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Abstract

An oral colon-targeted drug delivery system holds great potential in preventing systemic toxicity and preserving
the therapeutic benefits of ulcerative colitis (UC) treatment. In this study, we developed a negatively charged
PLGA-PEG nanoparticle system for encapsulating naringin (Nar). Additionally, chitosan and mannose were coated
on the surface of these nanoparticles to enhance their mucosal adsorption and macrophage targeting abilities. The
resulting nanoparticles, termed MC@Nar-NPs, exhibited excellent resistance against decomposition in the strong
acidic gastrointestinal environment and specifically accumulated at inflammatory sites. Upon payload release, MC@
Nar-NPs demonstrated remarkable efficacy in alleviating colon inflammation as evidenced by reduced levels of pro-
inflammatory cytokines in both blood and colon tissues, as well as the scavenging of reactive oxygen species (ROS)
in the colon. This oral nanoparticle delivery system represents a novel approach to treating UC by utilizing Chinese
herbal ingredient-based oral delivery and provides a theoretical foundation for local and precise intervention in
specific UC treatment.
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Introduction

Inflammatory bowel disease (IBD) is a non-specific,
inflammatory gastrointestinal disease of unknown eti-
ology, including ulcerative colitis (UC) and Crohn’s dis-
ease (CD), is a chronic inflammatory disease that occurs
in the gastrointestinal tract. It is clinically characterized
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eral population [2]. Therefore, the development of safe
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and effective new drugs and treatment strategies is of
great significance in alleviating and controlling the pro-
gression of UC.

Currently, anti-inflammatory drugs such as salicylates
[3] and corticosteroids [4] are the main treatment options
used in clinical practice for IBD. Although they have
achieved certain therapeutic effects [5], their side effects
is very serious, such as salicylic acid can cause nausea,
headache, and severe allergic reactions, while corticoste-
roids can affect bone density and increase the risk of frac-
tures, along with a higher risk of infections and other liver
and kidney damages. Therefore, it is of great significance
and an urgent clinical need to thoroughly explore more
natural and less side-effect-supplementing and alter-
native drugs, as well as develop new localized targeted
treatment techniques and methods [6]. These approaches
can help control medication during the treatment of UC
patients, reduce drug resistance and medication-related
side effects, and improve the efficacy and quality of life
for patients. Therefore, the search for natural drugs with
lower toxicity, and the precise delivery of these drugs to
the site of colonic inflammation, while not compromis-
ing their anti-inflammatory efficacy and reducing their
systemic toxic side effects, represents a significant break-
through in the clinical alleviation and effective treatment
of UC.

Naringin (Nar) is a natural flavonoid compound with
multiple bioactivities, extracted from the dried peels
of immature or nearly mature fruits of citrus plants in
the Rutaceae family, such as pomelo and grapefruit.
It has been confirmed to have a wide range of pharma-
cological activities, including anti-inflammatory, anti-
oxidant, antiviral, antiviral, antimicrobial, anticancer,
anticoagulant, anti-liver fibrosis, and anti-atherosclerosis
effects [7, 8]. Research has found that Nar can regulate
the M2 polarization of mouse peritoneal macrophages
through PPARy/miR-21 modulation [9]. Nar inhib-
its the activation of the NLRP3(Nucleotide- binding
oligomerization domain, leucine- rich repeat and pyrin
domain- containing 3) inflammasome and promotes M2
macrophage polarization by stimulating TFEB nuclear
translocation, thereby preventing myocardial ischemia-
reperfusion injury [10]. In recent years, it has been dis-
covered in experimental colitis models that a higher
dose of Nar (100 mg/kg) administered continuously for
over 7 days can significantly alleviate symptoms of UC
in mice [11]. Additionally, Nar can inhibit the activation
of the MAPK and NLRP3 inflammasome induced by
DSS, and naringin maintains the integrity of tight junc-
tion (T7]) structures by regulating the expression of ZO-1,
thus repairing the intestinal barrier [12]. However, Nar
has extremely low water solubility, poor absorption in
conventional formulations, and low oral bioavailabil-
ity. Therefore, it is of great significance to modify Nar,
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develop new formulations to improve its bioavailability,
enhance sustained release and targeting, and expand its
clinical applications.

Various routes of administration, including intravenous
injection, rectal administration, and oral administration,
have been used for systemic or local drug delivery in IBD
therapy. Intravenous injection always bypasses the first-
pass effect and hepatic-intestinal circulation, and lower
patient compliance. Rectal administration can partially
reduce the first pass effect of the liver, however, rectal
drug formulations must be retained in the colon for an
extended period, which is a big challenge for patients
with diarrhea. Oral drug delivery is considered the most
ideal route for IBD treatment: it offers good patient com-
pliance, convenient self-administration, high safety and
cost-effective production. Due to the harsh environmen-
tal conditions, including strong acidic gastric fluid, abun-
dant digestive enzymes, and a diverse range of bacterial
species. These conditions tend to compromise the sta-
bility of drug formulations and diminish the efficacy of
loaded medications. Therefore, drug formulations should
be designed to maintain stability as they pass through the
upper gastrointestinal tract and selectively release the
loaded medication into inflamed intestinal tissues.

Chitosan, as a natural polysaccharide material, has
extensive applications in oral drug delivery systems [13].
Due to its good biocompatibility, strong degradability,
low toxicity, and strong adhesion, chitosan is widely used
in drug delivery systems. In oral administration, chitosan
can serve as a carrier to help drugs reach the intestinal
target site stably, with controlled release to prolong the
drug’s release time in the body, thereby enhancing the
drug’s bioavailability and efficacy.

