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a b s t r a c t

Colon-targeted oral drug delivery systems are one of the most promising therapeutic strategies for allevi-

ating and curing inflammatory bowel disease (IBD), but they still face challenges in successfully passing

through the harsh gastrointestinal environment and intestinal mucus barrier. To overcome the gastroin-

testinal barriers for oral drug delivery mentioned above, a “spore-like” oral nanodrug delivery platform

(Cur/COS/SC NPs) has been developed. Firstly, chitooligosaccharides (COS) are encapsulated on the sur-

face of Curcumin nanoparticles (Cur NPs) to form carrier-free nanoparticles (Cur/COS NPs). Subsequently,

inspired by the natural high resistance of spore coat (SC), SC is chosen as the “protective umbrella” to en-

capsulate Cur/COS NPs for precision targeted therapy of IBD. After oral administration, SC can effectively

protect NPs through the rugged gastrointestinal environment and exhibit excellent intestinal mucus pen-

etration characteristics. Moreover, the negatively-charged Cur/COS/SC NPs specifically target positively-

charged inflamed colon via electrostatic interactions. It is demonstrated that Cur/COS/SC NPs can promote

the expression of tight junction proteins, inhibit aberrant activation of the Toll-like receptor 4/myeloid

differentiation primary response gene 88/nuclear factor-κB (TLR4/MyD88/NF-κB) signaling pathway, and

downregulate the levels of pro-inflammatory factors, exhibiting excellent anti-inflammatory effects. No-

tably, it is found that Cur/COS/SC NPs can significantly increase the richness and diversity of gut mi-

crobiota, and restore the homeostasis of gut microbiota by inhibiting pathogenic bacteria and promoting

probiotics. Hence, Cur/COS/SC NPs provide a safe, efficient, and feasible new strategy for IBD treatment.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Inflammatory bowel disease (IBD) is a refractory chronic dis-

ease characterized by impaired intestinal barrier function, aber-

rant activation of inflammatory signaling pathways, and gut mi-

crobiota dysbiosis [1-3]. Its long-term recurrence can cause seri-

ous lesions, such as colon cancer [4,5]. Current clinical regimens

for the treatment of IBD mainly focus on treating symptoms, but

such treatment strategies are difficult to solve intestinal barrier

damage and gut microbiota dysbiosis. Besides, conventional anti-

IBD drugs (including 5-aminosalicylic acid, immunosuppressants)

have limited bioavailability and may cause severe side effects due

to their nonspecific anti-inflammatory properties [2,6,7]. Therefore,

there is an urgent need for safe and effective comprehensive ther-

apeutic strategies for IBD. Oral delivery is a highly preferred route

of administration due to its patients’ compliance and convenience.
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Additionally, with the flourishing of targeted drug delivery, colon

targeted oral drug delivery systems can localize treatment to the

inflamed colon, reducing side effects caused by systemic drug ex-

posure, and gradually becoming an ideal treatment strategy for

IBD [8,9]. For example, Zhang et al. developed cell membrane-

coated nanoparticles for effective drug delivery. By camouflaging

nanomaterials with a layer of the natural cell membrane, the ob-

tained nanoparticles not only preserve the functionalities of the in-

ner core particle but also acquire the unique colon targeting abil-

ity [10]. Wang et al. have constructed a mannose-modified lipo-

some for macrophage targeting to improve therapeutic efficiency

of colitis [11]. Unfortunately, the harsh gastrointestinal environ-

ment and mucus barrier pose several challenges to colon targeted

oral drug delivery systems [12,13]. Therefore, developing a new tar-

geted strategy to overcome the gastrointestinal barriers is urgently

needed.

