Downloaded viaZHENGZHOU UNIV on September 26, 2024 at 02:26:05 (UTC).

See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

IEEJAPPLIED MATERIALS

XINTERFACES

Research Article

www.acsami.org

Functional Ginger-Derived Extracellular Vesicles-Coated ZIF-8
Containing TNF-a siRNA for Ulcerative Colitis Therapy by
Modulating Gut Microbiota

Chenyang Cui, Miao Du, Yihang Zhao, Jiaze Tang, Mengge Liu, Geng Min, Rongchen Chen,

Qiang Zhang, Zhaowei Sun,* and Haibo Weng*
I: I Read Online

Article Recommendations |

Cite This: https://doi.org/10.1021/acsami.4c10562

ACCESS |

ABSTRACT: Tumor necrosis factor-a (TNF-a) plays a causal
role in the pathogenesis of ulcerative colitis (UC), and anti-TNF-a
siRNA shows great promise in UC therapy. However, delivering
siRNA with site-targeted stability and therapeutic efficacy is still
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extracellular vesicles (EVs) and porous ZIF-8 nanoparticles, we s ;o : + |LSBNA ' proinflammatory Cytokines
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degradation in the stomach. Moreover, 6-shogaol in ginger-derived
EVs displays anti-inflammatory effects, which enhance the
treatment efficiency by cooperation with TNF-a siRNA. In vitro experiments reveal that ZIF-8 nanoparticles have high TNF-a
siRNA loading capacity and promote siRNA escape from cellular lysosomes. In vivo experiments show that the TNF-a level is
reduced more significantly in colonic tissue than other nontargeted inflammation related factors, showing a good targeting of this
composite nanoparticle. Furthermore, gut microbiota sequencing results demonstrate that the nanoparticles can promote intestinal
barrier repair by regulating the intestinal microbial balance and restoring the intestinal health of UC mice. Therefore, the developed
EVs@ZIF-8@siRNA nanoparticles may represent a novel colon-targeted oral drug, providing a promising therapeutic strategy for

UC therapy.
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1. INTRODUCTION

Ulcerative colitis (UC) is an intractable and long-term chronic
inflammatory bowel disease with prevalence and incidence
continuously increasing.”” The incidence of cases is estimated
to be 5 million worldwide in 2023.”* Typical symptoms of UC
patients include abdominal pain, diarrhea, emaciation, and
bloody stools,”® which are closely related to the defect of the
intestinal epithelial barrier, dysregulation of microbiota, and
adverse immune response.” Although many therapeutic agents
such as S-amino salicylic acid, steroid hormones, and some
inhibitors have been provided over the past decades, most UC
patients still struggle with long-term burdensome complica-
tions or debilitating side effects because of their high doses
usage and nonspecific effects on the immune system.” TNF-a
as a crucial pro-inflammatory cytokine has been proven to
disrupt cellar membrane integrity and promote intestinal
inflammation.”™"" So, suppressing excessive TNF-a has
become an effective therapeutic strategy for UC, such as use
of TNF-a monoclonal antibody.'” However, the method of
systemic administration is toxic and ineffective, limiting clinical
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application.>'* Therefore, a new therapeutic approach with
high specificity and low systemic toxicity is considerably critical
for UC treatment.

A small interfering RNA (siRNA)-based therapeutic is safe
and efficient, and growing evidence indicates that remission
has been achieved in UC patients after treatment with anti-
TNF-a siRNA.">72° However, naked siRNA is unable to cross
the cell membrane because of its hydrophilic and anionic
properties, and it is sensitive to nuclease and cannot effectively
silence the TNF-a gene in tissues.”' ™ Therefore, many
siRNA carriers have been proposed. Cell-derived extracellular
vesicles (EVs) have attracted wide attention due to their
natural nanoscale size, good biocompatibility, and stability in
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Scheme 1. EVs@ZIF-8@siRNA Nano-delivery System for the Treatment of UC. (A) Preparation Process of EVs@ZIF-8@

siRNA. (B) EVs@ZIF-8@siRNA Specifically Treated UC
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the circulatory system.”**> However, limitations still exist for
EVs in clinical practice. First, loading approaches such as
electroporation, sonication, and passive incubation are unstable
and inefficient.”® Second, the proteins on EVs are complex and
vary depending on the parent-cells, which need to be addressed
or modified to avoid off-target toxicity to normal tissues.”” Last
but not least, cell-derived EVs are not facilely harvested but
require several days to culture large-scale cells, making it
difficult to meet the requirements for clinical application.
Ginger is a traditional Chinese food and medicine, in which
the active substance, 6-shogaol, possesses antioxidant, anti-
inflammatory, and anticancer effects.”*™>° Recently, Zhang’s
group demonstrated that ginger-derived EVs could avoid the
hydrolysis of digestive enzymes in the stomach and are
preferentially distributed in the intestine tissues after oral
administration.”’ These findings indicate that ginger-derived
EVs are suitable as siRNA delivery carriers for UC treatment.
However, loading sufficient siRNA into ginger EVs can be
challenging. Therefore, a novel siRNA delivery system is
proposed in this work using ginger-derived EVs-coated ZIF-8
to overcome the above-mentioned problems. As shown in
Scheme 1, several goals can be achieved: (1) ZIF-8 has the
advantages of porosity, large specific surface area, and room
temperature synthesis, which enable it to load siRNA
efficiently and easily;*>"** (2) ginger EVs have good colon
tissue targeting, ensuring the loaded siRNA silences the
expression of TNF-a specifically without off-target toxicity; (3)
ginger EVs contain 6-shogaol, which can reduce the levels of
inflammatory factors (TNF-a, IL-6, and IL-18) and work
synergistically with siRNA to repair intestinal inflamma-
tion;® (4) ginger is edible, low-cost, and readily available

in bulk, making it possible to obtain mass amounts of EVs
quickly and easily to accelerate results in clinical settings. To
the best of our knowledge, ginger-derived EVs-coated ZIF-8
nanoparticles for UC siRNA therapy have not been described,
which may provide a new avenue for studying the siRNA
delivery system through plant-derived EVs combined with
nanoparticles for UC treatment.

