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Abstract

Background: As one typical cardiovascular disease, atherosclerosis severely endanger people’life and cause bur-
den to people health and mentality. It has been extensively accepted that oxidative stress and inflammation closely
correlate with the evolution of atherosclerotic plaques, and they directly participate in all stages of atherosclerosis.
Regarding this, anti-oxidation or anti-inflammation drugs were developed to enable anti-oxidative therapy and anti-
inflammation therapy against atherosclerosis. However, current drugs failed to meet clinical demands.

Methods: Nanomedicine and nanotechnology hold great potential in addressing the issue. In this report, we engi-
neered a simvastatin (Sim)-loaded theranostic agent based on porous manganese-substituted prussian blue (PMPB)
analogues. The biomimetic PMPB carrier could scavenge ROS and mitigate inflammation in vitro and in vivo. Espe-
cially after combining with Sim, the composite Sim@PMPB NC was expected to regulate the processes of atheroscle-
rosis. As well, Mn?* release from PMPB was expected to enhance MRI.

Results: The composite Sim@PMPB NC performed the best in regulating the hallmarks of atherosclerosis with above
twofold decreases, typically such as oxidative stress, macrophage infiltration, plaque density, LDL internalization,
fibrous cap thickness and foam cell birth, etc. Moreover, H,O,-induced Mn?* release from PMPB NC in atheroscle-
rotic inflammation could enhance MRI for visualizing plagues. Moreover, Sim@PMPB exhibited high biocompatibility
according to references and experimental results.
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Conclusions: The biomimetic Sim@PMPB theranostic agent successfully stabilized atherosclerotic plaques and
alleviated atherosclerosis, and also localized and magnified atherosclerosis, which enabled the monitoring of
H,0,-associated atherosclerosis evolution after treatment. As well, Sim@PMPB was biocompatible, thus holding great

potential in clinical translation for treating atherosclerosis.
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Introduction

Cardiovascular diseases are highly prevalent and cause
the most deaths across the whole world, approximately
accounting for nearly half of all deaths [1]. Atherosclero-
sis on arterial wall is the primary driver of cardiovascular
diseases, but can be directly switched into acute clini-
cal events (e.g,, sudden cardiac death) once plaque rup-
ture and accompanied thrombosis occur [2] which, thus,
imposes a substantial healthcare burden on patients [3].
Starting from endothelial layer dysfunction, atheroscle-
rotic plaques as the hallmark of atherosclerosis are pro-
gressively evolved over time. In this evolution process,
some typically pathological characteristics were concur-
rently discerned in the intimal layer, e.g., oxidized low-
density lipoproteins (LDL) accumulation, systematic and
local inflammation, oxidative stress augmentation, mac-
rophage infiltrations, collagen-rich fibrous cap develop-
ment and foam cell birth, etc. [4, 5].

In particular, comprehensively understanding the
pathogenesis of atherosclerosis and figuring out the
influences of some processes (e.g., lipoprotein oxidation,
inflammation and oxidative stress) on atherosclerotic
plaque formation will provide in-depth insights into ath-
erosclerosis and benefit new treatment means’ birth [6].
Typically, inflammation and excessive oxidative stress
have been demonstrated to closely correlate with the
development and progression of atherosclerosis [7-11],
and directly participate in all stages of atherosclerosis
[12-14]. In detail, due to the imbalance between oxidant
and anti-oxidant actions in vascular injures, uncontrolled
ROS production will induce excessive oxidative stress to
oxidize LDL. The oxidized LDL is easily accumulated in
the intimal layer to promote local inflammation, which
further induces a series of structural and physiological
changes [7, 11, 15]. Based on this fact, inflammation and
oxidative stress that have been regarded as the hallmark-
ers of atherosclerosis can serve as the targets to stimulate
the development of various therapeutic drugs and predict
cardiovascular events with acute coronary syndromes
[15-17]. Concomitantly, anti-oxidative therapy and anti-
inflammation therapy were developed [15].

However, currently available antioxidants fail to meet
clinical demands to some extent. Fortunately, the tre-
mendous advances in nanomedicine are expected to
furnish rich tools to tackle them [18-20]. Typically,

some targeted theranostic agents capable of scavenging
oxidation stress were demonstrated to eliminate ROS
and resist inflammation [10]. More intriguingly, some
iron oxide nanoparticles (IONs)-involved theranostic
nanoplatforms were equipped with the abilities to tar-
getedly localize and visualize angiogenesis and super-
vise atherosclerosis-associated inflammatory changes
in the vessel wall [21-23]. However, the current inves-
tigation on nanomedicine-enabled ROS scavenging is
still at its infancy.

In this report, we used a biomimetic prussian blue
(PB) analogues, i.e., porous manganese-substituted
prussian blue (PMPB) nanocubes (NC) to reduce ather-
osclerotic plaques and treat atherosclerosis. The PMPB
NC could scavenge reactive oxygen species (ROS),
mitigate inflammation, lower oxidized LDL internali-
zation and hamper foam cell formation for boycotting
atherosclerosis, as unraveled in Scheme 1. Akin to PB
nanoparticles that favored inflammation alleviation
in inflammatory bowel disease, ischemic brain dam-
age, colitis, osteoarthritis, etc. [24—28] the biomimetic
PMPB NC that served as enzyme-like catalysts were
also allowed to exhaust ROS and lessen inflammation
for treating atherosclerosis. To further potentiate the
therapeutic outcome, a clinical anti-oxidant drug, e.g.,
simvastatin (Sim), was loaded in PMPB NC due to the
rich porosity of PMPB NC. Contributed by the two
active components, the largest decreases of ROS level,
pro-inflammatory cytokine secretion, collagen accumu-
lation, fibrous cap thickness, macrophage infiltration,
foam cell birth and LDL internalization were acquired,
consequently depleting plaques and mitigating athero-
sclerosis. As well, Mn?" release from PMPB after reac-
tion with rich H,O, in inflammation is expected [29,
30]. It determines that Mn?*-enhanced T1-MRI can be
leveraged to localize and visualize atherosclerosis and
monitor the H,0O,-dependent treatment process, which
is much preferable than Fe-enhanced T2-MRI that is
usually insensitive to lesion microenvironment. More
significantly, PBs have been approved in clinics by FDA
[16, 31-33], which, along with aforementioned compel-
ling results, drive clinical translation.
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Scheme1 Schematic illustration of the underlying principle using Sim@PMPB NC to treat atherosclerosis
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Results and discussion

