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Conventional strategies for treating inflammatory bowel disease merely relieve inflammation and excessive
immune response, but fail to solve the underlying causes of IBD, such as disrupted gut microbiota and
intestinal barrier. Recently, natural probiotics have shown tremendous potential for the treatment of IBD.
However, probiotics are not recommended for IBD patients, as they may cause bacteremia or sepsis.
Herein, for the first time, we constructed artificial probiotics (Aprobiotics) based on artificial enzyme-
dispersed covalent organic frameworks (COFs) as the “organelle” and a yeast shell as the membrane of
the Aprobiotics to manage IBD. The COF-based artificial probiotics, with the function of natural

iig:g&%gﬁhssszmizzzgzzzz probiotics, could markedly relieve IBD by modulating the gut microbiota, suppressing intestinal
inflammation, protecting the intestinal epithelial cells, and regulating immunity. This nature-inspired

DOI: 10.1039/d25c04984h approach may aid in the design of more artificial systems for the treatment of various incurable diseases,
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Introduction

Inflammatory bowel disease (IBD) is a complex chronic
inflammation of the gastrointestinal (GI) tract, leading to
anemia, malnutrition, and even death. The pathological mani-
festations of IBD involve excessive inflammatory response,
imbalance of immune responses, especially dysbiosis of gut
microbiota, and disrupted intestinal barrier functions, which
seriously affect gastrointestinal (GI) tract function.”™* Clinical
intervention treatments mainly concentrate on using immu-
nosuppressive drugs, amino salicylates, and corticosteroids to
relieve the symptoms of IBD by inhibiting inflammation and
regulating disordered immune responses.>” However, these
conventional drugs can cause systemic toxic side effects and
result in serious complications, such as microbial infection,
colorectal tumor, and autoimmune disease. To overcome the
issues, great efforts have been devoted to developing targeted or
stimuli-responsive delivery systems, which could specifically
accumulate in the inflamed colon.'®** Nevertheless, all these
palliative approaches inflammation and

merely relieve
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such as multidrug-resistant bacterial infection, cancer, and others.

excessive immune response, and fail to solve the underlying
causes of IBD, such as disrupted gut microbiota and intestinal
barrier function.” Therefore, there is an urgent need to seek
a new strategy to regulate the gut microbiota, suppress intes-
tinal inflammation, repair the intestinal barrier and modulate
the immune response for the effective management of IBD.

Probiotics are living microorganisms that exert health
benefits beyond the metabolic effect of its nutritional compo-
nents.'® Probiotic bacteria have been used as promising and
novel agents for the treatment of various gastrointestinal
inflammatory disorders based on the following mechanisms: (i)
modulating gut microbiota through the consumption of free
oxygen and the release of some bioactive molecules, (ii)
decreasing the secretion of inflammatory cytokine, (iii) regu-
lating the immune system to suppress intestinal inflammation,
and (iv) protecting the intestinal epithelial barrier function and
repairing mucosal damage."””* However, for complex cases
such as inflammatory bowel disease, a combination of multiple
probiotics with different functions is usually required to obtain
an ideal therapeutic effect. Moreover, probiotics are not rec-
ommended for IBD patients, as they may cause bacteremia or
even sepsis.'**"

As an emerging class of porous crystalline materials, cova-
lent organic frameworks (COFs) with well-defined porosity,
tunable composition, ultrahigh surface area and excellent
biocompatibility have been developed as salient materials for
separation, catalysis, sensing, drug delivery, and other
biomedical applications.*” Particularly, Schiff base-linked
COFs have attracted great attention because of their

© 2023 The Author(s). Published by the Royal Society of Chemistry
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interesting physical and chemical properties.”® Furthermore, it
is worth noting that due to the highly active imine (-C=N)
bond, the Schiff base and its derivatives possess excellent
antioxidant activity.”*** By taking advantage of these unique
features, we speculated that a Schiff base-linked COF could be
an ideal platform for the treatment of IBD.

