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Abstract

Background Ulcerative colitis (UC) is defined by persistent inflammatory processes within the gastrointestinal
tract of uncertain etiology. Current therapeutic approaches are limited in their ability to address oxidative stress,
inflammation, barrier function restoration, and modulation of gut microbiota in a coordinated manner to maintain
intestinal homeostasis.

Results This study involves the construction of a metal-phenolic nanozyme (Cur-Fe) through a ferric ion-mediated
oxidative coupling of curcumin. Cur-Fe nanozyme exhibits superoxide dismutase (SOD)-like and «OH scavenging
activities, demonstrating significant anti-inflammatory and anti-oxidant properties for maintaining intracellular redox
balance in vitro. Drawing inspiration from Escherichia coli Nissle 1917 (EcN), a biomimetic Cur-Fe nanozyme (CF@

EM) is subsequently developed by integrating Cur-Fe into the ECN membrane (EM) to improve the in vivo targeting
ability and therapeutic effectiveness of the Cur-Fe nanozyme. When orally administered, CF@EM demonstrates a
strong ability to colonize the inflamed colon and restore intestinal redox balance and barrier function in DSS-induced
colitis models. Importantly, CF@EM influences the gut microbiome towards a beneficial state by enhancing bacterial
diversity and shifting the compositional structure toward an anti-inflammatory phenotype. Furthermore, analysis of
intestinal microbial metabolites supports the notion that the therapeutic efficacy of CF@EM is closely associated with
bile acid metabolism.

Conclusion Inspired by gut microbes, we have successfully synthesized a biomimetic Cur-Fe nanozyme with the
ability to inhibit inflammation and restore intestinal homeostasis. Collectively, without appreciable systemic toxicity,
this work provides an unprecedented opportunity for targeted oral nanomedicine in the treatment of ulcerative
colitis.
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Introduction

Ulcerative colitis (UC) is a non-specific inflammatory
bowel disease that affects the colon and rectum, char-
acterized by continuous and diffuse inflammation and
ulceration of the mucosal lining [1]. The prevalence of
UC is rapidly increasing with social progress, becoming a
global disease [2, 3]. The pathogenesis of UC is currently
unclear. The most widely accepted hypothesis is that a
combination of factors, such as genetic predisposition
[4], abnormal immune regulation [5-7], changes in the
intestinal microbiota [8, 9], and external environmental
stimuli [10, 11], contribute to a dysregulation of intestinal
homeostasis, which in turn triggers inflammatory bowel
disease. Currently, various therapeutic strategies are used
in clinical practice to alleviate clinical symptoms based
on the progression of UC. However, the high cost of
treatment and potential toxic side effects limit their long-
term use [12]. Moreover, relying on a single therapeutic
modality often does not yield optimal clinical outcomes
[13]. Therefore, synergistic treatment with multiple
interventions holds great promise for improving clinical
outcomes.

Curcumin, a natural polyphenolic compound, is widely
acknowledged for its inherent anti-inflammatory and
antioxidant properties, it is extensively utilized in the
food industry owing to its excellent biocompatibility
[14, 15]. However, its limited water solubility and low
bioavailability hinder its application in inflammatory
diseases [16]. The unique chemical structure of polyphe-
nolic active compounds enables them to form complexes
with metal ions, thereby enhancing their water solubility,
while metal-phenolic interactions exhibit catalytic prop-
erties [17, 18]. Compared with the disadvantages of high
price and poor stability of natural enzymes, nanozymes,
as a kind of nanomaterials with enzyme-like properties,
have been widely researched and applied due to their
many unique advantages [19], such as low cost, high sta-
bility, easy modification, and tunable catalytic activity
[20, 21]. Among them, antioxidant nanozymes can effec-
tively alleviate oxidative stress and inhibit inflammatory
responses, exhibiting promising therapeutic effects in the
treatment of ulcerative colitis [22, 23].

The anaerobic environment of the colon makes it the
region with the highest bacterial density and diversity in
the intestinal tract [24]. Oxidative stress, caused by an
imbalance between reactive oxygen species (ROS) and
antioxidant defense mechanisms, has been implicated in
the pathogenesis of UC [25]. Excessive ROS production
can lead to damage to the intestinal epithelial barrier,
promoting inflammation and exacerbating the symp-
toms of UC [26, 27]. The gut microbiota, as an important

component of intestinal microecology, may contribute
to potential alterations in disease states due to dramatic
changes in its structure and function. Remodeling the
composition of the gut microbiota and restoring the nor-
mal metabolic function of the microbiota are the current
therapeutic goals of probiotic agents [28—30]. As a pro-
biotic, Escherichia coli Nissle 1917 (EcN) is widely used
in the treatment of inflammatory bowel disease due to its
excellent antibacterial, anti-inflammatory, and gut micro-
biota-regulating properties [31].

Here, we have successfully synthesized a Cur-Fe nano-
zyme with anti-inflammatory and antioxidant properties
by complexing ferric ions with curcumin. Through in
vitro and in vivo experiments, we found that the Cur-Fe
nanozyme could alleviate the oxidative stress at inflam-
mation sites by scavenging ROS, while simultaneously
reducing the inflammatory response by down-regulating
the expression of pro-inflammatory cytokines and inhib-
iting the transformation of M1 macrophages. To enhance
the concentration of Cur-Fe nanozyme at inflammation
sites and prolong its therapeutic duration, we integrated
Escherichia coli Nissle 1917 membrane (EM) with Cur-
Fe nanozyme to create a biomimetic nanozyme CF@EM.
The anti-inflammatory and antioxidant effects of CF@
EM were further augmented by the intestinal coloniza-
tion of EM, leading to an increase in the abundance of
the beneficial bacterial genera such as Lactobacillus and
Muribaculum, and a decrease in the pathogenic genera
Clostridium-sensu-stricto and Escherichia-Shigella. Addi-
tionally, CF@EM regulated various active metabolites,
including secondary bile acids, to synergistically main-
tain the balance of intestinal microbiota composition and
restore normal levels of intestinal metabolites, thereby
achieving multi-targeted combination therapy. This strat-
egy holds broad clinical application prospects in the pre-
vention and treatment of UC (see Fig 1).