Synthesis of biomimetic PMPB and Sim@PMPB NC

The synthetic procedures of PMPB NC were shown
in Fig. 1a, and they were obtained according to a clas-
sic reference [24]. Herein, bovine serum albumin (BSA)
primarily serves as coordination chelators for Mn** and
[Fe(CN)]*~ ions to promote Mn&Fe co-precipitation for
yielding PMPB NC and it can also act as the template and
pore-making agent. A well-dispersed PMPB NC with a
diameter of 200 nm is observed (Fig. 1b and Additional
file 1: Figure S1), and exhibits a high degree of crystal-
linity (Fig. 1c). Atom mapping test indicates the presence
and uniform distribution of Fe, S, Mn, etc. (Fig. 1d-i),
suggesting the successful synthesis of PMPB NC. As
well, the typical representative peaks corresponding to
-CN and -CO-NH in PMPB NC indicate the presence of
BSA and reflect that PMPB NC is successfully obtained
(Fig. 1j). X-ray photoelectron spectroscopy (XPS) was
also used to verify it. Wide- and narrow-window XPS
spectra clearly show the Mn and Fe atoms in PMPB NC
(Fig. 1k and Additional file 1: Figure S2), and they are
identical to previous reports that involved PB or Mn-
doped PB [34-36].

Thanks to the rich porosity and large pore diameter
of PMPB NC (Additional file 1: Figures S1 and S3), Sim
encapsulation is readily accessible to PMPB. UV-Vis
spectra confirm the successful loading of Sim in PMPB
NC (Additional file 1: Figure S4), and the loading amount
of Sim is calculated to be approx. 3.84% according to
the dose-absorbance standard curve of Sim (Additional
file 1: Figure S5). Sim loading brings about the increase
of zeta potential from — 12.4 to — 7.2 mV (Fig. 11), and
also cause the particle size to rise due to Sim adsorption
on the surface of PMPB NC (Additional file 1: Figure S6).

Sim adsorption on PMPB surface also favors high colloi-
dal stability (Additional file 1: Figure S7). The loaded Sim
is released in a slow but continuous manner (Fig. 2a).

ROS scavenging test

High ROS scavenging ability is the premise of anti-
inflammation and anti-oxidative therapy [10]. In an
attempt to develop drugs featuring ROS scavenging, vari-
ous anti-oxidant drugs were developed [15]. However,
these drugs fail to guarantee high clinical efficacy. Herein,
PMPB NC was expected to meet clinical demands of
anti-oxidative therapy for atherosclerosis, especially after
combining with the clinical anti-oxidative drug (Sim).
To demonstrate it, the exhaustion ability of PMPB NC
was scrutinized. An indirect test was firstly carried out,
where the absorbance of 1,1-diphenyl-2-trinitrophenyl-
hydrazine (DPPH) that is a indicator of ROS radicals was
inspected after incubating with PMPB NC. UV-vis spec-
tra show that the absorbance intensity of DPPH dye grad-
ually drops as the concentration of PMPB NC (Fig. 2b).
This compelling result suggests that PMPB indeed scav-
enged ROS radicals. Quantitative data also displays that
PMPB NC exerts a robust total antioxidant effect through
capturing and depleting ROS radicals (Fig. 2c) according
to the standard curve of DPPH (Additional file 1: Figure
S8).

Electron spin resonance (ESR) was further used to
examine the scavenging ability of PMPB NC using
5,5-dimethyl-1-pyrroline N-oxide I (DMPO) as the
capturing agent [37, 38]. Herein, the Fenton reaction
between FeSO, and H,0, was adopted to give birth to
free hydroxyl radicals (-OH) for assessing the scaveng-
ing ability of PMPB NC. It is clearly found that PMPB
NC can wipe out the free radicals, and more PMPB
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NCs receive less residual radicals (Fig. 2d). As well, sin-
glet oxygen scavenging by PMPB NC was also explored
with (TEMP) as the capturing agent using ESR, wherein
TiO, was used to generate singlet oxygen in the presence
of ultrasound irradiation. Inspiringly, the signal inten-
sity gradually decays as the concentration of PMPB NC

increases (Fig. 2e), suggesting PMPB NC also scavenged
singlet oxygen that is another type of ROS. Further-
more, the H,0, scavenging ability of PMPB NC was also
explored since H,0, is also a type of ROS [39]. Although
H,0, damage ability to artery vessels is weaker than
free radicals, the much more H,O, than free radicals in
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Fig. 2 ROS-scavenging ability exploration of PMPB NC. (a) Time-dependent Sim release profile from Sim@PMPB NC. (b) UV-vis spectra of DPPH
when incubating with PMPB NC with varied concentrations (500, 250, 125, 62.5,31.25 and 0 ug/ml). (c) Dose-dependent elimination of DPPH by
PMPB NC. (d) ESR spectra of different samples including the FeSO, & H,O, mixture and PMPB NC with varied concentrations (0, 50, 25, 12.5 ug/mL)
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with varied concentrations (0, 50, 100, 200 pug/mL) dispersed in the TiO, dispersion in the presence of xenon light irradiation (300 W), where TEMP
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inflammation determines that artery vessel tissues are
undoubtedly subjected to severe H,0,-induced damages
[30]. Intriguingly, H,O, is also cleared by PMPB NC, and
more PMPB NCs trigger more H,O, scavenging till to a
saturation plateau, as evidenced in Fig. 2f.

Cellular-level anti-oxidation and anti-inflammation
explorations

Inspired by the excellent ROS scavenging ability of
this biomimetic PMPB NC, anti-oxidation and anti-
inflammation using PMPB NC can be anticipated.
Cellular-level ROS depletion was supervised when
incubating with PMPB NC. Before it, the cytotoxic-
ity of PMPB NC on macrophages (RAW264.7 cells) was
evaluated, and no evident toxicity is observed, suggest-
ing the biosafety of PMPB NC (Additional file 1: Figure
S9). More significantly, massive PMPB endocytosis by
RAW264.7 cells also warrants the creditability of cellu-
lar-level evaluation (Additional file 1: Figure S10). The
ROS indicator, 2,7-dichloro-dihydrofluorescien diac-
etate (DCFH-DA), was leveraged to monitor intracel-
lular ROS variation in macrophages (RAW264.7 cells).
Neglectable ROS production is detected in RAW264.7
cells alone (control) (Fig. 3a). Therefore, to guarantee
the successful verification of cellular-level anti-oxidation

and anti-inflammation abilities of PMPB, Model group
was set, wherein RAW?264.7 cells were co-stimulated
by lipopolysaccharide (LPS)/IEN-y to produce abun-
dant ROS (Fig. 3a). Once incubating with PMPB NC,
the ROS level was drastically dropped, as evidenced by
the comparison between Model group and 50 pg/mL
group (Fig. 3a), and more PMPB NCs bring about larger
decreasing amplitude. This compelling result validates
the strong anti-oxidation ability of PMPB NC.

