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Abstract

The unique physiochemical properties of nanomaterials have been widely used in drug delivery systems and diag-
nostic contrast agents. The safety issues of biomaterials with exceptional biocompatibility and hemo-compatibility
have also received extensive attention at the nanoscale, especially in cardiovascular disease. Therefore, we conducted
a study of the effects of poly (lactic-co-glycolic acid) nanoparticles (PLGA NPs) on the development of aortic ath-
erosclerotic plaques in ApoE ™~ mice. The particle size of PLGA NPs was 92.694 3.1 nm and the zeta potential were
—31.642.8 mV, with good blood compatibility. ApoE ™'~ mice were continuously injected with PLGA NPs intrave-
nously for 4 and 12 weeks. Examination of oil red O stained aortic sinuses confirmed that the accumulation of PLGA
NPs caused a significantly higher extension of atherosclerotic plaques and increasing the expression of associated
inflammatory factors, such as TNF-a and IL-6. The combined exposure of ox-LDL and PLGA NPs accelerated the con-
version of macrophages to foam cells. Our results highlight further understanding the interaction between PLGA NPs
and the atherosclerotic plaques, which we should consider in future nanomaterial design and pay more attention to
the process of using nano-medicines on cardiovascular diseases.
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Research highlights + Macrophages that are activated and transformed into
foam cells, with decreasing cell viability after phago-
« Polymeric nanoparticles with exceptional biocompat- cytizing the accumulated polymeric nanoparticles at
ibility phagocytized by macrophages cause a signifi- the atherosclerotic plaque site.
cantly higher extension of atherosclerotic plaques in
ApoE™'~ mice.

+ Polymeric nanoparticles accumulate at the athero- Introduction

sclerotic plaque and co-localize with the inflamma-  Nanoparticles (NPs) are ultrafine particles with at least
tory site, causing inflammatory factor release. one dimension<100 nm in size. NPs possess physical
properties, such as macroscopic quantum tunneling,

nano size and surface effects, which make them desir-
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properties including small size and high specific sur-
face area [5]. An accumulation of NPs in the lungs will
result in passage through the alveolar epithelial cells or
lymphatic system into the circulation to be redistributed
throughout the body. Therefore, nanoparticles may have
a significant impact on the cardiovascular system [6—8].
Studies have shown that atmospheric particulate mat-
ter, composed mainly of NPs, increases cardiovascular
disease morbidity and mortality. The cardiovascular sys-
tem is now recognized as one of the important targets of
nano-toxicity [9, 10].

NPs have more serious biological toxicity and more
complex toxicological mechanisms than common chemi-
cals. Studies have shown that NPs can damage vascular
endothelial cells (VECs) and trigger an inflammatory
reaction, which in turn may cause platelet aggrega-
tion and thrombosis [11-13]. Therefore, NPs may be an
important risk factor for cardiovascular diseases such
as atherosclerosis (AS) [14—-16]. Medical research has
shown that an inflammatory response is an important
pathological mechanism for the development of AS,
which can cause endothelial cell dysfunction. When NPs
adhere to the cell membrane of VECs, they induce the
expression and release of inflammatory factors (such as
IL-6, IL-8, and TNF-a) [17, 18]. NPs also may promote
adhesion of monocytes to VECs, further differentiation
into macrophages, and penetration of the blood vessel
walls, leading to AS [19]. Accumulating lipids in unstable
plaques further exacerbate the inflammatory response,
thereby promoting the development of AS [20]. NPs
induce inflammatory reactions, impair lysosomal func-
tion, promote abnormal hydrolysis of triglycerides, and
lead to an increased lipid load in macrophages, which in
turn induces foam cell formation. In the inflammatory
state, vascular smooth muscle cells, dendritic cells, and
mast cells also may produce foam cells. NPs activate neu-
trophil elastase, which degrades elastin and various col-
lagens, damaging VECs and basement membranes [21].
NPs interacts with the complement system, coagulation
functions and fibrinolysis, which aggravates the forma-
tion and instability of arterial plaque [22].

Pober and Cotran examined the relationship between
AS and hemodynamics and proposed the shear stress
theory to describe the onset of AS [23]. At present, it is
well known that atherosclerotic lesions are mainly con-
centrated in sites with obvious changes in blood flow.
In the early stage of plaque development, VECs on the
arterial wall attract monocytes, which transform into
macrophages and then absorb large amounts of oxidized
low-density lipoprotein (ox-LDL) to transform into foam
cells. Therefore, atherosclerotic lesions are complex envi-
ronments containing lipids, cholesterol crystals, inflam-
matory cells and secreted cytokines. However, when
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NPs enter the body, they tend to accumulate in areas of
infarction. Studies have found that NPs with longer blood
circulation times are more likely to cross the endothelial
barrier and accumulate in the infarcted area due to the
destruction of the endothelial barrier caused by ischemic
injury. This mechanism is similar to enhanced permeabil-
ity and retention [24—26].

In 2007, Dawson and Linse jointly proposed the con-
cept of a protein corona, which led researchers to study
the fate of NPs in vivo [27]. NPs will rapidly adsorb pro-
teins forming what is known as the protein “corona” after
enters the circulation system. The structure and com-
position of the protein corona depends on the synthetic
identity of the nanomaterial, this would influence the bio-
logical identity of NPs [28]. The physiological functions
of various proteins that comprise the protein corona
generally involve lipid transport, coagulation, comple-
ment activation, pathogen recognition, or ion transport
[29]. Understanding NPs-protein interactions is a crucial
issue in the development of targeted nanomaterial deliv-
ery in vivo [30]. The physiological environment to which
NPs are first exposed after intravenous administration is
the blood stream, and the cell-free portion of the blood
(plasma) contains more than 1000 proteins. These pro-
teins potentially interact with NPs to exert different phys-
iological functions, such as recognition by macrophages,
causing inflammatory reactions, thrombosis and allergic
reactions [31].

The safety issues of biomaterials with exceptional bio-
compatibility and hemo-compatibility have also received
extensive attention at the nanoscale. Numerous nanoma-
terials have been widely used as drug delivery systems
and diagnostic contrast agents in treating cardiovas-
cular diseases. This article focuses on polymer NPs and
explores their bioactivity impact on the development of
AS and physiochemical mechanisms. Therefore, we con-
ducted a study of the effects of poly (lactic-co-glycolic
acid) (PLGA) NPs, which are widely used in a variety
of Food and Drug Administration approved therapeu-
tic devices, on the development of aortic atherosclerotic
plaques in ApoE~'~ mice.

Methods experimental materials and methods
Experimental materials

PLGA polymer (MW: 90,000, 50:50), 8-week-old C57
BL/6 and ApoE~'~ male weighed 20—25 g mice were pur-
chased from Beijing Weitong Lihua Experimental Animal
Technology Co.Ltd. (Beijing, China). Male New Zealand
white rabbit weighed 3 kg were purchased from Chong-
qing Daping Hospital Animal Experimental Center
(Chongging, China). The high fat diet contained 0.15%
cholesterol and 20% fat. The murine macrophage cell line
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(Raw 264.7) was purchased from American Type Culture
Collection (ATCC, USA).

