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Abstract In atherosclerosis, chronic inflammatory processes in local diseased areasmay lead to the accumu-

lation of reactive oxygen species (ROS). In this study, we devised a highly sensitive H2O2-scavenging nano-

bionic system loaded with probucol (RPP-PU), to treat atherosclerosis more effectively. The RPP material

had high sensitivity to H2O2, and the response sensitivity could be reduced from 40 to 10 mmol/L which was

close to the lowest concentration of H2O2 levels of the pathological environment. RPP-PU delayed the release

and prolonged the duration of PU in vivo. In Apolipoprotein E deficient (ApoE‒/‒) mice, RPP-PU effectively

eliminated pathological ROS, reduced the level of lipids and related metabolic enzymes, and significantly

decreased the area of vascular plaques and fibers. Our study demonstrated that the H2O2-scavenging nano-

bionic system could scavenge the abundant ROS in the atherosclerosis lesion, thereby reducing the oxidative

stress for treating atherosclerosis and thus achieve the therapeutic goals with atherosclerosis more desirably.
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1. Introduction

Atherosclerosis is a chronic inflammatory disease that is mainly
caused by lipid metabolism disorders and vascular dysfunctions1.
Lipid deposition on arterial walls promotes recruitment of mac-
rophages and excessive oxidative cholesterol leads to the forma-
tion of extracellular lipid cores2. These processes aggregate
reactive oxygen species (ROS) and then the oxidative state con-
verts the low-density lipoprotein (LDL) into oxidized LDL (Ox-
LDL), which in turn promotes atherosclerosis3,4. Animal studies
have provided compelling evidence demonstrating the roles of
vascular oxidative stress in atherosclerosis5. ROS also causes the
damage to endothelial cells (EC)6 and infiltration of macrophages.
There is growing evidence on how traditional risk factors translate
into oxidative stress and contribute to atherosclerosis7. ROS
include oxygen radicals and peroxides, such as hydrogen peroxide
(H2O2)

8 which is a central redox signaling molecule in physio-
logical oxidative stress9. Clinical trials evaluating anti-oxidant
supplements had failed to reduce oxidative stress in atheroscle-
rosis7. Therefore, this can be a crucial issue for atherosclerosis
treatment.

As one of the promising drugs for atherosclerosis, probucol
(PU) is known for its hypolipidemic, anti-oxidative, and anti-
inflammatory effects10. PU can reduce the production of lipid
peroxides, delay plaque formation and inhibit the oxidative
state11. It is considered as the first choice of antilipidemic drugs to
prevent atherosclerosis. PU also inhibits the expression of in-
flammatory factors, improves endothelial function, thus sup-
pressing formations of foam cells12. However, the bioavailability
of PU is less than 10% so that it’s hard to be absorbed and mostly
discharged from the body13,14. Consequently, PU cannot produce a
marked effect and its clinical applications are very limited15.

Nanotechnology can significantly increase the bioavailability
of drugs16. NPs enter plaque via the enhanced permeation and
retention effect and then traverse openings between vascular EC
and leak into interstitial space17 and pass the new vessels with
dysfunctional adventitia18,19. Then, NPs are rapidly taken up by
circulating phagocytes and accumulate in atherosclerotic pla-
ques20. Thus, NPs increase the therapeutic effect on atheroscle-
rosis by enhancing passive targeting. To further improve clinical
efficacy and minimize the toxicity of drugs, NPs can be modified
with bio-derived membrane21e23, such as red blood cells
(RBCs)24. RBCs are characterized by properties of prolonging the
half-life of drugs25, improving biocompatibility26,27, and reducing
adverse reactions and immunogenicity22,28.

Recently, nanomaterials with unique ROS-regulating proper-
ties have laid the foundation for a new generation of therapeutic
approaches29. The elimination of H2O2 by materials can revert the
oxidative state to the normal level of ROS and reduce the damage
of oxidation. Disulfide bond, delenium bond, arylboronic esters,
and peroxyoxalate bond are used to connect polymers with H2O2-
scavenging activity30. Among them, the peroxyoxalate bond is
more sensitive and reacts with H2O2 to form carbon dioxide and
water which has excellent degradability and safety. The benzene
ring was conjugated with peroxyoxalate to improve the sensitivity
of the material to scavenge H2O2. It can scavenge the abundant
ROS in atherosclerosis, reduce the oxidative stress, the production
of lipid peroxide and the formation of plaque. Sensitive response
to H2O2 plays a key role in the recovery of the disease.

In this study, our research team designed a new H2O2-scavenging
polymer of polylactic glycolic acid-diphenyl ring-peroxyoxalate
bond-polyethylene glycol (6s-PLGA-DAr-PO-PEG), which could
reach a hypoxic microenvironment, reduce H2O2 level, and inhibit
inflammatory responses. The H2O2-scavenging performance from
the conjugation of diphenyl ring with peroxyoxalate bond was more
sensitive than single peroxyoxalate bond. The response sensitivity
can be reduced from 40 to 10 mmol/L which was close to the lowest
concentration of H2O2 levels of the pathological environment. And
the research gave the function of H2O2-scavenging on the degradable
carrier PLGA, which made the response optimization on the simple
carrier and was more conducive to the future clinical transformation.
Based on 6s-PLGA-DAr-PO-PEG loaded with PU, RBC membrane
was coated on the outer layer to prepare a H2O2-scavenging nano-
bionic system (RPP-PU). RPP-PU had the best of both worlds by
combining anti-oxidative stress activity and targeting effects of NPs
with antioxidant and anti-inflammatory properties of PU. H2O2-
scavenging nano-bionic system was expected to reduce oxidative
state in lesions and treat atherosclerosis more effectively (Fig. 1).

2. Materials and method

2.1. Materials

DLA and GAwere supplied by Jinan Daigang Bioengineering Co.,
Ltd. (Jinan, China). PEG (M 4000, 8074901000) and oxalyl
chloride (221015) were bought from SigmaeAldrich (St. Louis,
MO, USA). 30% H2O2 was bought from Tianjin Guangfu Fine
Chemical Research Institute (Tianjin, China). Values of analytical
purity of dichloromethane (CH2Cl2), ethylene glycol, DMF,
methanol, absolute ethanol, xylene, glacial acetic acid, hydro-
chloric acid, ammonia water, sucrose, acetone, chromatographic
purity acetonitrile, and methanol were provided by Tianjin
Jiangtian Chemical Technology Co., Ltd. (Tianjin, China). Lipo-
polysaccharide (LPS) (L8880), MTT (M8180), PBS (P1031,
P1010), 0.25% trypsineEDTA solution (T1300), dimethyl sulf-
oxide (DMSO) (D8371), 40,6-diamidino-2-phenylindole, dihy-
drochloride (DAPI) solution (ready-to-use) (C0065), Tween 20
(T8220), hematoxylin-eosin (HE) Staining Kit (G1121), O.C.T.
compound (4583), improved oil red O staining solution (G1261),
neutral balsam (G8590) were provided by Beijing Solarbio Sci-
ence & Technology Co., Ltd. (Beijing, China). Stannous octoate
(S3252), potassium bromide (221864), polyvinyl alcohol (PVA,
87%‒90%, wt 30,000e70,000) (P8136), DCFH-DA (D6883) and
IHC Select HRP/DAB (DAB150) were bought from Sigma-
eAldrich. The Micro BCA Protein Assay Kit (23235) was sup-
plied by Thermo Fisher Scientific Inc. (Rockford, USA). DMEM
High Sugar Medium (SH30243) and fetal bovine serum (FBS)
(10270e106) were purchased from Gibco (Grand Island, USA).
ECM medium (1001) was purchased from ScienCell (San Diego,
USA). HMG-CoA ELISA Kit (YX-081325M). LCAT ELISA kit
(M094732), CETP ELISA kit (M094411), APOE ELISA Kit
(M094225) were purchased from Sanshu Biotechnology Co., Ltd.
IL-6 Mouse ELISA Kit (KMC0061), TNF-a Mouse ELISA Kit
(BMS607-3), IL-1b Mouse ELISA Kit (BMS6002), Avidin-HRP
(18-4100-51) and TMB Chromogen Solution (002023) were
purchased from eBioscience (Invitrogen, Carlsbad, USA).

2.2. Experimental animals

Male APOE‒/‒ transgenic mice (6e8 weeks old) were purchased
from SPF (Beijing) Biotechnology Co., Ltd. (Beijing, China)
(Approval No.: SCXK (Jing): 2019e0010). All animal



Figure 1 Preparation of RPP-PU and mechanism of improvements on atherosclerotic lesions. Nano particles (NPs) were coated with eryth-

rocyte nanomembrane to form an H2O2-scavenging nano-bionic system with the ability to eliminate H2O2. RPP-PU can inhibit lipid and relevant

enzymes and alleviate inflammatory responses.
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management procedures were reviewed and ethically approved by
the Center of Tianjin Animal Experiment ethics committee and
authority for animal protection (Tianjin, China). (License for use
of experimental animals: approval No.: SYXK (Jin):2019e0002).

