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Abstract Uncontrolled and persistent inflammation is closely related to numerous acute and chronic

diseases. However, effective targeting delivery systems remain to be developed for precision therapy

of inflammatory diseases. Herein we report a novel strategy for engineering inflammation-

accumulation nanoparticles via phenolic functionalization. Different phenol-functionalized nanoparticles

were first developed, which can undergo in situ aggregation upon triggering by the inflammatory/oxida-

tive microenvironment. Phenolic compound-decorated poly (lactide-co-glycolide) nanoparticles, in

particular tyramine (Tyr)-coated nanoparticles, showed significantly enhanced accumulation at inflamma-

tory sites in mouse models of colitis, acute liver injury, and acute lung injury, mainly resulting from in

situ cross-linking and tissue anchoring of nanoparticles triggered by local myeloperoxidase and reactive

oxygen species. By combining a cyclodextrin-derived bioactive material with Tyr decoration, a multi-

functional nanotherapy (TTN) was further developed, which displayed enhanced cellular uptake, anti-

inflammatory activities, and inflammatory tissue accumulation, thereby affording amplified therapeutic

effects in mice with colitis or acute liver injury. Moreover, TTN can serve as a bioactive and

inflammation-targeting nanoplatform for site-specifically delivering a therapeutic peptide to the inflamed
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colon post oral administration, leading to considerably potentiated in vivo efficacies. Preliminary studies

also revealed good safety of orally delivered TTN. Consequently, Tyr-based functionalization is prom-

ising for inflammation targeting amplification and therapeutic potentiation of nanotherapies.

ª 2023 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Inflammation is a basic pathological process and a protective
immune response that occurs when tissues and cells are stimulated
by harmful endogenous and exogenous irritants, such as patho-
gens, damaged cells, and chemical/physical injury1e3. However,
uncontrolled and excessive inflammation is intimately associated
with many acute and chronic disorders or diseases4,5, including
acute liver/lung injury6,7, obesity8, diabetes9, non-alcoholic fatty
liver disease10, cardiovascular disease11,12, inflammatory bowel
disease (IBD)13, and neurodegenerative diseases14. For the treat-
ment of inflammatory diseases, different types of therapeutics,
such as corticosteroids, nonsteroidal anti-inflammatory drugs
(NSAIDs), antioxidants, as well as monoclonal antibodies to
various inflammatory cytokines and chemokines are generally
used in the clinic15e17. Unfortunately, osteoporosis, liver/kidney
injury, and gastrointestinal/cardiovascular complications are
frequently observed severe side effects resulting from glucocor-
ticoids and NSAIDs18e21. As for biological therapeutics, their
clinical applications have also been compromised due to low
stability and bioavailability, high cost, primary/secondary non-
responses, and the increased risk of infections or malig-
nancies4,22,23. Regardless of small molecular agents and biological
therapies against inflammatory diseases, their systemic exposure
or non-specific biodistribution post oral or parenteral administra-
tion is a key issue responsible for their adverse drug reac-
tions24e26. Therefore, both new drugs and creative delivery
strategies are necessary to achieve more desirable treatment of
inflammatory diseases.

Site-specific delivery of therapeutic agents to diseased sites is
one of the most effective and promising approaches to overcome
dose-limiting or drug-related toxicities and enhance in vivo effi-
cacies. Increasing evidence has demonstrated that the
nanoparticle-based targeting strategy is promising for the treat-
ment of IBD27,28, atherosclerosis29e31, asthma32,33, and other in-
flammatory diseases34e37. Due to the increased vascular
permeability at inflammatory sites, different types of nanocarriers,
such as liposomes38, polymeric nanoparticles39, and inorganic
nanomaterials40, have been examined for suppressing inflamma-
tion via passive targeting. Taking advantages of overexpressed
specific receptors and/or antigens on epithelial/endothelial cells of
inflamed tissues, corresponding molecular ligands and/or anti-
bodies are frequently utilized to decorate different nanoplatforms
to achieve active targeting, thereby enhancing therapeutic
effects24,39,41e43. In addition, components of inflammatory/im-
mune cells were employed to coat nanoparticles44e49, in view of
their inflammatory tissue homing capability. Similarly, different
microorganisms and eukaryotic cells were used as biomimetic
delivery vehicles for inflammation targeting via a hitchhiking
mechanism50e54. Besides inflammation targeting mediated by
functional molecules and cellular components, nanoparticles or
microparticles derived from bioresponsive materials have been
examined for site-specific delivery of diverse therapeutics to
inflamed tissues26,31,55, taking advantage of local acidification,
overproduction of reactive oxygen species (ROS), and up-
regulated enzymes in the inflammatory microenvironment.
Despite these considerable advances in inflammation targeting
delivery systems, some crucial challenges remain to be resolved
for their clinical translation. For molecular targeting systems, their
targeting efficiency need to be further improved, while desirable
quality control, cost-efficient mass production, and good repro-
ducibility should be circumvented for different biomimetic vehi-
cles. As for existing inflammation-responsive carriers, their major
advantage lies in triggerable release of therapeutic payload.

As well documented, phenolic groups can be oxidized in the
presence of peroxidases (such as horseradish peroxidase and
myeloperoxidase) and hydrogen peroxide (H2O2) to generate free
radicals, which further dimerize or yield oligomers56,57. This
enzyme/H2O2-mediated polymerization of phenolic moieties has
been employed for enzyme-specific activation of contrast agents
for peroxidase imaging in cardiovascular and cerebrovascular
diseases58e61. Moreover, ROS and myeloperoxidase (MPO) are
generally overexpressed in tissues with inflammation and oxida-
tive stress62e64. Inspired by these findings and to overcome the
above mentioned issues, herein we hypothesize that surface en-
gineering of nanotherapies with phenolic moieties can enhance
their targeting capability to inflammatory and oxidative tissue
injury sites by ROS/MPO-triggered in situ aggregation and
enhanced tissue binding, thereby affording improved therapeutic
effects (Fig. 1A). As a proof of concept, poly (lactide-co-glyco-
lide) (PLGA) nanoparticles were first engineered to screen the
most effective phenolic moiety for inflammation-triggered in situ
clustering and targeting, based on in vitro tests and in vivo eval-
uations in different animal models of inflammation and oxidative
tissue injury. Further, intrinsically anti-inflammatory nanoparticles
and their peptide-containing nanotherapies were investigated to
demonstrate the effectiveness of this phenolic functionalization-
mediated inflammation-targeting strategy in mouse models of
IBD and acute liver injury.
2. Materials and methods

2.1. Materials

1,2-Distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy-
(polyethylene glycol)-2000] (DSPE-PEG) and 1,2-distearoyl-sn-
glycero-3-phosphoethanolamine-N-[hydroxysuccinimide (poly-
ethylene glycol)-2000] (DSPE-PEG-NHS) were purchased from
Xi’an Ruixi Biological Technology Co., Ltd. (Xi’an, China).
Triethylamine (TEA) was obtained from J&K Scientific (Beijing,
China). Tyramine (Tyr), serotonin hydrochloride (Ser$HCl), b-

http://creativecommons.org/licenses/by-nc-nd/4.0/
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cyclodextrin (b-CD), and lecithin (from soybean) were purchased
from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). Dopa-
mine hydrochloride (Dopa$HCl), 4-hydroxy-2,2,6,6-
tetramethylpiperidin-1-oxyl (Tempol), 1,1-carbonyldiimidazole
(CDI), 4-(hydroxymethyl) phenylboronic acid pinacol ester
(PBAP), and poly (lactide-co-glycolide) (PLGA, 75:25) were
provided by SigmaeAldrich (USA). Cyanine5 NHS ester (Cy5)
and Cyanine7.5 NHS ester (Cy7.5) were obtained from Lumip-
robe, LLC. (USA). APC-CD11b and PE-Ly6G antibodies were
Figure 1 Schematic illustration of ROS/MPO-triggerable nanoparticles

by in situ aggregation. (A) A sketch showing mechanisms underlying th

targeted treatment of inflammatory diseases. (B) Engineered PLGA nan

nanoparticles; DPN, PLGA/DSPE-PEG-Dopa nanoparticles; SPN, P

nanoparticles.
from BD Biosciences. FITC-F4/80 antibody was obtained from
Biolegend. The peptide Ac2-26 was synthesized by ChinaPeptides
Co., Ltd. (Shanghai, China). Dextran sulfate sodium (DSS)
(36,000e50,000 Da) was purchased from MP Biomedicals, LLC.
(USA). 40,6-Diamidino-2-phenylindole (DAPI) staining solution
was provided by Beyotime Biotechnology (Shanghai, China). 4-
Acetamidophenol (APAP) was obtained from Aladdin
(Shanghai, China). Myeloperoxidase (MPO) and monocyte
chemotactic protein-1 (MCP-1) were purchased from R&D
for enhanced accumulation at inflammatory and oxidative injury sites

e enhanced accumulation of surface-functionalized nanoparticles for

oparticles with various surface chemistries. PN, PLGA/DSPE-PEG

LGA/DSPE-PEG-Ser nanoparticles; TPN, PLGA/DSPE-PEG-Tyr
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Systems Inc. (Minneapolis, MN, USA). Lipopolysaccharides
(LPS, O26:B6) and phorbol 12-myristate 13-acetate (PMA) were
obtained from SigmaeAldrich (USA).

