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Abstract
Ulcerative colitis (UC) is a complex and chronic inflammatory bowel disease whose pathogenesis involves 
genetic and environmental factors, which poses a challenge for treatment. Here, we have designed an innovative 
integrated therapeutic strategy using Lactobacillus acidophilus extracellular vesicles (EVs) to encapsulate UiO-66-NH2 
nanoparticles bounded with TNF-α siRNA (EVs@UiO-66-NH2@siRNA) for UC treatment. This system shows superior 
affinity to inflammation-related cells due to the Lactobacillus acidophilus EVs can maintain immune homeostasis 
by regulating the secretion of cytokines in vitro. siRNA can specifically target the key inflammatory TNF-α in UC 
and silence its gene expression, thereby regulating the process of inflammatory response. After oral administration, 
EVs@UiO-66-NH2@siRNA demonstrates an accurate delivery of TNF-α siRNA to colonize the colon site and exerts 
a siRNA therapeutic effect by inhibiting the expression of TNF-α, which alleviates the intestinal inflammation 
in DSS-induced UC model. Moreover, this system can modulate the types and compositional structures of gut 
microbiota and metabolites to achieve an anti-inflammatory phenotype, which is helpful for the repair of intestinal 
homeostasis. We also have proved that UiO-66-NH2 nanoparticles exhibit a high loading capacity for TNF-α siRNA 
and good pH responsiveness, improving the potent release of siRNA in colon tissue. Collectively, the EVs@UiO-66-
NH2@siRNA nano-delivery system demonstrate a feasible combination therapeutic strategy for UC through gut 
microecology modulation, immune regulation and TNF-α siRNA silence, which may provide a potential targeted 
treatment approach for inflammatory bowel disease.
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Introduction
Ulcerative colitis (UC) is a chronic inflammatory bowel 
disease characterized by complex immune responses and 
dysbiosis of the gut microbiota [1]. Although current 
therapeutic drugs such as 5-aminosalicylic acid, cortico-
steroids, and inhibitors can partly alleviate symptoms, the 
side effects associated with their long-term use remain a 
challenge in UC treatment [2]. The dysbiosis of the gut 
microbiota and abnormalities in metabolism have been 
closely linked to the pathogenesis of UC [3, 4]. The gut 
microbiota, as a crucial ecosystem within the organism, 
can impact immune cell differentiation and activation 
in immune regulation. In terms of metabolic functions, 
it plays an important role in various metabolic pathways 
such as nutrient digestion and absorption [5]. Research 
has shown that the diversity of gut microbiota in UC 
patients has reduced, for instance the increase of patho-
genic bacteria and the decrease of probiotics, which leads 
to the deterioration of intestinal mucosal barrier function 
and disease progression [6, 7]. Furthermore, metabolites 
serve as important mediators of interaction between the 
gut microbiota and the host, and changes of their types 
and levels impact directly the host’s metabolic status and 

immune response [8, 9]. Therefore, methods focused 
on modulating the gut microbiota and metabolites have 
gained significant attention and become a research hot-
pot in UC treatment [10]. 

Lactobacillus acidophilus, as an important probiotic, 
has been found to improve the efficacy of UC therapy by 
regulating the composition of gut microbiota and metab-
olites [11]. For example, Lactobacillus acidophilus could 
produce beneficial metabolites, such as short-chain fatty 
acids, which help maintain intestinal mucosal health and 
moderate organismal metabolism [12]. Moreover, Lacto-
bacillus acidophilus has the ability to inhibit the growth 
of pathogenic bacteria and promote the proliferation of 
probiotics, remolding the balance of gut microbiota [13]. 
Some reported also demonstrated that Lactobacillus aci-
dophilus can colonize the colon specifically to reduce the 
levels of pro-inflammatory cytokines (such as TNF-α, 
IL-6, and IL-1β), and increase the level of anti-inflamma-
tory factors (such as IL-10), thereby promoting intestinal 
mucosal repair, suppressing the overactive immune sys-
tem, and alleviating inflammation [14]. However, some 
limitations still existed in the clinical practice, such as 
the unsatisfactory effectiveness and inconsistent dosage. 
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Lactobacillus acidophilus is sensitive and easily deac-
tivated by the pH value and bile salts in gastrointestinal 
fluid, which result in a low survival rate and unsatisfac-
tory effectiveness [15, 16]. Additionally, individual differ-
ences are exhibited in the digestive functional status in 
UC patients, so, the dosage of Lactobacillus acidophilus 
is varied. This variability makes it complex and challeng-
ing to precisely adjust the bacterial dosages in clinical 
applications [17]. Research has revealed that EVs derived 
from cells contain proteins, nucleic acids and lipids, 
which possess properties similar to those of parent cells 
[18]. Thus, we hypothesize that Lactobacillus acidophilus 
EVs instead of bacterial cells could improve the efficacy 
of UC treatment.

The imbalance of gut microbiota and abnormal regula-
tion at gene levels play crucial roles in UC pathogenesis 
[19]. Therefore, RNA interference (RNAi) technology 
has emerged as a powerful regulation tool. Small inter-
fering RNA (siRNA) as a double-stranded RNA molecule 
with a length of about 20–25 nucleotides can recognize 
and bind to the target mRNA in a highly specific manner, 
which induce endonucleases to cleave the target mRNA 
for silencing the specific genes [20–22]. This precise gene 
regulation ability makes siRNA show great potential in 
UC treatment [23]. The overproduction of tumor necro-
sis factor-α (TNF-α) stimulates the process of UC patho-
genesis, so, inhibiting the function of TNF-α by siRNA 
maybe break the vicious cycle of inflammatory cascade in 
intestinal tract and provide a new strategy and direction 
for UC treatment [24, 25]. 

In this study, we have prepared a dual-mode UC ther-
apeutic system using Lactobacillus acidophilus EVs 
and TNF-α siRNA drugs. To improve the therapeutic 
efficiency of siRNA, UiO-66-NH2 is first synthesized, 
and then bonded with a large amount of TNF-α siRNA 
through multivalent interactions to synthesize UiO-
66-NH2@siRNA nanoparticles. UiO-66-NH2 possesses 
several advantages over other nanomaterials (liposomes 
or dendrimers), such as high surface area, tunable pore 
size, and acid-sensitive properties, which facilitated the 
efficient loading and release of siRNA in vivo [26–28]. 
Subsequently, Lactobacillus acidophilus EVs are isolated 
and employed to envelop UiO-66-NH2@siRNA nanopar-
ticles for the construction of EVs@UiO-66-NH2@siRNA 
nano-delivery system (Scheme 1). This system can regu-
late gut microecology with Lactobacillus acidophilus 
EVs and target TNF-α through TNF-α siRNA for UC 
treatment through three pathways. (1) Gut microecol-
ogy modulation: Lactobacillus acidophilus EVs are able 
to modulate the types and compositions of gut micro-
biota and metabolites by promoting the growth of ben-
eficial bacteria (Bifidobacterium and Faecalibaculum) 
and inhibiting the expansion of pathogenic bacteria 
(Klebsiella and Enterobacteriaceae) to improve intestinal 

environmental stability and harmony. (2) Immune regu-
lation: Lactobacillus acidophilus EVs can effectively 
regulate the secretion of inflammatory factors in intes-
tinal cells, reducing the production of pro-inflammatory 
cytokines (such as IL-6, IL-1β, and TNF-α) and increas-
ing the levels of anti-inflammatory factors (like IL-10). 
This promotes the repair and regeneration of intestinal 
mucosa, leading to a reduction in intestinal inflamma-
tion. (3) TNF-α siRNA silence: TNF-α siRNA in this 
system specifically silences the TNF-α gene and reduces 
their expression level in colonic inflammatory tissues, 
which decreases the infiltration of inflammatory cells and 
tissue damage and maintain the stability of the intestinal 
environment. We have demonstrated that this system is 
superior in the following ways: (1) UiO-66-NH2 features 
with high porosity, large surface area, and acid sensitiv-
ity, which can increase the loading amounts of TNF-α 
siRNA and improve its escape efficiency from lysosomes. 
(2) Intestinal-site targeting and preferential colonization 
of Lactobacillus acidophilus EVs enables this system to 
quickly reach the disease-site for boosting the effective-
ness of TNF-α siRNA against UC. This nano-delivery sys-
tem also reduces the off-target side effects and provides a 
more precise means of treatment. Overall, targeted deliv-
ery of TNF-α siRNA to the inflamed site and modulation 
of the gut microbiota and metabolites using Lactobacillus 
acidophilus EVs-coated UiO-66-NH2 shows great poten-
tial for the UC precise treatment. Given its easy prepara-
tion, low cost and good biocompatibility, the developed 
strategy opens up a new avenue for the advanced delivery 
of siRNA with probiotic EVs in biomedical applications.