2.3. Synthesis of materials-6s-PLGA-DAr-PO-PEG

2.3.1. Synthesis of 6s-PLGA
Firstly, Inositol (72.0 mg, 0.4 mmol) was used as an initiator and
stannous octoate (0.004 mmol) as a catalyst. DLA (4.32 g,
30 mmol) and GA (1.16 g, 10 mmol) were monomers. 6s-PLGA
was synthesized by ring-opening polymerization for 8 h at 160 �C.
The synthetic procedures were similar to previous articles31.

2.3.2. Synthesis of PEG-COOH
The end-group carboxylation of PEG was carried out by adding
PEG (20 g, 5 mmol) into dioxane (300 mL). DMAP (1.524 g,
12.5 mmol) and TEA (1.262 g, 12.5 mmol) were dissolved in
dioxane (50 mL). The solution was dripped into a PEG solution
under the protection of nitrogen. 15 min later, succinic anhydride
(SAA) (1.25 g, 12.5 mmol) was added to the solution and the
reaction lasted for 24 h in the presence of nitrogen. Carboxylated
PEG was obtained by repeated precipitations. The final precipi-
tation solution was dried to constant weight in a vacuum oven.
PEG-COOH was obtained after the drying process.

2.3.3. Synthesis of PEG-Ar-OH
PEG-COOH (15 g, 3.75 mmol) was dissolved in anhydrous
THF (150 mL) at 30 �C. Then DCC (1.933 g, 9.375 mmol)
and NHS (1.079 g, 9.375 mmol) were added in the presence of
nitrogen. Tyramine (1.295 g, 9.375 mmol) was added after half an
hour. Under the protection of nitrogen, the mixture underwent
magnetic stirring for 24 h to allow thorough reaction and
then heated to 30 �C. After repeated precipitations, the crude
PEG-Ar-OH product was filtered. The crude products were dis-
solved in acetone to undergo the dialytic procedure for 3 days.
After dialysis, the purified PEG-Ar-OH could be obtained by
freeze-drying.
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2.3.4. Synthesis of 6s-PLGA-Ar-OH
Firstly, hydroxybenzoic acid (0.24 g, 1.75 mmol) and DMF
(0.1 mL) were dissolved in dried THF (2 mL). Oxalyl chloride
(0.22 g, 1.75 mmol) was dissolved in THF (5 mL) and then
dripped into the above solution in ice-bath condition under the
protection of nitrogen. After 2 h, THF was removed by a rotary
evaporator, and the remaining product was dissolved in THF
(20 mL) again. The mixture was stirred under the protection of
nitrogen, and PLGA (5 g, 0.182 mmol) and TEA (0.106 g,
1.05 mmol) were added, followed by continuous stirring over-
night. When the reaction was completed, the solvent THF was
removed by rotary distillation, and the product was dissolved in
CH2Cl2 (20 mL). The crude product was then purified. The
organic phase was washed by hydrochloric acid (1 mol/L, 40 mL)
for three times and then it was dried with anhydrous magnesium
sulfate and sodium bicarbonate. After the desiccant was removed
by filtration, the organic phase was moderately concentrated and
allowed to precipitate with the addition of dripped ice methanol
three times. Finally, the product was dried in a vacuum dryer until
a constant weight was achieved.

2.3.5. Synthesis of 6s-PLGA-DAr-PO-PEG
Oxalyl chloride can react with the hydroxyl group to form an acyl
chloride group at the end32. First, PEG containing acyl chloride
was prepared. Dry CH2Cl2 (10 mL) was measured and stirred with
steamed oxalyl chloride (10 mmol) in an ice bath. PEG-Ar-OH
(2 mmol) and TEA (2 mmol) were dissolved in dried CH2Cl2,
poured into a dropping funnel with constant pressure, the dripping
process was slow and under the protection of nitrogen, and then
the mixture was stirred continuously in an ice bath for 3 h under
the protection nitrogen33. When the reaction was completed, im-
purities were removed by rotary evaporation, and a solid substance
was left after the drying process. Then PEG reacted with PLGA to
prepare 6s-PLGA-DAr-PO-PEG. The steam-dried solid PEG
containing acyl chloride (5.6 g, 1.4 mmol) was dissolved in dry
CH2Cl2 (20 mL) and mixed evenly with TEA (0.771 mmol) in an
ice bath under the protection of nitrogen. 6s-PLGA-DAr-OH (1 g,
0.036 mmol) was dissolved in dry CH2Cl2 (20 mL) and poured
into a dropping funnel with constant pressure, then dripped into
excessive PEG, and stirred under the protection of nitrogen for
48 h, followed by precipitation into the cold anhydrous ether.
Finally, the mixture was dried to obtain the resulting product: 6s-
PLGA-DAr-PO-PEG.

2.4. Characterization of 6s-PLGA-DAr-PO-PEG materials

FT-IR (Thermo, NICOLET is10, Waltham, USA) was used to
determine the main functional groups of the synthetic material 6s-
PLGA-DAr-PO-PEG, a comparison with 6s-PLGAwas done. The
scanning range was 400e4000 cm�1.6s-PLGA-DAr-PO-PEG was
dissolved in CDCl3 and tetramethylsilane (TMS) was used as an
internal standard. The composition of polymer materials was
determined by 1H NMR (400 MHz, CDCl3 and DMSO-d6, d) and
13C NMR (100 MHz, CDCl3, d) spectroscopy, which determined
the species and quantity ratio of hydrogen and carbon atoms in
polymer molecules. The glass-transition temperatures34 within the
range of 0e100 �C of 6s-PLGA and 6s-PLGA-DAr-PO-PEG were
determined by Differential scanning calorimetry (DSC, TA in-
struments, DSC2000, New Castle, USA). Gel permeation chro-
matography (GPC, Waters, GPC1515, Milford, USA) was used to
obtain the molecular weight.
2.5. Preparation and characterization of erythrocyte membrane
NPs

The extraction process of erythrocyte membranes: fresh blood was
collected and centrifuged at 3500 rpm for 10 min (Sigma, 3K15,
Merck, Germany). Erythrocytes from the blood of C57BL/6 mice
in the blank group were extracted. Erythrocyte membranes were
obtained by hypoosmotic hemolysis, in which the extracted
erythrocytes were added 0.25 � PBS and incubated on ice for
20 min, followed by squeezing and ultrasonic approach to prepare
membrane-coated nano-carriers35. The erythrocyte membrane
nano-carriers of 6s-PLGA-DAr-PO-PEG were prepared by an
ultrasonic emulsification-solvent evaporation method. Taking
RBC-PLGA-DAr-PO-PEG NPs loaded with PU (RPP-PU) as an
example, the preparation methods were as follows: 100 mg of 6s-
PLGA-DAr-PO-PEG and 30 mg of PU were precisely weighed
and dissolved in CH2Cl2. 1% PVA solution was used as an
emulsifier36. The material and the drug were fully mixed by ul-
trasound for 8 min. Erythrocytes were added into 1% PVA and
mixed well. In ice-bath conditions, RPP-PU emulsion was ob-
tained by ultrasonic emulsification for 15 min at a 25% shearing
rate. The emulsion was stirred for solvent evaporation for 4 h,
and then centrifuged at 10 �C, 23,000 rpm for 30 min
(Beckman, Avanti J 26XPI, California, USA), and washed three
times. The NPs were freeze-dried. Blank PLGA-PEG NPs (PP),
RBC-PLGA-PEG NPs (RPP) were also prepared by methods
described above. Finally, the NPs were sterilized by g rays and
stored at 4 �C.

2.5.1. Basic characterizations of NPs
The average particle size, distribution, and Zeta potentials of NPs
were measured by a laser particle size analyzer. The morphology
of NPs was observed by transmission electron microscopy (TEM,
Hitachi, He6009IV, Tokyo, Japan). The stability test was per-
formed by dissolving the NPs in sterile water and storing the
solution at 4 �C37. The particle size of NP was measured on Days
0, 7 and 14. Encapsulation efficiency (EE) and drug loading
content (LC) of NPs were detected at 242 nm by the high per-
formance liquid chromatography (HPLC) (Waters1525, Milford,
USA). The amount of unloaded drug PU from the remaining
emulsifier solution would be extracted into acetonitrile and tested
by HPLC. The concentration was obtained, and then the mass of
the supernatant was calculated according to the volume of the
supernatant. The calculation of LC and EE were as shown in Eqs.
(1) and (2):

LC (%) Z m0/m1 � 100 (1)

EE (%)Z(m‒m2)/m � 100 (2)

where m0 is the mass of PU in the formulation; m1 is the total mass
of the formulation; m is the mass of PU added in the preparation;
m2 is the mass of unloaded PU.

