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Abstract

Current approaches to the diagnosis and therapy of atherosclerosis cannot target to lesion-

determinant cells in the artery wall. Intimal macrophage infiltration promotes atherosclerotic 

lesion development by facilitating the accumulation of oxidized low-density lipoproteins (oxLDL) 

and increasing inflammatory responses. The presence of these cells is positively associated with 

lesion progression, severity and destabilization. Hence, they are an important diagnostic and 

therapeutic target. The objective of this study was to noninvasively assess the distribution and 

accumulation of intimal macrophages using CD36-targeted nanovesicles. Soy phosphatidylcholine 

was used to synthesize liposome-like nanovesicles. 1-(Palmitoyl)-2-(5-keto-6-octene-dioyl) 

phosphatidylcholine was incorporated on their surface to target the CD36 receptor. All in vitro 

data demonstrate that these targeted nanovesicles had a high binding affinity for the oxLDL 

binding site of the CD36 receptor and participated in CD36-mediated recognition and uptake of 
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nanovesicles by macrophages. Intravenous administration into LDL receptor null mice of targeted 

compared to non-targeted nanovesicles resulted in higher uptake in aortic lesions. The 

nanovesicles co-localized with macrophages and their CD36 receptors in aortic lesions. This 

molecular target approach may facilitate the in vivo noninvasive imaging of atherosclerotic lesions 

in terms of intimal macrophages accumulation and distribution and disclose lesion features related 

to inflammation and possibly vulnerability thereby facilitate early lesion detection and targeted 

delivery of therapeutic compounds to intimal macrophages.

Graphical abstract

Illustration of CD36-targeted nanovesicle composition, structure and targeting mechanisms to 

intimal macrophages and images showing their target specificity to aortic lesions in LDLr−/− mice
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1. Introduction

Atherosclerotic cardiovascular disease is the leading cause of mortality in the United States. 

Macrophages play an important role in lesion initiation and progression by facilitating 

cholesterol accumulation and promoting an inflammatory response [1, 2]. This disease is 

sometimes referred to as the silent killer because it is characterized by the absence of 

symptomology until relatively severe vessel occlusion occurs. Current detection techniques, 

such as ultrasound, magnetic resonance imaging and computed tomography, cannot 

effectively detect atherosclerotic lesions at the cellular level and disclose lesion features [3–

5].

Macrophages are signature cells of atherosclerotic lesions. Recruitment and infiltration of 

monocytes into the arterial wall and subsequent conversion to macrophages are the 

precursor of atherosclerotic lesion development [6]. Accumulation of intimal macrophages 

positively correlates with lesion size [7–9]. In addition, intimal macrophages destabilize the 

surface of the lesion [4, 7–10]. Therefore, targeting intimal macrophages is a promising 

avenue for characterizing atherosclerotic lesions and inflammatory state [11].

Macrophages take up modified low-density lipoproteins (LDL) via scavenger receptors, 

particularly the CD36 receptor [1]. Uptake of modified LDL by macrophages can be as high 

as 20 times that of native LDL [12, 13]. The predominant form of modified LDL in humans 

is oxidized LDL (oxLDL). CD36-null mice have a 70% or greater reduction in aortic lesion 

size, and peritoneal macrophages isolated from these mice exhibit a 60–80% lower oxLDL 
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binding and uptake rates [14]. These data demonstrate the critical role of the macrophage 

CD36 receptor in cholesterol accumulation and lesion progression [15, 16]. OxLDL particles 

have oxidized phosphatidylcholine (PC) on their surface. Oxidized PC has been detected in 

atherosclerotic lesions and is thought to be a ligand for binding of oxLDL to the macrophage 

CD36 receptor [16–19]. CD36 receptor expression correlates with lesion severity [15, 16, 

20]. Therefore, targeting the macrophage CD36 receptor is a promising approach to detect 

atherosclerotic lesions [21–24]. 1-(Palmitoyl)-2-(5-keto-6-octene-dioyl)PC (KOdiA-PC), a 

type of oxidized PC found on oxLDL, has a high binding affinity to the CD36 receptor and 

participates in CD36-mediated recognition and uptake of particles by intimal macrophages 

[25]. However, intimal macrophage targeting specificity of KOdiA-PC in atherosclerosis 

animal models was not reported. To our knowledge, this is the first study to investigate 

whether nanovesicles carrying KOdiA-PC on their surface can target to atherosclerotic 

lesions via binding to intimal macrophages in LDLr−/− mice.

