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A B S T R A C T

Atherosclerosis is a leading cause of worldwide morbidity and mortality whose management could benefit from
novel targeted therapeutics. Nanoparticles are emerging as targeted drug delivery systems in chronic in-
flammatory disorders. To optimally exploit nanomedicines, understanding their biological behavior is crucial for
further development of clinically relevant and efficacious nanotherapeutics intended to reduce plaque in-
flammation. Here, three clinically relevant nanomedicines, i.e., high-density lipoprotein ([S]-HDL), polymeric
micelles ([S]-PM), and liposomes ([S]-LIP), that are loaded with the HMG-CoA reductase inhibitor simvastatin
[S], were evaluated in the apolipoprotein E-deficient (Apoe−/−) mouse model of atherosclerosis. We system-
atically employed quantitative techniques, including in vivo positron emission tomography imaging, gamma
counting, and flow cytometry to evaluate the biodistribution, nanomedicines' uptake by plaque-associated
macrophages/monocytes, and their efficacy to reduce macrophage burden in atherosclerotic plaques. The three
formulations demonstrated distinct biological behavior in Apoe−/− mice. While [S]-PM and [S]-LIP possessed
longer circulation half-lives, the three platforms accumulated to similar levels in atherosclerotic plaques.
Moreover, [S]-HDL and [S]-PM showed higher uptake by plaque macrophages in comparison to [S]-LIP, while
[S]-PM demonstrated the highest uptake by Ly6Chigh monocytes. Among the three formulations, [S]-PM dis-
played the highest efficacy in reducing macrophage burden in advanced atherosclerotic plaques. In conclusion,
our data demonstrate that [S]-PM is a promising targeted drug delivery system, which can be advanced for the
treatment of atherosclerosis and other inflammatory disorders in the clinical settings. Our results also emphasize
the importance of a thorough understanding of nanomedicines' biological performance, ranging from the whole
body to the target cells, as well drug retention in the nanoparticles. Such systematic investigations would allow
rational applications of nanomaterials', beyond cancer, facilitating the expansion of the nanomedicine horizon.

1. Introduction

Atherosclerosis is a chronic, systemic inflammatory disease of the

large and medium-sized arteries, which can lead to life-threating events
such as myocardial infarction and stroke [1]. According to the World
Health Organization, 17.5 million deaths per year, an estimated 31% of
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all deaths worldwide, can be attributed to atherosclerotic cardiovas-
cular diseases [2]. The initiation and progression of atherosclerotic le-
sions are currently understood to have a central inflammatory compo-
nent in which immune cells, including inflammatory monocytes and
macrophages, play key roles [3,4]. At early stages, elevated levels of
circulating apolipoprotein B-containing lipoproteins induce focal ex-
pression of endothelial adhesion molecules [5], which promote the
recruitment of inflammatory Ly6Chigh monocytes to the arterial wall
[6]. Once adhered, monocytes transmigrate into the subendothelial
space and differentiate into resident macrophages [4]. The continued
accumulation of lipoproteins and immune cells, including macro-
phages, accelerates the development of focal lesions known as athero-
sclerotic plaques [7]. In advanced atherosclerosis, plaque-associated
macrophages proliferate and secrete proinflammatory mediators, re-
active oxygen species, and proteases which destabilize the plaque and
aggravate the disease [8,9]. Additionally, recent preclinical [10] and
clinical [11] work have identified cardiovascular events as key con-
tributors to the aggravation of plaque inflammation, increasing sec-
ondary event's risk [12]. Thus, silencing plaque inflammation by tar-
geting monocyte/macrophage burden is a compelling disease
management strategy.

Over the last few decades, extensive research has been conducted to
explore the potential use of nanomaterials as novel drug delivery sys-
tems in cancer [13–17] and other inflammatory disorders [18,19].
While liposomes [20] have always been frontrunners, the nanomedicine
field has also witnessed an exponential increase in the number of new
nanomaterials [21,22], including polymeric micelles [23,24] and high-
density lipoproteins (HDL) [25] as systems which have already matured
up to the level of clinical application [23,26,27]. However, the majority
of studies explore and focus on only one specific nanomaterial, mainly
for tumor targeting [28], without comparing performance against other
existing nanocarriers. Beyond cancer, more comprehensive investiga-
tions of these nanomaterials, covering drug-nanocarrier compatibility
(i.e., loading efficiency, and drug retention and release) and in vivo
performance (i.e., pharmacokinetics, tissue distribution, atherosclerotic
plaque targeting and efficacy), are necessary. Understanding the factors
that govern nanomedicines' in vivo performance is critical to ensure
rational optimization, adequate quality control, and potential early
stage clinical translation [29,30].

3-Hydroxy-3-methylglutaryl coenzyme A reductase (HMG-CoA) in-
hibitors, also known as statins, are the standard of care for patients with
atherosclerotic cardiovascular diseases. Their oral application leads to
reduced low-density lipoprotein (LDL) cholesterol blood levels, pri-
marily by modulating hepatic LDL receptor expression [31]. Also,
HMG-CoA inhibitors display pleiotropic effects at high doses, including
anti-inflammatory and anti-proliferative activities [32,33]. In a clinical
trial, high dose oral statin therapy was shown to reduce atherosclerotic
inflammation, using 18F-fluorodeoxyglucose-positron emission tomo-
graphy/computed tomographic imaging (FDG-PET/CT) in patients
[34]. Moreover, in an atherosclerotic mouse model, Sparrow et al.
showed that oral simvastatin, a frequently used HMG-CoA inhibitor, has
anti-inflammatory and anti-atherosclerotic effects at a dose of 100 mg/
kg, independent of its cholesterol-lowering properties [35]. However,
increasing the oral statin standard dose in human is not possible be-
cause of the dose-dependent adverse effects such as myopathy and
hepatoxicity [36]. At the same time, orally administered statins un-
dergo hepatic metabolism, which results in a very poor plaque bioa-
vailibility [37]. Therefore, intravenous nanocarrier-mediated targeting
of HMG-CoA inhibitors to atherosclerotic plaques is an attractive ap-
proach to achieve enhanced anti-inflammatory and anti-atherosclerotic
effects, as we have shown for simvastatin-loaded HDL ([S]-HDL)
[38,39].