2. EXPERIMENTAL SECTION

2.1. Chemicals and Reagents. 2-Methylimidazole and zinc
nitrate hexahydrate were ordered from Sigma-Aldrich (MO, USA).
The MTT Cell Proliferation and Cytotoxicity Assay Kit was
purchased from EnoGene (Nanjing, China). Dextran sulfate sodium
(DSS, colitis grade, MW = 36—50 kDa) was ordered from MP
Biomedicals (CA, USA). The RNA extraction kit and reverse
transcription kit were purchased from Beibei Biotechnology Co.
Ltd. (Zhengzhou, China). The PCR kit was ordered from Synomebio
Co., Ltd. (Shanghai, China). The StarLighter HP SYBR Green qPCR
Mix was purchased from Foreverstar Biotech (Beijng, China). RNase
and RNase free water were ordered from Novoprotein (Shanghai,
China). TNF-a siRNA (sense: $'- GUCUCAGCCUCUUCU-
CAUUCCUGCT-3/, antisense: 5'- AGCAGGAAUGAGAAGAGG-
CUGAGACAU-3'), carboxyl fluorescein (FAM)-labeled siRNA,
TNF-a, IL-6 and IL-13 primers were synthesized from Tsingke
Biotechnology Co., Ltd. (Beijing, China). CyS.S-labeled-siRNA was
synthesized from Bioligo Biotechnology (Shanghai) Co., Ltd.
(Shanghai, China). The BCA protein concentration detection kit,
RPMI 1640 culture-medium and 4% polyformaldehyde were
purchased from Solarbio Science & Technology Co., Ltd. (Beijing,
China). Uranium deoxy acetate and 200 mesh copper mesh were
purchased from Zhongjingkeyi Technology Co., Ltd. (Beijing, China).
FBS was ordered from Gibco (CA, USA). DAPI and LysoTracker
were provided by Beyotime (Shanghai, China). ELISA kits for TNF-a
(SEKM-0034) and IL-1§ (SEKM-0002) cytokines were purchased
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from Solarbio Science & Technology Co., Ltd. (Beijing, China).
ELISA kits for IL-6 (JL20268) were ordered from Jianglai biology
(Shanghai, China). The myeloperoxidase (MPO) test kit was
purchased from Nanjing Jiancheng Bioengineering Institute (Nanjing,
China). 6-Shogaol standard product was purchased from Shanghai
Chen Microbial Technology Co., Ltd. (Shanghai, China).

2.2. Preparation of ZIF-8 Nanoparticles. ZIF-8 nanoparticles
were synthesized according to the previously reported method with
slight modification.®” First, 2-methylimidazole and siRNA with
different concentrations were mixed in an aqueous solution at pH
8, and then zinc nitrate hexahydrate was added dropwise. After vortex
stirring for 30 s, the mixture solution was allowed to stand for 4 h and
centrifuged with PBS (pH 8) to remove excess siRNA. Then, ZIF-8
nanoparticles containing siRNA (ZIF-8@siRNA) were collected after
drying overnight under reduced pressure at 60 °C. The final
concentrations of zinc nitrate hexahydrate and 2-methylimidazole
were 1 and 20 mg/mL, respectively. The input concentration of
siRNA ranged from 50 to 200 nmol. Unless otherwise specified, 200
nmol of siRNA was used to synthesize ZIF-8@siRNA nanoparticles.
FAM and CyS.5-labeled siRNAs (FAM siRNA and CyS.5-siRNA)
were prepared for further use.

2.3. Extraction and Purification of EVs. Ginger-derived EVs
were extracted and purified based on a reported method.>**® Fresh
ginger was bought from a local market and washed with deionized
water. The ginger juice was collected and differentially centrifuged at
3000g for 20 min, 10000g for 40 min, and 150,000g for 2 h to isolate
exosome-like nanoparticles. Then, the sediment was resuspended in
PBS before centrifugation at 150,000g for 2 h on a sucrose gradient
(8%, 15%, 30%, 45% and 60%) to obtain the purified ginger EVs. A
BCA protein concentration detection kit was used to determine the
total protein concentration on the EVs membrane. The amount of
EVs was 100 ng obtained from 1 kg of ginger.

2.4. Preparation of EVs@ZIF-8@siRNA Nanoparticles. To
obtained EVs coated ZIF-8@siRNA nanoparticles, ZIF-8@siRNA (1
mg/mL) was mixed with EVs (0.5 mg/mL). After fusing for 30 min
by ultrasonication, the mixture was continuously extruded through
polycarbonate porous membranes (Millipore, Germany) with pore
sizes of 800, 400, 200, and 100 nm, respectively, using a liposome
extruder (Morgec Machinery, Shanghai, China). Subsequently, EVs@
ZIF-8@siRNA nanoparticles were collected after centrifugation at
12000 rpm for S min and resuspended in PBS solution at 4 °C for
further use.

2.5. Characterization of Nanoparticles. The size and surface
zeta potential of EVs, ZIF-8, ZIF-8@siRNA and EVs@ZIF-8@siRNA
nanoparticles were measured by a Malvern particle size analyzer
(Mastersizer 2000, UK). The morphology of the nanoparticles was
observed by transmission electron microscopy (TEM) (Hitachi,
Japan). For sample preparation, 10 yL of fully mixed nanoparticles
was dropped into a 200 mesh copper mesh (Zhongjingkeyi
Technology Co., Ltd., Beijing, China). After incubation for 30 s, 10
UL of 2% uranoxy acetate was dropped for another 60 s (only for EVs
and EVs@ZIF-8@siRNA). EVs@ZIF-8@siRNA nanoparticles were
also subjected to an element mapping analysis. The crystallographic
information of ZIF-8 and ZIF-8@siRNA nanoparticles was analyzed
by powder X-ray diffraction (Bruker, Germany). The specific surface
area information of ZIF-8 and ZIF-8@siRNA nanoparticles was
collected by a fully automated specific surface area analyzer
(Micromeritics, GA, USA). To quantify the encapsulation efficiency
of siRNA in ZIF-8, we used different concentrations of FAM-siRNA
to prepare the ZIF-8@FAM-siRNA nanoparticles. After collection, the
nanoparticles were resuspended and collapsed in an aqueous solution
at pH 3 to release FAM-siRNA. Then, the fluorescence intensity of
the supernatant (F,) was measured using a BioTek Synergy Mx
microplate reader (excitation/emission = 494/520 nm). The
fluorescence intensity of the initial FAM-siRNA solution was detected
and recorded as F, The calculation formula for encapsulation
efficiency (F%) is F% = F,/F, X 100%.