Methods

Preparation of PLGA and PLGA + PC NPs

PLGA NPs were prepared by a nanoprecipitation proses
[32]. Briefly, PLGA (100 mg) was dissolved into 10 mL
dimethyl sulfoxide (DMSO). The mixture (2 mL) was
precipitated by adding dropwise into 6 mL deionized
water with gentle stirring, and further dialyzed using
dialysis bag (molecular weight cut-off, MWCO: 3500 Da)
against water to remove the free DMSO. The volume was
adjusted to 10 mL to obtain PLGA NPs solution (2 mg/
mL), collected and preserved at 4 °C. The blood was col-
lected with heparin from the eyeball and stored at 4 °C.
The collected blood of the mice was statically placed at
4 °C and after 6 h, centrifuged at 3000 rmp for 15 min to
obtain serum. To obtain PLGA + protein corona (PC), 1
mL of solution of PLGA (2 mg/mL) was incubated with 1
mL of serum at 37 °C for 30 min.

The samples were collected after three cycles of wash-
ing and centrifugation (10 min, 20,000 rpm) in order to
remove unbound serum proteins (Additional file 1: Fig.
S1). Sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE, Bio-Rad) analysis of the pro-
tein corona composition carried out on PLGA and
PLGA +PC NPs.

Characterization of PLGA and PLGA + PC NPs

The aqueous phase diameter, size and zeta potential of
PLGA NPs and PLGA + PC were determined by dynamic
light scattering (DLS) using a Malvern Zetasizer Nano ZS
unit (Nano ZS 90, Malvern, UK) with He—Ne laser (A\=633
nm) at a scattering angle of 90° at 25 °C. A drop of PLGA
or PLGA 4 PC NPs solution at a concentration of 100 pg/
mL was dropped onto a copper mesh (200 mesh), and air-
dried naturally. Then stained by 2% phosphotungstic acid
for 3 min, air-drying. Subsequently, the morphology of
PLGA NPs and PLGA + PC were visually observed using a
transmission electron microscope (TEM, Zeiss Germany,
Optima 75 KV) and scanning electron microscopic (SEM,
Thermo Scientific, USA) [33].

Determination of serum protein adsorbed by PLGA NPs
PLGA and PLGA+PC NPs were denatured by heat-
ing the NPs in SDS sample buffer (Beyotime, China) for
5-10 min at 95 ‘C and separated by electrophoresis on
10% polyacrylamide precast gels. The resulting gels were
stained with Coomassie Stain (Bio-Rad) over-night and
destained in methanol/water (1:3, v/v) for 12 h. Stained
gels were imaged using an ImageQuant LAS4010 image
analyzer (GE Healthcare).

Page 3 of 15

Determination of serum protein adsorbed by PLGA NPs
was carried out according to the standards bicinchoninic
acid (BCA) protein assay kit. PLGA NPs were incubated
with 2 mL mouse serum for 30 min, the mixture was cen-
trifuged at 3000 rpm for 20 min, and then the supernatant
was collected to determine protein content by the BCA kit.
Meantime, untreated serum was the control group.

Hemolysis rate of PLGA NPs

The collected fresh vein blood from healthy rabbits were
mixed with sodium citrate in a 9:1 ratio to prevent coagu-
lation. Four microliters anticoagulation was added with 5
mL 0.9% sodium chloride (NaCl) injection to dilute. The
first group as a negative control contained 5% glucose,
second group as a positive control contained only deion-
ized water and the last group as experimental group con-
sisting of three sub-groups, 2 mg/mL PLGA NPs, 1 mg/
mL PLGA NPs and isotonic solution that contained a
mixture of PLGA NPs and 5% glucose.

Then, each group above solution (200 pL) was incu-
bated with 0.9% NaCl (2.8 mL) at 37 °C for 30 min in a
water bath. The mixture was added 60 pL of diluted anti-
coagulant solution, after second incubation at 37 °C for
60 min in a water bath and centrifugation 3000 rpm for
10 min, the supernatant was collected and measured
absorbance (OD) at 545 nm spectrophotometer.

To quantify percent hemolysis, the hemoglobin con-
centration measured was divided by the hemoglobin con-
centration of the diluted blood solution as described by
the following equation:

Hemolysis rate(%)
OD sample — OD negative control >

- < OD positive control — OD negative control
x 100%

(1)

Hemolysis rate exceeding 5% is considered hemolysis.

Effects of PLGA NPs on APTT, PT, TT and fbg

The blood was collected from healthy rabbits, mixed
with sodium citrate in a 9:1 ratio to prevent coagula-
tion. Briefly method, the mixture was centrifuged at
3000 rpm for 10 min, then the top supernatant was col-
lected as platelet-poor-plasma (PPP). The solution (10
uL) was incubated with PPP (300 pL) at 37 °C for 30 min.
Finally, the incubated mixture was conducted evaluation
of effects of NPs on plasma coagulation include activated
partial thromboplastin time (APTT), prothrombin time
(PT), thrombin time (TT), and fibrinogen (Fbg) levels
using a fully automated coagulation apparatus.
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Activation of platelet a-granule membrane protein
(GMP-140) by PLGA NPs

Rabbit venous blood was anticoagulated with sodium cit-
rate in a ratio of 9:1, centrifuged at 1000 rpm for 10 min,
and the supernatant was collected to obtain as platelet-
rich plasma (PRP). Then, the PLGA NPs solution (10 pL)
was incubated with PRP (300 pL) at 37 °C for 30 min, the
incubated mixture was tested with ELISA kit.

Animal experiment

Army Medical University Animal Experiment Ethics
Committee and Authority approved all animal proce-
dures for Animal Protection. ApoE~'~ and C57 mice
were used in this study in accordance with the guide-
lines of the Chinese Animal Care and Use Committee
standards.

The experimental animals were fed with an adaptive
feeding week. As shown in Table 1, twenty C57 mice were
randomized into two groups, and forty ApoE~/~ mice
were randomized into four groups (10 mice per group).
Then, the mice were subjected to the different treatments
for 4 and 12 weeks. PLGA NPs was injected at a dose of
10 mg/kg and the frequency of injection was once every
2 days. The control group was injected with 150 pL 5%
glucose isotonic solution. During the experiment, all the
experimental animals were fed with high-fat diet, freely
drinking water [34]. In order to ensure the success rate of
injection, we used a special tail vein instrument (Zhen-
huabio, China).

After treatment for 4 and 12 weeks the serum, from the
mice were harvested. Total cholesterol (TC), triglyceride
(TG), high density lipoprotein (HDL-C) and low-density
lipoprotein (LDL-C) were detected using an automated
biochemical analyzer.

Analysis of atherosclerotic plaques

ORO staining of the cross-sections of the aortic roots
was performed as previously described [35]. After treat-
ment for 4 and 12 weeks the aortas, from the heart to the
iliac bifurcation, from the mice were harvested. Aortas
were fixed by perfusion with paraformaldehyde (4% in
PBS). After removing the periadventitial tissue, aortas

Table 1 Group of experimental animals
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were dissected longitudinally, and then stained with oil
red O (ORO) to quantify the plaque area. The extent of
atherosclerotic plaque at the aortic root was also deter-
mined by ORO staining.

Histology and immunohistochemistry staining of the aortic
root

Histology and immunofluorescence staining of the cross-
sections of the aortic roots was performed as previously
described [35]. The aortic roots were fixed with para-
formaldehyde (4% in PBS) for 1 h, and then prepared to
paraffin sections. After dewaxing, Masson’s trichrome
and hematoxylin and eosin (H&E) staining were used to
observe the collagen, lipid core and some plaque rup-
tures. For immunohistochemistry analysis, the activity
of the endogenous peroxidase was inhibited by immer-
sion into 3% hydrogen peroxide and 100% methanol for
20 min. Then, the sections were blocked with 5% bovine
serum albumin in PBS for 60 min. Antibodies to TNF-a,
IL-6, IL-10. Sections of the main organs including heart,
liver, spleen, lung, and kidney were also analyzed by H&E
staining.