The gut microbiota is usually considered a metabolic organ of

the body, and the symbiotic relationship between gut microbiota

https://doi.org/10.1016/j.cclet.2024.110180
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and host not only provides nutrients and a favorable metabolic

environment for the microbiota but also facilitates the host’s ac-

cess to nutrients [14,15]. In addition, the dysbiosis of gut micro-

biota plays a key pathogenic role in IBD by altering the composi-

tion of gut microbiota and its metabolome [16-18]. In recent years,

probiotic-based microecological preparations have been shown to

positively regulate gut microbiota, reduce inflammatory responses,

and improve the intestinal pathological microenvironment, which

may become a breakthrough in clinical IBD treatment [19,20]. No-

tably, probiotic spore preparations are widely used as adjuvant

treatments for many gastrointestinal diseases due to their strong

resistance in the stomach, including Bacillus coagulans (BC) and

Bacillus subtilis [21,22]. However, this strategy still has limitations

in precision targeted therapy of IBD due to the fact that the germi-

nation of spores cannot be well controlled [23]. Interestingly, spore

coat (SC) is the main component of spores that can resist harsh

gastrointestinal conditions. Therefore, we isolated SC in vitro as the

“protective umbrella” for the delivery of oral drugs in the gastroin-

testinal tract (GIT). Furthermore, after successfully passing through

the stomach, negatively-charged SC can achieve targeted delivery

and effective therapy within the positively-charged inflamed colon.

Additionally, since SC originates from spores, we speculate that SC

also has the potential to regulate the gut microbiota.

Curcumin (Cur) is an active polyphenol extracted from turmeric,

which possesses excellent anti-inflammatory and immunomodula-

tory properties, while also regulating the gut microbiota [24-26]. It

is a promising drug for the treatment of IBD. In certain instances,

Cur has been synthesized in the form of nanoscale particles, re-

ferred to as Cur nanoparticles (Cur NPs). These nanoparticles are

characterized by their outstanding biocompatibility and high ther-

apeutic efficacy [27,28]. Unfortunately, the stability of pure drug

NPs is poor, leading to suboptimal therapeutic efficacy. Interest-

ingly, chitooligosaccharides (COS) are natural oligosaccharides with

good solubility and biocompatibility. It not only has excellent anti-

inflammatory and antioxidant activities but also exhibits prebiotic

potential as an active factor for gut probiotics [29-31]. Thus, we

encapsulate COS on the surface of Cur NPs via electrostatic adsorp-

tion to improve the stability of Cur NPs, and COS and Cur NPs co-

operate to regulate gut microbiota.

Based on the importance of the intestinal pathological microen-

vironment and gut microbiota in the development of IBD, we de-

signed a “spore-like” oral nanodrug delivery platform (Cur/COS/SC

NPs) with an acid-resistant shell for precision targeted therapy

of IBD (Scheme 1). This nanoplatform is for highly efficient IBD

therapy by improving the intestinal pathological microenviron-

ment and restoring gut microbiota homeostasis. Firstly, we ex-

tracted SC from the BC spores as the “protective umbrella” for

drug delivery. After oral administration, Cur/COS/SC NPs were

protected from the destruction of the gastric acid environment.

Then Cur/COS/SC NPs were transported to the intestinal, where

negatively-charged Cur/COS/SC NPs could be adsorbed onto the

positively-charged inflamed colon via electrostatic interactions. In-

terestingly, Cur/COS/SC NPs showed good mucus permeability,

which might be attributed to the composition of sulfhydryl groups

in SC. Additionally, we further explored the specific mechanisms

of Cur/COS/SC NPs to improve the colitis mice, including repair-

ing intestinal barrier function, suppressing excessive activation of

Toll-like receptor 4/myeloid differentiation primary response gene

88/nuclear factor-κB (TLR 4/MyD88/NF-κB) signaling pathway, and

regulating gut microbiota homeostasis. In summary, Cur/COS/SC

NPs could safely and effectively improve the pathological microen-

vironment of IBD from multiple perspectives, possessing extraordi-

nary therapeutic advantages for IBD.