2.6. Cell Cultures. Mouse RAW264.7 cells, human Caco-2 cells
and human HT-29 cells (provided by the Cell Bank of Chinese
Academy of Sciences) were cultured in RPMI 1640 and DMEM

medium containing 10% fetal bovine serum (FBS) and cultured in a
75 cm? flasks at 37 °C in a humidified atmosphere containing 5% (v/
v) CO,. The medium was changed every 2 to 3 days. After the cells
were fully grown, the cells were collected in a cryopreservation tube
(SAINING Biotechnology) and cryopreserved in liquid nitrogen.

2.7. Cell Internalization. RAW264.7 cells were inoculated into
the laser confocal dish (NEST Biotechnology, Wuxi, China) with 4 X
10* cells per well. ZIF-8@FAM-siRNA and EVs@ZIF-8@FAM-
siRNA were added per well and incubated with cells for 3, 8, and 12 h,
respectively. The quantities of ZIF-8@FAM-siRNA and EVs@ZIF-
8@FAM-siRNA were S pg, and the input amount of FAM-siRNA was
0.5 nmol. Then, the medium was discarded, and cells were washed
with PBS three times. Immediately, fresh media containing
LysoTracker was added to stain the lysosomes for 30 min at 37 °C.
After being washed with PBS three times, the cells were fixed with 4%
paraformaldehyde for 20 min and subsequently stained with DAPT at
37 °C for 30 min. Samples were observed by laser scanning confocal
microscopy with a 63 X oil-mirror lens (Leica, Germany). Image]J
software was used to analyze the average fluorescence intensity of the
images.

2.8. FIICYEGRBER. RAW264.7 cells were inoculated into a 6-
well plate (KIRGEN) with 4 X 10* cells per well. ZIF-8§@FAM-siRNA
and EVs@ZIF-8@FAM-siRNA with 0.5 nmol of input concentration
of FAM-siRNA were added and incubated with cells for 12 h. After
being cleaned with PBS three times, cells were digested with trypsin
for 5 min, and then digestion was stopped with fresh medium. The
cells precipitates were collected and resuspended with 200 uL of PBS
after centrifugation at 1500 rpm for S min and detected by a

Flow
cytometry data were analyzed by using FloJo-V10.

2.9. Cell Viability Assay. The cell viability was detected by MTT
assay.”” RAW264.7 cells, Caco-2 cells, and human HT-29 cells were
inoculated into 96-well plates (PakGent Bioscience (Suzhou) Co.,
Ltd.) with 3 X 10 cells per well, and this was repeated S times. After
cultivation overnight, siRNA, ZIF-8, EVs, EVs@ZIF-8, ZIF-8@siRNA
and EVs@ZIF-8@siRNA were added and incubated with cells for 12,
24 and 48 h, respectively. The quantities of EVs, EVs@ZIF-8, and
EVs@ZIF-8@siRNA were S pg, and the input amount of siRNA was
0.5 nmol. Each well was incubated with 20 yL MTT for 4 h, and the
cell viability was measured by a multimode reader at 490 nm.

2.10. RT-PCR/qRT-PCR. Total RNA in colon tissue was extracted
and reverse-transcribed into cDNA using a reverse transcription kit.
Then, the mRNA levels of TNF-a, IL-6 and IL-1/ were analyzed
using a fluorescent quantitative PCR kit. The primer sequences of
gPCR are as follows: TNF-a, 5'-AGGCTGCCCCGACTACGT-3’
(forward) and S-GACTTTCTCCTGGTA TGAGATAGCAAA-3’
(reverse); IL-6, S'-ACAAGTCGGAGGCTTAATTACACA T-3’
(forward) and 5'-TTGCCATCCGCACAACTCTTTTC-3' (re-
verse); IL-16, S"-TCGCTCAGGGTCACAAGAAA-3’ (forward) and
5'-CATCAG AGGCAAGGAGGAAAAC-3' (reverse).

2.11. Induction and Treatment of UC. All animal experiments
were approved by the Ethics Committee of Zhengzhou University.
CS7BL/6 female mice were purchased from Charles River (Beijing,
China). After several days of adaptation, 6 week old mice were given
3% DSS orally for 7 consecutive days to establish UC model and fed
with water as control.’” UC mice were randomly divided into 6
groups (siRNA, ZIF-8, EVs, EVs@ZIF-8, ZIF-8@siRNA and EVs@
ZIF-8@siRNA) with S mice each and administrated daily with
nanoparticles containing 200 nmol of siRNA for S consecutive days to
study the therapeutic effect. During the period of UC induction, the
drinking water was changed on days 1, 3 and S, and the rat cage was
changed daily. The weight of mice was recorded and the stool state
was observed. After 5 days of oral administration, the mice were
euthanized, and the colon tissue was collected for the length
measurement and H&E staining.