Nanomedicine is promising in developing novel diagnostic and therapeutic agents, and 

therefore has gained tremendous attention in biomedical research [26]. Nanovesicles can 

enhance solubility, stability and payload of diagnostic agents, preventive compounds and 

therapeutic drugs, and enhance their absorption and bioavailability through protecting them 

from premature degradation and prolonging their circulation time. They can exhibit high 

differential uptake efficiency in the target cells (or tissues) over normal cells (or tissue) 

through passive or active target strategies, lower toxicity through preventing them from 

prematurely interacting with the biological environment [27]. When an atherosclerotic lesion 

is developing, the permeability of the endothelial layer is enhanced, allowing for the 

accelerated influx of lipoproteins and small particles such as nanovesicles to migrate into the 

intimal layer [28]. Expanding atherosclerotic lesions requires oxygen and nutrients, 

promoting neoangiogenesis [29]. These neovessels are prone to be leaky and fragile 

resulting in enhanced permeability and retention, further promoting migration of 

nanovesicles into the lesion area [30].

The aim of this work was to assess the feasibility of detecting atherosclerotic lesions by 

forming liposome-like nanovesicles with KOdiA-PC on the surface and assessing their 

target specificity to intimal macrophages, particularly through CD36 receptors (Fig. 1). Our 

hypothesis was that the targeted nanovesicles would accumulate in atherosclerotic lesions 

through binding to CD36 receptors on intimal macrophages and thereby facilitate the 

identification of atherosclerotic lesions and further define the biological features of the 

lesions, particularly distribution and accumulation of intimal macrophages. This study has a 

potential clinical application for targeted delivery of anti-atherogenic drugs and diagnostic 

agents to intimal macrophages in lesions.

2. Material and methods

2.1. Nanovesicle preparation

Stock solution composed of 2.6 mmol/L soy PC (>95%, Avanti Polar Lipids) with (targeted 

nanovesicles) or without (non-targeted nanovesicles) KOdiA-PC (Cayman Chemical) were 

prepared in 1xPBS by extrusion (10 times each filter) through 0.2 μm then 0.05 μm 

polycarbonate filters using an Avanti Mini-Extruder Set (Avanti Polar Lipids). KOdiA-PC 
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replaced 30% in moles of soy PC. For in vitro binding and uptake experiments, 7-nitro-2-1, 

3-benzoxadiazol-4-yl-phosphatidylcholine (NBD-PC, 2 mol%) was incorporated into 

nanovesicles. The size and polydispersity index of nanovesicles were measured using a 

Brookhaven BI-MAS particle size analyzer. The zeta potential of nanovesicles was 

measured using a Brookhaven ZetaPALS analyzer. The size and morphology of 

nanovesicles were measured and confirmed using a Hitachi 8100 transmission electron 

microscope (TEM).

2.2. Nanovesicle in vitro binding and uptake

2.2.1. Elicited peritoneal macrophage isolation and culture—Male C57B6/J mice 

from the Jackson Laboratory at age 8–12 weeks were used for collecting elicited peritoneal 

macrophages as previously described [31].

2.2.2. CD36 knockdown in elicited mouse peritoneal macrophages—Mouse 

elicited peritoneal macrophages were transfected without or with CD36 siRNA or scramble 

siRNA using Lipofectamine® RNAiMAX Transfection Reagent (Life Technologies) for 24 

and 48 hours. Thereafter macrophages CD36 mRNA and protein levels were measured using 

real-time PCR and an immunostaining method, respectively. RNA isolation, reverse 

transcription and real-time PCR were conducted as previously described [31]. Beta (β)-actin 

was used as endogenous control. CD36 forward primer: ATTAATGGCACAGACGCAGC; 

CD36 reverse primer: CCGAACACAGCGTAGATAGACC; β-actin forward primer: 

CTTTTCCAGCCTTCCTTCTTGG; β-actin reverse primer: 

CAGCACTGTGTTGGCATAGAGG. For measuring CD36 protein expression, 

macrophages were washed with 1×PBS and fixed with ice cold methanol for 10 minutes. 