BC is a well-known probiotic widely utilized as adjunctive ther-

apy for gastrointestinal diseases [32]. Spores are dormant struc-

tures of probiotics, highly resistant to gastric acid and can ger-

Scheme 1. Schematic diagram of fabrication and oral delivery mechanism of the

“spore-like” nanoplatform. (a) Process of preparing Cur/COS/SC NPs. (b) The mech-

anism of Cur/COS/SC NPs for IBD treatment.

minate to vegetative cells in the intestine microenvironment. SC

enables spores to resist harsh environments and colonize in suit-

able areas [23]. Therefore, we plan to extract BC SC in vitro as the

“protective umbrella” for NPs. Firstly, BC was cultured in a sporula-

tion medium to separate BC spores. The morphology of BC and BC

spores was according to transmission electron microscopy (TEM).

As shown in Fig. S1 (Supporting information), the sizes of BC and

BS spores were about 2–4 and 1–2μm, respectively, and both were

uniformly rod-shaped. These results confirmed the successful cul-

tivation of BC and isolation of BC spores. Subsequently, BC spores

were disrupted by ultrasonic and followed by gradient centrifuga-

tion to obtain SC. As shown in Fig. S2 (Supporting information), the

phenomenon of SC isolating from spores was observed, indicating

the successful preparation of SC.

Cur is a hydrophobic compound with various pharmacological

effects, including anti-inflammatory, antioxidant, anticancer, and

gut microbiota modulation [24-26]. The preparation of Cur into

Cur NPs improved the bioavailability and therapeutic efficacy of

Cur [27]. As expected, Cur NPs showed a regular spherical shape

(Fig. 1a). Then, Cur NPs were coated with COS via electrostatic ad-

sorption to prepare Cur/COS NPs. Finally, the mixture of Cur/COS

NPs and SC was passed through a liposome extruder to encap-

sulate SC on the surface of Cur/COS NPs to prepare Cur/COS/SC

NPs. As shown in TEM images, compared with the smooth edges

of unmodified Cur NPs, the coated Cur/COS NPs and Cur/COS/SC

NPs showed obvious additional shells (Fig. 1a). In addition, dy-

namic light scattering (DLS) analysis demonstrated that the size

and zeta potential of NPs changed after coating. The size of Cur

NPs was about 49.06± 5.6 nm, while the size of Cur/COS NPs and

Cur/COS/SC NPs were about 69.82± 6.0 and 91.12± 4.4 nm, re-

spectively (Fig. 1b and Fig. S3a in Supporting information). Putting

it all together, these results demonstrated the successful prepara-

tion of Cur NPs, Cur/COS NPs, and Cur/COS/SC NPs. To ensure that

Cur/COS/SC NPs can effectively target inflamed colon, the negative

charge of SC should be retained after wrapping around the surface

of Cur/COS NPs. These negatively-charged NPs can specifically tar-
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Fig. 1. Preparation and characterization of Cur/COS/SC NPs. (a) The TEM images of

Cur NPs, Cur/COS NPs, and Cur/COS/SC NPs. Size b) and Zeta potential c) of differ-

ent NPs. (d) XRD spectra. (e) Tyndall effect of different preparations. (f) Gel imaging.

(g) The content of sulfhydryl groups. (h) The percentage of NPs-mucin aggregation.

(i) DPPH radical scavenging assay. (j) Drug release behavior from Cur/COS/SC NPs

at different pHs. (k) Release behavior of drugs from Cur NPs and Cur/COS/SC NPs

incubated in a buffer solution with gradually varying pH for 24 h. Data are repre-

sented as means ± SD (n = 3), statistical analysis by one-way analysis of variance

(ANOVA). ∗∗∗P < 0.001. ns, no significance.

get inflamed colon via electrostatic interactions, characterized by

an enrichment of positively-charged proteins [33,34]. As expected,

the zeta potentials of Cur NPs, Cur/COS NPs, and Cur/COS/SC NPs

were −24.2± 2.5, 29.3± 3.9, and −21.9± 3.6mV, respectively

(Fig. 1c and Fig. S3b in Supporting information). Considering that

SC is essential for the spore to resist harsh environments, we spec-

ulated that SC could effectively protect NPs from the harsh gas-

tric acid environment. To verify our conjecture, TEM was employed

to evaluate the stability of Cur/COS/SC NPs by the morphology in-

tegrity after incubation with simulated gastric fluid and bile salts.

