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KEY WORDS Abstract  Advanced atherosclerosis is the major global cause of death, as featured by the aggregation
of apoptotic cells (ACs) in necrotic cores. The defective efferocytosis and dysfunctional cholesterol efflux

Advanced atherosclerosis;

of macrophages are the main reasons for forming necrotic cores in advanced atherosclerosis. In this study,

P idins; . . . . . .
P?;cv};?;tilnn.s we constructed self-assembled procyanidins (PC) NPs for loading pitavastatin (Pita). The designed
Efferocytosi’s; HA@PC@Pita NPs with hyaluronic acid (HA) modification combined the advantages of efferocytosis
Macrophage lipophagy; restoration of Pita and cholesterol efflux enhancement of PC. In vitro assay indicated that
Self-assembled HA@PC@Pita NPs could induce M1/M2 repolarization and upregulate ERK5/Mertk expression to
nanoparticles restore efferocytosis of macrophages. Simultaneously, HA @PC @Pita NPs notably promoted cholesterol

efflux by promoting macrophage lipophagy, a selective autophagy of lipid droplets. /n vivo study showed
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that HA@PC @Pita NPs cleared necrotic core and enhanced plaque stability in the ApOE’/ " mice model
with advanced atherosclerosis. Taken together, this study demonstrated the potential of HA@PC @Pita
NPs for the treatment of advanced atherosclerosis.

© 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and
Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Cardiovascular disease caused by atherosclerosis represents a
chronic pathological condition affecting the large and medium-
sized arterial systemically’. The necrotic core, a hallmark of
advanced atherosclerosis plaques, develops through the progressive
aggregation of apoptotic cells (ACs) surrounded by cholesterol-rich
foam cells, leading to the formation of vulnerable plaques and
plaque disruption”. Efferocytosis, a conserved clearance mechanism
in atherosclerotic lesions, plays a critical role in removing ACs
prior to the formation of foam cells-enriched necrotic core®.
However, the substantial cholesterol accumulation in macrophages
following ACs phagocytosis impairs macrophage cholesterol efflux
function, creating a vicious cycle of defective efferocytosis and
progressive expansion of atherosclerotic lesions®. This pathophys-
iological cascade underscores the therapeutic potential of simulta-
neously restoring defective efferocytosis and promoting cholesterol
efflux of macrophages as a promising strategy to mitigate pro-
gression in advanced atherosclerosis.

Atherosclerosis-related molecular mechanisms governing
efferocytosis have demonstrated that exposure of the “eat-me”
signal on the ACs surface can attract macrophages to efficiently
engulf and clear these cells’. Heo et al.® further reported that the
activation of extracellular-signal-regulated kinase 5 (ERKS)
enhanced efferocytic capacity by upregulating Mertk (Mer tyro-
sine kinase about “eat-me” signaling), a critical receptor medi-
ating “eat-me”  signal recognition, thereby promoting
macrophage-mediated phagocytic clearance. Pitavastatin (Pita) is
one kind of the statin’s lipid-lowering class of drugs’. Intriguingly,
Emerging evidences indicated that Pita could skew pro-
inflammatory M1 phenotype toward the pro-efferocytosis M2
macrophages in the plaque via activating ERKS, thereby
enhancing ACs clearance®®. Complementarily, polyphenol flavo-
noid member procyanidins (PC) was reported to inhibit macro-
phage foaming mainly through up-regulating cholesterol efflux-
related proteins ABCA1/G1. Notably, cholesterol efflux is mech-
anistically linked to lipophagy, a selective autophagy®, wherein
lipid droplets are metabolized via lysosomal degradation orches-
trated by lipophagy-specific regulators and core autophagy ma-
chinery'®. Since lipid-laden foam cells and unresolved ACs
synergistically drive necrotic core expansion in advanced plaques,
it is reasonable to suppose that the combination of Pita and PC,
represents a mechanistically grounded strategy to alleviate
advanced by simultaneously restoring efferocytosis and promoting
cholesterol efflux.

However, the simultaneous delivery of Pita and PC to activated
macrophages in plaques while maintaining therapeutic functions
remains a significant challenge''. Recent advances in nanotech-
nology have enabled the development of dual-drug delivery sys-
tems targeting plaques for atherosclerosis treatment with

promising efficacy'?. Nevertheless, these approaches exhibit
notable limitations such as excessive carrier requirement, struc-
tural complexity, poor drug release control, and prolonged treat-
ment duration, etc'®. Emerging carrier-free strategies utilizing
self-assembled nanoparticles showed potential to improve drug
treatment efficiency as well as drug loading'®. For example, Tian
et al.'”® demonstrated that Epigallocatechin (EGCG) self-
assembled nanoparticles achieved comparable ROS scavenging
capability at half the dosage of free EGCG. Notably, Chen et al.'®
developed EGCG-based self-assembled nanoparticles with 98%
encapsulation efficiency for (-cyclodextrin in hyperlipidemia
management. In addition, the 9-fluoromethoxy carbon motif
group, which shares w-m conjugation characteristics with
EGCG’s phenolic structure, was found to confer self-assembly
capability when conjugated with PEG'’. Given the structural
similarity between PC’s polyphenolic flavonoids framework and
EGCG’s core structure'®, PC may spontaneously form self-
assembled nanoparticles suitable for Pita delivery to atheroscle-
rotic plaque.

In this study, we engineered self-assembly PC NPs co-loaded
with Pita (PC@Pita NPs) to synergistically restore efferocytosis
and enhance cholesterol efflux. The functionalized PC NPs were
prepared via polyphenolic condensation and benzoxazine
reaction'®. At first, the self-assembly of PC forms linear poly-
phenol oligomeric molecules under appropriate conditions'®. The
concentration increase of oligomeric molecules leads to gradually
aggregate to form hollow polyphenol NPs through hydrogen
bonding and w-m stacking interaction®. Afterwards, solvent-
mediated depolymerization-reassembly cycles enabled high-
efficiency Pita encapsulation and reassembly of PC NPs through
the interaction between the phenolic hydroxyl groups of PC and
the carboxyl moiety of Pita?'. Then, hyaluronic acid (HA) was
conjugated to the surface of the PC@Pita NPs to endow targeting
ability to activated macrophages in plaques by interacting with
CD44 highly expressed on the activated macrophages®>. There-
fore, HA@PC@Pita NPs can targetly co-deliver Pita and PC to
activated macrophages in plaques to alleviate advanced athero-
sclerosis via simultaneously restoring efferocytosis and promoting
cholesterol efflux (Scheme 1).