After incubation with 1% bovine serum albumin (BSA) for 1 hour at room temperature, the 

macrophages were stained with RPE-conjugated rat anti-mouse CD36 antibody (1:200) 

overnight at 4°C in the dark. Cell nuclei were stained with DAPI and then visualized under 

an EvoS Auto fluorescence microscope.

2.2.3. THP-1 culture and differentiation—Human monocytic THP-1 cells (American 

Type Culture Collection) were cultured in RPMI 1640 containing 10% of FBS. Cell 

differentiation was induced by incubating 5 × 105 cells/mL with 1.6 nmol/L phorbol 12-

myristate 13-acetate (Sigma-Aldrich, St. Louis, MO) for 72 hours.

2.2.4. Human LDL isolation and minimally oxLDL preparation—LDL was isolated 

from human plasma by a sequential ultracentrifugation method [32]. Minimally oxidized 

LDL was prepared by exposing human LDL to 2 μM CuSO4 for 5 hours and oxidation was 

confirmed by measuring thiobarbituric acid-reactive substances [33].

2.2.5. Binding and uptake of nanovesicles by macrophages—(i) Normal binding 

and uptake assay. Mouse elicited peritoneal macrophages, THP-1 derived macrophages were 

treated with NBD-labeled non-targeted or targeted nanovesicles. After confirming CD36 

mRNA and protein expression, CD36 knockdown or CD36 negative control (scrambled 

siRNA) or control (no siRNA treatment) mouse elicited peritoneal macrophages were 

treated with NBD-labeled non-targeted or targeted nanovesicles for 2 hours at 37°C. (ii) 

Nie et al. Page 4

J Control Release. Author manuscript; available in PMC 2016 December 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Competitive binding assay with mouse CD36 antibody. Mouse elicited peritoneal 

macrophages were treated with RPE-labeled anti-CD36 antibody (MCA2748PE, AbD 

Serotec) in combination with NBD-labeled non-targeted or targeted nanovesicles for 2 hours 

at 4°C. (iii) Competitive binding assay with human minimally oxLDL. THP-1 derived 

macrophages were treated with 40 μg protein/mL of human minimally oxLDL in 

combination with NBD-labeled non-targeted or targeted nanovesicles for 2 hours at 37°C.

After incubation, cells were then washed three times with ice cold 1xPBS (pH 7.4) and fixed 

with 3.7% formaldehyde in 1xPBS (pH 7.4) for 10 minutes at room temperature. After 

washing with ice cold 1xPBS (pH 7.4) three times, nuclei were stained with DAPI solution 

(IHC World, LLC.) for 10 minutes at room temperature in the dark. Cells were washed 

again with ice cold 1xPBS (pH 7.4) and visualized under an EvoS Auto fluorescence 

microscope. Microscopy settings were identical for all measures to allow equal comparison 

of the images.

2.2.6. Cellular cholesterol content—THP-1 derived macrophages were pre-treated 

with non-targeted or targeted nanovesicles for 30 minutes at 37°C. Then cells were further 

incubated with 40 μg protein/mL of human minimally oxLDL for additional 1.5 hours at 

37°C. After washing the cells three times with 1xPBS, cells were collected for protein and 

cholesterol measurement. Macrophage lipids were extracted overnight using a chloroform/

methanol (2:1, v/v) mixture. Macrophage TC and FC were determined using a high 

performance liquid chromatography (HPLC) system (Waters Co., Milford, MA) with a C18 

reverse-phase column (150 mm×4.6 mm, 5 μm size) and a Waters 2489 UV/Visible detector 

as previously described [34]. CE was calculated as the difference between TC and FC. 

Macrophages were digested in 0.5N NaOH and total protein was determined using a 

bicinchoninic acid (BCA) kit (Pierce Ins., Rockford, IL). Macrophage cholesterol 

concentrations were expressed as μmol of cholesterol per g of protein.

2.3. In vivo targeting of nanovesicles to atherosclerotic lesions

2.3.1. Animals and diet—Eight male 6-week old LDLr−/− mice with C57BL6 

background (from the Jackson Laboratory) were fed an atherogenic diet (Harlan Teklad, TD.