2.2. Synthesis and characterization of different materials

DSPE-PEG conjugates based on dopamine (Dopa), serotonin
(Ser), or tyramine (Tyr) were defined as DSPE-PEG-Dopa, DSPE-
PEG-Ser, and DSPE-PEG-Tyr, respectively. To synthesize these
conjugates by coupling reaction, 102 mmol of Dopa$HCl,
Ser$HCl, or Tyr was dissolved in 3 mL of anhydrous N,N-dime-
thylformamide (DMF) containing 102 mmol of TEA, into which
34 mmol of DSPE-PEG-NHS was added, followed by 24 h of
reaction under the protection of nitrogen at room temperature. The
reaction mixture was purified by dialysis (molecular weight cutoff,
1000 Da) against deionized water for 24 h. The final product was
collected by freeze-drying. An antioxidant and anti-inflammatory
material (TPCD) was synthesized according to previously re-
ported methods67.

1H NMR spectra were conducted on a spectrometer operating
at 600 MHz (DD2, Agilent). Fourier-transform infrared (FTIR)
spectra were recorded on a PerkinElmer FTIR spectrometer
(100 S). UVeVis spectroscopy was recorded on a TU-1901
spectrophotometer (Beijing Purkinje General Instrument Co.,
Ltd., China).

2.3. Preparation of various nanoparticles

A modified nanoprecipitation/self-assembly method was
employed to fabricate PLGA nanoparticles (defined as PN) and
TPCD nanoparticles (defined as TN). Briefly, lecithin (6 mg) and
DSPE-PEG (9 mg) were dissolved in 0.6 mL of ethanol, into
which 15 mL of deionized water was added. The obtained mixture
was heated to 65 �C for 1 h. Then, an acetonitrile solution (5 mL)
containing 50 mg of PLGA or methanol solution (5 mL) con-
taining 50 mg of TPCD was added dropwise into the above pre-
heated aqueous solution, followed by stirring for 2 h at room
temperature. The remaining organic solvent was removed by
vacuum evaporation. Following similar procedures, PLGA or
TPCD nanoparticles based on DSPE-PEG-Dopa, DSPE-PEG-Ser,
or DSPE-PEG-Tyr were fabricated, which are defined as DPN
(PLGA/DSPE-PEG-Dopa nanoparticles), SPN (PLGA/DSPE-
PEG-Ser nanoparticles), TPN (PLGA/DSPE-PEG-Tyr nano-
particles), DTN (TPCD/DSPE-PEG-Dopa nanoparticles), STN
(TPCD/DSPE-PEG-Ser nanoparticles), and TTN (TPCD/DSPE-
PEG-Tyr nanoparticles), respectively. Similarly, Ac2-26-loaded
TPCD nanoparticles based on DSPE-PEG-Tyr (defined as ATTN)
and different nanoparticles labeled with Cy5 or Cy7.5 were
produced.

2.4. Characterization of nanoparticles

The size, size distribution, polydispersity index (PDI), and zeta
potential of different nanoparticles were examined by a Malvern
Zetasizer NanoZS instrument at 25 �C. Scanning electron mi-
croscopy (SEM) was conducted on a FIB-SEM microscope
(Crossbeam 340, Zeiss, Germany). Transmission electron micro-
scopy (TEM) was performed using a JEM-1400 PLUS microscope
(JEOL, Japan). The loading contents of FITC-Ac2-26, Cy5, or
Cy7.5 in different nanoparticles were quantified by a fluorescence
spectrophotometer (F-7000, Hitachi). In addition, the stability of
different nanoparticles in deionized water, fetal bovine serum, or
simulated gastric/intestinal fluids was determined by measuring
the particle size at 2 h after incubation.
2.5. ROS/MPO-triggerable aggregation of nanoparticles
in vitro

Various nanoparticles including PN, DPN, SPN, or TPN based on
PLGA were separately incubated with a mixed solution of H2O2

and MPO for 8 h. Then their size and PDI values were determined
by dynamic light scattering. Through similar procedures, the size
changes of PN and TPN at different concentrations were examined
upon incubation with 1 mmol/L H2O2 and 10 mg/mL MPO. In
addition, time-dependent changes in the diameter of PN and TPN
at 2.0 mg/mL was detected upon incubation with different con-
centrations of H2O2 and 10 mg/mL MPO. TEM and SEM images
of different nanoparticles, including PN, DPN, SPN, TPN, TN,
DTN, STN, and TTN, were also acquired before and after incu-
bation with H2O2 (1 mmol/L) and MPO (10 mg/mL).
2.6. Measurement of ROS-scavenging capability of TPCD

To examine the H2O2-scavenging capability of TPCD, different
concentrations of TPCD (varying from 0.5, 1.0, 2.0, 4.0,
to 8.0 mg/mL) were incubated in 2 mL of PBS containing
50 mmol/L H2O2 at 37

�C for 24 h in dark. The concentration of
remaining H2O2 was quantified by the Hydrogen Peroxide
Detection Kit (Nanjing Jiancheng Bioengineering Institute,
China), and the H2O2-scavenging capacity was calculated.

To detect the free radical-scavenging capability of TPCD,
0.1 mL of a fresh solution of DPPH $ (100 mg/mL) was incubated
in 0.2 mL of methanol containing different concentrations of
TPCD (from 0, 0.063, 0.125, 0.25, 0.5, 1.0, to 2.0 mg/mL) in dark.
Subsequently, the absorbance at 520 nm was detected via UVeVis
spectroscopy at the predetermined time points.
2.7. In vitro release tests

In brief, 10 mg of freshly fabricated FITC-Ac2-26-loaded nano-
particles were dispersed in 40 mL of PBS (0.01 mol/L, pH 7.4)
with or without 2.5 mmol/L H2O2. At predetermined time points,
1 mL of medium was withdrawn, and the same volume of medium
was supplemented. After the release medium was centrifuged at
20,000�g (Eppendorf) for 15 min, the concentration of FITC-
Ac2-26 in the supernatant was determinate by fluorescence
spectrophotometry.
2.8. Cellular uptake of nanoparticles

RAW264.7 cells (3 � 105 cells per well) or Caco-2 cells
(3 � 105 cells per well) were cultured in 12-well plates overnight.
Then, cells were incubated with Cy5-labeled various nanoparticles
at 100 mg/mL for 4 h. The cells were then washed with PBS and
harvested for flow cytometric analysis (BD FACSCelesta).

Cellular uptake of TTN aggregates was also examined in
RAW264.7 macrophages. In this case, Cy5-TN and Cy5-TTN
were pretreated with 10 mg/mL MPO and 1 mmol/L H2O2 for
0.5 h. Then the aggregated nanoparticles were collected and their
cellular internalization in RAW264.7 cells was examined by
confocal laser scanning microscopy (CLSM) after 4 h of
incubation.
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2.9. Studies on intracellular ROS generation in RAW264.7 cells

RAW264.7 cells were seeded into a 12-well plate (3 � 105 cells
per well) and cultured overnight. Then cells in experimental
groups were stimulated with PMA at 200 ng/mL, and simulta-
neously treated with 100 mg/mL TTN, 100 mg/mL ATTN (con-
taining 272 ng/mL Ac2-26), and 272 ng/mL Ac2-26 for 4 h at
37 �C, respectively. The normal control group was only treated
with medium, while cells in the model group were induced with
PMA alone. After the cells were incubated with 10 mmol/L
DCFH-DA for 25 min, fluorescence intensities were measured by
flow cytometry. For direct observation of fluorescence by confocal
microscopy, the aforementioned procedures were similarly
Figure 2 In vitro ROS/MPO-triggered aggregation of different PLGA

images (left) and size distribution profiles (right) of PN (A), DPN (B), SPN

and mean diameters of PN (E), DPN (F), SPN (G), and TPN (H) in deioni

(10 mg/mL). (I) SEM (upper) and TEM (lower) images of different nanopa

of ROS/MPO-triggered aggregation of surface-functionalized PLGA nano
performed. In this case, RAW264.7 cells were seeded in glass-
bottom cell culture dishes and cell nuclei were stained with DAPI.

2.10. In vitro anti-inflammatory activity

RAW264.7 cells were seeded into a 12-well plate (4 � 105 cells
per well) and cultured overnight. Then cells were treated with LPS
(200 ng/mL) and various nanoparticles or free Ac2-26. After 6 h
of incubation, the supernatant was collected to measure the tumor
necrosis factor (TNF)-a concentration by ELISA.