Materials and methods

Materials

Curcumin, FeCl;+6H,0, and polyvinylpyrrolidone were
purchased from Shanghai Macklin Biochemical Tech-
nology Co., Ltd (Shanghai, China). Triton X-100, TMB,
MTT, and LPS (from Escherichia coli O55:B5) were pur-
chased from Beijing Solarbio Science & Technology Co.,
Ltd (Beijing, China). Escherichia coli Nissle 1917 was
purchased from the BeNa Culture Collection (Beijing,
China). The fluorescent dye DiR was purchased from
Promokine (Heidelberg, Germany). ABTS, DCFH-DA,
and DHE were purchased from Beyotime Biotechnology
(Shanghai, China). Calcein-AM/PI and Annexin V-FITC/
PI apoptosis kits were purchased from Elabscience
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Fig. 1 Schematic illustration showing the synthesis and action mechanisms of biomimetic Cur-Fe nanozyme against ulcerative colitis. (A) Preparation of
biomimetic Cur-Fe nanozyme (CF@EM) inspired by the probiotic membrane. (B) The intestinal colonization capacity of the probiotic membrane increases
the concentration and duration of action of CF@EM at the site of inflammation, synergistically alleviating oxidative stress, restoring intestinal barrier func-
tion, relieving inflammation, and modulating the gut microbiota to alleviate ulcerative colitis

Biotechnology Co., Ltd (Wuhan, China). SOD assay kit-
WST was purchased from Dojindo (Shanghai, China).
MPO assay kit was purchased from the Nanjing Jian-
jian Bioengineering Research Institute (Nanjing, China).
DSS was purchased from MP Biomedicals (Santa Ana,
CA, USA). APC rat anti-mouse CD86 (561964) was pur-
chased from Becton, Dickinson, and Company (Franklin
Lakes, NJ). Anti-claudin-1 antibody (13050-1-AP), anti-
Z0O-1 antibody (CL488-21773), and anti-occludin anti-
body (CL594-13409) were purchased from Proteintech
(Wuhan, China).

Preparation of Cur-Fe and CF@EM

66 mg of polyvinylpyrrolidone (PVP) was dissolved in 5
mL of methanol, then 20 mg of FeCl;+6H,0 was dissolved
in 1 mL of methanol and added dropwise to the PVP
solution with stirring. After 5 min, 10 mg of curcumin
dissolved in 1 mL of methanol was added dropwise with

stirring for 3 h. Finally, the product was dialyzed against
water overnight to obtain Cur-Fe.

EcN bacteria were grown in LB medium and shaken
overnight at 37 °C at 180 rpm. 400 uL of EcN suspen-
sion was then added to 400 mL of fresh LB medium until
an optical density of 1.0 at 600 nm was reached. Bacte-
ria were isolated by centrifugation at 3000 g for 20 min
at 4 °C and then resuspended in 40 mL buffer containing
1.5 M pH 8.0 Tris-HCI, 20 mM sucrose, 400 pg/mL lyso-
zyme, and 0.2 mM EDTA. After 20 min, 10 pg/mL apro-
tinin, 1 mM PMSEF, and the same volume of extraction
buffer (50 mM pH 7.4 Tris-HCI, 2% Triton X-100, 10 pg/
mL DNase, and 10 mM MgCl,) were added. After 30 min
of incubation on ice, the samples were centrifuged at
5000 g for 5 min. The supernatant was then centrifuged
at 17,000 g for 20 min at 4 °C, and the precipitated mem-
brane fraction was washed twice to obtain EM. CF@EM
was synthesized under ultrasound by mixing EMs with
Cur-Fe nanozymes at a concentration ratio of 1:1.
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Characterization of Cur-Fe and CF@EM

The morphological characteristics of Cur-Fe and CF@
EM were observed by TEM. 10 pL of Cur-Fe or CF@
EM solution was taken and dropped on a copper grid for
TEM. Then samples were dried and used for TEM obser-
vation. Particle size and zeta potential of Cur-Fe and
CF@EM were measured by DLS. Cur-Fe and CF@EM
were dispersed in 1 mL of ultrapure water and measured
3 times for each sample using a Malvern particle size ana-
lyzer. CF@EM was also characterized by the Coomassie
brilliant blue method. The volumes of sample and up-
sampling buffer were calculated based on the protein
concentration of the samples. At the end of electrophore-
sis, the gels were transferred to a Coomassie brilliant blue
solution and incubated on a horizontal shaker for 1 h.
The gel was then destained with the destaining solution
until the gel was destained and the protein bands were
visible.

ROS scavenging evaluation of Cur-Fe

DPPH assay: Cur-Fe was prepared at different concentra-
tions and mixed with 125 pM DPPH in the same volume
of ethanol. The final concentrations of Cur-Fe were 1, 2.5,
5, 10, and 20 pg/mL. The absorbance of DPPH was mea-
sured at 517 nm 30 min after the end of the reaction.

ABTS assay: Equal volumes of ABTS solution and oxi-
dant solution were mixed well to form the ABTS mas-
terbatch, which was stored at room temperature and
protected from light for 16 h. Then, the ABTS master-
batch was diluted 50-fold with PBS solution to form
the ABTS working solution, and 10 pL of different con-
centrations (20 pug/mL, 50 pg/mL, 100 pg/mL, 200 pg/
mL, and 400 pug/mL) of the Cur-Fe solution and the 190
uL of the ABTS working solution were mixed and then
incubated at room temperature for 5 min to measure the
absorbance at 734 nm.

TMB assay: 10 uM FeCl, solution, 50 pM H,0O, solu-
tion, and 300 uM TMB solution were prepared with
ultrapure water. Then, 100 pL of each of the above three
solutions were homogeneously mixed, and then 10 pL of
Cur-Fe solution with different concentrations (30 pg/mL,
75 ug/mL, 150 pg/mL, 300 pg/mL, and 600 pug/mL) and
the 290 pL mixed system were well mixed, and then the
absorbance was measured at 645 nm after 30 min of reac-
tion at room temperature.

BMPO assay: Electron spin resonance (ESR) is a reso-
nance absorption signal generated by the absorption of
microwave energy by an electron spin in a magnetic field.
BMPO works as the trapper of O,"~ radicals generated by
the reaction of hypoxanthine (HYP) with xanthine oxi-
dase (XOD). The reaction system was placed at 37 °C for
15 min and the signal changes were recorded using ESR
(EPR 200 M, CIQTEK Co., Ltd.).
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Cell culture

RAW 264.7 and FHC cells were cultured in DMEM
medium supplemented with 10% fetal bovine serum
(FBS), 100 U/mL penicillin, and streptomycin at 37 °C
and 5% CO,.