PLGA NPs co-localization with the inflammatory plaque site

Dil@PLGA NPs solution (2 mg/mL) was prepared by
the similar preparation method of PLGA NPs described
in previous part, mixing Dil solution (1 mM, 15 uL)
and PLGA (15 mg) dissolved in 1 mL DMSO. Then the
DMSO is removed. The volume was adjusted to 7.5 mL
to obtain 2 mg/mL Dil@PLGA NPs solution. C57 mice
were control group, and ApoE~'~ mice were experimen-
tal group (3 mice per group). The experimental animals
were fed with HFD for 12 weeks, then Dil@PLGA (200
uL) was injected through the tail vein. After 24 h, mice
were euthanized, perfused with PBS containing 4% para-
formaldehyde and heparin sodium, and the heart was iso-
lated. Immunofluorescence staining of the cross-sections
of the aortic roots was performed as previously described
[35]. The frozen sections of carotid roots were incubated
with 5% serum. Then, the sections were incubated with

Strain Processing method Name Injection frequency Injection dose Quantity
C57 12w-HFD +Glu 57 Once every 2 days 150 pL 10
57 12w-HFD + PLGA C574NPs Once every 2 days 10 mg/kg 10
ApoE~~ 12wW-HFD +Glu ApoE~"~(L) Once every 2 days 150 pL 10
ApoE™~ 12w-HFD + PLGA ApOE ™~ +NPs(L) Once every 2 days 10 mg/kg 10
ApoE~/~ 8w-HFD +4w-Glu ApoE~/~(S) Once every 2 days 150 pL 10
ApoE~/~ 8w-HFD + 4w-PLGA ApOE ™~ +NPs(S) Once every 2 days 10 mg/kg 10
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anti-CD68 and CD11b antibody overnight at 4 °C, fol-
lowed by Donkey anti-rabbit IgG H&L for 2 h at room
temperature. Samples were stained with DAPI to show
the cell nucleus. The sections were observed by the con-
focal laser scanning microscopy (SP8, Leica, Germany).

PLGA NPs co-culture with Raw264.7 cells

Raw 264.7 cells were cultured in DMEM medium con-
taining 10% fetal bovine serum (FBS) at 37 °C with 5%
CO,. After 6 h incubation, the first medium was dis-
carded. The cells were starved for 12 h, then treated with
different concentrations (0, 50, 100, 200, 400 pg/mL) of
PLGA NPs and PLGA +PC, and added DMEM without
serum [36]. After incubating in a 37 C 5% CO, incuba-
tor for different times (4, 12, 24, and 48 h), 20 pL of MTS
assay solution was added to each well, and incubation
was continued for 1 h. The absorbance (OD) of each well
was measured at a wavelength of 490 nm using a micro-
plate reader, and repeated six times at each time point.
Cell viability was obtained by the following equation:

Cell viability = (ODT — ODB)/(ODC — ODB) x 100%

(2)

ODT indicates the absorbance of the experimen-

tal group; ODC indicates the absorbance of the control
group; and ODB indicates the blank absorbance.

PLGA NPs phagocytized by Raw264.7 cells
Raw264.7 cells were seeded in 12-well plates at a density
of 2 x 10° cells per well in 1 mL of DMEM medium con-
taining 10% FBS, and cultured at 37 °C with 5% CO, for
24 h. 100 pg of DII@PLGA and Dil@PLGA +PC were
added. After incubation for different times (0.5, 2 and
4 h), the cells were washed with PBS, and fixed with para-
formaldehyde (4% in PBS). The nuclei of the cells were
stained with DAPI. The cells were observed using the
confocal laser scanning microscopy (CLSM).

The same experiment of Raw264.7 cells were also car-
ried out in 6-well plates, for the quantitative analysis of
PLGA NPs engulfment by flow cytometry.

Effect of PLGA NPs on the transformation of macrophages

to foam cells

Raw264.7 cells were seeded in 6-well plates at a density of
2 x 10° cells per well in 1 mL of DMEM medium contain-
ing 10% FBS, and cultured at 37 °C with 5% CO, for 24 h.
Different concentrations (0, 50, 100, 200, 400, 500 pg/
mL) of PLGA NPs and PLGA + PC were used to treat
Raw264.7 cells simulated with ox-LDL (50 mg/L). After
incubation for 48 h, ORO staining was performed of the
treated Raw264.7 cells, then observed and photographed
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using a microscope. Other treated Raw264.7 cells were
collected by trypsinization centrifuged at 1000 rpm for
10 min, ultrasonic crushing 1 min. Total cholesterol
(TC) and free cholesterol (FC) were measured according
to the TC kit and FC kit methods, and the protein con-
tent was determined according to the BCA kit method.
The content of various cholesterol in Raw264.7 cells was
expressed by TC and FC per gram of cellular protein.
Each experiment was repeated 3 times [37].

Results

Characterization and blood compatibility of PLGA NPs

The DLS results showed that the diameters of PLGA
and PLGA +PC in the water phase were 92.7+3.1 nm
and 123.8+5.3 nm, respectively. The Zeta potentials
were —31.6+2.8 mV and —12.0+3.5 mV, respectively
(Fig. 1c, d). PLGA + PC particles in an aqueous solution
were larger than PLGA NPs alone and were less stable.
Under dry conditions, TEM and SEM showed that PLGA
and PLGA +PC were spherical particles consistent in
size with the DLS measurements. Furthermore, we also
found that PLGA 4 PC is more likely to aggregate two or
more than PLGA by SEM, which may be related to the
formation of the plasma protein corona on its surface
(Fig. 1a, b). Serum protein concentrations, measured by
BCA kit, decreased after incubation and confirmed the
presence of a protein corona on the PLGA NPs due to the
formation of PLGA + PC (Fig. 1f). The molecular weight
distribution pattern of proteins and protein complexes
shown in the SDS-PAGE images revealed that the corona
was composed of a large number of different constituents
(Fig. Le).

As shown in Fig. 1g, the hemolysis rates of 1 mg/mL
PLGA NPs, 2 mg/mL PLGA NPs, and PLGA + Glu were
2.96+0.10%, 3.24+£0.14%, and 2.954+0.29%, respec-
tively. Hemolysis rates in three experimental groups were
less than 5%, according to the national standard for the
hemolysis rate of medical biological materials. There
were no significant differences in GMP-140, APTT, PT,
TT and Fbg values between the negative control group
and the experimental groups, indicating that PLGA NPs
had no significant effect on coagulation and did not
induce platelet activation (Fig. 1h, i).