In a separate study, TN and TTNwere pretreated with 10 mg/mL
MPO and 1 mmol/L H2O2 for 0.5 h. Then the aggregated nano-
particles were collected and their effect on the expression of TNF-a
nanoparticles decorated with varied phenolic moieties. (AeD) TEM

(C), and TPN (D). Scale bars, 200 nm. (EeH) Size distribution profiles

zed water in the absence or presence of H2O2 (2.5 mmol/L) and MPO

rticles after incubation with H2O2 and MPO. (J) Schematic illustration

particles. Data are presented as mean � SE (n Z 3). *P < 0.05.



Pathologically triggerable nanoparticles for enhanced inflammation targeting 395
in LPS-stimulated RAW264.7 cells was tested after 6 h of
incubation.

2.11. Animals

All animal experiments were conducted in accordance with the
Guide for the Care and Use of Laboratory Animals recommended
by the National Institutes of Health. All procedures and experi-
mental protocols were approved by the Animal Ethics Committee
at Army Medical University (Chongqing, China). Male C57BL/6 J
mice (19e21 g) and female BALB/c mice (19e21 g) were ob-
tained from the animal center of the Army Medical University. All
animals were acclimatized for a week before further experiments.

2.12. ROS/MPO-triggerable aggregation of nanoparticles in
colonic homogenates of colitis mice

Acute colitis in C57BL/6 mice was induced by drinking water
containing 3% (w/v) DSS for 7 days. Colon tissues from colitis
mice were isolated and homogenized in cold PBS. The superna-
tant was collected after centrifugation at 12,000 rpm (Eppendorf)
for 10 min to obtain colonic homogenates. Then freshly prepared
nanoparticles (PN, DPN, SPN, or TPN) were incubated with the
colonic homogenate. At predetermined time points, the mean size
and PDI values of different nanoparticles were measured.

2.13. Stability of Ac2-26 in physiological fluids

Trypsin-containing PBS at pH 7.4 was prepared to simulate the
intestinal fluid. In addition, fluids simulating the gastrointestinal
conditions were prepared using homogenates of mouse gastroin-
testinal tissues. To this end, male C57BL/6 J mice were sacrificed,
and the stomach and colon tissues were excised. After washing
with cold PBS, the supernatant was collected after centrifugation.
On the other hand, the stomach and colon tissues were homoge-
nized in ice-cold PBS, and the obtained homogenates were
centrifuged at low temperature to collect the supernatant. Subse-
quently, 200 mL of aqueous solution containing ATTN or free
Ac2-26 was incubated at 37 �C for 2 h in 0.2 mL of various fluids,
including gastric fluid, simulated gastric fluid, simulated intestinal
fluid, colonic fluid, as well as stomachic and colonic homogenates.
Then Ac2-26 in ATTN was extracted by methanol. The contents
of Ac2-26 were quantified by high performance liquid chroma-
tography (HPLC).

2.14. Study on the distribution of nanoparticles in mice with
DSS-induced colitis

Acute colitis in C57BL/6 J mice was induced by receiving 3%
DSS supplemented in drinking water for 7 days. Various Cy7.5-
labeled nanoparticles, including Cy7.5-PN, Cy7.5-DPN, Cy7.5-
SPN, Cy7.5-TPN, Cy7.5-TN, Cy7.5-DTN, Cy7.5-STN, and
Cy7.5-TTN were separately administered by oral gavage, at the
dose of 0.04 mg of Cy7.5 in each mouse. In addition, healthy mice
were used as the normal control. At defined time points, the colon
segment and major organs (heart, liver, spleen, lung, and kidney)
were isolated for analysis. Ex vivo imaging was performed using a
living imaging system (IVIS Spectrum, PerkinElmer, USA). The
radiant efficiency was analyzed by the Living Imaging software.
In another cohort study, time-dependent tissue distribution profiles
of orally delivered Cy5-TPN in mice with DSS-induced colitis
were examined through similar procedures.

2.15. Examination on the localization of nanoparticles in the
inflamed colon by confocal microscopy

First, acute colitis was induced in mice as aforementioned. After 7
days, mice were orally administered with Cy5-PN, Cy5-DPN,
Cy5-SPN, or Cy5-TPN, respectively. After 16 h, mice were
euthanized. For confocal microscopy imaging, colonic tissues of
0.5 cm in length were isolated, embedded in Tissue-Tek O.C.T.
Compound, and frozen at �20 �C. After 7-mm cryosections were
stained with DAPI, images were taken via a Zeiss confocal
microscope.

2.16. Treatment of DSS-induced acute colitis in mice

Acute colitis in mice was induced as mentioned above. First, ef-
ficacies of TN at different doses were examined. To this end, mice
were randomly assigned into different groups. Healthy mice in the
control group were not treated, while colitis mice in the model
group were orally administered with saline. Colitis mice in the TN
groups were separately treated with TN at 9, 18, 35, 70, 140, and
280 mg/kg by oral gavage one time each day. In a separate study,
we compared therapeutic effects of TN and PN after oral
administration. In this aspect, colitis mice were randomized
to three groups: a saline-treated group, a PN-treated group (at
35 mg/kg), and a TN-treated group (at 35 mg/kg). Healthy mice in
the normal control group were untreated. In another cohort study,
animals were randomized into 4 groups: mice untreated in the
normal group (Normal), colitis mice treated with saline (Colitis),
colitis mice treated with TN at 35 mg/kg (TN), and colitis treated
with 35 mg/kg of TTN (TTN). All different formulations were
administered daily by oral gavage. To evaluate in vivo efficacies of
Ac2-26-loaded TPCD nanoparticles, colitis mice were randomly
assigned into 4 groups, which were orally treated with saline, free
Ac2-26, TTN (at 35 mg/kg), or ATTN (at 35 mg/kg), respectively.
The dose of Ac2-26 was 95.2 mg/kg for all Ac2-26-containing
formations. Healthy mice without treatment were used in the
normal control group.

Regardless of different studies, the similar procedures were
followed during and after different treatments. Behaviors of mice
were monitored every day during treatment, and changes in the
body weight were recorded. After 7 days, mice were euthanized
and different tissues and organs were excised for further analyses.

2.17. Evaluations of therapeutic effects of different
nanoparticles on colitis

After different treatments, mice were euthanized and the colons
(from the cecum to the rectum) were excised. The colon length
was measured. Then, 0.5 cm of the distal section was used for
histological assessment and immunofluorescence staining. The
rest colonic tissue was homogenized and used for quantifying the
levels of TNF-a, interleukin-1b (IL-1b), MPO, and hydrogen
peroxide. After centrifugation at 10,621�g (Eppendorf) for
10 min at 4 �C, the levels of TNF-a, IL-1b, and MPO in the su-
pernatant were measured by ELISA. The levels of hydrogen
peroxide were quantified by the Hydrogen Peroxide Detection Kit.
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The protein concentration in the supernatant was quantified by
using the BCA Protein Assay Kit (Beyotime Biotechnology).

2.18. Histological assessment

Briefly, 0.5 cm of the distal colon was fixed with 4% (v/v) buffered
formalin and paraffin-embedded. Then 7-mm thick tissue sections
were prepared and stained by hematoxylin‒eosin (H&E) or Pe-
riodic Acid-Schiff (PAS). Histological images were acquired by
optical microscopy.

2.19. Immunofluorescence analysis of colonic tissues

Sections of colonic tissues were fixed with 4% paraformaldehyde,
embedded in paraffin, blocked with 3% bovine serum albumin,
and then incubated with antibody to occludin at 4 �C overnight.
Subsequently, the slices were incubated with the secondary anti-
body of FITC-conjugated goat anti-rat IgG for 50 min at room
temperature in dark, while nuclei were stained with DAPI. Then
fluorescence observation of cryosections was conducted by
confocal microscopy.

2.20. Mini-endoscopic imaging

An endoscope video system for mice was utilized to observe the
DSS-induced colonic mucosal damage directly. After various
treatments, mice were anesthetized by isoflurane inhalation (RWD
Life Sciences, China). Endoscopic imaging was performed using a
miniature endoscope and digitally recorded via a tri-chip camera
(Karl Storz, Germany).

2.21. Flow cytometry analysis of inflammatory cells in colonic
tissues

Colonic tissues were excised, thoroughly washed, and cut into
small pieces. To remove the epithelial layer, the tissues were
incubated with HBSS containing 1 mmol/L dithiothreitol and
5 mmol/L EDTA at 37 �C for 30 min. After centrifugation, the
epithelium-containing supernatant was discarded. The remaining
tissue was washed with HBSS twice, minced into small pieces,
and further dissociated in digestion buffer containing RPMI,
1.5 mg/mL collagenase type II, 0.5 mg/mL Dispase II, and 1.2%
fetal bovine serum (FBS), followed by constant stirring at 37 �C
for 45 min. Single-cell suspensions were obtained by passing the
suspensions through 70-mm cell strainers. The cells were stained
with APC-conjugated rat anti-mouse CD11b antibody, PE-
conjugated rat anti-mouse Ly6G antibody, FITC-conjugated anti-
mouse F4/80 antibody, or isotype controls at 4 �C for 20 min.
Flow cytometric analysis was performed on a BD FACSCanto II
flow cytometer. Data were analyzed using the FlowJo v10 soft-
ware (BD Biosciences).