88137) containing 21% of saturated fat (w/w) and 0.15% of cholesterol (w/w) for about 25 

weeks. C57BL6 mice were used as non-lesion control mice. Mice were housed at 22 to 

24°C, 45% relative humidity and a daily 12/12 light/dark cycle with the light period from 

07:00 to 19:00. Food and water were given ad libitum. Body weights of mice at the time of 

experiments ranged from 40–45 g. Based on the body weight, all LDLr−/− mice and 

C57BL6 mice were grouped before receiving treatments. The animal protocol was approved 

by the animal care and use committee of Texas Tech University, Lubbock, TX.

2.3.2. In vivo imaging of atherosclerosis and immunohistochemistry—For in 

vivo imaging experiments, 1,1′-dioctadecyl-3,3,3′,3′-tetramethyl indotricarbocyanine iodide 

(DiR), a near infrared fluorescence dye (λ of excitation is 730 nm, λ of emission is 790 nm), 

replaced 2 mol% of soy PC. Incorporated DiR amounts in both targeted and non-targeted 

nanovesicle were measured using a Shimadzu UV-3600 UV-VIS-NIR Spectrophotometer. 

Non-targeted nanovesicles and targeted nanovesicles containing the same amounts of DiR 
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were intravenously injected into mice via tail veins. After 20-hour injection, mice were 

imaged using an IVIS® Lumina XR imaging system (Caliper Life Science) with a near 

infrared filter (λ of excitation is 745 nm, λ of emission is 800 nm). Mice were then 

sacrificed and their hearts were perfused with 1xPBS through the left ventricle. After 

removing liver, spleen, kidneys, and additional abdominal organs and tissues, the 

fluorescence reflectance images of aortas were acquired in situ and after dissection using the 

IVIS® Lumina XR imaging system (Caliper Life Science). The aortas were also visualized 

under the EvoS Auto fluorescence microscope with a Cy7 filter (λ of excitation is 710/40, λ 

of emission is 775/46). Subsequently, the dissected aortas were embedded in Tissue-Tek 

O.C.T. (Sakura), snap-frozen in liquid nitrogen, and serially sectioned about 600 slides (5 

μm thick) from each aorta. The DiR (nanovesicles) signals were observed every 10 slides 

using the EvoS Auto fluorescence microscope with the Cy7 filter. We also stained the 

adjacent slides using Oil red O to identify the lesions. After fixed with cold acetone, 

adjacent cross-sections of aortas were immunostained with RPE-conjugated rat anti-mouse 

CD36 antibody, or with F4/80 antibody (sc-52664, Santa Cruz Biotechnology) at 4°C 

overnight and then the secondary antibody Cy3-conjugated AffiniPure Donkey Anti-Rat IgG 

was used for F4/80 detection. The secondary antibody was incubated with cross-sections of 

aortas for an additional 4 hours at ambient temperature. After washing, the cross-sections of 

aortas were mounted with ProLong® Gold Antifade Reagent containing DAPI (P-36931, 

Life technologies) for 1 hour at ambient temperature, and then sections were visualized 

under the EvoS Auto fluorescence microscope.

2.4. Statistics

Data of macrophage cholesterol content and nanovesicle signals in the cross-sections of 

atherosclerotic lesions were statistically analyzed by 2-tailed paired student’s t test using the 

SPSS software (version 18.0; SPSS Inc, Chicago, IL). Differences were considered 

significant at p<0.05. Data are presented in Figures and table as means ± standard deviation.

3. Results

3.1. Characteristics of nanovesicles

The nanovesicles had a mean particle diameter of 100 nm and mean polydispersity index of 

0.10 as measured using a Brookhaven BI-MAS particle size analyzer (Table 1). The zeta 

potential of the nanovesicles was about −22 mV measured using a Brookhaven ZetaPALS 

analyzer (Table 1). The nanovesicle size was confirmed using transmission electron 

microscope (TEM) measurements. TEM images indicated that nanovesicles had a quasi-

spherical shape (Fig. 2).