PLGA NPs cause a significantly higher extension

of atherosclerotic lesions in ApoE~'~ mice

The in vivo effects of PLGA NPs on the development of
atherosclerotic lesions were investigated by continu-
ous PLGA NPs injection and administration of a HFD
to ApoE ™/~ mice. Atherosclerotic plaque formation was
detected in the aortic sinus, with a large number of red
fat granules accumulating in the ApoE™'~ mice groups
compared to the C57 control groups (Fig. 2 a). The areas
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Fig. 1 Characterization and blood compatibility of PLGA NPs. TEM and SEM morphology of a PLGA NPs and b PLGA + PC. ¢ DLS particle size and
d electric potential results for PLGA NPs and PLGA + PC. e SDS-PAGE: Characterization of surface bound protein coronae formed on PLGA and
PLGA 4 PC exposed to serum. Lane 1: standard molecular marker, Lane 2: 50 ug PLGA 4 PC, Lane 3: 50 ug PLGA, Lane 4: standard molecular marker,
Lane 5: 100 pug PLGA + PC, Lane 6: 100 ug PLGA. f PLGA NPs adsorb proteins in serum to form the protein corona. g The hemolysis rate of PLGA NPs.
h The concentration of a-granule membrane protein in platelets and i Response of coagulation variables (APTT, PT, TT, Fbg) after PLGA NPs were
added. n=3, mean+ 5D, **P<0.01

of plaque and lipid deposition were severe in ApoE ™/~
mice with PLGA NPs injection groups, 23.24+0.8% vs.
16.99+1.8%, 22.03+1.4% vs. 16.95+1.1%, 4 and 12
weeks respectively (Fig. 2d) (P<0.05). While there were
no changes in all C57 groups. These results suggested
that the combination of PLGA NPs and HFD caused a
significantly higher extension of plaques after 4 and 12
weeks of continuous administrations in ApoE ™'~ mice.

Next, we examined the composition of atherosclerotic
plaques in aortic root sections by immunohistochemistry
staining. H&E staining of aortic sinuses in ApoE™/~ mice
revealed extensive plaque formation and severe steno-
sis in the lumen (Fig. 2b). Thickening of the intima and
irregular bulging in the lumen, an increase in cell hyper-
plasia and atherosclerotic plaque formation below the
intima were observed. The structure of the arterial wall
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Fig. 2 The combination of PLGA NPs and a high-fat diet causes a significantly higher extension of plaques in ApoE ™~ mice. a ORO stained images
of aortic sinus tissues in ApoE ™~ and C57 mice. b H&E stained images of aortic lipid cores (yellow dashed line and plaque ruptures (green arrows)
in ApoE™'~ and C57 mice. ¢ Images of collagen in the plaque areas stained by Masson's trichrome. d Quantitative data of the atherosclerotic plaque
area in the aortic root sections. e The lipid assays from serum during atherosclerotic development (TC, TG, LDL, HDL). n=5, mean £ SD, *P < 0.05;
**P<0.01; ***P<0.001; ****P<0.0001

was disordered, the media was contracted and atrophied,
and ruptured plaques with lipid cores were apparent. The
collagen arrangement in the aortic sinuses of each group
of ApoE~/~ mice was disordered, and collagen fibers in
the long-term injection of PLGA NPs group were scat-
tered (Fig. 2c).

Hyperlipidemia is known to play an important role in
the process of plaque formation. Therefore, we investi-
gated the effect of continuous injection of PLGA NPs on
hyperlipidemia. However, with the exception of HDL-C,
there were no significant differences in other lipid pro-
files between the HFD and PLGA NPs groups, only statis-
tically significant differences between ApoE~'~ and C57
mice groups. (Fig. 2e). Serum TC in the ApoE™'~ mice
group was approximately sevenfold higher than in the
C57 wild type group; TG was nearly 50-fold higher, and
LDL-C and HDL-C were fourfold higher. These observa-
tions indicated that PLGA NPs did not cause significant

changes in blood serum lipids during the formation of
AS in ApoE~'~ mice and also the wild type C57 mice. In
addition, the H&E staining method was used to observe
the pathological sections of the main organs such as
myocardium, liver, spleen, lung and kidney after injection
of PLGA NPs into the tail vein to determine the possible
effects of PLGA NPs on the main organs of experimen-
tal animals. There were no obvious changes of the main
organs in all experimental animals, which further con-
firmed their biocompatibility (Additional file 1: Fig. S2).

PLGA NPs co-localization within the inflammatory plaque
site

Atherosclerosis is characterized by plaque forma-
tion and chronic inflammation of the arterial wall. We
detected accumulation of NPs at the site of the plaque
and co-localization of PLGA NPs at sites of inflamma-
tion by immunofluorescence staining. Dil@PLGA NPs
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Fig. 3 PLGA NPs are enriched at plaque sites (red) and co-localize with inflammatory cells (yellow). The experimental animals were fed with HFD for
12 weeks, then Dil@PLGA (2 mg/mL, 200 uL) was injected through the tail vein and Dil@PLGA were detected in arterial plaque 24 h after injection
into the blood stream. CLSM images of the PLGA NPs co-localized with a CD68 positive cells and b CD11b positive cells (white arrow heads)

were detected in arterial plaque 24 h after injection into
the blood stream. CD68 is a marker for a wide range of
macrophages that can effectively label monocytes and
macrophages (Fig. 3a). CD11b can label neutrophils,
monocytes, and macrophages, and function in adhe-
sion and signal transduction during the inflammatory
response (Fig. 3b). The results showed that the PLGA
NPs co-localized in the plaque sites with CD68 and
CD11b positive cells, indicating that the PLGA NPs had
a close relationship with AS inflammation, especially the
macrophages. We speculate that the NPs co-localized in
the plaque sites because they were detected as foreign
objects that stimulated macrophages, causing an inflam-
matory reaction, and increasing phagocytosis inside the
plaque.

PLGA NPs cause inflammatory factor release

After confirming that PLGA NPs co-localized with
inflammatory cells in atherosclerotic plaques, we inves-
tigated the effects of PLGA NPs injection on the expres-
sion of the inflammatory factors TNF-«, IL-6 and IL-10
(Fig. 4a). Positive expression of TNF-a and IL-6 was indi-
cated by brown particles located mainly in the cytoplasm

of endothelial and smooth muscle cells. Expression was
pronounced in the plaques of the 12-week PLGA NPs
injection groups as indicated by dark brown staining.
The expression of IL-10 was strongly positive at plaque
sites in the ApoE ™/~ mice groups compared with that in
the C57 mice groups, but no significant differences were
found between each PLGA NPs injection group and their
respective controls (Fig. 4b). These observations indicate
that under the influence of a HFD, continuous long-term
injection of PLGA NPs can promote an inflammatory
response in the plaques of ApoE™'~ mice, and PLGA NPs
coupled with a HFD had a long-term synergistic effect on
the production of AS lesions.

PLGA NPs were phagocytized by macrophages

and decreased cell viability

Macrophages are key contributors to the atheroscle-
rotic process due to their inflammatory and phagocy-
tosis inducing properties. The dynamic phagocytosis of
NPs by macrophages was investigated using Dil loaded
NPs and observed under confocal laser scanning
microscopy (CLSM) and flow cytometry. Raw 264.7
cells began to phagocytize PLGA NPs and PLGA +PC
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from 0.5 h and increased over time (Fig. 5a—c). The
red fluorescence in the PLGA+PC group was more
evident in the nucleus compared to the PLGA NPs
group. Presumably, the protein corona on the PLGA
NPs surface was more likely to help the NPs enter the
nucleus (Fig. 5a). The amount of phagocytosis after
treatment with NPs for 0.5 h by Dil@PLGA and Dil@
PLGA + PC was 35.8 and 2.57%, respectively; after 2 h,
phagocytosis increased to 88.2 and 7.72%, respectively;

then increased to 92.0 and 22.9% after 4 h, respectively
(Fig. 5b, c).