Experimental sections
Chemicals and reagents
Zirconium tetrachloride (ZrCl4, purity ≥ 99%), 2-ami-
noterephthalic acid (NH2-BDC, purity ≥ 98%), N, 
N-dimethylformamide (DMF, purity ≥ 99.5%), and ben-
zoic acid (purity ≥ 99%) were purchased from Sigma-
Aldrich (MO, USA). Dextran sulfate sodium (DSS, colitis 
grade, Mw = 36–50 kDa, purity ≥ 95%) was obtained from 
MP Biomedicals (CA, USA). The MTT Cell Proliferation 
and Cytotoxicity Assay Kit was purchased from EnoGene 
(Nanjing, China). The NaviScript® Rapid PCR Master Mix 
(601112) was ordered from Synomebio Co., Ltd. (Shang-
hai, China). The StarLighter HP SYBR Green qPCR 
Mix was purchased from Foreverstar Biotech (Beijng, 
China). RNase III (E153) and RNase free water (E132) 
were ordered from Novoprotein (Shanghai, China). RNA 
extraction kits was purchased from Beibei Biotechnology 
Co. Ltd. (Zhengzhou, China). The PCR product purifica-
tion kits was purchased from Shandong Sparkjade Bio-
technology Co., Ltd. (Shandong, China). The Evo M-MLV 
reverse transcription kits (AG11705) was ordered from 
ACCURATE BIOTECHNOLOGY (Hunan) Co., Ltd, 
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(Changsha, China). The dsDNA quantification kit was 
bought from Invitrogen (CA, USA). TNF-α siRNA 
(sense: 5’- G U C U C A G C C U C U U C U C A U U C C U G C T-3’, 
anti-sense: 5’- A G C A G G A A U G A G A A G A G G C U G A G 
A C A U-3’), carboxy fluorescein (FAM)-labeled siRNA, 
as well as primers for TNF-α, IL-6, IL-1β and IL-10 
were synthesized by Beijing Tsingke Biotech Co., Ltd. 
(Beijing, China). Cy5.5-labeled-siRNA was synthesized 
from Bioligo Biotechnology (Shanghai) Co., Ltd. (Shang-
hai, China). MRS medium, BCA protein concentration 
assay kit, RPMI 1640 medium, 4% paraformaldehyde 
(purity ≥ 99%) and ELISA kits for IL-1β (SEKM-0002) 
cytokines were purchased from Solarbio Science & 

Technology Co., Ltd. (Beijing, China). The ELISA kits for 
TNF-α (EMC102a.96) was ordered from Neobioscience 
Technology Co, Ltd. 200-mesh copper grids and uranyl 
acetate (purity ≥ 99%) were obtained from Zhongjingkeyi 
Technology Co., Ltd. (Beijing, China). FBS was ordered 
from Inner Mongolia Wanrui Biotechnology Co.,Ltd. 
(Neimenggu, China). DAPI (purity ≥ 98%) and Lyso-
Tracker (purity ≥ 95%) were provided by Beyotime Bio-
technology (Shanghai, China). ELISA assay kits for IL-6 
(JL20268) cytokines was obtained from Jianglai biology 
(Shanghai, China). The IL-10 ELISA kits (CSB-E04594m-
IS) was obtained from Signalway Antibody (Nanjing, 
China). The myeloperoxidase (MPO) assay kit was 

Scheme 1 EVs@UiO-66-NH2@siRNA nano-delivery system for the treatment of UC. (A) Preparation process of EVs@UiO-66-NH2@siRNA. (B) EVs@UiO-66-
NH2@siRNA specifically treat UC
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purchased from Nanjing Jiancheng Bioengineering Insti-
tute (Nanjing, China). The Kryogene™ cell preservation 
solution was obtained from Milecell Biological Science & 
Technology Co., Ltd. (Shanghai, China). The PCR tubes, 
15 mL centrifuge tubes and 50 mL centrifuge tubes were 
purchased from Hangzhou Agen biotechnology limited. 
(Hangzhou, China). The SDS-PAGE Protein Loading Buf-
fer (5X, P011) was obtained from GenulN (Hefei, China). 
Agarose was purchased from Coolaber Science & Tech-
nology (Beijing, China). Small molecular weight Tricine 
prefabricated glue (TR10165Gel) obtained from Smart-
lifesciences (Changzhou, China). The color prestain 
protein Marker (M323) was purchased from Applied Bio-
logical Materials Inc. (abm).

Preparation of UiO-66-NH2 nanoparticles
UiO-66-NH2 was prepared based on literature with slight 
modifications [29, 30]. Firstly, 110 mg of NH2-BDC, 1.9 g 
of terephthalic acid, and 120  mg of ZrCl4 were added 
to 10 mL of DMF, and sonicated for 5  min until com-
pletely dissolved. Subsequently, the well-mixed solution 
was transferred to a 100 mL high-pressure reaction ves-
sel, and placed in an oven at 120  °C for 24  h. After the 
reaction, the vessel was allowed to cool naturally to room 
temperature, and the solution inside was collected. The 
nanoparticles were washed three times with ethanol at 
8000 rpm for 10 min. Finally, the washed precipitate was 
placed in a vacuum drying oven at 65 °C for 12 h, and the 
UiO-66-NH2 nanoparticles were collected.

Extraction and purification of Lactobacillus acidophilus EVs
Lactobacillus acidophilus (strain number: 1.1878) were 
acquired from the China General Microbiological Cul-
ture Collection Center (Beijing, China), and preserved 
at -80  °C. Then, it was streaked on solid MRS culture 
medium, and incubated at 37  °C for resuscitation. After 
48  h of cultivation, a single colony was picked and cul-
tured in 4 mL of liquid MRS culture medium, at 37  °C 
for 24 h. Subsequently, it was inoculated into 400 mL of 
liquid MRS culture medium and for amplification cul-
ture. When the OD600 reached 0.8, the bacterial liquid 
was centrifuged and collected at 4  °C and 100,000 g for 
30  min, followed by filtration through a 0.22  μm filter 
(CL-SA1-104338, STEEMA, Stronger Science) to remove 
bacterial cell debris and protein aggregates. The superna-
tant was then centrifuged at 4  °C and 100,000 g for 1 h, 
and the precipitate was retained. After washing with PBS 
solution, the Lactobacillus acidophilus EVs were col-
lected, re-suspended in 1 mL PBS solution, and stored at 
-80 °C for future use.

Preparation of UiO-66-NH2@siRNA
The UiO-66-NH2 nanoparticles (1 mg) were mixed with 
TNF-α siRNA (500 nM) and dissolved in 4 mL of DEPC 

water. The mixture was stirred at room temperature 
for 24  h. Subsequently, the solution was centrifuged at 
8000 rpm for 10 min, and the precipitate was washed 3 
times with DEPC water. The washed samples were then 
placed in a vacuum drying oven at 65  °C for 12  h to 
obtain UiO-66-NH2@siRNA nanoparticles.

Preparation of EVs@UiO-66-NH2@siRNA
The UiO-66-NH2@siRNA nanoparticles (1  mg/mL) and 
Lactobacillus acidophilus EVs (0.5 mg/mL, BCA protein 
concentration) were mixed, sonicated for 30  min, and 
then passed through porous polycarbonate membranes 
with pore sizes of 800 nm, 400 nm, 200 nm, and 100 nm 
(Millipore, Germany) with a liposome extruder (Morgec 
Machinery, Shanghai, China). The resulting solution was 
centrifuged at 12,000 rpm for 5 min, and the precipitate 
was collected. The EVs@UiO-66-NH2@siRNA nanopar-
ticles were resuspended in PBS and stored at 4 °C for use.