3.2. Targeted nanovesicles bound to mouse macrophages via CD36

NBD-labeled targeted nanovesicles had a higher binding affinity to and uptake by mouse 

peritoneal macrophages than NBD-labeled non-targeted nanovesicles (Fig. 3A). Co-

incubation of targeted nanovesicles with a CD36 antibody dramatically decreased their 

binding affinity to mouse peritoneal macrophages (Fig. 3B). CD36 siRNA transfection 

decreased mouse peritoneal macrophage CD36 mRNA levels by 56% and 82% after 

incubation for 24 and 48 hours, respectively. CD36 protein levels were reduced by about 
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80% after 48-hour of CD36 siRNA transfection (Fig. 3C). Scramble siRNA transfection did 

not significantly change CD36 expression. CD36 knockdown macrophages bound and took 

up less NBD-labeled targeted nanovesicles than control or CD36 negative control 

macrophages (Fig. 3D).

3.3. Targeted nanovesicles bound to human macrophages via CD36

NBD-labeled targeted nanovesicles had higher binding affinity to and uptake by human 

THP-1 derived macrophages than NBD-labeled non-targeted nanovesicles (Fig. 4A). Co-

incubation of targeted nanovesicles with human minimally oxLDL significantly decreased 

their binding and uptake by human macrophages (Fig. 4B). The binding and uptake of non-

targeted nanovesicles by human THP-1 derived macrophages were extremely low, 

regardless of the presence or absence of oxLDL (Fig. 4A&B). Human THP-1 derived 

macrophages expressed high levels of CD36 receptors (Fig. 4C).

3.4. Targeted nanovesicles decreased macrophage cholesterol content

Targeted compared to non-targeted nanovesicles significantly decreased total cholesterol 

(TC) and free cholesterol (FC) content, but not cholesteryl ester (CE) content, in human 

THP-1 derived macrophages when co-incubated with human minimally oxLDL (Fig. 4D).

3.5. Targeted nanovesicles detected atherosclerotic lesions in LDL receptor null (LDLr−/−) 
mice

We selected the 20-hour post-injection time point based on published studies [35–37] and 

particularly our pilot study. After tail vein injection of DiR-labelled non-targeted or targeted 

nanovesicles to mice, much more targeted than non-targeted nanovesicles was distributed in 

the liver, heart, aorta and other central organs after short post-injection time. This difference 

was maintained pretty long to 20-hour post-injection. Although a short waiting time will 

give more positive results and also is more convenient from the clinical diagnostic 

perspective, we selected the more conservative 20-h post-injection for our rest experiments 

in this study. Additionally, 20-hour post-injection allows us to investigate the prolonged 

target effect of nanovesicles.

After twenty hours of post-intravenous injection of DiR-labeled nanovesicles into C57BL6J 

mice without lesions and LDLr−/− mice with lesions, the aortas were imaged using an 

IVIS® Lumina XR imaging system. The higher DiR intensity indicates a higher target level 

of the nanovesicles (Fig. 5). Both DiR-labeled non-targeted and targeted nanovesicles did 

not target to aortas (no lesions) in C57BL6J control mice (Fig. 5A). However, targeted 

compared to non-targeted nanovesicles had higher target specificity to the aortas with 

lesions in LDLr−/− mice (Fig. 5B&C) and had a stronger signal in the lesion areas as 

visualized on the longitudinally opened aortas isolated from those mice (Fig. 5D). The 

results were consistent for all 4 pairs of LDLr−/− mice having atherosclerotic lesions. 

Targeted nanovesicles had higher target specificity to the atherosclerotic lesions on cross-

sections of aortas isolated from LDLr−/− mice than non-targeted nanovesicles (Fig. 6A-a & 

6A-b-1). There was no evidence of non-specific binding of targeted nanovesicles to aortas 

without lesions isolated from C57BL6J mice (Fig. 6A-b-2). We analyzed DiR (nanovesicle) 

signals in the cross-sections of aortic lesions using the NIH Image J software. The targeted 
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nanovesicles had more than 2-fold higher intensity in the lesion areas than non-targeted 

nanovesicles (p<0.05) (Fig. 6B).