2.12. In Vivo Targeting Experiment. CyS.5-labeled siRNA
(Cy5.5-siRNA) was used to investigate the targeting of nanoparticles
in vivo. Free CyS.5-siRNA, ZIF-8@CyS.5-siRNA and EVs@ZIF-8@
CyS.5-siRNA with a dose of 200 nmol of siRNA were injected into
C57BL/6 mice, respectively. After oral administration for 24 h, the
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Figure 1. Characterization of EVs@ZIF-8@siRNA. (A) TEM images of EVs, ZIF-8, ZIF-8@siRNA and EVs@ZIF-8@siRNA (scale bar = 100 nm).
(B) TEM images of EVs after being dissolved in PBS at pH 3.0 for 3, 6, 12, and 24 h (scale bar = 100 nm). (C) TEM elemental mapping images of
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Figure 1. continued

EVs@ZIF-8@siRNA. (D) XRD patterns of ZIF-8 and ZIF-8@siRNA. (E) N, adsorption—desorption isotherms of ZIF-8 and ZIF-8@siRNA. (F)
Diameter sizes of EVs, ZIF-8, ZIF-8@siRNA and EVs@ZIF-8@siRNA (n = 3). (G) Zeta potentials of EVs, ZIF-8, ZIF-8@siRNA and EVs@ZIF-
8@siRNA (n = 3). (H) Encapsulation efficiency of siRNA in EVs@ZIF-8@siRNA with different concentrations (n = 3). (I) Stability of ZIF-8@
siRNA and EVs@ZIF-8@siRNA in serum over time (n = 3). (J) Release rates of siRNA from EVs@ZIF-8@siRNA in PBS at different pH values
over time (n = 3). (K) Agarose gel electrophoresis results of bare siRNA and EVs@ZIF-8@siRNA after incubating with RNase and (L) serum-
containing medium. (M) SDS-PAGE protein analysis of ZIF-8, EVs and EVs@ZIF-8@siRNA (1: ZIF-8, 2: EVs, 3: EVs@ZIF-8@siRNA).

mice were anesthetized with a small animal anesthetic (Changsha
Meyue Biotechnology Co., Ltd., Hunan, China) and euthanized. The
main organs of colon, heart, lung, liver, spleen, and kidney of mice
were collected and observed by an IVIS spectroscopic small animal
optical imaging system (PerkinElmer, MA, USA).

2.13. Enzyme-Linked Immunosorbent Assay (ELISA). The
ELISA detection method was based as described in literature reports
with slight modification.*""** In order to detect cytokines, RAW264.7
cells were inoculated into six-well plates with 4 X 10* cells and
incubated for 24 h. Then, the medium was replaced with fresh
containing LPS (150 ng/mL) for stimulation. After 12 h, siRNA, ZIF-
8, EVs, EVs@ZIF-8, ZIF-8@siRNA and EVs@ZIF-8@siRNA with 0.5
nmol input concentration of siRNA were added and incubated with
cells for 24 h. The cell supernatant was collected, and the contents of
TNEF-a, IL-6 and IL-1f were detected by an ELISA kit. The colon
tissue was homogenized and centrifuged at 12000 rpm for 15 min to
remove insoluble substances, and the content of TNF-a, IL-6, and IL-
1/ in the supernatant was measured.

2.14. Determination of Myeloperoxidase (MPO). MPO was
determined according to greviously reported methods and was shown

s

to be slightly improved.” 0.5 g of colon tissue was taken up and
cleaned with cold PBS for 3 times. Supernatant was obtained and
determined with a myeloperoxidase kit.

2.15. In Vivo Safety Test. To investigate the safety of
nanoparticles, normal female C57BL/6 mice were divided into two
groups with 3 mice and injected with EVs@ZIF-8@siRNA nano-
particles and PBS, respectively. After 24 h, the major organs and the
tissue sections of the mice were collected and H&E and fluorescent
TUNEL staining were performed.

2.16. 16S rRNA Sequencing and Microbiome Analysis. Fresh
feces from each group of mice (n = 6) were collected, and DNA was
extracted for 16S rRNA sequencing analysis (Shanghai Personal
Biotechnology Co., Ltd.). Briefly, PCR amplification of the 16S rRNA
gene was performed using 338F (5’-ACTCCTACGGGAGGCAGCA-
3’) and 806R (5-GGACTACHVGGGTWTCTAAT-3') primers,
followed by library construction and sequencing. S-Diversity was
analyzed with principal coordinates analysis (PCoA). Linear
discriminant analysis effect size (LEfSe) was performed for phyla
and genera. Cladogram was analyzed for the taxonomic tree of
differentially abundant taxa. An unweighted UniFrac distance matrix
was used for the UPGMA clustering analysis, and the clustering
results were integrated with the relative species abundance of each
sample at the phylum and genus levels.

2.17. Statistical Analysis. The data were expressed as the mean
+ standard deviation with three independent tests. Statistical analysis
was conducted via GraphPad Prism 8.0, Origin 2021 and R Studio
(4.1.3) software. The significant difference was verified by t-test and
marked by asterisk (*P < 0.05, **P < 0.01, and ***P < 0.001,
respectively). All compounds are >95% pure by analysis. HPLC trace
data are given in the Supporting Information (Table S1).

3. RESULTS AND DISCUSSION

3.1. Characterization of EVs@ZIF-8@siRNA. The EVs@
ZIF-8@siRNA nanoparticle was prepared, as illustrated in
Scheme 1. ZIF-8@siRNA was first prepared by in situ synthesis
and then coated with ginger-derived EVs to construct a core—
shell like structure. The preparation process of this system was
simple, convenient and fast. However, it must be carried out
strictly under no RNA enzyme aqueous solution at pH 8.0 to

