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A B S T R A C T

Repurposing clinically approved drugs to construct novel nanomedicines is currently a very attractive therapeutic
approach. Selective enrichment of anti-inflammatory drugs and reactive oxygen species (ROS) scavenging at the
region of inflammation by stimuli-responsive oral nanomedicine is an effective strategy for the treatment of in-
flammatory bowel disease (IBD). This study reports a novel nanomedicine, which is based on the excellent drug
loading and free radical scavenging ability of mesoporous polydopamine nanoparticles (MPDA NPs). By initiating
polyacrylic acid（PAA）polymerization on its surface, a “core-shell” structure nano-carrier with pH response is
constructed. Then, under alkaline conditions, using the π-π stacking and hydrophobic interaction between the
anti-inflammatory drug sulfasalazine (SAP) and MPDA, the nanomedicines (PAA@MPDA-SAP NPs) loaded effi-
ciently (928 μ g mg�1) of SAP was successfully formed. Our results reveal that PAA@MPDA-SAP NPs can pass
through the upper digestive tract smoothly and finally accumulate in the inflamed colon. Through the synergistic
effect of anti-inflammation and antioxidation, it can effectively reduce the expression of pro-inflammatory factors
and enhance the intestinal mucosal barrier, and finally significantly alleviate the symptoms of colitis in mice.
Furthermore, we confirmed that PAA@MPDA-SAP NPs have good biocompatibility and anti-inflammatory repair
ability under inflammation induction through human colonic organoids. In summary, this work provides a
theoretical basis for the development of nanomedicines for IBD therapy.
1. Introduction

Inflammatory bowel disease (IBD) is a chronic relapsing idiopathic
autoimmune disease characterized by epithelial barrier dysfunction and
intestinal ulceration, seriously affects the quality life of patients [1–3]. It
is a global disease and the incidence is increasing internationally,
particularly in nations with historically low rates [4,5]. Although sus-
tained clinical remission has recently been recognized as an important
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goal of IBD therapy, there are not many treatment options to maintain
long-term remission. Conventional treatment consists of mainly trying to
control symptoms with high doses of drugs, such as amino-salicylates,
corticosteroids, immunomodulators, and biologics. Sulfasalazine (SAP)
is a small molecule oral drug with good anti-inflammatory effect
commonly used for IBD. However, a significant number of patients do not
respond to current treatments or do not benefit from it due to long-term
systemic nonspecific distribution of SAP owing to multiple adverse
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effects [6–8]. Therefore, targeted drug delivery to the region of inflam-
mation in the colon should be beneficial to avoiding the undesirable
systemic toxicity caused by nonspecific distribution of drug and
improving treatment efficiency [9–12]. Based on the epithelial enhanced
permeation and retention effect (eEPR) in inflammatory tissues, recent
studies focus on the strategies for delivering drugs to the inflammatory
site explicitly by employing nanoparticles-based oral formulations
[13–15].

In addition, reactive oxygen species (ROS) produced in mitochondria
distinctly contribute to inflammation response and oxidative stress ac-
celerates the development of IBD. In recent years, numerous efforts have
explored the nanomedicine with ROS scavenging activity for the treat-
ment of IBD [16–20]. However, based on the complex pathogenesis and
molecular interactions of IBD among the different proinflammatory
cytokines/chemokines, oxidative mediators, inflammatory cells, and
immune cells, few mono-therapies deliver satisfactory effects against IBD
in the long-term [9,21]. Fortunately, several categories of nanoscale
medicines have been designed for co-administration of
anti-inflammatory drugs and ROS scavenging for treatment of IBD, which
can simultaneously scavenge excessive ROS and deliver
anti-inflammatory drugs to inhibit the production of inflammatory cy-
tokines may lead to improved therapeutic effects. For example, Qiu et al.
reported a hollowMnO2 nanozymes to deliver budesonide for synergistic
treatment of IBD [22] and Lin et al. reported a Mn doped prussian blue
nanozymes (MPBs) to directly deliver SAP for synergistic treatment of
IBD [23]. It inspired us to develop a strategy that can effectively remove
the reactive oxygen species and achieve higher drug accumulation in the
inflamed colon region simultaneously, thus improving the therapeutic
performance against IBD.

Polydopamine (PDA), a black insoluble biopolymer produced by
autoxidation of the catecholamine neurotransmitter with good biocom-
patibility and widely used in biomedicine [24,25]. PDA with abundant
reductive groups, such as phenol and catechol, is endowed with excellent
redox ability in alleviating oxidative stress (free radical scavenging) by
liberating electrons, which may act as a potential ROS scavenger [26,27].
Mesoporous polydopamine nanoparticles (MPDA NPs) in comparison to
the nonporous counter-parts can provide high accessibility of the active
sites and have attracted considerable attention [28–33].