2.22. In vivo intestinal permeability assay

Acute colitis was induced in mice as aforementioned. After 7 days
of different treatments, mice were fasted for 4 h and then orally
administered with 0.5 mg/g of FITC-labeled dextran (3e5 kDa).
After 4 h, blood was collected and centrifuged at 10,000�g
(Eppendorf) for 10 min, and FITC fluorescence of the supernatant
was measured (with excitation wavelength at 485 nm and emis-
sion wavelength at 520 nm). The concentration of FITC-dextran
was calculated using a standard curve obtained by diluting
FITC-dextran in non-treated plasma with PBS (1:3, v/v).

2.23. In vitro anti-migration activity of Ac2-26-containing
nanoparticles in inflammatory cells

A Transwell assay was performed to examine the anti-migration
activity of Ac2-26-containing nanoparticles (i.e., ATTN). The
effect of ATTN on the migration of RAW264.7 murine macro-
phages induced by MCP-1 was first investigated. Specifically,
RAW264.7 cells (5 � 105 cells) were separately incubated with
free Ac2-26, TTN (100 mg/mL), and ATTN (100 mg/mL) on the
upper chamber. Then 0.5 mL of growth medium containing 40 ng
of MCP-1 was filled in the lower chamber. No MCP-1 and
different formulations were added in the control group, while cells
in the model group were induced with MCP-1 alone. After 24 h,
cells on the upper side of each insert were gently removed with a
cotton swab, and cells on the lower side of each insert were fixed
with 4% paraformaldehyde and stained with 0.1% crystal violet.
After staining, 5 randomly selected images of migrated cells per
high-power field (HPF, 20 � 10) were acquired and counted by
optical microscopy.

In vitro anti-migration activity of different nanoparticles was
also evaluated in activated neutrophils. To collect activated neu-
trophils, 1 mL of PBS containing thioglycollate (3.0 wt%) was
intraperitoneally (i.p.) administrated to BALB/c mice. After 4 h,
mice were euthanized and 5 mL of sterile PBS was injected into
the peritoneal cavity. Then peritoneal exudates/lavage containing
neutrophils (>90%) was collected and the suspension was
centrifuged at 1680 rpm (Eppendorf) for 10 min. Subsequently,
the isolated activated neutrophils (5 � 105 cells) were treated with
free Ac2-26, TTN (100 mg/mL), or ATTN (100 mg/mL). In the
positive control group, no formulations were added. The lower
chamber was filled with 0.5 mL of growth medium containing
10% FBS. After 1 h of incubation, 5 images of migrated cells in
the lower chamber were captured and counted by optical
microscopy.

2.24. Liver targeting of ROS-triggerable nanoparticles in mice
with APAP-induced hepatic injury

Male C57BL/6 J mice were fasted for 15 h before experimenta-
tion. Then mice were i.p. injected with acetaminophen (APAP) at
200 mg/kg. At 6 h after stimulation with APAP, Cy5-labeled
nanoparticles including Cy5-PN, Cy5-DPN, Cy5-SPN, Cy5-TPN,
Cy5-TN, or Cy5-TTN were i.v. administered at 0.5 mg/kg of Cy5.
Healthy mice in the control group received saline alone. After
16 h, livers, blood samples, and other major organs (including the
heart, spleen, lung, and kidney) were isolated and imaged on an
IVIS Spectrum system. The radiant efficiency was analyzed by the
Living Imaging software. In another study, time-dependent blood
and liver distribution profiles of i.v. delivered Cy5-PN or Cy5-
TPN in mice with APAP-induced hepatic injury were examined
through similar procedures.

2.25. Therapeutic effects of different nanoparticles in the
treatment of APAP-induced hepatic injury

APAP-induced hepatic injury in mice was established as above
mentioned. The injured mice were randomly divided into 3
groups. After 6 h, mice were i.v. injected with saline, TN (at
0.5 mg/kg), and TTN (at 0.5 mg/kg), respectively. Healthy mice in
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the normal group received saline alone. At 16 h after different
treatments, mice were euthanized. A part of the liver tissue was
fixed with paraformaldehyde for histopathological analysis. The
remaining liver tissue was homogenized in cold PBS and then
centrifuged at 10,621�g at 4 �C for 10 min. The supernatant was
collected for quantification of the levels of H2O2, MPO, TNF-a,
and IL-1b. Major organs including the heart, spleen, lung and
kidney were isolated and histopathological sections were prepared
and stained with H&E.

For apoptosis analysis, tissue sections of livers were fixed with
4% paraformaldehyde, embedded in paraffin, treated with protease
K (G1205, Servicebio), permeabilized with 0.1% Triton, and
stained with terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL, G1501, Servicebio) for immunofluorescence
analysis.

2.26. Lung targeting of ROS-triggerable nanoparticles in mice
with LPS-induced acute lung injury

Female BALB/c mice were subjected to intratracheal inoculation
with 50 mL of PBS containing LPS at 1.0 mg/mL to induce acute
lung injury (ALI). At 0.5 h after stimulation with LPS, Cy5-
labeled nanoparticles including Cy5-PN, Cy5-DPN, Cy5-SPN,
and Cy5-TPN were i.v. administered at 0.5 mg/kg of Cy5. Healthy
mice in the control group were treated by i.v. injection of saline.
After 16 h, the lung and other major organs as well as blood
samples were collected for ex vivo imaging with an IVIS Spectrum
system.

2.27. ROS/MPO-triggered aggregation of nanoparticles in lung
and liver homogenates

Lung tissues from mice with LPS-induced ALI were isolated and
homogenized in cold PBS. The supernatant was collected after
centrifugation at 12,000 rpm (Eppendorf) for 10 min to obtain
lung homogenates. The liver homogenate was prepared using the
liver collected from mice with APAP-induce acute liver injury.
Then freshly prepared nanoparticles (PN or TPN) were separately
incubated with the lung or liver homogenate. After 2 h, the mean
diameter of different nanoparticles was measured.

2.28. Acute toxicity evaluation of TTN

Male C57BL/6 J mice were randomly divided into three groups
(n Z 5). TTN was orally administered at 175 or 350 mg/kg for 7
days, while mice in the control group were given saline by oral
gavage. The body weight of mice and their behaviors were
monitored each day. On Day 14, animals were euthanized, and
blood samples were collected for hematological analysis. The
major organs including the heart, liver, spleen, lung, kidney,
stomach, and intestine were excised and weighed. Histological
sections were prepared and stained with H&E.

2.29. Statistical analysis

All data are presented as mean � standard error of the mean (SE).
Statistical analyses were performed with the software of SPSS20.0
using independent-samples t-test for experiments with two groups,
and one-way ANOVA for experiments consisting of more than
two groups. A value of P < 0.05 was assessed as statistically
significant.
3. Results and discussion

3.1. Engineering of PLGA nanoparticles with different phenolic
coatings

As previously demonstrated, phenolic compounds can be poly-
merized in the presence of H2O2 and relevant catalytic en-
zymes56,58,60. To develop nanoparticles with ROS-triggered
polymerizable or clustering capability, three representative
phenolic compounds including dopamine (Dopa), serotonin (Ser),
and tyramine (Tyr) were used as functional moieties due to their
broad availability, good safety, and easy conjugation (Supporting
Information Fig. S1). Specifically, Dopa, Ser, and Tyr were
separately conjugated with 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[hydroxysuccinimide (polyethylene
glycol)-2000] (DSPE-PEG-NHS) to afford three DSPE-PEG de-
rivatives DSPE-PEG-Dopa, DSPE-PEG-Ser, and DSPE-PEG-Tyr,
respectively. The successful synthesis of different DSPE-PEG
derivatives was confirmed by 1H NMR and Fourier-transform
infrared (FTIR) spectroscopy (Supporting Information Fig. S2).

Then nanoparticles with various phenolic coatings were con-
structed based on PLGA, a Food and Drug Adiminitration (FDA)-
approved biodegradable polymer, by a modified nanoprecipitation/
self-assembly method48. PLGA nanoparticles prepared in the
presence of DSPE-PEG, DSPE-PEG-Dopa, DSPE-PEG-Ser, and
DSPE-PEG-Tyr are defined as PN, DPN, SPN, and TPN,
respectively (Fig. 1B). For the obtained nanoparticles, examina-
tion by transmission electron microscopy (TEM) and dynamic
light scattering (DLS) showed spherical morphology with a nar-
row size distribution, regardless of their different surface phenolic
coatings (Fig. 2AeD). The average diameter was 173 � 1,
178 � 1, 190 � 3, and 165 � 0.3 nm for PN, DPN, SPN, and TPN,
respectively.