In this paper, we present a comprehensive comparative analysis of
three established and clinically viable nanomedicines targeting the
HMG-CoA inhibitor simvastatin [S] to atherosclerotic plaques. The
nanomedicines include [S]-HDL, [S]-N-(2-hydroxypropyl)-

methacrylamide benzyl mPEG-b-p(HPMAm-Bz)-based PEGylated poly-
meric micelles (mPEG-b-p(HPMAm-Bz); [S]-PM), and [S]-PEGylated
liposomes ([S]-LIP) (Fig. 1). We aimed to systematically investigate and
compare the performance of the three [S]-nanomedicines in Apoe−/−

mice with advanced atherosclerosis. To enable this, we implemented a
quantitative and comparative approach, combining sensitive techni-
ques, including in vivo positron emission tomography (PET), gamma
counting, and multicolor flow cytometry, acquiring critical perfor-
mance parameters of these three distinct nanomedicine platforms. The
head-to-head comparison disclosed marked differences between the
platforms, underscoring the significance of using quantitative and
sensitive techniques, such as PET and flow cytometry, to relate organ
distribution and immune cell specificity to nanomedicines' efficacy.

2. Materials and methods

2.1. Materials and radiochemistry

1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), N-(carbonyl-
methoxy-PEG2000)-1,2-distearoyl-sn-glycero-3-phosphoethanolamine
(DSPE-PEG2000), cholesterol, 1-myristoyl-2-hydroxy-sn-glyceropho-
sphocholine (MHPC), and 1,2-dimyristoyl-sn-glycero-3-phosphatidyl-
choline (DMPC) were purchased from Avanti Polar Lipids. The copo-
lymers (methoxy poly(ethylene glycol)-b-(N-(2-benzoyloxypropyl) me-
thacrylamide)) (mPEG-b-p(HPMAm-Bz)) and the amino-functionalized
version, mPEG-b-p(HPMA-Bz-co-AEMAm), were synthesized by free
radical polymerization, using mPEG2-ABCPA as macroinitiator and
HPMA-Bz as a monomer, as previously reported [40]. Briefly, the
monomer and the macroinitiator were dissolved at a molar ratio of
200:1 in dried (over 4 Å molecular sieves) acetonitrile (Biosolve Ltd) at
a final concentration of 300 mg/mL. The solution was flushed with
nitrogen gas for 30 min and then immersed in a silicone bath at 70 °C
for at least 17 h. Afterward, the solution was placed in cold diethyl
ether to precipitate the formed polymer and centrifuged at 2600 ×g for
15 min. The supernatant was discarded, and the pellet was re-dissolved
in acetonitrile. This procedure was repeated three times, and the final
product was dried under vacuum overnight at room temperature (RT)
to remove the remaining organic solvent. For the synthesis of the

Fig. 1. Schematic of the [S]-nanomedicines and study design. [S]-HDL, [S]-PM, and [S]-
LIP were evaluated in Apoe−/− mice with advanced atherosclerosis. To attain a thorough
understanding of the in vivo behavior of the three platforms, we dual-labeled them with
Zirconium-89 (89Zr) and the near-infrared dye Cy5.5. The 89Zr signal was exploited to
provide a sensitive and quantitative assessment of their biodistribution and pharmaco-
kinetics using noninvasive PET/CT imaging and gamma counting. The Cy5.5 signal was
used to evaluate immune cell targeting in atherosclerotic plaques, blood, and spleen using
flow cytometry. The efficacy of the three [S]-nanomedicines in Apoe−/− was quantita-
tively assessed by flow cytometry. [S]: simvastatin; HDL: high density lipoprotein; PM:
polymeric micelles; LIP: liposomes; Apoe−/−: apolipoprotein E-deficient.

A. Alaarg et al. Journal of Controlled Release 262 (2017) 47–57

48



amine-functionalized copolymer, 2% (moles) of AEMAm, N-(2-ami-
noethyl) methacrylamide hydrochloride, (relative to HPMA-Bz) was
added to the reaction mixture and the reaction was conducted as de-
scribed above. DSPE-Cyanine5.5 (Cy5.5) was purchased from SyMO-
Chem BV while synthesis and Cy5.5 labeling of mPEG-b-p(HPMAm-Bz)
were done according to a method reported before [40]. Simvastatin and
simvastatin sodium salt were obtained from AK Scientific and Cayman
Chemical, respectively. All other materials were purchased from Sigma-
Aldrich unless otherwise stated.

Zirconium-89 (89Zr) was produced at Memorial Sloan Kettering
Cancer Center on a TR19/9 variable-beam energy cyclotron (Ebco
Industries Inc.) via the 89Y(p,n) 89Zr reaction and purified in accordance
with the previously reported method [41]. Activity was measured using
a CRC 15R dose calibrator (Capintec).

2.2. Characterization of mPEG-b-p(HPMA-Bz) copolymer

Gel Permeation Chromatography (GPC) was performed to de-
termine the number average molecular weight (Mn), weight average
molecular weight (Mw) and polydispersity (Mw/Mn) of the synthesized
polymers. Two serial PLgel 5 μm MIXED-D columns (Polymer
Laboratories) were used, and the run was performed in 10 mM LiCl
DMF, at a flow rate of 1 mL/min and a column temperature of 65 °C.
PEGs of narrow molecular weight distribution were used as standards.
Samples were prepared at a concentration of 5 mg/mL in 10 mM LiCl
DMF and allowed to dissolve for 30 min at 37 °C.

1H NMR spectrum of mPEG-b-p(HPMAm-Bz) was recorded using a
Gemini 300 MHz spectrometer (Varian Associates Inc. NMR
Instruments), using DMSO-d6 as a solvent and the DMSO peak at
2.50 ppm as a reference. Chemical shifts of PEG-HPMA-Bz were as-
signed as described elsewhere [40]. The ratio between HPMA-Bz and
mPEG was determined by the integral value of aromatic protons of
HPMA-Bz (8.0 ppm, 2H, aromatic CH) divided by two, and the integral
value of the methylene protons of mPEG (3.40–3.60 ppm, 448H, O-
CH2-CH2) divided by 448 (average number of protons per PEG chain,
Mn = 5000 g/mol). The average number molecular weight (Mn) of the
block copolymer was determined as follows:

=
−

+Mn
(integral at 8.0 ppm) x molar mass of HMPA Bz

integral at 3.40–3.60 ppm 448
5000 g mol

The copolymers used to prepare the [S]-PM, i.e. mPEG-b-p(HPMAm-
Bz) and the amine-functionalized, mPEG-b-p(HPMA-Bzco-AEMAm),
were synthesized by free radical polymerization via a macroinitiator
route [40]. Both copolymers show similar number-average molecular
weight (Mn) ~22 KDa and PDI ~1.7 based on GPC and 1H NMR ana-
lyses (Supporting Figs. 1 and 2 and Supporting Table 1).

