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Abstract

Background and Aims: Inflammatory mediator S100A9 is
dramatically elevated in ulcerative colitis and correlates with
disease severity. ST00A9 is a potential molecule to target for
the treatment of colitis, but to date, there is no effective tar-
geting method. The aim of this study was to develop a safe
and effective nano-delivery system targeting S100A9 and to
evaluate its therapeutic efficacy in ulcerative colitis mouse
model. Methods: We designed an oral nano-delivery system
using poly (lactic acid-glycolic acid) (PLGA)-loaded ST00A9
inhibitor tasquinimod to synthesize PLGA-TAS nanoparti-
cles. TLR4-overexpressing macrophage membranes (MM:s)
were used to wrap the nanoparticles to make MM-PLGA-TAS,
which allowed the nanoparticles to acquire the ability to
specifically enrich the colitis region. Results: MM-PLGA-TAS
was endocytosed by inflammatory phenotype RAW264.7
cells in vitro and can efficiently enrich in inflamed mouse

colitis tissue in vivo. A chemically induced ulcerative colitis
mouse model was used to evaluate the therapeutic effect of
oral MM-PLGA-TAS. MM-PLGA-TAS significantly alleviated
the symptoms of ulcerative colitis, and mechanically, MM-
PLGA-TAS achieved immunomodulatory and suppressive ef-
fects by reducing S100a9 and other cytokines in the colitis
region. Conclusion: We describe a convenient, orally target-
ed colitis drug delivery system that cures the disease in ul-
cerative colitis mice. This system substantially increases drug
accumulation in inflamed colonic tissue, reduces the risk of
systemic exposure, and is a promising therapeutic approach

against ulcerative colitis. ©2021 The Author(s)
Published by S. Karger AG, Basel

Introduction

Inflammatory bowel disease (IBD) mainly includes
ulcerative colitis and Crohn’s disease. Ulcerative colitis is
a chronic nonspecific inflammatory disease that affects
the colorectal mucosa, with a long period of onset and
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easy recurrence [1-3]. The pharmacological treatment
used to treat patients with ulcerative colitis is mainly
based on the daily administration of glucocorticoids and
the use of immunosuppressive agents [4, 5]. Biological
inhibitors targeting the overactive adaptive immune sys-
tem, such as infliximab, an anti-TNFa monoclonal anti-
body, are a new avenue for targeted treatment of ulcer-
ative colitis [6, 7]. However, the use of the required dos-
es of corticosteroids, immunosuppressants, and
anti-TNFa monoclonal antibody drugs cannot be ad-
ministered for long periods due to the presence of sys-
temic adverse side effects [7, 8]. This leaves many limita-
tions to conventional drugs in the fight against ulcerative
colitis and requires the development of novel targeted
drug delivery systems to mitigate the occurrence of sys-
temic adverse effects.

Nanotechnology-based colon-targeted drug system
has recently gained attention because of its potential to
accumulate in inflamed colonic tissue. Due to the in-
creased permeability of inflamed tissues [9], nanoparti-
cle-based delivery systems can induce the specific accu-
mulation of loaded drugs in inflamed tissues. Recently,
bionic drug delivery systems, especially cell membrane-
encapsulated nanoparticles have demonstrated better
therapeutic efficacy against inflammatory diseases be-
cause of their higher biocompatibility and ability to spe-
cifically target inflamed tissues and organs. Macrophage
membrane (MM)-encapsulated nanoparticles not only
specifically accumulate at the site of inflammation due to
their inflammatory homing effect [10, 11], but also ab-
sorb lipopolysaccharide (LPS) and inflammatory cyto-
kines to modulate and suppress local inflammation. Thus,
cell membrane-encapsulated nanobionic drug delivery
systems may be a solution to the current ulcerative colitis
drug delivery dilemma.

S100A9 is a damage-associated molecular model
protein released mainly by neutrophils and monocytes
and belongs to the S100 family of Ca2*-binding pro-
teins, which often plays a decisive role in the develop-
ment of nonresolving inflammation together with
S100A8 [12]. In our previous work, we found that
§100a9 protein was the most significantly upregulated
protein in a mouse model of dextran sulfate sodium
(DSS)-induced ulcerative colitis [13]. Treatment with
anti-S100a9 antibody resulted in a significant decrease
in the frequency of neutrophils, macrophages, and den-
dritic cells in the colon tissues of ulcerative colitis mice,
a downregulation of the expression of inflammatory
factors, such as S100a9, Tnfa, IL1B, IL6, IL17a, Ifny,
IL12a, IL23a, and a significant reduction in intestinal
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inflammatory symptoms in mice [14]. We previously
reported that S100A8/9 significantly increase the PD-
L1 expression levels [15]. It is suggested that S100a9 is
a promising therapeutic target for the treatment of
IBD-related inflammatory symptoms. Currently, there
is no established monoclonal antibody targeting regi-
men for $100a9 molecule for clinical use, and further
development of effective strategies to target S100a9 in
the inflammatory region is needed.

