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ABSTRACT 

 
Intimal macrophages are lesion-determinant cells by releasing inflammatory 

factors and taking up oxidized low density lipoprotein (oxLDL) via scavenger 

receptors, primarily the CD36. The presence of macrophages is positively associated 

with lesion progression, severity and destabilization. Hence, intimal macrophages are 

an important diagnostic and therapeutic target.  Epigallocatechin gallate (EGCG) has 

a potential to prevent atherosclerosis through decreasing inflammatory responses 

and cholesterol accumulation in macrophages.  

We have successfully synthesized EGCG encapsulated nanostructured lipid 

carriers (NLCE) and chitosan coated NLCE (CSNLCE) using natural triglyceride, 

surfactant, chitosan and EGCG, and measured their anti-atherogenic bioactivities in 

macrophages in our first study (Chapter III). Nanoencapsulation dramatically 

improved EGCG stability. CSNLCE significantly increased EGCG content in THP-1 

derived macrophages compared with native EGCG. As compared to 10 µM of native 

EGCG, both NLCE and CSNLCE at the same concentration significantly decreased 

macrophage cholesteryl ester content. NLCE and CSNLCE significantly decreased 

mRNA levels and protein secretion of monocyte chemoattractant protein-1 (MCP-1) in 

THP-1 derived macrophages, respectively.   

1-(Palmitoyl)-2-(5-keto-6-octene-dioyl) phosphatidylcholine (KOdiA-PC), a 

major type of oxidized phosphatidylcholines (PC) found on oxLDL, has a high binding 

affinity to oxLDL binding site of the CD36 receptor and participates in CD36-mediated 

recognition and uptake of oxLDL by intimal macrophages. Therefore, KOdiA-PC is a 

natural ligand to target macrophage CD36 receptors and could be incorporated on 

the surface of nanoparticles to form CD36-targeted nanoparticles, which could 

noninvasively assess the distribution and accumulation of intimal macrophages. 

Additionally, targeted delivery of EGCG to intimal macrophages using CD36-targeted 

nanoparticles may prevent atherosclerosis development.  

Since KOdiA-PC is difficult to be incorporated on the surface of 

nanostructured lipid carriers (NLC), we made KOdiA-PC incorporated liposomes, 

investigated their targeting mechanisms to macrophages in vitro, and determined 

their target specificity to intimal macrophages in vivo in the second study (Chapter IV). 
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All in vitro data demonstrated that these targeted liposomes had a high binding 

affinity for the oxLDL binding site of the macrophage CD36 receptor. Intravenous 

administration into LDL receptor null (LDLr-/-) mice of targeted compared to non-

targeted liposomes resulted in higher uptake in aortic lesions. The liposomes co-

localized with macrophages and their CD36 receptors in aortic lesions.  

Since chitosan coated nanostructured lipid carriers (CSNLC) developed in 

chapter III contained a large amount of chitosan (carbohydrate) and triglyceride, 

CSNLC might increase blood glucose and triglyceride concentrations. Liposomes 

developed in chapter IV are not as stable as NLC and CSNLC. Therefore, we 

removed chitosan and replaced triglyceride with (+) alpha-tocopherol acetate to 

synthesize new CD36-targeted nanoparticles, which are composed of PC, surfactant, 

(+)-alpha-tocopherol acetate and KOdiA-PC. We optimized their formulation, 

measured their characteristics, confirmed their CD36-mediated binding mechanism to 

macrophages, loaded EGCG into these ligand (KOdiA-PC) nanoparticles (L-Enano) 

and measured their anti-atherogenic bioactivities in THP-1 derived macrophages in 

our third study (Chapter IV).  Compared to non-targeted EGCG nanoparticles (Enano), 

CD36-targeted L-Enano had significantly higher binding affinity to and uptake by 

THP-1 derived macrophages at the same pattern as oxLDL. CD36-targeted L-Enano 

dramatically improved EGCG stability, increased macrophage EGCG content, 

delivered EGCG to macrophage cytosol and avoided lysosomes. L-Enano 

significantly decreased macrophage mRNA levels and protein secretion of MCP-1, 

but did not significantly change macrophage cholesterol content.  

We measured binding affinity of L-Enano to mouse peritoneal macrophages, 

and determined their anti-atherogenic bioactivities in LDLr-/- mice in the last study 

(Chapter VI). L-Enano compared to Enano had a higher binding affinity to mouse 

peritoneal macrophages.  LDLr-/- mice were treated intravenously with 1XPBS, void 

nanoparticles, native EGCG, Enano and L-Enano at EGCG dose of 25 mg per kg 

body weight weekly for 22 weeks.  L-Enano compared to 1XPBS significantly lowered 

lesion surface areas of aortic arches, lowered liver EGCG content, but did not change 

blood lipid profile, body weight and food intake.  

In summary, our KOdiA-PC nanoparticles can noninvasively assess intimal 

macrophages accumulation and distribution via targeting their CD36 receptors and 
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facilitate targeted delivery of EGCG to intimal macrophages to prevent 

atherosclerosis development.   
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CHAPTER I 

Introduction 

Cardiovascular disease (CVD) is the leading cause of death in the United 

States (1, 2). About 50% of the CVD death is caused by atherosclerosis (3, 4). Lipid 

accumulation and increased inflammatory responses mainly contribute to 

atherosclerotic lesion formation (5, 6). Monocyte chemoattractant protein 1 (MCP-1) 

is the most important inflammatory factor to actively recruit blood monocytes into the 

intimal layers of arteries (7, 8). Those monocytes in the intimal layers are stimulated 

by macrophage colony stimulating factor and further differentiated into macrophages, 

which express scavenger receptors for binding and taking up oxidized low density 

lipoprotein (oxLDL). After uptake of oxLDL, macrophages accumulate cholesterol and 

are transformed into foam cells, which are the hallmark of atherosclerosis. 

Macrophages and foam cells release inflammatory factors, especially MCP-1, which 

can recruit more monocytes into the intimal layer and amplify the local inflammatory 

responses.  

CD36, an integral membrane protein, belongs to class B scavenger receptors. 

Intimal macrophages in blood vessel walls express scavenger receptors including the 

CD36 receptor for taking up oxLDL through binding to oxidized phospholipids on the 

surface of oxLDL (9-12). CD36 receptor expression correlates with lesion severity 

(13). 1-(Palmitoyl)-2-(5-keto-6-octene-dioyl) phosphatidylcholine (KOdiA-PC) is a type 

of oxidized PC found on oxLDL in humans and research animals (14, 15).  Among all 

oxidized PC, KOdiA-PC has a potent binding affinity to the oxLDL binding site of the 

CD36 receptor and participates in CD36-mediated recognition and uptake of oxLDL 

by macrophages (16). Therefore, KOdiA-PC is a natural ligand for targeting to the 

intimal macrophage CD36 receptor. 

EGCG is a type of green tea catechins (17, 18) and has a potential to 

decrease cholesterol accumulation and inflammatory responses in intimal 

macrophages, which may in turn prevent atherosclerosis development (19-22). When 

apolipoprotein E null (apoE-/-) mice were given a daily dose 10 mg of EGCG per kg 

body weight for twenty one days through intraperitoneal injection, cuff-induced 

evolving atherosclerotic lesion size was reduced by 55% (23). Human studies have 
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already shown that EGCG has beneficial effects for cardiovascular health, but the 

evidence is inconclusive (24-26). The major reasons are EGCG’s low stability and 

bioavailability, and high toxicity (26). Moreover, the oral bioavailability of EGCG is 

about 0.1% in humans and research animals (27, 28). Nanotechnology could 

increase EGCG bioavailability and stability; reduce its toxicity through preventing 

EGCG from prematurely contacting with the biological environment, promoting its 

intracellular penetration and sustained EGCG release (29, 30). 

   

Figure 1. The binding mechanism illustration of non-targeted and CD36-

targeted nanoparticles to macrophages.  

 Overall, we will incorporate KOdiA-PC as a CD36 target ligand on the surface 

of nanoparticles to form CD36-targeted nanoparticles, which can assess the 

distribution and accumulation of intimal macrophages in lesions and deliver 

nanoencapsulated EGCG to intimal macrophages to prevent atherosclerosis (Figure 
1). 
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Figure 2. Dissertation structure.  

In this dissertation, three nanoparticle systems were used (Figure 2):  

1) EGCG encapsulated nanostructured lipid carriers (NLCE) and chitosan 

coated NLCE (CSNLCE). NLCE and CSNLCE in chapter III were taken up by THP-1 

derived macrophages via non-targeted mechanisms, and had anti-atherogenic effects 

in THP-1 derived macrophages.  

2) CD36-targeted liposomes. KOdiA-PC as a CD36 target ligand was 

incorporated on the surface of liposomes to form CD36-targeted liposomes in chapter 

IV, which target to intimal macrophages to disclose lesion size in LDLr-/- mice.   

3) KOdiA-PC/ligand-incorporated EGCG-loaded nanoparticles (L-Enano). In 

chapter V, CD36-targeted L-Enano had significantly high binding affinity to and 

uptake by THP-1 derived macrophages, significantly decreased inflammatory 

expression in THP-1 derived macrophages. In chapter VI, L-Enano had a high 

binding affinity to and uptake by mouse peritoneal macrophages and decreased 

lesion surface areas of aortic arches in LDLr-/- mice.   

We want to emphasize that the liposomes in chapter IV is composed of only 

PC, which are different from traditional liposomes made of PC and cholesterol. In the 

dissertation, the ligand we used is KOdiA-PC.  

Specific aims and hypotheses  

There are four specific aims in the dissertation.  
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Aim 1: Determine characteristics of NLCE and CSNLCE and assess their 
anti-atherogenic effects in THP-1 derived macrophages (Figure 3).  

Our hypotheses are that NLCE and CSNLCE will significantly increase EGCG 

stability, improve EGCG sustained release pattern, decrease macrophage cholesterol 

content and lower macrophage MCP-1 expression and release. The detailed 

information is in chapter III, our published paper (31). 

    

Figure 3. Research design in solid-line text box and results in dashed-line text 

box for aim 1 in chapter III (31).   
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Aim 2: Detect atherosclerotic lesions and intimal macrophages using 
CD36-targeted liposomes (Figure 4).  

Our hypotheses are that CD36-targeted liposomes will have a high binding 

affinity to the oxLDL binding site of macrophage CD36 receptor, and detect the 

distribution and accumulation of intimal macrophages in LDLr-/- mice. The detailed 

information is in chapter IV. 

 

 

 Figure 4. Research design in solid-line text box and results in dashed-line text 

box for aim 2 in chapter IV.  
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Aim 3: Determine formulation, characteristics and anti-atherogenic 
bioactivities of CD36-targeted EGCG-loaded nanoparticles in THP-1 derived 
macrophages (Figure 5).  

Our hypotheses are that L-Enano will increase EGCG stability, improve 

sustained release pattern, and decrease cholesterol accumulation and MCP-1 

expression and release through targeted delivery of EGCG to THP-1 derived 

macrophages. The detailed information is in chapter V. 

 

 

   

Figure 5. Research design in solid-line text box and results in dashed-line text 

box for aim 3 in chapter V.  
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Aim 4: Determine target mechanism in mouse peritoneal macrophages 
and anti-atherogenic effects of L-Enano in LDLr-/- mice (Figure 6).    

Our hypotheses are that L-Enano will have a high binding to and uptake by 

mouse peritoneal macrophages via CD36-mediated binding mechanism and have 

anti-atherosclerotic activities in LDLr-/- mice. The detailed information is in chapter VI.   

 

   

Figure 6. Research design in solid-line text box and results in dashed-line text 

box for aim 4 in chapter VI. 
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CHAPTER II 

Literature Review 

Detection and treatment of atherosclerotic lesions using macrophage 
targeted nanoparticles  

Key and current process in atherosclerosis development 

Atherosclerosis is a disease that lipids, primarily cholesterol, built up in the 

wall of medium and large arteries, resulting in a narrowed and obstructed arterial 

lumen (1). The structure of arteries from the inner cavity to the outermost layer is 

lumen, an intimal layer composed of a monolayer of endothelial cells and intima, a 

media layer composed of multiple layers of smooth muscle cells and connective 

tissues, and an adventitia layer composed of connective tissues (2). Research in the 

past century demonstrated cholesterol accumulation in the arterial wall majorly 

caused atherosclerosis (1). In the past decade, preclinical and clinical researches 

have proved that inflammation integrated with dyslipidemia had a central role in the 

development of atherosclerosis (3). The inner monolayer of endothelial cells controls 

permeability of blood vessel walls, and inhibits leukocyte and platelet adhesion and 

blood clotting (4). Atherogenic stimuli such as hyperlipidemia, especially 

hypercholesterolemia and/or hyperglycemia promote the expression of adhesion 

molecules, disrupt the monolayer structure of endothelial cells, increase blood vessel 

wall permeability,  and increase vascular inflammation (1). Specifically, high levels of 

low density lipoprotein (LDL) cholesterol in the circulation activated endothelial cells 

and platelets, which express leukocyte adhesion molecules such as vascular cell 

adhesion molecule 1 (VCAM-1), P-selectin, E-selectin, intercellular adhesion 

molecule 1 (ICAM-1) and leukocyte chemokines, especially monocyte 

chemoattractant protein 1 (MCP-1) (5). In the early phase of atherosclerotic lesion 

formation, monocytes as critical leukocytes are attached to the endothelial cells via 

binding to the above adhesion molecules (3). Chemokines, especially MCP-1, direct 

monocytes migration into the intimal layer and differentiated into macrophages upon 

stimulation by macrophage colony stimulating factor. Lesion-resident macrophages 

recruit more monocytes into the evolving intimal lesion (1). Intimal macrophages 
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highly express macrophage scavenger receptors (MSR) including the CD36 receptor, 

MSR1/CD204, lectin-like oxidized LDL receptor-1 (LOX-1), macrophage receptor with 

collagenous structure (MARCO), phosphatidylserine receptors and others, which are 

involved in receptor-mediated uptake of LDL cholesterol, oxidized LDL cholesterol 

and foreign substances (6, 7). In hypercholesterolemia, intimal macrophages 

overwhelmed by cholesterol are transformed into foam cells. After foam cells die from 

apoptosis and necrosis, the cholesterol-rich lesion core is formed. The persistent 

vascular inflammation further activates smooth muscle cells to migrate into intima and 

undergo proliferation followed by release of some extracellular matrix proteins such 

as elastin and collagen to increase lesion complexity (8). New blood vessels grow 

into media and intima in arteries to reach the lesion core to supply enough oxygen 

and nutrients, also called neoangiogenic process (8).  

In the late stage of atherosclerosis, there are three major types of lesions in 

fatal myocardial infarction: vulnerable atherosclerotic lesions accounting for ~70% of 

myocardial infarction; lesion erosion accounting for ~20-25% of myocardial infarction; 

intra-lesion hemorrhage accounting for the rest. The vulnerable lesion has a thin 

fibrous cap (thickness <55-65 µm) and large lipid core (>40% of lesion volume) (9). 

Proteinases and prothrombotic molecules elevated by inflammation can break the 

fibrous cap, which results to thrombus formation. Since atherosclerosis is a silent and 

progressive disease, current detection, preventive and therapeutic techniques cannot 

easily, safely and effectively detect, prevent and treat atherosclerosis, especially at 

the early stage. Nanotechnology provides a promising opportunity for molecular 

imaging of atherosclerosis,  targeted delivers of therapeutic and theranostic 

compounds to disease cells or tissues (10). Theranostic nanoparticles combined 

diagnosis and therapy in an all-in-one  platform, which involves multimodal imaging 

and targeted delivery of the treatments (11).    

Imaging atherosclerotic lesions in different platforms 

Structural imaging of atherosclerosis Several advanced imaging modalities 

have been used in detection, prevention and treatment of atherosclerosis before 

myocardial infarction and stroke occur (12). Generally they include noninvasive and 

invasive imaging approaches. Magnetic resonance imaging/angiography (MRI/MRA) 

is a commonly used noninvasive method, which utilizes gadolinium (Gd) 
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chelates/nanoparticles, superparamagnetic iron oxide probes (SPIO), ultrasmall 

superparamagnetic iron oxide (USPIO) as contrast enhancement with resolution of 

10-100 µm to visualize the structure of atherosclerotic lesions (13). Computed 

tomography (CT)/CT angiography is a noninvasive method utilizing iodinated 

molecules as imaging moieties and high-resolution X-ray as technology with 

resolution of 50 µm for clinical or preclinical imaging (14). Positron emission 

tomography (PET)/Single-photon emission computed tomography (SPECT) as 

noninvasive approach is increasingly popular by using imaging moieties such as 18F, 
64Cu, 11C Tracers/ 99mTc,123/124/125/131I, 111In tracers and nuclear technology with 

resolution of ~2 µm (14). For invasive imaging, there are angiography (X-ray-based 

fluoroscopy and iodinated molecules as contrast agent), optical coherence 

tomography (OCT)/optical frequency domain imaging (OFDI), optical angioscopy, 

intravascular ultrasound (6).   

Functional imaging of atherosclerosis Generally structural imaging 

modalities can show a vascular structure including the lesion volume and cap 

thickness. However, imaging of molecular composition in lesions can provide some 

insights into lesion vulnerability and progression to predict atherosclerotic events. 

Molecular targets in imaging atherosclerotic lesions include adhesion molecules (i.e., 

VCAM-1, ICAM-1, E-selectin, P-selectin), phagocytic activities, lipoproteins (i.e. 

oxidized LDL), macrophages and foam cells via their receptors (i.e., CD36, LOX-1, 

MSR1), oxidative stress (oxidized epitopes), cell death (phosphatidylserine on cell 

membrane), proteinases and their activities (i.e., collagen, matrix metalloproteinases, 

cathepsins), neoangiogenesis (αvβ3 integrin), osteogenesis (Ca++ hydroxyapatite) 

and thrombosis (i.e., glycoprotein IIb/IIIa, fibrin, factor XIII), which are detected by 

MRI, PET/SPECT, CT, optical near infrared fluoroscopy (NIRF) (7, 8, 10, 12, 14-24). 

Nanoparticles can carry contrast agents and/or drugs, and detect and/or treat 

atherosclerosis via targeted delivery of them to atherosclerotic lesions.  

Biodistribution/pharmacokinetics of nanoparticles  

Nanoparticles’ pharmacokinetics includes absorption, metabolism, 

bioavailability and distribution (14). The distribution of nanoparticles involves organ 

distribution, cellular uptake, and organelle interaction, and depends on size, 

composition, surface properties (i.e., target ligand, charge), and circulation 

environments. 
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Nanoparticle size affects organ distribution If nanoparticles are small 

(Diameter as D<8 nm) and they are given by intravenous administration, most of 

them are distributed mainly in kidneys and lymph nodes, and are rapidly cleared by 

kidneys (15). If nanoparticles are medium (D~10-300 nm), they are considerably 

distributed in macrophage-rich organs, such as liver, spleen, lymph nodes, bone 

marrow, and cleared by the mononuclear phagocyte system. Particles (D~500 nm) 

will accumulate in spleen and liver (6). If particles are large (D>1000 nm),  they will be 

predominantly distributed in lungs, liver and capillaries (14). Most preclinical and 

clinical nanoparticles used in atherosclerosis diagnosis and treatment are medium 

size and can be easily removed by the mononuclear phagocyte system. Those 

nanoparticles accumulate mainly in the liver, but not in atherosclerotic lesions. This 

rapid clearance of nanoparticles by the liver can be avoided by adding polyethylene 

glycol (PEG) or alternative hydrophilic polymers on their surface to achieve a 

prolonged circulation time (15).  

Nanoparticle cellular uptake Nanoparticles enter cells primarily through 

endocytosis. Endocytosis is an energy-dependent process for cells to take up non-

viral vectors such as nanoparticles. Endocytosis includes phagocytosis taking up 

solid particles, pinocytosis taking up fluid, and receptor-mediated endocytosis (8). 

Nanoparticles with D>100 nm are taken up by phagocytosis, and the cellular uptake 

of D<100 nm may involve predominantly phagocytosis, actin-dependent 

macropinocytosis or lectin receptor-mediated macropinocytosis (6, 8, 12, 14).  

Two majorly nonspecific binding forces are interaction of hydrophobic domain 

between nanoparticles and cells, and cationic nanoparticles binding to cellular 

negative surfaces (6, 14, 25). Target ligand-receptor binding can dramatically 

promote cellular uptake of nanoparticles. Most nanoparticles such as lipid-, polymer- 

or dextran-coated nanoparticles were taken up not only by circulating monocytes and 

macrophages in liver, spleen, bone marrow, lymph nodes, kidneys, vessels, but also 

by rapidly dividing cells (14).  

Surface charge affects cellular uptake The surface of nanoparticles can be 

modified with cationic or anionic molecules. Nanoparticles having polycationic 

polyethyleneimine (PEI) or chitosan on their surface are positive charged. They can 

bind with anionic residues of cell surface and enter cells through endocytosis (14). If 
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cationic density of nanoparticle is too high, increased nanoparticles uptake may break 

the cell membrane’s integrity resulting in membrane thinning and leakage to induce 

cytotoxicity (6). One recent study showed nanoparticles with negative charge 

efficiently targeted to inflammatory monocytes and accumulated in spleen, so 

inflammatory monocytes would experience apoptotic clearance (16). The uptake 

mechanism is through macrophage receptor with collagenous structure and 

scavenger receptor similar to bacteria uptake (16). 