Herein, we developed a synergistic therapy system (PAA@MPDA-SAP
NPs) for IBD treatment by utilizing MPDA as the drug carrier and ROS
Fig. 1. Design of the PAA@MPDA-SAP NPs for inflammation bowel disease
PAA@MPDA-SAP enriched in colonic inflammatory sites to scavenge excessive ROS
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scavenger and polyacrylic acid (PAA) as the “molecular switch”. As
shown in Fig. 1a. To realize the efficient delivery of SAP, MPDA NPs of a
size about 90 nm were prepared, and then a protective shell of PAA was
modified on the surface of the MPDA NPs via catalysis of APS. The PAA
could function as a “gate” to prevent the degradation and early release of
the drugs in the stomach after oral administration. In this way, the and
morphological changes of PAA in the gastrointestinal environment is
utilized to achieve the efficient enrichment of SAP in the region of
inflammation. As shown in Fig. 1b, the synergistic effect of PAA@MPDA-
SAP NPs were fully explored. The therapeutic effect of DSS-induced co-
litis was evaluated together with the exploration of the synergistic
mechanism, while the biosafety was evaluated both in vitro and in vivo.

2. Experimental

2.1. Synthesis of PAA@MPDA NPs

PAA@MPDA NPs was synthesized as follows. In a typical synthesis,
MPDA (8 mg) was dissolved into HEPES (25 mL, pH 7.2) containing of
acrylic acid (AA, 3mL). After stirring at room temperature for 30min, the
reaction temperature was raised to 50 �C, and ammonium persulphate
(APS, 200 mg) dissolved in deionized water (1 mL) was injected into the
reaction mixture under nitrogen. The reaction was carried out at 50 �C
for 3 h. The weight ratio of the reactants was 1 MPDA/0.1375 Acrylic
acid (AA)/25 APS. Finally, the reaction product (nanoparticles) was
separated by centrifugation. Ethanol and acetone were used to wash the
centrifuged particles. The template removal was performed by extrac-
tion, where the samples were treated in a mixed solution of ethanol and
acetone (2:1 v/v) by sonication (three times, 30 min each time). The final
product was obtained by dialysis against water for three days.

2.2. Colloidal stability study of PAA@MPDA NPs

To investigate the suspension stability of the PAA@MPDA NPs,
PAA@MPDA NPs were dispersed with simulated gastric fluid (SGF, pH
1.2), simulated intestinal fluid (SIF, pH 7.0), DMEM media and FBS for
24 h and 48 h, then the hydrodynamic diameter distributions were
measured by dynamic light scattering (DLS) techniques using a Zetasizer
Nano instrument at room temperature. The long-term hydrodynamic
stability (96 h) of PAA@MPDA NPs at water was also monitored by DLS
treatment. (a) Schematic for the fabrication of PAA@MPDA-SAP NPs (b)
and release loaded SAP for synergistic IBD therapy.
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techniques. Furthermore, the TEM was used to observe the morphology
stability of the PAA@MPDA NPs under SGF and SIF for 24 h.
2.3. Sulfasalazine (SAP) loading and release profile of PAA@MPDA NPs

For the determination of the adsorption isotherm of SAP,
PAA@MPDA NPs (2 mg) were dispersed ultrasonically in the drug so-
lution (2 mL) of tris buffer (25 mM, pH 8.5) at various concentrations.
The mixture was stirred at room temperature for 24 h and then centri-
fuged (11,000 rpm, 15 min) to collect the drug-loaded nanoparticles. The
amount of drug loaded into the PAA@MPDA NPs was calculated by
subtracting the mass of drug in the supernatant from the total mass of
drug in the initial solution. The concentrations of the drugs in the solu-
tions were analyzed by UV–vis spectrophotometry (NanoDrop 2000,
Thermo) at a wavelength of 359 nm (SAP) [34].

The drug release experiments were performed to simulate the trans-
port process in vivo after oral administration. First, 2 mg of drug-loaded
nanoparticles were dispersed in SGF (2 mL) buffer for 2 h. Then, the
above reaction mixture was centrifuged and dispersed into 2-(4-Mor-
pholino) ethanesulfonic acid (MES, pH 4.5) for 4 h (2–5 h). Finally, the
reaction mixture was centrifuged and the collected particles were
dispersed into SIF buffer for various times (5–120 h). At the pre-
determined time intervals, solution (0.2 mL) was withdrawn from the
solution, and the amount of released drug was analyzed by UV–vis. To
maintain a constant volume, fresh medium (0.2 mL) was added after each
sampling. All drug release results were based on an average of three
measurements. The drug loading and release amount of SAP were
calculated in the same way as in a previous study [35].
2.4. Assay for radical scavenging by the PAA@MPDA NPs