It has been accepted that anti-inflammation is usu-
ally accompanied with anti-oxidation [7]. In this regard,
PMPB NC is also expected to favor inflammation miti-
gation or decline. Inflammation-associated cytokine
secretions (e.g., TNF-a, IL-6 and MCP-1) were consider-
ably repressed (Fig. 3b—d), which forcefully supports that
PMPB NC features anti-inflammation. The distinctive
functions (i.e., anti-oxidation and anti-inflammation) of
PMPB NC enable atherosclerotic plaque recession using
PMPB NC.

In vivo atherosclerosis treatment

Before in vivo treatment, the exploration of PMPB NC
accumulation for localizing atherosclerosis is necessary.
It is extensively accepted that detecting the early stage
of atherosclerotic plaque and monitoring its evolution



Zhang et al. J Nanobiotechnol (2021) 19:161

Page 6 of 13

Bright field DCFH-DA

Control

Model

50 pg/mi

100 ug/ml

**p°0.01, which were obtained in comparison to Model

..- 0-

Fig. 3 In vitro anti-oxidation and anti-inflammation using PMPB NC via scavenging ROS. a Confocal fluorescence images of RAW264.7 cells after
different corresponding treatments in four groups, i.e,, control, Model, 50 ug/mL, 100 ug/mL), where ROS indicator, i.e., DCFH-DA, was used to stain
the intracellular ROS, scale bar: 10 um. Herein, Model means co-stimulation of RAW264.7 cells with LPS/IFN-y for 24 h; and the groups (50 pug/mL
and 100 pg/mL) mean co-incubation of RAW264.7 cells with PMPB NC with varied concentrations (50 ug/mL and 100 pg/mL) for 2 h, followed by
co-stimulation with LPS/IFN-y for 24 h. b—d The levels of some typical inflammatory cytokines secreted by RAW264.7 cells, e.g., IL-6 (b), TNF-a (c)
and MCP-1 (d), and they were detected by enzyme-linked immunosorbent assay (ELISA). Data are expressed as mean 4 SD (n = 3), and *P“0.05 and

-3

8000 = Model
I 50 pg/mL
—~ 6000
T‘:_| B 100 pg/mL
8 4000
@
A *
*k
mm Control
B Model
BN 50 pg/mL
Bl 100 pg/mL
mm Control
= 8000 B Model
£
5 60004 B 50 ug/mL
2 Bl 100 ug/mL
o 4000 -
Q
= 2000

are of utmost importance because there are no evident
symptoms until sever vessel occlusion or acute traumatic
events that are arised from plaque shedding occur. Nev-
ertheless, current detection modalities are limited to
realize anatomy imaging for probing occlusion or hard
calcification, but fail to track the biological evolution of
atherosclerotic plaques [20].

It has been well documented that Mn-based nano-
particles can be decomposed to generate Mn>" in the
presence of rich H,O, in inflammation [29, 30], which
enables Mn>'-enhanced T1-weighted MRI to magnify
signals at desired diseases [40]. Inspired by this, Mn*"
release from PMPB NC responsible for illuminating the
atherosclerosis can be expected, which also will benefit
the monitoring of H,0,-associated treatment process.
In vitro MRI results uncover that T1-weighted MRI sig-
nal intensity positively correlates with the concentra-
tion of PMPB NC in the absence of H,O, (Fig. 4a and

Additional file 1: Figure. S11). In contrast, once H,O, is
introduced, the MRI signal intensity was tremendously
elevated. This appealing phenomenon can be attributed
to H,0,-induced Mn?' release from PMPB NC. Con-
tributed by the Mn”>"-enhanced MRI in atherosclerotic
inflammation featuring rich H,0,, the atherosclero-
sis is entirely illuminated after intravenously injecting
PMPB NC comparing to pre- (Fig. 4b), which lays a solid
foundation to monitor H,O,-associated evolution of
atherosclerosis.

On this account, in vivo atherosclerosis treatment
deserves expectation especially uniting with Sim. To
assess the treatment outcome, oil red O (ORO) was
used to stain the harvested entire aortas. The larg-
est ORO-stained region is observed in saline group
(Fig. 4c). Contributed by ROS scavenging and inflam-
mation alleviation by PMPB NC, PMPB NC exerts a
treatment effect in decreasing plaques to some extent
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in comparison to saline. Of note, the decreased ampli-
tude of ORO-positive area using PMPB NC is identical
to that using the clinical drug (Sim). Intriguingly, a con-
siderably-decreased red zones in aortas occurs to Sim@
PMPB NC, meaning that the atherosclerotic plaques
are subjected to highly-efficient treatment with Sim@
PMPB NC.

To further identify them, ORO-stained cryosections
of aortic sinus, brachiocephalic artery and aortic arch
were examined. It is obviously found that PMPB NC trig-
gers evident difference in lowering plaques in both aor-
tic sinus and brachiocephalic artery, akin to Sim. Sim@
PMPB NC is endowed with the highest treatment activ-
ity for making plaques recede (Fig. 4d). This phenom-
enon suggests that Sim@PMPB NC outweighs either Sim
alone or Sim@PMPB NC alone in resisting atherosclero-
sis. Together, these systematic results decide that Sim@
PMPB NC can effectively repress the progression of ath-
erosclerosis via reducing plaque-covered regions, in line
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with the conclusion that the ORO-stained entire aortas
made (Fig. 4¢).