In this study, we developed nanocarriers loaded with
the SI00A9 inhibitor tasquinimod (TAS) to enhance
the inflammatory targeting of nanoparticles. Poly (lac-
tic acid-glycolic acid) (PLGA) has excellent biocompat-
ibility and adequate biodegradability and is therefore
widely used as a matrix for nanocarriers [16]. First,
PLGA loaded with TAS was prepared by the solvent
evaporation method. Subsequently, these nanoparticles
(PGLA-TAS) and TLR4-overexpressing MMs were ful-
ly mixed to finally obtain the synthetic MM-PLGA-TAS
nanocarriers. High expression of S100a9 inflammatory
regions can recruit macrophages [13], and its receptor
molecules on MMs can aid the enrichment of nanopar-
ticles in inflammatory regions, while TLR4, an $100a9-
specific receptor, overexpressed on cell membranes,
can enhance this process. This new drug and targeting
system may be a promising therapeutic approach for
the treatment of IBD.

Materials and Methods

PLGA-TAS/DIR Preparation

The S100A9 inhibitor TAS (10 mg; MedChemExpress) and
PLGA (120 mg; Sigma-Aldrich) were dissolved in 5 mL dichloro-
methane (DCM), then, 1 mL of DCM-dissolved 1.2 mg a near-
infrared dye (DIR; Macklin) was added, poured into 13 mL of 3%
polyvinyl alcohol solution, and emulsified in an ice bath at 45%
power ultrasonication (JY92-IIN; Scientz) for 3 min to form an oil-
in-water emulsion. The emulsion was stirred overnight at room
temperature to remove residual DCM. The nanoparticles were ul-
trafiltered through a 100 KD ultrafiltration tube (4,500 g, 10 min;
Millipore), and the underlying liquid was collected. The ultrafil-
trate was fixed with pure water up to 6 mL and stored at 4°C.

Characterization of Nanoparticles

The size and zeta potential of PLGA-TAS and MM-PLGA-TAS
were determined at room temperature using a Malvern ZS90
nanoZetasizer. For testing stability, the nanoparticles were stored
in 4°C. PBS and the size and zeta potential of nanoparticles were
measured at different time points. The morphology of PLGA-TAS
and MM-PLGA-TAS nanoparticles was characterized by trans-
mission electron microscopy (JEM-2100; JEOL). Ten milligrams
of PLGA-TAS and MM-PLGA-TAS were dispersed in 10 mL of
PBS (pH 7.4), and the samples were shaken at 200 rpm at room

J Innate Immun 2022;14:380-392 381
DOI: 10.1159/000519363



temperature. The release of TAS from nanoparticles to PBS buffer
at the indicated time points (0, 4, 8, 24, 48, and 72 h) was deter-
mined by high-performance liquid chromatography (H-Class;
Waters). The emission light spectra of MM-PLGA-TAS-DIR were
measured using a microplate reader (VLB0O00GDO; Thermo Scien-
tific, Waltham, MA, USA).

Preparation and Characterization of Membrane-Encapsulated

Nanoparticles

The mouse macrophage cells (RAW264.7) with TLR4 overex-
pression were digested with ethylenediaminetetraacetic acid and
resuspended in deionized water. The MMs were obtained ac-
cording to the methods reported [17]. The mixture was sonicated
several times, then 0.25 M sucrose solution was immediately add-
ed and the membranes were collected by centrifugation. Cell
membrane fragments were obtained by repeated freeze-thaw cy-
cles. PLGA-TAS or PLGA-TAS/DIR were mixed with purified
MDMs (1:1 weight ratio of nanoparticles: membrane protein), and
then the membrane-coated nanoparticles were obtained by ex-
trusion (Avanti, Tonawanda, NY, USA) using a polycarbonate
membrane with a pore size of 200 nm. The particle size and mor-
phology of the membrane-coated nanoparticles were analyzed by
transmission electron microscopy. The particle size and zeta po-
tential of the powders were further determined by the dynamic
light scattering (DLS) method. For stability, the nanoparticles
were stored in 4°C deionized water or PBS, and the size and zeta
potential of the nanoparticles were determined at different time
points.