Molecular imaging of macrophage targeted nanoparticles in 
atherosclerosis 

Macrophages are present in most mammalian tissues, but in different 

amounts in different tissues. Macrophages in atherosclerotic lesion are from primitive 

macrophages, bone marrow, and spleen. Bone marrow and spleen release 

monocytes originating from haematopoietic stem and progenitor cells (HSPCs). 

Monocytes can also be transferred from bone marrow to spleen (14). Monocytes 

migrate to atherosclerotic lesions from peripheral blood and differentiate into tissue 

specific macrophages, which are predominant leukocytes in atherosclerotic lesions 

(3). Macrophages promote the pathogenesis of atherosclerotic lesions from initiation 

to progression to advanced lesions, which contribute to stroke and myocardial 

infarction. Intimal macrophage imaging as a branch of functional imaging of 

atherosclerosis is crucial. 

Macrophage imaging    

MRI is most commonly used (>80%) for in vivo identification and detection of 

macrophage-eaten nanoparticles in preclinical and clinical research (Table 1), 

followed by PET and CT. Although fluorescence imaging cannot be used in clinical 

research because of short penetration of optical imaging, it is a good approach to 

explain molecular mechanisms in basic research (8). Magnetic nanoparticles in MRI 

usually contain iron cores such as magnetite (Fe3O4), maghemite (γ-Fe2O3) and iron 

element modified with hydrophilic surface coating such as dextrans (most commonly), 

carboxydextran, carboxymethylated dextran, chitosan, starches, polyvinyl alcohol, 

PEG, polylactic-co-glycolic acid, polymethyl methacrylate, polyacrylic acid and 

polyvinyl pyrrolidone (12). Generally, there are two major types of nanoparticles: 
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superparamagnetic iron oxide (SPIO) nanoparticles with size more than 50 nm and 

ultrasmall SPIO (USPIO) nanoparticles with size 18 nm to 50 nm (26).   

Passively and actively targeting macrophages  

The ability to identify and image macrophages in inflamed lesions may help to 

monitor atherosclerosis development including vulnerable lesions’ identification, 

lesion rupture prediction and therapeutic evaluation. Targeting macrophages can 

dramatically enhance macrophage identification. Nanotechnology in combination with 

MRI, PET, and CT is an effective approach for macrophage targeted identification 

and treatment. Nanoparticles can be taken up by macrophages through naturally 

occurring endocytosis (passive target) and a receptor-mediated mechanism (active 

target). There are some critical requirements in developing macrophage-targeted 

nanoparticles in both ligands on the surface of nanoparticles and receptors on 

macrophages: 1) target receptors have relatively high expression in atherosclerotic 

vessels and low expression in normal organs; 2) target ligands are well understood; 

2) target specificity, organ distribution and pharmacokinetics of nanoparticles are well 

studied. 3) safety issues from various aspects are well examined.    

Macrophages express many phagocytic receptors such as scavenger 

receptors (CD36, MSR1/CD204), phosphatidylserine receptor, integrins, Fc receptors, 

mannose receptors and others (10). Since macrophages have phagocytic activities, 

they can take up nanoparticles as foreign substances so called passive target such 

as most of dextran nanoparticles in table 1 and 2. The biocompatible nanoparticles 

could be modified with different ligands that dramatically increase their uptake by 

macrophages such as 1) peptides that mimic apolipoprotein A-1 in high density 

lipoprotein (HDL) and peptidic MSR1 ligand (18, 24); 2) antibodies include CD36 

antibodies, oxidized LDL antibodies recognizing oxidation-specific epitopes and 

CD204 antibodies (19, 20, 22); 3) phospholipids include oxidized phospholipids highly 

binding to CD36 and phosphatidylserine recognizing phosphatidylserine receptors on 

macrophages (7). The table 1 list detailed information about different types of 

nanoparticles, platform, and molecular target receptors in preclinical and clinical 

research.  

Macrophage treatment Macrophage targeted therapy has an important role 

in decreasing inflammatore responses and improving lipid profiles. Generally, 

macrophage-targeted nanoparticles or nanoparticles mimicking HDL carrying statins, 
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corticoids, small interfering RNA (siRNA), polyphenols can decrease LDL-cholesterol 

levels in the circulation or inflammatory response, or make macrophage ablation or 

apoptosis (Table 2). Statin-loaded HDL has anti-inflammatory effects on 

macrophages of atherosclerotic lesions in apolipoprotein E null (apoE−/−) mice  (24). 

Corticoid is an anti-inflammatory drug but has low bioavailability and high side effects. 

However, glucocorticoids PEG-liposome nanoparticles can overcome the problem 

and decreased inflammation in atherosclerotic lesions (27). Inflammation in 

macrophages can also be decreased by siRNA nanoparticles to silence expression of 

C-C chemokine receptor type 2 (CCR2)/monocyte-recruiting receptor (28), tumor 

necrosis factors (TNFs) (29), apolipoprotein B (30, 31). Nanotechnology could 

enhance siRNA stability and bioavailability, allow their targeted delivery, prevent them 

from prematurely contacting with the biological environment and promote their 

sustained release. A light-sensitive nanoparticle (32) and photo-thermally activated 

single-walled carbon nanoparticles (33) can passively target macrophages and make 

them apoptosis by light and heat stimulation to decrease inflammation in 

atherosclerotic lesions. Research also showed negatively charged immune-modifying 

nanoparticles can bind to macrophage receptors with collagenous structure and direct 

inflammatory monocytes/macrophages to migrate to spleen to undergo programmed 

cell death (16). Our group utilized oxidized phospholipids as ligands incorporated on 

the surface of nanoparticles to actively bind to the CD36 receptor on macrophages, 

which may facilitate early lesion detection and delivery of therapeutic compounds to 

intimal macrophages via this targeted delivery system. 

Targeting intimal macrophages to attenuate inflammation and atherosclerotic 

lesions also has limitation. Since any nanoparticles as foreign substances can be 

digested by monocytes in blood circulation and macrophages in tissues, the targeting 

specificity is limited.  



Texas Tech University, Jia Zhang, December 2015 

18 

Table 1. Detection of atherosclerotic lesion using macrophage-targeted technique. 
 
Molecular 
target 
receptors 

Nanoparticles Imaging 
platforms 

Animal model, dose 
and administration 
route 

Results Year and 
reference 

CD36 

Liposome-like 
nanoparticles modified 
with oxidized 
phospholipids 

Near infrared 
in vivo IVIS®  
imaging 
system 

LDLr-/- mice; 0.5 
µmol total 
phospholipids per 
mouse; I.V. 

1) Targeted compared to non-targeted nanoparticles 
resulted in higher uptake in aortic lesions (in vivo); 
2) nanoparticles co-localized with macrophages and 
their CD36 receptors in aortic lesions (in vivo); 3) 
targeted nanoparticles had a high binding affinity for 
the oxLDL binding site of the CD36 receptor on 
macrophages (in vitro). 

unpublished 
from our 
group 

LOX-1 
131I-labelled LOX-1-
targeted USPIOs; ligand 
is LOX-1 antibody 

MRI 

ApoE−/− mice; 30 
μCi of 131I-labelled 
LOX-1- targeted or 
untargeted USPIOs; 
I.V. 

1) In vitro analysis showed the highest uptake of 
targeted USPIOs in only activated RAW264.7 
macrophages, and in vivo MRI studies showed 
USPIOs targeted carotid atherosclerotic lesions. 2) 
colocalization of the LOX-1/macrophages and 
targeted nanoparticles. 3) targeted nanoparticles 
characterizing vulnerable atherosclerotic lesions 

2014 (17) 

Infiltrating 
macrophages 
in myocardial 
infarction 

USPIOs  MRI 

Patients with an 
acute myocardial 
infarction;  17 mL 
USPIOs containing 
510 mg Fe; I.V. 

In humans, USPIO-based contrast agents enable a 
more detailed characterization of myocardial infarct 
pathology mainly by detecting infiltrating 
macrophages 

2013 (34) 

MSR1 
USPIOs conjugated to a 
peptidic ligand targeting 
MSR1 

MRI ApoE−/− mice; Fe, 
250 μmol/kg; I.V. 

1) MSR1–targeted USPIOs displayed a 3.5-fold 
accumulation (P=0.01) in atherosclerotic lesion 
compared with untargeted; 2) MSR1–targeted 
USPIOs is promising for in situ detection of 
inflammatory lesions 

2013 (18) 

oxLDL 
extracellularly 

Lipid-coated USPIO 
nanoparticles (LUSPIOs) 
modified with oxLDL 
antibody 

MRI 
ApoE−/− mice; Fe 
3.9 mg /kg of 
LUSPIOs; I.V.   

LUSPIOs targeted to oxidation-specific epitopes to 
image and detect atherosclerotic lesions  2011 (22) 

Macrophages 

Nanoparticles bearing the 
LyP-1 peptide; ligand is 
macrophage targeted 
peptide, LyP-1  

Maestro™ in-
vivo imaging 
system 

Carotid-ligated mice 
to create 
macrophage-rich 
atherosclerotic 
lesions; 8 nmol of 
dye Cy5.5 per 
mouse; I.V. 

1) Protein cage, LyP-nanoparticle, enhanced affinity 
to macrophage in vitro and in vivo; 2) visualization of 
macrophage-rich murine carotid lesions by in situ 
and ex vivo fluorescence imaging 

2011 (35) 
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Table 1. Continued 
Molecular 
target 
receptors 

Nanoparticles Imaging 
platforms 

Animal model, dose 
and administration 
route 

Results Year and 
reference 

Macrophages 
Monocrystalline iron 
oxide nanoparticles-47 
(MION-47) 

MRI 

New Zealand white 
rabbits after balloon 
injury; Fe 10 mg/kg,  
40 mg Fe per rabbit; 
I.V. 

1) Iron accumulation with immunoreactive 
macrophages in atheromata; 2) MRI signal can 
assess macrophage burden in atheromata, identify 
inflamed lesions and monitor therapy-mediated 
changes in lesion inflammation. 

2010 (36) 

Macrophages USPIOs MRI 

Patients with carotid 
stenosis>40% took 
USPIOs 2.6 mg/kg 
first at baseline and 
then after orally took 
80 mg atorvastatin 
daily for 12 weeks; 
I.V. 

1) Atorvastatin can decrease inflammation in 
patients with atherosclerotic lesions; 2) USPIO-
enhanced MRI may assess anti-inflammatory 
effects. 

2009 (37) 

CD36 

Gd-containing lipid-
based nanoparticles 
modified with CD36 
antibody 

MRI  

Human aortic 
specimens (ex vivo); 
Gd 1 mM 
nanoparticles 

1) Macrophage-specific (CD36) nanoparticles bind 
human macrophages and improved MRI detection 
and characterization of human aortic 
atherosclerosis. 2) macrophage-specific 
nanoparticles help identify high-risk human lesion 
prior to the development of an atherothrombotic 
event. 

2009 (19) 

Macrophages Inert nanoemulsions of 
perfluorocarbons (PFCs) 

Fluorine MRI 
(1H/19F) 

C57BL/6 with cardiac 
and 
cerebral ischemia; 
500 µL of 10% 
PFC emulsion; I.V. 

PFCs can serve as enhancing contrast agent for 
the detection of inflammation by MRI 2008 (38) 

Accumulate in 
macrophages 
after targeting 
oxLDL 
extracellularly 

Micelles containing Gd 
and murine (MDA2 and 
E06) or human (IK17) 
antibodies that bind 
unique oxidation-specific 
epitopes 

MRI 
ApoE−/− mice; 
micelles Gd 0.075 
mmol /kg ;  I.V. 

1) MDA2 and IK17 micelles enhanced arterial wall 
uptake at 72 hours and E06 micelles at 96 hours by 
125% to 231% compared with adjacent muscle IgG 
micelles; 2) MDA2, IK17, and E06 micelles 
accumulated within atherosclerotic lesions and 
specifically within macrophages; 3) free MDA2 
compete with MDA2 micelles to diminish MRI 
signal. 

2008 (23) 

CD204  
Gd-carrying 
immunomicelles modified 
with CD204 antibody 

MRI and 
fluorescence 
imaging 

ApoE−/− and wild 
type mice  

1) Immunomicelles provided a 79% increase in 
signal intensity of atherosclerotic aortas in apoE -/- 
mice compared with only 34% using untargeted 
micelles; 2) immunomicelles detect high 
macrophage content associated with lesions 
vulnerable to rupture. 

2007 (20) 
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Table 1. Continued 
 
Molecular 
target 
receptors 

Nanoparticles Imaging 
platforms 

Animal model, dose 
and administration 
route 

Results Year and 
reference 

Macrophages Magnetofluorescent iron 
oxide nanoparticle  

Fluorescence 
tomography 
and MRI 

C57BL/6 mice in  
infarcted 
myocardium; Fe 3 to 
20 mg /kg; I.V.  

Noninvasive imaging of myocardial macrophage 
infiltration taken by both fluorescence tomography 
and magnetic resonance imaging 

2007 (39) 

CD204 

Micelles conjugated with 
CD204 antibodies 
modified with quantum 
dot, rhodamine and Gd 

MRI ApoE−/− mice; Gd 
0.075 mmol /kg; I.V. 

1) Macrophages in apoE-/- mice can be effectively 
and specifically detected by molecular MRI and 
optical methods; 2) pronounced signal 
enhancement up to 200% was observed injected 
with CD204-targeted micells than untargeted 
micells. 

2007 (21) 

Macrophages 

Dextran-coated near-
infrared 
magnetofluorescent 
nanoparticles (MFNP) 

MRI and 
fluorescence 
imaging 

ApoE−/− mice; Fe 15 
mg/kg; I.V. 

1) Dextranated MFNP preferentially target 
macrophages; 2) MFNP deposition in murine 
atheroma can be noninvasively detected by MRI. 

2006 (40) 

Macrophages USPIOs MRI Patients; Fe 2.6 
mg/kg; I.V. 

Accumulation of USPIOs in macrophages in 
predominantly ruptured and rupture-prone human 
atherosclerotic lesions caused signal decreases in 
MRI. 

2003 (41) 

 
LDLr-/-: LDL receptor null 
USPIOs: USPIO nanoparticles 
/kg: per kg body weight  
Gd: Gadolinium 
oxLDL: oxidized low density lipoprotein 
I.V.: intravenous injection   
LyP-1: a nine residue peptide shown to target macrophages  
 
 
 
 
 



Texas Tech University, Jia Zhang, December 2015 

21 

 
Table 2. Treatment of atherosclerotic lesion using macrophage targeted nanoparticles.  
 
Molecular target 
receptors Nanoparticles Imaging 

platforms 

Animal model, drug 
dose and 
administration route 

Results Year and 
reference 

Monocytes/macro   
phages 

Immune-modifying nanoparticles 
(IMPs), derived from 
polystyrene, microdiamonds and 
biodegradable poly(lactic-
coglycolic) acid 

 

C57BL/6 with 
myocardial infarction; 
nanoparticles 1.4 
mg/kg; I.V. 

1) IMPs are taken up by inflammatory 
monocytes; 2) negatively charged IMPs bind to 
inflammatory monocytes, direct them to spleen 
where they undergo programmed cell death. 

2014 (16) 

Macrophages 

1) Zirconium-89 radiolabeling 
dextran nanoparticle (89Zr-DNP); 
2) DNP modified with a near-
infrared fluorochrome (VT680) 
for microscopy; 3) DNP loaded 
with CCR 2 siRNA 

PET/MRI/
Fluoresce
nce 
imaging 

ApoE−/−  mice; I.V. 

1) DNP uptake predominantly in monocytes 
and macrophages (76.7%) and in other 
leukocytes (12.5%); 2) PET/MRI revealed high 
uptake of 89Zr-DNP in the aortic root of apoE−/− 
mice; 3) therapeutic silencing of the monocyte-
recruiting receptor CCR2 decreased 89Zr-DNP 
lesion signal; 4) hybrid PET/MRI DNP  enables 
noninvasive assessment of atherosclerotic 
inflammation 

2013 (42) 

Macrophages 
Single-walled carbon nanotubes 
(SWNT) modified by near 
infrared fluorescence dye, Cy5.5  

Carotid-ligated mice to 
create macrophage-
rich atherosclerotic 
lesions; 8 nmol of 
Cy5.5 per mouse, 0.6 
nmol of SWNT per 
mouse; I.V. 

1) Higher SWNT signal intensity in 
ligated carotids; 2) colocalization of SWNT-
Cy5.5 and macrophages in atherosclerotic 
lesions; 3) light (808 nm) induce macrophage 
apoptosis in ligated carotid arteries with SWNTs, 
but not in control groups without SWNTs or 
without light exposure. 

2012 (33) 

Phosphatidylserin
e( PS) receptor on 
macrophages 

PS-presenting liposomes 
containing iron oxide MRI 

Rat; 150 µL of 0.06 M 
PS-presenting 
liposomes 
or PS-lacking 
liposomes; I.V. 

1) PS-presenting liposomes mimic the anti-
inflammatory effects of apoptotic cells; 2) 
following PS-liposome uptake by macrophages, 
the cells secreted high levels of anti-
inflammatory cytokines, upregulated mannose 
receptor—CD206, concomitant with 
downregulation of proinflammatory markers. 

2011 (7) 

Monocytes/macro
phages 

Lipid nanoparticle-encapsulated 
CCR2-silencing RNA (siRNA) CT 

ApoE−/− mice; 0.5 
mg/kg/day of CCR2 
siRNA, twice a week 
for 3 weeks; I.V. 

1) CCR2 mRNA degradation in monocytes 
prevents their accumulation in sites of 
inflammation; 2) attenuate their number in 
atherosclerotic lesions, reduces infarct size after 
coronary artery occlusion; 3) nanoparticle show 
rapid blood clearance, accumulate in spleen and 
bone marrow, and colocalize to monocytes. 

2011 (28) 
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Table 2. Continued 

Molecular target 
receptors Nanoparticles Imaging 

platforms 

Animal model, drug 
dose and 
administration route 

Results Year and 
reference 

Macrophages Liposome-encapsulated 
prednisolone phosphate (L-PLP) 

18F-FDG-
PET/CT; 
MRI 

Rabbit; 15 mg/kg 
PLP; I.V. 

1) Non-invasive and clinically approved 
imaging techniques to monitor delivery; 2) 
compared with free PLP, L-PLP had 
significantly higher anti-inflammatory effects. 

2010 (27) 

Macrophages 

Dextran coated iron oxide 
nanoparticles modified with a 
near infrared fluorescence dye 
(detection), as well as a potent 
chlorin-based photosensitizer 
(treatment) 

MRI 

ApoE−/− mice; 10 mg 
Fe/kg in 1XPBS 
(detection);  
chlorin 6 5mg/kg 
(treatment); I.V. 

1) Nanoparticles localized within macrophage-
rich atherosclerotic lesions; 2) eradication of 
inflammatory macrophages by photosensitizer 
nanoparticles; 3) induce lesion stabilization. 

2010 (32) 

Macrophages 

β 1,3-D-Glucan-encapsulated 
siRNA nanoparticles (GeRPs) 
silent tumour necrosis factor α 
(TNFα)  

 

C57BL/6 mice; 
GeRPs containing 20 
µg/kg siRNA; Oral 

1) GeRPs targeted macrophages in intestinal 
wall Peyer’s patches and then delivered siRNA 
to macrophages in mice via β 1,3-D-glucan-
receptor or dectin-1 mediated pathway; 2) 
inhibit TNFα and interleukin-1β production. 

2009 (29) 

HDL 
nanoparticles      

Macrophages Reconstituted HDL (rHDL) 
loaded with statin or Gd MRI 

ApoE−/− mice; Gd 50 
mmol/kg of in rHDL, 
15mg/kg statin as low 
dose; 60mg/kg statin 
as high dose;  I.V.  

1) Statin-rHDL target macrophage and 
accumulate in atherosclerotic lesions; 2) 3 
month low-dose statin-rHDL inhibited lesion 
inflammation progression, 1-week high-dose 
markedly decreased inflammation in advanced 
atherosclerotic lesions. 

2014 (24) 

Macrophages 

HDL mimic containing core, 
diagnostically active quantum 
dots (QDs) coated with 
poly(lactic-co-glycolic acid), 
cholesteryl oleate, and a 
phospholipid bilayer decorated 
with cations 
triphenylphosphonium (TPP), 
apo A-I mimetic peptide and 
PEG 

Optical 
imaging 

Rats; TPP-HDL-
apoA-I-QD NP; 80 
μg/kg with respect to 
QD, 10 mg/kg with 
respect to total 
nanoparticles;  I.V. 

1) In vitro studies indicated the potential 
of nanoparticles in reverse cholesterol 
transport; 2) nanoparticles in rats decreased 
triglyceride levels significantly. 

2013 (43) 
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Table 2. Continued 

Molecular 
target 
receptors 

Nanoparticles Imaging 
platforms 

Animal model, drug 
dose and 
administration route 

Results Year and 
reference 

Macrophages Aurum (Au)-HDL Multicolor 
CT 

ApoE−/− mice; Au 
500 mg/kg;  I.V. 

1) Multicolor CT recognized Au-HDL, iodine 
based contrast material, and calcium 
phosphate in the phantoms; 2) Au-HDL 
primarily in the macrophages on the aorta; 
3) iodine-based contrast agent and the 
calcium-rich tissue to visualize vasculature 
and bones (skeleton). 

2010 (44) 

Macrophages 
HDL containing peptide 
mimicing apo A-I labeled with 
Gd and rhodamine  

MRI 
ApoE−/− mice; Gd-
micelles, 50 
μmol/kg; I.V. 