Characterization of nanoparticles
The morphology characteristics of EVs, UiO-66-NH2, 
UiO-66-NH2@siRNA, and EVs@UiO-66-NH2@siRNA 
nanoparticles were observed using a transmission electron 
microscope (Hitachi, Japan). TEM Mapping analysis was 
also conducted on EVs@UiO-66-NH2@siRNA. The crys-
tal structures of UiO-66-NH2 and UiO-66-NH2@siRNA 
nanoparticles were analyzed using an X-ray diffractom-
eter (XRD) (Bruker, Germany). The specific surface areas 
of UiO-66-NH2 and UiO-66-NH2@siRNA nanoparticles 
were determined using the Brunauer-Emmet-Teller (BET) 
method (Micromeritics, USA). Particle size and zeta 
potential analysis of EVs, UiO-66-NH2, UiO-66-NH2@
siRNA, and EVs@UiO-66-NH2@siRNA nanoparticles 
were performed using a Malvern particle size analyzer 
(Mastersizer 2000, UK). The encapsulation efficiency and 
release rate of siRNA in UiO-66-NH2 were tested using a 
microplate reader (BioTek Synergy Mx, USA). The stabil-
ity of EVs@UiO-66-NH2@siRNA nanoparticles in RNase 
and serum was detected using agarose gel electrophoresis. 
The coating of EVs on UiO-66-NH2@siRNA nanoparticles 
was verified using SDS-PAGE.

Cell line and cell culture
The RAW264.7 and HT-29 cells were obtained from the 
ProMab Biotechnologies Inc (Hunan, China). The cells 
were cultured in RPMI 1640 medium (BaiDi Biotech-
nology Co., Ltd. (BDBIO))  supplemented with 10% fetal 
bovine serum (FBS), penicillin (100 U/mL), and strepto-
mycin (100 µg/mL) at 37 °C in a 5% CO2 humidified incu-
bator. The medium was changed every 2–3 days, and the 
cells were passaged when reaching 90% confluence. After 
the cells were fully grown, the cells were collected in a 
cryopreservation tube (SAINING Biotechnology) and 
cryopreserved in liquid nitrogen.
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Cell internalization
The RAW264.7 and HT-29 cells were divided into UiO-
66-NH2@FAM-siRNA group and EVs@UiO-66-NH2@
FAM-siRNA group, and the input concentration of FAM-
siRNA was 0.5 nmol. Each group was seeded with 4 × 104 
cells and cultured for 3 h, 7 h, and 12 h in laser confocal cul-
ture dishes (NEST Biotechnology, Wuxi, China). After being 
washed, the cells were transferred into fresh culture medium 
containing LysoTracker and incubated at 37  °C for 30 min. 
The cells were stained with DAPI at 37  °C for 30  min and 
washed with PBS buffer. Fluorescence images were examined 
under a 63 × oil mirror lens using a laser confocal microscope 
(Leica, Germany). ImageJ software was used for quantitative 
analysis of the average fluorescence intensity of the images.

Flow cytometry
RAW264.7 and HT-29 cells were divided into two groups: 
UiO-66-NH₂@FAM-siRNA and EVs@UiO-66-NH₂@
FAM-siRNA. Cells from each group were seeded in 
6-well plates (PakGent Bioscience (Suzhou) Co., Ltd.) at 
a density of 4 × 10⁴ cells per well. After overnight culti-
vation, the nanoparticles mentioned above were added 
and co-incubated with the cells for 3  h, 7  h, and 12  h, 
with an input concentration of 0.5 nmol FAM-siRNA for 
each. Then, the cells were washed with PBS to remove 
unbound siRNA, and digested with trypsin to ensure 
complete detachment from the culture plate. The result-
ing cells were washed and collected by centrifugation at 
1500 rpm for 5 min. A total of 100 µL of the cell suspen-
sion (approximately 10,000 cells) was transferred to a 
flow cytometry tube (BD, USA) for analysis. The Fong-
Cyte™ flow cytometer (Challenbio, Beijing, China) was 
used to assess the fluorescence intensity utilizing the 
FITC channel (excitation wavelength at 488 nm, emission 
wavelength at 525  nm). Flow cytometry data were pro-
cessed and analyzed using FlowJo V10 software.

Cell vitality
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT) method was used to detect the cell via-
bility [31, 32]. RAW264.7 and HT-29 cells were divided 
into siRNA group, UiO-66-NH2 group, EVs group, EVs@
UiO-66-NH2 group, UiO-66-NH2@siRNA group, and 
EVs@UiO-66-NH2@siRNA group. The input concentra-
tion of siRNA was 0.1 nmol. Each group was seeded with 
a quantity of 3 × 103 cells in a 96-well plate (KIRGEN) and 
co-cultured for 6 h, 12 h, and 24 h. Subsequently, 20 uL of 
MTT was added to each well and further cultured for 4 h, 
and the cell viability was determined using an enzyme 
immunoassay reader at the absorbance of 490 nm.

Induction and treatment of mouse colitis model
All animal procedures and experiments were approved 
by the Animal Ethics Committee of Zhengzhou 

University. Six to eight-week-old C57BL/6 female mice 
were purchased from Beijing Vital River Laboratory Ani-
mal Technology Co., Ltd. After a week of acclimatization 
through normal feeding, the mice were randomly divided 
into 7 groups: healthy control group, siRNA group, UiO-
66-NH2 group, EVs group, EVs@UiO-66-NH2 group, 
UiO-66-NH2@siRNA group, and EVs@UiO-66-NH2@
siRNA group. Each group contains 5 mice. Colitis mod-
els were established by feeding water containing 3% DSS 
for seven consecutive days. Subsequently, the mice were 
orally gavaged for 5 consecutive days with a dose of 200 
nmol siRNA per mouse. The mice’s weight changes were 
recorded daily. On the 13th day, the mice were eutha-
nized, and the colon as well as organs such as the heart, 
liver, spleen, lungs, and kidneys were collected. The 
colon length was measured, and the spleen weight was 
recorded. All tissues were cleaned with PBS and sub-
jected to H&E and Tunel staining analysis.

Fluorescence imaging analysis in vivo
Cy5.5-labelled siRNA (Cy5.5-siRNA) was used to investi-
gate the distribution of nanoparticles in the gastrointes-
tinal tract. To ensure the reliability and reproducibility 
of the experiments, healthy adult mice were randomly 
assigned to three groups: Cy5.5-siRNA, UiO-66-NH₂@
Cy5.5-siRNA, and EVs@UiO-66-NH₂@Cy5.5-siRNA, 
with three mice per group. All mice were acclimated 
and housed to ensure their optimal health. During the 
administration phase, each mouse received an oral dose 
of 800 µL of the nanoparticle solution, with each contain-
ing 2 nmol of siRNA. Following administration, the mice 
were anesthetized with a small animal anesthetic (Bei-
jing Zhongshi Dichuang Technology Development Co., 
Ltd) at designated time points (0 h, 2 h, 4 h, 6 h, 12 h and 
24  h) before euthanasia. Immediately after euthanasia, 
various tissues and organs of interest, including the intes-
tine, heart, lungs, liver, spleen, and kidneys, were rapidly 
excised and observed using the IVIS imaging system 
(excitation wavelength at 675 nm, emission wavelength at 
694 nm) (Perkin Elmer, Mass, USA). Image software was 
used to quantitative analyze the distribution of siRNA.

Enzyme-Linked immunosorbent assay (ELISA)
To detect cytokines in the cell culture supernatant, 
RAW264.7 and HT-29 cells were seeded at a density of 
4 × 104 cells per well in a 96-well plate and cultured over-
night. After overnight, the cells were further cultured 
for 12 h with fresh culture medium containing LPS (150 
ng/mL). Subsequently, siRNA, UiO-66-NH2, EVs, EVs@
UiO-66-NH2, UiO-66-NH2@siRNA, and EVs@UiO-
66-NH2@siRNA were individually added to the cells, 
with siRNA at a concentration of 0.1 nmol. The cells were 
then cultured for another 12 h. The cell culture superna-
tant was collected by centrifugation at 12,000  rpm. To 
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detect cytokines in colonic tissues, the colonic tissues 
were homogenized and the supernatant was collected 
after centrifugation at 12,000  rpm for 15  min. Accord-
ing to the manufacturer’s instructions, the levels of TNF-
α, IL-6, IL-1β, and IL-10 in the cell culture supernatant 
and colonic tissue supernatant were measured using an 
ELISA assay kit.

