of mature DCs in colons at 24 h
postinjection. Immunostaining CLSM images of (M) MLN and (N) colon tissues of IBD mice received i.p. injection of CyS-labeled SSZ/Ce-Some
(FITC-labeled F4/80" antibody stained macrophages, DAPI stained nuclei, scale bars: S0 ym).

MIM: direct selective cytotoxicity and modulation into pro-
reparation M2M via potent antioxidant activity and hypoxia
mitigation (Figure 2]).

In parallel, SSZ/Ce-Some significantly attenuated dendritic
cell (DC) maturation, reducing the proportion of CD86*DCs
(mDC) and associated inflammatory cytokine IL-6 and TNF-a
secretion (Figure 2K—N). mDCs, as key antigen-presenting
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cells, play important roles in inflammation and showed great
activation in LPS-stimulated model group.”’ These results
indicate that SSZ/Ce-Some modulates the inflammatory
immune microenvironment and disrupts key cellular circuits
that perpetuate inflammatory signaling in IBD through
coordinated redox regulation and immune cell reprogramming
rather than through a single cytotoxic mechanism.
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Figure S. Therapeutic efficacy of SSZ/Ce-Some in TNBS-induced chronic CD model via oral administration with a mucoadhesive gel (n = 5). (A)
Schematic formation of SSZ/Ce-Some embedded hydrogel SSZ/Ce-Some@gel (Ce dose: 2 mg/kg; SSZ dose: 10 mg/kg in each SO uL hydrogel). (B)
CD model established and treatment scheme. Changes in (C) body weight and (D) DAI during the treatment. (E) Length, (F) photographs, and (G)
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3.4. Therapeutic Activity and Barrier Protection of
SSZ/Ce-Some in UC Models

The in vivo therapeutic performance of SSZ/Ce-Some was
evaluated in 3% DSS induced acute UC models (Figure 3A).
SSZ is commonly administered orally in clinical practice, but its
oral bioavailability is relatively low (10—15%), necessitating
high doses (3—4 g daily) and thereby increasing the incidence of
adverse effects. This study thus explored the in vivo therapeutic
efficacy of SSZ/Ce-Some following intraperitoneal (i.p.)
administration. PBS mice started diarrhea and lost body weight
from day 4, showing a rapidly increased disease activity index
(DAI). In contrast, all i.p. administered nanoformulations led to
body weight recovery and DAI decline from day 8 (Figure
3B,C). In particular, SSZ/Ce-Some 2/10 group exhibited the
least variations in body weight and DAI with the fastest recovery,
resumed a healthy status from day 11. Colon shortening, as a key
feature of colitis (PBS colons: ~4.5 cm; healthy colons: ~7.8
cm), was significantly alleviated by SSZ/Ce-Some in a Ce-
content-dependent manner and was basically prevented by SSZ/
Ce-Some 2/10 treatment (Figure 3D,E). Analysis of colonic
cytokines revealed that substantial decreases in IL-6, IL-1/ and
TNEF-a, alongside recovery of reparative IL-10 levels, also in a
Ce content-dependent manner. Again, SSZ/Ce-Some 2/10
group regulated the secreted cytokines to near-physiological
levels (Figure 3F—I). These results collectively illustrate that
among all test formulations, SSZ/Ce-Some 2/10 exhibited the
most pronounced therapeutic benefit, restoring clinical
parameters to near-healthy levels.

Colonic injury to epithelial cells and mucosal barrier is a key
pathological feature of IBD, and is highly challenging to reverse
or prevent. Here, our histopathological examination demon-
strated preservation of nearly intact mucosal architecture and
crypt morphology, and minimal inflammatory infiltration in
SSZ/Ce-Some-treated mice, contrasting severe epithelial
damage and unresolved inflammation (MPO) in PBS group
(Figure 3]). Monotherapies only partially restored mucosa but
could not rescue crypt morphology. Immunofluorescence
staining further confirmed restoration of tight junction proteins
Z0-1 and occludin, verifying the successful barrier repair.
Furthermore, H&E staining images showed no obvious toxicity
in the major organs of mice after SSZ/Ce-Some treatment
(Figure S7). The suppression of tissue-disruptive peroxynitrite
species by SSZ/Ce-Some, via concurrent clearance of super-
oxide and NO, as well as oxygen-generating capability, may be
particularly beneficial for limiting epithelial damage and
facilitating barrier restoration.