2. Materials and methods

2.1.  Reagents and materials

Procyanidins (PC) were bought from Solarbio (Beijing, China).
Pitavastatin (Pita) was provided by Aladdin (Shanghai, China).
Hyaluronic acid (HA) was supplied by Dalian Meilun (Dalian,
China). DAPI, LysoTracker and Oil Red O (ORO) were obtained
from Sigma—Aldrich (MO, USA). ELISA kits were obtained by
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Neobioscience Biotechnology Co., Ltd. (China). Hochest 33342,
and TUNEL kit was purchased from Yeasen biotech Co., Ltd.
(Shanghai, China). 3-Methyladenine (3-MA) was purchased from
MedChemExpress (Shanghai).

Primary antibodies: anti-CD80, anti-CD206, anti-p62, anti-LC3
B, anti-p-ERKS, anti-ABCAI1, anti-ABCGI, and anti-GAPDH
were supplied by Proteintech (Wuhan, China). Anti-ERKS and
anti-Mertk were obtained from Abcam (Britain).

2.2.  Preparation of nanoparticles

2.2.1.  Preparation of PC NPs

First, 10 pLL HCHO (final concentration, 37%) was added into a
red-brown solution containing 10 mg PC in 4 mL ddH,O (final
concentration, 2.5 mg/mL), and reacted at 800 rpm (Eppendorf,
Hamburg, Germany) for 5 min in the dark. Then, 0.8 mL ddH,O
containing 8 mg glycine (Gly) was added into the solution and
stirred at 800 rpm for 2 h. Finally, the obtained PC NPs were
dialyzed in a 3.5 kDa dialysis bag for 6 h, and the internal solution
was stored at —20 °C after freeze-drying.

2.2.2.  Preparation of PC@Pita NPs

3 mg PC NPs were dissolved in 100 pLL. DMSO and sonicated for
2 min (40 W), and then added 10 pL Pita (final concentration,
0.2 mg/mL) to the solution. After ultrasound at 40 W for 2 min,
the resulting solution was added into 1 mL 1% PVA solution and
stirred at 800 rpm for 2 min. After ultrasound for 5 min (40 W),
the sample was stirred for 24 h. Ultimately, the obtained PC @Pita
NPs were dialyzed in a 1 kDa dialysis bag for 6 h, and the internal
solution was stored at —20 °C after freeze-drying.

2.2.3.  Formulation of HA@PC@ Pita NPs

PC@Pita NPs was synthesized according to the method in Section
2.2.2. 5 uL. HA (final concentration, 5 mg/mL) was mixed with
1 mL PC@Pita NPs solution and stirred for 12 h. Ultimately, the

obtained HA@PC@Pita NPs were dialyzed in the 1 kDa dialysis
bag for 6 h and stored at —20 °C after freeze-drying.

2.2.4.  Physicochemical characterization of prepared NPs
Malvern Dynamic light scattering (DLS) was used to characterize
the {-potential and size in different samples. The surface shape
and morphology characterization of the NPs was imaged by
transmission electron microscope (TEM). The encapsulation ef-
ficiency (EE) and drug loading (LE) were evaluated by UV—Vis
absorption spectrum. Fourier transform infrared spectroscopy
(FT-IR) was adopted to analyze the chemical bonds in the nano-
particles. EE and LE were calculated using the following
equation:

EE (%) = Amount of Pita loaded in PC NPs/Initial Pita amount
%100 (D

LE (%) = Amount of Pita loaded in PC NPs/Amount of PC NPs
x 100 2)

Cumulative drug release (%) = M,/My x 100 3)

where M, is the amount of drug released, M, is the initial amount
of drug in the nanomaterials. The experiment was repeated three
times.

2.3.  Invitro characterization

2.3.1.  Cell culture

DMEM (Gibco) medium supplementing with 10% fetal calf serum
and 1% penicillin—streptomycin solution was utilized to culture
mononuclear leukemia cell line (RAW264.7), human umbilical
vein endothelial cell line (HUVEC), vascular smooth muscle cell
line (VSMC), human liver cell line (HL7702), and rat cardiac
myoblast (H9C2) in a 5% CO, incubator at 37 °C. 1640 medium
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containing 10% fetal calf serum (10%FBS, Gibco) and 1%
penicillin—streptomycin solution was used to culture jurkat cells.
Activated macrophages were obtained by incubating with lipo-
polysaccharide (LPS, 100 ng/mL, Sigma—Aldrich).

2.3.2.  Cellular target ability of HA@PC@Pita NPs

The target ability assay of HA@PC@Pita NPs to activated mac-
rophages was performed in 12-well plated. Initially, Ce6-labeled
(5 ng/mL) NPs were mixed with the activated macrophages for
4 h. After washing cells with PBS for three times, Hochest33342
was used to stain the nucleus. Ultimately, cells were observed and
imaged under CLSM (Olympus, FV1200).

2.3.3.
NPs
Macrophages with a cell density of 10° were cultivated in 12 well
plates for 24 h Ce6-labeled (the Ce6 concentration was 5 pg/mL)
NPs were then added into the plates at 2, 4, and 6 h. After using
DAPI to stain the nucleus for 30 min, the immune escape ability
was observed and imaged under CLSM (Olympus, FV1200).

Assessment of immune escape ability of HA@PC@Pita

2.3.4.  Transwell assay

24-well plates were seeded with macrophages and the HUVECs
was seeded in the upper chamber for 24 h, 100 ng/mL LPS was
used to stimulate cells. PC@Ce6 NPs and HA@PC@Ce6 NPs
(the Ce6 concentration was 5 pg/mL) were added into activated
HUVEC: for 4 h. DAPI was used to stain the nucleus for 30 min,
the permeability of NPs was observed under CLSM (Olympus,
FV1200).