Mechanism exploration

After different corresponding treatments, pathologi-
cal examinations of treated atherosclerotic plaques were
implemented to directly visualize the structure variation
of plaques in aortic sinus sections. After hematoxylin—
eosin (H&E) and various immunohistochemical staining,
it is found that a large number of acellular and lipid-rich
necrotic cores emerge in the saline group (Fig. 5a). In
contrast, the necrotic core range is considerably shrunk
in Sim@PMPB NC group. After experiencing anti-CD68
and anti-matrix metalloproteinase-9 (MMP-9) stain-
ing, MMP 9 proteins and macrophages almost cover the
whole horizon in the saline group, while Sim@PMPB NC
brings about the largest drops of macrophage infiltration
and MMP-9 expressions in plaques (Fig. 5a). Further-
more, both masson staining and a-smooth muscle actin
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Fig. 5 Pathological examinations and mechanistic explorations of Sim@PMPB NC treatment through analyzing oxidative stress and inflammation
in ApoE—/— mice. a Representative immunohistochemical images of aortic root sections stained with H&E, CD68, MMP-9, Masson’s trichrome,
and a-SMA, and they were harvested from ApoE—/— mice that experienced a cholesterol-rich and high-fat diet for 3 months and different
treatments (once a week) within the last two months. b Fluorescence images of DHE-stained sections of brachiocephalic artery after different
treatments (control, PMPB NC, Sim, Sim@PMPB NC). c—e The levels of MCP-1 (c), IL-6 (d) and TNF-a (e) in serum of ApoE—/— mice after different

treatments (control, PMPB NC, Sim, Sim@PMPB NC). f Western blotting bands of the representative expressions of 3-NT and 4-HNE. ApoE—/— mice
were fed a cholesterol-rich and high-fat diet for 4 months. After the first month, different treatments were performed once a week within the last
three months. Mice in the saline group were treated with saline alone, while other groups were separately administered with PMPB NC (20 mg/
kg), Sim (2 mg/kg), and Sim@PMPB NC (20 mg/kg). Data are expressed as mean=SD (n=7), and *P“0.05 and **P“0.01, which were obtained in
comparison to Saline. Anti-oxidant drug-loaded prussian blue analogues have been constructed to boycott atherosclerosis via scavenging reactive
oxygen species, mitigating inflammation, decreasing collagen accumulation, reducing fibrous cap thickness, hampering macrophage infiltration,
blockading foam cell birth and inhibiting lipid protein internalization and eventually depleting plaques.
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(a-SMA) staining indicate that Sim@PMPB NC treat-
ment hampers collagen accumulation in plaques, sup-
presses the proliferation of vascular smooth muscle cells
(VSMC), and consequently decreases fibrous cap thick-
ness (Fig. 5a). These results validate the excellent anti-
atherosclerosis outcome of Sim@PMPB NC since VSMC
proliferation is also one hallmark of atherosclerosis. It
has been generally accepted that collagen, necrotic core
region, macrophage infiltration, MMP-9 expression and
VSCM proliferation in or surrounding atherosclerotic
plaques positively correlate with plaque vulnerability
[10]. Regarding this, it is obtained that Sim@PMPB NC
therapy can effectively stabilize atherosclerotic plaques.

Preliminary in vitro explorations revealed that ROS
scavenging and inflammation removal by PMPB NC took
the responsibility for atherosclerosis therapy. To verify
their role in in vivo treatment, a fluorescent probe, ie.,
dihydroethidium (DHE) that can reflect oxidative stress,
was adopted to stain brachiocephalic artery harvested
from ApoE—/— mice after experiencing different treat-
ments (Fig. 5b). In control group, the red fluorescence
illuminates the whole artery, while the red signals in both
PMPB NC and Sim groups recede, suggesting the allevia-
tion of oxidative stress. When combing PMPB NC with
Sim, the Sim@PMPB NC treatment receives the larg-
est removal of oxidative stress due to the approximately
complete vanishment of red fluorescence, validating
the potent ROS scavenging ability of Sim@PMPB NC.
In line with immunofluorescence results, western blot-
ting (WB) analysis also demonstrate that the expres-
sion levels of 3-HT and 4-HNE proteins associated with
ROS level gradually decrease (Fig. 5¢), and the lowest
expression level in the Sim@PMPB group indicates the
largest-degree of ROS exhaustion. Likewise, the in vivo
anti-inflammation was inspected, where three pro-
inflammatory cytokines (e.g, MCP-1, IL-6 and TNF-a)
in serum of ApoE—/— mice after different treatments
were tested. Results show that these pro-inflammatory
cytokines were significantly decreased by Sim@PMPB
NC (Fig. 5d—f), validating Sim@PMPB NC can effectively
attenuate inflammation in plaques.

To shed light on the underlying principle, a sche-
matic that depicts the treatment process is provided in
Scheme 1. Therein, Sim@PMPB NC eliminated systemic
and local oxidative stress and inflammation, decreased
macrophage infiltration and collagen/MMP-9 expres-
sions in atherosclerotic plaques to stabilize plaques. These
results will further result in the decreases of oxidized
LDL internalization, foam cell formation and fibrous cap
thickness, and all of which benefit atherosclerosis.

Ultimately, biosafety evaluation was carried out, and
the weight of mice treated with Sim@PMPB NC almost
keeps constant (Additional file 1: Figure S12). Blood
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analysis shows neglectable variations of routine blood
and biochemistry indexes between control and Sim@
PMPB NC with varied concentrations (Additional file 1:
Figure S13). Additionally, the examinations of H&E-
stained histological sections of major organs find no
prominent injuries (Additional file 1: Figure S14). These
results reflect the biosafety of Sim@PMPB NC. In par-
ticular, since PB nanoparticles have been approved by
FDA, PMPB NC as one PB derivative is also believed
safe. Therefore, the physical combination between PMPB
NC and clinically-used Sim determines the high clinical
translation potential of Sim@PMPB NC.

Discussion

In summary, we successfully synthesized Sim-loaded
theranostic agent based on PMPB NC (Sim@PMPB),
where the PMPB carrier has been demonstrated to scav-
enge excessive ROS including free radicals and H,O, and
remove oxidative stress. Also, PMPB NC could hold up
macrophage infiltration and appose pro-inflammatory
cytokine secretions including (MCP-1, IL-6 and TNE-
a). Contributed by the inspiring anti-oxidation and
anti-inflammation of PMPB NC, PMPB NC exerted
the anti-atherosclerosis activity to some extent. Espe-
cially, combining with Sim, the composite Sim@PMPB
NC made the largest decreases of oxidative stress, pro-
inflammatory cytokine secretion, macrophage infiltra-
tion, VSMC proliferation, collagen/MMP-9 expressions
and fibrous cap thickness in atherosclerotic plaques
in vivo. The marriage also considerably suppressed oxi-
dized LDL internalization and foam cell formation, which
determined that Sim@PMPB NC performed the best in
stabilizing atherosclerotic plaques and alleviating athero-
sclerosis. Moreover, H,0,-induced Mn?>* release from
PMPB NC was demonstrated to enhance MRI in ath-
erosclerotic inflammation featuring rich H,O,, which is
expected to monitor H,0,-associated evolution of ather-
osclerosis. Therefore, this biocompatible Sim@PMPB NC
holds great potential in clinical translation for favoring
atherosclerosis treatment.