To confirm whether the accumulated PLGA NPs
would be phagocytized by macrophages and influ-
ence their function, we conducted cell viability assays
of Raw 264.7 macrophages co-cultured with different
PLGA NPs concentrations. The activity of Raw 264.7
cells decreased but remained greater than 60% using
different concentrations of PLGA NPs and PLGA +PC
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treated cells (Fig. 5a, b). When the concentration was
less than 100 pg/mL, we observed no significant effects
on the viability of Raw 264.7 cells. However, when the
concentration was greater than 200 pug/mL, the viabil-
ity of Raw 264.7 cells decreased significantly at all-time
points except 4 h. These observations indicated that
PLGA NPs and PLGA 4 PC affect Raw 264.7 cell viabil-
ity in a time and dose-dependent manner.

PLGA NPs promote macrophage transformation to foam
cells

One of the typical pathological hallmarks of AS is the
excessive accumulation of ox-LDL and cholesteryl
esters in macrophages and their conversion to foam
cells. After accumulating in atherosclerotic plagues,
PLGA NPs phagocytized by macrophages will influ-
ence the formation of foam cells. To investigate the
effects of PLGA NPs and PLGA + PC on macrophage
transformation to foam cells, we first treated Raw
264.7 cells with 50 pg/mL ox-LDL and then treated the
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cells with PLGA NPs or PLGA 4 PC at different con-
centrations (0, 50, 100, 200, 400, 500 pug/mL) for 48 h.
PLGA NPs and PLGA + PC both promoted the phago-
cytosis of ox-LDL by Raw 264.7 cells, and reached a
maximum at 400 pg/mL. The phagocytosis of ox-LDL
by Raw 264.7 cells decreased when the nanoparticle
concentration was 500 pg/mL compared with 400 pg/
mlL, probably because the phagocytosis of ox-LDL had
reached saturation and NPs could no longer produce
an effect. Compared with PLGA NPs, PLGA+PC
more strongly promoted the phagocytosis of ox-LDL
into Raw 264.7 cells at the same concentration (Fig. 6a,
b). NPs also increased the Raw 264.7 CE/TC values
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(%) at higher concentrations but showed no signifi-
cant differences at concentrations less than 100 pg/
mL (Fig. 6¢c). These findings confirmed that PLGA
NPs and PLGA + PC will accelerate the transformation
of Raw 264.7 macrophages into foam cells, and that
PLGA + PC has a stronger effect than PLGA NPs.

Discussion

Due to their unique physico-chemical characteristics,
advantages of NPs in this context include their ability to
easily penetrate across cell barriers, preferential accu-
mulation in specific organelles and cells, and theranos-
tic (both therapy and diagnostic) properties, as well as
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Fig. 6 Effects of PLGA NPs and their protein coronas on the transformation of macrophages into foam cells. a, b Effects of PLGA NPs and PLGA + PC
on the phagocytosis of ox-LDL by Raw 264.7 macrophages. ¢ The CE/TC (%) of macrophages to foam cells after treatment with NPs.n=3,
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their capacity for fine tuning. Polymer NPs are attracting
attention due to high efficiency, long-term circulation
characteristics, and metabolic discharge mechanisms
that are superior to other biomaterials. These beneficial
properties have resulted in the widespread use of poly-
mer NPs as drug delivery systems and diagnostic con-
trast agents for medical applications. Despite their good
biocompatibility, there are also disadvantages of polymer
biomaterials in nano scale, especially under pathological
conditions and the interactions of NPs with living cells
are complex and still far from fully understood [38]. This
article focuses on polymer NPs and explores their impact
on the development of cardiovascular diseases such as
AS and possible mechanisms of function.

Current research has shown that NPs <100 nm in size
are easily absorbed by tissues [39]. PLGA NPs prepared
by dialysis were characterized by DLS, SEM and TEM
and found to possess the expected size (nanoscale) and
useful characteristics such as good dispersion, uniform
size and spherical shape. Subsequently, we showed PLGA
NPs efficiently bind serum proteins by SDS-PAGE and
BCA kit. In addition to the standard physical criteria,
medical biomaterials must also exhibit a high degree of
compatibility with the circulatory system. Therefore, we
evaluated blood compatibility of PLGA NPs from three
aspects, hemolysis rate and coagulation function and
platelet activation. The hemolysis rate of PLGA NPs was
<5%, in accordance with international standards. The
physiological anticoagulant function is mainly achieved
through the joint action of the coagulation system,
platelets and the fibrinolysis system [40]. APTT mainly
reflects the activity and function of endogenous coagu-
lation factors, PT represents the exogenous coagulation
system, TT is the time for conversion of fibrinogen to
fibrin, Fbg is the content of fibrinogen, and GMP-140
indicates the activation of platelets. Through the detec-
tion of these five indicators, we found that the prepared
PLGA NPs did not have a significant impact on coagula-
tion and had excellent blood compatibility.

In 2017, Miller et al. studied the effects of gold NPs on
cardiovascular disease, and discovered that red and pur-
ple particles accumulated in foam cells at sites of athero-
sclerotic plaque in ApoE~/~ mice treated with gold NPs
[41]. Furthermore, gold NPs could be detected in surgical
specimens of carotid artery disease from patients at risk
of stroke. Based on previous research, in this paper we
investigated the effects of PLGA NPs on AS by adminis-
trating PLGA NPs to ApoE~'~ mice by intravenous injec-
tion. We took ApoE~/~ mice as the animal model with
cardiovascular risk factors, C57 mice as no any cardio-
vascular risk factors model. The ApoE ™'~ mice were fed
a HED and injected with PLGA NPs for 4 or 12 weeks to
investigate the short- or long-term effects of NPs on the
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development of AS. Our PLGA NPs long-term adminis-
tration causes a significantly higher extension of plaque
in AS animal model, ApoE~'~ mice with 12w HED, but
not in the C57 mice. And, it has been suggested that
NPs could accumulate at sites of vascular disease, such
as AS plaques [41]. Most NPs were be recruited by mac-
rophages and accumulated in the inflammatory sites [38,
42]. According to the characteristics of AS plaque, the
inflammatory cells would be increased at the plaque sites
[43]. Here co-localization of PLGA NPs with the inflam-
matory marker CD68 and CD11b at the cross-sections
of the aortic roots presented the accumulation of NPs at
the plaque site compared with the negative C57 controls,
no atherosclerotic plaques, no inflammatory cells. This
result entailed that PLGA NPs had a close relationship
with the inflammatory response then as shown in Fig. 4
PLGA NPs caused an increasing inflammatory factor
release after 12w-injection.