In this work, an oral nano-based drug delivery system
was synthesized using simple emulsification method
(Scheme 1A). Firstly, PLGA-PEG nanoparticles were
designed to encapsulate Nar, and then chitosan and
mannose were further coated on the surface of nanopar-
ticles to endow these nanoparticles with the mucosal
adsorption and macrophage targeting abilities. The oral
nanoparticle system demonstrated an excellent resist
decomposition ability against the strong acidic gastro-
intestinal environment, and accumulated in the specific
inflammatory sites through the affinity of electrostatic
reaction. The oral nanoparticles exhibit significant
inflammation targeting property and can accumulate and
achieve controlled drug release in the inflamed colons.
After oral administration, the Nar-loaded oral nanopar-
ticle could remarkably alleviate the colon inflammatory
response, which evidenced by the decreased in secre-
tion of pro-inflammatory cytokines TNF-a and IL-6,
and scavenging reactive oxygen species in macrophages
of UC mouse model (Scheme 1B). The results indicate
that the as-synthesized nanocarriers have excellent colon
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Scheme 1 The preparation of Naringin-loaded nanoparticles (MC@Nar-NPs) and target delivery of Nar to alleviate DSS-induced colitis in
mice. (A) Preparation of Nar-encapsualted PLGA-PEG NPs by emulsification-evaporation method, and conjugation of chitosan and mannose to the
surface of NPs. Upon oral administrated (B), MC@Nar-NPs preferentially accumulated in inflammatory sites in the colon due to the high expression of
mannose receptors on the surface of digestive tract macrophages. Subsequently, Nar internalized by macrophages alleviated colitis through inhibition

pro-inflammatory cytokine storm and scavenge oxygen free radicals

targeting capabilities and can successfully deliver the
drug to the site of colonic inflammation.

Materials and methods
Materials
Naringin (Nar, 98%) was bought from Shanghai
Yuanye Bio-Technology Co., Ltd. (Shanghai, China).
PLGA(Mw:38000)-PEG(Mw:5000) and 2’,7’-dichloro-
fuorescein diacetate (DCFH-DA) kits were bought from
Sigma (USA). Dichloromethane was bought from Shang-
hai Aladdin Bio-Chem Technology Co., LTD. MTT was
obtained from Beyotime Biotech Inc. (Nanjing, China).
RPMI-1640 medium, DMEM medium, Phosphate Buffer
Solution, fetal bovine serum (FBS), trypsin and penicil-
lin-streptomy were purchased from Gibco BRL (USA).

Rabbit anti-Myeloperoxidase monoclonal antibody
(abs159595) was obtained from Absin (Shanghai, China).
IL-1B(ab315084), IL-6(ab290735) monoclonal antibodies
were purchased from Abcam, UK. NLPR3 mAb (#15101)
was purchased from cell signaling technology, USA.

All chemicals were of analytical grade.

Cells

RAW?264.7 cells and Caco-2 cells were provided by the
Cell Library of Guangdong Provincial Key Laboratory
of Medical Molecular Diagnostics, Guangdong Medical

University. The cells were cultured in DMEM (Gibco,
USA) or RPMI-1640 (Gibco, USA) with 10% fetal bovine
serum (Gibco) containing 100 pg/mL streptomycin and
100 TU mL™! penicillin at 5% CO, and 37 °C.

Preparation of Nar-loaded nanoparticles (MC@Nar-NPs)
The MC@Nar-NPs were synthesized using emulsification
and evaporation method as previously described [14]
with some modifications. Briefly, 60 mg Nar and 200 mg
PLGA(Mw:38000)-PEG(Mw:5000) were dissolved in 5
mL of dichloromethane as the oil phase, and this phase
was homogenized for 3 min on ice. Then, 15 mL of water
phase (1.5% of PVA solution, including 0.3% of chito-
san/mannose and 0.5% glacial acetic acid) was added
into the oil phase and followed by homogenized for
3 min on ice to form the Nar-loaded PLGA(Mw:38000)-
PEG(Mw:5000) emulsification. Finally, the nanoparticles
were harvested by centrifuging at 12,000 rpm for 20 min
and washed 3 times using ultrapure water. The harvested
nanoparticles were lyophilized for 48 h using lyophilizer
for storage in powdered form.

To determine the biodistribution of NPs in cells or
organs, NPs containing a fluorescent dye indocyanine
green (ICG) or Coumarin 6 (C6) were prepared using the
above procedure, except that 100 pg fluorescent dye was
added into the oil phase. The incorporated dye acts as a
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fluorescent marker for NPs and offers a sensitive method
to determine qualitatively and quantitatively organs dis-
tribution or intracellular uptake using IVIS imaging sys-
tem or fluorescent microscope.

Characterization of nanoparticles

The size distribution and zeta potential of the nanopar-
ticles were determined using a Nano Particle Analyzer
SZ-100 (Horiba Scientific, USA). Morphology of NPs
were visualized by scanning electron microscopy (Phil-
ips Co, Holland). The encapsulation of Nar was detected
using an ultraviolet and visible spectrophotometer (UV-
2700, Shimadzu Corporation, Japan). 1 mg/mL of Nar
and MC@Nar-NPs were diluted into 10-fold. The loading
rate and concentrations of MC@Nar-NPs were measured
by microplate reader (Infinite 200 pro, Swiss) at 283 nm.

Cellular uptake

The cells were cultured with C6-labeled NPs for 4 h, and
washed twice with PBS to remove unbound nanoparti-
cles. The cells were imaged using a Live Cell Imaging Sys-
tem (EVOSFL Auto, Invitrogen, USA).