To investigate the Radical Scavenging stability of the PAA@MPDA
NPs, DPPH was dissolved in 95% ethanol (100 mM) to form the mother
liquor. Then, PAA@MPDA NPs of varying concentrations (0–20 μg mL�1)
were co-incubated with DPPH for 20 min (in dark). Finally, the UV–vis
absorbance at 516 nm was recorded. Three replicate samples were pre-
pared for each group. Moreover, for the �OH assay, the �OH radical
scavenging activity of PAA@MPDANPs wasmonitored using ABTS. First,
H2O (920 μL), varying concentrations of PAA@MPDA NPs (0–100 μg
mL�1), H2O2 (200 μM, 10 μL), and FeSO4⋅7H2O (18 mM, 20 μL) were
mixed together. After ultrasonic treatment for 5 min, the supernatant was
collected by centrifugation and then incubated with ABTS (10 μM, 50 μL)
for another 3–5 min. Finally, the UV–vis absorbance at 800 nm was
recorded to evaluate the antioxidant activity.
2.5. Human colon organoids culture

Six specimens of organoids were obtained from colon tissue which
were collected from the General Surgery of Xinqiao Hospital. The ex-
periments were carried out in strict accordance with the regulations of
the Institutional Human Ethics and User Committee of China and
approved by the Medical Ethics Committee of Second Affiliated Hospital
of Army Medical University (Ethics Number: 2022-YD104-01). First,
colon cells were isolated from the collected colonic tissue according to a
previous study. Then, the cells were centrifuged at 200 g for 5 min at 4 �C
and the cell pellet was resuspended by a pre-chilled pipette tip with 50 μL
of the Cultrex RGF BME (R&D Systems Cat. No. 3533-005-02)/gastric cell
suspension mixture which was added to the center of each well of a 24-
well plate. After placing the plate in an incubator at 37 �C for 25 min to
allow the Cultrex RGF BME to solidify, an appropriate volume of gastric
organoid expansion medium (approximately 500 μL per well of a 24-well
plate) was added. Finally, the plate containing the organoid culture was
returned to the cell incubator to promote organoid growth and the me-
dium was subsequently refreshed every 2�3 day [36].
3

2.6. Animal studies

The anesthetic, surgical, and post-operative care protocols were
examined and approved by the Animal Ethics Committee of Army Med-
ical University (AMUWEC20224611). The colitis model of mice (C57BL/
6, 8-week-old, male, 20–25 g) used was from the Experiment Animal
Center of the Army Medical University.

2.7. Statistical analysis

The data were expressed as the mean � SD for at least three inde-
pendent replicates. The student t-test was performed for comparisons
between two groups. The one-way ANOVA was performed for multiple
groups. P < 0.0001 and P < 0.05 was considered statistically significant.

3. Results and discussion

3.1. Fabrication and characterization of PAA@MPDA NPs

MPDA NPs were fabricated according to the procedure reported in
previous study with minor modifications [32]. The scanning electron
microscopy (SEM) images and transmission electron microscope (TEM)
images of MPDA revealed a size distribution of 90 � 10 nm with a
regularly ordered pore structure (Fig. 2a). Polyacrylic acid (PAA) has
previously been used as a pH-responsive polymer for modifying and
functionalizing different types of nanoparticles (NPs) for therapeutic
intentions [37–40]. In this study, we constructed a pH-responsive
“core-shell” nanocarrier (PAA@MPDA NPs) by using the interaction
between PAA and PDA. PAA modified MPDA NPs (PAA@MPDANPs) had
larger particle size (~110 nm), smaller pore size or direct plugging
(Fig. 2b). The change in morphology was also confirmed by nitrogen
adsorption and pore size distribution measurement. Compared with
MPDA, the specific area and pore volume of PAA@MPDA decreased from
43.7 m2 g�1 to 0.1 cm3 g�1 to 14.7 m2 g�1 and 0.03 cm3 g�1, respectively
(Fig. 2c). Moreover, HAADF STEM, X-ray photoelectron spectroscopy
(XPS), infrared spectroscopy (FTIR), and thermogravimetric analysis
(TGA) were used to further study the specific composition of the
PAA@MPDA NPs. The coexistence of C, N, and O was confirmed by
element mapping (Fig. S1) and XPS analysis (Fig. 2d). The C1s XPS
spectra for PAA@MPDA NPs revealed a peak at 288.6 eV, which may be
assigned to the O–C––O bonds in the PAA chain (Fig. 2e) [25].

The coating of PAA on the surface of MPDA was confirmed by FTIR
spectroscopy (Fig. 2f). In the case without crosslinking, the strong ad-
sorptions at 3249 cm�1 (stretching vibration of phenolic O–H) and 1563
cm�1 (stretching vibration of the aromatic ring and bending vibration of
N–H) are the characteristic absorption peaks of MPDA, respectively. For
the cross-linked case, the bands at 3102 cm�1 (stretching vibrations of
asymmetric C–H) and 1724 cm�1 (stretching vibrations of C––O) are the
basic characteristic absorption bands of PAA. In addition, the peak at
1619 cm�1 corresponds to the stretching vibration of C––O in the amide,
confirming the occurrence of a cross-linking reaction between the
carboxyl groups of the PAA binder and the amino groups of the PDA [41].
Moreover, the content of PAA (about 24%) in PAA@MPDA NPs was
measured by TGA (Fig. 2g).