1) Nanoparticles possessed the functionality 
of HDL by eliciting cholesterol efflux and 
were taken up in a receptor-like fashion by 
the cells; 2) excellent contrast for the 
detection of atherosclerotic macrophages. 

2009 (45) 
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Different types of lipid nanoparticles 

Nanotechnology is the study of the control of matter generally in the size 

range of 100 nm or smaller (46). As a comparison, an H atom has a size of 0.1 nm in 

diameter, a lysosome is between 200 to 500 nm, an E. Coli bacterium is about 2 µm 

in length, and most of eukaryotic cells have a size between 8 and 30 µm in diameter 

(46). The size of proteins is in a range between 3 and 90 nm, therefore, many 

enzymes, signaling molecules and receptors are in the nanoscale (46). Since most of 

biological processes occur at the nanoscale, nanoparticulate technology has a 

promising future in developing novel preventive, diagnostic and therapeutic agents 

(47), such application, as often called, the nanomedicine recently has gained 

tremendous attention in pharmaceutical sciences (48).  

Liposomes 

Liposomes are lipid bilayer membrane structures composed of phospholipids, 

which have hydrophilic heads and hydrophobic fatty acid tails (Figure 1A). Initially, 

they were used to study biological membranes in the mid-1960s (49-51). Since then 

their application has been extended to a variety of areas such as in drug delivery, 

cosmetic formulations, diagnostic agents, and food industry (50, 52-54). Some 

liposome-based drugs have been approved by FDA and they are available in the 

market for treating different diseases. Due to its biphasic character, liposomes can 

serve as carriers for both hydrophilic (in the central aqueous compartment) and 

hydrophobic (in lipid bilayers) compounds (52).  

The term nanoliposome has been introduced recently to exclusively refer to 

nanometric size of liposomes (55). Although, in a broad sense, liposomes and 

nanoliposomes have the same chemical, structural and thermodynamic properties, 

the smaller size of nanoliposomes could produce larger interfacial area of 

encapsulated compounds with biological tissues and thus provide higher potential to 

increase the bioavailability of encapsulated compounds (55). Especially, for solid 

tumor treatment, nanoliposomes can accumulate more in tumors because of the 

enhanced permeation and retention (EPR) effect (55, 56). Higher energy input is 

required to produce nanoliposomes in the aqueous solution (53). The commonly used 

methods for nanoliposome synthesis include sonication, extrusion, and 

microfluidization. Sonication and extrusion are widely used in the laboratory scale 
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(53, 57). High power, a long period and small pore size of the extruder filtration can 

generate small size of nanoliposomes. Microfluidization method is a commonly used 

method for industrial manufactures of nanoliposomes, which involves high pressures 

and high forces technology using a device called microfluidizer to produce a flow 

stream passing through a fine orifice to reduce particle sizes of liposomes (53, 57). 

The notable advantages of this method are the adjustable size, high reproducibility for 

large scale of nanoliposome preparation, and having no toxic organic solvent 

exposure (57).  

Nanoliposomes can be administrated parenterally, orally, topically, or nasally 

(55, 58, 59). Nanoliposomes in the circulation system are recognized as foreign 

particles and are rapidly cleared by the reticuloendothelial system (RES) (60). 

Additionally, electrostatic, hydrophobic, and van der Waals forces can disintegrate 

nanoliposomes (61, 62). Therefore, steric stabilization is required and can be 

achieved by coating the nanoliposomes with inert polymers (63, 64). The polymer 

coating reduces adsorption of opsonins and avoids rapid RES clearance (63). 

Polyethylene glycol (PEG) or poloxamer can form a sterically stabilized  corona on 

nanoliposomes (60). This “STEALTH” technology increases circulation time of 

nanoliposomes (63). In 1995, the FDA approved the first liposomal drug, a PEG-lated 

liposomal formulation of doxorubicin (Doxil in the U.S. and Caelyx outside the U.S.), 

for the treatment of Kaposi’s sarcoma (65). Doxil is a liquid suspension of 80-100 nm 

sterically stabilized nanoliposomes containing doxorubicin HCl at 2 mg/ml (65). PEG-

lated liposomes significantly decrease doxorubicin’s cardiotoxicity and increase the 

circulation half-life of doxorubicin from 10 minutes to 50 hours through intravenous 

infusion (66, 67). Since the first success of liposomal doxorubicin, there were at least 

l5 lipid-based nanoparticle drug approved for human use. Among them, six were for 

cancers (68). Around 600 lipid-based nanoparticle drugs were registered according to 

ClinicalTrials.gov, a US Department of Health and Human Services sponsored clinical 

trial registry (69). 

Liposomes consisting of natural phospholipids and cholesterol are generally 

considered to have great safety and biocompatibility. However, liposomes are not 

stable in the blood circulation and difficult to control for prolonged or burst release. 

The formulation of liposomes is associated with side effects of accumulation in skin 

tissue (70). Moreover, polyethylene glycol (PEG) modified liposome in clinical trials 
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have been extensively observed to have accelerated blood clearance (ABC) 

phenomenon, an unexpected immunogenic response during the repeated 

administration of PEG liposomes(71).    

Solid lipid nanoparticles (SLNs) and nanostructured lipid carriers (NLC) 

SLNs have a similar structure of the oil in water (O/W) nanoemulsion including 

a hydrophilic shell and a hydrophobic lipid core, which is solid at room temperature 

(Figure 1B) (72). SLNs were developed in the early 1990s as an alternative novel 

carrier system to traditional nanocarriers such as polymeric nanoparticles, 

nanoemulsions, and nanoliposomes (73). The hydrophobic compounds can be 

encapsulated into the solid lipid core, resulting in an increased stability, reduced 

degradation, sustained and prolonged release, minimized toxicity, and improved 

target specificity of the compounds to disease tissues (74).  To achieve and to 

maintain a solid lipid nanocarrier structure, lipids in SLNs have relatively high melting 

temperature. SLNs are usually composed of solid lipids, surfactants, water, with or 

without co-surfactants (75). The commonly used lipids include fatty acids (stearic 

acid), triglycerides (e.g.tristearine), waxes (e.g.cetylpalmitate), or a mixture of the 

above lipids (75, 76). Surfactants are used to stabilize the lipid dispersion. The typical 

surfactants used include bile salts, phospholipids, sorbitan esters, fatty acid 

ethoxylates, or a mixture of these components (75). SLNs have received 

considerable attention due to their high biocompatibility, avoidance of organic solvent, 

excellent reproducibility even using different preparation methods, easily scaled-up 

synthesis processes (72). Although SLNs are one of the most attractive lipid based 

nanocarriers in nautraceutical and pharmaceutical research, some limitations exist, 

which including low compound loading capacity and leakage during storage (76). 

These limitations are overcome by the recently developed NLC, a new and improved 

generation of lipid nanocarriers (76). In order to enhance the loading capacity, more 

complex lipid mixtures are employed in the hydrophobic core. For example, a mixture 

of mono-, di- or triglycerides with fatty acids of different chain length forms less 

perfect crystals, which can accommodate more hydrophobic drugs, nutrients, 

phytochemicals, or other compounds to avoid expulsion (77, 78). NLC are more 

favorable because they are small in size, stable, biocompatible and biodegradable, 

and have high loading capacity (72). NLC represent a new delivery method for poorly 

soluble compounds, such as phytochemicals (79, 80). Hydrophobic phytochemicals, 
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such as quercetin and resveratrol, can be easily encapsulated into the lipid core and 

are stable in the lipid core (72, 81). The common methods for making SLNs and NLC 

include high pressure homogenization, cold homogenization, hot  

homogenization/ultrasonication, and solvent evaporation/emulsification (78). The 

most cost-effective and relatively simple way for the larger scale production is a high 

pressure homogenization method (82). Emulsification/ultrasonication technique is a 

common laboratory approach for making both SLNs and NLC. First, the solid lipid (for 

making SLNs) or solid-liquid lipid mixture (for making NLC) is melted, and the 

hydrophobic nutrients or phytochemicals are dissolved in melted lipid phase. Second, 

the melted lipid and hydrophobic compound mixture is dispersed in a hot aqueous 

surfactant/stabilizer solution, and they are stirred at a high speed at the equivalent 

melting temperature. Third, obtained pre-emulsion is homogenized in a high pressure 

homogenizer yielding a hot O/W nanoemulsion. After cooling, SLNs or NLC are 

formed (78). 

SLNs and NLC have been extensively investigated for application in 

pharmaceutics, cosmetics, food, and agricultural products (72, 83). They can be 

administered through oral, parenteral, dermal, rectal, nasal, ocular and pulmonary 

routes (84). Oral administration is the most preferable route for the application of 

SLNs and NLC (84). Both SLNs and NLC are widely used to improve bioavailability 

and to achieve sustained release for hydrophobic nutrients and phytochemicals. The 

encapsulated hydrophobic compounds are absorbed into lacteals after oral 

administration of SLNs or NLC (85). Then, these compounds are transported from 

intestinal lymphatic vessels to the thoracic lymph duct, and eventually into the system 

circulation at the junction of the jugular and left subclavian vein (86). The transport 

can avoid the first pass effect, which can metabolize the encapsulated compound in 

liver before it releases into the circulation system, and therefore enhances 

bioavailability. 

The liposomes and NLC reviewed above will be applied in my dissertation. 

There are also some other types of nanoparticles commonly used in polyphenol 

encapsulation including micelles, emulsions, poly (lactic-co-glycolic acid) (PLGA) 

nanoparticles and phytosomes. The detailed information refers to published article 

(87). PLGA is one of the most widely used biocompatible and biodegradable 

polymers (88). It has been approved by Food and Drug Administration (FDA) for 
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therapeutic device. Phytosomes, complex of natural active phytochemicals (silymarin, 

curcumin, green tea, grape seed extracts, quercetin, ginkgo, ginseng and hawthorn) 

and phospholipid only, have been commercialized and increase the phytochemials’ 

bioavailability dramatically based on animal and human research (89).    

 

 

Figure 1. Schematic structure of biocompatible and biodegradable liposome 

(A); SLN and NLC (B).   

Characteristics of nanoparticles 

Characteristics of nanoparticles determine their functions. The major 

characteristics include as follows: 1) Nanoparticle size, which can be measured using  

a dynamic light scattering method, or a transmission electron microscope (TEM) or a 

scanning electron microscope (SEM); 2) Zeta potential, which indicates the surface 

charge of nanoparticles measured using a Zeta potential analyzer; 3) polydispersity 

index, which indicates nanoparticle size distribution measured by a dynamic light 

scattering method; 4) physical and chemical stability, which indicates the stability of 

nanoparticles and loaded compounds, respectively; 5) encapsulation efficiency, which 

is determined as mass of encapsulated drug/mass of total drug X 100%; 6) loading 

capacity, which is determined as mass of encapsulated drug/mass of nanoparticles X 

100%. 

While in the most cases, smaller size is preferable for enhancing absorption of 

encapsulated compounds into target tissues, sometimes it is not true because the 

small nanoparticles also easily move in and out of the target tissues (90).  



Texas Tech University, Jia Zhang, December 2015 

29 

Additionally, smaller size requires a larger amount of surfactants, which may 

introduce toxicity, and may also hinder drug absorption under certain circumstances. 

The nanoscale is not well defined, many particles having a size more than 100 nm in 

diameter are still called nanoparticles. Nanoparticles can be modified to improve their 

stability and functions. For example, an uptake enhancer can be coated on the 

surface of nanoparticles for enhancing uptake and bioavailability of loaded 

compounds (91, 92); poly(ethylene glycerol) (PEG) can be incorporated on the 

surface of nanoparticles to maintain their integrity and stability (93-95) by protecting 

them from degradation by enzymes and prolong the circulation of nanoparticles by 

stabilizing them against opsonization (47, 48); target ligands can be incorporated on 

the surface of nanoparticles to increase the target specificity. Target ligands including 

antibodies, small peptides, and receptor binding compounds can be incorporated on 

the surface of nanoparticles (67, 96). Increased target specificity can improve 

bioactivities of encapsulated compounds, decrease their side-effects, and reduce 

administration dose and frequency (67, 96).  

Epigallocatechin gallate (EGCG) nanoparticles enhance EGCG, stability, 
bioavailability and bioactivities 

Green tea (Camellia sinensis) is one of the most popular beverages. There 

are three major types of tea (with consumption rate): fermented black tea (78-85%), 

unfermented green tea (14-20%) and partially fermented oolong tea (less than 2%) 

(25). Green tea was prepared by drying the leaves under hot steam and air to 

inactivate the polyphenol oxidases, which prevents fermentation and gives green tea 

the distinctive color compared to black and oolong tea (97, 98). Green tea catechins 

constitute about 8-15% of total dry tea weight (98). There are four major epicatechin 

derivatives: EGCG, epigallocathechin (EGC) and epicathechin-3 gallate (ECG) and 

epicatechin (EC) (25). The most abundant and also most bioactive catechin is EGCG, 

which accounts for 25-55% of total catechins. One cup of green tea made using a 2.5 

g tea bag contains about 100 mg of EGCG (25).   

Consumption of EGCG has been reported to have several health benefits 

including its antioxidant, anti-inflammatory, antitumorigenic, anti-obesity and 

antiangiogenic properties (99). Over the past few decades, scientific studies showed 

green tea ingestion, not black tea, might prevent many types of cancer such as breast 
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and prostate cancer (98). EGCG from green tea significantly inhibited new blood 

vessels growth and further decreases tumor progression (99). EGCG also inhibited a 

crucial enzyme urokinase (uPA) for the growth of a variety of different types of tumors 

(100). Moreover, EGCG induced cancer cell apoptosis and cell cycle arrest in the G1 

phase, and inhibited cancer cell proliferation (97). For anti-obesity part in our review 

article, animal studies proved EGCG or GTE increased glucose tolerance, decreased 

serum glucose, insulin resistance, cholesterol, TG and total lipids in liver and plasma, 

and decreased adipose mass and body weight (101).  

EGCG is stable at acidic solution, but is rapidly degraded in body fluids (at pH 

7.4) (25). Depending on the type of nanoparticles, incorporated EGCG can be 

partially or completely sequestered in the nanoparticles, resulting in high stability. We 

loaded EGCG into liposomes and chitosan-coated liposomes, with size less than 100 

nm in diameter (102). Nanoliposomes dramatically enhanced the EGCG stability in 

both 1XPBS and Eagle’s minimum essential (EME) cell culture medium (102). At 4°C, 

0.5 mM of free EGCG in EME medium was completely degraded after 8 days. 

However, EGCG loaded into liposomes and chitosan-coated liposomes was 

degraded 62% and 38%, respectively, at the same conditions (102). After 1-hour 

incubation at 37°C, the degradation rates of 0.5 mM of free EGCG, EGCG loaded into 

liposomes and chitosan-coated liposomes in EME medium were 100%, 46% and 

32%, respectively (102). Barras A et al., demonstrate that native EGCG and EGCG 

loaded SLNs in water exhibited 100% degradation within 4 hours and over 4 weeks, 

respectively (103). In addition, native and nano-EGCG exhibit burst and sustained 

release properties, respectively (104, 105). Sustained release creates a steady 

EGCG release pattern resulting in prolonged EGCG availability after administration. 

The advantages of sustained release include reduction in administration frequency, 

doses and side effects, and improvement of compliance (102, 106).  

EGCG is not readily absorbed in humans and research animals (107-109).  

Scientists have conducted pharmacokinetic and bioavailability studies of green tea 

catechins in rats (110).  The blood peak concentrations of green tea catechins appear 

at 2 to 4 hours after oral administration. The absolute bioavailability of EGCG after 

intragastric administration of decaffeinated green tea is about 0.1% in rats (110). 

Consistent with this result, the bioavailability of EGCG is 0.14% in men and women 

after drinking tea containing 400 mg catechins throughout the day (108). The peak 
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plasma EGCG concentration is around 0.15 μM after drinking 2 cups of green tea 

(109).  A majority of published cell culture studies have used EGCG at physiologically 

irrelevant concentrations in the range of 10 to 200 μM (111, 112). Since EGCG at 

lower, and physiological relevant (achievable by oral intake) concentrations has little 

or very limited effect, it is important to increase EGCG bioavailability, and the 

nanotechnology appears to be an appropriate approach to meet this need. In fact, 

studies along this line have shown that nanoencapsulation significantly increases 

EGCG stability and improves its sustained release, which may partially contribute to 

the increased cellular uptake of EGCG (104, 113). Chitosan nanoparticles can 

significantly enhance EGCG bioavailability (114, 115). Since chitosan, a 

biocompatible polysaccharide, confers a positive charge to the surface of 

nanoparticles, it has been used as an absorption enhancer (116, 117). Hu et al., 

encapsulated EGCG into food grade peptide/chitosan nanoparticles, and they found 

the apparent permeation rate across the Caco-2 monolayers was increased more 

than 2 fold by nanoencapsulation (114). Dube A et al., compared the intestinal 

absorption of native EGCG and nano-EGCG (chitosan nanoparticles) using excised 

mouse jejunum (115). They added 50 µM of native or nanoencapsulated EGCG in the 

mucosal chambers and collected the transported EGCG in the serosal chambers over 

a 3-hour period, and they found that nano-EGCG had about 2 fold higher 

accumulative transported amounts than native EGCG (115). Enhanced EGCG 

stability and transcellular transport process by nanoparticles, but not paracellular 

transport process, may partially contribute to the enhanced intestinal absorption 

(115). After reaching the apical membrane of intestinal epithelial cells, most 

nanoparticles cross enterocytes via transcellular transport (115). Nanoparticles are 

internalized into enterocytes and then transported across enterocytes (115). Finally, 

nanoparticles are moved out of the basolateral membrane through exocytosis to enter 

the bloodstream or lymphatic vessels. Particles less than 500 nm in diameter are 

internalized through both clathrin- and caveolae-mediated endocytosis (118). The 

process of endocytosis can be enhanced by modifying nanoparticles, e.g., by adding 

PEG or positive charges on the surface of nanoparticles (119). Moreover, coating 

nanoparticles with cationic chitosan or ions protects them from endolysosomal 

degradation in enterocytes (120). Therefore, chitosan nanoparticles are capable of 

enhancing EGCG oral bioavailability. Dube A et al., further measured the plasma 
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concentrations of EGCG in mice after oral administration of either native EGCG or 

EGCG encapsulated chitosan nanoparticles (113). As compared to native EGCG, 

EGCG encapsulated chitosan nanoparticles increased plasma EGCG concentrations 

by a factor of 1.5 (113). Consistently, EGCG nanolipidic particles increased its oral 

bioavailability by more than 2 fold as compared to native EGCG in rats (121).  

Another advantage is that nanoencapsulation can increase EGCG 

bioactivities, in particular its antioxidant, antitumorigenic, and antiangiogenic 

properties. Hu B et al. reported that treating HepG2 cells with 26–37 µM of free and 

nano-EGCG, resulted in a higher cellular antioxidant activity compared to the free 

EGCG at the same concentrations (104). Siddiqui IA et al., demonstrated that as 

compared to free EGCG, nano-EGCG (PLGA nanoparticles) exhibited more than 10-

fold dose advantage in inducing apoptosis, decreasing viability, and inhibiting colony 

formation of prostate cancer cells (122). The IC50 values of free and nano-EGCG are 

43.6 and 3.74 µM, respectively. They also gave tumor xenograft mice either 100 µg of 

nano-EGCG or 1 mg of free EGCG three times per week, and found that nano-

EGCG, even at a dose 10-fold lower, significantly reduced tumor size (122). 

Moreover, when incorporating target ligands, which specifically target to an antigen 

on prostate cancer cells, on the surface of nanoparticles, the EGCG nanoparticles 

can further significantly lower the viability of prostate cancer cells compared to EGCG 

nanoparticles without target ligands (105). 

 

Figure 2. EGCG structure. 
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Table 3. The characteristics, functions and application of EGCG nanoparticles. 
Nanoparticle  Nanoparticle 

characteristics Dose/route/experiment model/treatment/time Functions Applicatio
n year (ref) 

EGCG-Loaded 
Nanoparticles 
Prepared from 
Chitosan and 
Polyaspartic Acid 

SZ: 93 nm or 
102 nm In vivo: Rabbit; orally ↓ Lesion area in EGCG nanoparticle 

treatment similar to simvastatin 
Atheroscler
osis 

 2014 
(123) 

Micellar 
nanocomplexes 
(comprising 
EGCG derivatives 
and a protein 
drug- Herceptin) 

SZ: around 90 
nm 

In vitro: BT-474 cells treated with nanocomplexes 
containing Herceptin: oligomerized EGCG: PEG– 
EGCG = 0.5: 0.024: 0.26 mg/mL; In vivo: Athymic 
Nude-Foxn1nu female mice inoculated with BT-474 
cells; intravenous injection of the nanocomplexes 
twice per week for five weeks 

↑ Anti-cancer effects in vitro and in 
vivo 
↑ Better tumor selectivity 
↓ Tumor growth 
↑ Herceptin circulation time 

Breast 
cancer 

2014 
(124) 

Chitosan 
nanoparticles N/A 

In vitro: human melanoma cells treated with 0.5-8 
µM of free EGCG or nano-EGCG for 48 hours 
In vivo: athymic (nu/nu) male nude mice treated 
with 1XPBS, 1 mg EGCG, 100 μg EGCG, 100 μg 
nano-EGCG five times a week for 31 days via oral 
administration. 