In wild-type C57 mice with no plaque formation,
immuno-histochemical staining detected only small
amounts of the pro-inflammatory factors, TNF-a and
IL-6 on the blood vessel walls and no expression of the
anti-inflammatory factor IL-10. These observations indi-
cated that in the absence of AS lesions (i.e., under normal
physiological conditions) in mice, there was no signifi-
cant inflammation and inflammatory factors were not
activated and released. In the ApoE~/~ mice group that
could spontaneously form AS plaques, strong positive
expression of the pro-inflammatory cytokines TNF-a and
IL-6 could be clearly observed at plaque sites. After 12
weeks of injection of PLGA NPs, TNF-«a and IL-6 levels
increased compared to the control groups. While IL-10
increased in all ApoE~/~ animals compared with C57
mice, but there were not significant differences between
each ApoE~'~ groups and C57 groups. IL-10 is an indeed
anti-inflammatory, changed with the progression and
regression of inflammation [44—46]. This indicated that
long term administration of NPs stimulate the release of
inflammation factor but not company with the increase
of anti-inflammatory factor. These results were consistent
with recent studies regarding the relationships between
inflammation and anti-inflammatory factors such as
TNEF-a/IL-10. Internal environmental stability is based
on the dynamic balance between inflammatory and
anti-inflammatory responses. When the inflammatory
response dominates, tissues and cells will be damaged;
whereas, a strong anti-inflammatory reaction will inhibit
immune function [47]. An intricate balance between pro-
inflammatory and anti-inflammatory cytokine signal-
ing pathways that could leading to clinical events in the
genesis of atherosclerotic lesions and in the probability of
plaque rupture, such as myocardial infarction, stoke, and
cardiovascular death.
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During the injection process, NPs are rapidly coated
with macromolecules forming a “protein crown or
corona (PC)’, which alters the size, aggregation state, sur-
face charge and interfacial properties of the nanomateri-
als to create a biological identity that is distinct from its
original synthetic identity. PLGA NPs adsorbed a certain
amount of proteins to form the PLGA 4 PC, with larger
diameter and less stability, after incubation with mouse
serum. NPs with protein coronas show completely dif-
ferent cell recognition or biological effects in vitro com-
pared with in vivo [30].

Macrophages are the most important inflamma-
tory cells in the process of AS lesion formation, are
important components of lipid plaques, and serve as an
important source of foam cells [48]. Therefore, we stud-
ied the effects of PLGA NPs on macrophages in vitro.
According to the MTS assay results, the activity of Raw
264.7 cells decreased with increasing concentrations of
PLGA NPs and PLGA +PC. The presence of the pro-
tein corona inhibited the phagocytosis of PLGA NPs by
Raw 264.7 cells. Studies have shown that the role of the
protein corona in biological systems can be divided into
“opsonins” and “dysopsonins” [49]. Opsonins promote
macrophage phagocytosis, while dysopsonins inhibit
phagocytosis. The structure and composition of the
corona depend on the synthetic identity of the nanoma-
terial, which includes the chemistry, topography and cur-
vature of the nanomaterial. Polymer NPs possess various
chemical compositions, free residues and morphologies
(such as spheres, rods, vesicles, tubules and lamellae),
which provide them with more diverse synthetic identi-
ties. After PLGA NPs enter the blood stream, the surface-
adsorbed dysopsonins may be more abundant and more
stable.

Hyperlipidemia is known to play an important role in
the process of plaque formation. But our results indi-
cated that PLGA NPs had no significant effect on lipid
metabolism of both C57 and ApoE ™~ mice. While lipid
transport, foam cell deposition also had key point func-
tion during the atherosclerotic development [50]. The
physiological functions of proteins that comprise the pro-
tein corona include lipid transport, blood coagulation,
complement activation, pathogen recognition and ion
transport [51]. In the early stages of AS, ox-LDL acts as
an inflammatory medium, promoting foam cell develop-
ment and cholesterol-rich lipid core formation [52]. Cell
ORO staining and CE/TC% suggested that PLGA NPs
and PLGA + PC accelerated the conversion of Raw 264.7
cells to foam cells and that PLGA +PC had a stronger
effect than PLGA NPs. Therefore, the protein corona
absorbed on the surface of PLGA NPs may possess a
stronger atherogenic potential. This phenomenon may
explain many existing inconsistencies between in vitro
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toxicity screening and in vivo studies, and necessitate
a re-evaluation of the toxicity of polymer NPs, even for
polymer materials with good biocompatibility.

As an in vitro and animal in vivo study, it should be
noted that the doses employed in the in vitro analysis
were much higher than those used in vivo. The body is a
whole circulatory system that metabolizes NPs and the
internal and external environment is a completely dif-
ferent environment. We performed in vivo and in vitro
experiments according to the concentrations used for
nanotoxicity evaluation in the references [34, 36]. For
this reason, we will pay more attention to this interest-
ing information and try to find its mechanism in the
future researches, we also should be much more cir-
cumspect when we make the conclusion from the ani-
mal experiment results, especially the gene KO mice.

Conclusions

In this study, we observed that phagocytosis of poly-
meric NPs with good blood compatibility may cause a
significantly higher extension of atherosclerotic plaques
and have close relationship with many cardiovascular
risk factors such as inflammation, and abnormal hemo-
dynamics. The long-term administration of polymeric
NPs may induce macrophage activation and trans-
formation into foam cells, followed by an increase in
inflammatory factors. The types of proteins and amount
of protein corona absorbed on the surface of polymeric
NPs may play a key role during this process. These
in vivo animal results highlight the neglected hazard
for polymeric NPs what we should not be ignored in
future nanomaterial design and pay more attention to
the process of using nano-medicines on cardiovascular
diseases.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512951-021-00863-y.

Additional file 1: Fig. S1. SDS-PAGE Characterization of protein coronae
formed on the surface of PLGA NPs exposed to serum. Lane 1: standard
molecular marker, Lane 2: 10 ug PLGA + PC, Lane 3: 10 ug PLGA NPs, Lane
4: supernate after three cycles of washing and centrifugation for 10 pg
PLGA + PC. Fig. S2. H&E staining of main organs after PLGA NPs injection
for 4 and 12 weeks. There were no obvious changes between each group.

Acknowledgements

The author would like to thank all other members of Professor Guixue Wang's
laboratory (Chongqing Engineering Laboratory in Vascular Implants and the
Public Experiment Center of State Bioindustrial Base (Chongging)) for their
daily experimental and management work.

Authors’ contributions
TY and YW conceived the idea, guided the project and wrote the manuscript.
YL and YR performed the experiments and analyzed the results. AF, FH, RD and


https://doi.org/10.1186/s12951-021-00863-y
https://doi.org/10.1186/s12951-021-00863-y

Yin et al. ] Nanobiotechnol (2021) 19:121

WW helped in data analysis. TY, YL, YW and GW revised the manuscript. All
authors read and approved the final manuscript.

Funding

This research was supported by the National Natural Science Foundation
of China (12032007, 31971242); the Natural Science Foundation of Chong-
ging (cstc2019jcyj-msxmX0307, cstc2019jcyj-19zdxmX0009, cstc2019jcyj-
zdxmX0028); the Fundamental Research Funds for the Central Universities
(2019CDYGZD002, 2020CDCGJOT1).

Availability of data and materials
All data generated or analyzed during this study are included in this published
article and its additional information files.

Declarations

Ethics approval and consent to participate

Army Medical University Animal Experiment Ethics Committee and Authority
approved all animal procedures for Animal Protection. The manuscript does
not contain clinical studies or patient data.

Consent for publication
Not applicable.

Competing interests
The authors declared that they have no conflicts of interest.

Received: 6 December 2020 Accepted: 15 April 2021
Published online: 28 April 2021

References

1. Mahmoudi M, Yu M, Serpooshan V, Wu JC, Langer R, Lee RT, Karp JM,
Farokhzad OC. Multiscale technologies for treatment of ischemic cardio-
myopathy. Nat Nanotechnol. 2017;12:845-55.

2. Cheng CT, Castro G, Liu CH, Lau P. Advanced nanotechnology: an
arsenal to enhance immunotherapy in fighting cancer. Clin Chim Acta.
2019;49:12-9.