Studies showed that there are a large number of positively charged
proteins in inflammatory colon. Negatively charged nanoparticles can be
efficiently enriched in inflammatory colon tissue [42,43]. The zeta po-
tential and the hydrodynamic diameter distributions of the PAA@MPDA
NPs were examined. As shown in Fig. 2h and i, comparedwithMPDANPs
(�14.1 mV), the zeta potential of PAA@MPDA NPs was decreased to
�50.7 mV. The hydrodynamic diameter distributions of PAA@MPDA
NPs have increased to ~130 nm because of the presence of a hydrated
layer around the particles. In addition, the long-term hydrodynamic
stability was also decreased in Fig. S2. Meanwhile, The optimal weight
ratio of PAA to MPDA in the nanocarriers was determined by zeta po-
tential and hydrodynamic diameter distributions. The results showed



Fig. 2. Characterization of MPDA and PAA@MPDA NPs. SEM images of (a) MPDA NPs and (b) PAA@MPDA NPs. Inset: the close-up TEM image of MPDA NPs and
PAA@MPDA NPs. (c) N2 adsorption–desorption isotherms and corresponding pore size distributions. (d, e) XPS survey of the as-prepared NPs as well as the high-
resolution scans of C 1s. (f) FTIR, (g) TGA curves, (h) Zeta potential, (i) Dynamic light scattering (DLS) data of MPDA NPs and PAA@MPDA NPs.
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that the PAA formed a shell uniformly by synthesis at the optimized
MPDA/Acrylic acid (AA) weight ratio of 2.4, while an increase (7.3, 3.6)
or decrease (1.8) of the ratio led to less PAA compound and a larger size
of nanoparticles (Fig. S3). These results suggest the successful prepara-
tion of the core-shell nanoparticles (PAA@MPDA NPs).
3.2. ROS scavenging, drug-loading, and releasing capacity of PAA@MPDA
NPs

Polydopamine (PDA) is abundant with the abundant reductive
pendant groups, such as phenol, catechol, and imine, which enable PDA
to scavenge multiple ROS effectively for the treatment of inflammation-
induced injuries both in vitro and in vivo [28]. PDA-based nanoparticles
have also been used as an antioxidant in ROS scavenging in research on
anti-inflammation. In this study, the ROS scavenging activity of
PAA@MPDANPs toward DPPH,�OH, and �O2

�, was investigated by using
4

a ROS probe (DPPH/ABTS/NBT). After comparing the different UV–vis
absorbances of the PAA@MPDA NPs containing sample and control
radical solution, the high radical scavenging abilities, and scavenging
activity was calculated (Fig. 3a�c), and they displayed a dose-dependent
manner (Fig. S4a�c). In contrast, the positive group exhibited significant
signals of DPPH, �OH, and �O2

� radicals, supporting the efficient redox
medium activity of PAA@MPDA NPs. All the above-mentioned results
established a good foundation for the antioxidant application of nano-
particles in organisms.

In addition, PAA@MPDA NPs can be used as an ideal drug carrier
based on plentiful aromatic rings in PDA. To confirm the drug transport
process in vivo after oral administration, the changes in the surface and
morphology of the PAA@MPDA NPs in the simulated gastric and intes-
tinal fluids were verified, respectively. As shown in Fig. 3d-e, the
PAA@MPDA NPs were positively charged (1.2 � 0.4) and the PAA was
tightly wrapped on the surface of the MPDA NPs in the simulated gastric



Fig. 3. ROS scavenging and pH-responsive drug release capacity of PAA@MPDA NPs. Radical scavenging of PAA@MPDA NPs toward (a) DPPH radicals, (b) �OH
radicals and (c) �O2

� radicals. Zeta potential data (left) and SEM images (right) of PAA@MPDA after 24 h incubation in (d) pH 1.2 and (e) pH 7.0 for 24 h, respectively.
(f) Adsorption isotherm of SAP on PAA@MPDA, obtained by varying the initial SAP concentrations (0–2 mg mL�1); (g) stimuli responsive SAP release from
PAA@MPDA at different pH conditions: pH 1.2, pH 4.5, and pH 7.0. (h) Hydrodynamic diameter distributions of PAA@MPDA NPs in SGF (pH 1.2), SIF (pH 7.0),
DMEM medium and FBS for 24 h.
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fluid (SGF, pH 1.2), while PAA@MPDA NPs were negatively charged
(-50.7 � 1.2) and the pore structure extends leaks out in the simulated
intestinal fluid (SIF, pH 7.0). This structural change could prevent the
drug from being degraded or released prematurely during transport.
Then, an anti-inflammatory drug (sulfasalazine, SAP) as a model drug to
investigate the drug loading capacity of PAA@MPDA NPs under alkaline
conditions (Fig. 3f). The PAA@MPDA NPs loaded with large amounts of
SAP (928 μg mg�1) to form a composite nanomedicine (PAA@MPDA-
SAP NPs) due to the π-π stacking and hydrophobic interactions between
the abundant aromatic rings in the PDA and SAP. Subsequently, the drug
release behavior of PAA@MPDA-SAP NPs was simulated at different pH
conditions in vitro (Fig. 3g). The SAP was released in the medium at pH
1.2 and 4.5 (<17%). Once the pH value was increased to 7.0, the SAP was
rapidly released and the release amount reached ~82% after 36 h. This
behavior could be explained by the carboxylic function groups of the PAA
5