2.4.  Mechanisms of anti-atherosclerosis

2.4.1.  Ox-LDL uptake and Oil Red O staining in macrophages
100 ng/mL LPS was used to stimulate macrophages in the 24-well
plates for 24 h to form activated macrophages. Then, the cells
were pretreated with HA@PC@Pita NPs for 2 h and co-cultured
with oxLDL (80 pg/mL) for 48 h. Lipid droplets stained with
0.3% ORO in activated macrophages were imaged using inverted
fluorescence microscope (Olympus, IX-73).

2.4.2.  Immunofluorescence of M1/M2-type repolarization
Macrophages were cultured in the 24-well plates at the density of
1.5 x 10° cells per well with cover slip and activated with 500 ng/
mL LPS stimulation for 24 h. Subsequently, activated macro-
phages were incubated with NPs overnight and fixed with 4%
paraformaldehyde for 30 min. Then, cells were incubated with the
primary antibodies at 4 °C overnight against CD80 (1:200) and
CD206 (1:250), and fluorescent-labelled secondary antibody was
added for 4 h. After being stained with DAPI for 30 min, the
fluorescence images were photographed by Nikon (Ti-E + A1 MP,
Japan) confocal microscope.

2.4.3.  Invitro efferocytosis assay

RAW264.7 cells plated in the 24-well plates (1.5 x 10° cells/
well) were stimulated with LPS (100 ng/mL) overnight and
then incubated with NPs for 24 h. Jurkat cells were resuspended
in 1640 medium containing 0.2 pmol/L staurosporine (STS) for
2 h. The post-apoptotic Jurkat cells were labeled with PKH67
according to the manufacturer’s directions.  Then,
RAW264.7 cells were incubated with PKH67-labelled ACs with
a cell ratio of 3:1 (ACs:macrophages) for 1 h. The medium was
removed and the cells were rinsed with PBS three times before

being fixed with 4% paraformaldehyde for 30 min. Ultimately,
DAPI was used to stain the nucleus and the images were pho-
tographed with Nikon (Ti-E + Al MP, Japan) confocal
microscope.

2.4.4.  Western blotting

100 ng/mL LPS was used to treat macrophages to form activated
macrophages in 6-cm dishes and then different NPs were added to
co-incubate with activated macrophages for 24 h. The remaining
steps were performed as previously described®’.

2.4.5.  Autophagy flux detection

The adenoviral labeled with the mRFP-GFP-LC3 was supplied by
Hanbio (HB-LP2100001). mRFP-GFP-LC3 adenovirus was used
to transfect macrophages at 37 °C to observe autophagy flux in
HA@PC@Pita NPs-treated cells. After incubation at 37 °C for
20 h, the levels red fluorescent protein mRFP, green fluorescent
protein (GFP) and LC3 fusion protein were observed under CLSM
(Leica LAS X).

2.4.6.  The colocation of LC3 B, p63 and lipids droplet
HA@PC@Pita NPs were used to treat activated macrophages for
24 h. Cells were then stained with LC3 B/BODIPY 493/503 or
p62/BODIPY 493/503. Ultimately, the fluorescence images of
cells were photographed by CLSM (Leica LAS X, Weitzlar,
Germany).

2.4.7.  Invitro anti-inflammatory assay

The assay on macrophages was performed in 24-well plates. After
cell adhesion, different NPs were incubated with macrophages for
2 h, followed by stimulating with 100 ng/mL LPS for 24 h. Then,
ELISA kits were used to detect the changes of extracellular in-
flammatory factors.

2.5.  Animal experiment method

ApoEf/ ~ mice (6 weeks) and C57BL/6 mice (6 weeks) were
supplied by Beijing Weishang Lituo Technology Co., Ltd. (Bei-
jing, China). All animal experiments conform to the Guiding
Principles of “Declaration of Helsinki” and have been approved
by the Medical Ethics Committee of Hunan University (SYXK-
2018-0006).

2.5.1.  Pharmacokinetic assay

Serum samples were collected from C57BL/6 mice at 0, 0.5, 1, 2,
4, 8, 12, and 24 h after injection of Ce6, PC@Ce6 NPs and
HA@PC@Ce6 NPs (the Ce6 concentration was 5 pg/mL). The
fluorescence intensity was monitored by An IVIS spectrum system
(Lumina XR, Caliper, USA).

2.5.2.  Targeting of the atherosclerotic plaques

ApoE™"~ mice (6 weeks) feeding with HFD (40% fat, 40% car-
bohydrate, 20% protein, and 1.25% cholesterol) for 8 weeks were
performed to observe the target ability of different NPs. After
administering in tail with of Ce6, PC@Ce6 NPs and
HA@PC@Ce6 NPs (the Ce6 concentration was 5 pg/mL) for
12 h, the aortas and major organs from euthanizing atherosclerotic
mice were collected after 12 h to detect fluorescence intensity by
An IVIS spectrum system.
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2.6.  In vivo anti-atherosclerosis study

2.6.1. Feeding and treatment programs

After feeding the ApoEf/ ~ mice (6 weeks) with HFD (40% fat,
40% carbohydrate, 20% protein, and 1.25% cholesterol) for 10
weeks, the mice were divided into control (normal diet), model
(HFD with saline), PC NPs (HFD with 3.6 mg/kg PC), PC + Pita
(HFD with 3.6 mg/kg PC and 0.4 mg/kg Pita) and HA @PC@Pita
NPs (HFD with 0.4 mg/kg Pita). The mice were injected via i.v.-
administration three times a week, the therapeutic effect was
monitored after 2 weeks of treatment.

2.6.2.  ORO staining of aorta and histological study of the aortic
tissue in ApoE™" mice

Atherosclerotic mice were sacrificed after 2 weeks of treatment.
The collected aorta was subjected to ORO staining to observe the
change of the plaques. Furthermore, ORO staining on the cryostat
section of the aortic root, aortic arch, and aorta abdominals was
performed.