↑ Dose advantage 
↑ Mel 928 cells apoptosis 
↓ The growth of Mel 928 tumor 
xenograft 
↓ Proliferation (Ki-67 and PCNA) 
↑ Apoptosis in tumors harvested 

Human 
melanoma 

2014 
(125) 

Chitosan NLC 
EGCG 

SZ: around  40-
55 nm 
ZP: 20 mV 
EE: 99% 

THP-1 derived macrophages: 10 µM 

↑ Dose advantage 
↑ Sustained release 
↑ Cellular uptake 
↑ Anti-atherogenic bioactivities 

Anti-
atherogenic 
bioactivities 

2013 
(126)  

Chitosan-
caseinophosphop
eptide NP 

SZ: around 143 
nm 
ZP: 31 mV 
EE: 70.5-81.7% 

HepG2 cells (P8-20, 5*104 cells/cm2); 
Consentration (CST): 0.125mg/ml; 2h; 

↑ Sustained release 
↑ Cellular uptake 
↑Antioxidant activity 

Antioxidant 2013 
(104) 

Chitosan-
caseinophosphop
eptide NP 

SZ: around 150 
nm 
ZP: 32 mV 

Caco-2 cells ↑EGCG intestinal permeability and 
absorption through Caco-2 cells 

Enhance 
bioavailabili
ty 

2012 
(114) 

Chitosan NP 
SZ: around 440 
nm 
ZP: 25 mV 

Male Swiss Outbred mice; 0.76 mg/kg body weight 
of free or nanoencapsulated EGCG; oral gavage; 
blood collection at 30, 60, 90, 150, 210, 300 and 
360 min 

↑EGCG stability 
↑EGCG bioavailability 

Enhance 
bioavailabili
ty 

2011 
(113) 
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Table 3. Continued 

PLGA-PEG (NP-1) 
PLGA-PEG-target 
ligand (NP-2) 
 

SZ: around 80 
nm 
EE: around 8% 

PSMA positive Prostate cancer (LNCaP) cells were 
treated with 30μM  of free or nanoencapsulated 
EGCG for 48 h and 72 h. 

↑ Sustained release 
↓ viability of LNCaP cells 
No effect on viability of normal cells 
 

Prostate 
Cancer 

 

2011 
(105) 

Gum arabic and 
maltodextrin NP 

SZ: around 100 
nm 
ZP: -12 mV 
EE: >80% 

Human prostate carcinoma Du145 cells 
0-10μM Retain EGCG anticancer activity Prostate 

cancer 
2011 
(127) 

Chitosan NP (CS 
NP) 
 

SZ: 440 nm 
ZP: 25 mV Excised jejunum from male, Swiss outbred mice ↑EGCG stability 

↑EGCG intestinal absorption 

Enhance 
bioavailabili
ty 

2010 
(115) 

Nanolipidic EGCG 
particles 

SZ: 30 to 80 
nm. 

Male Sprague Dawley oral gavage at a dosage of 
100 mg EGCG/kg body weight. Blood collection at 
0, 5, 10, 30, 60, 120, 240, and 480 min 

↑EGCG bioavailability by more than 
2-fold. 
↓Brain beta amyloid lesion formation 

Alzheimer’s 
disease 
(AD) 

2010 
(121) 

NLC 
SZ: 30 to 
260nm 
EE: 95% 

 ↑EGCG stability  2009 
(103) 

Polylactic acid–
polyethylene 
glycol (PLA-PEG) 
NP 

SZ: 285nm 
ZP: -7.92mV 

Prostate cancer (PC3) cells were treated with 1-
80μM of free or nanoencapsulated EGCG for 24 
and 48h. 
Tumor xenograft mice, 3groups (Group 1: control; 
Group 2: free EGCG; Group 3: nano-EGCG) 

↑ Apoptosis 
↓ Cell viability 
↓ Colony formation 
↓ Tumor size 
↓ Angiogenesis 
Nano-EGCG exhibits  > 10-fold dose 
advantage over free EGCG 

Prostate 
cancer 

2009 
(122) 

 

NP: Nanoparticle 

SZ: Size 

ZP: Zeta-potential 

EE: Encapsulation efficiency 

LC: Lloading capacity 

PSMA: Prostate-specific membrane antigen 

↑: increase; ↓: decrease
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ABSTRACT 

We have successfully synthesized epigallocatechin gallate (EGCG) 

encapsulated nanostructured lipid carriers (NLCE) and chitosan coated NLCE 

(CSNLCE) using natural lipids, surfactant, chitosan and EGCG. Nanoencapsulation 

dramatically improved EGCG stability. CSNLCE significantly increased EGCG 

content in THP-1 derived macrophages compared with native EGCG. As compared to 

10 µM of native EGCG, both NLCE and CSNLCE at the same concentration 

significantly decreased macrophage cholesteryl ester content. NLCE and CSNLCE 

significantly decreased mRNA levels and protein secretion of monocyte 

chemoattractant protein-1 (MCP-1) levels in macrophages, respectively. These data 

suggest that nanoencapsulated EGCG may have a potential to inhibit atherosclerotic 

lesion development through decreasing macrophage cholesterol content and MCP-1 

expression.   

KEY WORDS: EGCG; nanostructured lipid carriers; atherosclerosis; 

macrophage; stability; uptake 

 



Texas Tech University, Jia Zhang, December 2015 

47 

INTRODUCTION 

 Green tea is made from the dried leaves of the Camellia sinensis plant and 

has been considered a healthy beverage since ancient times. Different from 

fermented black tea and partially fermented oolong tea, green tea is produced from 

direct drying of fresh green tea leaves by hot steam and air. During this process, 

polyphenol oxidase is inactivated and catechins are preserved (2). Green tea 

contains more catechins than black or oolong tea (2). Dry green tea leaves contain 

about 14 to 33% catechins (3). Epigallocatechin gallate (EGCG) is the most abundant 

green tea catechin and comprises 25 to 55% of the total catechins (3). Over the past 

few decades many scientific and medical studies have already demonstrated many 

health benefits of green tea including anti-atherogenic, anti-inflammatory and anti-

tumorigenic properties (4).  

Cardiovascular disease (CVD) refers to the class of diseases that involve the 

heart and blood vessels. CVD is the leading cause of death in the United States and 

worldwide (5, 6). About half of the CVD death is caused by atherosclerosis, which is a 

progressive disease characterized by lipid plaque formation in arteries, resulting 

insufficient blood supply to heart muscle, brain or peripheral tissues (for example 

legs). Increased lipid accumulation and inflammatory responses are the major causes 

of atherosclerosis (7, 8). Monocyte chemoattractant protein 1 (MCP-1) promotes the 

recruitment of monocytes into the aortic intima layer (7). Upon the migration, 

monocytes are differentiated into macrophages in response to macrophage colony-

stimulating factor. These macrophages express scavenger receptors, which increase 

the uptake of minimally modified low density lipoprotein (LDL), especially oxidized 

LDL (oxLDL) (9). After macrophages accumulate cholesterol, they are transformed 

into foam cells. Foam cells can secrete many inflammatory factors including MCP-1, 

which further recruit more monocytes, resulting in increased number of macrophages 

and later foam cells in the artery wall. After foam cells die, lipids (primarily cholesterol) 

are accumulated on the artery wall and atherosclerotic plaque is formed. Foam cells 

formation and cholesterol accumulation in the vessel intima characterize the 

atherosclerotic lesion (9). Therefore, macrophages play an important role in 

atherosclerotic lesion progression by facilitating cholesterol accumulation and 

increasing inflammatory responses in aortic walls. 
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 EGCG has a potential to decrease inflammatory factor release and reduce 

cholesterol accumulation in macrophages (10-13), which may in turn prevent 

atherosclerotic lesion development. When apolipoprotein E null mice are treated with 

daily intraperitoneal injections of EGCG at a dose of 10 mg/kg body weight, cuff-

induced evolving atherosclerotic lesion size is reduced by 55% after 21 days 

treatment (14). Human studies indicate that EGCG can maintain cardiovascular 

health, but the evidence is inconclusive regarding the effectiveness for cardiovascular 

disease prevention or treatment (15, 16). The major problems are its low stability and 

bioavailability in humans or research animals (17-19). The absolute oral bioavailability 

of EGCG after drinking tea containing catechins at 10 mg/kg body weight is about 

0.1% in humans and research animals (18, 20). The peak plasma EGCG 

concentration is 0.15 μM after drinking 2 cups of green tea (19). Moreover, EGCG is 

unstable in both water and physiological fluid in vitro (21). EGCG stability is 

decreased by various metabolic transformations including methylation, 

glucuronidation, sulfation and oxidative degradation in vivo (22, 23). Hence, there is a 

critical need to use biocompatible and biodegradable nanocarriers to increase EGCG 

stability and cellular bioavailability, and reduce its toxicity.  

 Nanotechnology involves the control of matter, generally in the range of 100 

nm or smaller (24). Nanocarriers may increase bioavailability of encapsulated EGCG, 

enhance its stability, lower its toxicity through preventing EGCG from prematurely 

interacting with the biological environment, and improve intracellular penetration. To 

improve the stability, cellular bioavailability and bioactivities of EGCG, we 

successfully produced biocompatible and biodegradable EGCG encapsulated 

nanostructured lipid carriers (NLCE), which are composed of nature lipid, surfactant, 

native EGCG and water. Nanostructured lipid carriers (NLC) have received 

considerable attention because of their small size, stability, biocompatibility and 

biodegradability, low cytotoxicity, and easily scaled-up synthesis processes (25). The 

NLC structure is composed of a hydrophilic shell and a hydrophobic lipid core, which 

is solid at room temperature. After encapsulation, EGCG is stable in the solid lipid 

core (25, 26). We also coated NLCE by chitosan, a natural polysaccharide, acting as 

an absorption enhancer (27, 28). Our hypothesis is that NLC and chitosan-coated 

NLCE (CSNLCE) can increase stability of EGCG, increase EGCG uptake of by THP-
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1 derived macrophages, and decrease cellular cholesteryl ester (CE) content and 

lower expression and secretion of inflammatory factors in those macrophages. 

MATERIALS AND METHODS 

Chemicals and reagents 

EGCG (>95%), glyceryl tridecanoate, glyceryl tripalmitate, chitosan with 

medium molecular weight of 190,000–310,000, phorbol 12- myristate 13-acetate 

(PMA), Escherichia coli lipopolysaccharide were purchased from Sigma-Aldrich 

Chemical Co. (St. Louis, MO). Kolliphor HS15 was given as gift from BASF Chemical 

Co., USA (Florham Park, NJ). Soy lecithin (>95%) and 7-nitro-2-1, 3-benzoxadiazol-

4-yl-phosphotidylcholine (NBD-PC) were purchased from Avanti Polar Lipids 

(Alabaster, AL). Trizol reagent, SuperScript™ III reverses transcriptase, and power 

SYBR green master mix were purchased from Life Technologies Co. (Carlsbad, CA). 

Preparation of NLCE and CSNLCE 

NLC was prepared from a lipid mixture composed of the following lipids in wt%: 

2.6% EGCG, 9.1% soy lecithin, 39.0% glyceryl tridecanoate, 6.5% glyceryl 

tripalmitate, 42.9% Kolliphor HS15 and an aqueous mixture containing 1% of NaCl in 

deionized water. A novel phase inversion-based process was used in preparing 

NLCE (29). Briefly, oil and aqueous phase were heated to 85°C and mixed together. 

Then, the mixture was treated with three temperature cycles from 70 to 85°C under 

magnetic stirring. In the last cycle, when the mixture was cooled to 79°C, cold 

deionized water (0°C) was added to the mixture. The fast cooling-dilution process 

resulted in NLCE formation. Afterward, a slow magnetic stirring was applied to the 

suspension for 45 min. Void nanostructured lipid carriers (VNLC) were synthesized by 

using the same method without adding EGCG. All steps in the preparation of VNLC 

and NLCE were performed under nitrogen to prevent EGCG and lipid degradation. 

NLCE and VNLC were coated with 6 mg/mL chitosan using a magnetic stirrer for 40 

min at 4°C to form CSNLCE and chitosan-coated VNLC (VCSNLC), respectively.  

Encapsulation efficiency and loading capacity determination 
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The total EGCG concentration (Ctotal) in the nanocarrier solution was measured 

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 Waters 

2489 UV/Visible detector. The mixture of water/acetonitrile/ethyl acetate/sulfuric acid 

(86:12:2:0.043, v:v:v:v) was used as a mobile phase with flow rate of 1 mL/min. The 

detection wavelength was selected as 254 nm. Free EGCG was separated from 

nanoencapsulated EGCG using an ultrafiltration method (Millipore Amicon Ultra-15), 

and measured by the HPLC system (Cfree). In order to calculate the loading capacity, 

a certain volume of NLCE (V) was dried using a vacuum freeze-drying system 

(FreeZone 4.5 plus, Labconco, Kansas City, MO). The weight of dried NLCE was 

expressed as WNPS. The encapsulation efficiency and loading capacity of EGCG in 

the nanocarriers were calculated according to the following equations, respectively: 

Encapsulation efficiency = (Ctotal-Cfree)/Ctotal ×100% 

Loading capacity = (CtotalV-CfreeV)/WNPS ×100% 

Particle size, zeta potential and morphology of nanocarriers 

The mean particle size was measured by dynamic light scattering (DLS), 

polydispersity index and zeta potential of nanocarriers were measured using a 

ZetaPALS analyzer (Brookhaven Corporation, Holtsville, NY). The morphology of the 

NLCE and CSNLCE was examined using a transmission electron microscope (TEM) 

instrument (200Kv Hitachi H-8100, Tokyo, Japan).  

Stability study of NLCE, CSNLCE and native EGCG 

The stability of NLCE, CSNLCE and native EGCG were determined in 1 X 

phosphate buffered saline (1XPBS) at pH=1.0 3.0, 5.0, 7.4. Hydrochloric acid was 

used to adjust pH. The final concentration of nanoencapsulated and native EGCG 

was 100 µM. The solutions were stored in tightly closed vials and incubated at 37°C. 

EGCG concentrations were measured after incubation for 0, 0.25, 0.5, 0.75, 1.0, 1.5, 

2.0 and 3.0 hours. To determine the EGCG stability at different temperatures, 100 µM 

of native EGCG and nanoencapsulated EGCG (NLCE and CSNLCE) dissolved in 

1XPBS (pH 7.4) was incubated at 4°C for 14 days, 22°C for 19 hours and 37°C for 3 
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hours. We also measured their stability in RPMI1640 cell culture medium at 37°C with 

or without cells, and with or without superoxide dismutases (SOD, 5U/mL).  

In vitro release study 

The in vitro release behavior of native EGCG and NLCE were measured in 

1XPBS (pH 5.0) using a dialysis method. Samples of 1.0 mg of native EGCG and 

equivalent amount in NLCE were dissolved and dispersed in 2 mL of 1XPBS (pH 5.0) 

and then placed in the dialysis bags with MWCO 6,000-8,000. The dialysis bags were 

dipped with the help of a thread in a conical flask containing 25 mL of 1XPBS (pH 

5.0) (dissolution medium) at 37°C and stirred at 250 rpm/min. The dissolution medium 

was totally replaced by fresh pre-warmed medium every two hours in order to 

minimize the effect of EGCG degradation. The EGCG released into the medium was 

determined every 30 min using the HPLC system.  

Cytotoxicity analysis 

Human monocytic THP-1 cell line was purchased from the American Type 

Tissue Culture Collection (ATCC, Manassas, VA) and cultured in the RPMI1640 

medium following to ATCC instructions. THP-1 cells (3 X 104/well) in a 96-well plate 

were differentiated into macrophages by incubating them with 50 ng/mL PMA for 72 

hours. The THP-1 derived macrophages were then treated with 1XPBS, native 

EGCG, VNLC, NLCE, VCSNLC, CSNLCE dissolved in 1XPBS (pH 7.4) for 18 hours. 

Three EGCG concentrations (5 µM, 10 µM and 20 µM) were tested. The cell viability 

was measured using a 3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

(MTT) assay as previously described (30). Three independent experiments were 

conducted. 

The binding and uptake of fluorescent dye-labeled nanocarriers 

We used the above phase inversion-based process to synthesize NBD-PC-

labeled VNLC (NBD-VNLC), and coat them with chitosan to form NBD-PC-labeled 

VCSNLC (NBD-VCSNLC). After incubating THP-1 derived macrophages (3 X 104 

cells/well) in 96-well plates with NBD-VNLC or NBD-VCSNLC, or 1XPBS (pH 7.4) 

used as control at 4°C and 37°C, cellular binding and uptake of NBD-VNLC and NBD-
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VCSNLC were observed under a fluorescence microscopy (Olympus, USA) as 

previously described (30). Microscopy settings were identical for all measures to allow 

equal comparison of the images.   

Cellular EGCG content 

THP-1 derived macrophages were incubated with 100 µM of native EGCG and 

nanoencapsulated EGCG (NLCE and CSNLCE) in RPMI1640 medium with or without 

SOD (5U/mL) for 2 and 4 hours at 4°C or 37°C. After washing cells, the cellular 

EGCG was extracted and determined as previously described (30). Total cellular 

protein levels were determined by using a bicinchoninic acid (BCA) kit (Pierce, 

Rockford, IL). Cellular EGCG content was expressed as µg of EGCG per mg of 

protein. 

Oxidized LDL preparation and cellular cholesterol content measurement 
LDL was isolated from human plasma by a sequential ultracentrifugation method (31). 

Oxidized LDL was prepared by an adaptation of a previously described method (31). 

THP-1 derived macrophages of 1.5 X 106/well in 6-well plates were incubated with or 

without 40 µg protein/mL of oxLDL in combination with the following treatments: 

1XPBS, native EGCG, VNLC, NLCE, VCSNLC and CSNLCE containing 10 µM of 

EGCG for 18 hours. After cellular lipid extraction using a chloroform and methanol 

mixture (2:1, v/v), non-esterified/free cholesterol (FC) and total cholesterol (TC) were 

measured using a HPLC system as previously described (31). Stigmasterol was used 

as internal standard. Delipidated cellular protein levels were determined using a BCA 

kit. Cholesteryl ester (CE) was calculated as the difference between TC and FC and 

expressed as µmol of cholesterol per gram of protein. 

Secretion of inflammatory factors 

THP-1 derived macrophages were pretreated with 10 µM of VNLC, VCSNLC, 

NLCE, CSNLCE, EGCG and 1XPBS for 2 hours. Then, 50 ng/mL of Escherichia coli 

lipopolysaccharide (Sigma, St Louis, MO) was added into each well and incubated for 

additional 16 hours. Tumor necrosis factor alpha (TNFα), interleukin-6 (IL-6) and 
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MCP-1 protein concentrations in the culture medium were determined using DuoSet 

ELISA kits (R&D Systems, Minneapolis, MN) as previously described (31). 

Real-time polymerase chain reaction 

RNA was extracted from THP-1 derived macrophages treated with above 

nanocarriers using a Trizol reagent. cDNA was synthesized from RNA using 

SuperScript™ III reverse transcriptase according to the manufacturer’s instructions. 

MCP-1 and TNFα primers were designed and tested in our previous publication (31). 

Beta-actin was used as an endogenous control. cDNA levels of MCP-1 and TNFα 

were measured using power SYBR green master mix on a Real-time PCR system 

(Eppendorf, Hauppauge, NY). mRNA-fold change was calculated using the 2(-Delta 

Delta C(T)) method (31).  

Statistical analysis 

Data analysis was conducted using Statistical Package for the Social Sciences 

(SPSS). One-way ANOVA followed by Tukey HSD Post Hoc test was performed to 

compare multiple group means. Differences were considered statistically significant at 

p<0.05. Data in figures and tables are expressed as means ± standard deviation 

(SD). 

RESULTS AND DISSCUSSION 

Characteristics of nanocarriers 

EGCG is a promising natural compound for atherosclerosis prevention and 

treatment. However, its low level of stability and cellular bioavailability limited its anti-

atherogenic activity. Two approaches have been used to increase its stability and 

bioactivities: (i) formation peracetate ester of EGCG (32) or EGCG-docosapentaenoic 

acid ester (33); (ii) using nanocarriers such as nanoliposomes (30) and NLC (34). The 

chemical modification makes lipophilic EGCG prodrugs, which require chemical 

cleavage before releasing native EGCG. Nanoliposomes per se are not stable, and 

encapsulated compound can be leaked out. NLC do not have those problems, and 

have been widely used in pharmaceutical and nutraceutical research. In this study, 
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NLCE and CSNLCE were successfully synthesized using biocompatible and 

biodegradable triglyceride, phosphatidylcholine, Kolliphor HS15 (surfactant), NaCl, 

chitosan and EGCG. The size of VNLC and NLCE were about 45 nm in diameter, and 

coating them with chitosan increased the size to about 50 nm (Table 1). 
Polydispersity index (PI) values were relatively low (<0.3), which indicates a high level 

of uniformity (Table 1). Studies have shown that nanocarriers smaller than 100 nm 

are cleared much slower than large carriers by the reticulo-endothelial system in the 

liver and spleen (24, 35). VNLC and NLCE were negative charged. After coating them 

with chitosan, VCSNLC and CSNLCE became slightly larger and positively charged 

(Table 1). Chitosan is a natural and biocompatible polysaccharide obtained by 

deacetylation of chitin from exoskeleton of crustaceans like crabs and shrimps, which 

can enhance the stability and bioavailability of nanocarriers and nanoencasulated 

compounds (36).  