prevent the degradation of siRNA before encapsulation in ZIF-
8. Transmission electron microscopy (TEM) images displayed
that ginger-derived EVs exhibited a typical spherical shape,
ZIF-8 and ZIF-8@siRNA showed a uniform octahedral shape,
and EVs@ZIF-8@siRNA exhibited a smooth surface and
typical core—shell structure, suggesting that EVs-coated ZIF-
8@siRNA nanoparticles were successfully synthesized (Figure
1A). The stability in acidic solution of ginger EVs was also
verified. As shown in Figure 1B and Figure S1, EVs exhibited
complete spherical shapes and uniform size after dissolving in
acidic solution for 3, 6 and 12 h but began to rupture and
increase in size after 24 h (Figure 1B and Figure S1). The
results indicated that ginger EVs could remain intact in an
acidic environment at least for 12 h, which is enough time for
them to cross the stomach and reach colon tissue. The acid
resistance of ginger EVs may be attributed to the following
points: first, the combination of lipids and proteins, as well as
the glycoproteins and polysaccharides on the EVs membrane
surface possesses a protective barrier; second, acid—base
buffering substances within EVs regulate internal pH levels
to maintain a stable environment.>®* Moreover, TEM
element mapping images showed that N, O, P, and Zn
elements were homogeneously distributed on the EVs@ZIF-
8@siRNA surface, in which the N element indicated that
siRNA was loaded and the P element represented the existence
of EVs. The results suggested that the composite nanoparticles
were successfully synthesized (Figure 1C). The powder X-ray
diffraction (PXRD) was also measured and revealed that ZIF-8
displayed good crystallinity with the typical diffraction peaks
corresponding to the simulated, and no obvious shifts were
observed after loading with siRNA, which indicated that
loading siRNA did not affect the crystalline structure of ZIF-8
(Figure 1D). Nitrogen adsorption—desorption isotherm
experiments were also conducted. As depicted in Figure 1E,
ZIF-8 and ZIF-8@siRNA exhibited the typical I-shape,
suggesting they possessed microporous structures capable of
carrying large amounts of siRNA. Compared with ZIF-8, the
BET surface area and micropore volume of ZIF-8@siRNA
were significantly reduced because of the occupation of
miRNA in the cavity, indicating the successful payload of
siRNA. The size and potential of nanoparticles were also
characterized. As shown in Figure 1F and G, the size of the EV
was 80.36 nm with a —15.92 mV potential, while a 183.85 nm
size was obtained in EVs@ZIF-8@siRNA, suggesting that a
composite nanoparticle was acquired. Meanwhile, the size of
ZIF-8 increased from 96.87 to 118.71 nm after loading the
siRNA, and the potential decreased from 22.24 mV to 16.68
mV and further decreased to —15.83 mV after coating with
EVs. These results indicated that EVs@ZIF-8@siRNA nano-
particles were successfully synthesized. Next, the loading
amount of siRNA was determined by using FAM-labeled
siRNA. Figure 1H shows that ZIF-8 could load siRNA
efficiently over a wide range of inputs attributed to its large
nanopore size as well as the strong electrostatic interaction
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Figure 2. Cellular internalization of ZIF-8@siRNA and EVs@ZIF-8@siRNA. (A—D) Laser confocal images and green fluorescence quantitative
analysis of RAW 264.7 cells after incubation with ZIF-8@siRNA and EVs@ZIF-8@siRNA for 3, 8 and 12 h (scale = 36.8 ym; nucleus, blue;
lysosome, red; siRNA, green; n = 3) . Data are presented as
the means + SD. *** P < 0.001.
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Figure 3. Effect of EVs@ZIF-8@siRNA on RAW 264.7 cells in vitro. (A) The effects of different nanoparticles on the viability of RAW 264.7 cells.
(B) The contents of TNF-a, (C) IL-6 and (D) IL-15 in RAW 264.7 cells treated with different nanoparticles were determined by ELISA (n = 3).
(E) HPLC of 6-shogaol in different nanoparticles (a: standards; b: EVs; c: EVs@ZIF-8@siRNA). Data are presented as the means + SD. *P < 0.0,

**P < 0.01, ¥**P < 0.001.

between the metal nodes in ZIF and the backbone phosphates
of siRNA.** In the subsequent experiments, EVs@ZIF-8@
siRNA nanoparticles were prepared using 200 nM siRNA, 20
mg/mL 2-methylimidazole and 1 mg/mL zinc nitrate
hexahydrate.

The biocompatibility of EVs@ZIF-8@siRNA nanoparticles
was evaluated by incubating them with serum medium. The
size of EVs@ZIF-8@siRNA nanoparticles exhibited minimal
change compared with ZIF-8@siRNA nanoparticles, which
rapidly increased to 1.5 um, indicating EVs showed important
roles in ZIF stability and biocompatibility under physiological
conditions (Figure 11).*>*® The stability of the EVs@ZIF-8@
siRNA nanocarriers was measured in PBS at different pH
values. Under pH 7.4 conditions, the size of the EVs@ZIF-8@
siRNA nanocarriers showed minimal change. However, at pH
3.0 and pH 5.0, the size of the EVs@ZIF-8@siRNA
nanocarriers was first decreased and then increased to around
500 nm (Figure S3). In the first 12 h, the size of the EVs@ZIF-
8@siRNA nanocarriers decreased slightly, which benefits from
the protective effect of EVs. However, a continuing decrease in
size to 50 nm was observed at pH 3.0, suggesting the structure
of EVs@ZIF-8@siRNA nanoparticles was degraded. The
subsequent size increase may be due to the aggregation of
the components in EVs@ZIF-8@siRNA nanoparticles with the
acidic medium components in buffer to form new complexes.*’
In addition, siRNA release rates in EVs@ZIF-8@siRNA
nanoparticles were measured in PBS at different pH values.

As shown in Figure 1], the amount of siRNA released gradually
increased with the extension of time, peaked at 24 h, and then
tended to stabilize. Compared with pH 5.0 and pH 7.4, the
release rate of siRNA was highest at pH 3.0, with 75%, which
may be due to the rupture of EVs in acidic environment
observed in Figure 1B.*® The protective effect of EVs@ZIE-8
nanoparticles on the siRNA integrity was also investigated.
Results of agarose gel electrophoresis (AGE) showed that free
siRNA can be degraded by RNase and serum in a short time,
while little degradation was observed in EVs@ZIF-8@siRNA,
which confirmed that EVs@ZIF-8 nanoparticles had a good
protective efficacy on the stability of siRNA (Figure 1K and L).
Furthermore, the expressions of EVs-derived proteins on
EVs@ZIF-8@siRNA nanoparticles were also verified by SDS-
PAGE (Figure 1M), demonstrating that ginger EVs were
successfully coated on the surface of ZIF-8@siRNA nano-
particles. After being stored at —80 °C for 48 h, the
reproducibility of ginger EVs was evaluated by SDS-PAGE,
DLS and TEM, and results showed that EVs had good
reproducibility in terms of composition, nanometer size and
morphology (Figure S4).