The paraffin sections of aortic root were dehydrated for he-
matoxylin—eosin staining (HE) and Masson staining under the
guidance of the kit manual. Immunohistochemistry was developed
in the order of restoring the tissues antigens, drowsing peroxidase
blocker, avidin, biotin, and adding to antibody incubation over-
night. The secondary antibody was then incubated with sections of
aortic root, followed by performing color reaction. Ultimately, the
sections with sealing in neutral resin were observed under mi-
croscope (Olympus, 1X-73).

2.7.  Statistical analysis

GraphPad Prism 8.0 software (GraphPad, USA) with one-way
ANOVA was used to analyze data to compare statistical signifi-
cance of two independent groups. The data were considered as
statistical significance if *P < 0.05, and all data are presented as
the mean + standard deviation (SD).

3. Results and discussion

3.1.  Fabrication and characterization of HA@PC@ Pita NPs

The preparation scheme of HA@PC@Pita NPs was presented in
Fig. 1A. Firstly, we synthesized PC NPs, Supporting Information
Fig. S1A visually showed the homogenous PC solution and colloid
PC solution after adding glycine and formaldehyde, the result of
which reflected the formation of PC NPs through self-assembly. The
minimal particle size of PC NPs (size = 217.6 nm) was obtained at
the presence of 10 mg/mL glycine and 10 pL of 37% formaldehyde
(Fig. S1B). Meanwhile, the minimal polydispersity index of PC NPs
(PDI = 0.146) was obtained at 800 rpm (Fig. S1C). UV—Vis
spectra indicated that the absorption peak of sole PC at 278 nm
bathochromically shifted to 280 nm for PC NPs (Fig. S1D) due to
the - stacking of resorcinol in the forming process and molecular
length extension of polyphenol oligomers'®. FT-IR revealed the
absorption peak at 1234 cm™' due to the asymmetric stretching
vibration of C—O—C in the oxazine ring, the absorption peak at
1323 cm ™' due to the rocking vibration of CH, in the oxazine ring,
while the absorption peak observed at 1736 cm™' due to the
stretching vibration of the ester carbonyl C=0 in the PC NPs, and
the signal peaks of O—H and N—H asymmetric stretching vibrations
on the polyether skeleton appeared at 928 cm ™' (Fig. S1E). Then,

we investigated the effect of solvents on the solubility of PC NPs in
order to achieve the ideal loading efficiency of Pita. Fig. SIF
indicated that PC NPs efficiently dissolved in DMSO. Taking the
above characteristic, PC NPs achieved efficient loading of Pita
through solvent conversion. Next, we investigated the effect of PC
NPs/Pita ratio and time on the NPs formation and found that
PC@Pita NPs with the smallest particle size was obtained for 2 h
reassembly with the mass ratio of PC NPs:Pita for 3:0.2 (Fig. S1G
and S1H). By combining the standard curve of absorption value
of Pita V (Fig. S1I) and the absorption peak (Fig. S11I), the EE and
LE of PC NPs loaded with Pita were calculated to be 97.12% and
6.45% respectively (Fig. 1B). In addition, HA modification
increased the size of PC@Pita NPs. And the smallest size (146 nm)
of HA@PC @Pita NPs was obtained at the NPs/HA ratio of 60: 1
(Fig. S1J). DLS analysis indicated the size and the {-potential of
HA@PC@Pita NPs for 146 £ 20 nm and —24.2 £+ 1.5 mV,
respectively (Fig. 1C and D). EDS spectra demonstrated the uni-
form distributions of C, O, and F in PC and PC@Pita NPs (Fig. 1E),
indicating the successful preparation of PC@Pita NPs. The TEM
images exhibited the uniformly dispersed spherical shape of all
NPs. Among them, PC NPs showed a core—shell structure, while
PC@Pita NPs showed spherical shape after filling Pita in the core of
PC NPs. Moreover, HA was found in the outside of HA @PC @Pita
NPs (Fig. 1F). To further verify the core—shell structure of
HA @PC@Pita NPs, fluorophores of Dil and DiO were applied to
label PC NPs and pita, respectively. Then, the double fluorophores-
labeled PC NPs were co-incubated with macrophages and activated
macrophages, as previously reported®*. The fluorescence images
showed the overlapping of red signal (representing the shell of
HA@PC NPs) with green signal (representing the core of Pita),
indicating a complete “core shell” structure even after internaliza-
tion into cells (Supporting Information Fig. S2A). Moreover, by
comparing the release behavior of HA@PC@Pita NPs under
different pH conditions, we found that the release rate at pH 5.4
(slightly acid environment) was faster than that of pH 7.4 (neutral
environment) (Fig. 1G). Meanwhile, the produced fragments
confirmed the depolymerization of NPs caused by drug release
(Fig. 1H). In addition, Fig. 11 demonstrates homogeneous stability
as the investigated NPs maintained particle size at 146 + 26.2 nm
for up to 7 days in PBS and 10% FBS solution at 37 °C and pH 7.4.
These results provide the possibility for the practical application of
HA@PC@Pita NPs.