polymer starting to be de-protonated at these pH values (pKa�5) [44].
When the pH < pKa, PAA chains would be neutral and would tend to
shrink and exhibit a relatively hydrophobic behavior, while when the pH
＞pKa, the chains would begin to dissolve and swell. Therefore, the PAA
shell can effectively prevent the early release of SAP in the stomach, and
PAA@MPDA NPs can be used as an ideal drug carrier for oral delivery of
anti-inflammatory drugs.

Furthermore, we conducted a stability study for PAA@MPDA NPs. It
is showed that the particle sizes of the PAA@MPDA NPs were relatively
stable during incubation in SGF, SIF, DMEM medium, and 10% FBS for
24 h (Figs. 3h) and 48 h (Fig. S5) at 37 �C, respectively. Overall, the
above results demonstrate that the PAA@MPDA NPs exhibited good
biological stability, efficient drug loading capacity, and good ROS scav-
enging ability, possessing a potential for being the formulation for syn-
ergistic treatment of IBD.
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3.3. Cellular uptake and relief of inflammation by PAA@MPDA-SAP NPs
in a Co-culture cell model

The anti-inflammatory effects due to PAA@MPDA-SAP NPs were
evaluated at the cellular level. First, the internalization of PAA@MPDA
NPs with RAW264.7 was investigated by Bio-TEM. As shown in Fig. 4a
and b, after incubation with PAA@MPDA NPs, some vesicles were pre-
sent in the cytoplasm, and many NPs could be found in these vesicles,
indicating that the hybrid nanoparticles could be phagocytized by the
RAW264.7 through endocytosis. Then, the uptake pathways of
PAA@MPDA NPs were explored by ways of confocal laser scanning mi-
croscopy and flow cytometry (Fig. S6). The results indicate that
PAA@MPDA NPs readily enter and accumulate in cells in high quantities
using the same two endocytic pathways: mostly by macropinocytosis and
partially by clathrin-mediated endocytosis. Furthermore, the biocom-
patibility of the PAA@MPDA NPs on RAW264.7 and Caco-2 cells and
SAP/PAA@MPDA-SAP NPs on Caco-2 cells with different concentrations
for 24 h was determined by the CCK-8 assay. As shown in Fig. S7a,
PAA@MPDA NPs (0�200 μg mL�1) did not exhibit cytotoxicity after
incubation for 24 h, indicating the high biocompatibility of the nano-
carrier system and the PAA@MPDA-SAP NPs could reduce the toxicity
caused by SAP (Fig. S7b).

Subsequently, the Caco-2 and RAW 264.7 cells co-culture model was
established to evaluate the anti-inflammation effects of PAA@MPDA-SAP
NPs. As shown in Fig. 4c, a cellular inflammation model was established
by treating RAW 264.7 cells with LPS (100 ng mL�1) for 12 h (Fig. S8),
and the Caco-2 cells were co-cultured PAA@MPDA-SAP NPs to investi-
gate the properties of the nanocarrier system with respect to both scav-
enging of ROS and the anti-inflammatory effects. After stimulation, the
expression of inflammatory factors in RAW 264.7 cells changed signifi-
cantly (Fig. S9), and the expression level of ROS in Caco-2 cells was
monitored by confocal microscopy (CLSM). As depicted in Fig. 4d, An
ROS-sensitive fluorescent probe (DCFH-DA) was applied to detect ROS
expression levels. After LPS treatment, Caco-2 cells in co-culture cell
model showed an obvious green fluorescence signal, and the green
fluorescence signals were significantly weakened after co-incubation of
PAA@MPDA-SAP NPs due to the synergy between PAA@MPDA NPs and
SAP. This finding was also observed for quantitative flow cytometry
analysis (Fig. 4e and Fig. S10). It is shown that the nanocarrier system
plays a synergistic role through the scavenging effect of ROS and the
release of anti-inflammatory drugs.