Real-time fluorescence quantitative polymerase chain 
reaction (RT-qPCR)
Total RNA was extracted from the colon tissues of the 
treated mice, and reversely transcribed into cDNA using 
a reverse transcription kit. Subsequently, a fluorescence 
quantitative PCR kit was used to detect the mRNA levels 
of TNF-α, IL-6, IL-1β, and IL-10. The primer sequences 
for qPCR were provided in Table S1.

Myeloperoxidase (MPO) analysis
Colon tissue of the treated mice was homogenized and 
centrifuged at 2000 rpm for 15 min at 4℃ using a low-
temperature centrifuge. The supernatant was collected 
and analyzed using a myeloperoxidase assay kit according 
to the literature [33]. 

In vivo safety analysis
The female C57BL/6 mice at age of 6–8 week was ran-
domly assigned into control group and EVs@UiO-
66-NH2@siRNA group, with 3 mice in each group. 
The mice were orally gavaged with PBS and EVs@UiO-
66-NH2@siRNA nanoparticles containing 6 nmol of 
siRNA. After 24  h, the mice were euthanized, and the 
important organs were collected and H&E and fluores-
cence TUNEL staining were performed. The blood sam-
ples were centrifuged at 3000 rpm for 20 min at 4 °C, and 
the supernatant was carefully collected. Subsequently, 
the levels of aspartate aminotransferase (AST) and ala-
nine aminotransferase (ALT) were determined using 
kits (KTB1410 and KTB1420, Abbkine, Wuhan, China) 
according to the manufacturer’s provided instructions.

16 S rRNA gene amplicon sequencing
16s rRNA sequencing and analysis was performed at 
Wuhan ProNets TestingTechnology Co., Ltd (Wuhan, 
China). PCR amplification of the bacterial 16  S rRNA 
genes V3–V4 region was performed using the forward 
primer 338  F (5’- A C T C C T A C G G G A G G C A G C A-3’) 
and the reverse primer 806 R (5’-GGACTACHVGGGT-
WTCTAAT-3’). Sample-specific 7  bp barcodes were 
incorporated into the primers for multiplex sequencing. 
The PCR components included 5 µL of buffer (5×), 0.25 
µL of fast pfu DNA Polymerase (5U/µL), 2 µL (2.5 mM) 
of dNTPs, 1 µL (10 µM) of forward and 1 µL (10 µM) of 
reverse primer, 1 µL of DNA Template, and 14.75 mL of 
ddH2O. Thermal cycling involved initial denaturation at 

98 °C for 5 min, followed by 25 cycles consisting of dena-
turation at 98 °C for 30 s, annealing at 53 °C for 30 s, and 
extension at 72 °C for 45 s, with a final extension of 5 min 
at 72  °C. The purified PCR amplicons were obtained 
using Vazyme VAHTSTM DNA Clean Beads and quan-
tified using the Quant-iT PicoGreen dsDNA Assay Kit 
(Invitrogen, Carlsbad, CA, USA). Following individual 
quantification, the amplicons were pooled in equal 
amounts, and pair-end 2 × 250 bp sequences was carried 
out using the Illlumina NovaSeq platform with NovaSeq 
6000 SP Reagent Kit (500 cycles) at Shanghai Personal 
Biotechnology Co., Ltd (Shanghai, China). The α diversity 
index was characterized by the Chao1 index, Shannon 
index, and Simpson index. The β diversity analysis was 
conducted using principal coordinate analysis (PCoA) 
based on unweighted UniFrac distance matrix.

Nontargeted metabolomics sequencing and analysis
Metabolomic sequencing and analysis were conducted 
at Shanghai Personal Biotechnology Co., Ltd (Shanghai, 
China). Metabolites were extracted from mice fecal sam-
ples of different groups and analyzed using LC-MS. The 
pheatmap packages in R (V1.0.12) and ggplot2 (V3.4.1) 
were used to cluster the abundance values of the metab-
olites, and bidirectional clustering of the samples and 
metabolites was performed. A volcano plot was gener-
ated to display the abundance of metabolites in the across 
samples. Differential metabolite abundance values were 
further subjected to cluster analysis, heatmap plotting, 
and trend analysis using R. Differential substances were 
subjected to KEGG enrichment analysis using cluster-
Profiler (V4.6.0) to obtain significant enrichment infor-
mation regarding metabolic pathways.

Statistical analysis
Statistical analyses were performed using GraphPad 
Prism 8.0 and Origin 2021 software. The data were pre-
sented as the mean ± standard deviations with three inde-
pendent tests. One-way analysis of variance (ANOVA) 
and t-tests were used to verify the significant differences 
between the experimental and control groups, with sig-
nificance levels denoted by *P < 0.05, **P < 0.01, and 
***P < 0.001.

Results and discussion
Characterization of EVs@UiO-66-NH2@siRNA
Empty EVs appeared spherical or cup-shaped under 
transmission electron microscopy (TEM), while UiO-
66-NH2 and UiO-66-NH2@siRNA nanoparticles exhib-
ited uniform octahedral shapes. The EVs@UiO-66-NH2@
siRNA nanoparticles displayed a uniformly coated core-
shell structure, indicating successful coating of Lactoba-
cillus acidophilus EVs onto the surface of UiO-66-NH2@
siRNA nanoparticles (Fig.  1A). TEM energy dispersive 
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Fig. 1 (See legend on next page.)
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X-ray spectroscopy (EDS) elemental mapping confirmed 
the presence of N, O, P, and Zr elements in the nanoparti-
cles, indicating the presence of siRNA (Fig. 1B). X-ray dif-
fraction patterns revealed highly crystalline structures for 
UiO-66-NH2 and UiO-66-NH2@siRNA nanoparticles, 
with similar characteristic diffraction peaks, suggesting 
minimal impact on UiO-66-NH2 crystallinity after siRNA 
loading (Fig. 1C). Both UiO-66-NH2 and UiO-66-NH2@
siRNA nanoparticles exhibited typical Type I isotherms 
characteristic of microporous materials (Fig.  1D) [34]. 
The surface area of UiO-66-NH2 was 1036.15 m2 g− 1 with 
a pore volume of 0.65 cm3g− 1, whereas UiO-66-NH2@
siRNA had a specific surface area of 916.36 m2 g− 1 and 
a pore volume of 0.50 cm3g− 1, indicating a decrease in 
specific surface area and pore volume for UiO-66-NH2@
siRNA due to siRNA occupation within the nanoparticles 
(Table S2). Dynamic light scattering (DLS) showed EVs to 
be 83.54  nm in size, UiO-66-NH2 to be 117.94  nm, but 
the size of UiO-66-NH2@siRNA increased to 131.98 nm 
after siRNA loading. Following EV coating, EVs@UiO-
66-NH2@siRNA size further increased to 175.51  nm 
(Fig.  1E). Zeta potential measurements revealed a 
decrease in potential from 27.15 mV to 20.55 mV for 
UiO-66-NH2 after loading with negatively charged 
siRNA. After EV coating, the potential for EVs@UiO-
66-NH2@siRNA decreased to -22.35 mV, like empty EVs 
which showed − 20.29 mV (Fig. 1F). Additionally, the sta-
bility of UiO-66-NH2@siRNA and EVs@UiO-66-NH2@
siRNA nanoparticles in serum were also explored by 
measuring the zeta potential overtime. The results 
showed that the zeta potential of EVs@UiO-66-NH2@
siRNA nanoparticles remained constant throughout 8 
days, while the zeta potential of UiO-66-NH2@siRNA 
nanoparticles decreased from 20.55 mV to -15.03 mV in 
1 day (Fig. S1). These findings suggest that EVs shielding 
protect UiO-66-NH2@siRNA nanoparticles form adsorb-
ing serum proteins to form protein coronas, exhibiting 
good stability under physiological conditions [35]. These 
changes in size and surface charge confirm the loading of 
siRNA into nanoparticles and the coating of EVs onto the 
nanoparticle surface.