3.2.  Target ability and therapeutic effect of HA@PC @ Pita NPs
in vitro

To investigate the effect of HA modification on the targeting
ability of self-assembled NPs, Ce6 loaded NPs were used to track
their cellular behavior in vitro as previously described”. At first, a
plaque environment of atherosclerosis was constructed by
culturing LPS-treated macrophages with defective efferocytosis in
the 24-well plate and HUVECs on the top chamber (Fig. 2A)°.
Then, we performed Transwell assay to investigate the effect of
HA@PC@Ce6 NPs on the efferocytosis of LPS-treated macro-
phages by directly detecting the uptake ability of NPs. As we
expected, the intensity of red fluorescence signal in activated
macrophages was significantly higher than that of HUVECs.
Moreover, the total red fluorescence intensity in the
HA@PC@Ce6-treated activated macrophages was higher than
that of PC@Ce6 treated cells (Fig. 2B and C). As the efficient
uptake of the activated macrophages to HA@PC@Ce6 NPs can
contribute to the CD44-mediated endocytosis>?, we found that HA
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pretreatment significantly reduced the red fluorescence signal in
HA@PC@Ce6 treated macrophages (Fig. 2D and E). In another
experiment, we investigated the effect of HA modification on the
immune escape ability of self-assembled NPs from macrophages.
Consistent with previous report’’, the red signal in
HA@PC@Ce6-treated macrophages was weaker than that of
PC@Ce6-treated macrophages, indicating that HA endows NPs
with a certain immune escape ability (Supporting Information
Fig. S3A and S3B). Moreover, the inhibitors test showed that the
signal in activated macrophages with methyl-3-cyclodextrin
(vesicle-mediated endocytosis), chlorpromazine (clathrin-medi-
ated endocytosis), and colchicine (macropinocytosis) pretreatment
decreased by 62.06%, 57.39%, and 24.5%, respectively (Fig. S3C
and S3D). These results indicate that the uptake of HA @PC @Pita

NPs by activated macrophage mainly depends on the vesicle-
mediated endocytosis and clathrin-mediated endocytosis?®
Activated macrophages were used to assess the efficacy of
HA @PC@Pita NPs on efferocytosis, the process tightly related to
the development of atherosclerosis®. At first, ORO staining
method was used to evaluate the effect of Pita concentration on the
foam cell formation. Consistent with previous report’®, ORO
signal, which represented ox-LDL in cell, gradually decreased in a
Pita concentration dependent manner. 0.2 umol/L Pita showed the
strongest inhibitory effect in foam cell inhibition (Fig. 2F and G).
This optimal concentration was adopted for HA@PC@Pita NPs
preparation. According to the loading rate of Pita in
HA@PC@Pita NPs, the concentration of PC in the NPs was
calculated as 2.4 pmol/L. Both of confocal microscopy imaging
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Figure 2 In vitro uptake and therapeutic effects of HA@PC@Pita NPs to activated macrophages. (A) A schematic diagram of the transwell
assay. (B) Fluorescent images of PC@Ce6 and HA@PC@Ce6 NPs in HUVECs and activated macrophages. (C) Quantitative analysis of fluo-
rescence intensity corresponded to (B). (D, E) CLSM images and quantification analysis of RAW?264.7 cells incubated with PC@Ce6 NPs and
HA@PC@Ce6 NPs for 4 h after activation by LPS or not. Activated macrophages were pretreated with HA solution (500 pg/mL) and
HA@PC@Ce6 NPs (middle column) (scale bars = 60 pm). Cell nuclei were stained by DAPI. (F, G) Optical microscopy images and semi-
quantitative analysis of ORO staining in RAW264.7 cells with different concentrations of Pita treatment for 24 h, scale bar = 40 pm. (H, 1)
CLSM images and semi-quantitative analysis of Dil-oxLDL internalization in RAW264.7 cells. (J, K) Optical microscopy images and semi-
quantitative analysis of ORO staining in RAW?264.7 cells with different NPs treatment for 24 h, scale bar = 20 pm. Data are presented as
mean £ SD (n = 3). *P < 0.05, **P < 0.01, and ***P < 0.001. ns, no significant difference.

and ORO staining indicated the strongest inhibitory effect of and red signal (Fig. 2H—K). These results demonstrate that
HA@PC@Pita NPs on the ox-LDL internalization of activated HA@PC@Pita NPs can effectively inhibit foam cell formation by
macrophages, which was reflected by the weakest red fluorescence reducing oxLDL internalization.
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3.3. HA@PCQ@Pita NPs repair efferocytosis via regulating M1/ Flow cytometry assay indicated that the percentage of M2
M2-type repolarization (CD206™ cells) and M1 (CD80™ cells) were 61.3% and 21.6%,

respectively, in activated macrophages with HA@PC@Pita NPs
It was reported that Pita could restore efferocytosis by regulating treatment (Fig. 3B). Western blot assay indicated that
the ERK5/Mertk signaling pathway-mediated macrophage repo- HA @PC@Pita NPs significantly upregulated the levels of ERKS,
larization®'. By performing immunofluorescence staining of while downregulated p-ERKS levels with the function of anti-
CD206 and CD80 proteins, two markers for M2 and M1 macro- inflammatory and anti-apoptotic in activated macrophages
phages, respectively, it was found that HA@PC @Pita NPs caused (Fig. 3C). Moreover, re-polarization of macrophages caused by
contrary changes for them in activated macrophages (Fig. 3A). HA@PC@ Pita NPs directly upregulated the levels of Mertk, the
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Figure 3 HA@PC@Pita NPs repair efferocytosis via regulating M1/M2-type polarization. (A) Immunofluorescence staining (a) and quanti-
tative analysis (b, ¢) of CD80 (green) and CD206 (green) on macrophages with different treatments, scale bar = 40 pm. (B) Flow cytometry
profiles of CD80 highly expressed M1 phenotype and CD206 highly expressed M2 phenotype. (C) Western blot assay (a) and semi-quantitative
analysis (b) of ERKS, p-ERKS and Mertk. (D) Viability assay of HA@PC @Pita NPs treated macrophage after co-culturing with ACs. (E) CLSM
images (a) and semi-quantitative analysis (b) of the effect of HA@PC@Pita NPs on the macrophages efferocytosis, scale bar = 60 um. (F)
Intracellular apoptotic cell detection by flow cytometry analysis in macrophages treated with LPS (100 ng/mL). (G) Confocal fluorescence images
(a) and semi-quantitative analysis (b) of apoptotic cell elimination by macrophages through lysosomes, scale bar = 20 um (H) ELISA assay of
inflammatory factors (a) and anti-inflammatory factors (b). (I) Mechanism diagram of HA@PC@Pita NPs induced efferocytosis reactivation
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treatment, *P < 0.05, **P < 0.01, and ***P < 0.001. ns, no significant difference.
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downstream effector of ERK5%. As the clearance of ACs by
macrophages plays a crucial role in the atherosclerotic lesion
development and necrotic core formation®*, we then investigated
the effect of HA@PC@Pita NPs on the ACs clearance as previ-
ously described®®. MTT assay first demonstrated negligible
viability change of NPs-treated macrophages after co-culturing
with ACs (Fig. 3D). Then, activated macrophages incubating
with HA@PC@Pita NPs for 24 h were used to culture with
PKH67-labeled ACs for 2 h. Fig. 3E and G indicated that the ACs
were largely eliminated through lysosomes of macrophages
treatment with HA@PC@Pita NPs. This result demonstrated the
efferocytosis reactivation function of HA@PC@Pita NPs on
activated macrophages. Flow cytometry analysis directly indicated
the increased fluorescence signal, which reflected the efferocytosis
reactivation of macrophages caused by HA@PC@Pita NPs
(Fig. 3F). ELISA assay further indicated the inhibition of
HA@PC@Pita NPs on the levels TNF-o and MCP-1 secreted by
macrophages, the two factors of TNF-a and MCP-1 upregulating
the key “Don’t Eat-Me” ligand CD47 on the surface of ACs*. In
contrast, the degradation of ACs in macrophages through contin-
uous efferocytosis gradually increased the levels of IL-10 and
TGF-6 (Fig. 3H). From these results, we conclude that
HA@PC@Pita NPs can induce high levels of efferocytosis by
efficiently re-polarizing macrophages from M1 to M2 type, which
finally result in the elimination of ACs clearance in macrophages
through ERKS/Mertk pathway (Fig. 3I). However, the effect of
residual oxLDL produced by ACs ablation on the phenotype of
macrophages should be deeply investigated.