In vitro Cellular Uptake of MM-PLGA-TAS/DIR

RAW264.7 cells were pretreated with LPS ( Sigma-Aldrich) and
Tnfa recombinant protein (410-MT; R&D Systems) for 12 h, fol-
lowed by coincubation with PLGA-TAS/DIR and MM-PLGA-
TAS/DIR for 6 h. Cells were then fixed with 4% paraformaldehyde
for 15 min, and nuclei were stained with 4-, 6-diamidino-2-phe-
nylindole. Images were observed using a fluorescence microscope
(BX53; Olympus).

In vivo Biodistribution Evaluation

For in vivo imaging, the BABL/C mice were treated with 4%
DSS (36-50 kDa; MP Biomedicals) for 5 days, and then given oral
PLGA-TAS/DIR or MM-PLGA-DIR (10 mg/kg); 12 h later an in
vivo imaging system (IVIS) was used to measure the fluorescence
intensity. The mice were then executed, and the colorectum was
removed and placed in a 10 cm dish to detect the fluorescence in-
tensity using IVIS. Fluorescence intensity was quantified with the
Living Image software (PerkinElmer).

Animals and Ulcerative Colitis Models

Eight-week-old BABL/C female mice were purchased from
Hunan SJA Laboratory Animal Co., Ltd. The mice were bred under
specific pathogen-free conditions. All animal care and euthanasia
protocols were approved by the Institutional Animal Care and Use
Committee of Central South University (Changsha, China). Acute
colitis was induced with 4% DSS for 7 consecutive days. The DSS
solution was freshly prepared every other day. Mice were divided
into 5 groups with 6 in each group: (1) negative control ( i.e., no
treatment), (2) only DSS treatment, (3) DSS + TAS (10 mg/kg;
MedChemExpress), (4) DSS + PLGA-TAS (10 mg/kg TAS equiva-
lent), and (5) DSS + MM-PLGA-TAS (10 mg/kg TAS equivalent).
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The disease activity index (DAI) of the colitis model and H&E
staining for inflammation scoring methods were analyzed with
reference to our published article [14].

Reverse Transcription and RT-qPCR

Colonic tissue total RNA was isolated using RNeasy Mini Kit
(Qiagen), and cDNA was synthesized from 2 mg total RNA with a
Revert Aid RT Reverse Transcription Kit (Thermo Scientific). The
RT-PCR analysis was performed using a Bio-Rad CFX96 Real-
Time System (Bio-Rad, Hercules, CA, USA). Mouse Gapdh was
amplified in parallel as an internal control. Expression of each gene
was quantified by measuring cycle threshold values, and the 2-
DDCt method was used to calculate relative changes in gene ex-
pression. The primers for quantitative PCR were listed in online
supplementary material. Table 1; for all online supplementary ma-
terial, see www.karger.com/doi/10.1159/000519363.

Immunohistochemistry

Colonic paraffin-embedded sections were dewaxed and rehy-
drated. Immunohistochemical staining was performed to detect
$100a9 (NB110-89726; Novus), Cd68 (clone KP1; Abcam), P65
(no. 4764; CST), and Stat3 (no. 9139; CST). Immunostained sec-
tions were observed microscopically and scored by percentage of
positive cells and staining intensity: 0: no staining, 1: <10% positive
cells, 2: 11-50% positive cells, 3: 51-75% positive cells, 4: >75%
positive cells; unstained = 0, weakly stained = 1, moderately stained
= 2, and strongly stained = 3. The sum of the 2 scores was used as
the expression intensity. Individual samples were evaluated by at
least 2 pathologists in a blinded manner.

Cell Culture

Mouse macrophage cell RAW264.7 and colon cancer cell CT26
were purchased from the Cell Bank of the Chinese Academy of Sci-
ences (Shanghai, China) and cultured in RPMI 1640 medium sup-
plemented with 10% FBS. The full-length coding sequence of mu-
rine TLR4 was subcloned into the mammalian expression vector
pcDNA3.1". TLR4 Plasmid transfection was performed by using
Lipofectamine 3000 (Invitrogen), and TLR4 overexpression was
confirmed by flow cytometry.

Flow Cytometry

For extracellular staining, RAW264.7 cells were incubated with
anti-TLR4 (FAB2759P; R&D Systems) antibody or an isotype con-
trol antibody combination at 4°C for 30 min, followed by washing
and analysis on a BD FACSCalibur.

Apoptosis Detection

A terminal deoxynucleotidyl transferase dUTP nick end label-
ing (TUNEL) assay was performed to detect apoptosis. TUNEL
staining was performed using the 1-step TUNEL Apoptosis Detec-
tion Kit (C11026-2; Beyotime, Shanghai, China), and the proce-
dure was performed according to the manufacturing instructions.
The number of TUNEL-positive cells was captured by fluores-
cence microscopy, and the percentage of apoptotic cells was deter-
mined using Image J software.