3. YuXH, Hong FS, Zhang YQ. Bio-effect of nanoparticles in the cardiovascu-
lar system. J Biomed Mater Res A. 2016;104:2881-97.

4. Gonzalez C, Rosas-Hernandez H, Lee MAR, Salazar-Garcia S, Ali SF. Role of
silver nanoparticles (AgNPs) on the cardiovascular system. Arch Toxicol.
2016;90:493-511.

5. Wang YZ, Wang GX. Polymeric nanomicelles: a potential hazard for the
cardiovascular system? Nanomedicine (Lond). 2017;12:1355-8.

6. Fengl,Yang XZ, ShiYF, Liang S, Zhao T, Duan JC, Sun ZW. Co-exposure
subacute toxicity of silica nanoparticles and lead acetate on cardiovascu-
lar system. Int J Nanomed. 2018;13:7819-34.

7. YangY, Du ZJ, Liu XM. Experimental research advances in toxic effects of
silica nanoparticles on cardiovascular system. Zhonghua Lao Dong Wei
Sheng Zhi Ye Bing Za Zhi. 2018;36:711-3.

8. ZhouT, Dong QL, Shen Y, Wu W, Wu HD, Luo XL, Liao XL, Wang GX.

PEG- b-PCL polymeric nano-micelle inhibits vascular angiogenesis
by activating p53-dependent apoptosis in zebrafish. Int J Nanomed.
2016;11:6517-31.

9. Stoupel EG. Cosmic ray (neutron) activity and air pollution nanoparti-
cles—cardiovascular disease risk factors—separate or together? J Basic
Clin Physiol Pharmacol. 2016;27:493-6.

10. Lee HC, Lin TH. Air pollution particular matter and atherosclerosis. Acta
Cardiol Sin. 2017;33:646-7.

11. Bostan HB, Rezaee R, Valokala MG, Tsarouhas K, Golokhvast K, Tsatsakis
AM, Karimi G. Cardiotoxicity of nano-particles. Life Sci. 2016;165:91-9.

12. Yu X, Hong F, Zhang YQ. Bio-effect of nanoparticles in the cardiovascular
system. J Biomed Mater Res A. 2016;104:2881-97.

13. Hou ZJ,Yan WH, Li TH, Wei W, Cui YL, Zhang XJ, Chen YP,Yin TY, Qiu JH,
Wang GX. Lactic acid-mediated endothelial to mesenchymal transition
through TGF-31 contributes to in-stent stenosis in poly-L-lactic acid stent.
Int J Biol Macromol. 2020;155:1589-98.

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34.

35.

36.

Page 14 of 15

Tian L, Lin B, Wu L, Li K, Liu H, Yan J, Liu X, Xi Z. Neurotoxicity induced by
zinc oxide nanoparticles: age-related differences and interaction. Sci Rep.
2015,5:16117.

Duan J,Hu H, Li QL, Jiang LZ, Zou Y, Wang Y, Sun ZW. Combined

toxicity of silica nanoparticles and methylmercury on cardiovascular
system in zebrafish (Danio rerio) embryos. Environ Toxicol Pharmacol.
2016;44:120-7.

Haber N, Hirn S, Holzer M, Zuchtriegel G, Rehberg M, Krombach F, Krom-
bach. Effects of acute systemic administration of TiO2, ZnO, SiO2, and Ag
nanoparticles on hemodynamics, hemostasis and leukocyte recruitment.
Nanotoxicology. 2015;9:963-71.

Kim AY, Ha JH, Park SN. Selective release system for anti-oxidative and
anti-inflammatory activities using H,O,-responsive therapeutic nanopar-
ticles. Biomacromolecules. 2017;18:3197-206.

Reddy ARN, Lonkala S. In vitro evaluation of copper oxide nanoparticle-
induced cytotoxicity and oxidative stress using human embryonic kidney
cells. Toxicol Ind Health. 2019;35:159-64.

Guo CX, Xia Y, Niu PY, Jiang LZ, Duan JC, Yu'Y, Zhou XQ, Li YB, Sun ZW.
Silica nanoparticles induce oxidative stress, inflammation, and endothe-
lial dysfunction in vitro via activation of the MAPK/Nrf, pathway and
nuclear factor-kB signaling. Int J Nanomed. 2015;10:1463-77.

Chistiakov DA, Orekhov AN, Bobryshev YV. Bobryshev. Vascular smooth
muscle cell in atherosclerosis. Acta Physiol. 2015;214:33-50.

Wang CQ, Liu X, Han Z, Zhang X, Wang JJ, Wang K, Yang ZT, Wei ZK.
Nanosilver induces the formation of neutrophil extracellular traps in
mouse neutrophil granulocytes. Ecotoxicol Environ Saf. 2019;183:109508.
Frohlich E. Value of phagocyte function screening for immunotoxicity of
nanoparticles in vivo. Int J Nanomed. 2015;10:3761-78.

Setyawati MI, Tay CY, Bay BH, Leong DT. Gold nanoparticles induced
endothelial leakiness depends on particle size and endothelial cell origin.
ACS Nano. 2017;11:5020-30.

Pillai GJ, Paul-Prasanth B, Nair SV, Menon D. Influence of surface pas-
sivation of 2-Methoxyestradiol loaded PLGA nanoparticles on cellular
interactions, pharmacokinetics and tumour accumulation. Colloids Surf B
Biointerfaces. 2017;150:242-9.

Alavi M, Hamidi M. Passive and active targeting in cancer therapy

by liposomes and lipid nanoparticles. Drug Metab Pers Ther.
2019;34:20180032-39

Hiroshi M. Toward a full understanding of the EPR effect in primary and
metastatic tumors as well as issues related to its heterogeneity. Adv Drug
Deliv Rev. 2015;91:3-6.

Ahsan SM, Rao CM, Ahmad MF. Nanoparticle-protein interac-

tion: the significance and role of protein corona. Adv Exp Med Biol.
2018;1048:175-98.

Jiang WS, Rutherford D, Vuong T, Liu H. Nanomaterials for treating cardio-
vascular diseases: a review. Bioact Mater. 2017;6:185-98.

Baimanov D, Cai R. Understanding the chemical nature of nanoparticle-
protein interactions. Bioconjug Chem. 2019,;30:1923-37.

Ritz S, Schéttler S, Kotman N, Baier G, Musyanovych A, Kuharev J,
Landfester K, Schild H, Jahn O, Tenzer S, Maildnder V. Protein corona of
nanoparticles: distinct proteins regulate the cellular uptake. Biomacro-
molecules. 2015;16:1311-21.

Schwenk JM, Omenn GS. The human plasma proteome draft of 2017:
building on the human plasma peptide atlas from mass spectrometry
and complementary assays. J Proteome Res. 2017;16:4299-310.

Zhuang J, Fang RH. Preparation of particulate polymeric therapeutics for
medical applications. Small Methods. 2017;1:1700147.

Zhou LL, Zhao JL, Chen YK, Zheng YT, Li JF, Zhao JY, Zhang J, Liu YY, Liu
XY, Wang SG. MoS 2-ALG-Fe/GOx hydrogel with fenton catalytic activity
for combined cancer photothermal, starvation, and chemodynamic
therapy. Colloids Surf B Biointerfaces. 2020;195:111243.

Raja IS, Song SJ, Kang MS, Lee YB, Kim BJ, Hong SW, Jeong SJ, Lee JC,

Han DW. Toxicity of zero- and one-dimensional carbon nanomaterials.
Nanomaterials (Basel). 2019;9:1214.