Animal study

Male C57/6] mice (8—10 weeks) were purchased from
SPF biotechnology company, LTD (Beijing, China). The
experimental protocols were conducted according to
National Institutes of Health guidelines on the use of
laboratory animals. The animal care and study proto-
cols were approved by the Institutional Animal Care
and Use Committee of Guangdong Medical University
(GDY2002094). All the experiments were performed
in accordance with relevant guidelines and regulations
of Animal Ethics Committee of Guangdong province,
China.

Hemolysis assay

To determine the in vivo biosafety of the compounds,
hemolysis of red blood cells treated with the designated
compounds were performed according to the previous
studies [15]. Erythrocytes were originated from normal
healthy C57BL/6] mice through washing the anticoagu-
lant whole blood with PBS at 3,000 rpm for 10 min. Then,
a 5% red blood cell suspension (v/v, in PBS) was blended
with different formulations of Nar. The erythrocyte
sample lysed in water was used as positive control, and
erythrocytes diluted in PBS was used as negative control
group. After incubating with 100 pg/mL of compounds
at 37 C for 30 min, all the samples were centrifuged at
3,000 rpm, 4 ‘C, for 10 min to collect the supernatant and
measure its absorbance value at 540 nm using microplate
reader (TECAN, Switzerland).
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In vivo biosafety assay

To determine the biosafety of Nar-loaded NPs in vivo,
different formulations of Nar (Free Nar and MC@-NPs)
were i.g. administrated to normal healthy mice (dosage:
200 pg/kg body weight, 5 mice/group) for one week, once
per day. The pathological sections of main organs were
stained with hematoxylin and eosin (H&E) to evaluate
the toxic effects of Nar or MC@Nar-NPs. The levels of
alanine transaminase (ALT) and aspartate transaminase
(AST) of liver homogenate in each group were also deter-
mined using the assay kits (C010-2-1, Nanjing Jiancheng
Bioengineering Institute, China).

DSS-induced UC mouse model

The 2.5% (w/v) of DSS (Dextran Sulfate Sodium Salt)
solution was freshly prepared every other day to induce
ulcerative colitis model. To study the therapeutic efficacy
of MC@Nar-NPs, 20 mice were divided into 4 groups
with 5 mice in each group: (1) normal healthy control
(i.e., no treatment), (2) DSS+PBS solution, (3) DSS+free
Nar (10 mg/kg), (4) DSS+MC@Nar-NPs (10 mg/kg of
Nar equivalent). The experimental protocols were shown
in the Fig. 5A. The mice were given DSS solution from 1st
to 5th day, and at 6th day, the DSS was moved away and
fresh water was replaced. At 8th day, the mice were sacri-
ficed and specific tissues were collected.

Biodistribution of NPs in vivo

To determine the inflammatory colon-targeted proper-
ties of NPs, DSS-induced UC mice were received a sin-
gle dose intragavage of ICG-labeled NPs. The mice were
anesthetized using Isoflurane at the designated time
points and imaged using in vivo imaging systems (IVIS)
(Kodak Multi Mode) at 740/820 nm (for ICG). At the end
point, mice were sacrificed to obtain and photographed
the intestine, colon, and all the major organs (heart, liver,
spleen, lung, and kidney). The fluorescence intensity was
analyzed by the Living Imaging software.

Disease activity index (DAI) scores

DAI was determined by body weight loss, stool consis-
tency, and stool bleeding recorded every day. The scores
were evaluated according to the previous study [16].
Briefly, body weight loss (less than 1%: 0; 1%~10%: 1;
10%~15%: 2; 15%~20%: 3; and more than 20%: 4). Stool
scoring (normal: 0-1; loose: 2~3; diarrhea: 4). Fecal
blood (normal: 0—1; occult blood: 2~ 3; gross bleeding:
4).

Pro-inflammation assay

Elisa assay. Inflammatory cytokines in plasma, includ-
ing IL-6, was assessed by ELISA kits (Jiangsu Meimian
Industrial Co., Ltd).
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Fig. 5 Therapeutics of oral administrated Nar or MC@Nar-NPs on DSS-induced UC mice. (A) Time axis of DSS-induced UC and the timing of treat-
ment: Mice were adaptively fed for one week, then i.g. with Nar or MC@Nar-NPs at 10 mg/kg/d while drinking the 2.5% DSS water freely for 5 days, fresh
water was changed from the 6th day, after 72 h of fresh water, the mice was euthanized and collected samples. (B-C) Variation of body weight and DAI
scores in different treated groups during experimental process. (D-E) Typical photographs of colons and the variation of colon length from different
treated groups. (F-G) Photographs of Spleen (F) and statistics of spleen index (weight ratio of spleen and the whole body) in colitis mice. (H-1) Representa-
tive H&E images and histological scores of colons from each group. Scale bar: 500 um (top row), 200 um (bottom row). (J) The expression of IL-6 in plasma
determined by ELISA Kit. (K-M) The level of IL-6, IL-13 and TNF-a in colon tissue determined using Q-PCR. *p < 0.05, **p <0.01, ***p < 0.001, ****p < 0.0001,