Herein, for the first time, we designed and constructed a COF-
based artificial probiotic to modulate gut microbiota, suppress
intestinal inflammation, regulate the immune microenvironment,
and protect the intestinal epithelial cells for the treatment of IBD.
As illustrated in Fig. 1, the artificial probiotics were created by
encapsulating the COFs dispersed with ultrasmall gold nano-
particles in the yeast shell (denoted as YS, composed primarily of
B-glucan). In this design, COFs with uniform pore sizes were
utilized as “sponge” to scavenge the free radicals. Owing to the
well-defined porosity, ultrahigh surface area and excellent
biocompatibility, the COFs were utilized as scaffolds to disperse
and protect the artificial enzyme. The COFs dispersed with artifi-
cial enzymes served as “organelle,” and the yeast -glucan served
as the membrane of the artificial probiotic. This artificial probiotic
can mimic the function of natural probiotics for the treatment of
IBD by (i) modulating the gut microbiota by “secreting” gluconic
acid and depleting oxygen,'®**** (ii) suppressing the inflammatory
response, (iii) protecting the intestinal epithelial cells,*** and (iv)
switching the polarization of macrophages from the classically pro-
inflammatory M1 phenotype to the anti-inflammatory M2 pheno-
type to regulate the imbalance in the immune microenvironment
and inhibit excessive immune response.”’** Taken together, the
COF-based artificial probiotics provide an effective intervention
strategy to facilitate recovery from IBD. This nature-inspired
approach may aid the design of more artificial systems for the
treatment of various incurable diseases such as multidrug-
resistant bacterial infection, cancer, and others.
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Fig. 1 Schematic illustration of the design of COF-based artificial
probiotics for IBD therapy. (a) The synthesis of artificial probiotics. (b)
The artificial probiotics for the treatment of IBD by modulating the gut
microbiota, suppressing intestinal inflammation, protecting the intes-
tinal epithelial cells, and regulating immunity .
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Results and discussion

To verify our hypothesis, the artificial probiotics (denoted as
Aprobiotics) were created by encapsulating porous covalent
organic frameworks (COFs) supported by ultrasmall gold
nanoparticles in yeast f-glucan. The detailed synthesis process
is provided in ESI.{ Briefly, COFs were prepared by a facile
solution-phase synthesis method at room temperature.***>
Then, the COF@Au was obtained by in situ reduction
method.**** Finally, COF@Au nanoparticles were encapsulated
in the empty YS by electrostatic force-driven self-deposition to
construct the artificial probiotic.*>*

The morphology and size of the COF, COF@Au, and Apro-
biotics were characterized by scanning electron microscopy
(SEM) and transmission electron microscopy (TEM). After
reduction in situ, the ultrasmall Au nanoparticles were distrib-
uted throughout the COFs. In the COF@Au nanosystem, the
size and morphology of COFs were well maintained (~120 nm).
SEM and TEM images indicated that the obtained ellipsoid YS
products were enwrapped COF@Au nanoparticles (Fig. 2a and
S1-S5t). Meanwhile, X-ray photon spectroscopy (XPS) further
confirmed the distribution of C, O, N, and Au elements in the
same particle. Moreover, the XPS result demonstrated that Au 4f
peaks were observed at 83.7 and 87.5 eV, which were not found
in the COF (Fig. 2d and S67). The presence of Au nanoparticles
and COF was further verified by the X-ray powder diffraction
(XRD) pattern (Fig. 2b).*” The zeta potential changed from
—15.1 mV to —18.4 mV, which demonstrated that the gold
nanoparticles were successfully dispersed in the COF. Then,
due to the COF@Au (—18.4 mV) encapsulation by PEI-YS (7.6
mV), the zeta potential reached —8.7 mV (Fig. 2c). All results
proved the successful preparation of the artificial probiotic.