3.2. In vitro ROS/MPO-triggered aggregation of different PLGA
nanoparticles

To examine whether PLGA nanoparticles with different phenolic
coatings exhibit inflammation/oxidative stress-triggered clustering
or aggregation behaviors, their size changes were evaluated after
incubation in buffers containing ROS/MPO, since these oxidative/
pro-inflammatory mediators are generally highly expressed during
inflammatory responses. The hydrodynamic diameter of PN was
almost unchanged after incubation with H2O2 and MPO,
compared to that in deionized water (Fig. 2E). By contrast, the
diameter of DPN, SPN, and TPN (at 2.0 mg/mL) significantly
increased after incubation with H2O2 and MPO (Fig. 2FeH),
which was 229 � 3, 265 � 3, and 425 � 14 nm, respectively. This
indicated clustering or aggregation of PLGA nanoparticles with
phenolic coatings. Moreover, we found that the diameter of TPN
was positively correlated with the concentration of H2O2 and
nanoparticles (Supporting Information Fig. S3). Even at a rela-
tively low concentration of 0.2 mg/mL, a significant increase in
the diameter of TPN was still observed after incubation with
1 mmol/L H2O2 and 10 mg/mL MPO. By contrast, the diameter of
PN was almost unchanged under various conditions. Further
observation by scanning electron microscopy (SEM) and TEM
confirmed H2O2/MPO-triggered aggregation of PLGA nano-
particles with phenolic functionalization (Fig. 2I). In this case,
notable clustering and assembly of DPN, SPN, and TPN were
observed, while PN and phenolic compound-functionalized PLGA
nanoparticles before incubation remained well-dispersed, showing
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spherical single nanoparticles (Supporting Information Fig. S4).
Accordingly, PLGA nanoparticles with surface phenolic moieties
can be effectively triggered by the inflammatory microenviron-
ment to form nanoparticle assemblies. According to previous
studies, ROS in combination with peroxidases can mediate
oxidation of phenolic moieties (such as tyrosine and dopa-
mine)56,65,66, thereby resulting in polymerization by proton-
coupled electron transfer reactions. Mechanistically, H2O2/MPO-
mediated assembly of DPN, SPN, or TPN can be attributed to the
oxidization of phenolic groups on the surface of these nano-
particles, and the produced free radicals on different nanoparticles
will be oligomerized or polymerized to form large aggregates
(Fig. 2J).

3.3. In vivo amplified accumulation of phenolic compound-
functionalized nanoparticles at the inflamed colon by ROS/MPO-
triggered aggregation

Subsequently, in vivo studies were performed to validate whether
ROS/MPO-triggered aggregation of PLGA nanoparticles can
Figure 3 Enhanced targeting capability to inflammatory and oxidative

nanoparticles. (A) Schematic illustration of treatment regimens. (B) Ex

fluorescence intensities in colonic tissues from colitis mice at 16 h after o

Fluorescence images of cryosections indicating the accumulation of differe

DSS-induced colitis at 16 h after oral administration. Nuclei were labeled w

(D), DPN (E), SPN (F), and TPN (G) after incubation with colonic homoge

mean � SE (n Z 3). *P < 0.05.
enhance their accumulation in inflammatory and oxidative tissues.
In view of the pivotal role of ROS-mediated oxidative stress in the
pathogenesis of inflammatory bowel disease (IBD)27, we first
examined the accumulation of various fluorescent-labeled PLGA
nanoparticles at the injury site of the inflamed colon. Colitis in
mice was induced by oral administration of dextran sulfate sodium
(DSS) in drinking water for 7 days (Fig. 3A)28. At 16 h after oral
administration, ex vivo imaging showed significantly higher
fluorescent signals in colons from mice delivered with Cy7.5-
DPN, Cy7.5-SPN, and Cy7.5-TPN, as compared to those from
Cy7.5-PN-treated mice (Fig. 3B). Nevertheless, three phenolic
moiety-coated nanoparticles showed comparable distribution in
the inflamed colon. Moreover, phenol-decorated PLGA nano-
particles displayed slightly increased distribution in typical major
organs, such as the heart, liver, spleen, lung, and kidneys, which
should be attributed to the enhanced absorption in the intestine
(Supporting Information Fig. S5). Further fluorescence examina-
tion also revealed the enhanced targeting capability of DPN, SPN,
and TPN to the inflamed colon, with more significant fluorescence
in the Cy5-TPN group (Fig. 3C). Consistent with these results, the
tissues by in-situ triggered aggregation of different functional PLGA

vivo fluorescence images (left) and quantitative analysis (right) of

ral administration of different Cy7.5-labeled PLGA nanoparticles. (C)

nt Cy5-labeled PLGA nanoparticles in the colonic tissues of mice with

ith DAPI. Scale bars, 100 mm. (DeG) Changes in the diameter of PN

nates of colitis mice for different periods of time. Data are presented as
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mean diameter of different phenol-decorated PLGA nanoparticles
notably increased after incubation with colonic homogenates of
colitis mice for different time periods, while the PN group only
exhibited slight changes (Fig. 3DeG). Of note, PN and TPN
displayed good colloidal stability and showed comparable diam-
eter in the simulated gastric and intestinal fluids (Supporting
Information Fig. S6), which could not affect ROS/MPO-
triggered aggregation of functionalized nanoparticles. This sug-
gested that both PN and TPN are stable under normal physio-
logical conditions of the gastrointestinal tract, mainly due to the
presence of peripheral PEG chains on nanoparticles that can
considerably prevent adhesion and binding of biomolecules by a
hydration effect. In a separate study, we found that the colonic
accumulation of orally delivered Cy5-TPN can maintain for at
Figure 4 Engineering of functionalized TPCD nanoparticles and enhanc

illustration of various TPCD nanoparticles. (BeE) Representative TEM im

STN (D), and TTN (E). Scale bars, 200 nm. (F and G) Ex vivo fluoresc

intensities of different Cy7.5-labeled TPCD nanoparticles in colonic tissue

PEG nanoparticles; DTN, TPCD/DSPE-PEG-Dopa nanoparticles; STN

nanoparticles. Data are presented as mean � SE (G, n Z 5). *P < 0.05,
least 36 h in mice with DSS-induced colitis (Supporting
Information Fig. S7). The enhanced accumulation and retention
of TPN should be mainly due to the aggregation of Tyr-
functionalized nanoparticles at the inflammatory sites upon trig-
gering by ROS/MPO.

Based on the above promising results, we investigated whether
phenol-decorated nanoparticles derived from other materials also
display enhanced targeting to inflamed sites. To this end, a
bioactive material (i.e., TPCD) was first synthesized by sequen-
tially conjugating Tempol and phenylboronic acid pinacol ester
onto b-CD67, which was confirmed by FTIR and 1H NMR spec-
troscopy (Supporting Information Fig. S8A and S8B). Calculation
based on the 1H NMR spectrum suggested that each TPCD
molecule contains approximately 2 Tempol and 5 phenylboronic
ed targeting capability to colonic tissues of colitis mice. (A) Schematic

ages (left) and size distribution profiles (right) of TN (B), DTN (C),

ence images (F) and quantitative analysis (G) showing fluorescence

s of colitis mice at 16 h after oral administration. TN, TPCD/DSPE-

TPCD/DSPE-PEG-Ser nanoparticles; TTN, TPCD/DSPE-PEG-Tyr

**P < 0.01.
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acid pinacol ester (PBAP) moieties. As expected, TPCD can
efficiently eliminate different ROS, such as H2O2 and free radical
(Fig. S8C and S8D). TPCD nanoparticles with various phenolic
moieties were also prepared by the aforementioned
nanoprecipitation/self-assembly method, using DSPE-PEG,
DSPE-PEG-Dopa, DSPE-PEG-Ser, and DSPE-PEG-Tyr, and the
obtained nanoparticles are termed as TN, DTN, STN, and TTN,
respectively (Fig. 4A). All TPCD-derived nanoparticles were
spherical in shape, with the mean diameter of 96 � 3, 95 � 2,
82 � 1, and 86 � 2 nm, respectively (Fig. 4BeE). Similarly,
observation by SEM and TEM confirmed H2O2/MPO-triggered
aggregation of TPCD nanoparticles with phenolic functionaliza-
tion (Supporting Information Fig. S9). In this aspect, DTN, STN,
and TTN showed remarkable clustering and assembly after incu-
bation with H2O2 and MPO, while TN and functionalized TPCD
nanoparticles before incubation were well-dispersed single parti-
cles. Then the accumulation of Cy7.5-labeled various TPCD
nanoparticles at the injury site was examined in mice with DSS-
induced colitis. Whereas fluorescence was detected for all
TPCD nanoparticles at 16 h after oral administration, significantly
high fluorescent signals were found in inflamed colons from
Cy7.5-DTN and Cy7.5-TTN groups, as compared to that of the
Cy7.5-TN group (Fig. 4F and G). In this case, the highest accu-
mulation was observed for Cy7.5-TTN, i.e., the Tyr-coated TPCD
nanoparticles. The colonic distribution performance of TPCD
nanoparticles is different from that of PLGA nanoparticles.
Whereas in vivo tissue distribution profiles of different nano-
particles are largely determined by their size and surface chem-
istry, the attributes of carrier materials may also affect the in vivo
fate of nanoparticles based on bioresponsive materials, mainly by
inducing changes in their physicochemical properties. TPCD
nanoparticles themselves can scavenge ROS and target inflam-
matory tissues, which may affect the local pathophysiological
microenvironment, thereby changing the tissue distribution per-
formance of different TPCD nanoparticles with various surface
coatings. As for PLGA nanoparticles, the core-forming material
does not affect the related microenvironment, and therefore their
Figure 5 Enhanced accumulation of ROS/MPO-triggerable nanoparticle