Methods

Materials

K,[Fe(CN)¢], bovine serum albumin(BSA), MnCl,,
2,7’ -dichlorofluorescin-diacetate (DCF-DA), Oil Red O
(ORO), lipopolysaccharide (LPS), 2,2-diphenyl-1-picryl-
hydrazyl (DPPH), hydrogen peroxide assay kit (MAK 165)
were purchased from Sigma-Aldrich (U.S.A.). 5,5-dime-
thyl-1-pyrroline-N-oxide (DMPO), 2,2,6,6-Tetrameth-
ylpiperidine 1-oxyl (TEMP) and simvastatin (Sim)
were purchased from Sigma-Aldrich (Shanghai).
(1,2-Distearoyl-sn-glycero-3-phosphoethanolamine-N-
[methoxy(polyethylene glycol)-2000] (DSPE-PEG) was
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obtained from Corden Pharma (Switzerland). Cyanine5
NHS ester (Cy5) and cyanine7.5 NHS ester (Cy7.5) were
from Lumiprobe (U.S.A.). Penicillin, streptomycin, fetal
bovine serum (FBS), and Dulbecco’s Modified Eagle’s
Medium (DMEM) were purchased from Gibco (U.S.A.).
4,6-Diamidino-2-phenylindole =~ (DAPI), hematoxylin
and 3,3’-dioctadecyloxacarbocyanine perchlorate (DiO)
were purchased from Beyotime (China). LysoTracker
Green was purchased from Invitrogen (U.S.A.). Recom-
binant murine interferon-y (INF-y) was purchased from
PeproTech (U.S.A). Laser confocal scanning microscopy
(CLSM)-specific dishes (35 mm x 10 mm) were pur-
chased from Corning Inc (New York).

Characterizations

Transmission electron microscopy (TEM) micrographs
were obtained on JEM-2100F transmission electron
microscope at 200 kV. Scanning electron microscopy
(SEM) micrographs and corresponding element mapping
were intuitively demonstrated on a field-emission Magel-
lan 400 microscopy. Zeta potential and particle size dis-
tribution were measured on Zetasizer Nanoseries (Nano
Z590). UV —vis absorbance spectra recorded using an
UV-3600 Shimadzu spectrometer. To further analyze
chemical status of the samples, X-ray photoelectron spec-
tra (XPS) analysis was performed on thermo ESCALAB
250 (Thermal Scientific, US). X-ray diffraction (XRD)
patterns were measured on Rigaku D/MAX-2550 V XRD
system. Electron spin resonance (ESR) was performed on
Bruker-A3110-10/12 (Germany). FTIR spectra was char-
acterized on Nicolet 7000-C spectrometer. Laser confo-
cal scanning microscopy (LCSM) images were observed
and recorded on Olympus FV1000 (Olympus Company).
MR images were acquired on a 3.0 T clinical MRI scan-
ner (Magnetom Verio TIM, Siemens Healthcare, Erlan-
gen, Germany). N, adsorption and desorption isotherms
and pore diameter distribution were obtained on ASAP
2460 (Micromeritics Instrument Corp., USA).

Synthesis of PMPB NC

K,[Fe(CN)¢] (0.04 mmol) and BSA (50 mg) were dis-
persed into 10 mL of distilled water under magnetic stir-
ring for 0.5 h, denoting as solution A. MnCl, (0.05 mmol)
and BSA (50 mg) were dispersed into 10 mL of deion-
ized water distilled water under magnetic stirring for
0.5 h (denoted as solution B). Then, solution A was
added slowly into solution B and stirred for another 1 h.
The mixed solution was aged at room temperature for
24 h. The products were collected by centrifugation and
washed with distill water for several times. Ultimately,
PMPB NC was acquired after freeze drying.

Page 10 of 13

Constructions of Sim@ PMPB NC

Firstly, the obtained PMPB NC was dispersed in distill
water, then the simvastatin (Sigma-Aldrich, Shanghai,
China) (1 mg) was slowly added and stirred at room tem-
perature (RT) for 12 h. Then, the mixture was centrifuged
and washed with distill water several times, and the bot-
tom products were collected. The Sim@PMPB NCs were
obtained after freeze dying.

The scavenging performance of PMPB NC on -OH by
ESR using 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) as
capturing agents.

ESR with spin trap 5,5-dimethyl-1-pyrroline-N-oxide
(DMPO) was selected to detect hydroxyl generation.
The classical fenton reaction (FeSO,+H,0,) was used
to generate -OH. Different concentrations of PMPB NC
(0, 50, 25, 12.5 ug/mL) were added into the solution of
FeSO,+H,0, with the concentration of 1 mg/mL and
50 mM DMPO for determining -OH. As well, TiO, was
used to generate singlet oxygen under xenon light irra-
diation (300 W), after which different concentrations of
PMPB NC (0, 50, 25, 12.5 pg/mL) were added as well as
TEMP (50 mM).

Determination of ROS-scavenging capability

The ROS-eliminating capability of PMPB NC was exam-
ined. To evaluate H,O,-scavenging capacity, different
concentrations (from 0, 3.125, 6.25, 12.5, 25, 50, 100, to
200 pg/mL) of PMPB NC were incubated in 2.5 mL of
0.01 M PBS (pH 7.4) containing 500 mM H, 0, for 48 h.
Then residual H,O, was determined by a fluorimetric
hydrogen peroxide assay kit (MAK165, Sigma-Aldrich),
and eliminated H,O, was calculated.

The ROS scavenging ability of PMPB NC was measured
using a previously-established protocol. Briefly, 1 mL of
a fresh solution of DPPHe (100 pg/mL) was incubated in
2 mL of methanol containing different concentrations of
PMPB NC (from 0, 31.25, 62.5, 125, 250, to 500 pug/mL)
for 30 min in the dark. Subsequently, the absorbance at
517 nm was recorded by UV-visible spectroscopy and
eliminated DPPH was calculated.