Immunofluorescence

Cells were immersed in medium containing 3.7% paraformalde-
hyde for 1 h, then permeabilized with 0.5% Triton X-100, and blocked
with normal goat serum. Anti-S100a9 antibody (26992-1-AP; Pro-
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Fig. 1. Characterization of the TAS-loaded polymeric nanoparti-
cles. The morphology of PLGA-TAS (a) and MM-PLGA-TAS (b)
nanoparticles was characterized by transmission electron micros-
copy, and their size distribution was measured via DLS. Zeta po-
tentials of PLGA-TAS (c) and MM-PLGA-TAS (d) nanoparticles.
e Drug release kinetics from PLGA-TAS and MM-PLGA-TAS af-

teintech) was added and incubated for 12 h at 4°C. Then, Alexa Flu-
or 488-conjugated antibody (Beyotime) was added and incubated for
1 h. Images were observed using a fluorescence microscope.

Cell Viability Assay

The effect of nanoparticles on the viability of CT26 and
RAW264.7 cells was analyzed using the MTT cell proliferation as-
say. Different concentrations of PLGA nanoparticles, MM-PLGA
nanoparticles (50, 100, 200, and 500 pg/mL) were added to the 96-
well plates and incubated for 24 h. Then, 20 uL MTT solution (5
mg/mL; Beyotime) was added to each well and incubated for 4 h.
The absorbance was measured at 490 nm using a microplate reader.
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ter different durations of dialysis. f Variations of average size and
zeta potential of MM-PLGA-TAS in pH 7.4 PBS over 7 days.
g Determination of MM-PLGA-TAS/DIR emission spectra by mi-
croplate marker. Data are shown as mean + SD (n = 3). TAS, tas-
quinimod; PLGA, poly-lactic acid-glycolic acid; MM, macrophage
membrane; DIR, infrared dye; DLS, dynamic light scattering.

Statistical Analysis

Statistical analyses were performed using SPSS18 and Prism
8.0. For normally distributed data, the significance of differenc-
es in means was determined using the 2-tailed paired or un-
paired Student ¢ test; 2-way ANOV A was used to compare data
on mouse DAI and body weight changes between groups. Cor-
relation coefficients were determined by Pearson’s r coefficient.
p values <0.05 were considered statistically significant. All data
are incorporated into the article and its online supplementary
material.
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Results

Characterization of the Nanoparticles

PLGA has many advantages, including biocompatibil-
ity, ease of preparation, slow-release action of drugs, and
better stability compared with other types of drug deliv-
ery materials [16]. We used PLGA as a drug carrier and
prepared MM-PLGA-TAS by using RAW264.7 cell mem-
brane to coat PLGA-TAS nanoparticles. The average di-
ameter of MM-PLGA-TAS nanoparticles was 207.2 nm
and uncoated PLGA-TAS nanoparticles were approxi-
mately 168.1 nm as determined by DLS. Transmission
electron microscopy images showed that PLGA-TAS and
MM-PLGA-TAS are both spherical with average diame-
ters of about 162 nm and 181 nm, respectively, which are
slightly smaller than the size observed by DLS, probably
due to the hydration of nanoparticles in water in the DLS
measurements (Fig. 1a, b). Macrophage cell membrane
coating with a thickness of about 11 nm is observed by
transmission electron microscopy. The drug loading and
encapsulation efficiencies of TAS in PLGA were 6.37 +
0.26 pg/mgand 67.42 + 1.79%, respectively, and the char-
acteristics of other synthesized nanoparticles are shown
in online supplementary material, Table 2. The zeta po-
tentials of PLGA-TAS and MM-PLGA-TAS after mem-
brane coating were —20.3 £ 0.5 mV and -18.4 + 1.1 mV
(Fig. 1c, d). PLGA-TAS and MM-PLGA-TAS had poly-
dispersity indices of 0.048 and 0.036, respectively, indi-
cating that it has excellent particle size distribution, which
is consistent with the transmission electron microscopy
observations. TAS was released in a time-dependent
manner and MM-PLGA exhibited similar drug release
even with membrane coating (Fig. le). Furthermore,
these nanoparticles are stable under 4°C storage condi-
tions, and their particle size and zeta potential (Fig. 1f)
remain stable in deionized water for up to 1 week. The
successful loading of DIR into nanoparticles was con-
firmed by using a microplate reader (Fig. 1f). These re-
sults indicate that the synthesized nanoparticles are suit-
able in terms of particle size and stability, with a good cell
membrane coating effect, and suitable for conducting in
vivo experiments in mice.