injury and acute lung injury. (A and B) Ex vivo fluorescence images (A) an

labeled PLGA nanoparticles accumulated in the livers of mice with APAP

Ex vivo fluorescence images (C) and quantification (D) of Cy5-TPN accum

16 h after i.v. administration. (E and F) Typical ex vivo fluorescence ima

different Cy5-labeled PLGA nanoparticles in the lungs of mice with LPS-

Ex vivo fluorescence images (G) and quantitative analysis (H) of the lungs

treatment with Cy5-TPN. Data are presented as mean � SE (n Z 3). *P
biodistribution is mainly dominated by surface chemistry. In
addition to kidneys, almost similar distribution profiles in the
heart, liver, spleen, and lung were observed (Supporting
Information Fig. S10). In addition, ROS-responsive hydrolysis
of TPCD nanoparticles can generate phenylboronic moieties that
have high binding interactions with diol-containing biomolecules,
thereby further promoting their accumulation at the inflammatory
tissues. Together, these results unequivocally substantiated that
orally delivered phenol-decorated nanoparticles derived from
different carrier materials can more efficiently target the inflamed
colon than nanoparticles with the PEG coating alone.

3.4. Amplified accumulation of phenol-functionalized
nanoparticles in the injured liver/lung

Subsequently, we tested in vivo ROS/MPO-triggered accumulation
of phenol-decorated PLGA nanoparticles in an inflammatory
model of acute liver injury. Mice with acute liver injury were
induced by acetaminophen (APAP)62. Whereas all Cy5-labeled
PLGA nanoparticles showed notable accumulation in the injured
liver after intravenous (i.v.) administration, phenol-coated nano-
particles (Cy5-DPN, Cy5-SPN, and Cy5-TPN) exhibited signifi-
cantly higher fluorescent signals than that of Cy5-PN (Fig. 5A and
B). Of note, Cy5-TPN showed the highest distribution in the
injured liver. Nevertheless, Cy5-PN and Cy5-TPN displayed a
similar pharmacokinetic profile in the blood (Supporting
Information Fig. S11A). Consistently, the comparable diameter
was found for PN and TPN after incubation in serum for 2 h
(Fig. S11B). In addition, we found remarkably higher accumula-
tion of Cy5-TPN in the injured liver than that of the healthy liver
(Fig. 5C and D). Moreover, Cy5-TPN could be retained in the
inflammatory liver for more than 48 h (Fig. S11C).

Further studies were performed to evaluate targeting efficiency
of phenol-decorated PLGA nanoparticles in mice with lipopoly-
saccharide (LPS)-induced acute lung injury (ALI). It is worth
noting that ALI is characterized by neutrophil-mediated inflam-
mation, with the most severe symptom of acute respiratory distress
s in oxidative and inflammatory organs in mouse models of acute liver

d quantification (B) showing fluorescence intensities of different Cy5-

-induced acute liver injury at 16 h after i.v. administration. (C and D)

ulated in the livers of healthy mice or mice with acute liver injury at

ges (E) and quantitative analysis (F) illustrating the accumulation of

induced acute lung injury at 16 h after i.v. administration. (G and H)

isolated from healthy mice or mice with acute lung injury at 16 h after

< 0.05, **P < 0.01, ***P < 0.001.
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syndrome, thereby frequently leading to significant morbidity and
mortality68. Consistent with the findings based on acute colitis and
liver injury models, phenol-decorated PLGA nanoparticles dis-
played considerably higher accumulation in the injured lung than
Cy5-PN, after i.v. delivery (Fig. 5E and F). Compared to Cy5-
DPN or Cy5-SPN, Cy5-TPN showed a more desirable targeting
effect. In addition, ex vivo imaging revealed a significantly higher
accumulation of Cy5-TPN in the lung isolated from ALI mice
than that from normal mice at 16 h after i.v. injection (Fig. 5G and
H). In support of the enhanced accumulation in the injury liver and
lung, we found that the diameter of TPN notably increased after
2 h of incubation with tissue homogenates of the liver or lung
isolated from diseased mice, while PN only exhibited slight
changes (Supporting Information Fig. S12).

In combination with the finding based on the colitis model, we
can conclude that functionalization of nanoparticles with phenolic
moieties (in particular Tyr) enables significant amplification of
their targeting efficiency in different tissues/organs with inflam-
mation and/or oxidative stress, resulting from ROS/MPO-induced
oxidation and aggregation of functionalized nanoparticles. This
pathologically triggerable aggregation effect enhanced the accu-
mulation and prolonged the retention of nanoparticles at
Figure 6 Therapeutic effects of TN and PN on DSS-induced acute ulce

(B), and size distribution (C) of TN. (DeF) Schematic illustration (D), TEM

schematic diagram of the treatment protocols. (H) Changes in the body wei

ns (no significance) versus the colitis group. (I and J) Representative digital

different treatments. Scale bars, 10 mm. (KeN) The expression levels of M

healthy or colitis mice treated with different formulations. (O) H&E-staine

(H, JeN) are presented as mean � SE (H, J, n Z 7; KeN, n Z 6e7). *
inflammatory sites, and therefore led to improved inflammatory
tissue targeting capability. As for Tyr, it may cross-link with
tyrosine residues, which are abundant in biological tissues, under
inflammatory conditions, thereby further enhancing bio-adhesion
and retention effects. Whereas only three representative phenolic
compounds were examined in this study, we can reasonably
speculate that other synthetic and natural phenolic compounds
(such as gallic acid, catechin, epigallocatechin gallate, tannic acid,
and caffeic acid) should also exhibit ROS-triggered polymerizable
capability, since peroxidase/ROS-mediated oxidation is universal
for many phenolic groups. In view of the prominent targeting
effect of Tyr-decorated nanoparticles, they were employed in the
following experiments to demonstrate the therapeutic advantages.

3.5. Therapeutic effects of TPCD nanoparticles in DSS-induced
acute colitis mice

Our previous studies demonstrated that TPCD nanoparticles (TN)
can serve as bioactive nanotherapies to prevent and treat acute/
chronic inflammatory diseases, such as acute liver/lung injury and
atherosclerosis67. To substantiate whether Tyr-decoration can in-
crease in vivo efficacy of TN for the treatment of diseases related
rative colitis in mice. (AeC) Schematic illustration (A), TEM image

image (E), and size distribution (F) of PN. Scale bars, 200 nm. (G) A

ght of mice during 7 days of treatment. *P < 0.05, ***P < 0.001, and

photos (I) and quantified lengths (J) of colonic tissues from mice after

PO (K), H2O2 (L), TNF-a (M), and IL-1b (N) in colonic tissues from

d histological sections of colonic tissues. Scale bars, 100 mm. Data in

P < 0.05, **P < 0.01, ***P < 0.001; ns, no significance.