3.6. Targeted nanovesicles identified intimal macrophages via CD36 receptors

Cross-sections of aortas were stained with Oil red O and immunohistochemistry was used to 

identify macrophages and CD36 receptors in adjacent slides. The majority of targeted 

nanovesicles were detected in the lesion cap or shoulder area (Fig. 7). The targeted 

nanovesicles co-localized with macrophages (F4/80) and CD36 receptors, indicating that 

these nanovesicles targeted the intimal macrophages via binding to CD36 receptors (Fig. 7).

4. Discussion

We have successfully synthesized liposome-like nanovesicles, which carry KOdiA-PC on 

their surface and can target macrophages via binding to their CD36 receptors. The targeted 

nanovesicles detected not only the lesion location and area, but also macrophage distribution 

and accumulation in the arterial wall. Macrophages are determinant cells in arterial lesion 

formation and progression, and characterize lesion vulnerability [38–40]. Accumulation of 

intimal macrophages positively correlates with lesion size and area [7–9]. Macrophage-

dense inflammation, especially in the shoulder and cap regions, large lipid cores, and thin 

fibrous caps are major characteristics of vulnerable lesions [4, 41–43]. The CD36-targeted 

nanovesicles accurately identified not only the lesion area and size, but also macrophage 

distribution and accumulation, and could provide important information for lesion 

vulnerability. In the LDLr−/− mouse model used in this study, macrophage accumulation 

was particularly rich in the cap and shoulder areas of the lesions.

The target ligand, KOdiA-PC, has been identified in oxLDL isolated from humans. It has a 

high binding affinity to CD36-expressing macrophages, especially intimal macrophages [44, 

45]. Oxidized PC is found on oxLDL and at high concentrations in atherosclerotic lesions of 

animals [25, 46]. Therefore, they are strong candidate ligands for oxLDL binding to 

macrophages. Lesion development and progression increases CD36 expression [15, 16, 20]. 

Increased CD36-mediated oxLDL uptake by intimal macrophages further upregulates CD36 

expression [47]. KOdiA-PC, has been identified in oxLDL and has a high binding affinity to 

the CD36 receptor [25]. In the current work, when nanovesicles carrying KOdiA-PC were 

delivered intravenously into LDLr−/− mice, the target specificity to intimal macrophages 

was strong. These data are consistent with our in vitro results. On the surface of oxLDL, 

hydrophilic head and sn-2 acyl group of KOdiA-PC is protruded from the phospholipid 

membrane into the aqueous phase, resulting in a lipid whisker model [48]. The protruded 

and oxidized sn-2 acyl group that incorporates a terminal γ-hydroxy (or oxo)-α,β-

unsaturated carbonyl is essential for its high binding affinity to the macrophage CD36 

receptor [19, 25, 48–50]. In the current work we mixed KOdiA-PC with PC to make 

targeted nanovesicles, whose surface composition and lipid whisker structure should be 

similar to oxLDL. Their binding affinity to macrophages was then assessed in vitro and in 

vivo. The results indicate that targeted nanovesicles have a higher binding affinity to both 

human and mouse macrophages than non-targeted nanovesicles. Decreased binding affinity 

of targeted nanovesicles to CD36-knockdown macrophages and to macrophages co-

incubating with CD36 antibody or oxLDL indicates that the targeted nanovesicles bind to 
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macrophages via CD36 receptors. The high expression of CD36 receptors in the intimal 

macrophages enhances their affinity for the targeted nanovesicles carrying KOdiA-PC. 

These data are consistent with our in vivo data indicating that targeted nanovesicle signals 

co-localize with CD36 receptors and macrophages in the cross-sections of atherosclerotic 

lesions isolated from LDLr−/− mice. Most importantly, nanovesicle signals are not found in 

non-lesion areas of LDLr−/− and C57BL6J mice. Therefore, our KOdiA-PC nanovesicles 

can migrate into the artery wall and target intimal macrophages via binding to their CD36 

receptors, which allows for not only the detection of atherosclerotic lesion size, surface area 

and location, but also the image of the extent of macrophage infiltration and distribution in 

the lesions.

Nanoparticles have been used to image intimal macrophages and treat atherosclerosis via 

targeted delivery of therapeutic compounds to intimal macrophages. Ultra-small 

superparamagnetic iron oxide (USPIO)-enhanced magnetic resonance imaging (MRI) has 

been widely used to detect intimal macrophages, because of the phagocytotic function of 

macrophages on most foreigners, like iron oxide particles, in the whole body [39, 51]. 