ns, no significant differences (n=5)
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Real-Time fluorescent quantitative PCR (RT-qPCR).
The RNA from colon tissue samples was extracted using
the Trizol isolation reagent according to the manufac-
turer’s directions. Reverse transcription reaction was
conducted using Transcriptor First Strand cDNA Syn-
thesis Kit (Roche, Inc., Basel, Switzerland). Quantitative
real-time PCR analysis was performed using real-time
PCR ViiATM7 with SYBR Green master mix (Roche,
Inc., Basel, Switzerland). The relative expressions of
mRNA were calculated using the 2~ AACE comparative
method. The primers were used as follows: TNF-q, for-
ward primer: GTCAGGTTGCCTCTGTCTCA, reverse
primer: TCAGGGAAGAGTCTGGAAAG; IL-6, forward
TAGTCCTTCCTACCCCAATTTCC, reverse
primer: TTGGTCCTTAGCCACTCCTTC; GAPDH,
forward primer: AGGTCGGTGTGAACGGATTTG,
reverse primer: TGTAGACCATGTAGTTGAGGTCA;
IL-1pB, forward primer: GAAATGCCACCTTTTGACAG
TG; reverse primer: TGGATGCTCTCATCAGGACAG.

primer:

Histology

The colon, spleen, liver, lung, kidney, and heart collected
from mice with different treatments were fixed by 5 min
instillation of 10% formalin through trachea catheteriza-
tion at a trans-pulmonary pressure of 15 cm H,O, and
then fixed in 10% formalin at room temperature for 48 h.
After that, tissues were embedded in paraffin, cut into
5 um sections, and stained with hematoxylin and eosin
(H&E). For further detect the changes in NLRP3 antibod-
ies in colons, the colon sections were also stained with
NLRP3 antibodies.

TUNEL staining

Lung tissue sections were deparaffinized by placing
them in an oven at 60 ‘C for 15 min and then treated
with xylene for further dewaxing. After hydration with
ethanol and distilled water, the tissue sections were per-
meabilized using proteinase K at 37 C for 30 min. Sub-
sequently, the sections were washed three times with PBS
and incubated with 100 uL of TUNEL staining solution at
37 C for 1 h. Following another round of washing with
PBS, the tissues were sealed with DAPI anti-fluorescence
quencher.

ROS scavenging ability in RAW 264.7 cells

The cells were planted in 6-well culture plates for 12 h,
then fresh standard growth medium containing differ-
ent formulations of Nar was added and further incu-
bated for 24 h. Next a fresh medium containing 1 pg/mL
LPS was used to induce ROS production for 6 h except
the negative group. Then, the cells were incubated with
DCFH-DA (Beyotime Biotechnology, China) for 30 min
in dark at 37 ‘C, washed with PBS for three times, col-
lected by centrifugation and analyzed by a Live Cell
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Imaging System (EVOSFL Auto, Invitrogen, USA) or a
flow cytometer at 488 nm of excitation wavelength and
525 nm of emission wavelength.

Determination of ROS level in colon tissues

For DHE staining of colon sections, 1 pmol L™! Dihy-
droethidium (DHE) solution was dropped on the colon
tissue sections, and incubated at 37 °C in the dark for
20 min. Next, the samples were washed with PBS for
3% 5 min. Before mounting, samples were incubated with
4,6-diamidino-2-phenylindole (DAPI) for 5 min at room
temperature and washed three times with PBS for 5 min.
All steps were performed in the dark on a shaker. Finally,
the red fluorescence intensity was observed under a fluo-
rescence microscope.

Statistical analysis

Results were expressed as mean*SD. Statistical sig-
nificance was determined by one-way ANOVA with
a Games-Howell post hoc analysis for multiple-group
comparisons. Two-group comparisons were analyzed by
the two-tailed unpaired Student t -test.

Results and discussion

Characteristic of MC@Nar-NPs

Currently, the treatment of IBD mainly relies on anti-
inflammatory drugs and immunosuppressants, which
can be administered via injection, oral ingestion, or rectal
application. However, these treatment regimens are often
associated with adverse reactions, and it is challenging
to maintain effective drug concentrations locally [17].
Therefore, there is an urgent need for new drug target-
ing delivery systems, such as targeted nanoparticle drug
delivery systems, to increase drug solubility, prolong drug
residence time in the intestine, target drug delivery to the
site of inflammation, enhance drug bioavailability, and
reduce potential adverse reactions [18]. Here, mannose
and chitosan modified PLGA-PEG nanoparticles to load
Nar and deliver Nar (MC@Nar-NPs) to the colons. The
SEM (scanning electron microscope) image revealed that
the as-synthesized nanoparticles displayed a uniform
spherical shape (Fig. 1A). The physico-chemical proper-
ties of the MC@Nar-NPs were investigated using Fou-
rier transform infrared (FT-IR) spectroscopy. The results
suggested that there were no significant shifts or losses
of functional group peaks in the characteristic spectral
peaks, indicating that there was no chemical interac-
tion between the drug and the polymer during the nano-
capsulation process. This is supported by the retention
of the characteristic peaks of both the polymer and the
drug in the FT-IR spectra of the MC@Nar-NPs (Fig. 1B).
The UV-vis spectrum of the NPs was measured to assess
the loading of Nar within the NPs (Fig. 1C). The absorp-
tion spectrum of Nar exhibited characteristic absorption
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Fig. 1 Characteristic of MC@Nar-NPs. (A) Representative morphology image of MC@Nar-NPs determined by scanning electron microscope
(1 bar=200 nm). (B) FT-IR spectra of chitosan, mannose, PLGA-PEG, Nar and MC@Nar-NPs. (C) UV-vis spectra of free Nar and MC@Nar-NPs. (D-F) Size
distribution and zeta potential of the as-synthesized MC@Nar-NPs in different pH solutions (pH=2, 6 and 8), respectively

peaks at 283 nm. The absorption spectrum of the Nar-
NPs closely resembled that of free Nar, indicating suc-
cessful encapsulation of Nar within the NPs. The loading
capacity of Nar in the MC@Nar-NPs was approximately
9.1%, which was calculated based on the standard curve
of Nar at its UV absorption peak of 283 nm.