After confirming successful preparation of the artificial
probiotic, the bioactivities of the Aprobiotics were first explored
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Fig. 2 Characterization of COF-based artificial probiotics and other
related materials. (a) TEM image and (b) XRD pattern of the Aprobiotics.
(c) Zeta-potential of the prepared COF, COF@AUu, yeast, YS, YS-PEl and
Aprobiotics. (d) XPS peak of COF, COF@Au and the Aprobiotics.
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Fig. 3 The artificial probiotic exerted bioactivities in vitro (a and b) Measurement of gluconic acid product after Aprobiotics and glucose were
incubated in PBS (pH = 7.4). (c) The variation in pH value of the Aprobiotic solution in the absence and presence of glucose in 0.5 mM PBS (pH =
7.4). (d) O, concentration change of Aprobiotic solution upon the addition of glucose in PBS (pH = 7.4). (e) O, scavenging activity of Au, COF,
COF@Au, YS and Aprobiotics. (f) O, scavenging activity of different concentrations of Aprobiotics. (g) OH" scavenging activity of Aprobiotics. (h)
ABTS™* scavenging activity of COF, COF@Au, YS and Aprobiotics. (i) ABTS™" scavenging activity of different concentrations of Aprobiotics.

in vitro, including glucose oxidase-like activity and antioxidant
activity. Due to the excellent glucose oxidase-like activity, the
artificial probiotics may increase gut microbiota richness and
diversity. First, the glucose oxidase-like catalytic ability was
carefully studied. The successful oxidation of glucose into glu-
conic acid was tested using colorimetric assays. As shown in
Fig. 3a-c, activity is attributed to the immobilization of ultra-
small gold nanoparticles, leading to the production of gluconic
acid and the decrease of pH. Aside from the oxidation of
glucose, the Aprobiotics can deplete oxygen, decreasing O,
concentration from 7.60 to 3.82 mg L' in 600 s (Fig. 3d).***
These results strongly demonstrated that the Aprobiotics could
“secrete” gluconic acid and deplete oxygen for the regulation of
gut microbiota.

Recently, numerous biological membranes have been
developed and applied in functional hybrids.***> The
membrane of Aprobiotics is primarily composed of B-glucan,
which is a polysaccharide derived from the yeast cell wall. The

1600 | Chem. Sci., 2023, 14, 1598-1605

triple-helix conformation of B-glucan as free-radical quencher
may reveal excellent anti-oxidation activity. The anti-oxidation
activity was studied by the ability to remove the superoxide
anion radical (0, ”), hydroxyl radical (OH"), and 2, 2"-azinobis
(3-ethylbenzothiazoline 6-sulfonate) (ABTS'*).*->* The 0,"~, as
a highly oxidizing ROS, was chosen to investigate the anti-
oxidation ability of COF, COF@Au, and the Aprobiotics.

As shown in Fig. 3e and f, the Aprobiotic membrane (B-
glucan) showed extremely high ROS scavenging effects when
incubated with O, . The scavenging efficiency of Aprobiotics
reached 90%, which exhibited that the Aprobiotics possess
outstanding antioxidant capacity in a concentration-dependent
manner. The hydroxyl radical (OH") is a typical type of ROS in
the inflammatory response, which was selected to study the
antioxidant activity of the Aprobiotics. The Aprobiotics showed
the highly sensitive and concentration-dependent scavenging of
OH" (Fig. 3g and S127). Furthermore, ABTS"* was employed to
further assess the antioxidant activity of the Aprobiotics. As

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Artificial probiotics suppressed excessive inflammatory response and reprogrammed the macrophage. (a) Fluorescence images and (b)
flow cytometry analysis of ROS generation in RAW 264.7 cells treated with either H,O, or Aprobiotics. (c) Immunofluorescent staining assay of
macrophages after treatment with Aprobiotics for 1 day. (d) gPCR results of IL-10, TNF-a, Arg-1 and iNOS, respectively.

shown in Fig. 3h and i, more than 80% of the ABTS" was
scavenged by the Aprobiotics (200 pg mL ™~ "). The outstanding
antioxidant activity of the Aprobiotics was attributed to the
triple helix structure of the membrane. We proved that this
artificial probiotic readily removed all types of representative
ROS to reduce the level of oxidative stress.

To further prove the in vitro antioxidant ability of the Apro-
biotics, cell-based studies were performed. Firstly, the cellular
uptake of Aprobiotics was investigated using RAW 264.7 and
CT26 cells (Fig. S16 and S177). The results showed that the
Rhodamine B-labeled Aprobiotics could be taken up effectively
after 4 h. The cytotoxicity of the Aprobiotics was also assessed by
methyl thiazolyl tetrazolium (MTT) assay (Fig. S18 and 197),
which demonstrated that the Aprobiotics had negligible

© 2023 The Author(s). Published by the Royal Society of Chemistry

cytotoxicity. These results demonstrated that the Aprobiotics
have potential for further biological applications.