3.4. HA@PC@Pita NPs promote cholesterol efflux through
enhancing lipophagy

Through efferocytosis, phagocytes including M2 macrophages can
protect the surrounding tissues from the damage of cellular con-
tents such as ox-LDL>°. Thus, enhancing cholesterol efflux is
crucial for avoiding the impairment of excess oxXLDL and main-
taining normal efferocytosis of macrophages. Meanwhile, normal
efferocytosis-related autophagy of macrophages was reported to
enhance atherosclerotic plaque stability®’. In the previous study,
we and others have demonstrated that normal autophagy can
promote ABCA1/G1-mediated cholesterol efflux to alleviate As?’.
By performing immunofluorescence imaging (Supporting Infor-
mation Fig. S4A and S4B) and Western blot assay (Fig. 4A and
B), we found that autophagy marker protein of LC3 B and
cholesterol efflux regulators of ABCG1 and ABCGI increased
3.5-fold to 4-foldfold in LPS-treated macrophages after treatment
with HA@PC@Pita NPs for 24 h. Moreover, colocalization im-
ages of the lipid droplet and lysosome indicated that the coloc-
alization part of HA@PC @Pita NPs group is stronger than that of
PC group due to the increased bioavailability of self-assemble
NPs®8 (Fig. S4C and S4D). Recent studies have shown that
cholesterol efflux is closely related to lipophagy'®. Hence, we
detected lipophagy by transfecting activated macrophages with
mRFP-GFP-LC3 labeled adenovirus as previously described. The
yellow dots (the overlapping of red and green fluorescence) and
the red dots in acidic environments represent autophagosomes and
autophagosomes®’, respectively. Fig. 4C and D indicated a sig-
nificant increase of yellow dots in the HA @PC @Pita NPs-treated
cells, which reflected the promotion of autophagosomes formation
and recovery of autophagic flux. Accordingly, the increase of p62
degradation was found in the same group (Fig. 4E and F), due to
the normal fusion of autophagosomes and lysosomes. In another

control experiment, using 3-MA, an early autophagy inhibitor*’,
to restrain autophagy flux, we found that co-treatment of mRFP-
GFP-LC3 labeled adenovirus with 3-MA enhanced red dot num-
ber and upregulated p62 levels. Meanwhile, sole 3-MA (1 pmol/L)
showed negligible effect on the viability of all macrophages
(Fig. S4E). In summary, HA@PC@Pita NPs-induced lipophagy
contributes to the recovery of autophagosome-lysosome formation
in macrophages.

Increasing evidences have suggested selective activation of
lipophagy of atherogenic lipoproteins (ox-LDL and aggregated
0x-LDL) in macrophages’. Here, the co-localization imaging
indicated that HA@PC@Pita NPs treatment increased the co-
localization of LDs with LC3 B, while decreased the co-
localization of LDs with p62, compared with 3-
MA + HA@PC@Pita NPs treatment group (Fig. 4G-I). More-
over, fluorescence imaging indicated that HA@PC@Pita NPs
significantly decreased the cellular oil droplets in activated mac-
rophages, which was reversed by 3-MA pretreatment (Fig. 4J and
K). Above results indicate that HA@PC @Pita NPs can effectively
restrain macrophage foaming by restoring efferocytosis and
enhancing lipophagy (Fig. 4L).

3.5.  In vivo pharmacokinetic and target behavior of
HA@PC@Pita NPs

ApoE™"~ mice (6 weeks old) feeding with 2-month HFD were
used to investigate the targeting ability of HA@PC@Ce6 NPs to
the plaques. Firstly, we investigated the effect of HA on the half-
life of NPs. Fig. 5A and B indicated the longer half-life of
HA@PC@Ce6 relative to PC@Ce6 NPs (1.001 vs. 0.7552).
Moreover, a relatively high fluorescence signal appeared in the
plaques of the aortic arch and abdominal aorta of mice with
HA@PC@Ce6 NPs administration for 12 h, while only weak
fluorescence was observed in the similar areas after PC@Ce6
treatment (Fig. 5C and D). This result suggested that HA@PC
NPs could more efficiently localize and accumulate in the pla-
ques. Meanwhile, lower fluorescence signal intensities were found
in the liver and kidney of mice with HA@PC NPs administration,
compared to the mice with PC@Ce6 NPs treatment (Fig. SE and
F). These results demonstrate that HA modification is beneficial
for attenuating liver/kidney accumulation and thus increasing the
accumulation of HA@PC@Ce6 NPs in the plaques.