Wang Y, Zhang K, Qin X, Li TH, Qiu JH, Yin TY, Huang JL, McGinty S, Pon-
trelli G, Ren J, Wang QW, Wu W, Wang GX. Biomimetic nanotherapies: red
blood cell based core-shell structured nanocomplexes for atherosclero-
sis management. Adv Sci (Weinh). 2019;6:1900172.

Lewinski N, Colvin V, Drezek R. Cytotoxicity of nanoparticles. Small.
2008;1:26-49.



Yin et al. J Nanobiotechnol

37.

38.

39.

40.

41.

42.

43.

44,

(2021) 19:121

D’Elios MM, Vallese F, Capitani N, Benagiano M, Bernardini ML, Rossi M,
Rossi GP, Ferrari M, Baldari CT, Zanotti G, Bernard MD, Codolo G. The
Helicobacter cinaedi antigen CAIP participates in atherosclerotic inflam-
mation by promoting the differentiation of macrophages in foam cells.
Sci Rep. 2017;7:40515.

Xu JX, Wang JX, Qiu JH, Liu H, Wang Yi, Cui YL, Humphry R, Wang N, Dur-
kan C, Chen YK, Lu YQ, Ma QF, Wei W, Luo Y, Xiao LH, Wang GX. Nanopar-
ticles retard immune cells recruitment in vivo by inhibiting chemokine
expression. Biomaterials. 2021,265:120392.

Liu P, Chen N, Yan L, Gao F, Ji DS, Zhang SJ, Zhang L, Li YQ, Xiao Y. Prepara-
tion of characterisation and in vitro and in vivo evaluation of CD44-tar-
geted chondroitin sulphate-conjugated doxorubicin PLGA nanoparticles.
Carbohydr Polym. 2019;213:17-26.

Makarov MS, Borovkova NV, Storozheva MV. Morphofunctional properties
of human platelets treated with silver nanoparticles. Bull Exp Biol Med.
2017;164:241-6.

Miller MR, Raftis JB, Langrish JB, McLean SG, Samutrtai P, Connell SP,
Wilson S, Vesey AT, Fokkens PHB, Boere AJF, Krystek P, Campbell CJ,
Hadoke PWF, Donaldson K, Cassee FR, Newby DE, Duffin R, Mills NL.
Inhaled nanoparticles accumulate at sites of vascular disease. ACS Nano.
2017;11:4542-52.

Li RB, Guiney LM, Chang CH, Mansukhani ND, Ji ZX, Wang X, Liao YP,
Jiang W, Sun BB, Hersam MC, Nel AE, Xia T. Surface oxidation of gra-
phene oxide determines membrane damage, lipid peroxidation, and
cytotoxicity in macrophages in a pulmonary toxicity model. ACS Nano.
2018;12:1390-402.

Libby P, Ridker PM, Hansson GK. Inflammation in atherosclerosis: from
pathophysiology to practice. J Am Coll Cardiol. 2009;54:2129-38.
Brennan EP, Mohan M, McClelland A, Gaetano MD, Tikellis C, Marai M,
Crean D, Dai A, Beuscart O, Derouiche SD, Gray SP, Pickering R, Tan SM,
Treacy MG, Sheehan S, Joseph F. Dowdall JF, Barry M, Belton O, Ali-Shah
ST, Guiry PJ, Jandeleit-Dahm K, Cooper ME. Godson C,and Kantharidis P.
Lipoxins protect against inflammation in diabetes-associated atheroscle-
rosis. Diabetes. 2018;67:2657-67.

45.

46.

47.

48.

49.

50.

51

52.

Page 15 of 15

Li J, McArdle S, Gholami A, Kimura T, Wolf D, Gerhardt T, Miller J, Weber G,
Ley K. CCR5*T-bet™FoxP3™ Effector CD4 T cells drive atherosclerosis. Circ
Res. 2016;13;118:1540-52.

Ridke PMr. Anticytokine agents: targeting interleukin signaling pathways
for the treatment of atherothrombosis. Circ Res. 2019;124:437-50.

Lu J, Sun MS, Wu XJ, Yuan X, Liu Z, Qu XJ, Ji XP, Merriman TR, Li C. Urate-
lowering therapy alleviates atherosclerosis inflammatory response factors
and neointimal lesions in a mouse model of induced carotid atheroscle-
rosis. FEBS J. 2019;286:1346-59.

Ye J, Guo RW, Shi YK, Qi F, Guo CM, Yang LX. MiR-155 regulated inflamma-
tion response by the SOCS1-STAT3-PDCDA4 axis in atherogenesis. Mediat
Inflamm. 2016;2016:8060182.

Rezaei G, Daghighi SM, Raoufi M, Esfandyari-Manesh M, Rahimifard M,
Mobarakeh VI, Kamalzare S, Ghahremani MH, Atyabi F, Abdollahi M,
Rezaee F, Dinarvand R. Synthetic and biological identities of polymeric
nanoparticles influencing the cellular delivery: an immunological link. J
Colloid Interface Sci. 2019;556:476-91.

Huang LZ, Chambliss KL, Gao XF, Yuhanna IS, Behling-Kelly E, Bergaya S,
Ahmed M, Michaely P, Luby-Phelps K, Darehshouri A, Xu L, Fisher EA, Ge
WP, Mineo C, Shaul PW. SR-B1 drives endothelial cell LDL transcytosis via
DOCK4 to promote atherosclerosis. Nature. 2019;569(7757):565-9.
Walkey CD, Chan WC. Understanding and controlling the interaction of
nanomaterials with proteins in a physiological environment. Chem Soc
Rev.2012;41:2780-99.

Wang Y, Dubland JA, Allahverdian S, Asonye E, Sahin B, Jaw JE, Sin DD,
Seidman MA, Leeper NJ, Francis GA. Smooth muscle cells contribute

the majority of foam cells in ApoE (Apolipoprotein E)-deficient mouse
atherosclerosis. Arterioscler Thromb Vasc Biol. 2019;39:876-87.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Phagocytosis of polymeric nanoparticles aided activation of macrophages to increase atherosclerotic plaques in ApoE−− mice
	Abstract 
	Research highlights
	Introduction
	Methods experimental materials and methods
	Experimental materials
	Methods
	Preparation of PLGA and PLGA + PC NPs
	Characterization of PLGA and PLGA + PC NPs
	Determination of serum protein adsorbed by PLGA NPs
	Hemolysis rate of PLGA NPs
	Effects of PLGA NPs on APTT, PT, TT and fbg
	Activation of platelet α-granule membrane protein (GMP-140) by PLGA NPs
	Animal experiment
	Analysis of atherosclerotic plaques
	Histology and immunohistochemistry staining of the aortic root
	PLGA NPs co‐localization with the inflammatory plaque site
	PLGA NPs co-culture with Raw264.7 cells
	PLGA NPs phagocytized by Raw264.7 cells
	Effect of PLGA NPs on the transformation of macrophages to foam cells


	Results
	Characterization and blood compatibility of PLGA NPs
	PLGA NPs cause a significantly higher extension of atherosclerotic lesions in ApoE−− mice
	PLGA NPs co‐localization within the inflammatory plaque site
	PLGA NPs cause inflammatory factor release
	PLGA NPs were phagocytized by macrophages and decreased cell viability
	PLGA NPs promote macrophage transformation to foam cells

	Discussion
	Conclusions
	Acknowledgements
	References