We determined the ratio of RBCs on the surface calculated by
using the surface elements. We also did the experiments to
confirm the successful coating of erythrocyte membranes on NPs.
SDS-PAGE gel electrophoresis was used to observe the repre-
sentative membrane proteins on RBC. RBC membrane protein-
TER119 was detected by BD-AccuriTM flow cytometry (BD-
Accuri C6, Franklin Lake, New Jersey, USA).
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2.5.2. Cytotoxicity of NPs determined by MTT assay
RAW264.7 macrophages (RAW) and EC were co-cultured with
NPs in vitro to evaluate the cellular biocompatibility of NPs. The
cell density was adjusted to 5 � 104 cells/mL. The cells were
inoculated on a 96-well plate. After being cultured for 24 h, NPs
(12.5, 25, 50 and 100 mg/mL) were added into the cells, followed
by culture for 24 h. MTT assay was used to detect the cytotoxicity
of NPs. The MTT solution (5 mg/mL) was added and the co-
culture lasted for 4 h. The crystals were dissolved in DMSO.
The OD value at 490 nm was measured. The calculation of cell
viability was as shown in Eq. (3):

Cell survival rate (%) Z (Absorption in the experimental group ‒
Absorption in the blank control group) /
(Absorption in the negative control
group ‒ Absorption in the blank control
group) � 100 (3)
2.5.3. Phagocytosis of NPs in cells
We observed the phagocytosis of NPs in cells. Fluorescent labeled
coumarin-6 (Cou-6) (M Z 350) was used to imitate PU
(M Z 517.86) because they were both liposoluble drugs with
similar molecular weights. We prepared NPs loaded with free
Cou-6 that is RBC-PLGA-PEG-Cou-6 NPs (RPP-Cou-6) accord-
ing to the preparation process of NPs. We had co-incubated the
RAW and EC in a Transwell model. We put EC on the upper layer
and RAWon the lower layer. The cell concentration was diluted to
8 � 104 cells/mL. 24 h later, 100 mg/mL of Cou-6-NPs were
added. Phagocytosis of NPs was observed after 2 h. The nucleus
was stained with DAPI. The distribution of NPs in cells in a
Transwell was observed under laser confocal microscopy (Carl
ZEISS, LSM710, Oberkochen, Germany). First take photo for the
upper layer of EC, and then the lower layer of RAW, and finally
overlayed the two-layer photographs to obtain the merge images.

2.6. Sensitivity of NPs to H2O2

The morphology of NPs in PBS and that in H2O2 were observed
by TEM. The H2O2-eliminating effects of NPs were tested by the
Amplex red detection kit. NPs were added into 20 mmol/L H2O2

solution and incubated for 2 h36. At an excitation wavelength of
530 nm, signals were detected using a microplate reader (Thermo
Varioskan Flash3001, Rockford, USA). Experimental design to
define the effect of H2O2 on the in-vitro release of NPs: 24 mg
NPs were suspended in 4 mL PBS, 10, 100, and 1000 mmol/L
H2O2 PBS (pH 7.4) solution with 0.05% Tween 80 and 4 mL FBS,
10, 100, and 1000 mmol/L H2O2 FBS solution with 0.05% Tween
80 respectively and cultured in a shaker (150 rpm) at 37 �C38. The
supernatant of PU solution was obtained at 2, 4, 8 h, and 1, 2, 3, 5,
7, and 14 days. The concentration of PU was determined by
HPLC. The cumulative release amount was calculated.

2.7. The effects of NPs in eliminating intracellular H2O2

Cell-induced inflammations often lead to increased levels of ROS
in cells. RAW and EC were selected to test the ability of NPs in
eliminating H2O2. RAW and EC were cultured in a 24-well plate
for 24 h, and then treated with 100 mg NPs for 2 h. Positive control
was prepared by adding 1 mg LPS (about 100 nmol/L) to induce
ROS production in cells39, and the ROS level significantly
increased after stimulation with LPS for 30 min. The effects on
ROS in the RPP group and the control group were investigated by
co-culture of cells. 10 mmol/L DCFH-DAwas added to stain ROS
in cells and the mixture was incubated at 37 �C for 20 min31. The
nucleus was stained with DAPI. Fluorescence in cells was
measured by flow cytometry, and fluorescence localization was
measured by a confocal laser scanning microscope.

2.8. Detection of in vivo immunogenicity of NPs

Coombs’ tests are divided into direct tests and indirect tests.
C57BL/6J (8 weeks old, male, 20 g) mice were intraperitoneally
injected with NPs 3 times a week. Blood samples were collected.
Serum was obtained by centrifugation and erythrocytes were
washed three times. Direct Coombs’ test: 2% suspension of
washed erythrocytes was added into Coombs’ reagent and
centrifuged for 1 min to promote agglutination. The positive result
was defined by visible agglutination of erythrocytes, indicating the
presence of incomplete antibodies on the surface of the erythro-
cyte. Indirect Coombs’ test: 2% normal erythrocytes were added
into serum taken from samples and directly tested. The positive
result was defined by visible agglutination of erythrocytes, indi-
cating the presence of incomplete antibodies in the tested serum.
The serum levels of inflammatory factors including interleukin-1b
(IL-1b), tumor necrosis factor-a (TNF-a), and interleukin-6 (IL-6)
were determined by ELISA. The positive group treatment dose for
LPS was 0.2 mL with all three gradients (1, 2, and 4 mg/mL).
Combination of hematological parameters: hematocrit (HCT),
hemoglobin volume (HGB), lymphocyte ratio (LY%), mean
corpuscular hemoglobin concentration (MCHC), mean platelet
volume (MPV), neutrophil count (NE) � 109, platelet hematocrit
(PCT), platelet distribution width (PDW), platelet count
(PLT) � 109, rec cell count (RBC) � 1012, distribution width of
red blood cells (RDW), white blood cell count (WBC) was
measured to observe in vivo compatibility of NPs.

2.9. In vivo blood concentration of NPs

C57BL/6J (8 weeks old, male, 20 g) mice were intraperitoneally
injected with NPs once. Blood was collected from the lateral
canthal vein at 1, 2, 4, 8, 24, 36, 48, 60, and 72 h. The drugs in
blood were extracted with pure acetonitrile, and then the drug
content was tested by HPLC (mobile phase: acetonitrile:
water Z 85:15; detection wavelength: 242 nm). Calculation of
concentration was done based on the standard curve of known
concentration of 1e15 mg/mL, drug-time curve was derived and
changes in blood concentration were observed. The pharmacoki-
netics parameters of PU were calculated by DAS 2.0 software
(Haibojia Pharmaceutical Technology Co., Ltd., Shanghai, China).

2.10. Construction of mouse model of atherosclerosis and
administration of drugs

APOE‒/‒ (8 weeks old, male, 20 g) mice were fed with a high-fat
diet for 12 weeks. The mice were divided into 0.9% NaCl
control, PU, RPP, and RPP-PU group. The mice were injected
intraperitoneally with drugs 3 times a week at a dosage of 0.2 mL
(20 mg/mL of NPs). The administration route was intraperitoneal
to increase absorption area, reduce infection, reduce venous
thrombosis caused by direct intravenous injection of NPs, and
reduce blood toxicity40,41. In addition, it was more convenient for
intraperitoneal administration and greatly reduced the damage to
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blood vessels42. 12 weeks after drug administration, the animals
were weighed and killed. 12 weeks later, fats around groins,
kidneys, and abdominal cavity were separated, wet weight of fat
was weighed and the body fat rate was calculated.
2.11. In vivo imaging and frozen section of fluorescence
distribution

APOE‒/‒ (8 weeks old, male, 20 g) mice were fed with a high-fat
diet for 12 weeks. The mice were injected intraperitoneally with
Cou-6, RP-Cou-6, PP-Cou-6, RPP-Cou-6 at a dosage of 0.2 mL
(20 mg/mL of NPs). Then we used in vivo imaging (Maestro_TM,
CRi, Shawano, USA) to observe and quantify the fluorescence
distribution of Cou-6 in the aorta, heart, thymus, liver, spleen,
lung, and kidney. At the same time, the aortic root, heart, and aorta
were prepared into frozen sections and stained with DAPI and
DHE. Finally, the targeting effect of NPs was observed by fluo-
rescence microscope. Frozen sections of the aortic root were also
stained by CD68 antibody to observe circulating macrophages43.
2.12. Magnetic resonance imaging (MRI) of atherosclerotic
plaques

MRI was employed to observe the transverse section of the
abdominal aorta and the area of plaques. In vivo, MRI was per-
formed by ultra-high field 7.0T MRI (BioSpec 70/20 USR,
BRUKER, Germany). ApoE‒/‒ mice were fed with a high-fat diet
for 12 weeks and administered drugs according to dosage regi-
mens of different groups. The mice were anesthetized with a 2.5%
isoflurane/O2 gas mixture. An average signal was used in scanning
and the total imaging time of each scan was about 20 min. Each
sample was scanned at baseline, MRI was performed with the
same parameters as those in the baseline scanning.
2.13. Hematological parameters