3.6.  In vivo therapeutic effect on atherosclerosis of
HA@PC@Pita NPs

ApoE™~ mice were adopted to prepare advanced atherosclerosis
model by feeding 2-month HFD. Then, the mice were used to
assess the therapeutic efficacy of HA@PC@Pita NPs. The whole
process was indicated as Fig. 6A. In this regimen, the entire aortas
of mice fed with HFD for 2 months and treated with NPs for 2
weeks were excised for imaging. Fig. 6B indicated that the NPs
treatment differently reduced atherosclerotic lesion area in the
enface sample of the aorta, comparing with model. ORO staining
of the aorta revealed the strongest anti-atherosclerosis effect of
HA @PC@Pita NPs (Supporting Information Fig. SSA and S5B),
which was reflected by the significant decrease of the ratio of the
plaque area to total aortic area. Decreased lesion area was also
noted in histological cross sections at the aortic valve area in
HA @PC@Pita NPs group, comparing with model group (Fig. 6C
and D). Above results show that HA@PC@Pita NPs can signifi-
cantly alleviate advanced atherosclerosis.
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treatments for 20 h. (E, F) Western blot and quantitative analysis of LC3 B and p62 levels in macrophages with different treatments. (G—I) CLSM
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co-localization of lipids (red) and lysosome (green). (L) Mechanism diagram of HA@PC@Pita NPs promoting cholesterol efflux via enhancing
lipophagy. [LPS] = 100 ng/mL, [PC] = 2.4 pmol/L, [Pita] = 0.2 pmol/L, n = 3 per treatment, *P < 0.05, **P < 0.01, and ***P < 0.001. ns, no

significant difference.

Advanced atherosclerotic plaque is characterized by the for-
mation of necrotic core®’. H&E staining clearly illustrated that
HA@PC@Pita NPs significantly reduced the lipid-enrichment
necrotic core in the aortic root plaque, comparing with model
group (Fig. 6E and F). Masson staining revealed that same
administration significantly increased collagen deposition sur-
rounding the plaques of mice, which was reflected by the higher
positive staining area in this group (indicated by the blue color),
compared with the model group (43.7 £ 4.3% vs. 19.7 £ 3.5%,
P < 0.05) (Fig. 6G and H). In addition, immunohistochemistry
assay indicated that HA @PC @Pita NPs significantly reduced the
levels of MMP-9 and «-SMA in aortic sinus sections (Fig. 61-L).
It was reported that the high levels of MMP-9 and a-SMA can
contribute to the rupture of atherosclerotic plaques and lead to

myocardial infarction and stroke, even death™'. In turn, the thick
fibrous cap caused by collagen deposition and low levels of MMP
secretion in plaques can reduce the risk for rupture*?. Therefore,
we can suspect that HA@PC@Pita NPs can prevent emergency
medical conditions by reducing atherosclerotic plaque size and
preventing the rupture of plaques. Moreover, immunohistochem-
istry staining with anti-CD31 antibody (HUVECs marker)
revealed that HA@PC@Pita NPs effectively reduced the number
of CD31" new vessel in the atherosclerotic plaque region
(Fig. 6M and N), which is beneficial for reducing the vulnerable
plaques caused by the large brittle rupture of the rich vascular
network. Above results indicate that HA@PC@Pita NPs effec-
tively inhibit atherosclerotic plaques development and increase
plaque stability, as well.
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In vivo circulation and targeting capability assay of HA@PC@Pita NPs. (A, B) Fluorescence images and pharmacokinetic curves of

Ce6, PC@Ce6 and HA@PC@Ce6 in the blood at different time points. (C, D) The fluorescence images and quantitative analysis of the aorta of
ApoE~'~ mice. (E, F) The fluorescence images and quantitative analysis of the major organs excised from the ApoE '~ mice with different
administrations. Data are mean £ SD (n = 3), *P < 0.05, **P < 0.01, ***P < 0.001 vs. the PC@Ce6 group. ns, no significant difference.

3.7.  Invivo anti-atherosclerosis mechanism of HA@PC@ Pita
NPs

The proinflammatory microenvironment of plaques can inhibit the
expression of key efferocytosis molecules ERK5/Mertk>!. In turn,
high expression of ERKS can restore efferocytosis via upregulat-
ing Mertk levels in M2 phenotype macrophages®. Significant
decrease in the CD80-positive proportion (M1 marker) and
elevation in the CD206-positive proportion (M2 marker) were
observed in HA @PC @Pita NPs treated macrophages (Fig. 7A and
B), indicating the reduction of MI-phenotype macrophages
involved in lipid accumulation and increase of M2-phenotype
macrophages involved in inflammatory ablation and plaque sta-
bilization®'. Immunohistochemistry assay also indicated signifi-
cant increase of ERK5 and Mertk levels in the same group
(Fig. 7C and D). As long-term accumulation of ACs caused by
defective efferocytosis is closely related to the plaque formation
and atherosclerosis severityz, we then detected the macrophage
phagocytic index of the valve by investigating the co-localization
of macrophages and ACs. As shown in Fig. 7E and F, the sig-
nificant ratio increase of macrophage-engulfed ACs to free ACs

and the number decrease of caspases-3 positive ACs suggested
enhancement of efferocytosis in the HA@PC@Pita NPs group.
Moreover, the mice with HA @PC@Pita NPs treatment exhibited
the lowest tunnel positive cells in the plaques among these groups
(Fig. 7G and H), which reflected the efficient clearance of ACs by
macrophages. Meanwhile, ELISA assay indicated that
HA@PC@Pita NPs decreased the levels of MCP-1 and TNF-«,
while upregulated the levels of IL-10 in serum. In contrast,
apoptotic cell accumulation in advanced lesions resulted in the
upregulation of MCP-1 and TNF-«, compared with the normal
group (Fig. 71 and J). Overall, the efficient anti-atherosclerotic
effect elicited by HA@PC@Pita NPs can attribute to the repo-
larization of M1 to M2 macrophage and efferocytosis restoration
through the ERK5/Mertk pathway.