Oral administration is the most preferred route of
administration with the highest patient compliance,
while oral medications need to undergo degradation
and dissolution in the gastrointestinal tract and gastric
fluid [19]. In order to evaluate the ability of the prepared
nanoparticles to resist gastric fluid corrosion (pH=1~2)
and achieve targeted accumulation at the site of colitis
(pH=7~8), we tested the size and zeta potential of the
nanoparticles using dynamic light scattering (DLS) under
different pH environments. It showed the sizes and zeta
potential of MC@Nar-NPs were ~900 nm and ~+1 mV
in pH=2 solution which mimics gastric acid environ-
ment (Fig. 1D). And, the sizes and zeta potential of MC@
Nar-NPs were ~400 nm and ~-60 mV in pH=6 solution

which mimics small intestine environment (Fig. 1E).
While, the sizes and zeta potential of MC@Nar-NPs
were changed into ~400 nm and ~-68 mV in pH=8 solu-
tion which mimics colon environment (Fig. 1F). These
data demonstrate that MC@Nar-NPs tend to aggregate
together and stay relatively stable in stomach, and tend to
disperse in intestines. Interestingly, the massive negative
charges on the surface of MC@Nar-NPs in pH=8 ren-
der them to target and retain into the IBD lesion-specific
positive charges [20].

Stability of MC@Nar-NPs under different pH solutions

For the oral delivery of MC@Nar-NPs being suitable for
IBD therapy, it is critical to keep contact nanostructure
or nano-assembly in the stomach and small intestine,
especially in the strong acid condition of stomach, which
is still a great challenge for most nano-delivery systems.
To investigate the source of the negative charges of MC@
Nar-NPs, we assayed the zeta potentials of the four
kinds of nanoparticles, e.g. Nar-NPs, chitosan modified
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Nar-NPs, mannose modified Nar-NPs and both chitosan
and mannose modified Nar-NPs. The results indicated
that all the four kinds of NPs were negative charged,
while, the absolute value of MC@Nar-NPs is much more
than that of CS@Nar-NPs and Man@Nar-NPs. So, we
think that the negatively charges of NPs are resulted from
the chitosan and mannose modification (shown in the
supplemental results Figure S1).
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To investigate the stability of MC@Nar-NPs in the
digestive tract, we evaluated the characteristics of the
NPs in different pH conditions for 8 days (Fig. 2A). The
pH=2, pH=6 and pH=8 solution was simulated the
environments of stomach, intestine and colon, respec-
tively. In the pH=2 solution, the size (Fig. 2B) of MC@
Nar-NPs kept aggregated for more than 1000 nm, and the
size distribution decreased, but still larger than 800 nm
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after 8 days, and the picture of NPs solution showed the
precipitate of NPs after 2 days. And, the zeta potential
of NPs (Fig. 2C) was positive, indicating they were hard
retained by stomach. Besides, the UV-vis spectra (Fig. 2E)
showed the Nar almost did not release from the NPs dur-
ing the first 8 days. This implied that this oral NPs system
was stable and could successfully endure the strong acid
condition of stomach. Interestingly, in pH=6 and pH=8
solution, the NPs dispersed evenly (Fig. 3B), displayed
massive negative charges on the surface (Fig. 3C), and the
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UV-vis also demonstrated the released Nar from MC@
Nar-NPs (Fig. 3E). Further, to detect the in vitro release
kinetics of Nar, we used centrifugation method accord-
ing to the previous reports [21]with a little modification.
In brief, take 10 mL of pH 7.4 PBS buffer as the release
medium, dissolve the nanomedicine equivalent to 1 mg
of Nar into PBS, and then, keep constantly shaking at the
speed of 120 rpm at 37 C in dark. 3 mL of sample was
taken out and 3 mL of PBS was simultaneously added at
designated time points (0.5h,1h,1.5h,2h,4h,6h, 12 h,
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Fig. 3 In vitrobiosafety and biocompatibility of Nar and MC@Nar-NPs. (A, B) The photos and quantification analysis of hemolysis assay of free Nar
and MC@Nar-NPs. (C) The morphology of erythrocytes co-cultured with Nar or MC@Nar-NPs for 30 min at 37 °C imaged under a live cell imaging system.
Scale bars: 50 um. (D-F) Cell uptake of differently modified nanoparticle-based systems. Due to the weak fluorescence of Nar, Coumarin 6 (C6) was co-
loaded into the NPs as fluorescent markers. (D-E) Cell uptake of C6/Nar-NPs or MC@C6/Nar-NPs by RAW264.7 cells with or without LPS induction. Scale
bars:100 um. (F) Confocal images of MC@C6/Nar-NPs in RAW264.7 cells. Scale bars:10 um
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24 h, 36 h, 48 h,60 h, 84 h). The isolated samples were
centrifuged at 10000 rpm, 25 °C for 10 min, and the con-
centration of Nar in the supernatant were assayed to cal-
culate the cumulative drug release. The experiment was
carried out three times in parallel, and the results were
averaged. The results (supplemental results Figure S3)
showed that around 40% of Nar were released during the
first 2 h, and about 50% of Nar were released from 2 h to
84 h, implying that the NPs formulation had a sustained
release effect.