In vitro cytotoxicity assay

A mouse macrophage cell line (RAW264.7), obtained
from Shanghai institute of Cells, Chinese Academy of
Sciences, were cultured at 37 °C under 5% CO, atmos-
phere. RAW?264.7 cells were grown in Dulbecco’s Modi-
fied Eagle’s Medium (DMEM, high glucose, GIBCO,
Invitrogen) with 10% fetal bovine serum (FBS) and
1% penicillin/streptomycin. For the cell viability assay,
RAW?264.7 cells were pre-seeded in 96-well plates at
1x 10* cells/well, which were further incubated with
Sim@PMPB NC at varied concentrations for 24 and 48 h,
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respectively. Subsequently, the media were replaced with
CCK-8 (100 pL, VCCK-8: VDMEM =1: 9) and the cell
viabilities were measured on a microplate reader at the
wavelength of 450 nm after 60 min.

Intracellular endocytosis of Sim@PMPB NC observation
RAW?264.7 cells at a density of 1 x 10° were seeded into
the confocal laser scanning microscopy (CLSM)-specific
dishes (35 x 10 mm, Corning Inc., New York) and incu-
bated for 12 h. After that, the culture media was replaced
by Sim@PMPB NC dispersion in DMEM (1 mL, 20 pg/
mL in DMEM), and another three incubations for 2, 4
and 8 h, respectively, were carried on. Subsequently, the
culture media were discarded and the DAPI solution
(Beyotime Biotechnology) (VDAPIL: Vmethanol=1: 5)
was added to stain cell nuclei. The CLSM observation
was carried out on CLSM (FV1000, Olympus Company,
Japan) after staining for 10 min.

ROS-scavenging capability at cellular level

Four groups, i.e., control, model, PMPB (50 ug/mL) and
PMPB (100 pg/mL), were set to explore the ROS-scav-
enging capability of PMPB NC. RAW264.7 cells were
cultured in 12-well plates for 12 h. Except control group,
cells in other groups were stimulated with LPS (100 ng/
mL) and IFN-y (100 IU/mL). The cells in PMPB NC
group were pretreated with PMPB NC for 2 h, and then
stimulated with LPS/IFN-y for 4 h. Those cells in control
group were treated with fresh medium, and the cells in
model group were stimulated with LPS/IEN-y without
treatment. Subsequently, the culture media were replaced
by DCFH-DA solution (100 p 1/9 pl in DMEM, Beyo-
time Biotechnology). Cells were rinsed and treated with
DCFH-DA (10 uM) in serum-free DMEM. After another
30 min, the cells were finally rinsed with PBS for three
times and then observed by CLSM.

In vitro anti-inflammatory effects of PMPB NC

in macrophages

RAW?264.7 cells were seeded in 24-well plates at
1 x 10° cells per well. The cells were divided into four
groups as mentioned above. After 24 h, the cells were col-
lected for Flow cytometry (FCM) analysis.

Treatment of atherosclerosis in ApoE ™'~ Mice with PMPB
NC

ApoE~'~ mice were supplied from the Laboratory Ani-
mal Center of Shanghai Tenth People’s Hospital, and all
experiments in vivo were performed according to pro-
tocols approved by the Laboratory Animal Center of
Shanghai Tenth People’s Hospital and were in accordance
with the policies of the National Ministry of Health. Mice
were randomly assigned into four groups (n=7), ie.,
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Saline, PMPB NC, Sim and Sim@ PMPB NC. The mice
were fed with a cholesterol-rich and high-fat diet for four
months. After the first month, different treatments were
performed once a week within the residual three months.

Detection of the atherosclerotic plaque after staining
by ORO, H&E, Masson and other immunofluorescence
or immumohistochemistry.

At the end of experimental period, all apoE~/~ mice
were euthanized. In order to observe the extent of aor-
tic lesion from left common carotid artery to iliac artery
bifurcation, the aorta was excised and perfused with 10%
neutral buffered formalin for 50 min. The aorta were
opened longitudinally and stained with ORO or H&E or
Masson, and then they were observed under the optical
microscopy. As for DHE immunofluorescence staining,
confocal fluorescence microscopy was used.

As for immumohistochemical staining, all apoE’/ -
mice were euthanized at the end of experimental period.
The aorta was excised and perfused with 10% neutral
buffered formalin for 50 min. The aorta was opened lon-
gitudinally and co-stained with CD68 antiboody, MMP-9
antibody and a-SMA antibody, and then optical micro-
scopic observation was carried out. Additionally, the
fresh aorta in different groups was excised for WB analy-
sis at the end of experimental period.

In vivo tests of anti-inflammation and anti-oxidation
ApoE~'~ mice were randomly assigned into four groups
(n=7), ie., Saline, PMPB NC, Sim and Sim@ PMPB
NC. The mice were fed with a cholesterol-rich and high-
fat diet for four months. After the first month, different
treatments were performed once a day for three times in
total. After 6 h post-last treatment, all apoE '~ mice were
euthanized, and their serum were collected for ELISA
analysis to determine pro-inflammatory cytokines (IL-6,
TNF-a and MCP-1).

Biosafety evaluation in vivo

All animal experiments were in agreement with the
guidelines of the Regional Ethics Committee for Animal
Experiments and the care regulations approved by the
administrative committee of laboratory animals of Shang-
hai Tenth People’s Hospital. Healthy female Kunming
mice (~18 g) were purchased and raised at Laboratory
Animal Center, Shanghai Tenth People’s Hospital. Kun-
ming mice were randomly divided into 4 groups (n=4):
(1) control group, (2) Sim@PMPB NC in PBS (5 mg kg™?),
(3) Sim@PMPB NC in PBS (10 mg kg™ %), (4) Sim@PMPB
NC in PBS (20 mg kg ~!). The body weight of mice was
recorded every 2 days and scarified at the 28th day after
intravenous administration of Sim@PMPB NC. Routine
blood test including white blood cell (WBC), red blood
cell (RBC), lymphocyte(LYM), creatinine (CR), mean



Zhang et al. J Nanobiotechnol (2021) 19:161

corpusular volume(MCV),hemoglobin (HGB), hemato-
crit (HCT), mean corpuscular hemoglobin (MCH), blood
urea nitrogen(BUN),mean corpuscular hemoglobin con-
centration (MCHC) and platelet count (PLT) were meas-
ured on Sysmex XS-800i automated hematology analyzer.
Then, the major organs (heart, liver, spleen, lung, and
kidney) were sectioned into slices and stained with hema-
toxylin—eosin staining (H&E) for histological analysis.

Statistical analysis

Statistical analysis of all data (mean+S.D) were per-
formed using SPSS 22.0 (IBM Corp.). One-way analysis of
variance and Chi-square test were used for the statistical
evaluation. P<0.05 was set as the statistical significance.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512951-021-00897-2.