To further investigate the anti-inflammatory effect of the NPs system,
both proinflammatory (IL-1β, IL-6, TNF-α) and anti-inflammatory cyto-
kines (IL-10) were measured in Caco-2 by qPCR and ELISA assay. The
PAA@MPDA-SAP NPs exhibited a better anti-inflammatory effect than
direct administration of SAP and PAA@MPDA (p < 0.0001) (Fig. 4g–j
and Fig. S11). When inflammatory cytokines are out of balance, the
integrity of the intestinal epithelial cell monolayers will be damaged. To
determine the preventive effects of NPs on the integrity of colonic
epithelial cells, we investigated the intestinal epithelial barrier of Caco-2
cells by the transepithelial electrical resistance (TEER). As shown in
Fig. 4f, LPS stimulation for 12 h led to a 2.15-fold decrease of the TEER in
the Caco-2 cells as compared with the control group. However, the
PAA@MPDA-SAP NPs almost perfectly redeemed the LPS-induced TEER
decline. These results suggest that the NP system exerted a good effect on
scavenging ROS and inhibiting inflammatory cytokines.

3.4. PAA@MPDA-SAP NPs alleviates DSS-induced colitis

Oral nanomedicine must overcome the degradation of gastric acid
and digestive enzymes in order to reach the colon to exert their thera-
peutic effect [45]. Therefore, to observe the efficacy of PAA@MPDA-SAP
NPs in vivo, we established DSS-induced mouse colitis model. As shown
in Fig. 5a, mice were given 2.5% DSS in drinking water for 7 consecutive
days and with drinking water being freely available for two days to
induce colitis. In the early stage of colitis, mice were administered orally
6

SAP, PAA@MPDA NPs, and PAA@MPDA-SAP NPs (10 mg kg�1) on
predetermined days, respectively. First, the nanocarrier was modified
with IR780 iodide to investigate the distribution of PAA@MPDA NPs in
vivo after oral administration. The IVIS imaging results revealed that
considerable accumulation of the PAA@MPDA-IR780 NPs in the colonic
tissue after oral administration to colitis mice (Fig. 5b). Based on the high
amounts of positively charged proteins in the inflamed colon, the nega-
tively charged PAA@MPDA NPs could be enriched efficiently at the re-
gion with colonic inflammation via electrostatic interactions. The IVIS
imaging also demonstrated the transit of PAA@MPDA-IR780 NPs in the
colon (Fig. S12). The results showed that, with the prolongation of the
transit time, the PAA@MPDA-IR780 NPs were effectively enriched in the
colon within 8 h but then there was a gradual downward shift after 12 h.

Moreover, the therapeutic efficacy was evaluated with respect to
body weights, disease activity indexes (DAIs), colon lengths, rectal areas,
and mini-endoscopic and histological observation of colon [46]. As
shown in Fig. 5c, the body weight of the DSS-induced colitis mice
decreased by about 38% throughout disease progression. However, the
body weight of the PAA@MPDA-SAP NPs-treated group had just
decreased by 12%. Correspondingly, PAA@MPDA-SAP NPs-treated mice
showed a longer colon length and a lower DAI compared to the
DSS-treated group (Fig. 5d, S13, and S14). As displayed in Fig. 5e, the
results of rectal area observation showed that there was obvious
congestion, redness, and swelling around the anus in the DSS-treated
mice. Meanwhile, multiple ulcers of intestinal mucosa were observed
in the DSS-induced mice via mini-endoscopic imaging, which has been
considered one of the typical symptoms of UC. However, these symptoms
both were alleviated after PAA@MPDA-SAP NPs treatment. Additionally,
the H&E-stained colon tissues showed that there were obvious patho-
logical ruptures and inflammatory infiltration in DSS group. The treat-
ment of SAP and PAA@MPDANPs separately both reduced inflammatory
infiltrations. However, the effect of PAA@MPDA-SAP NPs treatment
showed that the inflammatory infiltration was almost reduced to close to
the healthy group. These results suggest that PAA@MPDA-SAP NPs can
effectively alleviate the symptoms of colitis by highly enriching and
releasing the NPs system at the site of colonic inflammation.

3.5. PAA@MPDA-SAP NPs against DSS-induced colitis through inhibiting
inflammatory factors, scavenging ROS, and maintaining intestinal barrier

To further understand the mechanism of PAA@MPDA-SAP NPs in the
treatment of IBD, the key elements which affected the occurrence of
enteritis were examined. First, inflammatory factors in colon tissue were
detected by qPCR and ELISA assay. The treatment of SAP and
PAA@MPDA NPs both decreased the expression of proinflammatory
factors (IL-1β, IL-6, and TNF-α), and the PAA@MPDA-SAP NPs-treated
group showed the lowest expression of them among all the treatment
groups (Fig. 6a–c and Fig. S15 a-c). Moreover, the expression of anti-
inflammatory factor (IL-10) showed an opposite varying trend (Fig. 6d
and Figure S15 d). Next, we investigated the antioxidant effects. With the
treatment of PAA@MPDA-SAP NPs, the ROS was almost eliminated in
the healthy control group (Fig. 6e). Anti-oxidase SOD and myeloperox-
idase (MPO) were also detected in the colon tissue after various treat-
ments. It is shown that PAA@MPDA-SAP NPs-treated group resulted in
an increase in the SOD content and a decrease in the MPO content
(Fig. S16). Given that, under inflammatory conditions, the nano-
medicines were first enriched in the damaged intestinal epithelial tissue
through the e-EPR effect. Therefore, we further extracted mouse colonic
epithelial cells and again detected the expression of inflammatory fac-
tors. The results showed the same changes in inflammatory cytokines in
colonic epithelial cells as in colon tissue (Fig. S17).