12 weeks later, blood samples were collected. Serum levels of
total cholesterol (TC), triglyceride (TG), LDL, and high-density
lipoprotein (HDL) were detected by Abbott’s automatic
biochemical analyzer (ci4100, Abbott Laboratories, Chicago,
USA). Serum levels of apolipoprotein E (APOE), 3-hydroxy-3-
methyl glutaryl coenzyme A reductase (HMG-CoA), phospholipid
cholesterol acyltransferase (LCAT), and cholesterol ester transfer
protein (CETP) were tested by ELISA kits.
2.14. Oil red O staining of the whole aorta and section of liver

The whole aorta and liver were dissected and fixed. The whole
aorta and sections from the liver were stained with oil red O as
follows: sections were prepared from the fixed liver, treated with
sedimentation with 30% sucrose and OCT embedding. Unfixed
tissues were directly sliced and embedded in OCT. Frozen sec-
tions at the thickness of 6e8 mm were cut and attached to slides.
The whole aorta and sections from the liver were washed with
distilled water and co-cultured with oil red O working solution for
15 min, followed by differentiation with 75% alcohol and hy-
drochloric acid alcohol and washing with distilled water, and then
the lipid droplets were stained red. The atherosclerosis plaque
sizes were analyzed by Image J software (Image J 1.48, National
Institutes of Health, Bethesda, USA).
2.15. Masson staining of sections from aortic root

Sections from the aortic root of APOE‒/‒ mice were processed
by Masson staining. According to the permeabilities of different
tissues, anionic dyes of different molecular sizes are selected to
display different tissue components. Collagen fibers, mucus, and
cartilage turned blue with staining. Cytoplasm, muscle, cellu-
lose, and colloid were stained red. Nuclei were stained purple-
blue.

2.16. HE staining of pathological sections from aortic root

Pathological sections were prepared from the aortic root. Briefly,
after deparaffinization and rehydration, longitudinal sections
were stained with hematoxylin solution for 5 min, followed by
staining with 1% acidic ethanol and being rinsed with distilled
water. Then the sections were stained with eosin for 3 min and
re-immersed in ethanol and xylene. The micro slides were
examined and photographed with a microscope (Leica, DMRB,
Wetzlar, Germany).

2.17. IHC staining of pathological sections from aortic root

Pathological sections were prepared from the aorta root, followed
by IHC staining. Procedures of IHC staining included: MOMA-2
staining for macrophages, SMO staining for SMC and CD3
staining for T cells as well as CD68 staining for distributions of
monocyte-macrophages and monocyte chemoattractant protein-1
(MCP-1) in mice aorta.

2.18. Statistical analysis

The Results of each experimental group were expressed as
mean � SD (n Z 3e6). Data with normal distribution were
included in the following statistical analysis of one-way ANOVA.
The statistical significance of each variable was analyzed by one-
way ANOVA in Graghpad Prism5 (GraphPad Software Inc., San
Diego, CA, USA) (*P < 0.05, **P < 0.01, ***P < 0.001).

3. Results

3.1. Characterization of 6s-PLGA-DAr-PO-PEG materials

In our study, the synthetic process of 6s-PLGA-DAr-PO-PEG fell
into two steps, as shown in the synthetic route map in Fig. 2A.

The structures of 6s-PLGA and 6s-PLGA-DAr-PO-PEG was
confirmed by Fourier transform infrared, as shown in Fig. 2B. The
peaks at 2998 and 2948 cm�1 are characteristic peaks of saturated
CH bonds while the peak at 1750 cm�1 corresponds to CZO
functional groups. After PEG modification, the absorption peak of
stretching vibration of the methylene in PEG was detected at
2888 cm�1. The OeH stretching peak is 3433 cm�1 and the ab-
sorption peak of CeO bending vibration is 1280 cm�1. The ab-
sorption peaks at 1561 and 1467 cm�1 confirm the existence of
benzene rings. The above Results show that PEG-Ar-OH is suc-
cessfully combined with 6s-PLGA-Ar-OH.

DSC curves are shown in Fig. 2C. The glass-transition tem-
perature (Tg) of 6s-PLGAwas 51.01 �C, while the Tg of 6s-PLGA-
DAr-PO-PEG decreased to 44.64 �C. The DSC Results varied
with different materials. The main reason is that the excellent
flexibility of PEG segments changed the spatial structure of block
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copolymers and reduced the Tg of block copolymers. With the
addition of PEG chains, the structure of PLGA copolymers be-
comes more complicated.

We analyzed the molecular weight change of these polymers
by GPC to prove the successful modification (Fig. 2D and E).
Compared with 6s-PLGA, 6s-PLGA-DAr-PO-PEG increased
about six PEGs with a molecular weight of 4000 Dalton, which
was consistent with the structure of synthesis design. The mo-
lecular weight change of these polymers was analyzed to prove the
successful modification.

The Results of 1H NMR spectroscopy in CDCl3 are shown in
Supporting Information Fig. S1A. Four on the far-right peaks (e‒g)
are magnified pictures from 6s-PLGA-DAr-PO-PEG in different
drifts. CH2 and CH were represented as 4.8 and 5.15 ppm, respec-
tively. While the peak at 1.5 ppm corresponding to the CH3 group in
the PLGA segment, and the proportion of it was the same as that of
corresponding hydrogen atoms. The typical peak at 3.6 ppm indi-
cated the CH2 group in PEG. There are the amplified peaks (20 times
magnification) of the specific chemical shifts on the far-right side.
The four amplified peaks may be as follows: 2.33 ppm (e peak)
represents CH2 group of aliphatic hydrocarbons adjacent to amide;
4.65 ppm (f peak) represents CH2 group adjacent to amide and
connectedwith benzene ring; 6.89 ppm (g peak) represents NHgroup
hydrogen of the amide bond, indicating that PEG containing amide
bond had been connected with PLGA; and a small peak appears at
Figure 2 Synthesis and characterization of materials. (A) Synthetic ro

main functional groups of 6s-PLGA-DAr-PO-PEG compared with 6s-PLG

DAr-PO-PEG was determined by differential scanning calorimetry assay.

gel permeation chromatography.
7.58 ppm (h peak) and small double peaks at 7.1 ppm,whichmay be a
characteristic peak on the benzene ring, indicating that the benzene
ring had been successfully connected. However, due to the relatively
low quantity and relatively low peak area of the benzene ring and
amide bond, the hydrogen atoms in the structures of PLGA and PEG
were almost invisible. These findings showed that PEG and PLGA
were successfully connected.

The Results of 1H NMR spectroscopy in dimethyl sulfoxide
(DMSO) are shown in Fig. S1B. The peak at 2.5 ppm corre-
sponded to DMSO solvent peak. The results are almost consistent
with those of 1H NMR spectroscopy in CDCl3.

The Results of 13C NMR spectroscopy in DMSO are shown in
Fig. S1C. The far-right peaks are magnified pictures from 6s-
PLGA-DAr-PO-PEG in different drifts. Peak a in 40 ppm is the
CH3 group in the PLGA segment. Peak b in 60 ppm is the CH2

group in the PEG segment. A small peak at 67.5 ppm is the CH
group in the PLGA segment and 170 ppm is the carbon atom in
the carbonyl group. The far-right peaks magnified may be the
carbon atom with a carbonyl group (144 ppm) and the carbon
atom with a nitrogen atom (186 ppm) on amide. In the 13C NMR,
there are few benzene rings, amides, and peroxalate bonds. And
the abundances are low. Because there are only 12 benzene rings,
6 amides, and 6 peroxalate bonds in a macromolecule. On the
basis from these findings, PEG and PLGA were successfully
connected.
ute of 6s-PLGA-DAr-PO-PEG. (B) FT-IR was used to determine the

A. (C) The glass transition temperature of 6s-PLGA and 6s-PLGA-

(D, E) Molecular Results of 6s-PLGA and 6s-PLGA-DAr-PO-PEG by
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3.2. Characterization of erythrocyte membrane-coated NPs

Pure erythrocyte membranes were extracted by ultrasound to
prepare 200 nm nanoscale erythrocyte membranes. The prepara-
tion method of RPP-PU: firstly, prepared the cores of NPs with 6s-
PLGA-DAr-PO-PEG as the carrier loaded with PU, and then the
cores were coated with nano-scale erythrocyte membranes to form
an H2O2-scavenging nano-bionic system (Fig. 1). NPs were
administered to APOE‒/‒ mice via intraperitoneal injections, and
the improvements in atherosclerosis in the whole aorta and aortic
root were observed. The mechanism of action of RPP-PU in-
cludes: RPP-PU inhibited the function of APOE, HMG-CoA,
LCAT, and CETP, thus reducing the levels of TC, TG, LDL,
and HDL. It reduced ROS level by materials function. And then it
inhibited reverse transportation of HDL and secretions of ICAM-1
and MCP-1. H2O2-scavenging materials made the oxidase system
decreased and the reductase system increased. And materials RPP
could reduce oxidative stress. RPP-PU also restrained the pro-
duction of inflammatory factors including IL-1b, TNF-a, and IL-6
(Fig. 1)11,44e46.