The Ability of MM-PLGA-TAS to Target

Inflammation in vitro and in vivo

To investigate the targeting ability of MM-PLGA-TAS
to inflammatory regions, RAW264.7 cells were pretreated
with LPS and TNFa for 12 h. PLGA-TAS/DIR and MM-
PLGA-TAS/DIR were added to the cell culture superna-
tant and incubated for 6 h, followed by observation of the

384 J Innate Immun 2022;14:380-392

DOI: 10.1159/000519363

fluorescence signal intensity. A fainter DIR fluorescence
signal was observed in unactivated RAW264.7 cells and
nanoparticles wrapped around MM showed lower mac-
rophage uptake (Fig. 2a left). In contrast, a strong fluores-
cent signal was detected in RAW264.7 cells activated with
LPS and TNFa (Fig. 2a right), indicating that macro-
phages with an inflammatory phenotype possess a stron-
ger internalization of nanoparticles. Interestingly, the in-
creased uptake of MM encapsulated nanoparticles was
evident in macrophages of the inflammatory phenotype
(Fig. 2a), which may be related to the increased cytokine
secretion by macrophages in the inflammatory pheno-
type given the ability of macrophages to be chemotactic
by the inflammatory environment [15]. S100s9 overex-
pression in inflammatory macrophages (online suppl.
Fig. 2) may promote the ingestion of TLR4-overexpress-
ing nanoparticles. In in vivo experiments, MM-PLGA-
TAS/DIR had a significantly increased effect on colorec-
tal regional targeting in colitis mice, but not in healthy
mice (Fig. 2b). After 12 h of PLGA-TAS/DIR and MM-
PLGA-TAS/DIR administration, gastrointestinal tissues
were collected from mice and IVIS imaging revealed that
MM-PLGA-TAS/DIR was more enriched in the colorec-
tal region (Fig. 2c). Fluorescence imaging of colitis tissues
confirmed that oral administration of MM-PLGA-TAS/
DIR delivered nanoparticles efficiently into inflamed co-
lonic tissues (Fig. 2d). Overexpression of TLR4 on the
surface of MMs may be involved in this process, consid-
ering that the S100a9, a ligand of TLR4, is dramatically
increased in inflammatory regions when inflammation
occurs (Fig. 5b; online suppl. Fig. 1). These results suggest
that nanoparticles encapsulating MMs could promote
their enrichment within inflammatory regions and
achieve better drug delivery.

Oral Administration of MM-PLGA-TAS Ameliorated

Acute Colitis in Mice

We nextinvestigated the therapeutic effect of nanopar-
ticles on DSS-induced colitis in mice. The experimental
procedure is shown in Figure 3a. Mice in the DSS group
showed significant weight loss from day 2 and relatively
high DATIlevels compared with normal control mice (i.e.,
mice without DSS treatment) (Fig. 3b, ¢). In the DSS
groups, nanoparticles (TAS, PLGA-TAS, and MM-
PLGA-TAS) treatment significantly improved weight
loss and DAI scores. MM-PLGA-TAS was the most effec-
tive treatment for DSS mice, which is consistent with our
previous results. The length of colon of MM-PLGA-TAS-
treated DSS mice was much longer than that of untreated
DSS mice (Fig. 3d).
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Fig. 2. Inflammation-targeting MM-PLGA-TAS in RAW264.7
cells and colitis mice. a RAW264.7 cells show increased effective
uptake of nanoparticles in the inflammatory state. After treating
RAW 264.7 cells with LPS and TNFa (or DMSO as negative con-
trols) for 12 h, cells were treated with PLGA-TAS/DIR or MM-
PLGA-TAS/DIR for 6 h and photographed using fluorescence mi-
croscopy. DAPI was used to label cell nuclei. Scale bars, 20 pm.
PLGA-TAS/DIR or MM-PLGA-TAS/DIR were orally adminis-
trated to healthy controls and colitis mice for 12 h, and then mice
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(b) or gastrointestinal tissues (c) images were obtained using an
IVIS. d Representative fluorescent of normal mice and DSS-in-
duced mice, which were treated with PLGA-TAS/DIR or MM-
PLGA-TAS/DIR. The percent of positive cells was measured. Scale
bars, 100 um. Two-tailed unpaired t test. *p < 0.05, **p < 0.01, ***p
<0.001. NC, negative control; TAS, tasquinimod; PLGA, poly-lac-
tic acid-glycolic acid; MM, macrophage membrane; DIR, infrared
dye; DSS, dextran sulfate sodium; LPS, lipopolysaccharide; DAPI,
4-, 6-diamidino-2-phenylindole; IVIS, in vivo imaging system.
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Fig. 3. Therapeutic effects of MM-PLGA-TAS treatment on DSS-
induced acute colitis in mice. a BABL/C mice received either 4%
DSS containing or distilled water alone (as NC) for 7 days. DSS-
treated mice are gavaged with TAS, PLGA-TAS, or MM-PLGA-
TAS on days 1, 3, and 5; n = 6 per group. b The DAI was measured
every day; DAI = weight loss score + stool characters score + he-
matochezia score. ¢ Changes in body weight of mice during 7 days.