As shown in Fig. S4 (Supporting information), Cur/COS/SC NPs still

maintained the integrity of their shape after being incubated with

simulated gastric fluid and bile salts. Furthermore, compared to

other NPs, Cur/COS/SC NPs showed remarkable stability, with little

change in solution dispersion and particle size over 7 days (Fig. S5

in Supporting information). Moreover, the X-ray diffraction (XRD)

pattern of Cur showed multiple peaks owing to its crystallographic

nature. In contrast, Cur NPs, Cur/COS NPs, and Cur/COS/SC NPs ex-

hibited only one weak crystallization peak, indicating the success-

ful preparation of NPs (Fig. 1d). Then, the ultraviolet–visible (UV–

vis) spectrum confirmed the successful preparation of Cur/COS/SC

NPs with an absorption peak of Cur (Fig. S6 in Supporting informa-

tion), in which the loading capacity of Cur was 12.5%. The Tyndall

effect is the scattering of light as a light beam passes through a

colloid, commonly used as a preliminary validation of NPs forma-

tion [35]. As shown in Fig. 1e, under laser irradiation, the solutions

of Cur NPs, Cur/COS NPs, and Cur/COS/SC NPs displayed signifi-

cant Tyndall light scattering phenomena. In summary, these results

demonstrated the successful preparation of Cur/COS/SC NPs.

Subsequently, the result of gel electrophoresis showed that the

protein composition of Cur/COS/SC NPs was similar to SC, including

Cot A (known for resistance) and Cot B (known for natural affin-

ity), suggesting that SC was successfully wrapped on the surface of

Cur/COS NPs (Fig. 1f) [36]. Additionally, to further investigate the

function of SC, we analyzed the protein component of SC using liq-

uid chromatography tandem mass spectrometry (LC/MS/MS). Mul-

tiple proteins were detected, such as domain proteins that enable

spores to resist harsh environments and proteins with sulfhydryl

groups on the surface that help penetrate intestinal mucus (Table

S1 in Supporting information). The intestinal mucus barrier pro-

tects the epithelium from pathogenic microorganisms and harm-

ful substances, but it may also reduce the absorption of drugs

by intestinal epithelial cells, thereby decreasing the efficacy of

drugs [37]. The sulfhydryl groups on the surface of SC can dis-

rupt the disulfide bonds between mucin glycoproteins, promoting

NPs to penetrate intestinal mucus [38]. As expected, the levels

of sulfhydryl groups in SC and Cur/COS/SC NPs were comparable

(Fig. 1g). In addition, compared with the other groups, Cur/COS/SC

NPs had the lowest aggregate of 38% ± 2.1% (Fig. 1h). These results

suggested that Cur/COS/SC NPs can escape mucus entrapment ef-

fectively.

Interestingly, we found that Cur/COS/SC NPs can scavenge DPPH

radicals, indicating their excellent antioxidant capacity (Fig. 1i).