3.2. Cellular Internalization of EVs@ZIF-8@siRNA. The
intracellular transport and uptake efficiency of EVs@ZIF-8@
siRNA nanoparticles were investigated by incubating with
RAW264.7 cells (Figure 2A—D and Figure S1). After co-
incubation with 3 h, a small amount of siRNA (green) was
observed in the EVs@ZIF-8@FAM-siRNA group, while
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Figure 4. Therapeutic effect of EVs@ZIF-8@siRNA in vivo. (A) Schematic diagram of induction and treatment of a mouse UC model. CS7BL/6
mice were fed 3% DSS for 7 days to induce the UC model and then treated with siRNA, ZIF-8, EVs, EVs@ZIF-8, ZIF-8@siRNA, and EVs@ZIF-
8@siRNA for S consecutive days. The daily dose of siRNA for each mouse was 200 nmol. The mice were euthanized on the sixth day, and colon
tissues were collected for analysis. (B—C) Fluorescence distributions of colon tissue and major organs after treatment with free CyS.S, ZIF-8@
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Figure 4. continued

CyS.5-siRNA and EVs@ZIF-8@CyS.5-siRNA for 24 h (n = 3). (D) Quantitative analysis of fluorescence intensity in spleen, kidney, liver and colon
tissue (n = 3). (E) Body weight, (F) index of disease activity (DAI), (G) colon tissue images, and (H) colon length of mice after treatment with
different nanoparticles (n = 5). (I-K) Quantitative RT-PCR of TNF-a, IL-6 and IL-18 mRNA in colon (n = 5). (L) Relative MPO activity in
colon tissue. (M—O) Expression levels of TNF-a, IL-6 and IL-1f in colon tissues by ELISA (n = S). (P) Representative H&E staining images of
colon tissue (scale bar = S0 um). Data are presented as the means + SD. **P < 0.01, ***P < 0.001.

negligible green fluorescence was observed in the ZIF-8@
FAM-siRNA. These results indicated that ginger EVs
encapsulation increases the uptake rate of nanoparticles by
cells due to their improved biocompatibility, enhanced
permeability and retention effect (EPR effect).”” ™" After 8 h
of co-incubation, the green fluorescence intensity in the EVs@
ZIF-8 @FAM-siRNA group was more obvious, and it was even
more pronounced after 12 h incubation. Meanwhile, a
colocalization of siRNA with lysosomes (red) was observed
in the EVs@ZIF-8 @FAM-siRNA group, which indicated that
large amounts of siRNA in nanoparticles entered the lysosome.
After being incubated with cells for 12 h, the red fluorescence
was reduced in the EVs@ZIF-8@FAM-siRNA group, while
green fluorescence was distributed in various parts of the
cytoplasm, which suggested that siRNA escaped effectively
from the lysosome and entered the cytoplasm as acid sensitive
ZIF-8 nanoparticles. Then, the fluorescence intensity of FAM-
siRNA in RAW264.7 cells was quantitatively analyzed by flow
cytometry (Figure 2E, F). The results showed that the
fluorescence intensity of the EVs@ZIF-8@siRNA group was
higher than that of the bare ZIF-8@siRNA group, which was
consistent with the results observed by confocal laser
microscopy. Zhang’s group demonstrated the high affinity of
ginger-derived EVs for macrophages, which was consistent
with our results that ZIF-8 coated with ginger EVs can
effectively improve cell targeting and siRNA uptake effi-
cien(:y.35

3.3. Inhibition of EVs@ZIF-8@siRNA In Vitro. The safety
of nanoparticles on RAW264.7 cells, Caco-2 cells, and HT-29
cells was first explored, and the results showed that different
nanoparticles did not affect the cell activity compared with free
siRNA (Figure 3A, S4 and SS), indicating that nanoparticles
have good safety in cells. Next, the concentration of TNF-a in
RAW 264.7 cells was measured, and it is shown in Figure 3B.
There were no differences between the control group (LPS)
and siRNA group, while a significant reduction was observed in
the groups of ZIF-8@siRNA and EVs@ZIF-8@siRNA,
indicating that free siRNA hardly enters cells owing to its
negative charge and easy degradation properties, but delivery
vectors significantly enhanced the cell internalization of siRNA.
EVs alone and EVs@ZIF-8 groups also showed reductions in
the TNF-a expressions, indicating that the EVs derived from
ginger exhibited anti-inflammatory effects.'” High performance
liquid chromatography (HPLC) results further confirmed that
ginger-derived EVs contain 6-shogaol, an active ingredient
capable of reducing the levels of inflammatory factors, and the
content of 6-shogaol in EVs and EVs@ZIF-8@siRNA was 2.56
ug/mg and 2.52 ug/mg, respectively (Figure 3E and Table
$1).%° So, the group of EVs@ZIF-8@siRNA reduced TNF-a
levels the most, with 74%, which benefited from the enhanced
siRNA uptake as well as the anti-inflammatory effect of ginger
EVs.

To further investigate the anti-inflammatory effects of EVs@
ZIF-8@siRNA nanoparticles, we have also detected non-
targeted pro-inflammatory factors concentrations. As the main

inflammatory immune cells, macrophages played an important
role in the occurrence and development of inflammation and
secreted a variety of pro-inflammatory factors when stimulated
by inflammation.*"**>* So, the concentrations of IL-6 and IL-
1/ in RAW 264.7 cells were also measured. From Figure 3C,
D, we found that groups of EV alone, EVs@ZIF-8, and EVs@
ZIF-8@siRNA showed abilities in reducing IL-6 and IL-18
levels (Figure 3C, D), which demonstrated that ginger-derived
EVs have anti-inflammatory effects and can combine with
TNF-a siRNA to enhance the treatment of UC.