The encapsulation efficiency of UiO-66-NH2 for siRNA 
was tested using FAM-labeled siRNA (FAM-siRNA). 
Seen in Fig.  1G, as the input siRNA concentrations 
increased from 50 nM to 200 nM, the siRNA loading effi-
ciency of UiO-66-NH2 decreased, with the total loading 
capacity being highest with 200 nM siRNA. This efficient 

siRNA loading capability exhibited by UiO-66-NH2 is 
consistent with literature reports which showed that 
oligonucleotides can be adsorbed onto UiO-66-NH2 
through multivalent interactions [36]. We then tested 
the release of siRNA from EVs@UiO-66-NH2@siRNA 
nanoparticles in PBS at different pH levels to determine 
whether the nanoparticles would degrade within acidic 
lysosomes. At pH 7.4, a small amount of siRNA was 
released from the EVs@UiO-66-NH2@siRNA nanoparti-
cles. Release increased slightly at pH 5.0 and escalated as 
the acidity intensified; at pH 3.0, over 90% of siRNA was 
released within 24  h (Fig.  1H). This result suggests that 
nanoparticles can protect siRNA until they are taken up 
by cells, where the acidic environment of the lysosomes 
will degrade the nanoparticles, releasing the siRNA effec-
tively [37]. To assess nanoparticle stability under physi-
ological conditions, we stored UiO-66-NH2@siRNA and 
EVs@UiO-66-NH2@siRNA nanoparticles in serum. As 
seen in Fig. 1I, the size of UiO-66-NH2@siRNA nanopar-
ticles reached 1  μm from 134.92  nm over the course of 
3 days, whereas the size of EVs@UiO-66-NH2@siRNA 
nanoparticles remained almost unchanged over 8 
days, indicating that EVs enhance the stability of UiO-
66-NH2@siRNA nanoparticles under physiological con-
ditions (Fig. 1I) [38]. 

We then examined the role of nanoparticles in preserv-
ing siRNA integrity in the presence of RNase and serum. 
The results showed that siRNA could only exist for 0.5 h 
in RNase and 4  h in serum before complete degrada-
tion. By contrast, little siRNA degradation was observed 
in EVs@UiO-66-NH2@siRNA nanoparticles (Fig.  1J, 
K). This indicates that EVs@UiO-66-NH2 nanopar-
ticles enhance the stability of siRNA due to the com-
bined protection of the MOF scaffold and EVs [39, 40]. 
Furthermore, when detecting membrane proteins using 
polyacrylamide gel electrophoresis, we found that EVs@
UiO-66-NH2@siRNA and EVs exhibited similar protein 
compositions (Fig. 1L), suggesting that EVs were coated 
onto the surface of EVs@UiO-66-NH2 nanoparticles. In 
conclusion, these results confirm the successful prepa-
ration of UiO-66-NH2 nanoparticles encapsulated with 
siRNA wrapped in Lactobacillus acidophilus EVs.

Cellular internalization of EVs@UiO-66-NH2@siRNA
The absorption of membrane-modified and unmodified 
nanoparticles by RAW264.7 and HT-29 cells was exam-
ined by encapsulating FAM fluorescence-labeled siRNA 

(See figure on previous page.)
Fig. 1 Preparation and characterization of EVs@UiO-66-NH2@siRNA. (A) Representative TEM images (scale = 100 nm) of EVs, UiO-66-NH2, UiO-66-NH2@
siRNA, and EVs@UiO-66-NH2@siRNA. (B) HAADF-STEM image of EVs@UiO-66-NH2@siRNA and elemental mapping of N, O, P, and Zr (Scale bar = 100 nm). 
(C) XRD spectra of UiO-66-NH2 and UiO-66-NH2@siRNA. (D) N2 adsorption-desorption isotherms of UiO-66-NH2 and UiO-66-NH2@siRNA. (E and F) Size 
and zeta potential of EVs, UiO-66-NH2, UiO-66-NH2@siRNA, and EVs@UiO-66-NH2@siRNA (n = 3). (G) Encapsulation efficiency of siRNA in EVs@UiO-66-
NH2@siRNA (n = 3). (H) Time-dependent release of siRNA from EVs@UiO-66-NH2@siRNA at pH 3.0, pH 5.0, and pH 7.4 (n = 3). (I) Stability of UiO-66-NH2@
siRNA and EVs@UiO-66-NH2@siRNA in serum (n = 3). (J and K) Degradation profiles over time of siRNA and EVs@UiO-66-NH2@siRNA in RNase and serum. 
(L) SDS-PAGE protein analysis of UiO-66-NH2, EVs, and EVs@UiO-66-NH2@siRNA (1: UiO-66-NH2, 2: EVs, 3: EVs@UiO-66-NH2@siRNA)
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(FAM-siRNA) in UiO-66-NH2 and EVs@UiO-66-NH2, 
resulting in UiO-66-NH2@FAM-siRNA and EVs@UiO-
66-NH2@FAM-siRNA. These two types of nanoparti-
cles were co-incubated with RAW264.7 and HT-29 cells 
for 3  h, 7  h, and 12  h, and cellular internalization and 
localization were observed using laser confocal micros-
copy to visualize green fluorescence (Fig.  2A-D, Fig. S2 
A-D and Fig. S3 A-D). After 3 h of co-incubation, more 
green fluorescence (siRNA) was observed in the EVs@
UiO-66-NH2@FAM-siRNA group compared to the 
UiO-66-NH2@FAM-siRNA group, indicating that mem-
brane modification with EVs enhanced the absorption of 
nanoparticles by RAW264.7 and HT-29 cells, highlight-
ing the known biocompatibility of EVs [41, 42]. After 7 h 
of co-incubation, lysosomes and siRNA were co-localized 
in the EVs@UiO-66-NH2@FAM-siRNA group (indicated 
by yellow fluorescence), indicating that a large amount 
of siRNA from nanoparticles had entered the lysosomes. 
By 12 h, a significant amount of green fluorescence was 
observed in the EVs@UiO-66-NH2@FAM-siRNA group, 
suggesting that the acid-dependent skeletal structure of 
nanoparticles began to degrade in the acidic environ-
ment of lysosomes, allowing siRNA to effectively escape 
into the cytoplasm [43]. By contrast, due to its poor bio-
compatibility, only a small amount of siRNA was found to 
enter the cells in the UiO-66-NH2@FAM-siRNA group. 
Flow cytometry revealed similar results: the fluorescence 
intensity of the EVs@UiO-66-NH2@FAM-siRNA group 
was higher than that of the UiO-66-NH2@FAM-siRNA 
group after co-incubation of nanoparticles with cells for 
3 h, 7 h, and 12 h (Fig. 2E, F and Fig. S3 E, F). This indi-
cates that UiO-66-NH2 nanoparticles encapsulated with 
EVs enhances their cellular uptake [44]. 

Anti-inflammatory effects of EVs@UiO-66-NH2@siRNA in 
vitro
Before assessing the anti-inflammatory effects of 
nanoparticles in RAW264.7 cells, we determined the 
safety of nanoparticles in vitro. Six types of nanoparticles 
(siRNA, UiO-66-NH2, EVs, EVs@UiO-66-NH2, UiO-
66-NH2@siRNA, EVs@UiO-66-NH2@siRNA) were co-
incubated with RAW264.7 and HT-29 cells for 24 h, and 
cell viability was assessed using the MTT assay. As shown 
in Fig. 3A, no impact on cell viability was observed dur-
ing the entire 24 h co-incubation period of nanoparticles 
with RAW264.7 and HT-29 cells, indicating good safety 
(Fig. 3A and Fig. S4 A).