Next, the controlled drug release behaviour of Cur/COS/SC NPs was

detected under different simulated physiological conditions. We

immersed Cur/COS/SC NPs in simulated gastric fluid (pH 1.2), in-

testinal fluid (pH 6.8), and colonic fluid (pH 7.4, with or without β-

glycosidase). At pH 1.2, pH 6.8, and pH 7.4 without β-glycosidase,

the cumulative release percentages of Cur were 11.31% ± 1.7%,

35.12% ± 2.91%, and 43.65% ± 1.29%, respectively. In contrast, at pH

7.4 with β-glycosidase, more than 70% of Cur was released because

COS was degraded by the colon-specific β-glycosidase (Fig. 1j). Fur-

thermore, after incubating Cur/COS/SC NPs with simulated colonic

fluid for a period of time, the shell of Cur/COS/SC NPs showed

significant rupture (Fig. S7 in Supporting information). These re-

sults demonstrated the enzyme-responsive drug release properties

of Cur/COS/SC NPs. Subsequently, the programmed drug release

properties were performed in a gradually pH-changing medium

simulating the conditions of different parts of GIT. As shown in

Fig. 1k, unprotected Cur NPs showed advanced release in the GIT,

while the programmed release of Cur/COS/SC NPs reached 61.56%

± 2.96% under the specific pH and enzyme conditions in the colon

environment.

The cytotoxicity of different formulations in Caco-2 cells was

evaluated at 24 and 48 h. MTT results showed that the cell sur-

vival of Cur/COS/SC NPs (higher than 75%) at both 24 and 48h

was significantly higher than other three groups, indicating the ex-

ceptional biocompatibility of the Cur/COS/SC NPs (Fig. S8 in Sup-

porting information). Efficient cellular uptake plays a crucial role

in the therapeutic efficacy of NPs. To analyze the uptake efficiency

of Cur/COS/SC NPs, Caco-2 cells were treated with Cur/COS/SC NPs

for 0.5, 1, 2, and 4h, respectively. Subsequently, cellular uptake

was evaluated using flow cytometry and fluorescent microscopy,

respectively. As shown in Fig. 2a and Fig. S9 (Supporting informa-

tion), the fluorescence intensity gradually increased with the in-

cubation time of Cur/COS/SC NPs, confirming that Cur/COS/SC NPs

can be effectively uptaken by Caco-2 cells. Subsequently, intracel-

lular behavior of NPs was tracked. As shown in Fig. S10 (Support-

ing information), there was a significant overlap between green

fluorescence signals (Cur NPs) and red fluorescence signals (lyso-

somes), indicating that Cur NPs were swallowed by lysosomes.

Nevertheless, the green fluorescence of Cur/COS/SC NPs separated

from red fluorescence, suggesting that Cur/COS/SC NPs could be
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Fig. 2. Studies of cytotoxicity assay, cellular uptake assay and in vitro anti-

inflammatory assay. (a) Cell uptake efficiency evaluated by fluorescent microscopy.

Scale bar: 20 μm. (b) Comet assay and percentage of tail DNA. Scale bar: 50 μm. (c)

Cytokines levels of IL-1β , IL-6, and TNF-α. Data are represented as means ± SD (n

= 3), statistical analysis by one-way ANOVA. ∗∗P < 0.01, ∗∗∗P < 0.001.

uptaken by cells and escape from lysosomes with 4 h. Probably, the

α-helix structures of the SC preferentially embed themselves in the

phospholipid bilayer of biological membranes, where they interact

to form pores for transmembrane activity [39]. This induces mem-

brane fusion allowing endocytosis and lysis [40,41], and eventually

facilitating lysosomal escape of NPs containing α-helix.

Reactive oxygen species (ROS) are byproducts of cellular oxida-

tive metabolism. Physiological normal levels of ROS regulate cell

proliferation and invasion, while excessive ROS can lead to oxida-

tive stress and induce DNA damage [42]. Subsequently, the comet

assay can be used for the measurement of oxidative DNA dam-

age. As shown in Fig. 2b, H2O2 showed an obvious trailing phe-

nomenon, indicating that H2O2-induced DNA damage in Caco-2

cells. In comparison, the trailing phenomenon of Cur/COS/SC NPs

was not significant. These results indicated that Cur/COS/SC NPs

could efficiently prevent H2O2-induced oxidative damage to cellu-

lar DNA.