However, concerns have risen for the toxicity and accumulation of iron oxide nanoparticles 

in the body. Incorporation of antibodies on the surface of nanovesicles to target to 

macrophage scavenger receptors has been investigated, but they may increase immune 

reactions and response in the body [52]. Synthetic high-density lipoproteins have also been 

used, but have similar target specificity challenges [53, 54]. Since intimal macrophages and 

foam cells secrete reactive oxygen species, matrix metalloproteinases, cytokines and 

chemokines, express a high level of glucose transporters and scavenger receptors, those can 

be used as potential molecular imaging targets for intimal macrophages and atherosclerotic 

lesions [4, 55]. Other studies detected atherosclerotic lesions via targeting other cells and 

molecules in the lesions, including endothelial cells, vascular smooth-muscle cells, collagen, 

natriuretic peptide receptor C (NPR-C) and so on [4, 56–59].

We used PC to make liposome-like nanovesicles and incorporated KOdiA-PC on the surface 

of nanovesicles. Because these compounds are biocompatible and biodegradable, they 

should have low levels of side effects or toxicity. KOdiA-PC can be incorporated on the 

phospholipid membranes of liposomes or other nanovesicles without using conjugation or 

modification reactions, which are required for conjugating a target peptide or antibody on 

the surface of nanovesicles. Additionally, KOdiA-PC ligand allowed nanovesicles to stay in 

the aortic lesions for a prolonged time, which might indicate a more stable and strong 

affinity to the macrophage CD36 receptor than other small molecule peptides. Our in vitro 

and in vivo data clearly indicate that they can target specifically to intimal macrophages via 

binding to CD36 receptors, whose expression correlates with lesion severity. Ultrasound 

contrast agents, MRI contrast agents, radiotracers, near-infrared fluorescent dyes can be 

loaded into our targeted nanovesicles, which allow us to image intimal macrophages using 

intravascular ultrasound, MRI, computed tomography (CT)/CT angiography, positron 

emission tomography (PET)/single-photon emission CT (SPECT), optical coherence 

tomography, and other imaging modalities [29, 60–64].

We used LDLr−/− mice with advanced atherosclerotic lesions in this study. Non-human 

primates, pig or other predictive animal models with different stages of atherosclerotic 
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lesions will be needed in confirming the experimental results in future studies. Additional 

experiments are required to investigate the pharmacokinetics and pharmacodynamics of the 

targeted nanovesicles and incorporated compounds before translating it to clinical 

application. CD36-targeted nanovesicles carrying KOdiA-PC detected not only the lesion 

location and size, but also lesion macrophage distribution and accumulation, which can 

reveal lesion characteristics and features. This study opens a door for developing many 

innovative strategies for diagnosis, prevention and treatment of atherosclerosis.
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Fig. 1. 
Illustration of CD36-targeted nanovesicle composition, structure and targeting mechanisms 

to intimal macrophages. Targeted nanovesicles in the circulation system migrate into the 

arterial intimal layer, and then target to intimal macrophages via binding to their CD36 

receptors.
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Fig. 2. 
Transmission electron microscope (TEM) images of non-targeted nanovesicles (A) and 

targeted nanovesicles (B) stained by 2% of uranyl acetate.
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Fig. 3. 
The binding and uptake of NBD-labeled nanovesicles by mouse peritoneal macrophages. A, 

Mouse peritoneal macrophages were treated with non-targeted nanovesicles (a) or targeted 

nanovesicles (b); B, Mouse peritoneal macrophages were treated with RPE-labeled anti-

mouse CD36 antibody (λ of excitation is 496 nm, λ of emission is 578 nm) in combination 

with non-targeted nanovesicles (a) or targeted nanovesicles (b). Targeted nanovesicles bind 

to mouse macrophages via CD36 receptors. C, Mouse peritoneal macrophages were 

transfected without (control) or with CD36 siRNA (CD36 knockdown) or scramble siRNA 

(negative control). CD36 siRNA transfection decreased CD36 protein expression in mouse 

peritoneal macrophages; D, The binding and uptake of targeted nanovesicles by control, 