Histological analysis of colonic tissue from the DSS
group mice showed severe inflammation, surface ulcer-
ation, crypt destruction, mucosal damage, and leukocyte
infiltration (Fig. 4a, b). The severity of inflammation in
the colonic tissues of mice from different treatment
groups was scored, and both TAS and PLGA-TAS treat-
ments alleviated the severity of inflammation, while the
MM-PLGA-TAS treatment group had the least inflam-
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d The colon length was measured at day 7. Two-tailed unpaired ¢
test. **p < 0.01, ***p < 0.001. NC, negative control; TAS, tasquini-
mod; PLGA, poly-lactic acid-glycolic acid; MM, macrophage
membrane; DSS, dextran sulfate sodium; LPS, lipopolysaccharide;
DAPI, 4-, 6-diamidino-2-phenylindole; IVIS, in vivo imaging sys-
tem; DAI, disease activity index.

matory response (Fig. 4b). DSS-induced colitis had toxic
effects related to induction of apoptosis. Tissue TUNEL
assays revealed that DSS was able to cause mouse colonic
cell apoptosis, whereas MM-PLGA-TAS treatment allevi-
ated the apoptosis (Fig. 4c). These results suggest that
PLGA-TAS and MM-PLGA-TAS are effective in the
treatment of DSS-induced acute colitis.
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Fig. 4. MM-PLGA-TAS ameliorates inflammatory response of
DSS-induced colitis in mice. a Representative H&E-stained colon
sections are shown. Scale bars, 50 pm. b Colon inflammation, ul-
ceration, and crypt damage were scored individually, and compos-
ite total score was scored. n = 5 per group. ¢ Representative TUNEL
staining of normal mice and DSS-induced mice, which were treat-
ed with PLGA-TAS or MM-PLGA-TAS. The percent of positive

Tobetter understand the mechanisms by which PLGA-
TAS and MM-PLGA-TAS improve symptoms in colitis
mice, we assessed the mRNA expression levels of key cy-
tokines in mice. Expression levels of $100a9, IL-6, Tnfa,
IL1B, and iNos were significantly increased in the DSS
mice, and these pro-inflammatory molecules may have
exacerbated the extent of ulcerative colitis in DSS mice
(Fig. 5a). The expression levels of S100a9 in DSS mice
were significantly increased and may be critical for the
recruiting of MM-PLGA-TAS nanoparticles to inflam-
matory regions. Most cytokines were decreased in the
TAS, PLGA-TAS, and MM-PLGA-TAS-treated groups
compared to the DSS group, except for IL-10, which has
profound anti-inflammatory functions (Fig. 5a). Immu-
nohistochemistry assay observed that Cd68* positive
macrophages were recruited to colonic tissues in the DSS
mice and were decreased in the nanoparticle-treated
group (Fig. 5b). Considering the results from Figure 2a,
macrophages may play a role in promoting the uptake of

Biomimetic Nanomaterials for Colitis
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cells was measured. Five fields were counted per mouse. Scale bars,
100 um. Two-tailed unpaired ¢ test. *p < 0.05, **p < 0.01, ***p <
0.001 compared with DSS group. NC, negative control. TAS, tas-
quinimod; PLGA, poly-lactic acid-glycolic acid; MM, macrophage
membrane; DSS, dextran sulfate sodium; TUNEL, terminal deoxy-
nucleotidyl transferase dUTP nick end labeling.