It is well known that the tight junction proteins (TJs) composed of
transmembrane barrier (e.g., ZO-1, Occludin, and Claudin-1) play an
important role in the pathogenesis of IBD. The destruction of the TJs is
one of the most prominent features and will lead to cascade inflammation
in the development of IBD [47,48]. Therefore, we investigated the



Fig. 4. Evaluation of ROS-scavenging and anti-inflammation ability in co-culture system. TEM of (a) RAW264.7 and (b) co-incubated with PAA@MPDA NPs for
24 h. (c) Experimental design of the LPS-induced inflammation model. (d) CLSM images of Caco-2 cells after treatment with LPS (100 ng mL�1) and other treatments.
Scale bar: 50 μm. (e) Flow cytometry for levels of intracellular after various treatments. (f)TEER measurements for Caco-2 cells on filters during various treatments.
One representative experiment is shown with mean � SD for six wells. The relative expression levels of (g) IL-1β, (h) IL-6, (i) TNF-α and (j)IL-10 in LPS-induced co-
incubation after the indicated treatments. Data are presented as mean � SD (n ¼ 6). (****p < 0.0001).
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Fig. 5. In vivo therapeutic efficiency of PAA@MPDA-SAP NPs. (a) Experimental design of the DSS-induced mouse model. (b) IVIS imaging of mouse with DSS-
induced colitis after treatments of PAA@MPDA-IR780 NPs. (c) Variations of body weight over time. (d) Colon length of mice from various groups. (e) Representa-
tive photographs of rectal areas of a healthy mouse, mini-endoscopic images and H&E-stained colonic pathological sections of colons from different mouse groups.
Scale bars: 100 μm. Error bars represent means � SD (n ¼ 8) (****p < 0.0001).
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Fig. 6. In vivo retardation effect of PAA@MPDA-SAP NPs. Relative expression levels of (a) IL-1β, (b) IL-6, (c) TNF-αand (d) IL-10 in DSS-induced colitis after
indicated treatments. Error bars represent means � SD (n ¼ 8). (e) ROS level of homogenized colonic tissue. (f) Western blot analysis of TJ proteins expression in the
colonic mucosa. (g) Immunofluorescent staining for the expression of ZO-1 and Occludin in colon tissue for various treatments. (h) AB-PAS staining of colon tissue for
various treatments. Scale bar ¼ 50 μm. (****p < 0.0001).
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expression of TJs via western blot and immunofluorescence separately.
As shown in Fig. 6f, the PAA@MPDA-SAP NPs-treated group observably
inhibit the decrease in the TJs expression caused by the DSS. ZO-1 is a
peripheral membrane protein, which interacts with Occludin to maintain
TJs integrity. So, fluorescence staining was used to observe the integrity
of ZO-1 and Occludin in colon tissues. The finding showed that ZO-1 and
Occludin had the same results, and both recovered good integrity in the
PAA@MPDA-SAP NPs-treated group compared to DSS-treated group
(Fig. 6g).

In addition to TJs, the mucus layer is also part of an important pro-
tective barrier of colon, which is thinning or even fully destroyed in
colitis tissues [48]. Mucus is secreted by goblet cells and includes neutral
and acidic mucus, which prevents the direct physical contact of epithe-
liums from microbiota [48]. Alcian blue and periodic acid-Schiff
(AB-PAS) staining was usually used to analyze the number of goblet
cells and the depth of crypts, which reflected the mucus barrier. As dis-
played in Fig. 6h, there was a significantly strong mucous layer staining
in the colon tissue of PAA@MPDA-SAP NPs-treated group compared with
other treatment groups. These results suggest that the PAA@MPDA-SAP
NPs can promote the restoration of enteritis mainly by inhibiting in-
flammatory factors, scavenging ROS, and maintaining intestinal barrier.
3.6. In vivo biosafety assessment of PAA@MPDA NPs