3.2.1. Basic characterization of NPs
The average particle size and distribution of NPs were measured
by the dynamic light scattering (DLS) method. RPP-PU was made
of H2O2-responsive 6s-PLGA-DAr-PO-PEG containing PU. The
average particle size of RPP-PU is 253.7 � 4.76 nm and the
polydispersity index (PDI) of RPP-PU is 0.078 � 0.021
(Supporting Information Table S1). The surface charge of RPP-PU
is �10.44 � 0.84 mV.

The morphology and particle size of RP-PU, PP-PU, and RPP-
PU were observed by TEM (Fig. 3A‒C). The NPs present uni-
form sizes without adhesion. The NPs are spherical, with particle
size at about 200 nm. The double-layer membrane structure of RP-
PU and RPP-PU could be observed after modification with the
coating of erythrocyte membranes. The outer layer consists of
semi-translucent membranes and the inner layer consisted of NPs
with a solid core‒shell structure. PP-PU shows monolayer NPs
without the coating of erythrocyte membranes.

We also measured the stability of NPs in FBS. No significant
changes were observed in the particle size, distribution, and Zeta
potential of RP-PU, PP-PU, RPP-PU within 14 d (Fig. 3D‒F). The
particle sizes of RP-PU, PP-PU, RPP-PU are about 200 nm or so.
The PDI of RPP-PU was the smallest within 14 days and the zeta
potential was the lowest, which shows that its stability is the best.
The Results indicate that these NPs presented strong stability. As
shown in Table S1, the Encapsulation Efficiency of RPP-PU
reached up to about 97%. The Loading Capacity of RPP-PU
was about 29%. We found that the LC of the drug was
increased with modification of erythrocyte membranes, possibly
due to the lipophilicity of drugs.

The ratio of RBCs on the surface calculated as shown in
Supporting Information Table S2. Iron is an important component
of erythrocyte hemoglobin. To some extent, we get the content of
the erythrocyte membrane indirectly from the content of iron. The
content of the iron atom was 0.34% in NPs. In routine blood tests,
we learned that a liter of male blood contains about
11.6e31.3 mmol iron and 3.5 � 1012e5.5 � 1012 red blood cells.
After calculation, 100 mg NPs contain 340 mg (6.07 mmol) iron
that can package about 0.68 � 1012e2.87 � 1012 red blood cells.
The type of membrane proteins had no changes after coating on
NPs in comparison to the erythrocyte membrane. In literature, the
erythrocyte membrane made of ultrasonic method had verified that
the membrane protein does not change after wrapping by SDS-
PAGE gel electrophoresis47,48. The Results show that RP and
RPP contained RBC membrane proteins (Supporting Information
Fig. S2). The coating of the erythrocyte membrane on this system
had been identified.

3.2.2. Detection of cytotoxicity of NPs
The cell viability of EC and RAW were more than 90% respec-
tively with stimulating by all groups (Fig. 3G and H). There was
no significant difference in cell survival rate among these groups
at different concentrations. The Results indicate that RP, PP, RPP,
and RBC all had good biocompatibility. The results also prove that
this material presented no significant cytotoxicity. Based on the
appropriate particle size, outstanding stability, excellent drug
loading capacity, and drug-releasing capacity, biocompatible RPP-
PU was expected to be used in drug delivery systems.

3.2.3. Cellular uptake of NPs
The green fluorescence of Cou-6 was observed in RPP-Cou-6-
treated RAW and EC. We observed the phagocytosis of the upper
and lower layers respectively, and also merged the two layers of
cells to observe together. The phagocytosis of all NPs was stronger
than that of the free Cou-6 group (Fig. 3I). The NPs released
strong fluorescence signals, indicating a reliable ability of NPs in
intracellular internalization. Compared with the NPs in each
group, PP-Cou-6 and RPP-Cou-6 were more selective engulfed in
macrophage and less in EC and RPP-Cou-6 showed a more sig-
nificant statistical difference compared with RP-Cou-6 in EC
(Fig. 3J and K). The phagocytosis of RP-Cou-6 was consistent in
EC and RAW. This indicates that RP-Cou-6 was not selective in
EC and RAW. We repeated the phagocytosis experiment and
compared the two groups (RP and RPP) together to observe more
intuitively (Supporting Information Fig. S3). There is significant
difference in fluorescence intensity inside RAW between RP
group and RPP group. It demonstrates that the higher selectivity of
RPP NPs for RAW. Group of EC incubated without LPS had been
added. The Results show that few RPP-PU could be taken up by
normal EC.

3.3. Test of NPs’ sensitivity to H2O2

The morphology of RP-PU, PP-PU, RPP-PU was observed by
TEM (Fig. 4A‒C). PP-PU and RPP-PU are spherical and present
good dispersibility in the absence of H2O2. In the presence of
H2O2, the morphology of RPP became irregular and the aggre-
gation of NPs caused by the breakage of the peroxalate bond in
H2O2. It indicates that PP-PU and RPP-PU had H2O2 respon-
siveness. And RP-PU did not change in the absence or presence of
H2O2.

The cumulative drug release curve of RPP-PU in PBS is shown
in Fig. 4D. More than 15% of PU released on the first day, fol-
lowed by a slow and sustained release in phosphate-buffered sa-
line (PBS) buffer (PH 7.4, 0.01 mol/L) for 14 days. RPP released
faster in H2O2 than PBS, as shown in Fig. 4D, indicating
responsiveness of RPP to H2O2. As H2O2 concentration increased,
the release would be accelerated. We also did the drug release
studies in FBS in the simulated in vivo environment (Fig. 4E). The
release trends of NPs in PBS and FBS are consistent. NPs released
more in the increase of H2O2 concentration. However, NPs
released faster in FBS than in PBS (Fig. 4D and E). FBS contained
lipids, and probucol was a lipophilic drug. So, NPs released faster
in FBS. The release of different NPs (RP-PU, PP-PU, RPP-PU) in



Figure 3 Characterization of erythrocyte membrane NPs. (AeC) The morphology and particle size of RP-PU, PP-PU, RPP-PU were observed

by TEM. (D) The average particle size in 14 days. The stability of particle size of NPs was observed. (E) The polydispersity index of size in 14

days. (F) Zeta potentials of NPs in 14 days. (G, H) Cell viability assays of EC and RAW were done by MTT. (I) Phagocytosis of fluorescent Cou-

6, RP-Cou-6, PP-Cou-6, and RPP-Cou-6 in RAWand EC in transwell. Scale bars Z 40 mm. (J, K) Quantitative statistical analysis of fluorescence

data was done to describe the uptakes of NPs in RAW and EC. Data are presented as mean � SD (n Z 5). *P < 0.05, **P < 0.01, ***P < 0.001.

NS, not significant.
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different H2O2 concentrations was observed (Fig. 4F‒I). When PP
were modified by RBCs, the leakage and release of the drug
reduced by the action of RBCs coated on the outer layer, and the
release of RPP slowed down. When the concentration of H2O2

increased, the release behavior of PP-PU was similar to RPP-PU.
RPP-PU was more sensitive to low concentrations of H2O2, while
it was similar to PP-PU in high concentrations. Mathematical
modeling was calculated the release kinetics by Origin 2016. The
peroxide effect on the release kinetics was that the RBC mem-
brane reacted with H2O2 first, and then the H2O2 responsive ma-
terial 6s-PLGA-DAr-PO-PEG reacted with H2O2. The rupture of
the material accelerated the release. Most of the drug sustained-
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release followed the first-order or Higuchi kinetic process. We
fitted the curve and the first-order or Higuchi kinetic equation are
listed in the supporting document shown in Supporting
Information Table S3. We also did the responsive release in
H2O2 solution ranged from 0 to 50 mmol/L (Supporting
Information Fig. S4). We found that the RPP nanoparticles still
had sensitive response under the condition of low concentration of
H2O2. And the release was accelerated under the condition of
H2O2, which had statistical significance from other groups. The
experiments provided clear evidence on the H2O2 sensitive drug
release in vivo. The release of RPP nanoparticles in the in vivo
environment stimulated by LPS is significantly faster than that in
the environment without LPS (Supporting Information Fig. S5).

NPs (1 mg/mL) were suspended in H2O2 solution and incu-
bated for 2 h. P is blank NPs of 6s-PLGA; PP is blank NPs of 6s-
PLGA-DAr-PO-PEG; RPP is blank NPs of RBC-6s-PLGA-DAr-
PO-PEG. As shown in Fig. 4J, there is no statistical difference
between control, PEG, and P, so that they had no response to
H2O2. In comparison with PP and PEG solutions, RPP (1 mg/mL)
solution exhibited a more significant H2O2-eliminating capacity.
Figure 4 Elimination of H2O2 by NPs. (AeC) The image and morpholog

TEM. (D) In vitro release of RPP-PU was observed in PBS or H2O2 solution

release of RPP-PU was observed in FBS or H2O2 solution with a concentra

PU, PP-PU, and RPP-PU was observed in FBS or H2O2 solution with a co

residual H2O2 at 2 h after NPs incubation. (K) Removal of H2O2 by R

materials. (MeP) The ability of NPs to eliminate H2O2 in RAW and EC.

except the negative control group. Images of NPs in eliminating H2O2 in

Scale bars Z 10 mm. Data are presented as mean � SD (n Z 5). **P <
In the context of rapid disintegration of RPP, the elimination rate
of H2O2 could reach up to more than 90% in the first 2 h.
Therefore, we validated the responsiveness of RPP to H2O2. H2O2

in the PEG solution was not eliminated. And the higher the ma-
terial concentration, the stronger the scavenging effect on H2O2

(Fig. 4K). The H2O2-scavenging material 6s-PLGA-DAr-PO-PEG
contains the diphenyl ring linked peroxyoxalate bond; 6s-PLGA-
PO-PEG does not contain diphenyl ring but contains peroxyox-
alate bond. 6s-PLGA-DAr-PO-PEG removed almost 10% H2O2

more than 6s-PLGA-PO-PEG at the same concentration (Fig. 4L).
The Results show the conjugated peroxyoxalate bond of diphenyl
ring could remove H2O2 better with a highly sensitive scavenging
efficiency.