2.3. Assessment of simvastatin and simvastatin sodium salt activity

To assure that both simvastatin, used in [S]-HDL and [S]-PM, and
simvastatin sodium salt, used in [S]-LIP, have equipotent pharmacolo-
gical activity, we assessed their dose-dependent effects on macrophage
proliferation in vitro. RAW264.7 macrophages, obtained from ATCC,
were cultured in Dulbecco's Modified Eagle's Medium (DMEM) high
glucose (Corning) supplemented with 10% (v/v) fetal bovine serum,
penicillin (100 IU/mL), streptomycin (100 μg/mL), and amphotericin B
(0.25 μg/mL), and incubated at 37 °C under a 5% CO2 atmosphere.
Cells were seeded at a density of 5000 cells per well in a 96-well plate.
After 24 h, cells were treated with simvastatin or simvastatin sodium
salt at the indicated concentrations for 24 h. To determine the number
of proliferating cells, bromodeoxyuridine (BrdU) reagent was added to
the cells for 4 h, and an ELISA BrdU colorimetric immunoassay
(Hoffman-La Roche Ltd) was performed, according to the manufac-
turer's protocol. The BrdU assay showed that both forms of simvastatin
possess comparable dose-dependent inhibitory effects on macrophage

proliferation (Supporting Fig. 3).

2.4. Formulation of simvastatin nanomedicines

Formulation of the HMG-CoA inhibitor simvastatin HDL ([S]-HDL)
was done according to a method reported before [38,39]. In brief,
simvastatin, DMPC, and MHPC, in a weight % ratio of 14:78:8, re-
spectively, were dissolved in a chloroform/methanol mixture (4:1 by
volume) and a lipid film was prepared by rotary evaporation (Büchi
Labortechnik) and dried under a nitrogen stream for 1 h until complete
dryness. The lipid film was then hydrated with human apolipoprotein
A1 (APOA1, isolated from human plasma) in PBS (APOA1 and phos-
pholipids in a 1:9 weight ratio). The mixture was incubated at 37 °C
until the film was completely hydrated. The lipid dispersion was sub-
jected to ultrasonication to form [S]-HDL nanomedicine formulation.

To formulate HMG-CoA inhibitor liposomes ([S]-LIP), we used
simvastatin provided as sodium salt, a water-soluble derivative that
allows its entrapment in liposomes. Liposome preparation was modified
from a method described previously [42]. Briefly, DPPC, cholesterol,
and DSPE-PEG2000, in a weight % ratio of 61.7:33.3:5, respectively,
were dissolved a chloroform/methanol mixture (4:1 by volume) in a
round-bottom flask. A lipid film was prepared by evaporation of the
solvents and subsequently hydrated with a solution of 5 mg/mL sim-
vastatin (sodium salt) in PBS (5 mL). The mixture was then heated at
60 °C until the film was completely hydrated. To downsize the lipid
dispersion, the lipid particles were subjected to multiple extrusion steps
through polycarbonate membranes (Whatman, Nuclepore) with a final
pore size of 100 nm using a Lipex extruder (Northern Lipids).

Preparation of HMG-CoA inhibitor HPMA-based polymeric micelles
([S]-PM) was done as described by Shi et al. [40]. Briefly, mPEG-b-p
(HPMAm-Bz) copolymer (10 mg) and simvastatin (2 mg) were both
completely dissolved in 0.5 mL tetrahydrofuran (THF). Then the
polymer/drug mixture was slowly added dropwise to 2 mL of Milli-Q
water while stirring to form [S]-PM. The mixture was then incubated
for 48 h at RT to allow evaporation of THF.

[S]-HDL was washed with PBS at least three times using ultra-
filtration units with a 50 kDa molecular weight cutoff (MWCO)
(Sartorius Stedim Biotech SA). [S]-PM or [S]-LIP were purified with PBS
using VivaFlow crossflow cassettes filtration units with a 100 kDa
MWCO (Sartorius Stedim Biotech SA). All the three formulations were
centrifuged at 4000 ×g for 30 min to remove any aggregates. Finally,
each formulation was filtered through a 0.22 μm nylon membrane filter
(CellTreat Scientific Products).

2.5. Dual labeling of simvastatin nanomedicines

The [S]-nanomedicines were labeled with Cy5.5 to allow near-in-
frared fluorescence (NIRF) imaging and flow cytometry studies. Briefly,
0.5% of DSPE-Cy5.5 was incorporated into the lipid film of either [S]-
HDL or [S]-LIP during the lipid film formation (modified from [43]).
For [S]-PM, 0.5% of Cy5.5-labeled mPEG-b-p(HPMAm-Bz) was added
to the simvastatin/polymer mixture in THF before adding to Milli-Q
water (modified from Shi et al. [40]).

To additionally label the nanomedicines with 89Zr for PET imaging
and quantitative biodistribution assessment, a similar approach was
followed as we previously reported [41,44]. Briefly, 0.5% of DSPE-
desferrioxamine (DSPE-DFO) [41] was incorporated in the lipid film of
[S]-HDL or [S]-LIP. For the polymeric micelles, to functionalize the
polymer with DFO, a solution of the amine-functionalized copolymer
mPEG-b-p(HPMA-Bz-co-AEMAm) (2.0 mg), p-isothiocyanatobenzyl-
DFO (Macrocyclics) (40 μg, ~1 eq) and N,N-diisopropylethylamine
(1.0 μL) in dimethylsulfoxide (0.21 mL) was heated at 40 °C for 8 h. The
mixture was then allowed to cool down to RT. Water (1.8 mL) was
added, and the resulting milky solution was concentrated by centrifugal
filtration using a 10 kDa MWCO tube and washed three times with
Milli-Q water (2 mL). The final retentate was dried under vacuum to
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yield the DFO-modified polymer as a white solid (2.0 mg). The DFO-
modified mPEG-b-p(HPMAm-Bz) was added at 5% of the total polymer
weight to the formulation mix at the expense of non-modified mPEG-b-
p(HPMAm-Bz). Subsequently, a PBS dispersion of the corresponding
DFO-bearing nanomedicine formulation was reacted with [89Zr]
Zr2(C2O4)2 at pH 7.1–7.4 for 1 h at 37 °C. The dispersion was allowed to
cool down to RT, and the radiolabeled nanocarriers were purified by
centrifugal filtration using 10 kDa MWCO filter tubes for [S]-HDL, and
100 kDa MWCO filter tubes for [S]-LIP and [S]-PM. The radiochemical
yield was ≥80% with radiochemical purities > 95% for the three
formulations.