In vitro biosafety and biocompatibility of MC@Nar-NPs

The hemolytic potential of a drug is a crucial metric for
determining whether it can induce hemolysis, which is
the destruction of red blood cells upon administration
into the body [22]. In this study, the hemolytic effects
of Nar (a drug name, presumably) and MC@Nar-NPs
(presumably a nanoparticle formulation of Nar) were
assessed using healthy mouse erythrocytes. Erythro-
cytes suspended in water served as the positive control
for hemolysis, while those in PBS (phosphate-buffered
saline) buffer constituted the normal control group.
Both free Nar and MC@Nar-NPs were introduced to the
erythrocytes at an equivalent concentration of 10 mg/
mL, based on the amount of Nar encapsulated within the
nanoparticles. Figure 3A-C illustrate that free Nar caused
significant damage to erythrocytes and exhibited hemo-
lytic activity. In contrast, as anticipated, MC@Nar-NPs
displayed minimal damage, preserving the healthy, intact
double concave disc shape of the erythrocytes. This find-
ing suggests that the nanoparticle formulation signifi-
cantly mitigated hemolysis and enhanced the biosafety
profile of Nar.

Intestinal macrophages are one of the main regulatory
cells that maintain tissue microenvironmental homeosta-
sis and a normal immune barrier [23]. They help the host
fight against pathogens and microbes, reduce inflamma-
tion, and promote the repair of intestinal mucosal dam-
age by regulating apoptosis and growth factor levels.
Therefore, the development of efficient macrophage-tar-
geted nanoparticles is of great significance for the precise
treatment of inflammatory bowel diseases.

To ascertain the in vitro targeting efficacy of MC@
Nar-NPs, the RAW264.7 cell line was utilized as a cel-
lular model. Following a 2-hour co-culture period, the
nanoparticles were observed to have successfully inter-
nalized into the cells, as evidenced by fluorescent imag-
ing (Fig. 3D-E). Notably, the fluorescence intensity within
the cells (Fig. 3E) suggested that the cellular uptake of
MC@Nar-NPs was significantly higher in lipopolysaccha-
ride (LPS)-stimulated RAW264.7 cells compared to that
in resting RAW264.7 cells. This differential uptake may
be attributed to the interaction with the mannose recep-
tor, which is upregulated on LPS-stimulated RAW264.7
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cells. Additionally, confocal microscopy images (Fig. 3F)
revealed that the MC@Nar-NPs were uniformly dis-
persed throughout the cytoplasm, with no detectable
penetration into the nucleus.

In vivo targeting of MC@Nar-NPs

One of the biggest challenges to treating IBD is to target
the site of inflammation [6]. To determine the targeting
ability of MC@Nar-NPs, indocyanine green (ICG) was
encapsulated within nanoparticles (NPs), specifically
MC@ICG/Nar-NPs, and utilized as a fluorescent marker.
Both the free ICG/Nar formulation and the MC@ICG/
Nar-NPs were orally administered to two groups: healthy
mice (Fig. 4A-G) and mice with ulcerative colitis (UC)
(Fig. 4H-N). Using an in vivo imaging system (IVIS), we
observed the distribution post-administration. In healthy
mice, the mean fluorescence intensity (MFI) upon oral
administration of either free ICG/Nar or MC@ICG/
Nar-NPs showed no significant differences (Fig. 4A-G).
Notably, gastrointestinal (GI) tract imaging revealed that
neither ICG/Nar nor MC@ICG/Nar-NPs accumulated
or were retained in the healthy colons at 8-24 h post-
administration. In contrast, in UC mice, the MFI in the
MC@ICG/Nar-NPs group was substantially higher than
that in the free ICG/Nar group at 8 and 24 h after oral
administration. GI tract imaging particularly demon-
strated that MC@ICG/Nar-NPs predominantly accu-
mulated in the inflamed colonic regions at both 8 and
24 h, with a prolonged retention and release profile in the
colons (Fig. 4H-N). At the 24-hour mark post-adminis-
tration, only a minimal presence of MC@ICG/Nar-NPs
was detected in the liver, with no significant accumula-
tion observed in other organs, indicating that MC@Nar-
NPs may not accumulate extensively in major organs of
UC mice. These findings further corroborate that MC@
ICG/Nar-NPs exhibit a preferential targeting to inflam-
matory lesions, a characteristic that was also supported
by the in vitro cellular uptake assays.