MM-PLGA-TAS nanoparticles in the colon, and more
macrophage infiltration could aid in the rapid uptake and
internalization of nanoparticles in the tissues. NF-xB and
Stat3 pathways play a key role in the development of coli-
tis in DSS mice [18], we observed that the expression lev-
els of P65 and Stat3 molecules were downregulated in co-
lonic tissues of TAS and nanoparticle-treated mice, which
is consistent with the observed reduction in tissue inflam-
mation (Fig. 5b). In conclusion, MM-PLGA-TAS was
able to enrich heavily into the inflammatory regions and
inhibit the activity of S100a9 by releasing TAS drugs.
TLR4 on the surface of MMs may be involved in the pro-
cess of adsorption of excess S100a9 molecules; and the
expression of P65 and Stat3 molecules was reduced, thus
achieving relief of colorectal inflammation in mice. These
results suggest that MM-PLGA-TAS is a promising oral
nano-delivery drug system for treatment of ulcerative
colitis.
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Fig. 5. Expression levels of key molecules of inflammatory factors
and signaling pathways in the colorectum of DSS-induced colitis
mice. a Expression of $100a9, 1I-6, Tnfw, I11f3, iNos, 1117, and I110
mRNA, as assessed by quantitative real-time PCR in normal con-
trol and TAS, PLGA-TAS, or MM-PLGA-TAS treated colitis tis-
sues. b Expression of $100a9, Cd68, P65 and Stat3 proteins, as as-
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sessed by IHC in normal control and TAS, PLGA-TAS or MM-
PLGA-TAS treated colitis tissues. Scale bars, 50 um. Two-tailed
unpaired ¢ test. *p < 0.05, **p < 0.01, ***p < 0.001 compared with
DSS group. NC, negative control; TAS, tasquinimod; PLGA, poly-
lactic acid-glycolic acid; MM, macrophage membrane; DSS, dex-
tran sulfate sodium; IHC, immunohistochemistry.
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Fig. 6. Preliminary biosafety evaluation of nanoparticles. a CT26
cells were treated with TAS, PLGA-TAS or MM-PLGA-TAS, and
the absorbance at 450 nm at different time points was measured
using an enzyme labeling plate after the addition of CCKS8. b Nor-
mal BABL/C mice were treated with TAS, PLGA-TAS, or MM-
PLGA-TAS and then subjected to hematological analysis. c Weight
of heart, liver, spleen, lung, and kidney in control and MM-PLGA-
TAS-treated mice. There was no significant difference among the

Biocompatibility of MM-PLGA-TAS in vitro and in vivo

The biocompatibility of nanomaterials remains a key
issue that requires careful consideration because of the
presence of a complicated immune system in mice. To an-
alyze the potential cytotoxicity, we investigated the effects
of TAS, PLGA-TAS, and MM-PLGA-TAS on mouse co-
lon cancer cell CT26 in vitro. TAS, PLGA-TAS, and MM-
PLGA-TAS were added to the supernatant of CT26 cell
culture, respectively, and treated the CT26 cells for indi-
cated time (0, 12, 24, 36, and 48 h). The growth rate of
CT26 cells had not been affected by the different in vitro
treatments (Fig. 6a). In addition, nanoparticles (PLGA
and MM-PLGA) treatment with different doses had no
significant effect on growth rate of CT26 and RAW264.7
cells (online suppl. Fig. 3). To study the in vivo toxicity of
nanoparticles, BABL/C mice were orally treated with
MM-PLGA-TAS or PBS for 7 days, followed by blood col-
lection for hematological analysis (Fig. 6b). Gastrointesti-
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groups. d. Major organs for H&E staining. There was no signifi-
cant difference among the groups. Scale bars, 100 pm. There were
no pathological changes. Data are shown as mean + SD (n = 3).
TAS, tasquinimod; PLGA, poly-lactic acid-glycolic acid; MM,
macrophage membrane; DSS, dextran sulfate sodium; IHC, im-
munohistochemistry; WBCs, white blood cells; RBCs, red blood
cells; HGB, hemoglobin; LYMs, lymphocytes; MONs, monocytes
and NEUSs, neutrophils.

nal tract tissues and major organ (heart, liver, spleen, lung,
and kidney) tissues were collected for histological analy-
sis. There were no significant differences in organ weight
parameters in MM-PLGA-TAS-treated mice compared to
negative controls (Fig. 6¢). No signs of inflammation or
histological alterations were found in the heart, liver,
spleen, lung, or kidney tissues of MM-PLGA-TAS-treated
mice (Fig. 6d). These results suggest that MM-PLGA-TAS
is not toxic in vivo to healthy mice. In conclusion, MM-
PLGA-TAS has good biocompatibility in vitro and in vivo
and can be used as a safe drug delivery system in mice.

Discussion
Development of safe and effective targeted colonic

drug delivery systems is an urgent need for the treatment
of ulcerative colitis. Nano-delivery systems with tissue-
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specific targeted drug delivery have been rapidly devel-
oped as a novel and effective tool for the treatment of ul-
cerative colitis. Oral drug delivery is an effective route for
nanomaterials in the treatment of ulcerative colitis due to
the ability of nanomaterials to protect the drug through
the harsh gastrointestinal environment and reach the de-
sired targeting area [19]. Unlike systemic administration
by intravenous injection, orally targeted drugs allow di-
rect drug enrichment to the area where colorectal inflam-
mation occurs, reducing systemic adverse drug reactions
and increasing local tissue drug concentrations, which is
expected to accelerate the recovery of inflammation. Our
results show that MM-encapsulated PLGA nanocarriers
are better enriched to inflammatory regions than conven-
tional PLGA direct oral administration, which is consis-
tent with our previous finding of macrophage recruit-
ment by SI00A9 in inflammatory regions [13].