2.6. Characterization

The mean particle size and polydispersity index (PDI) of the dif-
ferent [S]-nanomedicines used in this study were determined by dy-
namic light scattering using a Malvern NanoSeries Z-Sizer. The Zeta (ζ)-
potential was determined using a PALS analyzer (Brookhaven
Instruments Corp.) where [S]-nanomedicine samples were diluted in
10 mM HEPES buffer (pH 7.4) before measurements. The morphology
of the nanomedicines was determined by transition emission micro-
scopy (TEM). Briefly, the original PBS solvent was replaced by an am-
monium acetate buffer and then mixed with 2% (wt/vol) sodium
phosphotungstate (pH = 7.4) to negatively stain the [S]-nanomedicine.
The solution was then cast dried on a nickel grid and imaged with a
Hitachi H7650 TEM.

2.7. HPLC and radio-HPLC

Simvastatin concentrations in the different samples were de-
termined as previously reported [38]. The simvastatin content of the
nanocarriers or samples from drug release studies (described in the
following section) was determined by HPLC, using a Prominence LC-
20AB system (Shimadzu) equipped with a C18 column at a flow rate of
0.5 mL/min, utilizing an isocratic mobile phase composed of 80%
acetonitrile, 20% H2O, and 0.1% trifluoroacetic acid. Simvastatin was
detected at a wavelength of 238 nm using SPD-M10AVP photodiode
array detector.

Radio-HPLC was performed using a similar Shimadzu system ad-
ditionally equipped with a Lablogic Scan-RAM Radio-TLC/HPLC de-
tector. Size-exclusion chromatography was performed on a Superdex
10/300 column (GE Healthcare Life Sciences) using PBS as eluent at a
flow rate of 1 mL/min.

2.8. Drug release in serum

The release of simvastatin from the nanocarriers was studied as
described previously [45,46], with some slight modifications. Briefly,
0.1 mL of [S]-HDL, [S]-PM, or [S]-LIP (1 mg/mL simvastatin), was
mixed with 0.9 mL fetal bovine serum (FBS) and samples were in-
cubated at 37 °C for 1, 2, 4, 8, and 24 h. At these time points, samples
were subjected to size-exclusion high-performance liquid chromato-
graphy (SEC) for nanocarrier-protein separation and fractionation using
a Prominence LC-20AB HPLC system (Shimadzu) equipped with a
fraction collector, FRC-10A (Shimadzu) and a Superose 6 10/300 GL
Fast protein liquid chromatography column (GE Healthcare Life Sci-
ences). PBS was used as eluent at a flow rate of 0.6 mL/min. The na-
nocarrier fractions (containing simvastatin retained in the nanocarrier)
and serum fractions (protein-associated simvastatin) were collected,
and their corresponding simvastatin content was extracted with acet-
onitrile and analyzed by HPLC as detailed above.

2.9. Animals and treatment procedure

Female Apoe−/− mice (B6.129P2-Apoetm1Unc/J, 6 weeks old)
were purchased from The Jackson Laboratory and were fed a high-fat

diet (HFD) (Harlan Teklad TD.88137, 42% calories from fat) for
18 weeks (average weight: 27.5 ± 3.3 g). Under these conditions, the
animals develop atherosclerotic lesions because of the high LDL cho-
lesterol concentrations in the blood resulting from the lack of apoli-
poprotein E [47]. All animal experiments were performed in ac-
cordance with protocols approved by the Institutional Animal Care and
User Committees of Mount Sinai and Memorial Sloan Kettering Cancer
Center. All experiments adhered to National Institutes of Health
guidelines for animal welfare. All animals were injected intravenously
with the corresponding nanomedicines in a 150–200 μL of PBS solution
via the lateral tail vein.

2.10. Micro-PET/CT imaging

Twenty four hours after injecting the 89Zr-[S]-nanomedicines
(0.18 ± 0.03 mCi/animal), the animals (n = 3 per treatment type)
were anesthetized with a mixture of isoflurane (Baxter Healthcare) and
oxygen gas (2% for induction and 1% for maintenance), and scans were
then obtained using an Inveon PET/CT scanner (Siemens Healthcare
Global). Whole-body PET static scans recording a minimum of 50 mil-
lion coincident events were performed with duration of 10–20 min.
Whole body standard low-magnification CT scans were obtained with
the x-ray tube set at a voltage of 80 kV and current of 500 mA. The CT
scan was acquired using 120 rotational steps for a total of 220°, yielding
an estimated scan time of 120 s with an exposure of 145 ms/frame. The
counting rates in the reconstructed images were converted to activity
concentrations (%ID/g) by use of a system calibration factor derived
from the imaging of a mouse-sized water-equivalent phantom con-
taining the radionuclide. Images were analyzed using Inveon Research
Workplace software (Siemens Healthcare Global). Activity concentra-
tion was quantified by averaging the maximum values in at least 5 ROIs
drawn on adjacent slices of the tissue of interest.

2.11. Pharmacokinetics and biodistribution

Apoe−/− mice (n ≥ 3 per [S]-nanomedicine type) were adminis-
tered 26 ± 5 μCi 89Zr/animal of the corresponding dual labeled 89Zr/
Cy5.5 [S]-nanomedicines at doses of 0.8 mg Cy5.5/kg and 60 mg sim-
vastatin/kg (as in the therapeutic study). Blood was sampled
(∼10–20 μL/each sample) at predetermined time points (30 min, 1, 2,
4, 8, and 24 h) after injection. After 24 h, the mice were euthanized and
perfused with 30 mL PBS/mouse through cardiac puncture, and organs
of interest (aorta, liver, spleen, kidneys, lungs, heart, and brain) were
excised. The blood samples (at the different time points) and samples of
other tissues were weighed, and their radioactivity content was quan-
tified using Wizard 2470 Automatic Gamma Counter (Perkin Elmer).
The values were corrected for 89Zr decay and radioactivity concentra-
tion was calculated as a percentage of injected dose per gram of tissue
(%ID/g).