The hydrolysis of materials in the same conditions was
observed. The molecular weight of 6s-PLGA and 6s-PLGA-DAr-
PO-PEG were detected in 10 mmol/L H2O2 (Supporting
Information Fig. S6). The Results indicate that the molecular
weight of 6s-PLGA was almost unchanged in the presence or
absence of H2O2, and there is no statistical difference. However,
the molecular weight of 6s-PLGA-DAr-PO-PEG was decreased in
y of NPs (RP-PU, PP-PU, RPP-PU) in PBS or H2O2 were observed by

with a concentration of 10, 100, and 1000 mmol/L in PBS. (E) In vitro

tion of 10, 100, and 1000 mmol/L in FBS. (FeI) In vitro release of RP-

ncentration of 10, 100, and 1000 mmol/L in FBS. (J) Determination of

PP with different concentrations. (L) Removal of H2O2 by different

1 mg LPS (about 100 nmol/L) induced ROS production in all groups

RAW (M) and EC (N) and corresponding quantitative Results (O, P).

0.01, ***P < 0.001. NS, not significant.
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the presence or absence of H2O2. The results indicate that 6s-
PLGA-DAr-PO-PEG degraded in H2O2 and proved the H2O2

response of the material from another side.
We also found that RBC has the function of scavenging H2O2

(Supporting Information Fig. S7), which is a new discovery
different from other research on cell membrane coating. RBC
membrane and H2O2 responsive materials can work together to
resist atherosclerotic oxidative pathological microenvironment.
And in the H2O2-scavenging experiment, we verified that the
scavenging effect of RPP was far more than that of PP group, so
the synergistic effect of RBC and PP was significantly displayed
in RPP group, so we used RPP-PU group with more significant
synergistic effect in vivo.

3.4. Elimination of ROS by NPs in cells

The Results show that the ROS level in RAW cultured by RPP was
significantly lower than that in the control group (Fig. 4M and O).
We found similar results that the ROS level in EC was also
eliminated a lot by RPP (Fig. 4N and P). The level of ROS after
RPP clearance was not statistically different from the control
group. It means RPP could reduce ROS in LPS- stimulated RAW
and EC, and could reduce to normal ROS levels. RPP could clear
ROS well both in cells and in vitro, which laid a good foundation
for removing ROS in animals.

3.5. In vivo blood drug concentration of NPs

The in vivo blood drug concentration of NPs shows that RP-PU and
RPP-PU have the same peak time, which might be due to red blood
cells’ increasing cycle time. PP was not wrapped by red blood cells,
so the peak time is relatively early (Fig. 5A). About the free PUgroup
and RPP-PU plasma concentration: the Cmax values are
27.026 � 12.487 and 28.212 � 3.217 mg/mL, respectively, reaching
peak times of 0.5 and 24 h, respectively. The areas under the curve
(AUC0‒t) are 639.221 � 11.392 and 905.343 � 54.080 mg h/mL,
respectively. ComparedwithPU,RPP-PUhad the advantages ofCmax
Figure 5 In vivo blood drug concentration and safety of NPs. (A) In vivo

drug was extracted. Blood drug concentrations were measured. (B) The

suspension (right) from the direct Coombs’ test (Di) and indirect Coombs’

bars Z 200 mm. (DeF) Effects of NPs on inflammatory factors including

**P < 0.01, ***P < 0.001 vs LPS group. NS, not significant.
and AUC0‒t values are 1.04 and 1.42 times of PU group respectively.
NPs prolonged the peak time of the drug. TheResults show that RPP-
PU could significantly improve the effects of drug absorption and
bioavailability. Delay in the peak of drug concentration proved that
RPP-PU effectively protected the drug and facilitated the action of a
large amount of the drugs, thus ensuring more favorable therapeutic
effects delivered by RPP-PU in the treatment of atherosclerosis.

ApoE‒/‒mice species are derived fromwild-typeC57BL/6Jmice
and the experimental dosage was huge, we selected the wild-type
C57BL/6J mice with the closest genotype and economic utility to
verify the pharmacokinetic study in vivo. Plaque-bearing ApoE‒/‒

mice would be the best choice, and we would choose ApoE‒/‒ mice
for the pharmacokinetic study when we did the next study.
3.6. In vivo immunogenicity of NPs

The erythrocytes from all groups (control, RP, PP, RPP) in the test
tube were shown after centrifugation and suspension from direct
Coombs’ test (Di) and indirect Coombs’ test (Indi). The macro
images are shown in Fig. 5B. After centrifugation and then sus-
pension, no erythrocyte aggregation was observed. The micro
images (10 � ) are shown in Fig. 5C from Di and Indi. There was
also no hemagglutination of erythrocytes. Results from Coombs’
direct test reveal no hemagglutination of erythrocytes in all groups
under both visual and microscopic observations. Therefore, no
anti-erythrocyte antibodies were produced, suggesting a more
reliable safety of this preparation. The results from indirect tests
are consistent with those from direct tests and confirm the bio-
safety and non-immunogenicity of all NPs (Fig. 5B and C).

The levels of inflammatory cytokines including IL-1b, IL-6,
and TNF-a in serum were very low. The Results confirm that
NPs did not cause inflammation. Compared with the positive
control group with LPS stimulation, productions of inflammatory
factors including IL-1b, IL-6 and TNF-a were very low after
treatment with NPs, reflecting the favorable biocompatibility and
the non-proinflammatory property of NPs (Fig. 5D‒F).
blood drug concentration at 1, 2, 4, 8, 24, 36, 48, 60 and 72 h, and the

macro images of RBC in a test tube after centrifugation (left) and

test (Indi). (C) The micro images of RBC from the Di and Indi. Scale

IL-1b, IL-6, and TNF-a. Data are presented as mean � SD (n Z 4).
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We also tested the combination of hematological parameters of
RBC and RPP (Supporting Information Fig. S8) and found no
significant difference between them and the control group in HCT,
HGB, LY%, MCHC, MPV, NE � 109, PCT, PDW, PLT � 109,
RBC � 1012, RDW, and WBC. The above Results show that both
RBC and RPP had no immunogenicity.

3.7. In vivo imaging and frozen section verification of NPs
targeting AS

The Results show that the strongest whole aorta fluorescence was
RPP-Cou-6, followed by PP-Cou-6, followed by RP-Cou-6, and
the weakest was Cou-6 (Fig. 6A and B). Only RPP-Cou-6 and free
Cou-6 had a significant difference in cardiac fluorescence, but no
difference in other groups. In organs, NPs were mainly distributed
in the liver and less in other organs. In the liver, the fluorescence
of RPP-Cou-6 was the strongest, followed by RP-Cou-6 and then
PP-Cou-6, and the weakest was Cou-6 (Fig. 6C and D). PP/RPP
was more distributed in blood vessels than RP. It indicates that
H2O2-scavenging material can target blood vessels. RP/RPP was
more distributed in the liver than PP. It may be because red blood
cells have long circulation and can stay in tissues for a long time.
RPP combined the good targeting effect of PP and the tissue
retention effect of RP. We also observed fluorescence distribution
in organs at different time points of Cou-6 and RPP-Cou-6
(Supporting Information Fig. S9). We found that RPP-Cou-6
was always stronger than Cou-6 at these time points. At the
same time, we found that Cou-6 had almost no fluorescence in
blood vessels at 24 h, while the fluorescence of RPP-Cou-6 was
still very strong. It suggested that RPP-Cou-6 had a good long
circulation effect and targeting effects in blood vessels.

The frozen sections of the aortic root show that there is no
significant difference between RP and the control group, and the
fluorescence of PP-Cou-6 and RPP-Cou-6 is significantly different
from the RP group. It also shows the aortic targeting of PP-Cou-6
and RPP-Cou-6 (Fig. 6E and F).