CD36 knockdown, or CD36 negative control mouse peritoneal macrophages. Bar length is 

200 μm. NBD-labeled nanovesicles were green (λ of excitation is 460 nm; λ of emission is 

535 nm). Cell nuclei were stained by DAPI (λ of excitation is 358 nm, λ of emission is 461 

nm) (blue color). Images are representatives of three independent experiments.
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Fig. 4. 
The binding and uptake of NBD-labeled nanovesicles by THP-1 derived macrophages. A, 

THP-1 derived macrophages were treated with non-targeted nanovesicles (a) or targeted 

nanovesicles (b); B, Co-incubation of human minimally oxLDL with either non-targeted 

nanovesicles (a) or targeted nanovesicles (b); C, CD36 protein expression was confirmed 

using RPE-labeled anti-CD36 antibody; D, THP-1 derived macrophages were pre-treated 

with non-targeted or targeted nanovesicles for 30 minutes, then incubated with 40 μg/mL of 

human minimally oxLDL for additional 1.5 hours. Cholesterol content in those macrophages 

was determined using a HPLC system. Data are calculated from three independent 

experiments and expressed as means ± SD, * indicates p<0.05.
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Fig. 5. 
Target specificity of DiR-labeled nanovesicles to atherosclerotic lesions in mice. A&B, In 

vivo images of one pair of C57BL6J mice (A) and 4 pairs of LDLr−/− mice (B) 

intravenously injected with DiR-labeled non-targeted nanovesicles (a) or DiR-labeled 

targeted nanovesicles (b) using an IVIS® Lumina XR imaging system; Arrow heads denote 

hearts, and arrows denote aortas. The liver, spleen, kidneys, and additional abdominal 

organs and tissues were removed for better imaging of aortas. C, Representative images of 

hearts and aortas isolated from the 4th pair of LDLr−/− mice in the panel B using an IVIS® 

Lumina XR imaging system; D, Representative images of DiR signals on the inner surface 

of five lesion areas on the longitudinally opened aortas isolated from the 2nd pair of LDLr−/

− mice in panel B using an EvoS Auto fluorescence microscope. Bar length is 1000 μm. 

(N=4 for each group).
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Fig. 6. 
Target specificity of DiR-labeled nanovesicles to atherosclerotic lesions in cross-sections of 

aortas in mice. A, Representative images from the atherosclerotic lesions of cross-sections in 

LDLr−/− mice and aortic non-lesion areas in C57BL6J mice. Fig. 6A-a and 6A-b-1 were 

obtained from LDLr−/− mice intravenously injected with DiR-labeled non-targeted 

nanovesicles (a) or DiR-labeled targeted nanovesicles (b-1), respectively. Fig. 6A-b-2 was 

obtained from C57BL6J mice intravenously injected with DiR-labeled targeted 

nanovesicles. (N=4 for each group). B, Relative Cy7 signal intensity in the cross-sections of 

arteries isolated from LDLr−/− mice intravenously injected with DiR-labeled non-targeted 

nanovesicles or DiR-labeled targeted nanovesicles was calculated using the NIH ImageJ 

software. Values are the means of relative Cy7 signal intensity of cross-sections of aortas, 

with standard deviations represented by vertical bars. * indicates p<0.05.
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Fig. 7. 
Nanovesicles carrying KOdiA-PC on their surface target to atherosclerotic lesions through 

binding to CD36 receptors of intimal macrophages. Targeted nanovesicles overlay with 

F4/80 and CD36 receptors stained by immunohistochemistry in cross-sections of aortas 

isolated from LDLr−/− mice, which were intravenously injected with nanovesicles without 

(a) or with (b) the target ligand, KOdiA-PC. Images are representative of cross-sections of 

aortas isolated from four mice in each group.
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Table 1

Particle size, zeta potential and polydispersity index of nanovesicles

Characteristics Non-targeted nanovesicles Targeted nanovesicles

Particle size (nm) 100.6 ± 1.3 100.8 ± 0.9

Zeta potential (mV) −22.78 ± 7.3 −20.1 ± 4.6

Polydispersity index 0.09 ± 0.01 0.11 ± 0.06
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