Intracellular ROS scavenging

After 2.5 pg/mL Cur or Cur-Fe were cocultured with
RAW 264.7 cells for 8 h, different concentrations of H,O,
were added to the medium to continue the cocultiva-
tion for 4 h, the medium was removed, and 0.5 mg/mL
MTT solution was added to continue the incubation for
4 h. The MTT solution was then aspirated, and 150 pL
DMSO solution was added to the cells with shaking for
10 min, and the absorbance was measured at 490 nm.

After 2.5 ug/mL of Cur or Cur-Fe were co-cultured
with RAW 264.7 cells for 8 h, 200 uM of H,O, was added
to the medium to continue co-cultivation for 1 h, then
the medium was removed and incubated with 10 uM of
DCFH-DA solution or 1 uM of DHE solution for 1 h. The
medium was aspirated and washed three times with PBS,
and then observed by fluorescence microscopy or quanti-
fied by flow cytometry.

First, RAW 264.7 cells were co-cultured with 2.5 pg/mL
of Cur or Cur-Fe for 8 h. Then 500 uM of H,O, was added
to continue the incubation for 4 h. At the end of the time,
the medium was aspirated and supplemented with cal-
cein-AM/PI for 1 h. The medium was washed with PBS
and finally placed in the fluorescence microscope for
observation. Alternatively, the medium was aspirated
and discarded after 4 h. The incubation was continued by
adding Annexin V-FITC/PI for 15 min at 25 °C, protected
from light, and finally quantified by flow cytometry.

Intracellular anti-inflammatory effect

After 2.5 pg/mL of Cur or Cur-Fe were co-cultured with
RAW 264.7 cells for 8 h, 500 ng/mL of LPS was added
to the medium to continue co-cultivation for 8 h. The
cells were then harvested, RNA was extracted, and the
expression of inflammatory factor mRNA was detected
by qPCR after reverse transcription. Alternatively, cells
were harvested after LPS induction, washed three times
with PBS, incubated with 200 uL of CD86 for 30 min at
4 °C, washed three times with PBS, and detected by flow
cytometry.

Preparation of DiL-labeled Cur-Fe and CF@EM for
cellular uptake experiments. DilL-labeled Cur-Fe was
prepared by stirring 20 pL of 10 mM DiL with 1 mg/mL
Cur-Fe overnight, followed by centrifugation at 5000 g
for 10 min, and then resuspending the precipitate. DiL-
labeled CF@EM was prepared by combining DiL-labeled
Cur-Fe with EM according to the same method as that
used to prepare CF@EM earlier. The same concentra-
tions of DiL-labeled Cur-Fe and DiL-labeled CF@EM
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were incubated with RAW?264.7 cells at different times
respectively. Subsequently, the cells were washed three
times with PBS and detected by flow cytometry.

Intestinal colonization of CF@EM

DiR-labeled Cur-Fe and CF@EM were prepared for intes-
tinal colonization experiments. The DiR-labeled Cur-Fe
and CF@EM were prepared using the same methodology
as that employed for the DiL-labeled Cur-Fe and DiL-
labeled CF@EM, as previously described. Then mice
were given the same concentration of DiR-labeled Cur-Fe
and DiR-labeled CF@EM orally. Meanwhile, the fluores-
cence intensity of mice was calculated at different time
points. The mice were sacrificed after 12 h and the fluo-
rescence intensity of each tissue was counted. The mice
were also given 3% DSS to establish the UC model, and
the differences in the distribution of different oral agents
in the body and tissues of mice were observed according
to the same protocol.

Animals

C57/BL6 female mice (8 weeks old) were provided by the
Medical Experimental Animal Center of Xian Jiaotong
University, Shaanxi Province, China. All animal proce-
dures were performed following the Guidelines for Care
and Use of Laboratory Animals of Xi’an Jiaotong Univer-
sity and approved by the Animal Ethics Committee.

Biocompatibility and biosafety evaluation

RAW 264.7 cells and FHC cells were co-cultured with
different concentrations of Cur-Fe for 24—48 h. The bio-
safety of Cur-Fe at the cellular level was evaluated by
MTT assay.

To test the biocompatibility of Cur-Fe and CF@EM in
vivo, mice were orally administered 30 mg/kg of Cur-Fe
and CF@EM per day. On day 8, mice were necropsied
and blood was collected for routine hematology and
biochemical analysis. Hearts, livers, spleens, lungs, and
kidneys were collected and fixed in 4% paraformalde-
hyde (PFA) and stained with hematoxylin-eosin (H&E) to
observe histologic changes.

DSS-induced colitis of mice

C57BL/6 mice (6—8 weeks) were used to build the colitis
mice model. Mice were randomly grouped into groups of
at least 6 mice each. After 1 week of acclimatization, 2.5%
DSS was given for 7 consecutive days to induce acute
colitis in mice, and different preparations (30 mg/kg
of Cur, Cur-Fe, and CF@EM; 40 mg/kg of 5-ASA) were
administered orally for 5 consecutive days after 7 days.
Bodyweight, stool characteristics, and blood in the stool
were recorded daily and a total score was taken to deter-
mine DAI Each parameter was scored as follows: body
weight loss (0=<1%, 1=1-5%, 2=5-10%, 3=10-20%,

Page 5 of 18

4=>20%), the presence or absence of blood in the feces
(0O=negative, 2=hidden blood in stool, 4=bloody stool),
and stool consistency (O=normal stool, 1=soft stools,
2=loose stools, 3=diarrhea). The mice were executed on
the last day of the experiment, and the distal colon was
taken for subsequent experimental analysis.

To verify the preventive effect of CF@EM on coli-
tis, 2.5% DSS was administered for 7 consecutive days
to induce acute colitis in mice. Different preparations
were administered orally on days 1, 3, 5, and 7, and other
treatments were as above. All the experiments were con-
ducted following the Institutional Animal Care and Use
Committee of Xi'an Jiaotong University.

Immunofluorescence analysis

Colon tissue was embedded in optimal cutting tempera-
ture compound made into frozen section and washed
3 times with PBS for 5 min each. 4% PFA was fixed for
10 min and also washed 3 times with PBS. Then CD86
antibody was added and incubated at 4 C overnight.
Alternatively, a DHE fluorescent probe was added and
incubated at room temperature for 30 min. At the end
of the time, the sections were washed 3 times with
PBS, sealed with DAPI, and observed by fluorescence
microscopy.