3.5. Colonic Accumulation and Immune Cell Engagementin
UC Models upon i.p. Injection

Deposition of CyS-labeled SSZ/Ce-Some within inflamed
colons of UC models following i.p. injection was then
investigated (Figure 4A). The ex vivo imaging illustrated a
preferential accumulation at inflammatory sites at 4 h with
sustained retention up to 24 h (Figure 4B,C). Such high
accumulation and prolonged retention at inflamed colons
ensured potent treatment efficacy in Figure 3. Flow cytometry
analysis to identify the types of cells internalizing SSZ/Ce-Some
confirmed the increasing association of SSZ/Ce-Some with
immune cell populations in the colon, particularly macrophages
(CD11b*F4/80%) and CD11c* cells. SSZ/Ce-Some uptake
proportion in total colonic cells increased ca. 3.5-fold from 0 to
24 h (Figure 4D), and their internalization in macrophages and
CD11c" cells increased ca. 4-fold (Figure 4E—H), despite nearly

4743

constant total populations. It was reported that CD11b"F4/80"
cellsand CD11c" cells account for 30—40% and 15—30% in IBD
mice, respectively.”> While accumulation in both MIM and
M2M were augmented with time (Figure 41]), at 24 h the
M2M/MIM ratio resulted in ca. 2.5-fold elevation, revealing the
in vivo repolarization capacity of SSZ/Ce-Some (Figure 4K).
Concurrently, colonic-activated CD86'CD11c" cells were
significantly reduced (Figure 4L). It is known that CD11c"
cells include DCs and inflamed monocytes and small-intestine-
specific cDC subsets at the mucosal surface or crypt base in
inflammatory colons, and these cDCs can be reprogrammed to
sustain inflammation by bacterial products and pro-inflamma-
tory cues to favor Th1/Th17 responses.””

To study transport pathways of SSZ/Ce-Some following i.p.
administration, we examined colons and mesenteric lymph
nodes (MLN) that play an important role in the occurrence and
progression of IBD.** Histological immunofluorescence imag-
ing revealed the abundance of macrophages (green) and their
high colocalization with SSZ/Ce-Some (red) in MLN slices at
24 h (Figure 4M). In colon sections, one side displayed many
macrophages containing SSZ/Ce-Some, presumably the side
proximal to MLN, while on the opposite side many dispersed
SSZ/Ce-Some (white arrows) but scarce macrophages were
observed (Figure 4N). Dispersed SSZ/Ce-Some were present at
both sites and within colons. Accordingly, SSZ/Ce-Some was
delivered to colonic lesions possibly through both macrophage-
mediated transport and passive trans-serosal migration, enabling
rapid enrichment and retention at inflamed sites for synergistic
action of suppressing inflammation. It is noted that macrophage-
mediated transport strategy has been applied for drug delivery.
In most of these studies, however, macrophages were employed
either as passive carriers that sequester nanoparticles or as ex
vivo-engineered cellular vehicles.”> " In this study, unlike ex
vivo adoptive transfer, which is limited by complex manufactur-
ing and impaired cell homing, SSZ/Ce-Some employs an in vivo
hitchhiking strategy. Anatomically, the peritoneal cavity
provides an abundant reservoir of macrophages that naturally
migrate to inflamed colonic niches. Following i.p. adminis-
tration, SSZ/Ce-Some may be taken up by peritoneal macro-
phages, and these cells subsequently migrate to inflamed tissues
via the lymphatic or blood circulation.

3.6. Oral SSZ/Ce-Some@gel Restores Inmune Homeostasis
in Chronic Crohn’s Disease Models

SSZ/Ce-Some therapy was further evaluated in a clinically
relevant, refractory chronic TNBS-induced Crohn’s Disease
(CD) model. CD as an autoimmune disease is characterized by
multifactorial pathogenesis involving genetic susceptibility,
immune dysregulation, and microbiota imbalance.>® TNBS
induces a Thl-dominated immune response and specifically
causes transmural inflammation, successfully recapitulating the
core pathological features of CD patients.” Current therapies,
including immunosuppressants and biologics, induce variable
therapeutic response, but recurrence is almost inevitable.*’ SSZ/
Ce-Some was incorporated into a mucoadhesive oral hydrogel
(SSZ/Ce-Some@gel) for prolonged retention in inflamed
colons (Figure SA). The hydrogel was based on rapid gelation
of functionalized hyaluronic acid and alginate through dynamic
Schiff-base formation, and demonstrated shear-thinning, acid-
resistant and colonic targeting properties (Figure S8).