Table 1 also showed the changes of particle size, PI and zeta potential of 

NLCE and CSNLCE at 4°C and 37°C. After 4°C storage for 50 days, the size, PI and 

zeta potential of VNLC, NLCE and VCSNLC were slightly changed, but the size and 

PI of CSNLC were increased more than 1.3 fold. Surface charge is important in 

nanocarrier systems. In general, higher absolute surface charge leads to stronger 

repulsion interactions among nanocarriers in dispersion, and hence higher stability. 

After incubation at 37°C for 10 hours, nanocarriers were still stable and PI values 

were relatively low (<0.32) for both nanocarriers. In this study, mixing glyceryl 

tridecanoate, glyceryl tripalmitate can form less perfect crystals in the lipid core, which 

can accommodate more EGCG. The encapsulation efficiency is about 99% and 

loading capacity is around 3%. Glyceryl tridecanoate is solid at room temperature and 

liquid in body temperature, which can improve EGCG storage stability in vitro and 

bioactivity in vivo. Both NLCE and CSNLCE were spherical under a transmission 

electron microscope (TEM) (Figure 1A and 1B). The average size of NLCE and 

CSNLCE measured using TEM was consistent to the dynamic light scattering 

measures. Many studies indicated that the nature and amounts of surfactants and 

lipids determine the characteristics of nanocarriers, such as particle size and 

encapsulation efficiency (34, 37). Higher lipid amounts (larger hydrophobic core) can 

accommodate more EGCG, but form large nanocarriers (38). The particle size of 

nanocarriers was dependent on the ratio of lipids to surfactants. In consistent to other 
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studies (34, 37), we found that as the ratio of triglycerides to Kolliphor HS15 was 

decreased, the size of nanocarriers was decreased (data not shown). Based on these 

preliminary data, we chose 1:1 ratio of triglycerides to Kolliphor HS15, which gave 

small size (48 nm in diameter) and high encapsulation efficiency (about 99%).      

The stability of NLCE, CSNLCE and native EGCG 

We measured the stability of 100 µM of native and nanoencapsulated EGCG in 

different temperatures and pH values. NLCE, CSNLCE and native EGCG were stable 

in the acidic pH ranging from 1.0 to 5.0 at 37°C for 3 hours, and there was no 

significant difference among them at this pH range (data not shown). EGCG is 

unstable under alkaline or neutral conditions (39). In the neutral pH 7.4, 

nanoencapsulation significantly increased the percentage of EGCG remaining at 

three tested temperature (4°C, 25°C and 37°C) (Figure 2). At 4°C, 100% of native 

EGCG was degraded after 1 day, whereas the degradation rate of EGCG in NLCE 

and CSNLCE was less than 5%.  After 14 days, 75% and 25% of EGCG were 

remained in CSNLCE and NLCE at 4°C (Figure 2A). After incubating them for 8 

hours at 22°C, the percentage of remained EGCG in native EGCG, NLCE and 

CSNLCE was 1.5%, 55% and 89%, respectively (Figure 2B). At 37°C, native EGCG 

were completely degraded after 3 hours, however, the percentage of remained 

EGCG in NLCE and CSNLCE was 33% and 64%, respectively (Figure 2C). In 

addition, high concentration of nanoencapsulated EGCG can be stored at 4°C for a 

long period of time without obvious degradation. After storing NLCE and CSNLCE in 

neutral 1XPBS containing 3000 µM of nanoencapsulated EGCG at 4°C for 50 days, 

we still detected 82% and 92% of EGCG in NLCE and CSNLCE, respectively. These 

results indicated that nanoencapsulation significantly increased EGCG stability. NLC 

has a solid lipid core at room temperature. Amphiphilic and pH sensitive EGCG can 

be easily encapsulated into the lipid core and is stable in the solid lipid core (26). 

Recently, Victoria K et al indicated that green tea catechins may undergo 

degradation, oxidation, epimerization and polymerization, which could be contributed 

by many factors such as temperature, pH of the system, oxygen levels and the 

presence of metal ions (3). Epimerization is the conversion of tea catechins to their 

corresponding isomers. Epicatechins in green tea including EGCG are in cis 

structure, which can be converted to their epimers that are non-epicatechins such as 
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(–)-gallocatechin gallate (GCG) (40). When epicatechins were decreased, their 

isomers were increased; however, there was a declining trend in total epicatechins 

(40). Below 44 °C, degradation reaction was more dominant compared to 

epimerization reaction. Nanoencapsulation increases EGCG stability through 

preventing EGCG from prematurely interacting with the biological environment, and 

further decreasing degradation, oxidation, epimerization and polymerization (34, 36, 

41). 

Nanoencapsulation also enhances EGCG stability in RPMI1640 medium at 

37°C. After incubating 100 µM of native and nanoencapsulated EGCG in RPMI1640 

medium without THP-1 derived macrophages for 1 hour, the percentage of remained 

EGCG in native EGCG, NLCE and CSNLCE was 3.7%, 27% and 31%, respectively 

(Figure 3A). As compared to 1XPBS, RPMI1640 medium decreased the stability of 

native and nanoencapsulated EGCG (Figure 2C and 3A), which is consistent with 

EGCG stability order in another study: water > 1XPBS > culture medium (42). The 

presence of metal ions and proteins in cell culture might contribute to decreased 

EGCG stability (21). SOD dramatically increased native EGCG stability in RPMI1640 

medium (Figure 3B). Therefore, the stability of NLCE, CSNLCE and native EGCG 

was similar in the presence of SOD at 37°C (Figure 3B). In the neutral 1XPBS and 

medium, EGCG is easily auto-oxidized, forming EGCG dimmers. After adding SOD 

into the incubation medium, auto-oxidation and dimmer formation were inhibited (21, 

42). 

We measured EGCG concentrations in RPMI1640 medium in the presence of 

THP-1 derived macrophages, which were treated with 100 µM of NLCE, CSNLCE 

and native EGCG at 4°C and 37°C. Even though macrophages took up native and 

nanoencapsulated EGCG from medium, the EGCG concentrations in the medium 

were higher in the presence of macrophages compared to in the absence of cells at 

both 4°C and 37°C (Figure 4). The concentrations of nanoencapsulated and native 

EGCG in culture medium were higher at 4°C compared to 37°C (Figure 4). SOD 

increased the concentrations of nanoencapsulated and native EGCG in culture 

medium at 4°C and 37°C (Figure 4). Hong J. et al., demonstrated that adding 50 µM 

of EGCG to cell culture medium increased H2O2 production, which can decrease 

EGCG stability (21). However, the amount of H2O2 was decreased in the presence of 
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cells (21). Other studies indicated that increased H2O2 production by EGCG instead 

of direct effects of EGCG resulted in cancer cell growth inhibition and apoptosis in 

vitro (43, 44). Cells in the culture medium can produce glutathione peroxidase and 

catalase, which can decompose H2O2 and further improve EGCG stability (43, 44). 

Based on these data, SOD (5U/mL) was used to stabilize EGCG for measuring the 

uptake of native and nanoencapsulated EGCG by macrophages (42). 

Cellular binding and uptake of NBD-nanocarriers 

The binding and uptake of NBD-labeled nanocarriers in THP-1 derived 

macrophages were observed under a fluorescence microscope after treating 

macrophages with NBD-VNLC and NBD-VCSNLC for 2, 4, 6, 18 and 24 hours at 

37ºC (Figure 5). The green and blue colors denote NBD-nanocarriers and cell nuclei, 

respectively. When macrophages were treated with 1XPBS, green fluorescence is 

undetectable under the same parameters, which were used for all images (Figure 5). 

More NBD-nanocarriers were bound and taken up by macrophages at 37ºC 

compared to 4ºC. As incubation time was increased, the binding and uptake of NBD-

VNLC and NBD-VCSNLC in macrophages were gradually increased and reached the 

peak at hour 18.  After incubation for 24 hours, the binding and uptake of NBD-VNLC 

and NBD-VCSNLC in macrophages were decreased. Nanocarriers degradation 

caused by enzymes or environmental factors may partially contribute to the 

decreased uptake after long-term incubation. As compared to NBD-VNLC, more 

NBD-VCSNLC was taken up and bound to macrophages. The data further confirm 

chitosan is an uptake enhancer. According to fluorescence imaging data, the binding 

and uptake of NBD-VNLC and NBD-VCSNLC in macrophages were temperature- and 

time-dependent.  

Macrophage EGCG content 

To measure the cellular EGCG content, THP-1 derived macrophages were 

incubated with 100 µM of native EGCG, NLCE and CSNLCE at 4ºC or 37ºC for 2 and 

4 hours. After incubation at 37°C for 2 hours in the absence of SOD, the EGCG 

content in macrophages treated by native EGCG, NLCE and CSNLCE was 0.031, 

0.096, 0.14 µg/mg protein, respectively (data not shown). In the presence of SOD, the 
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EGCG content was increased to 0.098, 0.176, and 0.307 µg/mg protein in 

macrophages treated by native EGCG, NLCE and CSNLCE at 37°C for 2 hours, 

respectively (Figure 6). After incubation at 37°C for 4 hours in the presence of SOD, 

the EGCG content in macrophages treated by native EGCG, NLCE and CSNLCE 

was 0.109, 0.458, and 0.853 µg/mg protein, respectively (Figure 6). SOD significantly 

increased cellular EGCG content among all treatments, which might be partially due 

to its function in enhancing EGCG stability. No matter in the absence or presence of 

SOD, nanoencapsulated EGCG, especially CSNLCE, dramatically increased 

macrophage EGCG content compared to native EGCG (Figure 6). Increased 

macrophage EGCG content by NLCE and CSNLCE could be partially caused by 

enhanced EGCG stability. Except native EGCG, 4-hour incubation resulted in higher 

macrophage EGCG content than 2-hour incubation at both 4ºC and 37ºC (Figure 6). 

In consistent with other study (21), macrophages incubated with 100 µM of native 

EGCG or NLCE at 4ºC had higher EGCG content than those incubated at 37ºC 

(Figure 6). The high stability of native EGCG and NLCE at 4ºC may partially 

contribute to the results. Another reason might be an increase in EGCG efflux from 

macrophages at 37ºC. Native EGCG at a concentration range from 5 to 640 µM is 

taken up by cells through passive diffusion process and subsequently converted to 

the methylated metabolites and glucuronides, which together with native EGCG may 

be pumped out by cells through multi-drug-resistance proteins or P-glycoproteins (21, 

45). This efflux rate was higher at 37°C than it at 4°C. This energy-dependent efflux 

process may further explain why cellular EGCG content was higher at 4°C than it at 

37°C.  

In vitro release study 

The release behavior of native EGCG and NLCE was investigated using a 

dialysis method. Dynamic dialysis was chosen for separation of free EGCG from 

NLCE. In Figure 7, native EGCG exhibited a much faster dissolution rate with 100% 

released within the initial 2 hour period.  In contrast, only 2% of EGCG was released 

from NLCE within the first 2 hours. After 9 hours, only 4.43% of EGCG was released 

from NLCE (Figure 7). The data indicated that increased cellular EGCG content by 

NLCE was due to uptake of nanocarriers, not native EGCG released from 

nanocarriers. We confirmed this result with the ultracentrifugation and ultrafiltration 
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method (Millipore Amicon Ultra-15). More studies are required to investigate the 

membrane receptors in transporting NLCE and CSNLCE, organelles and enzymes for 

metabolizing them. 

Cytotoxicity study 

After treating THP-1 macrophages with 5, 10, and 20 µM of native or 

nanoencapsulated EGCG (NLCE and CSNLCE) and responsive void nanocarriers 

(VNLC and VCSNLC) for 18 hours, the cell viability was more than 90% among all 

treatments (Figure 8). The data indicate that NLCE and CSNLCE and their void 

nanocarriers had a very low level of toxicity in the tested concentration range.   

Macrophage cholesterol accumulation 

In the absence or presence of minimally oxLDL in the culture medium, 

nanoencapsulated EGCG significantly decreased macrophage CE content as 

compared to 1XPBS, native EGCG and void nanocarriers. In the absence of oxLDL, 

CSNLCE and NLCE resulted in 9.4-fold and 2.7-fold lower macrophage CE content 

than native EGCG, respectively (Figure 9 A). In the presence of oxLDL, CSNLCE 

and NLCE resulted in 5.2-fold and 2.9-fold lower macrophage CE content than native 

EGCG, respectively (Figure 9 B). Even though NLCE and CSNLCE decreased 

macrophage TC content, but they did not reach a statistical difference due to high 

standard deviations. The rate-limiting enzyme in cholesterol biosynthesis is 3-

hydroxy-3-methyl-glutaryl-CoA reductase (HMGCR) (10). Native EGCG at 50 µM or 

higher concentrations can decrease de novo cholesterol synthesis through 

decreasing HMGCR expression and activity (10, 46). Miura Y et al., fed male 

apolipoprotein E null mice with an atherogenic diet (high fat and cholesterol) in 

combination with a green tea extract drink (0.8 g/L), or a vehicle drink (47). The green 

tea extract drink decreased the atheromatous area and aortic cholesterol content by 

23% and 27%, respectively (47). In the current study, NLCE and CSNLCE containing 

10 µM of EGCG significantly decreased macrophage CE content, but native EGCG at 

the same concentration had no beneficial effect on lowering macrophage cholesterol 

content. The data indicate that nanoencapsulated EGCG retains its bioactivities and 

exhibits a high dose advantage.  
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Expression and secretion of inflammatory factors 

As compared to native EGCG, NLCE significantly decreased mRNA levels of 

MCP-1, and CSNLCE significantly decreased MCP-1 release from macrophages 

(Figure 10). The release of TNFα and IL-6 from macrophages and mRNA levels of 

TNFα were similar among all treatments (data not shown). MCP-1 promotes the 

recruitment of monocytes into the aortic intima layer and atherosclerotic lesion 

development (7). Human studies have shown that elevated plasma MCP-1 

concentrations can serve as a direct marker of atherosclerosis (7, 48). EGCG 

decreased mRNA and protein levels of MCP-1 in human endothelial cells in a dose-

dependent manner (5-30 µM) through inhibiting p38 mitogen-activated protein 

kinases (MAPK) and nuclear factor-kappaB (NF-kB) activation (11). After treating 

monocytes or macrophages with 100 µM of EGCG, MCP-1 expression and secretion, 

and THP-1 migration were inhibited via inhibiting NF-kB activation (12, 13).  When 

rodents were fed with a diet containing EGCG, blood MCP-1 concentrations were 

decreased (49, 50).  

In summary, NLCE and CSNLCE significantly enhanced EGCG stability, 

improved its sustained release, increased its cellular bioavailability, decreased 

cholesterol content and MCP-1 expression in macrophages, which have a potential 

for preventing and reversing atherosclerotic lesion development.  
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FIGURE LEGENDS 

Figure 1. Transmission electron microscope (TEM) image of NLCE (A) and 

CSNLCE (B) stained by 2% of uranyl acetate. 

Figure 2. Stability of 100 µM of native EGCG, NLCE and CSNLCE in 1XPBS 

(pH 7.4) at 4°C (A), 22°C (B) and 37°C (C). Means at a time point without a common 

superscript differ, P < 0.05. 

Figure 3. Stability of 100 µM of native EGCG, NLCE and CSNLCE in 

RPMI1640 medium at 37°C in the absence of SOD (A); or in the presence of 5U/mL 

of SOD (B). Means at a time point without a common superscript differ, P < 0.05. 

 Figure 4. Stability of 100 µM of native EGCG, NLCE and CSNLCE in 

RPMI1640 medium in the presence of THP-1 derived macrophages at 4°C in the 

absence of SOD (A); at 4°C in the presence of 5U/mL of SOD (B); at 37°C in the 

absence of SOD (C); or at 37°C in the presence of 5U/mL of SOD (D). Means at a 

time point without a common superscript differ, P < 0.05. 

Figure 5. Representative fluorescence images of binding and uptake of NBD-

VNLC (A) and NBD-VCSNLC (B) by THP-1 derived macrophages. Cells were 

incubated with NBD-VNLC and NBD-VCSNLC for 2, 4, 18, 24 hours at 37°C and 4 

hours at 4°C. NBD emitted green fluorescence (λ of excitation is 460 nm, λ of 

emission is = 535 nm); cell nuclei were stained blue by DAPI (λ of excitation is 358 

nm, λ of emission is 461 nm).  

Figure 6. Macrophage EGCG content. THP-1 derived macrophages were 

treated with 100 µM of native EGCG, NLCE, and CSNLCE in RPMI1640 medium 

containing SOD (5U/mL) for 2 and 4 hours at 4°C or 37°C. Three independent 

experiments were conducted. Compared to native EGCG, CSNLCE increased EGCG 

content *, P < 0.05; **, p< P < 0.01; Compared to NLCE, CSNLCE increased EGCG 

content #, P < 0.05.  

Figure 7. In vitro EGCG release profiles of native EGCG and NLCE. Three 

independent experiments were conducted. 
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Figure 8. Viability of THP-1 derived macrophages treated by 5, 10, and 20 µM 

of VNLC, VCSNLC, NLCE, CSNLCE, EGCG and 1XPBS for 18 hours. Three 

independent experiments were conducted. 

Figure 9. Macrophage cholesterol content. THP-1 derived macrophages were 

treated with 10 µM of VNLC, VCSNLC, NLCE, CSNLCE, EGCG and 1XPBS for 18 

hours in the absence of oxLDL (A), three independent experiments were conducted; 

and in the presence of oxLDL (B), six independent experiments were conducted. 

Compared to 1XPBS, EGCG, VNLC and VCSNLC, NLCE and CSNLCE decreased 

macrophage CE content *, P < 0.05; **, P < 0.01. 

Figure 10. MCP-1 mRNA levels (A) and protein secretion (B) in/from THP-1 

derived macrophages. Three independent experiments were conducted. Bars without 

a common superscript differ, P < 0.05. 

Table 1. Particle size, zeta potential, polydispersity index (PI) of nanocarriers. 

Nanocarriers Particle size (nm) Zeta potential (mV) PI 

Temperature 0 day 50 days 0 day 50 days 0 day 50 days 

4°C 

VNLC 43.1±3.3 51.4±0.8 -8.9±3.0 -7.2±1.3 0.28±0.03 0.24±0.03 

NLCE 46.3±1.4 51.8±1.8 -12.6±3.2 -8.8±0.2 0.19±0.01 0.18±0.02 

VCSNLC 48.0±0.7 54.2±0.7 20.9±0.4 15.3±1.8 0.25±0.03 0.25±0.04 

CSNLCE 53.5±1.6 70.6±0.5 13.3±1.0 13.0±4.3 0.19±0.01 0.29±0.01 

 
 

0 hour 10 hours 0 hour 10 hours 0 hour 10 hours 

37°C 

VNLC 43.1±3.3 49.1±1.7 -8.9±3.0 -6.9±1.6 0.28±0.03 0.31±0.04 

NLCE 46.3±1.4 47.6±1.1 -12.6±3.2 -7.3±2.7 0.19±0.01 0.18±0.02 

VCSNLC 48.0±0.7 51.3±1.4 20.9±0.4 8.3±1.6 0.25±0.03 0.33±0.02 

CSNLCE 53.5±1.6 55.8±1.9 13.3±1.0 7.2±3.5 0.19±0.01 0.37±0.02 
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Figure 3 
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Figure 4 

 

 

 



Texas Tech University, Jia Zhang, December 2015 

70 

 

Figure 5  

 



Texas Tech University, Jia Zhang, December 2015 

71 

Figure 6 
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Figure 8 
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Figure 10 
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ASTRACT 

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 liposomes. Soy 

phosphatidylcholine was used to synthesize liposomes. 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 liposomes had a high 

binding affinity for the oxLDL binding site of the CD36 receptor and participated in 

CD36-mediated recognition and uptake of liposomes by macrophages. Intravenous 

administration into LDL receptor null mice of targeted compared to non-targeted 

liposomes resulted in higher uptake in aortic lesions. The liposomes 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. 

KEY WORDS: liposomes; atherosclerosis; detection; macrophage; CD36; 

target 
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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 (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 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 
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binding affinity to the CD36 receptor and participates in CD36-mediated recognition 

and uptake of particles by intimal macrophages (25).  

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

lesions by forming liposomes with KOdiA-PC on the surface and assessing their 

target specificity to intimal macrophages, particularly through CD36 receptors (Figure 
1). Our hypothesis was that the targeted liposomes 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. 

MATERIALS AND METHODS 

Liposome preparation 

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

with (targeted liposomes) or without (non-targeted  liposomes) 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 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 liposomes. The size and polydispersity index of liposomes were 

measured using a Brookhaven BI-MAS particle size analyzer. The zeta potential of 

liposomes was measured using a Brookhaven ZetaPALS analyzer. The size and 

morphology of liposomes were measured and confirmed using a Hitachi 8100 

transmission electron microscope (TEM).  

Liposome in vitro binding and uptake  

Elicited peritoneal macrophage isolation and culture - Male C57BL/6J mice 

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

peritoneal macrophages as previously described (43).  
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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 (43). 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 1XPBS 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. 

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 x 105 cells/mL with 1.6 nmol/L phorbol 12-

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

Human LDL isolation and minimally oxLDL preparation - LDL was isolated 

from human plasma by a sequential ultracentrifugation method (44). 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 (45).   