After that, the anti-inflammatory properties of different formu-

lations were detected. The levels of pro-inflammatory cytokines

interleukin-1β (IL-1β), IL-6, and tumor necrosis factor-α (TNF-

α) in lipopolysaccharide (LPS)-induced RAW264.7 cells were mea-

sured to determine the anti-inflammatory activity of each formula-

tion. As shown in Fig. 2c, the levels of pro-inflammatory cytokines

in Cur/COS/SC NPs group were substantially diminished, confirm-

ing the good anti-inflammatory efficacy of Cur/COS/SC NPs.

All animal experiments were approved by the Ethics Commit-

tee of Zhengzhou University. All animal experiments were carried

out in strict accordance with the “Guidelines for the Feeding and

Use of Laboratory Animals” which was required by the Ministry of

Science and Technology of China. All BALB/c mice (15–20g) were

obtained from SPF Biotechnology Co., Ltd. (Beijing, China).

To determine whether Cur/COS/SC NPs can effectively tar-

get inflamed colon tissue, Cy5 labeled nanoplatforms (Cy5@NPs)

were used for fluorescence tracking. The fluorescence of Cy5 and

Cy5@NPs were significantly accumulated at the GIT sites in mice

Fig. 3. Cur/COS/SC NPs exert a powerful therapeutic effect in DSS-induced colitis.

(a) In vivo fluorescence images of colitis mice at the indicated time points after

oral administration of different formulations. (b) The fluorescence images of major

organs and colon tissues that were collected from mice after oral administration of

different formulations for 12 h. (c) Schematic diagram of colitis model construction

and treatment effect evaluation. (d) Daily body weight change of mice over 21 days.

(e) DAI scores of mice in different groups. (f) H&E staining images and histology

score of colon tissue. Scale bar: 100μm. (g) Western blot analysis of TLR4, MyD88,

and NF-κB. Data are represented as means ± SD (n = 3), statistical analysis by one-

way ANOVA. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001.

after being administrated for 2–4 h After 12h administration, it

could be observed that Cy5@Cur/COS/SC NPs showed strong fluo-

rescence in the colon compared to other treatment groups (Figs. 3a

and b, and Fig. S11 in Supporting information). In addition, we as-

sessed the absorption effect of colonic epithelial cells on each for-

mulation. Cur/COS/SC NPs displayed strong fluorescence in colonic

epithelial cells, while the other three groups showed weak fluores-

cence (Fig. S12 in Supporting information). Therefore, Cur/COS/SC

NPs could successfully target inflamed colon and be absorbed by

colonic epithelial cells effectively.

Afterwards, the results of routine blood tests, renal and hep-

atic function tests showed no significant differences in various in-

dicators between Cur/COS/SC NPs treated mice and healthy mice,

confirming the good biocompatibility of Cur/COS/SC NPs (Fig. S13

in Supporting information). Furthermore, hematoxylin and eosin

(H&E) staining of major tissues and organs showed negligible dam-

age for all preparations, further indicating the biosafety of different

preparations (Fig. S14 in Supporting information).

The anti-inflammatory effects of Cur/COS/SC NPs were further

investigated in dextran sodium sulfate (DSS)-induced colitis mice.

After being treated with 3.5% DSS for one week to induce col-

itis, mice were randomly divided into eight groups and treated

with different formulations every other day for two weeks (Fig.