[S]-nanomedicines biodistribution was also qualitatively assessed
by NIRF imaging and autoradiography. Perfused tissue samples were
placed on a thick black paper and imaged on a Xenogen IVIS Spectrum
Preclinical Imaging System (Perkin Elmer). Fluorescence images were
acquired with selected excitation and emission band-pass filters: for
Cy5.5 λExc = 640 ± 18 nm, λEm = 720 ± 10 nm. Exposure time for
each image was 2 s. To assess the radiotracer distribution, tissues were
placed on a film cassette against a phosphorimaging plate (BASMSM-
2325, Fujifilm) for either 24 h (aortas) or 18 h (all other organs) at
−20 °C. The plates were then read at a pixel resolution of 25 μm in a
Typhoon 7000IP plate reader (GE Healthcare).

2.12. Flow cytometry

To study the uptake of [S]-nanomedicines by immune cells, we used
flow cytometry protocols similar to what was previously reported
[38,47]. Briefly, Apoe−/− mice (n = 4 per group, 18 weeks on HFD)
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were injected with Cy5.5-labeled [S]-nanomedicines at 0.8 mg Cy5.5/
kg (at a dose of 60 mg/kg simvastatin). After 24 h, to prepare cells for
flow cytometry, blood was collected by cardiac puncture into tubes
with a 50 mM EDTA solution as an anticoagulant. Red blood cells
(RBCs) were lysed using RBC lysis buffer (BD Biosciences). Afterward,
animals were perfused with 30 mL PBS/mouse. The whole aorta, from
the aortic root to the iliac bifurcation, and spleen were harvested.
Single-cell suspensions were obtained as follows: aortas were diced and
digested with a cocktail of enzymes, including 4.5 U/mL liberase TH
(Roche), 60 U/mL hyaluronidase (Sigma-Aldrich), and 40 U/mL DNase
(Sigma-Aldrich), in a 37 °C oven for 1 h while shaking. Then, tissue
aggregates, extracellular matrix, and cell debris were removed by fil-
tration. Spleens were also diced, and RBCs were removed using the
same lysis buffer described above. To identify macrophages, monocytes,
dendritic cells, neutrophils, and other immune cells, a cocktail of an-
tibodies was used (antibodies, clones, and suppliers shown in Table
S.2). Cy5.5 signal was detected on the Alexa700 channel.

In the efficacy study, we quantified the number of macrophages and
Ly6Chigh monocytes in atherosclerotic plaques. Complete blood count
was also performed to assess the number of immune cells in the blood.
Mice (n = 8–10/group, 18 weeks on HFD) were administered the cor-
responding treatments ([S]-nanomedicines, 60 mg/kg simvastatin; PBS,
or oral simvastatin, 60 mg/kg) once every 72 h for a week (three in-
jections in total). Mice were sacrificed 24 h after the last injection, and
immune cells from aorta and blood were isolated and quantified. For

both the targeting study and the efficacy study, we adopted a strict flow
cytometry protocol by running ‘fluorescence minus one’ (FMO) controls
to precisely gate the right cell population. In an FMO control stain
sample, all reagents used in a given multicolor sample are included
except the reagent with which the exact cell population is to be de-
termined. All samples were measured on an LSRII (BD Biosciences) flow
cytometer, and results were analyzed with FlowJo (Tree Star) software.

Serum from animals in the efficacy study was subjected to a bio-
chemical analysis (ALX Laboratories, NY) to determine typical blood
biochemistry constituents, including cholesterol and triglycerides, and
toxicity markers like alanine transaminase.

2.13. Statistical analysis

Statistical analysis was performed using Prism (GraphPad), and data
are expressed as a mean ± standard error of the mean. Differences
between groups were assessed by one-way analysis of variance
(ANOVA) followed by a post hoc test (Bonferroni's test) for multiple
comparisons. *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001 A value of
P < 0.05 was considered statistically significant.

3. Results and discussion

The aim of this study was to target HMG-CoA in atherosclerotic
plaques by simvastatin-loaded nanomedicines and to understand the

Fig. 2. Characterization and drug release kinetics of the
[S]-nanomedicines. (A) Particle size distribution of [S]-
HDL, [S]-PM, and [S]-LIP was evaluated by dynamic light
scattering. (B) Negative staining TEM images of the afore-
mentioned nanomedicines. Scale bar = 100 nm. (C) The
release of simvastatin from the three nanomedicines in fetal
bovine serum (FBS) was assessed using size-exclusion
chromatography and high-performance liquid chromato-
graphy (HPLC) as described in Supporting Fig. 3. [S]:
simvastatin; HDL: high density lipoprotein; PM: polymeric
micelles; LIP: liposomes; TEM: transmission electron mi-
croscopy; NPs: nanoparticles; h: hours; nm: nanometer.
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parameters that control their in vivo performance. Liposomes were in-
cluded as they are often regarded as the gold standard nanomedicine
drug delivery system and were the first to make clinical translation
[20,43]. Additionally, liposomes have been shown to successfully target
atherosclerotic plaques in rabbits [43,48] and humans [49]. HDL, a
natural self-assembled nanocarrier, has an intrinsic affinity to plaque
macrophages in different atherosclerosis animal models [44,50]. The
natural targeting ability of HDL and the possibility to incorporate hy-
drophobic compounds in its core makes it an attractive platform for
drug delivery [51]. HPMA block copolymer-based micelles were shown
to improve the retention of hydrophobic chemotherapeutic drugs in
their matrix [52–54], offering effective targeted drug delivery to tumors
and inflammatory sites [53,55,56]. However, they have not yet been
evaluated in atherosclerosis. Here, we explored their ability to target
atherosclerotic plaques for the first time and compared their perfor-
mance with previously assessed HDL and liposomal formulations.