Hydrogen peroxide (H,O,) is a critical mediator in the
inflammatory response process, leading to oxidative stress and
inflammation.***” The antioxidant activity of the Aprobiotics
encouraged us to study the cytoprotection against ROS-induced
damage. Fig. S20 and S21f showed that H,O, caused a sharp
decrease of cell viability. The cell viability of Raw 264.7 and
CT26 was reduced to 14.25% and 21.49%, respectively.
However, after adding Aprobiotics (200 ug mL ™), cell viability
was maintained at 98.66% and 90.03%, respectively. To prove
the cytoprotective effect of Aprobiotics, 2',7-dichlorodihydro-
fluorescein diacetate (DCFH-DA) was employed as a ROS probe
to study intracellular ROS. Bright-green fluorescence was found
after treatment with H,O, (Fig. 4a and S2271). However, the cell

Chem. Sci., 2023, 14, 1598-1605 | 1601
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incubated with both Aprobiotics and H,0, showed very weak
fluorescence, similar to the control group. Moreover, the flow
cytometry analysis further evidenced the effective antioxidant
property of the Aprobiotics (Fig. 4b). All results exhibited that
the Aprobiotics have the potential to relieve oxidative damage
and protect the intestinal epithelial cells.

Previous studies have found that the symptoms of IBD can be
alleviated by reprogramming the pro-inflammatory Mi-
phenotype macrophages, which could inhibit the excessive
inflammatory response.*® Therefore, the immunomodulatory
effect of Aprobiotics was explored by examining the phenotype
of macrophages. M1-phenotype macrophages are recognized by
surface markers CD86, inducible nitric oxide synthase (iNOS),
and pro-inflammatory cytokine, such as tumor necrosis factor-
o (TNF-a), which is related to the pro-inflammatory microenvi-
ronment resulting in the excessive inflammatory response in
IBD. In contrast, M2-phenotype macrophages secrete high
levels of surface marker CD206 and arginase-1 (Arg-1) and
generate anti-inflammatory mediators (IL-10), which results in
anti-inflammation, cell proliferation, and tissue repair.*>*
Compared with the control group, H,O,-treated cells exhibited
the M1 phenotype with greater production of CD86 and less
production of CD206 (Fig. 4c). When macrophages were
exposed to additional Aprobiotics, the generation of CD206
increased compared with the control group. However, the cells
incubated with both Aprobiotics and H,0, had levels of CD206
and CD86 similar to the control group. In addition, qPCR assay
was utilized for the quantitative exploration of the level of
related cytokines. The Aprobiotic-treated group demonstrated
decreased expression level of M1-related RNA (iNOS and TNF-a),
and the expression of M2-related RNA (Arg-1 and IL-10) signif-
icantly increased, indicating the production of anti-
inflammatory cytokines induced by Aprobiotics (Fig. 4d). All
these outcomes demonstrated that the Aprobiotics could
effectively regulate the transition of macrophages from M1
phenotype to M2 phenotype, inhibiting the excessive inflam-
matory response.

Before exploring the treatment effect of Aprobiotics in vivo,
we studied their biosafety. Firstly, the in vivo toxicity of Apro-
biotics was evaluated by monitoring body weight and the
hematological parameters of mice. No evident differences from
the control group on body weight and blood indexes were
exhibited after treatment with Aprobiotics (Fig. S23 and 247).
Hematoxylin and eosin (H&E) staining assay of major organs
also confirmed the excellent biocompatibility of the Aprobiotics
(Fig. S251). These results demonstrated that there was no
obvious toxicity from Aprobiotics in vivo.

Inspired by the excellent anti-inflammation activity and good
biosafety of Aprobiotics, their therapeutic effect was further
explored in vivo using DSS-induced ulcerative colitis (UC)
models. The successful construction of UC was indicated by the
decrease of body weight (Fig. 5b). Afterward, COF, COF@Au, or
Aprobiotics were orally administered for 7 days. The therapeutic
effect of Aprobiotics was assessed by measuring the colon
length (Fig. 5a) and body weight (Fig. 5b). Compared with the
control group, the mice treated with Aprobiotics exhibited
longer colon length (Fig. 5a). Moreover, the colon tissues were
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taken out for H&E staining assay (Fig. 5¢). Compared with the
healthy colon, inflammatory signs of colitis (inflammatory cell
infiltration, ulceration, and goblet cell damage) were obviously
observed in the ulcerative colitis mice (Fig. 5c).