Binding and uptake of liposomes 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 liposomes. 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 liposomes for 

2 hours at 37°C. (ii) Competitive binding assay with mouse CD36 antibody. Mouse 
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elicited peritoneal macrophages were treated with RPE-labeled anti-CD36 antibody 

(MCA2748PE, AbD Serotec) in combination with NBD-labeled non-targeted  or 

targeted liposomes 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 

liposomes 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.   

Cellular cholesterol content - THP-1 derived macrophages were pre-treated 

with non-targeted or targeted liposomes 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 (46).  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. 

In vivo targeting of liposomes to atherosclerotic lesions 

Animals and diet – Eight male 6-week old LDLr-/- mice with C57BL/6J 

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 
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(w/w) for about 25 weeks. C57BL/6J mice were used as non-lesion control mice. Mice 

were housed at 22 to 24°C, 45% relative humidity and a daily 10/14 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 C57BL/6J mice were grouped before receiving 

treatments. The animal protocol was approved by the animal care and use committee 

of Texas Tech University, Lubbock, TX. 

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. Non-targeted liposomes and targeted 

liposomes labeled with DiR 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. 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 (liposomes) 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 
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temperature, and then sections were visualized under the EvoS Auto fluorescence 

microscope.  

Statistical analysis 

Data of macrophage cholesterol content and liposome 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. 

RESULTS 

Characteristics of liposomes 

The liposomes 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 liposomes was about -22 mV measured 

using a Brookhaven ZetaPALS analyzer (Table 1). The liposome size was confirmed 

using transmission electron microscope (TEM) measurements. TEM images indicated 

that liposomes had a quasi-spherical shape (Figure 2). 

Targeted liposomes bound to mouse macrophages via CD36 

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

mouse peritoneal macrophages than NBD-labeled non-targeted liposomes (Figure 
3A). Co-incubation of targeted liposomes with a CD36 antibody dramatically 

decreased their binding affinity to mouse peritoneal macrophages (Figure 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 80% after 48-hour of CD36 siRNA transfection (Figure 3C). 

Scramble siRNA transfection did not significantly change CD36 expression. CD36 

knockdown macrophages bound and took up less NBD-labeled targeted liposomes 

than control or CD36 negative control macrophages (Figure 3D).  
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Targeted liposomes bound to human macrophages via CD36 

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

human THP-1 derived macrophages than NBD-labeled non-targeted liposomes 

(Figure 4A). Co-incubation of targeted liposomes with human minimally oxLDL 

significantly decreased their binding and uptake by human macrophages (Figure 4B). 

The binding and uptake of non-targeted liposomes by human THP-1 derived 

macrophages were extremely low, regardless of the presence or absence of oxLDL 

(Figure 4A&B). Human THP-1 derived macrophages expressed high levels of CD36 

receptors (Figure 4C).  

Targeted liposomes decreased macrophage cholesterol content  

Targeted compared to non-targeted  liposomes 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 (Figure 4D). 

Targeted liposomes detected atherosclerotic lesions in LDL receptor 
null (LDLr-/-) mice 

After twenty hours of post-intravenous injection of DiR-labeled liposomes into 

C57BL/6J 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 liposomes (Figure 5). Both DiR-labeled non-targeted and 

targeted liposomes did not target to aortas (no lesions) in C57BL/6J control mice 

(Figure 5A). However, targeted compared to non-targeted liposomes had higher 

target specificity to the aortas with lesions in LDLr-/- mice (Figure 5B&C) and had a 

stronger signal in the lesion areas as visualized on the longitudinally opened aortas 

isolated from those mice (Figure 5D). The results were consistent for all 4 pairs of 

LDLr-/- mice having atherosclerotic lesions. Targeted liposomes had higher target 

specificity to the atherosclerotic lesions on cross-sections of aortas isolated from 

LDLr-/- mice than non-targeted liposomes (Figure 6A-a & 6A-b-1). There was no 

evidence of non-specific binding of targeted liposomes to aortas without lesions 
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isolated from C57BL/6J mice (Figure 6A-b-2). We analyzed DiR (liposome) signals in 

the cross-sections of aortic lesions using the NIH Image J software. The targeted 

liposomes had more than 2-fold higher intensity in the lesion areas than non-targeted 

liposomes (p<0.05) (Figure 6B). 

Targeted liposomes 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 liposomes were detected in the lesion cap or 

shoulder area (Figure 7). The targeted liposomes co-localized with macrophages 

(F4/80) and CD36 receptors, indicating that these liposomes targeted the intimal 

macrophages via binding to CD36 receptors (Figure 7). 

DISCUSSION 

We have successfully synthesized liposomes, which carry KOdiA-PC on their 

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

targeted liposomes 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 (26-28). Accumulation of intimal macrophages positively correlates with 

lesion size and area (7-9). 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 liposomes to migrate into the intimal layer 

(29). Expanding atherosclerotic lesions requires oxygen and nutrients, promoting 

neoangiogenesis (30). These neovessels are prone to be leaky and fragile  resulting 

in enhanced permeability and retention, further promoting migration of liposomes into 

the lesion area (31). Macrophage-dense inflammation, especially in the shoulder and 

cap regions, large lipid cores, and thin fibrous caps are major characteristics of 

vulnerable lesions (4, 32-34). The CD36-targeted liposomes accurately identified not 

only the lesion area and size, but also macrophage distribution and accumulation. In 

the LDLr-/- mouse model used in this study, macrophage accumulation was 

particularly rich in the cap and shoulder areas of the lesions. 
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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 (35, 36). Oxidized PC is found on oxLDL and at high 

concentrations in atherosclerotic lesions of animals (25, 37).  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 (38). 

KOdiA-PC, has been identified in oxLDL and has a high binding affinity to the CD36 

receptor (25). In the current work, when liposomes 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 protrude into the aqueous phase, 

resulting in a lipid whisker model (39). 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, 40). In the 

current work we mixed KOdiA-PC with PC to make targeted liposomes, 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 liposomes have a higher binding affinity to both human and 

mouse macrophages than non-targeted liposomes. Decreased binding affinity of 

targeted liposomes to CD36-knockdown macrophages and to macrophages co-

incubating with CD36 antibody or oxLDL indicates that the targeted liposomes bind to 

macrophages via CD36 receptors. The high expression of CD36 receptors in the 

intimal macrophages enhances their affinity for the targeted liposomes carrying 

KOdiA-PC. These data are consistent with our in vivo data indicating that targeted 

liposome signals co-localize with CD36 receptors and macrophages in the cross-

sections of atherosclerotic lesions isolated from LDLr-/- mice. Most importantly, 

liposome signals are not found in non-lesion areas of LDLr-/- and C57BL/6J mice. 

Therefore, our KOdiA-PC liposomes can migrate into the artery wall and target intimal 

macrophages via binding to 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.  
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Nanomedicine is promising in developing novel diagnostic and therapeutic 

agents, and therefore has gained tremendous attention in biomedical research (41).  

Liposomes 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 (42). We used PC to make liposomes and incorporated 

KOdiA-PC on the surface of liposomes. The ligand and liposome are biocompatible 

and biodegradable.  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.  

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 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 liposomes and incorporated compounds before 

translating it to clinical application. CD36-targeted liposomes 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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FIGURE LEGENDS 

Figure 1. Illustration of CD36-targeted liposome composition, structure and 

targeting mechanisms to intimal macrophages. Targeted liposomes in the circulation 

system migrate into the arterial intimal layer, and then target to intimal macrophages 

via binding to their CD36 receptors. 

Figure 2. Transmission electron microscope (TEM) images of non-targeted 

liposomes (A) and targeted liposomes (B) stained by 2% of uranyl acetate. 

Figure 3. The binding and uptake of NBD-labeled liposomes by mouse 

peritoneal macrophages. A, Mouse peritoneal macrophages were treated with non-

targeted liposomes (a) or targeted liposomes (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 liposomes (a) or targeted 

liposomes (b). Targeted liposomes 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 liposomes by control, CD36 knockdown, or 

CD36 negative control mouse peritoneal macrophages. Bar length is 200 µm. NBD-

labeled liposomes 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. 

Figure 4. The binding and uptake of NBD-labeled liposomes by THP-1 

derived macrophages. A, THP-1 derived macrophages were treated with non-

targeted liposomes (a) or targeted liposomes (b); B, Co-incubation of human 

minimally oxLDL with either non-targeted liposomes (a) or targeted liposomes (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 

liposomes 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 
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using a HPLC system. Data are calculated from three independent experiments and 

expressed as means ± SD, * indicates p<0.05. 

Figure 5. Target specificity of DiR-labeled liposomes to atherosclerotic lesions 

in mice. A&B, In vivo images of one pair of C57BL/6J mice (A) and 4 pairs of LDLr-/- 

mice (B) intravenously injected with DiR-labeled non-targeted liposomes (a) or DiR-

labeled targeted liposomes (b) using an IVIS® Lumina XR imaging system; Arrow 

heads denote hearts, and arrows denote 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 aortas and atherosclerotic 

lesions 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). 

Figure 6. Target specificity of DiR-labeled liposomes 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 C57BL/6J 

mice. Figure 6A-a and 6A-b-1 were obtained from LDLr-/- mice intravenously injected 

with DiR-labeled non-targeted liposomes (a) or DiR-labeled targeted liposomes (b-1), 

respectively. Figure 6A-b-2 was obtained from C57BL/6J mice intravenously injected 

with DiR-labeled targeted liposomes. (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 liposomes or DiR-labeled targeted liposomes 

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. 

Figure 7. Liposomes carrying KOdiA-PC on their surface target to 

atherosclerotic lesions through binding to CD36 receptors of intimal macrophages. 

Targeted liposomes overlay with F4/80 and CD36 receptors stained by 

immunohistochemistry in cross-sections of aortas isolated from LDLr-/- mice, which 

were intravenously injected with liposomes 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 liposomes 

Characteristics Non-targeted  liposomes Targeted liposomes 

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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Figure 2  
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6  
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Figure 7 
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SUPPLEMENTARY MATERIALS 

Human arteries with plaques were collected from 3 patients undergoing 

standard vascular surgery procedures including aortic root replacement and aorto-

femoral bypass the University Medical Center of Texas Tech University. Inclusion 

criteria were subjects having atherosclerosis and having age between 20 and 60 

years old. Three pairs of cross-sections of arteries with plaques from each patient 

were treated with either fluorescence-labeled non-targeted or fluorescence-labeled 

targeted liposomes in RPMI 1640 medium at 37°C for 2 hours. After incubation, the 

cross-sections were washed with 1XPBS. They were observed under the EvoS Auto 

fluorescence microscope. The fluorescence intensity was calculated by the NIH 

ImageJ software. The study was approved by the Texas Tech University Health 

Sciences Center Institutional Review Committee. Informed consent was obtained 

from all subjects. 

Data of the fluorescence intensity in the cross-sections of human artery 

plaques 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 supplementary figure as means ± 

standard deviation. 

FIGURE LEGENDS  

Supplementary Figure 1. Relative fluorescence intensity in the cross-

sections of human artery plaques treated with either fluorescence-labeled non-

targeted liposomes or fluorescence-labeled targeted liposomes was calculated using 

the NIH ImageJ software. Values are the means of relative fluorescence intensity with 

standard deviations represented by vertical bars. * indicates p<0.05. 
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ABSTRACT 

     Intimal macrophages are determinant cells for atherosclerotic lesion 

formation by releasing inflammatory factors and taking up oxidized low density 

lipoprotein (oxLDL) via scavenger receptors, primarily the CD36 receptor. 

Epigallocatechin gallate (EGCG) has a potential to decrease cholesterol 

accumulation and inflammatory responses in macrophages. We made EGCG-loaded 

nanoparticles (Enano) using phosphatidylcholine, surfactant, alpha-tocopherol 

acetate and EGCG. 1-(Palmitoyl)-2-(5-keto-6-octene-dioyl) phosphatidylcholine 

(KOdiA-PC), a CD36-targeted ligand found on oxLDL, was incorporated on the 

surface of Enano to make ligand-Enano (L-Enano). The objectives of this study are to 

deliver EGCG to macrophages via CD36-targeted L-Enano and to determine anti-

atherogenic bioactivities of L-Enano. The optimized nanoparticles obtained in our 

study were spherical and around 108 nm in diameter, had about 10% of EGCG 

loading capacity and 96% of EGCG encapsulation efficiency. Compared to Enano, 

CD36-targeted L-Enano had significantly higher binding affinity to and uptake by 

macrophages at the same pattern as oxLDL. CD36-targeted L-Enano dramatically 

improved EGCG stability, increased macrophage EGCG content, delivered EGCG to 

macrophage cytosol and avoided lysosomes. L-Enano significantly decreased 

macrophage mRNA levels and protein secretion of monocyte chemoattractant protein 

1, but did not significantly change macrophage cholesterol content. The newly 

designed CD36-targeted nanoparticles will have the potential to serve as a targeted 

delivery system for the diagnosis, prevention and treatment of atherosclerosis. 

KEY WORDS: phytochemicals; Epigallocatechin gallate; nanoparticles; 

targeted delivery; biocompatible and biodegradable; macrophages; atherosclerosis 
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INTRODUCTION 

Epigallocatechin gallate (EGCG) comprises 25 to 55% of the total green tea 

catechins (1, 2). EGCG has a potential to decrease cholesterol accumulation and 

inflammatory responses in macrophages, which may in turn prevent atherosclerosis 

development (3-6). When apolipoprotein E null mice were given a daily dose of 

EGCG 10 mg per kg body weight through intraperitoneal injections for twenty one 

days, cuff-induced evolving atherosclerotic lesion size was reduced by 55% (7). 

Human studies have already shown that EGCG has beneficial effects for 

cardiovascular health, but the evidence is inconsistent (8-10). The major reasons 

might be a low level of EGCG bioavailability and stability, quick metabolism by 

enzymes in the liver and other tissues, lack of target binding to intimal macrophages 

(8-10). Due to potential toxicity and side effects, human studies used low doses of 

EGCG (11). The oral bioavailability of EGCG is about 0.1% in humans and research 

animals (12, 13). EGCG is not stable in water and physiological fluids (1, 2). 

Methylation, sulfation, glucuronidation, and other metabolic transformations 

dramatically decrease EGCG stability (8-10). Nanotechnology could enhance EGCG 

stability, bioavailability and target specificity; reduce its toxicity through preventing 

EGCG from prematurely contacting with the biological environment, promoting 

intracellular penetration and sustained release of EGCG (14, 15). 

     Cardiovascular disease (CVD) is the No. 1 killer in the United States (16). 

About 50% of the CVD death is caused by atherosclerosis (16). Lipid, primarily 

cholesterol, accumulation and inflammatory responses are major contributors for 

atherosclerosis initiation, formation and progression (17, 18). Monocyte 

chemoattractant protein 1 (MCP-1) is a major chemokine that  recruits blood 

monocytes into the intimal layers of arteries (19, 20). Monocytes in the intimal layers 

are activated by macrophage colony stimulating factors and further differentiated into 

macrophages, which express scavenger receptors for binding and taking up oxidized 

low density lipoprotein (oxLDL), primarily minimally oxLDL in humans. After uptake of 

oxLDL, macrophages accumulate cholesterol and are transformed into foam cells, 

which are the hallmark of atherosclerosis. Macrophages and foam cells release 

inflammatory factors, especially MCP-1, which can recruit more monocytes into the 

intimal layer of arteries and amplify the local inflammatory response. Macrophage 
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scavenger receptor AI, AII and CD36 are major membrane proteins involved in the 

uptake of cholesterol-rich minimally oxLDL (21, 22). Studies performed in mice 

lacking CD36 showed a very significant reduction (76.5%) in aortic lesion size, and 

peritoneal macrophages isolated from those mice exhibited a 60-80% decrease in 

oxLDL binding and uptake (23). This suggests that CD36-mediated oxLDL binding 

and uptake are required for foam cell formation and lesion development during 

atherosclerosis. Oxidized phospholipids are enriched in atherosclerotic lesions in 

animals (24, 25). They seem the most likely ligands for binding oxLDL to CD36. 1-

(Palmitoyl)-2-(5-keto-6-octene-dioyl) phosphatidylcholine (KOdiA-PC), a type of 

oxidized phosphatidylcholines found on oxLDL, had a high binding affinity to CD36 

and participated in CD36-mediated recognition and uptake of oxLDL and other 

particles by intimal macrophages (26, 27). CD36 expression correlates well with 

lesion severity (26-28). Targeting intimal macrophages through CD36 is a promising 

avenue for diagnosis, prevention and treatment of atherosclerosis (29-32).  

     In our previously published study, we have successfully synthesized EGCG 

encapsulated nanostructured lipid carriers (NLCE) (33). Nanoencapsulation 

significantly enhanced EGCG stability. NLCE compared to native EGCG significantly 

reduced MCP-1 expression and production from THP-1 derived macrophages. 

However, nanostructured lipid carriers (NLC) contained a large amount of triglyceride. 

If we further conduct in vivo studies by administering NLCE to animal or human 

bodies, it could increase blood triglyceride concentrations, an independent risk factor 

for cardiovascular disease (34, 35). To overcome this problem, we successfully 

develop a triglyceride free EGCG-loaded nanoparticles (Enano) in the present study 

by replacing triglyceride with (+)-alpha (α)-tocopherol acetate. Additionally, (+)-α-

tocopherol acetate, as an anti-oxidant, can prevent EGCG and other components in 

nanoparticles from oxidation (36).  

     In this study, we made void nanoparticles (Vnano) using 

phosphatidylcholine, surfactant, (+)-α-tocopherol acetate and incorporated KOdiA-PC 

on the surface of Vnano to form ligand-Vnano (L-Vnano). We further encapsulated 

EGCG into Vnano and L-Vnano to synthesize Enano and L-Enano, respectively. In 

order to increase binding affinity of ligand nanoparticles to macrophages, EGCG 

loading capacity and encapsulation efficiency, we optimized composition of 
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nanoparticles. We compared their binding affinity to and uptake by THP-1 derived 

macrophages. We hypothesize that both Enano and L-Enano have higher EGCG 

stability than native EGCG, and L-Enano compared to Enano have higher binding 

affinity to THP-1 derived macrophages (Figure 1), and further increase macrophage 

EGCG content, which might associate with decreased macrophage cholesterol 

content and MCP-1 expression and secretion.  

MATERIALS AND METHODS 

Chemicals and reagents 

EGCG (>95%), (+)-α-tocopherol acetate, phorbol 12- myristate 13-acetate 

(PMA), Escherichia coli lipopolysaccharide were purchased from Sigma-Aldrich 

Chemical, MO. KOdiA-PC was purchased from Cayman Chemical, MI. Surfactant 

kolliphor HS15 was given as a gift from BASF Chemical, NJ. Soy phosphatidylcholine 

(PC) and 7-nitro-2-1, 3-benzoxadiazol-4-yl-phosphotidylcholine (NBD-PC) were 

purchased from Avanti Polar Lipids, AL. Trizol reagent, SuperScript™ III reverses 

transcriptase, and power SYBR green master mix were purchased from Life 

Technologies, CA. 

Preparation of nanoparticles 

 Enano were synthesized using a lipid mixture containing 10% of EGCG, 

36.2% of PC, 45% of surfactant Kolliphor HS15, and 8.8% of (+)-α-tocopherol acetate 

in weight. The lipid mixture was suspended in deionized water, and then was 

homogenized for 2 minutes followed by sonication for additional 2 minutes. L-Enano 

was made by using the above method and just replacing 30 mol% of PC with KOdiA-

PC (Fig 1). Void nanoparticles (Vnano) and void ligand-nanoparticles (L-Vnano) were 

prepared using the above materials and procedures without adding EGCG. For in 

vitro binding and uptake experiments, fluorescence dye NBD-PC (2 mol% of total PC) 

was added to make NBD-labeled nanoparticles. 

Charateristics, encapsulation efficiency and loading capacity of 
nanoparticles 
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The particle size and polydispersity index were measured using a BI-MAS 

particle size analyzer, and zeta potential was measured using a ZetaPALS analyzer 

(Brookhaven Corporation, NY). The nanoparticle morphology was examined using a 

transmission electron microscope (TEM) instrument (200Kv Hitachi H-8100, Tokyo). 

The encapsulation efficiency and loading capacity of nanoparticles were measured as 

previously described (33) 

Cell culture and binding assay 

Human monocytic THP-1 cells purchased from the American Type Tissue 

Culture Collection (ATCC, VA) were cultured in the RPMI1640 medium containing 

heat inactivated 10% fetal bovine serum (FBS) following ATCC instructions. THP-1 

cells (2 X 105/well) in a 24-well plate were differentiated into macrophages by 

incubating them with 75 ng/mL PMA for 72 hours. For measuring binding and uptake, 

THP-1 derived macrophages were treated with NBD-labeled void nanoparticles 

(Vnano or L-Vnano) at either 4°C or 37°C for 2 hours, or EGCG encapsulated 

nanoparticles (Enano or L-Enano) at 37°C for 2 hours. Cells were then washed at 

least three times with ice cold 1Xphosphate buffer saline (PBS, pH 7.4) and fixed with 

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

washing cells with ice cold 1XPBS (pH 7.4) at least three times, nuclei were stained 

with DAPI solution for 10 minutes at room temperature. Cells were washed again with 

ice cold 1XPBS (pH 7.4) and visualized under the EvoS Auto fluorescence 

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

comparison of the images (33).    