Therapeutic efficacy of MC@Nar-NPs against DSS-Induced
colitis

We subsequently evaluated the in vivo therapeutic effi-
cacy of MC@Nar-NPs in a mouse model of DSS-induced
UC. Mice were orally administered with 2.5% DSS for 5
days to induce colitis, and MC@Nar-NPs were daily oral
administered of different compounds (Fig. 5A). Other
treatments, including saline, free Nar, were used as con-
trol groups. From day 4 to day 7, bloody stools emerged
in the DSS+and DSS+Nar groups and bloody diarrhea
was more severe in these groups. Only the mice in the
MC@Nar-NPs treatment group had less stool blood. As
shown in Fig. 5B, the PBS-treated control group failed to
prevent body weight loss, whereas DSS-colitis mice with
MC@Nar-NPs treatment could significantly recover their
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Fig.4 Invivotargeting of MC@Nar-NPs. Due to the weak fluorescence of Nar, indocyanine green (ICG) was co-loaded into the NPs as fluorescent mark-
ers. (A-G) In vivo imaging of healthy mice with intra-gavage (i.g.) administration of Free-ICG/Nar or MC@ICG/Nar-NPs at different time points:
(A) experimental protocols of IVIS imaging of Free-ICG/Nar or MC@ICG/Nar-NPs in healthy mice, i.g. healthy mice were oral administrated with Free-ICG/
Nar or MC@ICG/Nar-NPs, after 4 h, 8 h, and 24 h, the whole body, main organs, and gastrointestinal tract were originated for IVIS imaging. (I-J) The images
and MFI (mean fluorescence intensity) of ICG in the whole body of healthy mice. (K) The main organs originated from the above mice. (E-F) The images
and MFI (mean fluorescence intensity) of ICG in the gastrointestinal tract of healthy mice. (G) The images of ICG in the colons of healthy mice. (H-N) In
vivo imaging of UC mice with intra-gavage (i.g.) administration of Free-ICG/Nar or MC@ICG/Nar-NPs at different time points: (H) experimental
protocols of IVIS imaging of Free-ICG/Nar or MC@ICG/Nar-NPs in UC mice, i.g. healthy mice drink DSS water (2.5%, w/v) for 4 days to induce colitis, and
then were oral administrated with Free-ICG/Nar or MC@ICG/Nar-NPs, after 4 h, 8 h, 24 h and 48 h, the whole body, main organs, and gastrointestinal
tract were originated for IVIS imaging.(B-C) The images and MFI (mean fluorescence intensity) of ICG in the whole body of UC mice. (D) The main organs
originated from the above mice. (L-M) The images and MFI (mean fluorescence intensity) of ICG in the gastrointestinal tract of UC mice. (N) The images of
ICG in the colons of UC mice. Data are expressed as mean +SD (n=4). *p <0.05, **p <0.01, and ***p <0.001

bodyweight. Inflammation severity, including weight loss, = morphology in MC@Nar-NPs treated group was almost
stool consistency and bloody stool, was further assessed  similar to that of healthy mice. The histological scores
by the disease activity index (DAI) score [24]. The results  (Fig. 5I) also showed that the oral MC@Nar-NPs treat-
indicated that the DAI score of MC@Nar-NPs treatment  ment was beneficial for restoring the integrity of the
was significantly lower than that in PBS-treated colitis  colonic epithelium and alleviating the inflammatory cells
mice (Fig. 5C). Furthermore, the gross colon appear- infiltration at the mucosa, suggesting normal recovery of
ance and colon length measurement showed that colon the colon tissue. To further understand the therapeutic
length was significantly shortened in colitis mice, while  mechanism of MC@Nar-NPs against colitis, the levels of
MC@Nar-NPs significantly protected mice against DSS-  several pro-inflammatory cytokines in plasma and colon
induced shortening of colon length (Fig. 5D, E). DSS also  tissues were quantified. As shown in Fig. 5]-M, among all
stimulated spleen enlargement and MC@Nar-NPs treat-  groups, MC@Nar-NPs treatment significantly reduced
ment could alleviate this phenomenon (Fig. 5F, G). H&E  the levels of pro-inflammatory cytokine IL-6 in plasma
staining images (Fig. 5H) of colon tissues demonstrated and the level of IL-6, IL-1f and TNF-a in colons, indi-
obvious colonic damage and inflammatory infiltration in  cating that the MC@Nar-NPs could effectively inhibit the
colitis mice. The mucin content on the inflamed colonic  inflammation responses in colitis mice.

mucosa was very low, which was associated with mass

depletion of goblet cells. Notably, the colonic tissue
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Immunohistochemistry staining of colon tissues

The overproduction of reactive ROS is a crucial factor in
the pathogenesis of inflammatory bowel disease (IBD),
and the elimination of ROS in the inflamed colon has
been established as an effective therapeutic approach
[25]. Our study utilized DHE staining to assess the in vivo
ROS-scavenging capacity of MC@Nar-NPs in colonic
tissues. The DHE fluorescence, which appears red in the
healthy control group, was notably weaker compared to
the DSS-induced group, indicating a significant increase
in ROS production due to DSS. Treatment with Nar,
particularly in the form of MC@Nar-NPs, substantially
reduced ROS levels in the colonic tissues (Fig. 6A-B).
The in vitro ROS assay also showed LPS could induce the
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overproduction of ROS in RAW?264.7 cells, while with
Nar, especially with MC@Nar-NPs, the ROS level was
significantly reduced (supplemental results Figure S5),
which was consistent with the in vivo data.

These findings underscore the potent ROS-scavenging
properties of MC@Nar-NPs, contrasting with the free
Nar at an equivalent dose, which failed to effectively
suppress ROS production in DSS-treated mice. The
NLRP3 inflammasome is recognized as a key modulator
of mucosal immune responses and intestinal homeosta-
sis [26]. Targeting the activation of the NLRP3 inflam-
masome and its downstream signaling pathways offers a
promising avenue for developing novel therapeutic strat-
egies for IBD. Consistent with our hypothesis, treatment
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Fig. 6 Immunohistochemical staining of ROS, NLRP3 inflammasomes and apoptosis in colon sections. The representative images and their semi-
quantitative analysis of ROS level (A-B), NLRP3 (C-D) and TUNEL (E-F) in the colon section of colitis mice. Mean+SEM, *p<0.05, **P<0.01, **p <0.001,

***%n <0.0001, ns, no significant differences (n=5)
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with MC@Nar-NPs significantly dampened the activa-
tion of the NLRP3 inflammasome, suggesting that MC@
Nar-NPs are effective in mitigating colonic inflamma-
tion (Fig. 6C-D). Epithelial cell apoptosis is known to be
elevated in UC, and this increased rate of apoptosis can
expose the mucosa to luminal pathogens, potentially con-
tributing to the disease’s pathogenesis. As referenced in
the literature [27], Fig. 6E-F illustrate that both Nar and
MC@Nar-NPs treatments led to a significant reduction
in the apoptosis rate of epithelial cells in the inflamed
colon. Collectively, these results suggest that the thera-
peutic benefits of Nar, particularly when delivered via
MC@Nar-NPs, in a DSS-induced UC model may be
attributed to the combined effects of ROS elimination,
NLRP3 inflammasome inactivation, and a reduction in
epithelial apoptosis.