3c). At the end of treatment, mice were sacrificed and their colons

were harvested for follow-up studies. Notably, the length of colon

in Cur/COS/SC NPs group was similar to that in healthy mice,

and significantly longer in comparison to other treatment groups
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(Fig. S15 in Supporting information). Additionally, residual blood

stools were observed in DSS group mice, which significantly im-

proved after treatment with Cur/COS/SC NPs (Fig. S16 in Support-

ing information). Similarly, the increasing trend of body weight

was obvious in Cur/COS/SC NPs group, while the other treatment

groups failed to prevent weight loss (Fig. 3d). The severity of

DSS-induced colitis was measured using the disease activity index

(DAI), which assigned scores based on weight loss, stool consis-

tency, and stool bleeding (Table S2 in Supporting information). As

shown in Fig. 3e, the DAI of DSS group increased rapidly during

the treatment process. However, the increased DAI was dramati-

cally suppressed after treatment with Cur/COS/SC NPs, indicating

that Cur/COS/SC NPs were effective in alleviating the severity of

colitis. Moreover, the H&E staining images of colon tissue showed

that, except for Cur/COS/SC NPs and normal control (NC) groups,

the other treatment groups showed varying degrees of pathologi-

cal damage such as inflammatory cell infiltration (red arrow) and

loss of colonic glands and goblet cells (black arrow) (Fig. 3f and

Table S3 in Supporting information). Zonula occluden-1 (ZO-1) and

occludin, the tight junction-associated proteins that play essen-

tial roles in improving intestinal barrier function and maintaining

intestinal homeostasis [43]. Immunofluorescence staining images

showed that the expression levels of ZO-1 and Occludin in colon

tissue were normalized after oral administration of Cur/COS/SC NPs

(Fig. S17 in Supporting information). In conclusion, all these results

demonstrated that Cur/COS/SC NPs have a significantly greater

anti-inflammatory effect in colitis mice compared to other treat-

ment groups.

TLR4 is a mediator between immune response and gut micro-

biota, playing a significant role in maintaining intestinal home-

ostasis. TLR4/MyD88/NF-κB signaling pathway is aberrant activa-

tion in DSS-induced colitis mice, which could further increase

the generation of pro-inflammatory cytokines in the colon [3,44].

Therefore, inhibiting excessive activation of TLR4/MyD88/NF-κB
signaling pathway has become a potentially effective strategy for

treating IBD. The levels of TLR4, MyD88, and NF-κB proteins in

colon tissue were determined by Western blot and immunofluores-

cence analysis. As expected, compared to other treatment groups,

Cur/COS/SC NPs evidently suppressed the TLR4/MyD88/NF-κB sig-

naling pathway, which was also verified by immunofluorescence

(Fig. 3g and Fig. S19 in Supporting information). In addition, the

level of myeloperoxidase (MPO) was dramatically suppressed after

Cur/COS/SC NPs treatment (Fig. S18 in Supporting information). LPS

is the main component of the outer membrane of Gram-negative

bacteria and can induce the release of pro-inflammatory cytokines

through TLR4 [45,46]. It could be found that the increased LPS

and pro-inflammatory cytokines (IL-1β , IL-6, and TNF-α) were sig-

nificantly down-regulated by Cur/COS/SC NPs (Fig. S20 in Sup-

porting information). The above results consistently indicated that

Cur/COS/SC NPs could inhibit the development of colitis, providing

a promising strategy for the treatment of IBD.

The gut microbiota consists of hundreds of microorganisms that

play an important role in maintaining immunity and intestinal

homeostasis. There is emerging evidence that gut microbiota plays

a crucial role in the occurrence and development of colitis [17,47].

Therefore, we further investigated whether Cur/COS/SC NPs treat-

Fig. 4. The modulation of Cur/COS/SC NPs in the composition and abundance of gut microbiota. (a) The α-diversity of the gut microbiota, including Simpson, Shannon, and

Chao1. (b) The β-diversity was shown by the PCoA plot. (c, d) The relative abundance of gut microbiota at the phylum and genus levels. (e–g) The relative abundance of