Nanoparticle formulation screening 

Different ratios of ingredients including surfactant Kolliphor HS15, PC, (+)-α-

tocopherol acetate, KOdiA-PC (ligand) and EGCG can give nanoparticles different 

binding affinity to macrophages, encapsulation efficiency and loading capacity. Total 

PC weight was considered as 1, surfactant Kolliphor HS15, (+)-α-tocopherol acetate, 

target ligand KOdiA-PC was compared to total PC.  The tested weight ratios of 

surfactant Kolliphor HS15 to PC were 0.5/1, 2/1, 4/1, 6/1, 12/1 and 18/1; the tested 

weight ratios of (+)-α-tocopherol acetate to PC were 0.25/1, 0.5/1, 1/1; the tested 
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mole ratios of KOdiA-PC to PC were 0/1, 0.3/1 and 0.5/1. After determining the 

optimal ratios of ingredients, we added EGCG in a range of 3% to 14% (weight %) in 

nanoparticles to determine the optimal amount of EGCG for reaching high loading 

capacity and encapsulation efficiency. The optimal formulation should have a size 

less than 120 nm in diameter, high binding affinity to THP-1 derived macrophages, 

low polydispersity, high encapsulation efficiency and loading capacity. All 

experiments were conducted at 37°C.  

Minimally oxLDL preparation, competitive binding assay of oxLDL and L-
Vnano 

LDL was isolated from human plasma by a sequential ultracentrifugation 

method (37). Minimally oxLDL was prepared as previously described (37). For the 

competitive binding experiment, THP-1 derived macrophages were treated with NBD-

labeled Vnano or L-Vnano in combination with 40 µg protein/mL of oxLDL for 2 hours 

at 37°C. After treatments, cells were washed with ice cold 1XPBS (pH 7.4), fixed with 

3.7% formaldehyde in 1XPBS (pH 7.4), stained with DAPI and visualized under the 

EvoS fluorescence microscope as described in section 2.4. 

Lysosome staining 

In order to determine the intracellular location of Vnano and L-Vnano, 

lysosomes were stained with lyso-tracker (Life Technology, CA). Briefly, THP-1 cells 

were seeded on glass coverslips in a 6-well plate and differentiated to macrophages 

as described earlier in section 2.4. Macrophages were treated with NBD-labeled 

Vnano or L-Vnano for 2 hours at 37°C, followed by washing with cell suspension 

buffer (CBS, pH 7.4) three times, and incubated with lyso-tracker Red DND-99 (1 µM) 

for an additional 30 minutes at 37°C. CSB contained 0.44 mM KH2PO4, 110 mM NaCl, 

0.35 mM Na2HPO4, 1.3 mM CaCl2, 1 mM MgSO4, 5.4 mM KCl, 25 mM HEPES, 5 mM 

glucose and 2mM glutamine. Cells were washed and visualized under a confocal 

laser scanning microscope (Nikon T1-E microscope with A1 confocal system) to 

observe the intracellular distribution of the Vnano and L-Vnano. 

EGCG stability and in vitro release study 
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To determine the EGCG stability at different temperatures, 45 µg/mL of native 

EGCG and nanoencapsulated EGCG (Enano and L-Enano) dissolved in 1XPBS (pH 

7.4) were incubated at 4°C for 8 days, 23°C for 12 hours and 37°C for 4.5 hours, and 

EGCG concentrations were measured at each sample collection time point by the 

HPLC system. The in vitro release behavior was measured in 1XPBS (pH 5.0) using 

a dialysis method. Native EGCG, Enano and L-Enano containing the same EGCG 

amount 0.5 mg were dissolved and dispersed in 2 mL of 1XPBS (pH 5.0) and then 

placed in three different dialysis bags with MWCO 6,000-8,000. The dialysis bags 

were dipped with the help of a thread in a conical flask containing 25 mL of 1XPBS 

(pH 5.0) (dissolution medium) and stirred at 250 rpm/minute at 37°C for 20 hours. The 

dissolution medium was totally replaced by freshly pre-warmed dissolution medium 

every two hours in order to minimize the effect of EGCG degradation and imitate in 

vivo condition. EGCG released into the medium was determined every 2 hours using 

the HPLC system.  

Cellular EGCG content 

THP-1 derived macrophages were incubated with 45 µg/mL of native EGCG, 

Enano and L-Enano in RPMI1640 medium in combination with superoxide 

dismutases (SOD, 5U/mL) at either 4°C or 37°C for 4 hours. After washing cells, 

cellular EGCG was extracted and determined by the HPLC system as described 

previously (33). Total cellular protein levels were determined using a bicinchoninic 

acid (BCA) kit (Pierce, IL). Cellular EGCG content was expressed as µg of EGCG per 

mg of protein. 

Secretion of inflammatory factor MCP-1 

 THP-1 derived macrophages were pretreated with native EGCG, void 

nanoparticles (Vnano and L-Vnano) and EGCG nanoparticles (Enano and L-Enano) 

dissolved in  1XPBS (pH 7.4) at 37°C for 2 hours and then co-incubated with 50 

ng/mL of Escherichia coli lipopolysaccharide (LPS) for additional 16 hours. EGCG 

concentrations were 5, 10, 20 and 40 µg/mL. MCP-1 protein concentrations in the 

culture medium were determined using a DuoSet ELISA kit (R&D Systems, 

Minneapolis, MN) and cell protein levels were measured by a BCA kit. Released 
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MCP-1 concentrations were expressed as ng per mg cell protein (37). 

Real-time polymerase chain reaction 

RNA was extracted from THP-1 derived macrophages, treated with the above 

treatments described in the section 2.10, at a concentration of 10 µg/mL using a Trizol 

reagent. cDNA was synthesized from RNA using SuperScript™ III reverse 

transcriptase according to the manufacturer’s instructions. MCP-1 forward primer is 

TCGCTCAGCCAGATGCAAT and reverse primer is ATCTCCTTGGCCACAATGGTC. 

The amplification specificity and efficiency were tested in our previous study (37). 

Beta-actin was used as an endogenous control. cDNA levels of MCP-1 were 

measured using a power SYBR green master mix on a Real-time PCR system 

(Eppendorf, NY). mRNA fold change was calculated using a 2(-Delta Delta C(T)) 

method (37).  

Cellular cholesterol content measurement 

THP-1 derived macrophages (1 X 106/well) grown in 6-well plates were 

incubated with native EGCG, Vnano, L-Vnano, Enano and L-Enano dissolved in  

1XPBS (pH 7.4) at 37°C at EGCG concentrations of 5, 10, 20 and 40 µg/mL in 

combination with 40 µg protein/mL of oxLDL for 18 hours. Non-esterified/free 

cholesterol (FC) and total cholesterol (TC) were measured using the HPLC system as 

described in our previous study (37). Cholesteryl ester (CE) was calculated as the 

difference between TC and FC and expressed as µmol of cholesterol per gram of 

protein (37). 

Statistical analysis 

Data analysis was conducted using Statistical Package for the Social 

Sciences (SPSS). One-way ANOVA followed by Tukey HSD or Dunnett’s C Post Hoc 

test was performed to compare multiple groups. Differences were considered 

statistically significant at p<0.05. Data in figures and tables are expressed as means 

± standard deviation (SD). 

RESULTS 
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Characteristics of nanoparticles 

 Vnano, L-Vnano, Enano and L-Enano were successfully synthesized. They 

were spherical and around 108 nm in diameter (Figure 2A, B, C, & D). Their surface 

charges were between -20 to -30 mV. Polydispersity index of all nanoparticles was 

less than 0.3 (Table 1).  

Nanoparticle formulation screening 

 The binding and uptake of NBD-labeled Vnano to macrophages was used to 

screen different formulae. In order to evaluate size effects on binding and uptake of 

nanoparticles to macrophages, we changed the sonication time. As sonication time 

was increased, the size of nanoparticles decreased. The size of nanoparticles at 70 

and 120 nm in diameter did not significantly affect macrophage binding and uptake of 

Vnano (Figure 3A). As the ratios of surfactant kolliphor HS15 to PC increased, the 

binding and uptake of Vnano to macrophages was gradually decreased (Figure 3B). 

Since decreased surfactant amount increases the size of nanoparticles and reduces 

their stability (33), 1.25/1 of Kolliphor HS15 to PC was chosen and used in the final 

formulation. As the ratios of (+)-α-tocopherol acetate to PC were increased from 

0.25/1 to 1/1, macrophage binding and uptake of NBD-labeled Vnano were gradually 

decreased (Figure 3C). Vnano with 0.25/1 of (+)-α-tocopherol acetate to PC ratio had 

the highest binding and uptake to macrophages, we chose this ratio in the final 

formulation.   

     As the ratios of KOdiA-PC to total PC increased, the binding and uptake of 

NBD-labeled L-Vnano to macrophages was increased. Nanoparticles with 0.3/1 and 

0.5/1 mol ratios of KOdiA-PC to total PC had high binding and uptake to 

macrophages, but they did not have a significant difference (Figure 3D). Due to the 

additional cost concern of KOdiA-PC, we chose 0.3/1 as the final mole ratio of KOdiA-

PC to total PC in the final formulation of L-Vnano and L-Enano. During nanoparticle 

formulation screening, the size range of all nanoparticles was between 70 to 120 nm 

and polydispersity index was less than 0.3.  Based on the above results, the optimum 

weight ratio of PC/surfactant/(+)-α-tocopherol acetate (w/w/w)  was 1/1.25/0.25, which 

was used to make nanoparticles for the rest of experiments. The mole ratio of 0.3/1 



Texas Tech University, Jia Zhang, December 2015 

114 

(KOdiA-PC/PC) was used for making L-Vnano and L-Enano. 

     When EGCG loading amount was increased from 3% to 12% in the final 

formulation, EGCG encapsulation efficiency slightly decreased from 97% to 95%. 

When EGCG loading amount was increased to 14%, the encapsulation efficiency 

decreased sharply to 88% (Table 2). We loaded the optimal EGCG amount to reach 

10% of EGCG loading capacity and 96% of encapsulation efficiency in the final 

Enano and L-Enano formulations. 

Target binding to and uptake by THP-1 macrophages 

 NBD-labeled L-Vnano had higher binding affinity to and uptake by THP-1 

derived macrophages than NBD-labeled Vnano at both 4°C (Figure 4A) and 37°C 

(Figure 4B). More Vnano and L-Vnano were bound to and taken up by macrophages 

at 37°C than at 4°C (Figure 4A, B). When co-incubation of NBD-labeled void 

nanoparticles (Vnano and L-Vnano) with human minimally oxLDL at 37°C, 

macrophage binding and uptake of L-Vnano was decreased by 3.8 folds. However, 

oxLDL only slightly decreased Vnano binding to and uptake by macrophages (Figure 
4B, C). After loading EGCG to the nanoparticles, NBD-labeled L-Enano also had 

higher binding to and uptake by THP-1 derived macrophages than NBD-labeled 

Enano at 37°C (Figure 4D). 

Intracellular distribution 

The intracellular distribution of Vnano and L-Vnano was imaged using a 

confocal microscopy (Nikon T1-E microscope with A1 confocal system). Most of the 

Vnano (green) were localized in lysosomal compartments (red), producing yellow 

fluorescence spots indicating that most of Vnano were entrapped within the 

lysosomes. In contrast, L-Vnano (green) was observed as more diffused spots in the 

cytosol, which was clearly distinguishable from lyso-tracker red fluorescence, implying 

successful and fast escape of L-Vnano from lysosomes and efficient delivery to the 

cytosol (Figure 5). 

Macrophage EGCG content 
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CD36-targeted L-Enano, not Enano, significantly increased macrophage 

EGCG content at 4°C because of its high binding affinity to macrophages. As 

compared to native EGCG, both Enano and L-Enano significantly increased 

macrophage EGCG content at 37°C by more than 7 and 6 folds, respectively (Figure 
6).  

EGCG stability study 

Nanoencapsulation significantly increased EGCG stability. In neutral pH 7.4, 

45 µg/mL of native EGCG was degraded more than 90% after 2 days at 4°C, but 

more than 80% of EGCG was remained in Enano and L-Enano at the same initial 

concentration and conditions (Figure 7A). The same enhanced EGCG stability trend 

by Enano and L-Enano was observed at 23°C and 37°C (Figure 7B, C). However, 

there was no significant difference between Enano and L-Enano (Figure 7).  

In vitro release behavior of Enano, L-Enano and native EGCG 

Enano and L-Enano had a sustained EGCG release property whereas native 

EGCG had a sudden/burst release pattern (Figure 8). Native EGCG exhibited a 

complete release (100%) pattern in the initial 2-hour period and was not detectable in 

the dialysis bag after 2 hours. Enano and L-Enano had a sustained release manner 

and the average release amount of EGCG was around 200 µg, 100 µg, 50 µg, 40 µg 

and 30 µg at the 1st, 2nd, 3rd, 4th and 5th 2-hour period, respectively. 

Cytotoxicity 

 We also conducted the cell viability experiment using a 3-(4, 5-

dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) assay. The viability of 

THP-1 derived macrophages was more than 90% when treating them with either 

KOdiA-PC, EGCG, Vnano, Enano, L-Vnano or L-Enano at concentrations of 5, 10, 20, 

45 µg/mL (Supplementary Figure 1).   

Anti-atherogenic bioactivities 

When treating macrophages with 10 µg/mL of native or equivalent amount of 
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nanoencapsulated EGCG or void nanoparticles, L-Enano significantly decreased 

macrophage MCP-1 mRNA levels compared to 1XPBS, native EGCG, Vnano and L-

Vnano (Figure 9A). As EGCG doses were increased from 5 to 40 µg/mL, MCP-1 

protein secretion from macrophages was gradually decreased in Enano and L-Enano 

treatment groups (Figure 9B). Compared with 1XPBS treatment, all nanoparticles 

(Vnano, Enano, L-Vnano, L-Enano) at doses of 10, 20 and 40 µg/mL significantly 

decreased MCP-1 secretion from THP-1 derived macrophages. Compared with native 

EGCG, only L-Enano significantly decreased MCP-1 secretion at doses of 10 and 20 

µg/mL (Figure 9B). For macrophage cholesterol accumulation, macrophage-targeted 

L-Vnano and L-Enano decreased macrophage CE levels compared with 1XPBS and 

EGCG group at EGCG dose 10 and 20 µg/mL, but did not reach statistical significant 

difference (Figure 10). At 40 µg/mL L-Vnano decreased macrophage CE levels 

significantly compared with 1XPBS and L-Enano treatments (Figure 10). 

DISCUSSION 

Macrophages play an important role in atherosclerotic lesion formation and 

progression by facilitating cholesterol accumulation and increasing inflammatory 

response in blood vessel walls (38-40). Rupture of vulnerable lesions (plaques) 

followed by thrombi formation accounts for most coronary events and/or sudden 

deaths (41-43). Vulnerable lesions are characterized by macrophage-dense 

inflammation, large lipid cores, thin fibrous caps and few smooth muscle cells (44, 45). 

Increased intimal macrophage accumulation enhances the development of lesions, 

especially vulnerable lesions (19, 46, 47). One of the underlying mechanisms is that 

they secrete pro-inflammatory cytokines to amplify the local inflammatory reactions, 

activate endothelial cells and smooth muscle cells, activate and recruit more 

monocytes/macrophages and other immune cells into the lesions (40, 48-50). 

Targeted delivery of EGCG to macrophages for decreasing production of 

inflammatory factors and/or cholesterol accumulation is a promising avenue for 

atherosclerosis prevention and treatment. In this study, KOdiA-PC as a macrophage-

targeted ligand was incorporated on the surface of nanoparticles composing of 

phosphatidylcholine, surfactant, (+)-α-tocopherol acetate and EGCG. We optimized 

nanoparticle formulation and measured their binding affinity to and uptake by THP-1 

derived macrophages. We also encapsulated EGCG into the nanoparticles to 
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measure and compare their characteristics and anti-atherogenic effects in 

macrophages. 

     In order to reach high binding and uptake of nanoparticles to macrophages, 

we optimized the composition of all components in nanoparticles. Surfactant/PC 

weight ratios at 0.5/1 and 2/1, and nanoparticle size 70 and 120 nm in diameter had 

little effects on nanoparticle binding to and uptake by macrophages. However, when 

we increased the surfactant to PC weight ratios, macrophage binding and uptake 

were decreased. Since our nanoparticles were less than 120 nm in diameter, we did 

not further test the macrophage binding affinity of nanoparticles larger than 120 nm in 

diameter. The weight ratios of (+)-α-tocopherol acetate to PC play the most important 

role in affecting macrophage binding and uptake. When the ratios were increased, 

macrophage binding affinity and uptake of nanoparticles dramatically decreased.  The 

0.25:1 ratio of (+)-α-tocopherol acetate to PC is the lowest and optimal weight ratio for 

our nanoparticles in this study. In general, higher absolute surface charge leads to 

stronger repulsion interactions among nanoparticles in dispersion, and hence higher 

stability. The surface charges of all nanoparticles in this study were in the range of -20 

to -30 mV, which can repel nanoparticles from aggregation for improving the physical 

stability of nanoparticles. Additionally, these nanoparticles had a high payload of 

EGCG around 10%.  

     Macrophage-targeted nanoparticles have gained many attention in 

atherosclerosis research area. Iron oxide nanoparticles have been widely used to 

detect intimal macrophages, because of the phagocytotic function of macrophages on 

most foreigners including iron oxide particles in the body (51, 52). However, safety 

concerns have arisen about accumulation of iron oxide nanoparticles in the body, 

which may lead to toxicity. Incorporation of antibodies on the surface of nanoparticles 

to target to macrophage scavenger receptors has been used and investigated, but 

they may increase immune reactions and responses in the body (53). Synthetic high-

density lipoproteins have also been used to target to intimal macrophages, but their 

target specificity is not high enough (54, 55). Oxidized PC are isolated from oxLDL 

found in human and animal atherosclerotic lesions (32). They are the major 

macrophage-targeted compounds on the surface of oxLDL via binding to scavenger 

receptors, primarily CD36 (25, 32). Therefore, oxidized PC are the natural ligand for 
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targeting to intimal macrophages. Studies showed that one type of the most potent 

oxidized PC targeting to the macrophage CD36 receptor was keto acid analogs, 

especially KOdiA-PC (25). In this study, L-Vnano using KOdiA-PC as a target ligand 

had significantly higher binding affinity to human THP-1 derived macrophages than 

Vnano. Our data in another study demonstrated that liposomes carrying KOdiA-PC 

on their surface also had high binding affinity to both mouse and human 

macrophages via CD36 receptors. When we co-incubated L-Vnano and oxLDL in this 

study, oxLDL significantly decreased macrophage binding and uptake of L-Vnano, 

which indicated that L-Vnano and oxLDL competitively bound to macrophages via the 

same scavenger receptor.  

     Targeted L-Enano compared to untargeted Enano significantly increased 

macrophage EGCG content at 4°C, because more L-Enano than Enano were bound 

on macrophages at 4°C. Enano and L-Enano not only bind on macrophages, but also 

are taken up by macrophages at 37°C. Endocytosis is the major mechanism for 

cellular uptake of nanoparticles and other non-viral vectors. The process leads to the 

formation of intracellular vesicles, which can be fused into endosomes, and further 

into acidic lysosomes (56). Similar to oxLDL, Enano and L-Enano might be taken up 

by macrophages via the receptor-mediated endocytosis. L-Enano compared to Enano 

did not increase macrophage EGCG content at 37°C. The reason may be that more 

L-Enano escape acidic lysosomes. Our previous study showed EGCG was very 

stable at 37°C when pH ≤ 5.0 and not stable when pH ≥ 7.0 (33). Accordingly, we 

hypothesize that some L-Enano may escape lysosomes (pH 4.5~5.0) and go to the 

cytosol (pH > 7.0) where EGCG is easily degraded and metabolized. To prove this 

hypothesis, we used lysoTracker® Red DND-99, a red-fluorescent dye, to label 

lysosomes. Most of NBD-labeled (green) L-Vnano did not co-localize with the 

lysosomes, which suggests that L-Vnano escaped the lysosomes. However, most of 

NBD-labeled Vnano co-localized with the lysosomes. Even though macrophages take 

up more L-Enano than Enano, some L-Enano escaped lysosomes and were 

degraded and metabolized quickly, which explain similar EGCG content in 

macrophages treated with L-Enano and Enano at 37°C. 

     Cellular nanoparticle fluorescence intensity at 4°C was much weaker than 

it at 37°C, which confirms that uptake of nanoparticles was an energy-dependent and 
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active transport process. Cellular EGCG content was higher at 4°C than it at 37°C. 

High EGCG stability at 4ºC may be one major reason for high cellular EGCG content 

at 4ºC. HT-29 human colon adenocarcinoma cells took up native EGCG at a 

concentration range from 5 to 640 µM through a passive diffusion process (9, 57). 

The native EGCG was subsequently converted into methylated metabolites and 

glucuronides, which together with native EGCG were pumped out of the cells through 

multi-drug-resistance proteins or P-glycoproteins (9, 57). This efflux rate was higher 

at 37°C than it at 4°C. This energy-dependent efflux process may partially explain 

lower cellular EGCG content at 37°C than at 4°C. In this study, nanoencapsulation 

also increased EGCG stability at 4ºC, 23ºC and 37ºC. Many studies have 

demonstrated that nanoencapsulated compounds could be protected from premature 

degradation and oxidation, epimerization and polymerization contributed by many 

environmental factors such as temperature, pH of the system, oxygen levels and the 

presence of metal ions (1, 58). Taken together, our nanoparticles increased EGCG 

stability, enhanced payload of EGCG, exhibited sustained release of EGCG, 

increased their binding affinity to and uptake by macrophages. 