[ Additional file 1. Additional figures. }

Acknowledgements

We acknowledge the support from National Natural Science Foundation of
China (Grant No. 82022033, 81771836, 82060311, 81725008 and 81927801),
Shanghai Municipal Commission of Health and Family Planning (Grant No.
2018YQ31, SHSLCZDZK 03502 and 2019LJ21), Shanghai Rising-Star Program
(19QA1406800) and Shanghai Talent Development Fund (2019040).

Authors’ contributions

KZ conceived this project, and KZ, YZ and YY designed the project. YZ, YY,
WZ, HY, HL, TW, LS, CS and HX performed the experiments. KZ analyzed the
data and wrote the manuscript. KZ, LS and HX supervised the project and
commented on this manuscript. All authors read and approved the final
manuscript.

Funding

We acknowledge the support from National Natural Science Foundation of
China (Grant No. 82022033, 81771836, 82060311, 81725008 and 81927801),
Shanghai Municipal Commission of Health and Family Planning (Grant No.
2018YQ31, SHSLCZDZK 03502 and 2019LJ21), Shanghai Rising-Star Program
(19QA1406800) and Shanghai Talent Development Fund (2019040).

Availability of data and materials
All data used to generate these results is available in the main text and sup-
porting information.

Declarations

Ethics approval and consent to participate

All animal experiments were performed according to protocols approved by
the Laboratory Animal Center of Shanghai Tenth People’s Hospital and were in
accordance with the policies of the National Ministry of Health.

Consent for publication
All authors agree to be published.

Competing interests
The authors declare no conflict of interests.

Author details

'Department of Medical Ultrasound and Central Laboratory, Shanghai
Tenth People’s Hospital, Ultrasound Research and Education Institute, Clini-
cal Research Center for Interventional Medicine, Tongji University School

Page 12 of 13

of Medicine, Shanghai Engineering Research Center of Ultrasound Diagnosis
and Treatment, National Clinical Research Center for Interventional Medicine,
No. 301 Yan-chang-zhong Road, Shanghai 200072, People’s Republic of China.
“Department of Radiology, Affiliated Hospital of Guilin Medical University, No.
15 Le-Qun Road, Xiufeng District, Guilin 541001, Guangxi, People’s Republic
of China. *Department of Medical Oncology, Shanghai Pulmonary Hospital,
Thoracic Cancer Institute, Tongji University School of Medicine, No. 507
Zheng-Min Road, Shanghai 200433, People’s Republic of China.

Received: 23 February 2021 Accepted: 13 May 2021
Published online: 31 May 2021

References

1. Hansson GK. Mechanisms of disease—inflammation, atherosclerosis, and
coronary artery disease. N Engl J Med. 2005;352(16):1685-95.

2. Ross R. Mechanisms of disease—atherosclerosis—an inflammatory

disease. N Engl J Med. 1999;340(2):115-26.

Lusis AJ. Atherosclerosis. Nature. 2000;407(6801):233-41.

4. Wei X, Ying M, Dehaini D, Su Y, Kroll AV, Zhou J, et al. Nanoparticle func-
tionalization with platelet membrane enables multifactored biological
targeting and detection of atherosclerosis. ACS Nano. 2018;12(1):109-16.

5. Moore KJ, Tabas |. Macrophages in the pathogenesis of atherosclerosis.
Cell. 2011;145(3):341-55.

6. Libby P, Ridker PM, Hansson GK. Progress and challenges in translating
the biology of atherosclerosis. Nature. 2011;473(7347):317-25.

7. Berliner JA, Navab M, Fogelman AM, Frank JS, Demer LL, Edwards PA, et al.
Atherosclerosis - basic mechanisms - oxidation, inflammation, and genet-
ics. Circulation. 1995;91(9):2488-96.

8. Chen K, Keaney JF Jr. Evolving concepts of oxidative stress and reac-
tive oxygen species in cardiovascular disease. Curr Atheroscler Rep.
2012;14(5):476-83.

9. Nowak WN, Deng J, Ruan XZ, Xu Q. Reactive oxygen species generation
and atherosclerosis. Arterioscler Thromb Vasc Biol. 2017;37(5):E41-52.

10. Wang, Li L, Zhao W, Dou Y, An H, Tao H, et al. Targeted therapy of
atherosclerosis by a broad-spectrum reactive oxygen species scaveng-
ing nanoparticle with intrinsic anti-inflammatory activity. ACS Nano.
2018;12(9):8943-60.

11. Libby P Inflammation in atherosclerosis. Nature. 2002;420(6917):868-74.

12. Hsiai T, Berliner JA. Oxidative stress as a regulator of murine atherosclero-
sis. Curr Drug Targets. 2007;8(12):1222-9.

13. Hansson GK, Hermansson A. The immune system in atherosclerosis. Nat
Immunol. 2011;12(3):204-12.

14. Libby P, Ridker PM, Maseri A. Inflammation and atherosclerosis. Circula-
tion. 2002;105(9):1135-43.

15. Kattoor AJ, Pothineni NVK, Palagiri D, Mehta JL. Oxidative stress in athero-
sclerosis. Curr Atheroscler Rep. 2017;19(11):42.

16. Grebenyuk AN, Gladkikh VD. Modern condition and prospects for the
development of medicines towards prevention and early treatment of
radiation damage. Biol Bull. 2019;46(11):1540-55.

17. Hansson GK, Libby P. The immune response in atherosclerosis: A double-
edged sword. Nat Rev Immunol. 2006;6(7):508-19.

18. Chan CKW, Zhang L, Cheng CK, Yang H, Huang Y, Tian XY, et al. Recent
advances in managing atherosclerosis via nanomedicine. Small.
2018;14(4):1702793.

19. Bejarano J, Navarro-Marquez M, Morales-Zavala F, Morales JO, Garcia-
Carvajal |, Araya-Fuentes E, et al. Nanoparticles for diagnosis and therapy
of atherosclerosis and myocardial infarction: evolution toward prospec-
tive theranostic approaches. Theranostics. 2018;8(17):4710-32.

20. Zhang J, ZuY, Dhanasekara CS, Li J, Wu D, Fan Z, et al. Detection and
treatment of atherosclerosis using nanoparticles. Wiley Interdiscip Rev
Nanomed Nanobiotechnol. 2017;9(1):e1412.