3.4. Treatment of EVs@ZIF-8@siRNA In Vivo. Ginger-
derived EVs have been reported to be more likely absorbed by
gut bacteria in the colon due to their abundant phosphatidic
acid (PA), so the targeting of EVs@ZIF-8@siRNA was
explored by using the UC mouse model (Figure 4A).*
Colonic fluorescence imaging on mice was performed after oral
administration of CyS5.5-labeled EVs for 24 h. Results showed
that ginger EVs coating nanoparticles were more concentrated
in colon tissue, 6 times higher than the ZIF-8@siRNA treated
group, while only a small amount of fluorescence was observed
in the CyS.S group (Figure 4B, D). In addition, the
fluorescence signals of other major organs (heart, liver, spleen,
lung, and kidney) were negligible throughout the examined
period, indicating that EVs@ZIF-8@siRNA was metabolized
in the GI tract after oral administration (Figure 4C, D). These
results demonstrated that ginger-derived EVs modification on
the ZIF-8@siRNA nanoparticles surface greatly enhanced the
colon tissue targeting and can efficiently deliver siRNA to the
colon tissue in vivo.” ">

Weight loss and shortened colon length were typical
pathological features of DSS induced mice, so their parameters
were recorded during the whole period.’® As shown in Figure
4E, compared with the naked siRNA, mice treated with EVs@
ZIF-8@siRNA had significantly increased body weight, close
to that of normal controls, indicating a good growing status of
mice after treatment with EVs@ZIF-8@siRNA. Meanwhile,
both ZIF-8@siRNA and EVs@ZIF-8 partly increased body
weight compared to the free siRNA or ZIF-8 groups because of
the vital role of vectors in siRNA therapy and the anti-
inflammatory effects of ginger EVs (Figure 4E). To evaluate
the therapeutic effects of nanoparticles, the disease activity
index (DAI), a composite score that reflects the severity of the
disease, was measured.”” Figure 4F displays that the composite
score for control mice was 0, while DSS mice treated with
siRNA had a high score, suggesting a serious disease was
pronounced in DSS mice because free siRNA had difficulty
entering cells and hardly affected the target TNF-a in colon
tissue. After treatment with EVs, EVs@ZIF-8 or ZIF-8@
siRNA, the DAI score was reduced, which further demon-
strated that ginger EVs were capable of anti-inflammatory
effects and ZIF-8 can deliver siRNA effectively. Consistent
with in vitro results, DSS mice treated with the EVs@ZIF-8@
siRNA group exhibited a notable lowest score, demonstrating
that mice had an obvious remission owing to the cooperation
effects of ginger EVs and siRNA (Figure 4F). Next, the colon
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Figure 5. Regulation of gut microbiome by EVs@ZIF-8@siRNA in UC mice. (A) Principal coordinate analysis (PCoA) diagrams illustrating the
diversity of microbiota (n = 6). (B) Column diagram of the relative abundance of the gut microbiome at phyla and (C) genus levels (n = 6). (D)
Relative abundance of the representative bacterial groups at phyla and (E) genus levels (n = 6). (F) Cladogram based on linear discriminant
analysis effect size (LEfSe) showing the difference of gut microbiota between the DSS group and EVs@ZIF-8@siRNA group (n = 6). (G)
Phylogenetic distribution histogram based on the LDA score. Data are presented as the means + SD. ***P < 0.001.

tissues were collected and analyzed. Compared with healthy
mice, DSS mice treated with free siRNA and ZIF-8 were
significantly shorted, while a remarkable recovery was achieved
after treatment with EVs@ZIF-8@siRNA (Figure 4G, H). A
slight increase in colon length was also observed in groups of
EVs, EVs@ZIF-8 and ZIF-8@siRNA. These results confirmed
that EVs@ZIF-8@siRNA nanoparticles can effectively deliver
siRNA to colon tissue with targeting and enhance the UC
therapeutic efficiency, owing to the combination of ginger-
derived EVs and TNF-a siRNA payload.

Next, we examined the concentrations of proinflammatory
cytokines (TNF-q, IL-6, and IL-1§) in the supernatants of
colon tissue homogenates (Figure 4I—K). As shown in Figure
41, a high expression of TNF-«a in colon tissue was observed in

free siRNA and ZIF-8 treated groups. However, the level of
TNF-a was decreased after treatment with EVs, ZIF-8@siRNA
and EVs@ZIF-8@siRNA, and EVs@ZIF-8@siRNA decreased
the most. The results suggested that siRNA loaded in ZIF-8
can cooperate with ginger EVs to reduce the level of TNF-a.
These proinflammatory cytokine levels of IL-6 and IL-1/ were
also tested. Figure 4] and K showed that their expressions were
decreased to similar degrees after treatment with EVs, EVs@
ZIF-8, and EVs@ZIF-8@siRNA. The reason for these results
was that ginger EVs contained 6-shogaol, which had anti-
inflammatory effects. So, these results further confirmed that
EVs@ZIF-8 nanoparticles can deliver siRNA to colon tissue
effectively to reduce the level of TNF-a and can work
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Figure 6. Biosafety of EVs@ZIF-8@siRNA in vivo. (A) Representative H&E and (B) fluorescent TUNEL staining of major organs. Scale bar = 50

pum.

synergistically with ginger EVs to reduced the levels of
inflammatory factors.