3.1. Preparation and characterization of simvastatin nanomedicines

[S]-HDL was prepared by ultrasonication, a well-established method
to encapsulate hydrophobic drugs in HDL nanoparticles [57,58]. [S]-
LIP was prepared using a more water-soluble derivative, i.e., simvas-
tatin (sodium salt). [S]-PM was formulated by dropping a THF solution
of the polymer and simvastatin into water followed by evaporation of
THF, a method that was previously used to encapsulate hydrophobic
drugs [52,59].

DLS analysis showed that the mean particle sizes (Z-average) of the
three [S]-nanomedicines were different and none of them was larger
than 100 nm. [S]-HDL possessed the smallest mean diameter (~50 nm)
with a PDI ~ 0.22 (Fig. 2A and Table 1). Analysis of [S]-HDL by TEM
showed the typical discoidal shape of HDL nanoparticles as reported
before [38] (Fig. 2B). DLS analysis showed that [S]-PM and [S]-LIP had
larger mean diameters of ~80 and ~95 nm, respectively (Fig. 2A and
Table 1). Both formulations showed a low PDI ~ 0.1 (Table 1). TEM
images of [S]-PM and [S]-LIP showed spherical particles (Fig. 2B). The
zeta (ζ) potential of the three [S]-nanomedicines was negative in
10 mM HEPES buffer (pH 7.4), ranging from −5 mV for [S]-PM to ~
−15 mV for both the liposomal and HDL formulations (Table 1). All
the three [S]-nanomedicines had high simvastatin entrapment effi-
ciency (> 60%) as shown in Table 1.

3.2. Drug release kinetics in serum

The extent and rate of drug release while nanocarriers circulate in
the bloodstream is an important factor which can strongly affect a drug-
loaded nanocarrier's targeting efficiency and resulting therapeutic ef-
ficacy. The release kinetics of the three simvastatin nanoformulations in
90% serum at 37 °C, mimicking physiological conditions, was analyzed.
Using size exclusion chromatography, we separated the nanocarrier
from the serum proteins, and then analyzed the simvastatin content in
each fraction (Supporting Fig. 4). The release kinetics of simvastatin
from [S]-HDL was similar to that of [S]-LIP but much more rapid than
[S]-PM (Fig. 2C). By the end of the 24 h incubation period, ~50% of the

simvastatin from [S]-PM was released compared to ~80% and 90% in
the case of [S]-LIP and [S]-HDL, respectively. The higher drug retention
in case of [S]-PM can be explained by purposely designed physico-
chemical features that enhance hydrophobic and π-π stacking interac-
tions [40,56]. In the case of [S]-LIP, simvastatin sodium salt was used to
increase drug entrapment in the liposomal formulation. However, ac-
cording to the manufacturer (Cayman), simvastatin (sodium salt) is
sparingly soluble in aqueous solutions and probably also possess an
affinity for the lipid bilayer, which may have resulted in drug leakage
from the [S]-LIP upon interaction with serum proteins. Similarly, HDL
has a dynamic structure, which could result in the exchange of lipid
components upon interaction with other serum proteins, resulting in
drug leakage [45].

3.3. Dual labeling of simvastatin nanomedicines

To better understand [S]-nanomedicines' biodistribution and uptake
by immune cells, we employed a dual-labeling strategy using 89Zr as a
radioactive tag detectable by PET and gamma counting, and Cy5.5 for
NIRF imaging and flow cytometry. 89Zr has a physical half-life of
78.4 h, making it suitable for long-circulating nanoparticles [41] and
antibodies [60]. Additionally, PET imaging and gamma counting are
sensitive, quantitative methods for evaluating [S]-nanomedicines'
pharmacokinetics, whole-body, and organ biodistribution, while flow
cytometry allows assessment of immune cell specificity in athero-
sclerotic plaques and other tissues in a quantitative fashion. Both labels
(i.e. 89Zr and Cy5.5) on [S]-HDL, [S]-PM, and [S]-LIP eluted at the same
time on size-exclusion chromatography columns, indicative of proper
label stability.

3.4. Pharmacokinetics, in vivo imaging and biodistribution

In vivo evaluation of the three [S]-nanomedicines started with an
assessment of their circulation kinetics in Apoe−/− mice using gamma
counting to quantify blood radioactivity levels over time (Fig. 3B). After
24 h, [S]-PM and [S]-LIP showed longer circulation times in blood in
comparison with [S]-HDL (~10% ID/g remaining in blood vs ~1% ID/
g for [S]-HDL). The longer circulation times for [S]-PM and [S]-LIP is
likely related to their PEGylated surface and relatively large size as
compared to [S]-HDL.

To study the tissue distribution of the [S]-nanomedicines non-in-
vasively, we employed PET/CT imaging (Fig. 3C). PET imaging offers
high sensitivity with deep tissue penetration [50,61]. At 24 h after in-
jection, PET/CT imaging showed predominant accumulation in liver
and spleen. This is in line with the dominant role of mononuclear
phagocytic system (MPS) macrophages in the removal of intravenously
administered nanosystems [62]. [S]-HDL showed a relatively high
signal in the kidneys, in line with a previously reported [50,63,64]
renal clearance of comparatively smaller nanoparticles. The total body
signal detected in mice which received [S]-PM or [S]-LIP was higher
than that of [S]-HDL, implying faster body clearance of the latter
(Supporting Fig. 5).

We subsequently excised the tissues of interest from Apoe−/− mice
and analyzed their radioactivity content 24 h after i.v. administration.
Ex vivo analysis of the radioactivity distribution corroborated the ob-
servations from pharmacokinetic and PET imaging studies (Fig. 3D and
E). [S]-PM and [S]-LIP showed the highest accumulation in spleen and
liver, ~25–30% ID/g and 10–15% ID/g, respectively (Fig. 3D), while
[S]-HDL showed relatively high kidney accumulation. These results
were in line with the qualitative autoradiographic analysis (Fig. 3E) and
NIRF imaging (Supporting Fig. 6).

3.5. Targeting to atherosclerotic plaques and lesion-associated macrophages
and monocytes

We investigated the plaque targeting ability of the [S]-

Table 1
Characteristics of [S]-nanomedicines.