Sections were fixed with pre-cooled ethanol at -20 °C
or 4% PFA for 10 min at room temperature. Sections
were rinsed with PBS 3 times for 5 min each. They were
incubated with 0.2% Triton X-100 for 5 min at room tem-
perature. Rinse 3 times with PBS for 5 min each. Incu-
bate with blocking buffer for 1 h at room temperature.
Remove the blocking buffer and incubate with tight junc-
tion protein primary antibody overnight at 4 °C. Wash 3
times with PBS for 5 min each and visualize by fluores-
cence microscopy after DAPI sealing.

Statistical analysis

All results were statistically analyzed using GraphPad
Prism 9.0 software. Student’s ¢-test was used to compare
the two groups. Results are expressed as mean+standard
deviation (SD), p<0.05 indicates a statistically significant
difference.

Results and discussion

Synthesis and characterization of Cur-Fe and CF@EM
Cur-Fe was synthesized by dropwise addition of cur-
cumin (Cur) to a mixture of FeCl; and polyvinylpyrrol-
idone (PVP). The obtained Cur-Fe significantly improved
the solubility and dispersion of curcumin in water (Fig.
S1A). The morphology of Cur-Fe was characterized
using transmission electron microscopy (TEM), reveal-
ing a uniform morphology and a size of approximately
5 nm. Energy dispersive spectrometer (EDS) results
showed irregular doping of a significant amount of C,
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O, and Fe in Cur-Fe, suggesting that these elements are
the main components of Cur-Fe (Fig. 2A). X-ray dif-
fraction (XRD) analysis further confirmed that Cur-Fe
is amorphous (Fig. S1B). Fluorescence emission spectra
were obtained for both curcumin and Cur-Fe at an exci-
tation wavelength of 400 nm. The results demonstrated
that curcumin exhibited remarkable fluorescence at
520 nm, whereas Cur-Fe showed significant quench-
ing (Fig. 2B). This quenching effect can be attributed to
the complexation between curcumin and the metal ion,
leading to non-radiative charge transfer. Fourier trans-
form infrared (FTIR) spectra of Cur-Fe also indicated
the coordination of ferric ions with the HO-C group in
curcumin, as evidenced by the reduced infrared intensity
at 1150—-1200 cm™! (HO-C stretching band) (Fig. 2C).
UV-Vis results revealed that Cur-Fe exhibited a maxi-
mum absorption wavelength similar to that of Cur, as
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well as a characteristic absorption peak similar to that
of FeCl; (Fig. S1C). These findings collectively suggest
the formation of a stable complex between Cur and iron
ions in the nanomaterials. X-ray photoelectron spec-
troscopy (XPS) analysis was performed to determine the
elemental valence state of ferric ions in the nanomateri-
als, which showed the coexistence of Fe** and Fe®* states
(Fig. 2D). To obtain CF@EM, EM was added to Cur-Fe
under ultrasound. TEM results showed that a large num-
ber of black particles were visible in CF@EM (Fig. 2A),
indicating that Cur-Fe was successfully encapsulated in
EM. Similarly, SDS-PAGE results showed that the pro-
tein profile in CF@EM was consistent with that in EM
(Fig. 2E). Dynamic light scattering (DLS) results showed
that the size of Cur-Fe nanoparticles encapsulated with
EM increased from 19.12+1.66 nm to 200.16+17.35 nm
(Fig. 2F), and the zeta potential decreased from
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9.28+0.88 mV to -13.81+0.59 mV (Fig. 2G, S1D). All
these results indicated that CF@EM was successfully
synthesized. Concurrently, the size of Cur-Fe and CF@
EM were measured over seven days, and no significant
changes were observed. This suggests that both Cur-Fe
and CF@EM exhibit good stability (Fig. S1E).

Enzymatic activities of Cur-Fe

Since polyphenols are usually considered natural anti-
oxidants, to verify the antioxidant capacity of Cur-Fe, we
evaluated its enzymatic activity. O,"” is one of the com-
mon free radicals, and hypoxanthine/xanthine oxidase
(HYP/XOD) can produce O,"", because O,'™ is extremely
unstable and exists for a very short period, BMPO was
employed as a trapping agent to capture the produced
O,'™ and form a more stable (BMPO/+OOH) spin adduct.
Electron spin resonance (ESR) spectroscopy revealed that
the O, produced by HYP/XOD could be effectively
scavenged by Cur-Fe (Fig. 2H). Nitro-blue tetrazolium
(NBT) is a commonly used O, tracer that reacts with
0,"” to form water-insoluble formazan, and the O,"”
scavenging ability can be measured by determining the
absorbance of formazan at 560 nm. It was found that
Cur-Fe had nearly 90% O,"~ removal at a concentration
of 20 pg/mL (Fig. S2). The SOD enzyme activity of Cur-
Fe was evaluated by testing with a commercially available
SOD assay kit. It was found that Cur-Fe has a good O,"~
scavenging ability with an enzyme activity of 269 U/mg
(Fig. 2I). The 1,1-diphenyl-2-picrylhydrazyl (DPPH) radi-
cal, one of the widely used models in free radical scav-
enging assays, is a very stable nitrogen-centered radical.
The results showed that a lower concentration of Cur-
Fe exhibited excellent DPPH radical scavenging ability
(Fig. 2]). 3,3,5,5-Tetramethylbenzidine (TMB) is a com-
monly used +OH chromogenic substrate, and the +OH
generated by the Fenton reaction can oxidize the TMB to
oxTMB, and the Cur-Fe can reduce the oxTMB (Fig. 2K).
Similarly, 2,2’-Azinobis-(3-ethylbenzthiazoline-6-sulfo-
nate) (ABTS) was commonly used as a chromogenic sub-
strate to detect the scavenging effect of ROS as a function
of the total antioxidant capacity of the nanoparticles. The
results showed that Cur-Fe with a lower concentration
(5 pg/mL) could scavenge~80% ROS, thus exhibiting
excellent antioxidant capacity (Fig. 2L).