402 Qiang Nie et al.
to inflammation and oxidative stress, we first interrogated thera-
peutic effects of TN in DSS-induced acute colitis. Treatment was
conducted by daily oral administration of TN at 9, 18, or 35 mg/kg
for 7 Days in colitis mice, to explore doseeresponse effects. Mice
in the model group showed significant weight loss and decreased
colon length, compared to those of normal mice (Supporting
Information Fig. S13A and S13C). Whereas treatment with 9 or
18 mg/kg TN showed no beneficial effects, TN at 35 mg/kg
afforded beneficial results, in comparison to the colitis group.
Also, DSS-treated mice had remarkably increased levels of
oxidative stress-related mediators (MPO and H2O2) and pro-
inflammatory cytokines, such as TNF-a and IL-1b, as compared
to normal mice. By contrast, treatment with TN at 35 mg/kg
resulted in much lower levels of MPO, H2O2, TNF-a, and IL-1b
(Fig. S13D and S13G). Further examination of Hematoxylin and
Eosin (H&E)-stained histological sections revealed severe
epithelial disruption and notable inflammatory cell infiltration in
Figure 7 Potentiated therapeutic effects of Tyr-functionalized TPCD

Schematic (A) and a typical TEM image (B) of TTN. (C) Treatment regim

course. **P < 0.01 and ***P < 0.001 versus the colitis group. (E and F) Di

after different treatments. Scale bars, 10 mm. (GeJ) The levels of MPO (G

healthy or colitis mice after treatment with different formulations. (K) H&

All quantitative data are presented as mean � SE (D, F, n Z 6; GeJ, n Z
the colon isolated from colitis mice (Fig. S13H). Treatment by
various doses of TN attenuated colonic injuries to different de-
grees, and the best effect was achieved by TN at 35 mg/kg.
Furthermore, we screened the optimal dosage of TN for the
treatment of acute colitis in mice. In this case, different doses of
TN at 35, 70, 140, or 280 mg/kg were examined. Treatment with
TN at these doses effectively alleviated colitis, as implicated by
reduced weight loss, improved colon length, attenuated expression
of inflammatory and oxidative mediators, and less colonic tissue
damage (Supporting Information Fig. S14). Nevertheless, TN at
doses higher than 35 mg/kg did not afford additionally enhanced
therapeutic benefits, as compared to 35 mg/kg. Accordingly, TN at
35 mg/kg was employed in further studies.

To confirm that the anti-colitis activity of TN is contributed by
TPCD, we compared therapeutic effects of TN and PN at 35 mg/
kg. Both TN and PN examined were spherical nanoparticles with
narrow size distributions (Fig. 6AeF). Acute colitis in mice was
nanoparticles in mice with DSS-induced acute colitis. (A and B)

ens. (D) Changes in the body weight of mice during a 7-day treatment

gital photos (E) and quantified lengths (F) of colonic tissues from mice

), H2O2 (H), TNF-a (I), and IL-1b (J) in colonic tissues isolated from

E-stained histological sections of colonic tissues. Scale bars, 100 mm.

5). *P < 0.05, **P < 0.01, ***P < 0.001.



Figure 8 In vivo therapeutic effects of TTN in mice with APAP-induced acute liver injury. (AeD) The serum levels of TBil (A), DBil (B), ALT

(C), and AST (D) for normal or diseased mice after different treatments. (EeH) The expression levels of H2O2 (E), MPO (F), TNF-a (G), and IL-

1b (H) in the liver tissues isolated from mice treated with different formulations. (I) H&E-stained histological sections of liver tissues resected

from mice subjected to different treatments. The lower panel shows high-resolution images. Scale bars, 100 mm (upper), 25 mm (lower). (J)

Immunofluorescence images of liver sections stained with TUNEL. Nuclei were stained with DAPI. Scale bars, 100 mm. TBil, total bilirubin;

DBil, direct bilirubin; ALT, alanine aminotransferase; AST, aspartate transaminase. Data are presented as mean � SE (n Z 5). *P < 0.05,

**P < 0.01, ***P < 0.001; ns, no significance.
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also induced by DSS and simultaneously treated with different
formulations for 7 Days (Fig. 6G). On Day 8, TN-treated mice
showed less weight loss and longer colon length in comparison to
the saline-treated group (Fig. 6HeJ). Also, the expression levels
of MPO and H2O2 were markedly suppressed by treatment with
TN (Fig. 6K and L). In addition, TN significantly decreased the
levels of typical proinflammatory cytokines TNF-a and IL-1b
(Fig. 6M and N). Therapy with PN, however, afforded no thera-
peutic benefits. Consistently, inspection on H&E-stained sections
of colonic tissues revealed severe inflammation with loss of crypt
structure, depletion of goblet cells, and extensive neutrophil
infiltration in diseased mice, which were greatly improved after
treatment with TN, but not PN (Fig. 6O).

Collectively, these results demonstrated that TN can serve as
an effective nanotherapy for the treatment of colitis by oral de-
livery. Therapeutic effects of TN were mainly achieved by sup-
pressing local inflammation and attenuating oxidative stress in the
inflamed colon.
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3.6. Potentiated in vitro and in vivo biological activities of TN
by Tyr decoration

We then investigated whether decoration of TN with phenolic
moieties can enhance its bioactivities. Since the aforementioned
results indicated more desirable inflammation-targeting capability
of Tyr-functionalized nanoparticles, Tyr-decorated TPCD nano-
particles (i.e., TTN) were employed in the following studies,
which were also prepared by nanoprecipitation/self-assembly
(Fig. 7A and B). First, flow cytometric quantification suggested
that Cy5-labeled TTN (i.e., Cy5-TTN) exhibited significantly
higher cellular uptake in both Caco-2 human epithelial cells and
RAW264.7 murine macrophages, as compared to Cy5-labeled TN
(Cy5-TN) (Supporting Information Fig. S15A and S15B). Corre-
spondingly, TTN more effectively reduced the expression of TNF-
a in LPS-stimulated macrophages than TN (Fig. S15C). Also,
TTN suppressed phorbol myristate acetate (PMA)-induced ROS
generation in macrophages to a much better extent than TN (Fig.
S15D and S15E). In view of MPO/ROS-induced aggregation of
TTN in the inflammatory microenvironment, we further examined
whether TTN aggregates can be efficiently internalized by mac-
rophages. Whereas MPO/ROS pretreatment showed no consider-
able effects on internalization of Cy5-TN in macrophages, notably
enhanced cellular uptake was found for Cy5-TTN after pre-
incubation with MPO and H2O2 (Supporting Information
Fig. S16), as implicated by remarkably enhanced intracellular
fluorescence. Correspondingly, MPO/ROS-pretreated TTN more
significantly reduced the expression of TNF-a in LPS-stimulated
macrophages than pristine TTN (Supporting Information
Fig. S17). Collectively, these results substantiated that Tyr
Figure 9 Engineering of a peptide Ac2-26 nanotherapy based on TTN.

ATTN). (B and C) A typical TEM image (B) and size distribution (C) of AT

without 2.5 mmol/L H2O2. (EeJ) Chemical stability of Ac2-26 in ATTN
decoration can significantly increase cellular uptake as well as
anti-oxidative and anti-inflammatory activities of TN.

Subsequently, in vivo efficacies of two nanotherapies TN and
TTN were compared in mice with DSS-induced acute colitis
(Fig. 7C). Consistent with the enhanced biological activities
in vitro, TTN at 35 mg/kg more significantly inhibited the weight
loss and reduction of colon length (Fig. 7DeF), as compared to
TN. Likewise, the lowest levels of MPO, H2O2, TNF-a, and IL-1b
in the colonic tissues were detected in the TTN group (Fig. 7GeJ).
Moreover, the colon injury was notably alleviated by TTN treat-
ment (Fig. 7K). It is worth noting that the efficacious discrepancy
of TN between this and aforementioned experiments should be
owing to different batches of model animals.

Encouraged by the above results, we further examined ther-
apeutic effects of TTN in mice with acute liver injury. First, the
enhanced liver targeting capability of TTN was validated. At
16 h after i.v. injection of Cy5-TTN in mice with or without
APAP-induced acute liver injury, ex vivo imaging showed
significantly higher fluorescent signals in the isolated livers from
diseased mice than those of healthy mice (Supporting
Information Fig. S18). Moreover, the fluorescent intensity of
Cy5-TTN was 1.9-fold higher than that of Cy5-TN in the in-
flammatory liver. These results demonstrated the enhanced tar-
geting capacity of TPCD nanoparticles after Tyr decoration,
largely resulting from inflammation-triggered aggregation. This
finding is consistent with that based on PLGA nanoparticles.
Then in vivo efficacies of TTN were assessed after i.v. admin-
istration at 6 h after APAP challenge in mice. TTN treatment
significantly reduced the expression levels of total bilirubin
(TBil), direct bilirubin (DBil), alanine aminotransferase (ALT),
(A) Schematic illustration of preparation of Ac2-26-loaded TTN (i.e.,

TN. (D) In vitro release profiles of Ac2-26 from ATTN in PBS with or

after incubation in different simulated gastric or intestinal fluids.