Chronic CD models were established with stepwise-increased
TNBS induction once a week for successive 7 weeks according
to a reported protocol’® with modifications (Figure SB). After
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each intrarectal TNBS induction, body weight of PBS mice
dropped about 15% within 3 days but regained to 80—85% of
initial value in 4 days. By day 50, body weight reached 90% of
initial value, and DAI scores fluctuated accordingly (Figure
SC,D). These fluctuations effectively recapitulate the chronic
and relapsing disease course of CD patients, characterized by
alternating active and remission phases in clinical settings.
Remarkably, oral administrations of SSZ/Ce-Some@gel
achieved amazing therapeutic outcomes and kept the fluctua-
tions much closer to healthy ranges: body weight came back to
100% and DAI was reduced to zero, resuming the healthy state
(Figure SC,D). Colonic length and status largely maintained
healthy state, contrasting with the progressive deterioration in
PBS group (Figure SEJF). Colonic local cytokine levels
demonstrated that TNF-a and IL-6 were decreased by 3~4-
fold, while IL-10 was increased over 8-fold compared to PBS
group, reflecting the extraordinary anti-inflammation and
reparative ability (Figure SG).

Immune profiling confirmed an extensive remodeling of both
local and systemic immune landscape. SSZ/Ce-Some@gel
treatment demonstrated that proinflammatory environment
was favorably regulated, showing significant increase in M2M
and suppression of activated DCs and B cells (Figure SH).
Strikingly, Treg (CD25*Foxp3*CD4") proportion was ex-
panded 3.9-fold as compared to PBS group. Treg is considered
the most important cells in regulating the tolerant immune
environment and maintaining colon homeostasis."”' Moreover,
in MLN and spleen, SSZ/Ce-Some@gel treatment also
displayed the highest increment in M2M and Treg and the
most suppressed levels of activated DCs and B cells (Figure SI,
Figure S9). Thl cells secrete IFN-y and GM-CSF to clear
intracellular pathogens via activation/recruitment of monocytes,
macrophages and DCs.*” Interestingly, our treatment signifi-
cantly reduced systemic Th1 contents to a healthy level. These
data further underscore the systemic impact of localized oral
therapy, favoring a durable IBD control. Such immune
reprogramming may benefit from the remodeling of inflamma-
tory redox microenvironment, as excessive RONS are known to
sustain pro-inflammatory activation of myeloid cells.

Histological analyses confirmed the inflammation resolution
and nearly complete recovery of colonic tissue architecture and
function, with tight junction protein expression and histological
score resembling the healthy group (Figure SJ—L). Further-
more, blood biochemistry and hematology analysis showed that
all parameters in the SSZ/Ce-Some@gel group had no
statistically significant differences compared with the healthy
control (Figure S10). These data pinpoint that the oral SSZ/Ce-
Some@gel regulated the local and systemic immune landscape,
re-established immune tolerance and tissue integrity in chronic
intestinal inflammation, leading to long-term successful out-
comes in CD models. This extraordinary therapeutic eflicacy
further suggests that regulation of nitrosative stress may be
particularly relevant in persistent intestinal inflammation, where
sustained NO overproduction and oxidative—nitrosative im-
balance contribute to ongoing tissue injury and impaired
mucosal restitution.

4. CONCLUSION

We have developed SSZ/Ce-Some as a redox-regulating and
mucosa-protective nanotherapeutic by integrating sulfasalazine
with cerium ion-based polymersomes for the treatment of
inflammatory colitis. SSZ/Ce-Some not only extended anti-
oxidant intervention from conventional ROS scavenging to
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coordinated ROS/RNS detoxification, but also coupled this
redox-regulating capacity with inflammatory immune-cell
suppression and colonic barrier protection. As a result, SSZ/
Ce-Some displayed potent therapeutic efficacy in both acute and
chronic colitis models. After intraperitoneal administration,
SSZ/Ce-Some preferentially accumulated in inflamed colons
with prolonged retention, markedly alleviated inflammation, and
rapidly controlled acute ulcerative colitis. In chronic Crohn’s
disease, oral administration of SSZ/Ce-Some in a mucoadhesive
hydrogel enabled sustained topical therapy, reduced disease
activity, and promoted immune re-education toward a
tolerance-associated direction. These findings highlight that
rationally integrating clinically used drugs with redox-active
nanomedicines may provide an effective strategy to overcome
persistent oxidative—nitrosative injury and barrier dysfunction
in refractory IBD.
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