[S]-HDL [S]-PM [S]-LIP

Zave.. 50 ± 6 nm 80 ± 7 nm 94 ± 10 nm
PDI 0.22 ± 0.03 0.11 ± 0.01 0.10 ± 0.06
Zeta (ζ) potential (mV) −15.8 ± 3.5 −5.1 ± 0.9 −15.1 ± 0.7
EE (%) 60 ± 7% 65 ± 8% 71 ± 3%

Data are presented as mean ± SD of three separately prepared batches of [S]-HDL, [S]-
PM, or [S]-LIP. [S]: simvastatin; HDL: high density lipoprotein; PM: polymeric micelles;
LIP: liposomes; Zave.: Z average; mV: millivolt; PDI; polydispersity index, EE; entrapment
efficiency.
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nanomedicines Apoe−/− mice aortas. Interestingly, using gamma
counting, the radioactivity concentrations in the excised aortas were
similar for the three formulations (~1.5–2% ID/g) with no statistically
significant differences (Fig. 3D, right). These findings are especially
striking given the difference in blood circulation half-lives. We also
evaluated regional distribution within the aorta using autoradiography
and NIRF imaging for the three formulations (Fig. 4A). We found co-
localization between radioactivity disposition and NIRF signal in the
focal atherosclerotic lesions, especially in aortic roots, an area which is
known to reproducibly develop atherosclerotic plaque [65–67].

Since macrophages and monocytes are the key immune cells that
drive atherosclerosis progression [9], we sought to study the uptake of
the three [S]-nanomedicine types by these key cells in aortic plaques of
Apoe−/− mice with advanced atherosclerosis. We applied a flow cyto-
metry protocol and gating procedures adapted from previous studies
[8,47] (Fig. 4B). After 24 h i.v. administration, the aortas were excised,
and the uptake of Cy5.5 labeled-[S]-nanomedicines by macrophages
and monocytes was quantified. Interestingly, distinct uptake patterns
for the three [S]-nanomedicines by aortic macrophages and Ly6Chigh

monocytes were found (Fig. 4C and D). The HDL formulation showed
relatively high uptake by aortic macrophages, in line with what was
previously reported in atherosclerosis and cancer models [44,47]. In-
terestingly, [S]-PM showed a similar degree of high uptake, not only by
aortic macrophages but also by Ly6Chigh monocytes. On the other hand,
[S]-LIP demonstrated the lowest macrophage/monocyte targeting effi-
ciency in comparison to the other two formulations (Fig. 4C and D).

Although our efficacy readout parameter for [S]-nanomedicine
treatment was reduction in aortic plaque macrophage/monocyte con-
tent, uptake by other immune cell types present in the blood pool and

spleen may affect treatment outcome. Similar to our findings in the
aorta, [S]-PM showed a much higher affinity for blood Ly6Chigh

monocytes in comparison to [S]-HDL and [S]-LIP (~10 fold and ~5
fold, respectively, Supporting Fig. 7). Similarly, the association of [S]-
PM with blood dendritic cells (DC) was also much higher than for [S]-
HDL and [S]-LIP (~29 fold and 8 fold, respectively, Supporting Fig. 7).
Also, in the spleen (Supporting Fig. 8), [S]-PM showed superior tar-
geting efficiency towards the phagocytic target cells.

3.6. Therapeutic efficacy and safety

Reducing the number of plaque macrophages has been shown to
decrease vessel wall inflammation and improve therapeutic outcomes
in several key studies [8,10,39]. Also, blocking the recruitment of pro-
inflammatory monocytes is a rational strategy to reduce inflammation
in atherosclerotic plaques [68] and other diseases [69,70]. Here, we
quantitatively assessed the efficacy of [S]-nanomedicine treatment by
evaluating plaque macrophage/monocyte content using flow cyto-
metry. Apoe−/− mice with advanced atherosclerosis were administered
three doses of [S]-HDL, [S]-PM, [S]-LIP (60 mg/Kg simvastatin per
dose), equivalent oral simvastatin (as control), or PBS i.v. (as placebo)
(Fig. 5A). All mice (n = 8–10/group) were age-matched and received
the assigned treatments within a single week. Aortic macrophages and
pro-inflammatory Ly6Chigh monocytes were gated as described before
in Fig. 4B. As compared to the controls saline and oral simvastatin, a
significant decrease in plaque macrophage content was observed in the
[S]-PM and [S]-HDL treatment groups (Fig. 5B). [S]-LIP and oral [S]
treatment groups did not yield significant reductions in plaque mac-
rophage content (vs. saline treatment). Interestingly, none of the

Fig. 3. Dual labeling of [S]-nanomedicines, and their pharmacokinetics and biodistribution evaluation in Apoe−/− mice with advanced atherosclerosis. (A) Size exclusion chromatograms
showing coelution of Cy5.5 (λ = 675 nm, red trace) and 89Zr (black, radioactive trace) on the corresponding nanomedicines (The radioactive trace was nudged by 5% to prevent visual
overlapping). (B) Blood time-activity curves for the different 89Zr-labeled [S]-nanomedicines, as determined by gamma counting (n≥ 3 per condition). (C) Three-dimensional rendering
of PET/CT fusion images 24 h after injection (n = 3 per condition). (D) Quantitative assessment of radioactivity distribution in selected tissues using gamma counting 24 h after injection
(n≥ 3 per condition). (E) Autoradiography of selected tissues 24 h after injection. [S]: simvastatin; HDL: high density lipoprotein; PM: polymeric micelles; LIP: liposomes; % rel.
intensity: percentage relative intensity; 89Zr: Zirconium-89; Cy5.5: Cyanine5.5; %ID/g: percentage injected dose per gram of tissue; min: minutes; h: hours. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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nanomedicine treatments had a statistically significant impact on
plaque Ly6Chigh monocyte content, indicating that the different treat-
ments did not affect monocyte recruitment, in line with what we ob-
served previously [38,39].

We further analyzed blood as the direct recruitment pool for
monocytes and other immune cells. None of the treatment groups
showed a significant change in the number of total circulating leuko-
cytes, monocytes, neutrophils, lymphocytes, red blood cells (RBCs), or
platelets (vs. saline) (Fig. 5C). Additionally, the [S]-nanomedicine
treatments did not significantly alter the concentration of serum tri-
glycerides, total cholesterol, and glucose (vs. oral [S] treatment or
placebo) (Supporting Fig. 9). Similarly, no significant concentration
changes were found in toxicity blood markers (Supporting Fig. 9).