We also observed ROS by DHE staining on the aortic root and
found that PP and RPP could significantly reduce ROS at the
lesion site, while RP hardly reduced ROS (Fig. 6E and G). DHE
staining on the heart and aorta shows similar Results (Supporting
Information Fig. S10). The results show that RPP could precisely
target the aorta and reduce ROS at the lesion site. PP-Cou-6
nanoparticles and RPP-Cou-6 nanoparticles had the similar
accumulation in atherosclerotic lesions, while the ROS level of
RPP-Cou-6 nanoparticles was lower than that of the other. The
results are same as the in-vitro results of elimination of H2O2 by
NPs. RPP could reduce ROS more than PP. There were a lot of
proteins on the surface of RBC membrane. Disulfide bonds of
RBC membrane proteins could react with H2O2

30. Therefore, the
core of PP in RPP played a role in targeting the high ROS site of
the lesion, while RBC could assist in reducing ROS. Therefore,
RPP had the same targeting effect as PP, but the effect of removing
ROS was stronger.

We observed the nanoparticles and circulating macrophages in
the aortic root (Supporting Information Fig. S11). The Results
show that a large number of RPP nanoparticles gathered at the
lesion site, and CD68 stained circulating macrophages were also
very abundant. The Cou-6 and CD68 double positive cells of aorta
were quantified by flow cytometry. The double positive cells in
RPP group were the most, showing that RPP nanoparticles were
easier to be phagocytized by circulating macrophages and deliv-
ered to the lesion site.

3.8. MRI findings from plaques in abdominal aorta

The red circle in the middle defined the transverse section of the
abdominal aorta. The black part indicated the excellent perme-
ability of blood vessels and the white part represented blocked
signals from plaques of adipose tissues. The quantify process was
as followed: Firstly, the white area we located was the blood
vessel in the red circle, that is, the lipid content of the blood vessel
section was calculated to quantify aorta lipid. Lipids outside the
vessel cross-section were not counted. Secondly, lipid SUM came
from lipids (white part in the figure) in typical Sections 1 and 2,
that is, adipose tissues in the liver and near the kidney area.
Finally, the images showed only one layer of the sweeping image,
and we calculated the average white area of at least four layers.

Results from the control group were almost all white, sug-
gesting a very large area of adipose plaques. There were a few
white plaques found in RPP and PU groups, indicating certain
therapeutic effects. In the RPP-PU group, abdominal aortic pla-
ques were largely removed and the blood vessels were transparent,
deposit of visceral fat was observed to be reduced (Fig. 6H‒K).
PU group had a whiter area which was outside the vessel cross-
section. These lipids are not in the aorta but the surrounding tis-
sues. In comparison with findings from other groups, adipose
tissues in the liver and near the kidney area only in the RPP-PU
group were significantly reduced. The results showed that RPP-
PU had a strong lipid-scavenging effect.

3.9. Oil red O staining of the whole aorta

The Results from oil red O staining showed that the adipose
plaques were stained red. The red part was the plaque area. The
proportion of plaque was obtained by comparing the plaque area
with the total vascular area. Results from the quantitative analysis
show that in comparison with the control group and free PU group,
the area of adipose plaques in the RPP-PU group was lower,
presenting significant differences. RPP-PU significantly reduced
the area of plaques (Fig. 7A and B). However, free PU and RPP
did not have a significant difference from the control group.

We also made the oil red O Staining of cross-section from the
liver (Supporting Information Fig. S12). The Results show that the
RPP-PU group significantly reduced the lipid of the liver, which
was significantly different from other groups. Although there was
no statistical difference between the RPP group and control group,
it could be observed that the RPP group had the trend of reducing
lipids, because the material reduced oxidized lipoproteins, and the
lipid-scavenging function of cells itself was improved. PU can
reduce lipids, but there was no significant decrease compared with
RPP-PU. This experiment proved that RPP-PU had a powerful
function of scavenging lipids.

The Results show that the body fat rates of mice in the RPP-PU
group were significantly lower than those in the control and PU
groups (Fig. 7C), indicating the superior lipid-lowering effects
with treatments of NPs. And the ROS levels in the aorta of mice in
both the RPP group and RPP-PU group were significantly
reduced, indicating the impressive strength of RPP and RPP-PU in
eliminating ROS (Fig. 7F), thus reducing damages caused by
oxidative stress. RPP-PU had an obvious lipid-lowering function.



Figure 6 NPs targeting atherosclerosis and MRI cross-sections in mice. (A) Fluorescence distribution in heart and aorta. (B) The quantity of

fluorescence total signal in the heart, aorta, and blood. (C) Fluorescence distribution in thymus, liver, spleen, lung, and kidney. (D)The quantity of

fluorescence total signal in organs. (E) Frozen sections of the aortic root. DHE stained for ROS. Scale barsZ 200 mm. (F, G) The quantity of Cou-

6 and DHE in the aortic root. (H) Typical images of MRI of the abdominal aorta from different groups. The red circle in the middle outlined the

cross-section of the abdominal aorta. The black parts suggested blood vessels with excellent transparency, the white parts indicated blocked

signals from plaques of fat. (I) Visceral fat in the liver (typical Section 1) and fat near the kidney (typical Section 2). (J) Quantity of plaques in the

abdominal aorta. (K) The amount of visceral fat in the liver and the amount of fat near the kidney. Data are presented as mean � SD (n Z 4).

*P < 0.05, **P < 0.01, ***P < 0.001. NS, not significant.
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PU itself had antioxidant properties, so ROS was reduced. In
addition, RPP and RPP-PU reduced ROS significantly compared
with the control group. The benefits of RPP and RPP-PU were
promoting lipid metabolism rather than causing hyper oxidation of
lipids. So, the NPs reduced oxidative state, reduced oxidized li-
poproteins, resolved endothelial dysfunction, and provided a
desirable environment to inhibit the formation of fibrosis.

3.10. Masson staining of aortic root sections

Masson staining is mainly used in differential staining of collagen
fibers and muscle fibers. Compared with the control group, RPP-
PU could significantly reduce the amount of collagen and fibers.
The content of collagen in the RPP-PU group was also lower than
that in the free PU group (Fig. 7D and E). Therefore, RPP-PU can
reduce tissue fibrosis and protect myocardial function. Similar
Results were obtained from sections taken from the transverse
section of the infarct sites (Supporting Information Fig. S13). The
results show that RPP did not cause vascular fibrosis, and
contributed to the recovery of blood vessels and reduced fibrosis.

3.11. Hematological parameters

Twelve weeks later, blood serum was separated and frozen. The
Results suggest that administration of RPP-PU significantly
reduced the levels of TC, TG, and LDL. And RPP-PU had a trend
to reduce the levels of HDL. In comparison with PU, RPP-PU
reduced the serum lipid levels more effectively (Fig. 7G). RPP-PU
also significantly decreased the enzymatic activities of HMG-
CoA, LCAT, CETP, and APOE, demonstrating its effects on
metabolizing lipids (Fig. 7H). Compared with the PU group, the
levels of inflammatory factors in the RPP-PU group were inhibi-
ted, implying the favorable therapeutic effects delivered by RPP-
PU.



Figure 7 Results from oil red O staining and masson staining as well as the ROS level in the aorta of mice. (A) The wholeaorta was stained

with oil red O. RulerZ 10 cm. (B) The oil red O staining fat was quantified. (C) The body fat ratio was calculated. (D, E) Sections from the aortic

root of APOE‒/‒ mice were processed by masson staining. Scale bars Z 200 mm. (F) Quantitative determination of ROS in the aorta by DCFH-

DA. (G) Serum levels of HDL, LDL, TG and TC. (H) Serum levels of HMG-CoA, APOE, CETP, and LCAT. Data are presented as mean � SD

(n Z 4e6). *P < 0.05, **P < 0.01, ***P < 0.001. NS, not significant.
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3.12. HE and IHC staining of pathological sections of aortic
root

HE pathological sections of aortic root were prepared. In
Supporting Information Fig. S14, 30 � enlarged figures show the
aortic root slides of heart and the shape of the three valves;
100 � enlarged figures show the details of vascular lesions such as
foam cells and plaques which were the part indicated by the black
arrow. The treatment of atherosclerotic plaque in the RPP-PU
group was most effective, and the morphology of blood vessels
returned to the level like normal blood vessels (Fig. S14). Almost
no obvious foam cells and lipid plaques could be seen in the RPP-
PU group.

The IHC staining included MOMA-2 staining of macrophages,
SMO staining of SMC, CD3 staining of T cells, and detection of
CD68 proteins and MCP-1 in mice aorta (Fig. 8). There was no
statistical difference in T cells represented by CD3 (Supporting
Information Fig. S15). The Results suggests that it did not cause
strong immune responses. The positive distribution of mono-
nuclear macrophages in RPP-PU was slightly increased
(Supporting Information Fig. S16). The number of macrophages
in vascular walls decreased whereas the number of mononuclear
macrophages in the blood increased and the formation of foam
cells was inhibited. The numbers of MOMA-2-stained macro-
phages in the PU group and the RPP-PU group were significantly
reduced (Supporting Information Fig. S17) which might decrease
the number of foam cells on vascular walls. Plaque formation was
decreased and associated with the focal reduction of macrophage
infiltration after injury. The number of SMC was significantly
reduced in the RPP-PU group (Supporting Information Fig. S18)
implying that the proliferation of SMC was inhibited, fibrosis was
inhibited and vascular wall thickening was decreased. Compared
with the PU group, RPP-PU significantly reduced the MCP-1 level
(Supporting Information Fig. S19), decreased the adhesion of
monocytes to EC. Overall, RPP-PU could improve various im-
mune and cellular regulations.