With reference to biological safety, it is necessary to study the po-
tential toxicity of the as-prepared NPs toward normal tissue. As depicted
in Fig. 7a, there was negligible inflammatory infiltration and cell damage
bae on inspection of the H&E staining. Furthermore, the PAA@MPDA
Fig. 7. Biocompatibility testing of PAA@MPDA NPs. (a) H&E-stained major organ
ALT levels in the serum of mice after intrarectal administration of 2.5% DSS, 100 μL
Blood parameters from various mouse groups. Data are presented as the mean � SD
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NPs treatment did not induce significant changes in the blood
biochemical analysis data (Fig. 7b–f). The toxicity of PAA@MPDA NPs at
a 10-fold higher dose (10 mg kg�1) than that used in the above thera-
peutic experiments (1 mg kg�1) was investigated. As shown in Fig. 7g,
there were no significant changes in levels of aspartate aminotransferase
(AST) and alanine aminotransferase (ALT) among all the groups. These
results suggest that the PAA@MPDANPs had a good biosafety profile and
were able to relieve intestinal inflammation in DSS-induced colitis
without adverse effects.
3.7. PAA@MPDA-SAP NPs cytotoxicity and efficacy in human colon
organoids

The PAA@MPDA-SAP NPs treatment inhibited inflammation and
maintained intestinal barrier in intestinal epithelial cells under in vitro
conditions and animal models. However, growing evidence has shown
that not only do traditional two-dimensional (2D) cell cultures fail to
recapitulate cell-cell interactions due to species differences, but also
animal models fail to fully reflect human physiological processes [49].
Human induced pluripotent stem cells (hiPSCs)-derived intestinal orga-
noids, which more accurately mimic realistic gut architectures, preserve
the physiological characteristics of the digestive system, and are a
powerful tool for validating drugs and in vivo data [49]. Therefore, we
planned to examine the efficacy of PAA@MPDA-SAP NPs on human
colon organoid model. First, the organoids were obtained from human
colon tissue cultured in vitro (Fig. S18). Next, the toxicity of
PAA@MPDA-SAP NPs was tested via the CellTiter-Glo assay system in
normal human colon organoids. It was shown that the PAA@MPDA NPs
slices harvested from various mouse groups. Scale bar ¼ 100 μm. (b) AST and
of saline, SAP and PAA@MPDA NPs (dose 10 mg kg�1 mice), respectively. (c–g)
(n ¼ 8) (****p < 0.0001; NS not significant).
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and MPDA NPs caused negligible cytotoxicity after co-incubation with
organoids for 24 and 48 h (Fig. S19). Efficient uptake of the nano-
medicine is the first step towards treatment of inflammation, so Bio-TEM
was performed to investigate the internalization of PAA@MPDA NPs in
human colon organoids. As shown in Fig. 8a and b, a substantial quantity
Fig. 8. Therapeutic efficiency of PAA@MPDA-SAP NPs in human colon organoid
PAA@MPDA NPs for 24 h, respectively. Inset: the close-up inverted microscope image
IL-1β, (d) IL-6, (e) TNF-α and (f) IL-10 in MIX-induced colon organoids after indicated
1 and Occludin)-stained human colon organoids from different groups. Scale bar ¼
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of the PAA@MPDA NPs was taken up by the organoids after
co-incubation for 24 h. To correlate our animal experimental data related
to the efficacy of PAA@MPDA-SAP NPs, the anti-inflammatory and in-
testinal barrier protective effects were examined in colon organoids.
Consistent with our in vitro and mouse results, the PAA@MPDA-SAP NPs
s. TEM image of (a) colon organoids and (b) colon organoids co-incubated with
for the growth of the colon organoid for 7 days. Relative expression levels of (c)
treatments. Data are presented as mean � SD (n ¼ 6). (g) H&E, TJs proteins (ZO-
50 μm. (****p < 0.0001).
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treatment inhibited significantly the levels of pro-inflammatory cyto-
kines under a strong cocktail of inflammatory mediators (Mix) stimula-
tion (Fig. 8c–f). Similarly, H&E-stained organoid structure and
fluorescence-stained TJs both indicated that PAA@MPDA-SAP NPs had a
good effect on intestinal barrier repair compared control group (Fig. 8g).
These results suggest that PAA@MPDA-SAP NPs could attenuate enteritis
in a preclinical model.

4. Conclusions

In summary, a novel nanomedicine of PAA@MPDA-SAP NPs that is
effective in treatment of IBD has been developed by synergistic effect of
anti-inflammation and anti-oxidation. The PAA@MPDA NPs displayed
efficient SAP loading and ROS scavenging capacity. After oral adminis-
tration, the negatively charged PAA@MPDA-SAP NPs adhered prefer-
entially to inflamed intestines in both colitis induced mice or organoid
specimens of human colon and released SAP at the inflammatory site of
colon. The PAA@MPDA-SAP NPs exhibited superior therapeutic effects
than free SAP and PAA@MPDA NPs by synergy reducing the inflamma-
tory cytokines and the expression of ROS. Moreover, the PAA@MPDA
NPs had a greatly reduced systemic exposure, a good safety profile and
served as a functional and effective synergistic therapy for treatment of
IBD.
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