Macrophages, as primary inflammatory immune cells, 
play a crucial role in the initiation and progression of 
inflammation by secreting various cytokines under 
inflammatory stimuli [45, 46]. To evaluate whether our 
siRNA could effectively inhibit TNF-α production, cell 
culture supernatants were treated with nanoparticles 
alongside LPS to stimulate TNF-α production. Compared 
to cultures treated with LPS alone, cells treated with 
siRNA or UiO-66-NH2 showed similar TNF-α induc-
tion, suggesting that free siRNA and empty UiO-66-NH2 
nanoparticles lack anti-inflammatory activity. By con-
trast, TNF-α concentrations were reduced in cells treated 
with EVs, EVs@UiO-66-NH2, UiO-66-NH2@siRNA, 
and EVs@UiO-66-NH2@siRNA (Fig.  3B). Interestingly, 
EVs and EVs@UiO-66-NH2 groups that do not contain 
siRNA reduced TNF-α levels by over 45%, suggesting a 
natural anti-inflammatory effect of EVs. Treatment of 
LPS-treated cells with UiO-66-NH2@siRNA and EVs@
UiO-66-NH2@siRNA reduced TNF-α levels by 57% and 
78%, respectively. Thus, the combination of gene silenc-
ing and a natural anti-inflammatory activity in the EVs@
UiO-66-NH2@siRNA group resulted in the most signifi-
cant reduction in TNF-α concentration. Other inflam-
matory factors were also tested, revealing that EVs, EVs@
UiO-66-NH2, and EVs@UiO-66-NH2@siRNA nanopar-
ticles reduced the concentrations of inflammatory factors 
IL-6 and IL-1β to a similar extent, and increased the con-
centration of the anti-inflammatory factor IL-10 (Fig. 3C-
E). Taken together, the results indicate that EVs derived 
from Lactobacillus acidophilus play a significant role in 
inflammation by increasing the levels of anti-inflamma-
tory factors (such as IL-10) and decreasing the levels of 
pro-inflammatory factors (such as IL-6 and IL-1β). The 
addition of TNF-α siRNA further reduces the inflamma-
tory response. The cytokine expression in HT-29 cells 
was also evaluated. The changes in cytokine levels were 
similar to those illustrated in Fig. 3B-E (Fig. S4 B-E), sug-
gesting that EVs@UiO-66-NH2@siRNA nanoparticles 
possess great ability in the regulation of inflammatory 
factors in intestinal epithelial cell.

Furthermore, the clinically relevant UC drug (EVs@
UiO-66-NH2@anti-TNF-α antibody) and commercial 
delivery system (Liposome@TNF-α siRNA) were also 
prepared and investigated. In terms of reducing TNF-α 
level in RAW264.7 cells, EVs@UiO-66-NH2@siRNA 
exhibited better therapeutic effect then EVs@UiO-
66-NH2@anti-TNF-α antibody (Fig. S6 A). Meanwhile, 
EVs@UiO-66-NH2@siRNA exhibited a stronger effect 

(See figure on previous page.)
Fig. 2 Cellular internalization of EVs@UiO-66-NH2@siRNA. (A-D) Laser confocal images and green fluorescence quantification of single RAW264.7 cells 
after co-incubation with UiO-66-NH2@siRNA and EVs@UiO-66-NH2@siRNA for 3 h, 7 h, and 12 h. Scale bar = 4.35 μm. The blue channel shows the cell 
nuclei labeled with DAPI. The red channel shows lysosomes labeled with Lyso-Tracker. The green channel displays siRNA labeled with FAM. (E and F) 
Quantitative analysis of green fluorescence in RAW264.7 cells after co-incubation with UiO-66-NH2@siRNA and EVs@UiO-66-NH2@siRNA for 3 h, 7 h, and 
12 h using flow cytometry (n = 3). Data are presented as mean ± SD. *** P < 0.001
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than Liposome@TNF-α siRNA in reducing IL-6 and 
IL-1β levels and increasing IL-10. These results demon-
strate the advantages of combination therapy of EVs@
UiO-66-NH2@siRNA over current systems.

Distribution of EVs@UiO-66-NH2@siRNA in the 
Gastrointestinal tract
To observe the distribution of nanoparticles in the gas-
trointestinal tract after gavage, we used Cy5.5-labeled 
siRNA (Cy5.5-siRNA) and performed quantitative anal-
ysis of the fluorescence signal in colon tissue 24 h post-
administration (Fig.  4A and C). The results indicated 
that throughout the entire testing period, free Cy5.5-
siRNA exhibited overall weak fluorescence signals in the 
gastrointestinal tract, suggesting rapid degradation of 
free Cy5.5-siRNA in the absence of EV membrane and 

UiO-66-NH2 protection. Compared to the free Cy5.5-
siRNA group, an increase in fluorescence intensity was 
observed in the UiO-66-NH2@Cy5.5-siRNA group; how-
ever, the fluorescence signal observed in colon tissue was 
limited, indicating that while UiO-66-NH2 can provide 
transient protection for Cy5.5-siRNA, the lack of target-
ing ability results in minimal siRNA entering colon tis-
sue. This limited fluorescence signal may be attributed 
to the enhanced permeability and retention effect (EPR) 
effect of UiO-66-NH2 nanoparticles [47, 48]. By contrast, 
the EVs@UiO-66-NH2@Cy5.5-siRNA group showed a 
significant accumulation of fluorescence signal in colon 
tissue after 24  h. This demonstrated that EVs enhanced 
the targeting ability of nanoparticles allowing EVs@
UiO-66-NH2@Cy5.5-siRNA quickly navigate the harsh 
acidic environment in the gastrointestinal tract to reach 

Fig. 3 Anti-inflammatory effects of EVs@UiO-66-NH2@siRNA in vitro. (A) After treatment of RAW264.7 cells with siRNA, UiO-66-NH2, EVs, EVs@UiO-66-NH2, 
UiO-66-NH2@siRNA, and EVs@UiO-66-NH2@siRNA, cell viability was assessed using the MTT method (n = 5). (B-D) Following treatment with different 
nanoparticles, the levels of TNF-α, IL-6, IL-1β, and IL-10 in cells were measured using ELISA (n = 5). Data are presented as mean ± SD. * P < 0.05, ** P < 0.01, 
*** P < 0.001
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the colon successfully. Within 24 h post-gavage, fluores-
cence signals in other major organs (heart, liver, spleen, 
lungs, kidneys) were negligible, indicating that EVs@
UiO-66-NH2@Cy5.5-siRNA primarily undergo metabo-
lism in the gastrointestinal tract post-gavage (Fig. 4B). In 
summary, the results of in vivo fluorescence distribution 
demonstrate that EVs@UiO-66-NH2@Cy5.5-siRNA pos-
sess robust colon-targeting and accumulation.

In vivo anti-inflammatory effect of EVs@UiO-66-NH2@
siRNA
Colonic inflammation induced by DSS is one of the most 
commonly used animal models to simulate UC [49]. 

After DSS administration for 7 days, we evaluated the 
therapeutic effect of treatment with EVs@UiO-66-NH2@
siRNA for 4 days (Fig.  5A). Various parameters related 
to mouse inflammation were meticulously recorded 
throughout the study period, including body weight as 
an overall measure of health. Compared to the healthy 
control group, mice treated with DSS exhibited a sig-
nificant overall decrease in body weight during the DSS 
treatment period, and continued to lose weight after 
treatment with siRNA and UiO-66-NH2. After treatment 
with EVs, EVs@UiO-66-NH2, UiO-66-NH2@siRNA, and 
EVs@UiO-66-NH2@siRNA, the rate of body weight loss 
was lessened than the free siRNA and UiO-66-NH2. For 

Fig. 4 Distribution of EVs@UiO-66-NH2@siRNA in the gastrointestinal tract. (A) Distribution of free Cy5.5-siRNA, UiO-66-NH2@Cy5.5-siRNA, and EVs@UiO-
66-NH2@Cy5.5-siRNA, in the gastrointestinal tract of mice 24 h following oral administration. (B) Distribution of the three types of nanoparticles in other 
major organs (heart, liver, spleen, lung, kidney). (C) Quantitative analysis of Cy5.5 fluorescence signals in colon tissues after oral administration of the three 
types of nanoparticles for 24 h (n = 3). Data are presented as means ± SD. * P < 0.05, ** P < 0.01, *** P < 0.001
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EVs and EVs@UiO-66-NH2 groups, this effect was attrib-
uted to the natural anti-inflammatory activity of Lacto-
bacillus EVs, while in the UiO-66-NH2@siRNA group, it 
may be attributed to the silencing effect of TNF-α siRNA. 
In contrast to all other experimental groups, only the 
EVs@UiO-66-NH2@siRNA group showed body weight 
gain, effective immediately upon treatment (Fig. 5B). This 
suggests that the combined silencing effect of TNF-α 
siRNA together with the natural anti-inflammatory activ-
ity of EVs led to the optimal recovery of body weight in 
DSS mice.

The Disease Activity Index (DAI) quantifies the severity 
of UC by scoring weight loss, stool consistency, and rec-
tal bleeding [50]. As expected, the DAI of healthy mice 
was near 0 and remained stable during the study, whereas 
the DAI increased rapidly in DSS-treated mice. On the 
12th day, DAI values decreased after treatment with EVs, 
EVs@UiO-66-NH2, and UiO-66-NH2@siRNA as com-
pared to free siRNA and UiO-66-NH2. The most sig-
nificant decrease was observed for EVs@UiO-66-NH2@
siRNA treatment, indicating a therapeutic effect in 
reducing the severity of colitis (Fig. 5C).