4. Discussion

NPs do not change the mechanism of PU itself, mainly through the
encapsulation of NPs and the H2O2-scavenging of materials to
increase the drug effect significantly. About the mechanisms of
RPP-PU, we believed that the role of nano delivery vector was
better than soluble PU by reducing the oxidative stress, the ma-
terial could reduce ROS in vivo and in vitro, and significantly
increased the hypolipemic effect of the drug, and also enhanced
the antioxidant effect of the drug.

Results from TEM and DLS indicated the favorable dis-
persibility and expected size of NPs. Some reports have shown
that larger particles (at the size of 500e2000 nm) were mostly
retained at the injection sites and were picked up by dendritic cells
at the injection sites, while smaller particles (at the size of
20e200 nm) were introduced into dendritic cells and macro-
phages through the process of passive targeting49. RPP-PU at
about 200 nm in diameter would facilitate drainage to organs.

ROS levels of atherosclerotic disease and other diseases were
10e1000 mmol/L even 10 mmol/L. One of the most important
ROS is hydrogen peroxide. All cells produce H2O2 from multiple
sources. However, on the reason of catalase and peroxidases, the
intracellular H2O2 is 10 nmol/L or less. From the analysis of



Figure 8 IHC staining of pathological sections from aortic root (CD3, CD68, SMO, MOMA-2, MCP-1). (A) The representative images of IHC

40 � (Scale bars Z 200 mm) and images of IHC 200 � (Scale bars Z 50 mm). The black arrow points to the antibody positive signal which was

brown. (BeF) Content of antibodies was measured by Image J. Data are presented as mean� SD (nZ 4e6). *P< 0.05, **P< 0.01, ***P< 0.001.

NS, not significant.
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literature and kinetics, the likely normal range for plasma H2O2 is
1e5 mmol/L. It goes up as high as 50 mmol/L in inflammatory
disease50,51. So we chose 10, 100, and 1000 mmol/L H2O2 con-
centration to do the release profile of NPs. A high-fat diet was
shown to increase H2O2 concentration from 10 to 35 mmol/L52.
However, in most researches, H2O2 response could only reach
100 mmol/L, which cannot meet the needs of treatment for dis-
eases30. The H2O2-scavenging performance was better from 6s-
PLGA-DAr-PO-PEG and the H2O2 response sensitivity can be
reduced from 40 to 10 mmol/L which was close to the lowest
concentration of ROS levels of the pathological environment of
atherosclerosis.

The production of ROS and initiation of inflammatory re-
actions in atherosclerotic lesions are caused by vascular injuries,
prolonged exposure to a high level of ROS or inappropriate sub-
cellular localization of ROS may result in detrimental effects53.
Therefore, we chose H2O2-scavenging materials-6s-PLGA-DAr-
PO-PEG to remove redundant ROS from the diseased tissues. It
is well known that PLGA and PEG have good security. A per-
oxalate bond was used to connected them and the materials had
the H2O2-scavenging function. In addition, the addition of
diphenyl ring improved the H2O2-scavenging sensitivity of poly-
mer. On the other hand, compared with PLGA-PEG over
previously reported ones, we use oxalyl chloride to connect PLGA
and PEG, which greatly simplifies the synthesis process, makes
the experiment easier and yields higher. PEG could increase the
long cycle and synergize with RBC, to give full play to the ad-
vantages of polymer. In previous studies on ROS-responsive ma-
terials, Wang et al.3 confirmed that a broad-spectrum ROS-
eliminating NP could serve as an effective therapy for athero-
sclerosis. Minami and colleagues54 demonstrated that APP-103
presented higher sensitivity and specificity to H2O2 containing
more peroxalate bonds and could reduce tissue injuries and in-
flammatory responses. The findings also provide evidence of the
therapeutic effects delivered by ROS-responsive materials in
treating inflammations in atherosclerosis. In brief, considering the
increased level of intracellular ROS in local inflammatory pro-
cesses, the reactivity of NPs to H2O2 could facilitate drug release
via precise targeting and reducing oxidative stress.

Both probucol and the nanomaterials could scavenge the ROS.
Their different roles in atherosclerosis treatment were as followed:
probucol had antioxidant properties, but the dosage of probucol
was too little to remove H2O2 from the pathological environment.
If the dosage was large, it could produce a sufficient antioxidant
effect, but the drug toxicity would also increase. However, the
RPP materials had good biocompatibility and degradability. We
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used appropriate nanomaterials to remove H2O2, and the nano-
materials had highly H2O2 removal sensitivity. In addition,
nanomaterials had enhanced stability and slow-release behavior
which could scavenge the ROS for a long time. In conclusion, the
antioxidant effect of drugs was less and transient, and nano-
materials were more sensitive and sustained.

This system achieves the precise targeting of atherosclerosis by
the highly sensitive H2O2-scavenging nano system. Our experi-
ments also verified that its targeting was derived from the material
with H2O2 responsiveness. The inherent mechanism for the
atherosclerosis targeting might be due to the high-level ROS in
atherosclerosis so that nano system with a highly sensitive H2O2-
scavenging function could release the drug in lesion sites for
precise treatment of atherosclerosis. In fact, due to the particle
size, nanoparticles are more likely to stay in organs, especially in
the liver of metabolic organs, which is inevitable. 30%e99% of
nanoparticles will accumulate in the liver after administration into
the body. This leads to reduced delivery to the targeted tissue55.
Moreover, under the long circulation of red blood cells, RP/RPP
nanoparticles stayed in organs for a longer time. In blood vessels,
compared with other groups, RPP nanoparticles retained signifi-
cantly more in atherosclerotic vessels, so it still had a strong
vascular targeting effect.

The above findings were related to the mechanism of action of
PU, in which functions of HMG-CoA, LCAT, CETP, and APOE
involved in regulating lipid metabolism were inhibited by PU. The
mechanism of lipid-lowering effects of PU mainly resides in
lowering LDL and enhancing the reverse transportation of HDL.
Compared with the control group and the free PU group, the ef-
fects of lowering TG levels in the NPs group were more signifi-
cant. The overall lipid-lowering effects of NPs were much better
than the free PU group. Generally, a moderate increase in HDL
level could bring benefits in the treatment of atherosclerosis, while
PU could reduce HDL level. Yamamoto et al.44 explained the
beneficial effects of PU on atherosclerosis despite its HDL-
lowering effects, suggesting that it could increase reverse
cholesterol transportation at the same time. In fact, PU could
change the structures and functions of HDL subtypes, facilitating
the transportation of cholesterol from peripheral tissues, including
transportation from pathological arterial walls to the liver.
Advanced atherosclerotic lesions are also further weakened by the
pronounced local activity of matrix-degrading proteases as well as
immature neo vessels sprouting into the lesion56. And RPP-PU
NPs had a good trend effect of inhibition of protease activity,
and dampened inflammatory cell recruitment.

Compared with bare PU, RPP-PU could improve the phago-
cytosis of macrophages, relieve endothelial dysfunctions, reduce
the intracellular levels of lipids, restrain the levels of inflammatory
factors as well. Recent studies have demonstrated that athero-
sclerotic plaques were determined by pathological changes on
vascular walls rather than the severity of stenosis. Rupture of the
fibrous cap of an inflamed atherosclerotic plaque is considered the
most common trigger of thrombosis and ischemia57. Hence,
inhibiting inflammation is critical in inhibiting the development of
atherosclerosis.

The recruitment of monocytes to vascular walls was a crucial
step in the process of macrophage accumulation in atherosclerotic
plaques58. Reduction on MCP-1 level indicated decreased
recruitment of monocytes to vascular walls and contributed to
reduced foam cell formations, thus inhibiting the progression of
inflammations. It demonstrated that the risk of cardiovascular
events in patients with atherosclerosis could be reduced by
reducing inflammations induced by high-level ROS and by ad-
justments of blood cholesterol levels, highlighting the potential of
this anti-oxidative and anti-inflammatory treatment in improving
clinical outcomes.
5. Conclusions

In summary, to improve the effects of treatment for atheroscle-
rosis, we designed a highly sensitive H2O2-scavenging nano-
bionic system to selectively release PU in pathological microen-
vironments. Our study demonstrate that RPP-PU were satisfactory
in terms of stability, H2O2-eliminating effects in vitro, cell
compatibility, and safety in vivo. The RPP-PU group presented
significantly decreased body fat rate and low serum level of LDL,
decreased area of vascular plaques, and formations of fibers and
collagen in the atherosclerotic lesions. This H2O2-scavenging
nano-bionic system can provide a new treatment option for
atherosclerosis. It exploits multiple advantages of lowering lipid
levels, prolonging circulation time, anti-oxidative and anti-
inflammatory potentials.
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