However, after treatment with Aprobiotics, the excessive
inflammatory response and disrupted intestinal barrier showed
significant improvement in histopathologic features, similar to
healthy colon tissue. These results indicated that Aprobiotics
had outstanding therapeutic effects in DSS-induced UC models.

The disruption of gut microbiota is the underlying cause of
IBD, but conventional strategies fail to modulate the imbal-
anced gut microbiota. Previous studies have demonstrated that
natural probiotics can modulate gut microbiota through the
consumption of free oxygen and the release of some bioactive
molecules for the treatment of IBD. Therefore, we investigated
whether Aprobiotic treatment could regulate the gut microbiota
in IBD. Mice faecal samples were analyzed by 16S ribosomal
RNA gene sequencing in the V3-V4 regions, which displayed
that Aprobiotic treatment significantly increased the gut
bacterial richness of IBD mice (Fig. 6a). The principal compo-
nent analysis revealed that IBD mice treated with Aprobiotics
possessed similar gut microbiota profiles (Fig. 6b and c). We
further studied the phylum level of the gut microbiome, which
showed that Aprobiotic treatment significantly increased the
relative abundance of Clostridiales (responsible for inducing
Treg cells), and Lactobacillus (beneficial to IBD animal models)
(Fig. 6d-f). All of these are critical factors to relieve the symptom
of IBDs."™** These results suggest that the benefits of Apro-
biotics are partially attributed to their modulation of the gut
microbiome.

The cell-based study has confirmed that Aprobiotics could
effectively regulate the transition of macrophages from M1
phenotype to M2 phenotype, inhibiting the excessive inflam-
matory response. Therefore, we examined whether the Apro-
biotics could modulate the imbalanced immune
microenvironment in vivo. Colons tissues were taken out for
immunohistochemistry assay. Compared with the healthy
colon, high levels of TNF-o. and IL-6 revealed that the pro-
inflammation M1 macrophages significantly increased in the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Artificial probiotics modulated the gut microbiota and immune microenvironment. (a) Assessment of bacterial community richness (OUT).
(b) PcoA analysis of the gut microbiome (c) Venn diagram of detected bacterial strains. (d) Relative abundance of the intestinal microbiome. (e)
Heatmap of the relative abundance of bacterial taxa for each sample. (f) Circular plot representation of the interaction between genera of the gut
microbial community of IBD mice after treatment with COF, COF@Au, and Aprobiotics. (g) Histological studies with immunohistochemical

staining of mice colon on day 12.

control group (Fig. 6g). By contrast, after treatment with Apro-
biotics, the proportion of M1 macrophages decreased signifi-
cantly. Overall, these results demonstrated that the excessive
immune response in IBD was reversed by the Aprobiotics, and
that a new anti-inflammatory microenvironment was re-
established for the treatment of IBD.

Conclusions

In summary, we successfully constructed COF-based artificial
probiotics by encapsulating the porous covalent organic
frameworks (COFs) dispersed with ultrasmall gold

© 2023 The Author(s). Published by the Royal Society of Chemistry

nanoparticles in a yeast shell for the effective treatment of IBD.
This artificial probiotic can treat DSS-induced IBD via four
biological functions: (i) regulating gut microbiota, (ii) sup-
pressing the inflammatory response, (iii) protecting the intes-
tinal epithelial cells, and (iv) reprogramming the macrophage to
regulate the imbalanced immune microenvironment. Taken
together, the artificial probiotics provide a promising strategy
for the treatment of IBD by modulating the gut microbiota,
suppressing intestinal inflammation, protecting the intestinal
epithelial cells, and regulating immunity. This nature-inspired
approach may aid the design of more artificial systems for the
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treatment of other incurable diseases such as multidrug-
resistant bacterial infection, cancer, and others.
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