Colon length is a direct indicator of the degree of 
inflammation induced by DSS in UC [51]. As seen in 
Fig.  5D and E, compared to healthy control mice, DSS 
mice treated with free siRNA and UiO-66-NH2 exhibited 
a 51.4% decrease in colon length, while mice treated with 
EVs and EVs@UiO-66-NH2 showed a 39.1% decrease, 
UiO-66-NH2@siRNA-treated mice showed a 37.7% 
decrease, and mice treated with EVs@UiO-66-NH2@
siRNA showed only a 19.9% decrease (Fig.  5D and E). 
These results indicate that EVs@UiO-66-NH2@siRNA 
had the best therapeutic effect among all groups. Treat-
ment with DSS also caused an increase in spleen weight, 
which is typically associated with the severity of inflam-
mation and anemia [52]. However, treatment with EVs@
UiO-66-NH2@siRNA alleviated splenomegaly in DSS-
induced UC mice (Fig. 5F and G).

Dysregulated immune responses are closely associ-
ated with the development of UC [53]. Therefore, the 
activity of myeloperoxidase (MPO), a crucial indicator 
of neutrophil infiltration and inflammation, in colonic 
tissues was assessed [54]. After one day of treatment, 
the MPO concentration in colon tissue remained largely 
unchanged in different groups (Fig. S5 A). After five 
days of treatment with EVs, EVs@UiO-66-NH2, UiO-
66-NH2@siRNA, and EVs@UiO-66-NH2@siRNA, the 
concentration of MPO in colonic tissues decreased, 
indicating a reduced inflammation was achieved (Fig. 
S7). The MPO activity in the EVs@UiO-66-NH2@siRNA 
group was particularly lower than other groups, suggest-
ing that EVs@UiO-66-NH2@siRNA effectively alleviates 
intestinal inflammation. Cytokine mRNA levels (TNF-α, 
IL-6, IL-1β, IL-10) in colonic tissues were detected using 

qRT-PCR. The expression of mRNA levels of inflamma-
tory factors remained unchanged after one day treat-
ment: TNF-α, IL-6 and IL-1β showed highly expressed, 
and IL-10 mRNA expression was low (Fig. S5 B-E), 
which was caused by the insufficient treatment efficacy 
at early stage. At the end of the treatment, high expres-
sion of TNF-α mRNA was observed in the free siRNA 
and UiO-66-NH2 groups, but after treatment with EVs, 
EVs@UiO-66-NH2, UiO-66-NH2@siRNA, and EVs@
UiO-66-NH2@siRNA, TNF-α mRNA levels decreased, 
with the greatest decrease observed in the EVs@UiO-
66-NH2@siRNA group (Fig.  5H). This indicates that 
UiO-66-NH2 loaded with TNF-α siRNA can synergisti-
cally reduce TNF-α mRNA levels in conjunction with 
Lactobacillus acidophilus EVs. After treatment with EVs, 
EVs@UiO-66-NH2, and EVs@UiO-66-NH2@siRNA, 
similar decreases in mRNA levels of pro-inflammatory 
cytokines IL-6 and IL-1β were observed, while expres-
sion of the anti-inflammatory cytokine IL-10 generally 
increased (Fig.  5I-K). The concentrations of cytokines 
in colon tissue were measured using the ELISA method, 
and the results were consistent with those obtained from 
cytokine mRNA detection (Fig. S5 F-I and Fig.  5L-O). 
EVs, EVs@UiO-66-NH2 and EVs@UiO-66-NH2@siRNA 
had similar regulatory effects on the expressions of IL-6, 
IL-1β and IL-10, which attributed to the inherent anti-
inflammatory activity of EVs. Additionally, the incorpo-
ration of TNF-α siRNA in EVs@UiO-66-NH2@siRNA 
led to an obvious decrease in the expressions of TNF-α. 
H&E staining revealed that after treatment with EVs@
UiO-66-NH2@siRNA, the intestinal epithelium and crypt 
structures of DSS-induced mice became regular and 
intact, indicating intestinal repair (Fig.  5P). In conclu-
sion, by combining the anti-inflammatory activity of Lac-
tobacillus acidophilus EVs with the gene silencing effect 
of TNF-α siRNA, a synergistic therapeutic effect can be 
exerted in DSS-induced UC.

Regulation of gut microbiota and metabolites by EVs@
UiO-66-NH2@siRNA
An increasing number of studies have indicated that gut 
microbiota play a crucial role in the progression of UC 
[55, 56]. Particularly, alterations in the composition of 
metabolites induced by changes in gut microbiota have 
been shown to play an important role in gut immuno-
regulation and epithelial cell repair [57]. Encouraged 
by the satisfactory therapeutic effects of EVs@UiO-
66-NH2@siRNA shown in the previous section, we fur-
ther investigated whether EVs@UiO-66-NH2@siRNA 
treatment could modulate the dysbiosis of gut micro-
biota and metabolite composition in UC mice. Initially, 
we conducted 16 S rRNA gene sequencing on fecal sam-
ples from healthy mice, DSS-induced mice, and DSS-
induced mice treated with EVs@UiO-66-NH2@siRNA. 
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Fig. 5 Anti-inflammatory effects of EVs@UiO-66-NH2@siRNA in vivo. (A) Schematic representation of the experimental design. (B) Changes in body 
weight of each group of mice over 13 days (n = 5). (C) Changes in disease activity index of each group of mice over 13 days (n = 5). (D) Images of colon 
tissues. (E) Statistical analysis of colon lengths (n = 5). (F) Representative images of spleens. (G) Changes in spleen index (n = 5). (H-K) Quantitative RT-
PCR analysis of relative mRNA expression levels of TNF-α, IL-6, IL-1β, and IL-10 in colon tissues (n = 5). (L-O) ELISA detection of TNF-α, IL-6, IL-1β, and IL-10 
levels in colon tissues (n = 5). (P) Representative H&E-stained images of colon tissues at the end of treatment (scale bar = 20 μm). Data were presented as 
mean ± SD. * P < 0.05, ** P < 0.01, *** P < 0.001
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Fig. 6 (See legend on next page.)
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Analysis of microbial α-diversity indicated a decrease in 
the Chao1 index, Shannon index, Simpson index, and 
number of observed species index in DSS-treated UC 
mice, which is consistent with the commonly reported 
decrease in microbial diversity and community richness 
accompanying DSS-induced UC [58]. By contrast, treat-
ment with EVs@UiO-66-NH2@siRNA caused an increase 
in these indices and a return to levels similar to those of 
healthy mice (Fig.  6A-C and Fig. S8). This suggests that 
EVs@UiO-66-NH2@siRNA can improve microbial diver-
sity and community richness in UC mice. We then ana-
lyzed differences in microbial community composition 
among treatment groups based on microbial β-diversity. 
Principal coordinate analysis (PCoA) showed that the 
gut microbiota of mice treated with EVs@UiO-66-NH2@
siRNA clustered closely with that of healthy mice and 
had no overlap with the DSS group (Fig.  6D), indicat-
ing that EVs@UiO-66-NH2@siRNA can restore the gut 
microbiota of UC mice to a healthy state. The UniFrac 
distance matrix without weighting was used for UPGMA 
cluster analysis in this study, and the clustering results 
were combined with the relative species abundance of 
each sample at the phylum and genus levels. At the phy-
lum level, clustering analysis showed changes in the rela-
tive abundance of 8 phyla representing gut microbiota. 
Specifically, in the DSS group, a decrease in the abun-
dance of Firmicutes and an increase in Bacteroidetes were 
observed. After treatment with EVs@UiO-66-NH2@
siRNA, the abundance of Firmicutes increased while 
the abundance of Bacteroidetes decreased, resulting in 
an increase in the Firmicutes/Bacteroidetes (F/B) ratio 
post-treatment (Fig.  6E and Fig. S9). Previous reports 
have demonstrated an impact of the F/B ratio on micro-
bial homeostasis in the gut, with UC typically associated 
with a decreased F/B ratio [59]. At the genus level, clus-
tering analysis revealed changes in the abundance of 10 
genera representing the gut microbiota. A decrease in 
Escherichia (a typical gut pathogen [60]) and an increase 
in probiotic genera such as Lactobacillus, Bifidobac-
terium, and Limosilactobacillus were observed in the 
EVs@UiO-66-NH2@siRNA group (Fig. S10) [61–63]. 
Taken together, clustering analysis at the phylum and 
genus levels suggest that EVs@UiO-66-NH2@siRNA has 
the potential to restore the microbiota of UC mice to a 