In vivo biosafety

In order to assess the in vivo toxicity of Nar or MC@
Nar-NPs, we harvested the principal organs—excluding
the lungs—from mice with ulcerative colitis (UC) that
had undergone various treatments. Subsequently, these
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organs were subjected to hematoxylin and eosin (H&E)
staining. The findings, as depicted in Fig. 7A, indicated
no significant morphological differences across the
organs of mice in all experimental groups. Additionally,
liver function was evaluated through measurements of
alanine transaminase (ALT) and aspartate transami-
nase (AST), with results shown in Fig. 7B and C, respec-
tively. No notable alterations were observed in these liver
enzymes. Collectively, these observations underscore the
biosafety profile of MC@Nar-NPs in the context of UC
treatment.

Impact of MC@Nar-NPs on gut microbiota

The gut microbiota is a critical factor affecting the intes-
tines [28]. Therefore, we used 16s rRNA sequencing to
analyze the microbiota carried in the feces of mice to
determine whether NPs treat dss-induced colitis by alter-
ing the gut microbiota. Figure 8A shows that the Venn
diagram indicates a total of 223 shared species among
the samples. The dilution curve directly reflects the
rationality of the sequencing data quantity; the curve in
Fig. 8B tends to flatten, indicating that the sequencing

AST(U/L)

20 ns

o

ALT(U/L)
—
[}
L

Basal

—

mEm Vehicle

mm DSS+Nar

Bl DSS+MC@Nar-NPs

Fig. 7 The in vivo biosafety of different formulations of Nar. (A) Typical photos of main organs originated from UC mice with oral administration
of different compounds for 7 days (once a day) at 10 mg/kg body weight. 1 bar =200 pm. (B-C) The levels of aspartate transaminase (AST) and alanine
transaminase (ALT) of livers in each group were tested to evaluate the toxicity of different formulations of Nar
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data quantity is reasonable and the sequencing results
are credible. The Chaol index, Simpson index, and Shan-
non index were all significantly reduced (p<0.05 or
p<0.01), indicating a decrease in community abundance
and diversity (Fig. 8C-E). p-diversity analysis was used to
assess the differences in microbial community structures,
and the results showed that the intestinal microbiota of
the mice significantly changed after DSS treatment, and
the medication group improved their intestinal micro-
biota (Fig. 8F-G). According to the species annotation
results, select the top 10 species in terms of maximum
abundance at the phylum and species classification lev-
els in each group, and generate a cumulative bar chart of
the relative abundance of species. As shown in Fig. 8I-
K, at the phylum level, the relative abundance of Bacte-
roidetes in the DSS group remains almost unchanged,
while the relative abundance of Firmicutes decreases and
the relative abundance of Proteobacteria increases; after

treatment with nanomedicine, the relative abundance
of Bacteroidetes decreases and the relative abundance
of Firmicutes increases. At the genus level, the most
affected is Lachnospiraceae. Furthermore, according to
the results of heatmap analysis, the nanomedicine group
improved the imbalance of intestinal flora, increased the
relative abundance of Bifidobacterium, Clostridiales, and
Alistipes, and decreased the relative abundance of Adler-
creutzia, Bacillus, and Parabacteroides. LEfSe analysis
performs linear discriminant analysis (LDA) on samples
based on taxonomic composition to identify communi-
ties or species that significantly affect the classification of
samples. The results show that a total of 125 taxonomic
groups were obtained from phylum to genus, includ-
ing 63 in the Basal group, 20 in the DSS group, 18 in the
parent drug group, and 24 in the nanomedicine group
(Fig. 8H, L-N). In the Basal group, Firmicutes, Murib-
aculaceae, Clostridia, and Bacteroidia are the main flora;
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the dominant flora in the DSS group are Oceanobacillus,
Peptostreptococcales, and Anaerostipes; Enterobacte-
riaceae, Gammaproteobacteria, and Proteobacteria play
a major role in the parent drug group; and the dominant
flora in the nanomedicine group are Verrucomicrobiota
and Ruminococcaceae, with their relative abundance sig-
nificantly higher than the other three groups, indicating
that nanomedicines can produce therapeutic effects by
regulating the intestinal microbiota.

Conclusion

In this study, we have successfully designed novel orally
bioavailable colon-targeted nanoparticles for the pre-
cise delivery of Nar to alleviate ulcerative colitis (UC) in
mice. The MC@Nar-NPs exhibited exceptional proper-
ties, including a high encapsulation efficiency and strong
colon-targeting capability. The MC@Nar-NPs not only
effectively mitigated the symptoms of DSS-induced coli-
tis by repairing intestinal injury but also demonstrated
abilities to downregulate oxidative stress and reduce
the expression levels of inflammatory cytokines, while
modulating inflammation-related signaling pathways.
Additionally, the nanoparticles were found to restore the
composition of the gut microbiota. Overall, our finding
suggest a promising future for MC@Nar-NPs as an oral
nutrient delivery system for the treatment of UC.
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