The intracellular anti-inflammatory and antioxidant effects
of Cur-Fe

Under oxidative stress, such as stimulation with high
concentrations of H,0,, cells generate large amounts of
ROS. 2,7-dichlorofluorescein diacetate (DCFH-DA) is
a cell-permeable probe. It will be hydrolyzed to DCFH
when it enters the cells, and non-fluorescent DCFH
will be oxidized to fluorescent DCF by intracellular
ROS. With H,O, stimulation, strong green fluorescence
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appeared in the cells, indicating a large amount of ROS
generated under the oxidative stress state. In contrast, the
green fluorescence was attenuated by pretreatment with
Cur and Cur-Fe (Fig. 3A). Flow cytometry results further
showed that Cur and Cur-Fe significantly reduced ROS
levels, and the scavenging ability of Cur-Fe was supe-
rior (Fig. 3B, S3A). To verify the O,"” scavenging ability
of Cur-Fe, dihydroethidium (DHE) was used to detect
intracellular O,"~ levels after H,O, treatment. Similar to
DCE, a large amount of red fluorescence was produced in
the cells after H,O, stimulation, which was attenuated by
pretreatment with Cur and Cur-Fe, and the scavenging
capacity of Cur-Fe was superior to that of Cur (Fig. 3C).
The flow cytometry results were consistent with the fluo-
rescence images (Fig. 3D, S3B).

Excessive oxidative stress can induce oxidative dam-
age and cell death. To verify the protective ability of
Cur-Fe against H,0,-induced cellular oxidative damage,
calcein-AM/PI was used to detect the cellular status.
Calcein-AM can easily penetrate the cell membrane of
living cells and emit strong green fluorescence, while PI
can only penetrate dead cells and emit red fluorescence.
After induction by H,0O,, a proportion of cells died due to
oxidative stress, and the number of dead cells decreased
after treatment with Cur and Cur-Fe (Fig. 3E). Detection
of cell viability by methylthiazolyl tetrazolium (MTT)
further indicated that Cur and Cur-Fe significantly
increased cell viability after induction with different con-
centrations of H,O,, and the protective effect of Cur-Fe
on cells was more pronounced (Fig. S4). Quantification of
Annexin V-FITC/PI by flow cytometry showed that Cur-
Fe inhibited H,O,-induced apoptosis and thus enhanced
cell viability (Fig. 3E, G).

Inflammation is often accompanied by oxidative stress
in the processes associated with inflammatory diseases.
Lipopolysaccharides (LPS) can induce a variety of cyto-
kines and inflammatory mediators in vivo by activat-
ing macrophages, endothelial cells, and epithelial cells
through cell signaling systems. Therefore, we used LPS
to induce RAW 264.7 cells in vitro to simulate the acute
inflammatory state. The relative expression of TNE-
a, IL-6, IL-12, and IL-1p was determined by real-time
quantitative polymerase chain reaction (qPCR). The
expression of cellular inflammatory factors was found
to be increased after LPS induction, whereas it was sig-
nificantly decreased in both Cur and Cur-Fe groups
compared with the LPS group, with expected, a more
pronounced decrease in the Cur-Fe group (Fig. 3H). Sim-
ilarly, the ability of Cur-Fe to scavenge LPS-induced ROS
was verified by incubating a DCFH-DA fluorescent probe
to detect ROS generation in cells after LPS stimulation.
The results showed that the LPS group induced a higher
ROS generation, while both Cur and Cur-Fe groups
reduced ROS generation (Fig. S5A). Flow cytometry
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Fig. 3 Anti-inflammatory and antioxidant effects of Cur-Fe in vitro. (A, B) Fluorescence images (A) and flow cytometry quantification (B) of DCF stained
RAW 264.7 cells after different treatments. (C, D) Fluorescence images (C) and flow cytometry quantification (D) of DHE. (E) Fluorescence images of
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different treatments by flow cytometry. Data were expressed as the mean +SD (n=3). Statistical analysis was performed using a two-tailed Student’s t-
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results showed that Cur and Cur-Fe had similar scaveng-
ing abilities for LPS-induced ROS generation (Fig. S5B,
C). The complex tissue microenvironment can lead to
macrophage activation and polarization into function-
ally distinct subpopulations, and LPS induction usually
converts macrophages into M1 macrophages, which pro-
motes inflammation [32]. The effect of Cur-Fe on macro-
phage polarization was verified by observing changes in
cell morphology and detecting CD86 overexpression on
the surface of M1 macrophages. The results of cell mor-
phology showed that Cur and Cur-Fe inhibited macro-
phage morphology alteration (Fig. S6A). The results of
flow cytometry similarly showed that Cur and Cur-Fe
inhibited the conversion of macrophages into pro-inflam-
matory M1 macrophages (Fig. 31, S6B), thereby reducing

the expression of inflammatory mediators and alleviat-
ing cellular inflammation. Meanwhile, we compared the
uptake of Cur-Fe and CF@EM at the cellular level. The
cellular uptake of Cur-Fe and CF@EM was also com-
pared, and the results demonstrated that the delivery of
Cur-Fe by EM enhanced the cellular uptake of Cur-Fe, as
indicated by the increased fluorescence intensity of CF@
EM observed in the first hour. Furthermore, the fluores-
cence intensities of Cur-Fe and CF@EM were found to be
similar at the three-hour mark, suggesting that the cellu-
lar uptake of Cur-Fe had already saturated by then (Fig.
S7). The presence of EM was observed to have no impact
on the efficiency of Cur-Fe uptake by cells but rather
reduced the time required for saturation to be reached.
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Intestinal colonization of CF@EM

Due to the complex environment of the gastrointestinal
tract, oral drug delivery will encounter the degradation
and absorption of drugs in the stomach and small intes-
tine, resulting in low drug concentrations in the colon,
and shortened drug residence time due to the peristal-
tic function of the intestinal tract, which should be the
potential causes of suboptimal drug therapy. To verify
intestinal colonization after Cur-Fe-coated EM, Cur-
Fe and CF@EM were administered to normal mice and
DSS-induced colitis mice, respectively, and then their
in vivo distribution was dynamically observed. In nor-
mal mice, Cur-Fe was completely cleared from the body
within 12 h, whereas CF@EM still had a strong fluores-
cence signal after 12 h, indicating that CF@EM was more
retained in normal mice (Fig. 4A, B). Similar results were
observed in the UC model. Although the altered gastro-
intestinal motility of the diseased mice resulted in less
Cur-Fe being incompletely cleared from the body at 12 h,
CF@EM still showed a strong in vivo retention capacity

A 0h 1h

Colitis Normal
CF@EM CF@EM
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(Fig. 4A, C). When the isolated tissues were examined, it
was found that CF@EM remained almost entirely in the
intestine, with the cecum and colon regions predominat-
ing, while CF@EM distribution was not detected in other
tissues and organs (Fig. 4A). Compared with the Cur-Fe
group, the retention time significantly improved in the
CE@EM group, and similar results were found in both
the normal model and the inflammatory condition, sug-
gesting that CF@EM has a better colonization effect on
intestinal tissues (Fig. 4D).