healthy state. Using Linear Discriminant Analysis Effect 
Size (LEfSe), microbial community differences between 
the DSS group and the EVs@UiO-66-NH2 group were 
compared, and statistical analyses were performed on 
several representative families and genera. The results 
indicated that treatment with EVs@UiO-66-NH2@siRNA 
reduced the abundance of Klebsiella (known to be abun-
dant in patients with pathogenic colitis [64]) and Entero-
bacteriaceae (a group of Gram-negative rods residing in 
the gut, mostly commensals with a few pathogens [65]), 
while increasing the abundance of gut probiotics such 
as Bifidobacterium and Faecalibaculum (Fig. 6F-K [66]). 
In summary, these findings provide ample evidence that 
EVs@UiO-66-NH2@siRNA can modulate the gut micro-
biota, increasing their abundance and diversity and aid-
ing in the treatment of UC in mice.

Several studies have indicated that metabolites pro-
duced by microorganisms influence colonic immune 
homeostasis and mucosal integrity [67, 68]. To investi-
gate the impact of metabolites on the treatment of UC, an 
untargeted metabolomics analysis was conducted on the 
fecal metabolite profiles of healthy mice, DSS-induced 
colitis mice, and DSS-induced colitis mice treated with 
EVs@UiO-66-NH2@siRNA. Volcano plots revealed sig-
nificant changes in the metabolites of mice treated with 
EVs@UiO-66-NH2@siRNA compared to the untreated 
DSS group (Fig.  6L). Specifically, heatmap clustering of 
differential metabolites revealed that compared to the 
DSS group, histamine and spermidine increased while 
cortisol and corticosterone decreased in the EVs@UiO-
66-NH2@siRNA group (Fig. 6M-Q). Histamine and sper-
midine are reported to have anti-inflammatory effects: 
histamine can inhibit the production of pro-inflamma-
tory cytokines by macrophages, suppress the activation 
of NF-κB, and thereby impede the progression of UC 
[69]. Spermidine can maintain normal gut microbiota by 
inhibiting the expression of α-defensins in colonic epi-
thelial cells [70]. Cortisol and corticosterone, elevated in 
colitis mice, are believed to promote inflammation [71, 
72]. Differential metabolite KEGG enrichment analysis 
illustrated that EVs@UiO-66-NH2@siRNA selectively 
inhibited and promoted the presence of gut microbiota 
species, leading to alterations in metabolite composi-
tion (Fig. 6R). In conclusion, these findings suggest that 

(See figure on previous page.)
Fig. 6 Regulation of gut microbiota and metabolite by EVs@UiO-66-NH2@siRNA. Comparison of microbial α-diversity assessed by (A) Chao1 index, (B) 
Shannon index and (C) Simpson index. (D) Principal component (PC) analysis plot illustrating the diversity of microbiota. (E) Column diagram of the rela-
tive abundance of gut microbiome at the phylum level. (F) Linear discriminant analysis effect (LEfSe) size illustrating differences in gut microbiota taxa for 
the DSS group versus the EVs@UiO-66-NH2@siRNA group. (G) Distribution histogram based on linear discriminant analysis (LDA). LDA (log10) > 3.0. (H-I) 
The relative abundance of changes in representative bacterial taxa (H) Klebsiella, (I) Enterobacteriaceae, (J) Bifidobacterium and (K) Faecalibaculum. (L) Vol-
cano plot of the differential metabolites, wherein each point represents a metabolite. Significantly up-regulated metabolites are indicated by red points 
and significantly down-regulated metabolites are indicated by green points and no difference metabolites are indicated by gray points. (M) Heat map of 
the differential metabolite clustering in the DSS group and EVs@UiO-66-NH2@siRNA group. (N-Q) The relative abundance of changes in representative 
differential metabolite (N) histamine, (O) spermidine, (P) cortisol and (Q) corticosterone. (R) KEGG enrichment plot of the differential metabolites in the 
DSS group and EVs@UiO-66-NH2@siRNA group. Data are presented as mean ± SD. * P < 0.05, ** P < 0.01, *** P < 0.001
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treatment with EVs@UiO-66-NH2@siRNA can modu-
late gut microbiota and metabolite composition in DSS-
induced colitis mice, generate the anti-inflammatory 
compounds histamine and spermidine, regulate immu-
nity, and promote the proliferation and differentiation 
of colonic epithelial cells altogether, alleviating intestinal 
inflammation.

Biocompatibility of EVs@UiO-66-NH2@siRNA
Finally, to investigate the potential toxicity of EVs@
UiO-66-NH2@FAM-siRNA in vivo, high doses of EVs@
UiO-66-NH2@FAM-siRNA were orally administered 
to healthy mice. Blood samples were collected from the 
mice after 24 h, along with important organs. Hematoxy-
lin and eosin (H&E) staining revealed that compared to 
the healthy group of mice, there were no morphological 
changes observed in the overall structure and integrity of 
the heart, liver, spleen, lungs, and kidneys in mice treated 
with high doses of EVs@UiO-66-NH2@FAM-siRNA 
(Fig.  7A). Terminal deoxynucleotidyl transferase-medi-
ated dUTP-biotin nick end labeling assay (TUNEL) stain-
ing results indicated that the level of cell apoptosis in 
vital organs of the nanoparticle-treated group was similar 
to that of healthy mice (Fig. 7B). AST and ALT are two 

key liver enzymes that primarily used to assess liver func-
tion and detect liver damage [73]. As shown in Fig. S11 A 
and S11B, there were no significant differences in serum 
AST and ALT levels between EVs@UiO-66-NH2@siRNA 
group and healthy group, indicating that the nanoparti-
cles do not cause liver damage and affect hepatic function 
in mice. These results suggest that EVs@UiO-66-NH2@
FAM-siRNA exhibits good biocompatibility and can 
serve as a safe siRNA delivery vehicle for the treatment 
of UC.

Conclusions
In summary, we have developed a Lactobacillus acidophi-
lus EVs-coated UiO-66-NH2 delivery system that can 
effectively deliver TNF-α siRNA for the treatment of UC. 
UiO-66-NH2 nanoparticles exhibit high siRNA loading 
capacity and favorable degradation, which improve the 
effectively release of siRNA within cell lysosomes and 
the cell uptake. In vitro experiments also demonstrate 
that Lactobacillus acidophilus EVs coating show potent 
anti-inflammatory capabilities in regulating the levels of 
pro-inflammatory cytokines of IL-6, and IL-1β, IL-10. 
After oral administration, specific colonic targeting of 
Lactobacillus acidophilus EVs ensures the accurate and 

Fig. 7 Biocompatibility study of EVs@UiO-66-NH2@siRNA. (A) Representative H&E staining of major organs and (B) TUNEL fluorescence staining. Scale 
bar = 20 μm
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efficient delivery of EVs@UiO-66-NH2@siRNA to colonic 
tissues, where siRNA can silence the TNF-α expression 
and exert a combined therapeutic effect. Moreover, ben-
eficial changes are occurred in the gut microbiota of UC 
mice, with an increase in the abundance of probiotic 
strains such as Bifidobacterium and Faecalibaculum, and 
a decrease in pathogenic bacteria such as Escherichia 
and Klebsiella, which helps to maintain gut microbiota 
homeostasis. These alterations in the gut microbiota also 
lead to changes in metabolite profiles, which effectively 
regulate gut immunity and promote intestinal barrier 
repair, highlighting the comprehensive therapeutic effect 
of this system. In conclusion, this nano-delivery system 
provides a more precise strategy for UC treatment with-
out off-target side effects, which may also appropriate for 
other gastrointestinal diseases like Crohn’s disease. By 
restoring immune balance and alleviating chronic inflam-
mation and improving dysbiosis, this approach provides 
potential for developing personalized therapeutics and 
broadens new horizons for disease treatment.
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