Bacteroidota, Firmicutes, and Actinobacteria at the phylum level. (h–k) The relative abundance of Muribaculaceae, Lactobacillus, Desulfovibrionaceae, and Clostridia_UCG-014 at

the genus level. Data are represented as means ± SD (n = 3), statistical analysis by one-way ANOVA. ∗∗∗P < 0.001.
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ment could affect the progression of colitis by regulating the com-

position of gut microbiota in DSS-induced colitis mice. At the end

of treatment, we collected the fecal of each colitis mouse and sub-

sequently conducted structural differences analysis of the mice gut

microbiota using 16 s rDNA gene sequencing technology. Previous

studies have shown that the composition of gut microbiota de-

creases with the appearance of chronic diseases [48-50]. As ex-

pected, compared with other treatment groups, Cur/COS/SC NPs

treatment significantly increased the α-diversity (Simpson, Shan-

non, and Chao1) of gut microbiota in DSS-induced mice (Fig. 4a).

Further analysis of the Venn diagram revealed that Cur/COS/SC NPs

treatment significantly increased the number of microbiotas (Fig.

S21 in Supporting information). The principal coordinate analysis

(PCoA) plot showed that gut microbiota of Cur/COS/SC NPs treat-

ment group displayed a higher similarity to the healthy NC group

compared to other treatment groups (Fig. 4b). These results sug-

gested that Cur/COS/SC NPs showed promising potential to suc-

cessfully restore microbiota homeostasis. Subsequently, the compo-

sition of the gut microbiota was assessed at the phylum and genus

levels (Figs. 4c and d). At the phylum level, Cur/COS/SC NPs treat-

ment significantly increased the proportion of probiotics, includ-

ing Bacteroidota (known to improve inflammation and have benefi-

cial effects on metabolic dysfunction) and Actinobacteria (known to

maintain intestinal barrier homeostasis), while decreasing the pro-

portion of Firmicutes (known to have pro-inflammatory properties)

(Figs. 4e–g) [51-53]. In addition, it was further confirmed at the

phylum level. As shown in Figs. 4h–k, Cur/COS/SC NPs treatment

increased the relative abundance of Muribaculaceae and Lactobacil-

lus but reduced the proportions of Bacteroides and Clostridia_UCG-

014. Muribaculaceae is a typical probiotic that maintains homeosta-

sis of intestinal barrier function while suppressing inflammation

[54]. Lactobacillus is one of the most common probiotics and is

commonly used as a food supplement to maintain health. How-

ever, Desulfovibrionaceae and Clostridia_UCG-014 are both common

pro-inflammatory bacteria [51,55]. These results indicated that

Cur/COS/SC NPs can disrupt the ecological niche occupied by harm-

ful bacteria and promote the proliferation of probiotics, which have

a promising therapeutic against colitis.

To summarize, we constructed a “spore-like” oral nanodrug de-

livery platform (Cur/COS/SC NPs) that can overcome harsh gas-

trointestinal biological barriers for precision targeted therapy of

IBD. This platform can achieve effective treatment for IBD by im-

proving the pathological microenvironment of intestinal inflamma-

tion and restoring the gut microbiota homeostasis. With the cam-

ouflage of SC, the nanoparticles had advantages in several aspects,

such as resistance to harsh gastric acid environment, good mucus

permeability, precise targeting of the inflamed colon, and favorable

biosafety. According to our results, Cur/COS/SC NPs exhibited ex-

cellent anti-inflammatory capacities, such as upregulating the ex-

pression of tight junction proteins, inhibiting abnormal activation

of TLR4/MyD88/NF-κB signaling pathway, and suppressing the ex-

pression of inflammatory cytokines, demonstrating the excellent

therapeutic effect of Cur/COS/SC NPs on colitis mice. Moreover, our

results showed good efficacy of Cur/COS/SC NPs with few adverse

effects in both in vitro and in vivo experiments. Significantly, the

results of 16 s rDNA sequencing showed that Cur/COS/SC NPs could

remarkably increase the richness and diversity of gut microbiota

and restore the homeostasis of gut microbiota. In conclusion, this

nanoplatform provides a prospective strategy for targeted oral drug

delivery for IBD therapy.
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