Biosafety assessment of Cur-Fe and CF@EM

For the in vivo use of Cur-Fe and CF@EM, appropriate
biosafety evaluations should be performed. The effects of
Cur-Fe and CF@EM on the viability of RAW 264.7 and
FHC cells were determined by MTT. The results showed
that cell viability was still around 80% after incubation of
200 pg/mL Cur-Fe or CF@EM with RAW 264.7 cells for
24 and 48 h. Similarly, the same concentration of Cur-Fe
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or CF@EM was incubated with FHC cells for the same
time, and cell viability remained above 80% (Fig. S8A).

After oral administration of Cur-Fe and CF@EM, no
significant pathological changes in mice were found in
H&E staining major tissue sections (Fig. S8B). Mean-
while, red blood cells, white blood cells, lymphocytes,
platelets, and hemoglobin were examined, and the
results showed that there were no significant differences
between mice in the Cur-Fe and CF@EM groups and
mice in the control group (Fig. S8C). Similarly, to evalu-
ate the changes in biochemical indices, alanine amino-
transferase (ALT) and aspartate aminotransferase (AST)
were used as liver function evaluation indices, and creati-
nine (CRE) and urea were used as renal function indices,
and it was found that both Cur-Fe group and CF@EM
group showed no significant differences compared with
the control group (Fig. S8C). It was demonstrated that
both Cur-Fe and CF@EM had good biosafety.

Therapeutic efficacy of CF@EM in DSS-induced colitis
Based on the intestinal colonization effect of CF@EM
and the anti-inflammatory and antioxidant effects of

A @@
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Cur-Fe, we evaluated the therapeutic effect of CF@EM
in a DSS-induced ulcerative colitis model. Based on
the results of the biosafety assessment, we decided to
administer Cur-Fe and CF@EM at a dose of 30 mg-kg™".
To better evaluate the therapeutic effect of CF@EM, we
selected 5-aminosalicylic acid (5-ASA), a clinically used
therapeutic drug, as a positive drug control group. At the
end of 7 days of modeling, drug treatment was adminis-
tered for 5 consecutive days (Fig. 5A). The results showed
that the mice in the control group showed a trend of slow
increase in body weight and no significant change in dis-
ease activity index (DAI), while the DSS group showed a
gradual decrease in body weight with the progression of
the disease, and the DAI was maintained at a high level
after continuously increasing, indicating that the disease
progression was more serious. Compared with the DSS
group, the remaining four groups showed a moderation
in the degree of weight loss and increase in DAI, espe-
cially the 5-ASA group and the CF@EM group showed a
rebound in body weight and a significant decrease in DAI
after treatment, indicating that the disease was effec-
tively controlled (Fig. 5B, C). Endoscopic examination
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of the mice revealed that the intestinal mucosa of mice
in the DSS group showed diffuse ulceration with hem-
orrhage, and the intestines were significantly improved
after treatment with CF@EM, and the effect was supe-
rior to that of Cur-Fe. The evaluation of spleen index
and colon length showed that the CF@EM group could
significantly reduce the spleen index and restore the
colon length, which was not significantly different from
that of the 5-ASA group, while the simple Cur-Fe group
had some therapeutic effect, but the efficacy was limited
(Fig. 5D-F). In the H&E staining of the colon, it could be
seen that all the epithelial cells and crypts were destroyed
in the DSS group, and also showed obvious inflammatory
cell infiltration; the Cur and Cur-Fe groups preserved
part of the crypts and epithelial cell structure, and the
lesion area was reduced. The CF@EM group significantly
reduced the pathological damage of the colon (Fig. 5F).
By myeloperoxidase (MPO) detection, it was found that
both Cur-Fe and CF@EM could reduce the MPO level,
and the effect of CF@EM was more significant (Fig. 5G).
As the disease progresses, mice with more severe symp-
toms may die. Therefore, the survival rate of each group
was counted. It was found that except for the 5-ASA
group and the CF@EM group, the survival rates of the
other groups modeled by DSS were reduced (Fig. 5H).

CF@EM relieves inflammation and restores intestinal
barrier function

The production of inflammatory cytokines is very impor-
tant in the development of colitis. The detection of pro-
inflammatory cytokines revealed that TNF-a, IL-6,
IL-1B, and IL-12 were highly expressed in the DSS group,
whereas Cur-Fe and CF@EM reduced the expression of
pro-inflammatory cytokines, and the anti-inflammatory
effect of the CF@EM group was significantly superior to
that of Cur-Fe. The CF@EM group showed the same anti-
inflammatory capacity compared with the 5-ASA group
(Fig. 6A-D). Inflammatory cell infiltration is usually one
of the tissue features of colitis, and by immunofluores-
cence staining for CD86, a surface marker of M1 macro-
phages, we observed a large amount of red fluorescence
in the colon of the DSS group. The expression of CD86
in the colon was dramatically downregulated after Cur-Fe
and CF@EM interventions (Fig. 6E). These results sug-
gest that Cur-Fe and CF@EM can modulate macrophage
polarization and reduce M1 macrophages that promote
inflammatory responses, which helps to slow down the
development of colitis.

ROS typically accumulate in large amounts at sites of
inflammation and cause oxidative damage to cells. Fluo-
rescence staining with DHE was performed to evaluate
O, generation in colon tissues. The results showed that
obvious red fluorescence was observed in the DSS group,
indicating that DSS induced the generation of a large
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amount of O,"”, whereas the fluorescence intensity was
attenuated in the Cur-Fe group and the CF@EM group,
and O, was effectively removed (Fig. 6F). These results
suggest that CF@EM can alleviate tissue damage during
the development of colitis by reducing intestinal ROS
levels.

The intestinal barrier is an important barrier that pre-
vents harmful substances and pathogens from entering
the body and maintains intestinal homeostasis [33, 34].
The paracellular permeability of the intestinal barrier
depends on tight junctions (T]) between cells. By immu-
nofluorescence staining of three tight junction proteins,
occludin, ZO-1, and claudin-1, we observed the changes
in tight junctions after different treatments. It was found
that the fluorescence of all three tight junction proteins
was weak in the DSS group and increased slightly after
Cur-Fe intervention. In contrast, the fluorescence inten-
sity was restored to almost normal levels in the CF@EM
group (Fig. 6G), indicating that CF@EM can improve
intestinal barrier function by restoring intercellular tight
junctions.