Additionally, the activity of myeloperoxidase (MPO) was
examined in colon tissue. MPO is a major inflammatory
mediator in the pathogenesis of UC and a direct indicator of
neutrophil infiltration in colon mucosa.”® The results of MPO
levels in colon tissue were reduced after treatment with EVs,
EVs@ZIF-8, ZIF-8@siRNA and EVs@ZIF-8@siRNA, and the
level in the EVs@ZIF-8@siRNA group was much lower than
those for the other groups (Figure 4L). To evaluate the gene
silencing efficiency of the siRNA payload by nanoparticles, the
mRNA levels of TNF-a in the colon tissue were determined by
gRT-PCR (Figure 4M—0), and these results were consistent
with the inflammatory cytokine levels, indicating that EVs@
ZIF-8@siRNA can inhibit the expression of TNF-a via the
combination effects of ginger EVs and the TNF-a siRNA
payload. Moreover, histological analysis also exhibited that the
colon tissues of DSS mice showed the best intestinal epithelial
repair after treatment with EVs@ZIF-8@siRNA (Figure 4P).
Overall, these results suggested that EVs@ZIF-8@siRNA
possessed a synergistic therapeutic effect against DSS-induced
UC by combining the silencing effect of siRNA with the anti-
inflammatory effect of ginger EVs.

3.5. Regulation of Gut Microbiome by EVs@ZIF-8@
siRNA. Increasing evidence has shown that homeostasis of gut
microbes is closely related to UC.*”~%* Therefore, 16S rRNA
amplicon sequencing was performed using mouse fecal samples
to explore whether EVs@ZIF-8@siRNA nanoparticles could
regulate the gut microbiome composition and influence UC
progression. Principal component analysis (PCoA) showed
that samples in the EVs@ZIF-8@siRNA treated group formed
a cluster distinct from the siRNA and ZIF-8 groups and more
closely resembled healthy mice, suggesting that EVs@ZIF-8@
siRNA could restore gut microbiome homeostasis to the
healthy status. The ZIF-8@siRNA treated group was also
distinguished from the siRNA and ZIF-8 groups, which

indicated that ZIF-8@siRNA had limited microbial repair
ability. However, EVs and EVs@ZIF-8 were less effective in
regulating intestinal microbial, as their clusters were over-
lapped with the siRNA and ZIF-8 groups (Figure SA). Cluster
analysis at the phylum level was also performed, and results
showed that compared to healthy mice, the abundance of
Bacteroidota (an important bacterial phylum in the intestinal
ecosystem involved in a variety of metabolism in the colon)
was decreased in the siRNA and ZIF-8 groups and increased
after EVs, EVs@ZIF-8, ZIF-8@siRNA and EVs@ZIF-8@
siRNA treatment (Figure 5B). Moreover, groups treated with
EVs, EVs@ZIF-8, ZIF-8@siRNA, and EVs@ZIF-8@siRNA
displayed a remarkable reduction in the abundance of
Desulfobacterota (known to play a harmful role in animal
models of UC) in comparison with the siRNA and ZIF-8
groups, and the EVs@ZIF-8@siRNA group was closer to
normal mice (Figure SB, D). This result suggested that EVs@
ZIF-8@siRNA could exert a therapeutic efficacy by regulating
the relative abundance and composition of gut micro-
biota.”*~®° The gut microbiome structure was further analyzed
at the genus level. Mice treated with EVs@ZIF-8@siRNA
increased the abundance of beneficial gut bacteria, such as
Lactobacillus (Figure SC, E), which can strengthen gut barrier
integrity and promote gut health by colonizing the
intestine.”>®” The difference of the microbial community
between the DSS group and the EVs@ZIF-8@siRNA group
was also analyzed by LEfSe. Results revealed that the species
and abundance of gut microbiome were decreased in DSS
group mice, while they increased in the EVs@ZIF-8@siRNA
group with enriched probiotics like Lactobacillales and
Akkermansia (enriched in human and animal gut, which can
improve intestinal barrier function) (Figure SF, G).**”7°
Overall, these findings suggested that EVs@ZIF-8@siRNA can
effectively regulate the gut microbiome composition and
abundance in UC mice, thereby facilitating intestinal epithelial
repair to contribute to the UC treatment.
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3.6. Biosafety of EVs@ZIF-8@siRNA. The biosafety of
EVs@ZIF-8@siRNA on major organs was also evaluated using
histological analysis. According to the H&E-stained section
results, the overall structure and integrity of heart, liver, spleen,
lung and kidney tissues in mice showed no significant
difference between the EVs@ZIF-8@siRNA treated group
and normal mice (Figure 6A). Fluorescent TUNEL staining
images also showed that apoptosis levels in major tissues
treated with EVs@ZIF-8@siRNA were similar to those of the
healthy control (Figure 6B). These results suggested that
EVs@ZIF-8@siRNA nanoparticles displayed good biosafety in
the long-time treatment and showed potential for the UC
therapy.

4. CONCLUSIONS

In summary, a novel ginger EVs-coated ZIF-8 nanodelivery
system is designed and has been proven to deliver siRNA
effectively for UC targeted therapy. ZIF-8 is used to efficiently
encapsulate and deliver TNF-a-specific siRNA; ginger EVs
coating enhances the acid resistance and facilitates colon tissue
targeting. In vitro experiments have shown that ginger EVs
greatly improved the uptake of EVs@ZIF-8@siRNA nano-
particles by macrophages, and siRNA in the nanoparticles can
effectively inhibit the targeted TNF-a. Animal experiments
have demonstrated that TNF-a siRNA loaded in the
nanocarrier can work synergistically with 6-shogaol in ginger
EVs to enhance the therapeutic effect, and show good colon
targeting and safety. These positive results demonstrate that
EVs@ZIF-8@siRNA nanoparticles are an eflicient siRNA
delivery system, which can increase the colon targeting and
enhance the UC therapeutic efficacy by combing with ginger-
derived EVs. Moreover, EVs@ZIF-8@siRNA treatment has
been found to restore the composite and abundance of gut
microbiota to healthy status, making this system suitable as an
orally administrated reagent for UC therapy. Therefore, we
believe that the system proposed in this study will provide a
new perspective on UC personalized therapies.
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