Nanomedicines are developed to ultimately achieve local, targeted
drug delivery to pathological lesions (atherosclerotic plaques in our
study) upon intravenous injection, aiming to improve the therapeutic
efficacy and safety profile of the free drug. Nanocarrier characteristics
such as composition, size, and morphology, which likely affect their
circulation kinetics, drug release kinetics, extravasation, penetration,
and importantly, specificity to the target cell(s), will have a direct im-
pact on the therapeutic efficacy of nanomedicines. In our study, all
treatments contained the same drug, the HMG-CoA reductase inhibitor
simvastatin, which was administered at the same dose, and evaluated in
age/diet matched Apoe−/− mice, a well-established model of athero-
sclerosis [71].

In our head-to-head study, we found the [S]-LIP yielded the least
efficacy in reducing macrophage burden in atherosclerotic plaques.
Although [S]-LIP possessed a long blood half-life, its poor plaque
macrophage targeting efficiency, in addition to leakage of simvastatin
from liposomes in circulation, might have contributed to this low

efficacy. On the contrary, despite its comparatively shorter circulation
half-life, [S]-HDL demonstrated better efficacy than [S]-LIP. This no-
ticeable difference is probably due to HDL's high specificity for plaque
macrophages. These results also suggest that HDL can be an ideal
imaging probe for lesion-associated macrophages [44,50]. Among the
three platforms, [S]-PM demonstrated the most favorable features of a
targeted drug delivery approach, including long circulation times, in-
creased drug-nanocarrier stability in serum, and improved cellular
targeting efficiency. These features resulted in the most prominent re-
duction in plaque macrophage burden. Remarkably, although the three
nanomedicines showed uptake by pro-inflammatory Ly6Chigh mono-
cytes, especially [S]-PM, none of the treatments altered monocyte
content in atherosclerotic plaques. These different treatment effects on
plaque macrophages and monocytes are in line with the new paradigm
that considers atherosclerosis as a multiphasic process in which local
macrophage proliferation, rather than monocyte recruitment, governs
advanced atherosclerotic plaque progression [8,72]. Thus, tackling
monocyte recruitment in advanced atherosclerosis with (nano-) medi-
cines may not be an ideal approach for atheroprotection as demon-
strated by Lindau et al. [73]. However, blocking the recruitment of pro-
inflammatory monocytes may be imperative in conditions/diseases in
which active monocytosis and recruitment can exacerbate the in-
flammatory response. An example of these conditions is the rapid
monocyte kinetics triggered by acute myocardial infarction [68].

Additionally, the three [S]-nanomedicines did not change the me-
tabolic parameters in plasma nor significantly alter major biomarkers of
HMG-CoA reductase inhibitor-induced myo- or hepatotoxicity [37].
Moreover, HDL - one of our body's own nanoparticles - and liposomes
are well known for their biocompatibility and biodegradability. PM
composed of pHPMA polymers are also known to be non-immunogenic

Fig. 4. Plaque targeting and uptake of [S]-nanomedicines by macrophages and monocytes in Apoe−/− mice with advanced atherosclerosis. (A) Autoradiography (upper panel) and NIRF
(lower panel) images of excised aortas from Apoe−/− mice 24 h after injection. (B) Flow cytometry gating procedures and fluorescence minus one (FMO) control samples to identify aortic
macrophages (MΦ) and Ly6Chigh monocytes. (C) Black ([S]-HDL), blue ([S]-PM), and red ([S]-LIP) histograms showing representative signal distribution of aortic macrophages and
Ly6Chigh monocytes in mice injected with the [S]-nanomedicines compared with the cells from control animals injected with PBS (gray histogram on the left in each graph). (D)
Quantification of mean fluorescence intensity (MFI) of macrophages and monocytes in the atherosclerotic aortas (n= 4 per condition). [S]: simvastatin; HDL: high density lipoprotein;
PM: polymeric micelles; LIP: liposomes; NIR: near-infrared; FMO: fluorescence minus one; MΦ: macrophages; lin: lineage; Cy5.5 NP: cyanine 5.5 labeled nanoparticles. Data presented as
mean ± SEM. *P ≤ 0.05; **P ≤ 0.01; ***P≤ 0.001. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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and biocompatible [74–76]; they have been extensively investigated for
drug delivery (reviewed by Talelli et al. [56]) Moreover, several
pHPMA-based therapies have been clinically evaluated (reviewed by
Duncan and Vicent [77]). Our data indicate the safety of our treat-
ments, an important step for the potential clinical translation of the
nanomedicines under investigation. However, more detailed safety
studies will need to be executed before any clinical application. Fur-
thermore, factors such manufacturability under good manufacture
practice (GMP) conditions, cost, patient selection, and best therapeutic
approach (e.g. high dose short-term injections with and without oral
therapy) also need to be carefully considered for clinical translation
[78].

4. Conclusions

In this systematic head-to-head study, we have adopted sensitive,
quantitative techniques to evaluate three clinically applicable nano-
medicines targeting HMG-CoA reductase, in regards to their physico-
chemical characteristics and in vivo performance in Apoe−/− mice with
advanced atherosclerosis. It was found that [S]-PM possesses superior
efficacy, in comparison to [S]-HDL and [S]-LIP, to locally reduce the
macrophage burden in advanced atherosclerotic plaques. This is likely
due to the higher targeted drug delivery efficiency, as a result of the
combination of the enhanced retention of simvastatin in the polymeric

micelles and the high cellular targeting efficiency to plaque macro-
phages. These findings are crucial for further development and clinical
application of nanomedicines to reduce inflammation in advanced
atherosclerosis. Furthermore, the work presented in this paper suggests
that the systematic investigation of nanomaterials, beyond cancer, is
crucial for the future of nanomedicine design, optimization, and clinical
applicability in several disease contexts.
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nanomedicines, oral gavage (control group), or PBS (placebo) for one week. (B) Quantification of aortic Ly6Chigh monocytes and macrophages using flow cytometry (percentage of CD45+

total aortic leukocytes). (C) Complete blood count analysis. (n = 8–10 per condition). Apoe−/−: apolipoprotein E-deficient; PBS: phosphate buffered saline; [S]: simvastatin; HDL: high
density lipoprotein; PM: polymeric micelles; LIP: liposomes; Wks: weeks; HFD: high fat diet; MΦ: macrophages; WBCs; white blood cells, RBCs; red blood cells. Data presented as
mean ± SEM. *P ≤ 0.05; **P ≤ 0.01; ***P≤ 0.001. *relative to the PBS group. #relative to oral [S].
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