Preventive effect of CF@EM in DSS-induced colitis

To further validate the preventive effect of CF@EM, four
groups of mice were intermittently administered differ-
ent preparations of the intervention over 7 days of oral
DSS modeling (Fig. 7A). The results were as expected,
with rapid weight loss and higher DAI scores in the DSS
group, indicating faster disease progression and more
severe symptoms. In contrast, the CF@EM group had
almost no significant change in body weight and lower
DALI scores, which were significantly different from the
DSS group (Fig. 7B, C). Observation of feces and endos-
copy revealed that the DSS group had dilute liquid-like
feces with obvious bleeding. The intestinal mucosa had
multiple ulcers and was significantly shorter in length.
Fecal status and ulceration were significantly improved
after intervention with various agents, along with some
restoration of spleen index and colon length. In particu-
lar, the severity of colitis in mice was almost maintained
at a milder level in the presence of CF@EM. There were
significant differences compared with both Cur-Fe and
5-ASA groups (Fig. 7D-F). H&E staining revealed that
the colonic crypts and epithelial cell structure were less
damaged in the CF@EM group, further confirming that
CF@EM had a beneficial effect on inhibiting the develop-
ment of colitis (Fig. 7F). After the detection of three pro-
inflammatory cytokines, it was found that the expression
of TNF-q, IL-6, and IL-1B was significantly downregu-
lated in both Cur-Fe and CF@EM groups. It indicated
that CF@EM had an inhibitory effect on the development
of inflammation and was significantly better than Cur-Fe
and 5-ASA (Fig. 7G).
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Modulating gut microbiota by CF@EM

The gut microbiota plays an important role in the regu-
lation of host metabolism, immunity, and intestinal bar-
rier function [35]. After observing the feces of mice,
CF@EM was found to improve the fecal status induced
by DSS. To verify its regulatory effect on the gut micro-
biota, we utilized 16S rRNA gene sequencing to analyze
the changes. The species accumulation box plot dem-
onstrated sufficient sample size and abundant species
richness (Fig. 8A). Species diversity serves as a valuable
indicator of the structural and functional characteristics
of a community, comprising a-diversity and p-diversity.
We analyzed a-diversity through the Shannon index and
the Simpson diversity index, and [B-diversity through
principal component analysis (PCA). The Shannon index
described the disorder and uncertainty in the occurrence
of individuals among species, while the Simpson diversity

, represented different statistical significances, and ns represents no

index reflected the probability that two consecutive
samples belong to different species. The results showed
that the Shannon index and the Simpson diversity index
decreased in the DSS group, indicating a decrease in
a-diversity. However, treatment with CF@EM increased
the reduced a-diversity caused by DSS induction, in line
with the control group (Fig. 8B, S9). PCA reflects the dif-
ferences in multidimensional data as distances in a two-
dimensional coordinate plot by downscaling. The closer
the distance in the PCA plot, the more similar the com-
munity composition of the samples. The PCA results
showed that the community composition of the DSS
group was different from that of the CF@EM group, sug-
gesting that treatment with CF@EM altered the compo-
sitional structure of the gut microbiota (Fig. 8C). Further
analysis of species abundance at the phylum and genus
level revealed that the abundance of species in the DSS
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group was different from that in the CF@EM group were inhibited. In contrast, the abundance of Lactobacil-
(Fig. 8D, E). The abundance of Bacteroidetes is usually  lusin the CF@EM group was restored to the control level
closely related to carbohydrate fermentation, nitrogen (Fig. 8G). The results also showed that the abundance
utilization, and bile acid biotransformation [36]. The of Muribaculum was downregulated by DSS induction,
abundance of Bacteroidetes was reduced after induc- whereas CF@EM significantly increased its abundance
tion by DSS, and administration of CF@EM increased and was not significantly different from the control group
its abundance in the gut microbiota, with no significant  (Fig. 8H). However, for Clostridium-sensu-stricto and
difference in the CF@EM group compared to the control  Escherichia-Shigella, two groups of pathogenic bacteria,
group (Fig. 8F). CF@EM showed a significant inhibitory effect (Fig. S10)

Lactobacillus is a group of gram-positive bacteria [39-41]. To further explain the observed differences in
under the Lactobacillaceae of the Firmicutes, due to the  microbial composition, linear discriminant analysis effect
ability of Lactobacillus to improve digestion and absorp-  size (LEfSe) was performed. LEfSe was used to identify
tion, catabolize and metabolize bile acids, enhance and interpret high-dimensional biological informa-
immunity, and inhibit inflammation [37, 38]. It is now tion, and after identifying significantly different species
widely studied and used in the food industry. The results by intergroup comparisons, the results were analyzed
showed that the abundance of Lactobacillus was signifi-  using linear discriminant analysis (LDA) to estimate the
cantly reduced in the DSS group, and almost all of them  magnitude of the effect of each species’ abundance on
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the differential effect. Using LDA (log,;,)>4 as the cut-
off value, the results showed that the pathogenic Esche-
richia-Shigella was significantly upregulated in the DSS
group, while the beneficial Lactobacillus was signifi-
cantly increased in the CF@EM group (Fig. 81, J). Taken
together, the therapeutic effect of CF@EM on colitis
can be partially attributed to the modulation of the gut
microbiota, improving bacterial diversity, and transform-
ing the compositional structure of the microbiota to an
anti-inflammatory phenotype.