An important drawback with PLGA nanoparticles is
the limited types of functional groups available on the
surface for conjugation to targeting ligands, which limit
the function of PLGA materials [20]. Progress has been
made in targeting inflammation with cell membrane-en-
capsulated bionanomaterials. For example, polymeric
nanoparticles synthesized using neutrophil membrane
coating inherit the antigenic outer membrane function
and associated membrane function of the source cells,
giving them the ability to target inflammatory regions of
joints [21]. Compared to synthetic materials, MMs have
the best biocompatibility and are able to evade nonspe-
cific uptake by macrophages, thereby increasing the resi-
dence time of the material in the tissue. The surface of
MMs is rich in inflammation-related receptors, including
TLR family, IL6 receptor family, etc. These unique in-
flammation molecule-related receptors make MMs
known as better inflammation-targeting nanocoatings.
In the current study, we chose to utilize natural macro-
phage cell membranes to overcome the limitations of
PLGA. Nanoparticles wrapping with MMs reduced their
endocytosis by macrophages, had longer tissue retention
time, and were more aggregated in the inflammatory tis-
sue regions. In addition, S1I00A9 can recruit a variety of
immune cells, such as neutrophils, dendritic cells, and
monocytes, which together orchestrate the disease pro-
cess in ulcerative colitis mice [14]. The membranes of
these immune cells can likewise be used as nanocoating
for targeted treatment of ulcerative colitis when com-
bined with other nanotherapeutic agents.

Inflammatory mediator S100A9 is closely associated
with ulcerative colitis [14, 22, 23], and we previously de-
veloped an anti-S100a9 antibody to successfully treat a
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mouse model of ulcerative colitis. However, antibodies
bind to S100A9 in the blood during intravenous admin-
istration, reducing the accumulation of antibodies in the
area of inflammation. Therefore, we considered the de-
velopment of drug delivery systems that specifically tar-
get inflammation. S100A9 is able to bind to TLR4 on the
surface of macrophages and activate downstream Nf-kb
and Stat3 signaling pathways [24, 25]. Tasquinimod, a
quinoline-3-carboxamide analog, has immunomodula-
tory effects and is an inhibitor of $100a9 [26]. Nanomate-
rial cell membrane overexpression of TLR4 enriches the
material to inflammatory regions via ligand-receptor
binding and is able to neutralize excess $100a9 in inflam-
matory regions, synergizing with $100a9 inhibitors. Mice
with colitis treated with MM-PLGA-TAS produced fewer
inflammatory factors, such as Tnfa, IL1f3, IL6, IL17a, and
IL12a. Colitis-associated cancer occurs in >20% of pa-
tients within 30 years of disease onset during the recur-
rent progression of IBD [27]. Our previous analysis of the
dynamic process of AOM/DSS-induced colorectal in-
flammation-cancer transformation revealed abnormal
activation of some signaling pathways (e.g., Nf-kb, Stat3,
and MAPK signalings) during the inflammatory phase,
suggesting these signalings play a decisive role in inflam-
mation-cancer link [18]. MM-PLGA-TAS treatment de-
creased the expression of key molecules of these inflam-
matory pathways, implying that MM-PLGA-TAS can al-
leviate the symptoms of enteritis in ulcerative colitis mice
by decreasing the expression of inflammatory signaling
pathways and inflammatory factors. In addition, MM-
PLGA-TAS reduced DSS-induced cell death and main-
tained regenerative proliferation of intestinal epithelial
cells, indicating that MM-PLGA-TAS has a protective ef-
fect on the intestinal mucosal barrier. Compared with
systemic administration, PLGA-TAS was able to obtain
higher drug concentrations in tissues while reducing the
systemic toxicity of the drug. MM-PLGA-TAS further
enhanced the targeting of nanoparticles for colitis tissues,
while MMs were able to neutralize inflammatory factors,
such as §100a9, a unique property that is the key to im-
proving the therapeutic effect of nanoparticles on colitis.

In summary, we developed a convenient oral delivery
system to specifically increase the aggregation of nanopar-
ticles at sites of intestinal inflammation in mice by coating
the membranes of macrophages overexpressing TLR4
and exploiting their inflammatory homing effect. Local
inflammation was regulated and suppressed by the ad-
sorption of multiple inflammatory factors through abun-
dant receptors on the surface of MMs. The MM-PLGA-
TAS system significantly attenuated the symptoms of
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DSS-induced colitis in mice and reduced the expression
of inflammation signaling pathways and inflammatory
factors. This system may be a promising approach for the
treatment of ulcerative colitis.
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