Figure 10 In vivo therapeutic effects of ATTN in mice with DSS-induced acute colitis. (A) Treatment regimens. (B) Changes in the body

weight of mice during 7 days of treatment. ***P < 0.001 and ns (no significance) versus the colitis group. (C and D) Representative digital photos

(C) and quantified lengths (D) of colons isolated from mice subjected to different treatments. Scale bars, 10 mm. (EeH) The levels of H2O2 (E),

MPO (F), TNF-a (G), and IL-1b (H) in colonic tissues. (I) Representative mini-endoscopic photos of colons from mice on Day 8 after different

treatments. (J) H&E-stained histological sections of colonic tissues. Scale bars, 100 mm. All data are presented as mean � SE (B, D, nZ 6; EeH,

n Z 5). *P < 0.05, **P < 0.01, ***P < 0.001; ns, no significance.
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and aspartate transaminase (AST), which are typical biomarkers
relevant to liver function (Fig. 8AeD). Also, notably decreased
hepatic levels of H2O2, MPO, TNF-a, and IL-1b were detected
for the TTN group, while TN showed relatively low effects
(Fig. 8EeH). In addition, examination on H&E-stained liver
sections revealed significant cell death and vacuolization of
hepatocytes, considerable injury/necrosis of sinusoidal endo-
thelial cells, and massive inflammatory cell infiltration in the
model group (Fig. 8I), which are typical pathological changes
for acute liver injury69. While TN treatment partly alleviated
liver injury, more efficacious effects were achieved by TTN.
Compared to mice in the APAP group, mice treated with TN or
TTN exhibited much less hepatocellular necrosis and apoptosis
as illustrated by the terminal deoxynucleotidyl transferase dUTP
nick-end labeling (TUNEL) assay (Fig. 8J). Furthermore, in-
spection of H&E-stained histological sections of other major
organs, including the heart, spleen, lung, and kidney, showed no
distinguishable injuries in TTN-treated groups (Supporting
Information Fig. S19), indicating good safety performance of
TTN after i.v. delivery. This is consistent with the fact that
TPCD can be hydrolyzed under physiological conditions and
produce biocompatible compounds that will be easily excreted
through the kidneys.
In line with in vitro cell culture studies, these in vivo results
substantiated that peripheral functionalization with phenolic
moieties can notably enhance therapeutic effects of TPCD nano-
particles for targeted therapy of diseases associated with acute
inflammation and oxidative stress. The potentiated efficacy is
mainly due to enhanced targeting via inflammation-triggered in-
situ aggregation of phenol-coated nanoparticles.

3.7. Engineering of a pro-resolving peptide nanotherapy based
on TTN for targeted treatment of colitis

According to the above encouraging findings, we reasonably hy-
pothesize that TTN can serve as a bioactive and targeting nano-
platform for site-specific delivery of molecular therapeutics to
treat inflammatory diseases. Previous studies demonstrated that a
pro-resolving peptide Ac2-26 can effectively alleviate different
acute and chronic inflammatory diseases, by promoting resolution
of inflammation70,71. As a proof of concept, Ac2-26 was employed
as a model drug to formulate Ac2-26-containing TTN nano-
particles (i.e., ATTN), which were also prepared by the afore-
mentioned nanoprecipitation/self-assembly method (Fig. 9A)27.
ATTN showed well-defined spherical shape and narrow size dis-
tribution (Fig. 9B and C). In vitro tests showed rapid release of



Figure 11 ATTN treatment promoted in vivo epithelial wound healing and attenuated infiltration of inflammatory cells. (A) Immunofluo-

rescence analysis of the expression of occludin (green fluorescence) in colonic tissues from mice after different treatments. Scale bars, 200 mm.

(B) PAS-stained histological sections of colonic tissues. Scale bars, 100 mm. (C and D) Flow cytometric analysis of CD11bþF4/80þ macrophages

(C) and CD11bþLy6Gþ neutrophils (D) in colonic tissues of mice with DSS-induced acute colitis and after 7 days of different treatments. In both

cases, the left panel shows representative flow cytometric profiles, while the right panel indicates quantitative results. Data in (C and D) are

presented as mean � SE (n Z 5). *P < 0.05, **P < 0.01, ***P < 0.001.
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Ac2-26 from ATTN in PBS containing H2O2, due to ROS-
sensitive hydrolysis of TPCD (Fig. 9D)67. High-performance
liquid chromatography (HPLC) analysis indicated that Ac2-26
encapsulated in ATTN could be clearly detected after incubation
with different simulated gastric or intestinal fluids for 2 h at 37 �C,
while free Ac2-26 was completely degraded in all the examined
solutions (Fig. 9EeJ). These results demonstrated that TTN can
protect Ac2-26 from degradation or hydrolysis in harsh gastroin-
testinal conditions after oral administration.

Subsequently, we examined in vitro biological activities of
ATTN in macrophages. Compared to TTN and free Ac2-26,
ATTN more significantly decreased TNF-a secretion induced by
LPS and more effectively suppressed ROS generation induced by
PMA in macrophages (Supporting Information Fig. S20). More-
over, ATTN significantly inhibited migration of monocyte che-
moattractant protein (MCP)-1-induced macrophages and activated
peritoneal neutrophils (Supporting Information Fig. S21). Further,
therapeutic effects of ATTN were evaluated in mice with DSS-
induced acute colitis (Fig. 10A). Compared with free Ac2-26
and TTN, ATTN treatment more significantly inhibited DSS-
induced weight loss and shortening of colon length
(Fig. 10BeD). Also, therapy with ATTN more remarkably
suppressed the expression levels of H2O2, MPO, TNF-a, and IL-
1b in the colon tissues (Fig. 10EeH). Additionally, mini-
endoscopic imaging and histopathological evaluation showed
significantly less inflammation, a smaller number of ulcers, and
decreased colonic mucosa damage in the ATTN group, in com-
parison to both Ac2-26 and TTN groups (Fig. 10I and J).

Moreover, immunofluorescence analysis was performed to
examine the effect of ATTN on DSS-induced intestinal barrier
dysfunction, by detecting the expression of occludin, which is a
tight junction-related protein that plays an important role in gut
homeostasis72. Compared to other controls, ATTN-treated mice
showed an occludin expression pattern similar to that of normal
mice (Fig. 11A). As well documented, goblet cells are mainly
responsible for synthesizing and secreting mucins that form a
mucosal barrier to protect epithelial cells73. Periodic Acid-Schiff
(PAS) staining showed that ATTN treatment also more notably
inhibited the depletion of goblet cells (Fig. 11B). By contrast,
treatment with free Ac2-26 showed no beneficial effects. More-
over, both TTN and ATTN prevented systemic exposure of fluo-
rescein isothiocyanate (FITC)-dextran after oral administration in
colitis mice (Supporting Information Fig. S22), indicating resto-
ration of intestinal barrier functions, in line with the results of
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immunofluorescence and PAS staining. Compared with free Ac2-
26 and TTN, ATTN showed the most effective wound healing
efficacy. Furthermore, the counts of CD11bþF4/80þ macrophages
and CD11bþLy6Gþ neutrophils recruited to the inflamed colons
were dramatically reduced after 7 days of treatment with ATTN
(Fig. 11C and D). Consequently, these results demonstrated that
Tyr-decorated TPCD nanoparticles can function as a targeting and
pharmacologically active nanovehicle for site-specifically deliv-
ering molecular therapeutics to inflammatory sites for precision
and combination therapy.

3.8. In vivo safety studies

To highlight potential therapeutic applications of TTN, pre-
liminary studies were performed to examine safety profiles of
TTN at low (175 mg/kg) and high (350 mg/kg) doses after oral
administration in mice. We found no significant weight changes
and abnormal behaviors during 14 days of treatment (Supporting
Information Fig. S23A). The organ indices of typical major or-
gans showed no significant differences (Fig. S23B). Representa-
tive hematological parameters and biomarkers related to hepatic
and kidney functions were in normal ranges for mice treated with
TTN (Supporting Information Fig. S24). In addition, we did not
find discernible injuries in H&E-stained sections of major organs
and gastrointestinal tissues (Supporting Information Figs. S25 and
S26). These preliminary data indicated that TTN displayed good
safety performance for oral administration at doses notably higher
than that used for therapeutic studies.

4. Conclusions

In summary, we successfully developed different types of phenol-
functionalized nanoparticles, which can aggregate upon triggering
by the inflammatory and oxidative microenvironment. Phenol-
decorated nanoparticles displayed significantly enhanced accu-
mulation in the inflammatory tissues in several mouse models of
inflammatory diseases including colitis, acute liver injury, and
acute lung injury, mainly resulting from in-situ cross-linking and
assembly of nanoparticles triggered by endogenous MPO and
ROS. By combining a cyclodextrin-based bioactive material with
Tyr decoration, a multifunctional nanotherapy TTN was engi-
neered, which showed significantly enhanced cellular uptake, in-
flammatory tissue accumulation capacity, and anti-inflammatory
activities, thereby endowing notably amplified therapeutic effects
in mice with colitis and acute liver injury. In addition, TTN can
serve as a bioactive and inflammation-targeting nanoplatform for
site-specific delivery of therapeutic agents to inflammatory sites,
resulting in notably potentiated in vivo efficacies. Moreover, pre-
liminary studies demonstrated a good safety profile of TTN for
oral and i.v. delivery. Accordingly, phenol-decorated nanoparticles
are promising targeting delivery carriers for precision therapy of
inflammatory diseases. Surface molecular engineering of nano-
materials via phenolic moieties represents an intriguing strategy
for developing inflammation-targeting delivery systems. Impor-
tantly, the underlying design principle can be generalized to
amplify the targeting capacity of nanocarriers for other diseases.
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