Regulation of gut microbial metabolism by CF@EM

Gut microbiota-host interactions are often mediated by
gut microbial metabolites [42]. To further investigate the
effect of CF@EM on gut microbial metabolites after reg-
ulating gut microbiota composition, we performed fecal
metabolomics analysis. The PCA results showed that the

metabolite composition of the DSS group was signifi-
cantly altered (Fig. 9A), indicating that the metabolites of
the gut microbiota were altered by the induction of DSS.
By comparing the differences in metabolites between
groups, which were plotted as a Venn diagram and vol-
cano plot, it was found that there were a total of 524 dif-
ferential metabolites in the control group compared with
the DSS group, and 216 metabolites were significantly
up-regulated and 308 were significantly down-regulated
in the DSS group. While there were a total of 529 differ-
ential metabolites between the DSS group and the CF@
EM group, 315 metabolites were significantly up-regu-
lated and 214 were significantly down-regulated in the
CE@EM group (Fig. 9B-D). It was found that the levels
of amino acids, fatty acids and conjugates, and indoles
and derivatives showed different variations in the DSS
group compared to the CF@EM group (Fig. 9E-G). Gut
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microbiota can directly convert aromatic amino acids
into indole derivatives, which can maintain intestinal
homeostasis by promoting epithelial cell recovery, restor-
ing intestinal barrier function, and modulating immune
cell function [43-46]. 5-Hydroxyindole-3-acetic acid and
indole-3-acrylic acid were significantly reduced in the
DSS group, whereas CF@EM restored them to control
levels (Fig. 9H-I). The bile acid pathway was found to be
significantly enriched by KEGG enrichment analysis of
differential metabolites in the DSS and CF@EM groups
(Fig. 9]). Secondary bile acids including lithocholic acid
and taurodeoxycholic acid were significantly reduced,
which was improved by CF@EM (Fig. 9K-N). Bile acids

and their derivatives have been shown to play an impor-
tant role in maintaining intestinal homeostasis. Bile acids
attenuate intestinal inflammation, modulate intestinal
immunity, and improve intestinal barrier function [47,
48], and bile acid receptors mediate the regulation of
intestinal inflammation. Bile acid metabolism is signifi-
cantly dysregulated in IBD, and fecal levels of secondary
bile acids are reduced in IBD patients [49, 50]. The above
results suggest that the therapeutic effect of CF@EM on
colitis may be inextricably linked to bile acid metabolism.
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Discussion

Natural polyphenolic compounds are widely used in IBD
therapy due to their wide range of anti-inflammatory
and ROS scavenging abilities. Encapsulating these com-
pounds in nanomaterials to form polyphenolic nano-
preparations is currently the most conventional solution
to the problem of low bioavailability [51]. Based on the
inherent structural characteristics of curcumin, we have
used metal ions to coordinate with it to form a metal-
polyphenol structure, which enhances the anti-inflam-
matory and antioxidant abilities of curcumin and also
endows the metal ions with their inherent enzyme-cata-
lytic properties. Numerous studies have shown that iron-
based nanozymes have excellent biosafety and multiple
enzymatic activities [52]. Coordination of curcumin with
iron ions resulted in the formation of Cur-Fe nanozyme,
which was found to have excellent multiple free radical
scavenging ability in enzyme activity studies.

Due to the complexity of the in vivo environment, how
to safely and efficiently target and deliver Cur-Fe nano-
zymes to the site of intestinal inflammation is key to
improving the therapeutic efficacy of IBD. Inspired by
EcN, the use of ECN membrane-coated nanozymes may
be a terrific solution to the problem of intestinal target-
ing. EcN is a non-pathogenic strain, and due to its surface
pili, K5-type capsule, and flagella, it has an excellent abil-
ity to colonize the intestine. Meanwhile, it can regulate
the gut microbiota, improve the function of the intestinal
epithelial barrier, regulate the secretion of immune fac-
tors, etc [53]. Due to its outstanding probiotic properties,
it has already been used in the treatment of IBD. We have
integrated probiotic membranes with bioactive Cur-Fe
nanozyme into a system to achieve intestinal coloniza-
tion and regulation of gut microbiota without interfering
with the internal genetic material of the bacteria, which
greatly enhances the safety and convenience of probiotic
preparations therapy.

The gut microbiota plays a critical role in the patho-
genesis of UC by influencing host energy metabolism,
regulating immune homeostasis, and maintaining intes-
tinal barrier integrity [54]. Structural perturbations in
the composition of the intestinal bacterial community
further lead to microbiota dysfunction, thereby exacer-
bating the intestinal inflammatory response. CF@EM can
reverse the decrease in beneficial bacteria and increase
in pathogenic bacteria caused by DSS and improve the
overall composition of the gut microbiota. Additionally,
it can also regulate the levels of gut microbial metabolites
and increase the levels of beneficial metabolites such as
secondary bile acids, which are reduced in UC patients.

Modulation of host bile acid transport and biosynthe-
sis, along with the composition of the gut microbiota,
shapes the bile acid pool [50]. The metabolism of primary
bile acids by intestinal bacteria increases the diversity
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and overall hydrophobicity of the pool through a variety
of modifications such as dehydroxylation, oxidation, and
differential isomerization. The bacterial community also
regulates bile acid metabolism and transport by influ-
encing signaling pathways mediated by the farnesoid X
receptor (FXR) and others involved in lipid and glucose
homeostasis, metabolism, and immunomodulatory path-
ways. Activation of FXR exerts anti-inflammatory effects
and has a protective role in chemically induced colitis
[55]. Overall, CF@EM may synergize the treatment of
UC through multiple pathways, including improving the
composition of the gut microbiota, regulating bile acid
metabolism, exerting anti-inflammatory effects, and alle-
viating oxidative stress. This multifaceted approach offers
a promising therapeutic avenue for managing UC and its
associated symptoms.

However, despite achieving direct, safe, and convenient
treatment of UC using a simple oral delivery strategy, the
therapeutic effects of CF@EM need to be evaluated in
the long term. It is imperative to adequately validate the
chronic toxicity and therapeutic efficacy of nanomaterials
in chronic colitis models that mimic the characteristics of
UC disease. Given the unclear etiology of UC, we have
attempted to elaborate on the potential mechanism of
action of CF@EM. However, due to the complex patho-
genesis and the limitations of animal models, further in-
depth exploration of the detailed mechanism of action
is warranted. Simultaneously, we expand the applica-
tion prospects of nanozymes based on clinical enteritis-
related diseases.

Conclusion

In summary, inspired by gut microbes, we have success-
fully synthesized a biomimetic Cur-Fe nanozyme with
the ability to inhibit inflammation and restore intestinal
homeostasis. The targeted colonization of the probiotic
membrane at inflamed intestinal sites has significantly
enhanced the cumulative concentration and prolonged
the retention time of Cur-Fe nanozyme. Together, these
features effectively restore intestinal barrier function and
improve the overall intestinal microenvironment, offer-
ing a promising therapeutic avenue for gut-related disor-
ders, and novel insights into the development of similar
probiotic biomimetic nanozyme drugs.
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