21. Kim M, Sahu A, Kim GB, Nam GH, Um W, Shin SJ, et al. Comparison
of in vivo targeting ability between cRGD and collagen-targeting
peptide conjugated nano-carriers for atherosclerosis. J Control Release.
2018;269:337-46.

22. SuT ,Wang Y-B, Han D, Wang J, Qi S, Gao L, et al. Multimodality imaging
of angiogenesis in a rabbit atherosclerotic model by GEBP11 peptide
targeted nanoparticles. Theranostics. 2017;7(19):4791-804.

w


https://doi.org/10.1186/s12951-021-00897-2
https://doi.org/10.1186/s12951-021-00897-2

Zhang et al. J Nanobiotechnol

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

(2021) 19:161

Ruehm SG, Corot C, Vogt P, Kolb S, Debatin JF. Magnetic resonance imag-
ing of atherosclerotic plaque with ultrasmall superparamagnetic particles
of iron oxide in hyperlipidemic rabbits. Circulation. 2001;103(3):415-22.
Zhao J, Gao W, Cai X, Xu J, Zou D, Li Z, et al. Nanozyme-mediated
catalytic nanotherapy for inflammatory bowel disease. Theranostics.
2019;9(10):2843-55.

Zhao J, Cai X, Gao W, Zhang L, Zou D, Zheng Y, et al. Prussian blue
nanozyme with multienzyme activity reduces colitis in mice. ACS Appl
Mater Interfaces. 2018;10(31):26108-17.

Zhang W, Hu S, Yin J-J, He W, Lu W, Ma M, et al. Prussian blue nanoparti-
cles as multienzyme mimetics and reactive oxygen species scavengers. J
Am Chem Soc. 2016;138(18):5860-5.

Feng L, Dou C, Xia Y, Li B, Zhao M, Yu P, et al. Neutrophil-like cell-mem-
brane-coated nanozyme therapy for ischemic brain damage and long-
term neurological functional recovery. ACS Nano. 2021;15(2):2263-80.
Hou W, Ye C, Chen M, Gao W, Xie X, Wu J, et al. Excavating bioactivities of
nanozyme to remodel microenvironment for protecting chondrocytes
and delaying osteoarthritis. Bioact Mater. 2021;6(8):2439-51.

Tan J, Duan X, Zhang F, Ban X, Mao J, Cao M, et al. Theranostic nano-
medicine for synergistic chemodynamic therapy and chemotherapy of
orthotopic glioma. Adv Sci. 2020;7(24):2003036.

Chen Q, Liang C, Sun XQ, Chen JW, Yang ZJ, Zhao H, et al. H202-respon-
sive liposomal nanoprobe for photoacoustic inflammation imaging and
tumor theranostics via in vivo chromogenic assay. Proc Natl Acad Sci U S
A.2017;114(21):5343-8.

Jin X, Qu H, Zhu C, Jing L, YuT. Advances of function of Prussian

blue nano-materials in cancer diagnosis and therapy. J Biomed Eng.
2016;33(6):1209-13.

Cai X, Ma M, Chen H, Shi J, Ma M, Chen H, et al. Progress of applications
of the Prussian blue in cancer diagnosis and therapy. Sci Technol Rev.
2016;34(2):18-26.

Zhang K, Fang Y, He Y, Yin H, Guan X, Pu Y, et al. Extravascular gelation
shrinkage-derived internal stress enables tumor starvation therapy with
suppressed metastasis and recurrence. Nat Commun. 2019;10:5380.

34.

35.

36.

37.

38.

39.

40.

Page 13 of 13

Cai X, Zhang K, Xie X, Zhu X, Feng J, Jin Z, et al. Self-assembly hollow
manganese Prussian white nanocapsules attenuate Tau-related neuropa-
thology and cognitive decline. Biomaterials. 2020,231:119678.

Zhang K, Tu M, Gao W, Cai X, Song F, Chen Z, et al. Hollow prussian blue
nanozymes drive neuroprotection against ischemic stroke via attenuat-
ing oxidative stress, counteracting inflammation, and suppressing cell
apoptosis. Nano Lett. 2019;19(5):2812-23.

Xie X, Zhao J, Gao W, Chen J, Hu B, Cai X, et al. Prussian blue nanozyme-
mediated nanoscavenger ameliorates acute pancreatitis via inhibiting
TLRs/NF-kappa B signaling pathway. Theranostics. 2021;11(7):3213-28.
Guan X, Yin H-H, Xu X-H, Xu G, Zhang Y, Zhou B-G, et al. Tumor metab-
olism-engineered composite nanoplatforms potentiate sonodynamic
therapy via reshaping tumor microenvironment and facilitating electron-
hole pairs’separation. Adv Funct Mater. 2020;30(27):2000326.

Yin'Y, Jiang X, Sun L, Li H, Su C, Zhang Y, et al. Continuous inertial
cavitation evokes massive ROS for reinforcing sonodynamic therapy

and immunogenic cell death against breast carcinoma. Nano Today.
2021;36:101009.

Zhang K, Cheng Y, Ren W, Sun L, Liu C, Wang D, et al. Coordination-
responsive longitudinal relaxation tuning as a versatile MRI sensing
protocol for malignancy targets. Adv Sci. 2018;5(9):1800021.

Mi P, Kokuryo D, Cabral H, Wu H, Terada Y, Saga T, et al. A pH-activatable
nanoparticle with signal-amplification capabilities for non-invasive imag-
ing of tumour malignancy. Nat Nanotechnol. 2016;11(8):724-30.

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




	Reactive oxygen species scavenging and inflammation mitigation enabled by biomimetic prussian blue analogues boycott atherosclerosis
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Introduction
	Results and discussion
	Synthesis of biomimetic PMPB and Sim@PMPB NC
	ROS scavenging test
	Cellular-level anti-oxidation and anti-inflammation explorations
	In vivo atherosclerosis treatment
	Mechanism exploration

	Discussion
	Methods
	Materials
	Characterizations
	Synthesis of PMPB NC
	Constructions of Sim@ PMPB NC
	Determination of ROS-scavenging capability
	In vitro cytotoxicity assay
	Intracellular endocytosis of Sim@PMPB NC observation
	ROS-scavenging capability at cellular level
	In vitro anti-inflammatory effects of PMPB NC in macrophages
	Treatment of atherosclerosis in ApoE−− Mice with PMPB NC
	In vivo tests of anti-inflammation and anti-oxidation
	Biosafety evaluation in vivo
	Statistical analysis

	Acknowledgements
	References