In addition, several methods were adopted to investigate the
effect of HA@PC@Pita NPs on lipophagy of macrophages in
plaques. Immunofluorescence staining indicated the upregulation
of LC3B levels and the decrease of p62 levels (by 1.7-fold) caused
by HA@PC@Pita NPs administration (Fig. 8A and B). Mean-
while, the high yellow signal in Fig. 8C and D reflected the co-
localization increase of LAMPI1 (a lipophagy marker)* and
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Figure 6 Therapeutic efficacy of HA@PC@Pita NPs in ApoE '~ mice. (A) Schematic diagram of treatment process. (B) Representative
images depict the entire aortic arch. (C, D) ORO staining and quantitative analysis of aortic root. (E—N) Representative images and quantitative
analysis of aortic root sections stained with H&E, Masson’s trichrome, anti-MMP-9, anti-a-SMA, anti-CD31. Scale bar = 500 um. Data are
mean £+ SD (n = 3), *P < 0.05, **P < 0.01, ***P < 0.001 vs. the Model. ns, no significant difference.

lipid droplets at plaques of mice with same administration. through bile*. Upregulating of ABCA1 and ABCGI in liver en-
Moreover, HA @PC @Pita NPs significantly upregulated the levels hances lipid metabolism capacity, continuously removes ox-LDL in
of ABCA1/Gl1 proteins (Fig. 8E and F). advanced atherosclerosis circulation, suppresses the progression of

As reported, HDL helps remove cholesterol in circulation by advanced atherosclerosis, and stabilizes advanced plaques®. As
carrying cholesterol back to the liver for disposal and excretion shown in Supporting Information Fig. S6A and S6B, the levels of
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Figure 7  Efferocytosis restoration of ApoE '~ mice with HA@PC@Pita NPs treatment. (A, B) Representative immunofluorescence staining
images and semi-quantitative analysis of CD80 (green) and CD206 (red). (C, D) Representative immunohistochemistry staining images and semi-
quantitative analysis of levels of ERKS and Mertk. (E—H) Representative immunofluorescence staining images and semi-quantitative analysis of
CD68 (green), Caspase-3 (red) and TUNEL (green). (I, J) ELISA analysis of TNF-a, MCP-1, TGF-§ and IL-10 levels in serum of mice with
different treatments. Data are presented as mean £ SD (n = 3). *P < 0.05, **P < 0.01, and ***P < 0.001. ns, not significant.

ABCA1 and ABCG1 were significantly upregulated in the liver of demonstrate that HA@PC @Pita NPs can promote cholesterol efflux
HA@PC@Pita NPs group, indicating that HA@PC @Pita NPs can through enhancing lipophagy, simultaneously strengthening lipid
enhance lipid metabolism capacity of the liver. Above results clearly metabolism in the liver to alleviate atherosclerosis.
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Figure 8§ HA@PC@Pita NPs promote lipophagy-mediated macrophages cholesterol efflux in vivo. (A, B) Representative immunofluorescence

staining images and semi-quantitative analysis of LC3 B (green) and p62 (red) levels. (C, D) Representative immunofluorescence staining images
and semi-quantitative analysis of lipid droplets (green) and LAMPI (red) levels. (E, F) Representative immunohistochemistry staining images and
semi-quantitative analysis of ABCA1 and ABCGI1 levels in the aortic root. Data are presented as mean &+ SD (n = 3). *P < 0.05, **P < 0.01, and

*##%P < 0.001. ns, no significant difference.

3.8.  Biocompatibility and biosafety of HA@PC@ Pita NPs

Biocompatibility evaluation is crucial to determine the possibility
of nanomaterials for clinical application*®. The cytotoxicity of
HA @PC@Pita NPs to different cells was evaluated by MTT assay.
Supporting Information Fig. S7A—S7E indicated the high

viability of cells after even co-culturing with 80 pg/mL NPs,
which suggested the ultra-low cytotoxicity. Using mouse eryth-
rocytes, we performed a homolysis assay. Meanwhle, pure water
and PBS were used as the positive and negative controls. As we
expected, negligible hemolysis was found for NPs even at a
concentration of 80 pg/mL after incubating with blood samples
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for 4 h (Fig. S7F and S7H). Moreover, erythrocytes incubated with
NPs still showed intact morphology (Fig. S7G). Above results
indicate the favorable biocompatibility of HA@PC@Pita NPs for
practical application.

In vivo biosafety of nanoparticles was further evaluated via i.v.-
administration. Comparing with the normal mice, no significant
change was found for blood routine indexes and clinical serum
biochemical ~parameters in ApoE '~ mice treated with
HA@PC@Pita NPs (Supporting Information Fig. S8A and S§B).
In addition, Fig. S8C illustrated the most comparable levels of
LDL, HDL, TC, and TG between the normal and HA @PC @Pita
NPs group. HE staining of heart, liver, spleen, lung, and kidney
proved that i.v.-administration of HA@PC@Pita NPs did not
damage these organs including morphological changes or signs of
inflammation (Fig. S8D), which was reflected by the ladder-
shaped and well-organized myocardial fibers, rows hepatocytes,
red and white marrow of the spleen clear alveolar structure, uni-
form size of glomeruli, normal shape, well defined boundary of
kidneys. Above results suggested the high biosafety of i.v.-
administration of HA@PC@Pita NPs and the potential for clin-
ical application.

4. Conclusions

In this study, we constructed HA@PC@Pita NPs to simulta-
neously deliver PC and Pita into macrophages at atherosclerotic
plaques. The rationally engineered HA@PC@Pita NPs could
alleviate advanced atherosclerosis by restoring macrophage
efferocytosis via facilitating the M2 polarization and upregulat-
ing ERKS5/Mertk expression. Meanwhile, HA@PC@Pita NPs
could maintain the natural function of the M2 macrophages
through promoting macrophage cholesterol efflux via enhancing
lipophagy. In vitro and in vivo studies indicated that
HA@PC@Pita NPs achieved the admirable effect of clear
necrotic core. Therefore, these results demonstrate the applica-
tion of this universal platform applicable for the treatment of
atherosclerosis.
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