     Inflammatory factors such as MCP-1 play a central role in atherosclerotic 

lesion initiation and development (18). MCP-1 and its receptor CCR2 promote the 

recruitment and migration of monocytes into the artery intima layer (18). When using 

mutant mice with MCP-1 or its receptor CCR2 deficiency, there was a striking 

decrease in arterial lipid deposition (59). Studies also suggested that blood MCP-1 

can be considered as a biomarker of atherosclerosis (60, 61). Moreover, studies have 

demonstrated that EGCG decreased mRNA and protein levels of MCP-1 in other 

types of cells including tumor necrosis factor alpha (TNFα)-stimulated human 

umbilical vein endothelial cells, LPS-stimulated L02 hepatocyte, PMA-stimulated 

endothelial cells and polychlorinated biphenyls (PCB) 126-induced endothelial cells (4, 

62-64). Decreased MCP-1 expression by EGCG may be through down-regulated 

nuclear factor-kappaB (NF-kB) and p38 mitogen-activated protein kinases (MAPK), 

and up-regulated peroxisome proliferator activated receptor gamma (PPARγ) (4, 65). 

Compared with native EGCG, only L-Enano at doses of 10 and 20 µg/mL markedly 

inhibited MCP-1 protein release from THP-1 derived macrophages. Compared with 

1XPBS, all nanoparticles (Vnano, Enano, L-Vnano, L-Enano) at doses of 10, 20 and 

40 µg/mL significantly decreased MCP-1 secretion, which might be due to bioactive 
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(+)-α-tocopherol acetate presenting in all nanoparticles. Both EGCG and (+)-α-

tocopherol acetate have therapeutic bioactivities (66). A  clinical study showed that 

vitamin E treatment, as α-tocopherol acetate, significantly decreased MCP-1 in  

patients with type 1 diabetes (67). When male apolipoprotein E null mice fed with an 

atherogenic diet and given a green tea extract drink (0.8 g/L) or a vehicle drink, the 

green tea extract drink resulted in a 23 and 27% reduction in the atheromatous area 

and aortic cholesterol content, respectively (68). A recent study also showed orally 

administered nanoencapsulated EGCG significantly decreased lipid deposition in 

aortic wall of rabbits (69). However, Enano and L-Enano did not significantly decrease 

macrophage cholesterol levels compared with 1XPBS and EGCG in the current study. 

Additional experiments are required to investigate the effects of L-Enano on 

expression of other inflammatory factors in THP-1 derived macrophages, and 

measure anti-inflammatory responses in other types of macrophages.  

Atherosclerosis animal model such as pigs, apolipoprotein E null mice or LDL 

receptor null mice will be needed to confirm target specificity of L-Enano to intimal 

macrophages, and to measure their anti-atherogenic bioactivities and underlying 

mechanisms.  

     In conclusion, we have successfully synthesized L-Enano, which are 

composed of PC, surfactant, (+)-α-tocopherol acetate, EGCG and KOdiA-PC. L-

Enano increased EGCG stability, exhibited sustained release of EGCG, had a high 

binding affinity to macrophages, increased macrophage EGCG content, decreased 

macrophage MCP-1 mRNA levels and secretion. The CD36-targeted nanoparticles 

might also be used as a carrier for targeted delivery of diagnostic agents and other 

anti-atherogenic compounds to intimal macrophages for the diagnosis, prevention 

and treatment of atherosclerosis.  
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FIGURE LEGENDS   

Figure 1. Illustration of targeted L-Enano composition, structure and targeting 

mechanisms to macrophages. 

Figure 2. Transmission electron microscope (TEM) images of Enano (A) and 

L-Enano (B) stained by 2% of uranyl acetate. The size and distribution of Enano (C) 

and L-Enano (D) were measured using a Brookhaven BI-90 particle size analyzer.   

Figure 3. Formulation screening based on the binding affinity and uptake of 

NBD-labeled void nanoparticles (Vnano) to THP-1 derived macrophages in vitro by 

changing the following parameters: the size of nanoparticles (A);  weight ratios of 

surfactant to PC from 0.5/1 to 18/1 (B);  weight ratios of (+)-α-tocopherol acetate to 

PC from 0.25/1 to 1/1 (C); and  mole ratios of KOdiA-PC to PC from 0/1 to 0.5/1 (D). 

NBD-labeled void nanoparticles are shown in green (λ of excitation is 460 nm, λ of 

emission is 535 nm). Cell nuclei were stained by DAPI and shown in blue (λ of 

excitation is 358 nm, λ of emission is 461 nm).  

Figure 4. Macrophage binding and uptake of NBD-labeled nanoparticles in 

vitro. THP-1 derived macrophages were treated with NBD-labeled Vnano and L-

Vnano at either 4°C (A) or 37°C (B); the macrophages were treated with NBD-labeled 

Vnano or L-Vnano in combination with oxLDL at 37°C (C); Macrophages were treated 

with NBD-labeled Enano and L-Enano at 37°C (D). Images are representatives of 

three independent experiments.    

Figure 5. Representative Intracellular distribution images of NBD-labeled 

Vnano or L-Vnano (green) taken by a confocal laser scanning microscope. 

Lysosomes were labeled by the lyso-tracker red fluorescence dye; Yellow dots in 

merged picture indicate that the nanoparticles are trapped within acidic lysosomes.  

Figure 6. Macrophage EGCG contents. THP-1 derived macrophages were 

treated with 45 µg/mL of native EGCG, Enano and L-Enano at either 4°C (A) or 37°C 

(B). Bars in A or B without a common superscript differ, p<0.05. More than three 

independent experiments were conducted.   
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Figure 7. EGCG stability. Native EGCG, Enano and L-Enano containing 45 

µg/mL of EGCG dissolved in 1XPBS (pH 7.4) at either 4°C (A), 23°C (B) or 37°C (C). 

Each time point without a common superscript differs, p<0.05. Three independent 

experiments were conducted.   

Figure 8. In vitro EGCG release profiles of native EGCG, Enano and L-Enano. 

Three independent experiments were conducted. 

Figure 9. MCP-1 mRNA levels in THP-1 derived macrophages treated with 

1XPBS, native EGCG, Vnano, Enano, L-Vnano or L-Enano at EGCG dose of 10 

µg/mL (A). MCP-1 protein secretion from THP-1 derived macrophages. Macrophages 

were pretreated with 1XPBS, native EGCG, void nanoparticles (Vnano and L-Vnano) 

and EGCG nanoparticles (Enano and L-Enano) containing EGCG at doses of 5, 10, 

20 and 40 µg/mL at 37°C for 2 hours and then co-incubated with LPS for additional 16 

hours (B). Bars without a common superscript differ, p<0.05. Three independent 

experiments were conducted.   

Figure 10. Cholesterol content in THP-1 derived macrophage. Macrophages 

were treated with 1XPBS, native EGCG, void nanoparticles (Vnano and L-Vnano) 

and EGCG nanoparticles (Enano and L-Enano) containing EGCG at doses of 5, 10, 

20, 40 µg/mL at 37°C for 18 hours. Three independent experiments were conducted. 

TC: total cholesterol; FC: free cholesterol; CE: cholesteryl ester. Bars at the same 

EGCG concentration without a common superscript differ, p<0.05. Three independent 

experiments were conducted. 

Table 1. Particle size, zeta potential, and polydispersity index (PI) of Nanoparticles 

Name Vnano Enano L-Vnano L-Enano 

Particle size (nm) 110.8 ± 1.5 109.6 ± 1.9 107.7±1.7 104.8±0.4 

Zeta potential (mV) -27.02 ± 0.82 -26.18 ± 8.30 -21.81 ± 1.18 -20.30 ± 1.57 

Polydispersity 0.23 ± 0.004 0.19 ± 0.010 0.21 ± 0.007 0.18 ± 0.020 
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Table 2. Formulation screening based on EGCG’s loading capacity and 

encapsulation efficiency in Enano 

% Loading 
capacity 

% Encapsulation 
efficiency 

3 ± 0.12 97.42 ± 0.53 

6 ± 0.27 98.26 ± 0.95 

9 ± 0.71 95.76 ± 3.18 

12 ± 0.16 95.07 ± 2.05 

14 ± 1.05 87.66 ± 3.29 

 

Figure 1 
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Figure 2 
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Figure 4 

 

 Figure 5 
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Figure 6 
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Figure 7 
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Figure 8 
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Figure 9 
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Figure 10 
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Supplementary Materials 

Cytotoxicity 

     We also measured the viability of THP-1 derived macrophages using a 3-(4, 5-

dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) assay (14). 

FIGURE LEGENDS  

Supplementary Figure 1. Viability of THP-1 derived macrophages treated with native 

EGCG, EGCG nanoparticles (Enano and L-Enano) containing 5, 10, 20, 45 and 90 

µg/mL of EGCG and equivalent ligand KOdiA-PC, void nanoparticles (Vnano and L-

Vnano), P.  

Supplementary Figure 1 
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CHAPTER VI 

Anti-atherogenic Impacts of CD36-targeted Epigallocatechin 
gallate (EGCG) - Loaded Nanoparticles 

ABSTRACT  

Macrophages are critical cells for atherosclerotic lesion initiation and 

progression by accumulating oxidized low density lipoprotein (oxLDL) and increasing 

inflammatory responses. 1-(Palmitoyl)-2-(5-keto-6-octene-dioyl) phosphatidylcholine 

(KOdiA-PC), a major type of oxidized phosphatidylcholines found on oxLDL, has a 

high binding affinity to macrophage scavenger receptor CD36 and participates in 

CD36-mediated recognition and uptake of oxLDL by intimal macrophages. We 

successfully synthesized epigallocatechin gallate (EGCG)-loaded nanoparticles 

(Enano), which were composed of EGCG, phosphatidylcholine (PC), (+) alpha-

tocopherol acetate and surfactant. We also incorporated KOdiA-PC on the surface of 

Enano to make ligand Enano (L-Enano). The objectives of this study were to measure 

binding affinity of Enano and L-Enano to mouse peritoneal macrophages and to 

determine their anti-atherogenic activities in LDL receptor null (LDLr-/-) mice.    

L-Enano had a higher binding affinity to mouse peritoneal macrophages via 

their CD36 receptor. LDLr-/- mice were treated intravenously with six treatments, 

1XPBS, EGCG, void nanoparticles (Vnano), Enano, ligand void nanoparticles (L-

Vnano) and L-Enano at dose of 25 mg of EGCG per kg body weight weekly for 22 

weeks. There were no significant differences in plasma concentrations of triglyceride 

(TG), total cholesterol (TC), high density lipoprotein cholesterol (HDL-C), non HDL-C, 

and the ratio of TC to HDL-C among six treatment groups. Mice treated with L-Enano 

compared to 1XPBS had significantly lower lesion surface areas of aortic arches. 

Liver EGCG content was decreased by treatments in the order of EGCG>Enano>L-

Enano.  

Overall, L-Enano had a potential for atherosclerosis prevention through 

targeting to mouse peritoneal macrophages via their CD36 receptor and significantly 

decreased lesion surface areas of aortic arches.    
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KEY WORDS: Epigallocatechin gallate; nanoparticles; CD36; targeted 

delivery; macrophages; atherosclerosis  

INTRODUCTION 

Macrophages are predominant leukocytes in atherosclerotic lesions and their 

accumulation positively correlates with lesion size (1-3). Macrophages play an 

important role in various stages in pathobiology of atherosclerosis involving lesion 

initiation, formation, progression and atherothrombotic lesion complications by 

promoting and amplifying inflammatory responses in the blood vessel wall and 

facilitating cholesterol accumulation (4, 5). Targeting macrophages is a promising 

approach for atherosclerosis diagnosis, prevention and treatment.  

The CD36 receptor, an integral membrane protein, belongs to class B 

scavenger receptors. Intimal macrophages in blood vessel walls highly expressed  

the CD36 receptor for binding and taking up oxLDL (6). The expression of the CD36 

receptor correlates with atherosclerotic lesion severity (7-9). Intimal macrophage 

CD36 receptor has a critical role in oxLDL uptake and atherosclerotic lesion 

formation. CD36-null mice  had a 70% decrease in aortic lesion size, and peritoneal 

macrophages isolated from those CD36-null mice had a 60-80% reduction in binding 

and taking up oxLDL(10). Therefore, targeting intimal macrophages via their CD36 

receptor is a promising approach for the molecular imaging, prevention and treatment 

of atherosclerosis. 

Since macrophage CD36 receptors can recognize and bind to oxLDL, one or 

more components of oxLDL must be ligand(s) for CD36.  Scientists extracted the 

lipids from oxLDL exhaustively by using a chloroform and methanol mixture, and 

reconstituted these lipids into microemulsions. They found these microemulsions 

modified with oxidized phosphatidylcholines (PC) extracted from oxLDL competed 

effectively for the binding of intact oxLDL to the macrophages.  However, 

microemulsions containing lipids from native LDL did not show the effect (11, 12). 

Oxidized PC on the surface of the plasma membrane of apoptotic cells could facilitate 

phagocytosis of those cells through binding to the CD36 receptor (13).  Oxidized PC 

is enriched in atherosclerotic lesions of animals (14, 15).  Oxidized PC seemed the 



Texas Tech University, Jia Zhang, December 2015 

140 

most likely ligands for binding oxLDL to macrophage CD36 receptor. 1-(Palmitoyl)-2-

(5-keto-6-octene-dioyl) PC (KOdiA-PC) as a keto acid analog is a type of oxidized PC 

found on oxLDL (16). Among all oxidized PC, KOdiA-PC has a potent binding affinity 

to CD36 and participates in uptake of oxLDL by macrophages (16, 17). EGCG 

accounts for 25 to 55% of total green tea catechins (18). The published paper 

showed apolipoprotein E null mice treated with 10 mg of native EGCG per kg body 

weight daily for 21 days through intraperitoneal injection had a 55% reduction in cuff-

induced evolving lesion (19). After New Zealand white rabbits were orally treated with 

100 mg of native or nanoencapsulated EGCG per rabbit daily for 35 days, 

nanoencapsulated compared to native EGCG significantly decreased lipid deposition 

on aortic walls (20). EGCG also has shown a potential to prevent human 

cardiovascular disease, but the evidence is inconclusive regarding its effectiveness 

(21, 22). The primary reasons might be EGCG has a low level of stability in water and 

physiological solutions, bioavailability and target specificity, and a high level of 

metabolism by enzymes in liver, kidneys and other tissues. Nanotechnology might 

improve EGCG stability, bioavailability and target specificity (23, 24). 

In our published study, chitosan coated nanostructured lipid carriers loaded 

with EGCG (CSNLCE) increased EGCG stability, macrophage EGCG content, and 

decreased monocyte chemoattractant protein-1 (MCP-1) expression and cholesterol 

accumulation in THP-1 derived macrophages (25). Since chitosan coated 

nanostructured lipid carriers (CSNLC) contained a large amount of chitosan 

(carbohydrate) and triglyceride, administration of CSNLC to humans or research 

animals might increase blood glucose and triglyceride concentrations. Therefore, we 

removed chitosan and replaced triglyceride with (+) alpha (α)-tocopherol acetate in 

Enano in this study. Our previous data demonstrated that KOdiA-PC liposomes 

targeted aortic lesions in LDLr-/- mice and were co-localized with intimal 

macrophages and their CD36 receptors. In this study, we incorporated KOdiA-PC as 

a CD36-target ligand on the surface of Enano to make L-Enano for targeted delivery 

of EGCG to intimal macrophages. The aims of this study are to investigate the 

binding and uptake of L-Enano to mouse peritoneal macrophages, to confirm the 

CD36-mediated binding mechanism, to determine anti-atherosclerotic effects of L-

Enano in LDLr-/- mice, to measure liver EGCG contents.        
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MATERIALS AND METHODS 

Chemicals and reagents 

 EGCG (>95%) and KOdiA-PC were purchased from Cayman Chemical (Ann 

Arbor, MI, USA). (+)-α-Tocopherol acetate was purchased from Sigma-Aldrich 

Chemical (St. Louis, MO, USA). Surfactant kolliphor/solutol HS15 was given as a gift 

from BASF Chemical (Florham Park, NJ, USA). Soy phosphatidylcholine (PC>95%) 

and 7-nitro-2-1, 3-benzoxadiazol-4-yl-phosphotidylcholine (NBD-PC) were purchased 

from Avanti Polar Lipids (Alabaster, AL, USA).  

Preparation of nanoparticles and characteristics 

Enano were synthesized using a lipid mixture containing 10% of EGCG, 

36.2% of PC, 45% of surfactant solutol HS15, and 8.8% of (+)-α-tocopherol acetate in 

weight ratio. The lipid mixture in ethanol was dried under nitrogen to form a lipid film. 

Enano were produced by reconstituting the dried lipid film in deionized water followed 

by homogenization for 2 minutes and sonication for additional 2 minutes. L-Enano 

was made by replacing 30 mol% of PC with KOdiA-PC. Void nanoparticles (Vnano) 

and ligand Vnano (L-Vnano) were synthesized by the same procedures and 

components without adding EGCG. For primary mouse peritoneal macrophage 

binding and uptake experiments, fluorescent NBD-PC replacing 2 mol% of total PC 

was used to make NBD-labeled nanoparticles. The polydispersity and size of 

nanoparticles were measured by a Brookhaven BI-MAS analyzer and their zeta-

potential was measured by a Brookhaven ZetaPALS analyzer (Holtsville, NY, USA). 

 Cell culture and CD36 knockdown 

 Elicited peritoneal macrophages were isolated from male C57BL/6 mice 

purchased from the Jackson’s Lab (Bar Harbor, Maine, USA). The cells were cultured 

as previously described in our published article (26, 27).   

CD36 was knocked down in elicited mouse peritoneal macrophages. The 

detailed knockdown method is described in chapter IV. Briefly, mouse elicited 

peritoneal macrophages were transfected without (control) or with CD36 siRNA or 
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scramble siRNA (negative control) using a Lipofectamine® RNAiMAX transfection 

reagent (Life Technologies, Grand Island, NY, USA) for 48 hours. Thereafter 

macrophages CD36 mRNA and protein levels were measured using real-time PCR 

and an immunostaining method, respectively. For identifying CD36 protein, 

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 (1:50) overnight at 4°C in the dark. Cell nuclei were stained with 

ProLong® Gold Antifade Mountant with DAPI (Life Technologies, Grand Island, NY, 

USA) and then visualized under an EvoS Auto fluorescence microscope.    

Binding and uptake of Vnano and L-Vnano by macrophages 

(i) Binding and uptake assay. Mouse peritoneal macrophages (5 X 105/well) in 

a 24-well plate were treated with NBD-labeled Vnano or L-Vnano at 4°C and 37°C for 

2 hours. 

(ii) Competitive binding assay with mouse CD36 antibody. Mouse peritoneal 

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

Serotec, Raleigh, NC, USA) in combination with NBD-labeled Vnano or L-Vnano for 2 

hours at 4°C.   

(iii) Binding and uptake in CD36 knockout macrophages. After confirming 

CD36 mRNA and protein expression, CD36 knockdown or control (no siRNA 

treatment) or CD36 negative control (scrambled siRNA) mouse peritoneal 

macrophages were treated with NBD-labeled Vnano or L-Vnano for 2 hours at 37°C.  

After incubation, macrophages 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 cells with ice cold 1XPBS (pH 7.4) three times, 

nuclei were stained with ProLong® Gold Antifade Mountant with DAPI at room 

temperature in the dark. Cells were visualized under an EvoS Auto fluorescence 

microscope under the same parameters to allow equal comparison of the images.  

Animal study  
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Forty four male 6-week old LDLr−/− mice from Jackson’s lab were fed with an 

atherogenic diet (Harlan Teklad, TD.88137) and maintained at 22–24°C, 45% relative 

humidity and a daily 10/14 hour light/dark cycle. After 1-week acclimation, mice were 

randomly divided into six treatment groups (details in Figure 1). Body weight and 

food intake were recorded weekly. 

After euthanizing mice, blood was collected from the abdominal vein into 

EDTA-Na2 coated tubes. Plasma was obtained by centrifugation at 3000 rpm at 4°C 

for 25 minutes. Plasma triglyceride (TG), total cholesterol (TC), high density 

lipoprotein cholesterol (HDL-C) concentrations were measured by enzymatic methods 

using an Olympus AU400 analyzer (Olympus, Center Valley, USA) as previously 

described (26, 27). Non HDL-C was calculated as difference between TC and HDL-C, 

and the TC/HDL-C ratio was also calculated.  

Quantitation of atherosclerotic lesion surface areas in aortic arches 

After euthanizing mice and blood collection, their hearts were perfused in situ 

with 60 mL of diethylpyrocarbonate treated 1XPBS containing a protease inhibitor 

cocktail (Sigma-Aldrich Chemical Co.) through a cannula inserted into the left 

ventricle. The protease inhibitor cocktail contains AEBSF at 104 mM, aprotinin at 80 

μM, bestatin at 4 mM, E-64 at 1.4 mM, leupeptin at 2 mM and pepstatin A at 1.5 mM. 

After removing surrounding fat and connective tissues from aortas, aortas were 

isolated from the aortic root to the iliac bifurcation and opened longitudinally under a 

stereoscopic microscope. The images of pinned aortas were taken under the 

stereoscopic microscope. The surface area of lesions was analyzed by NIH image J 

software. 

Measurement of liver EGCG content  

Liver EGCG was extracted as a published dissertation (28). Briefly, liver 

(around 500 mg) was homogenized in 2 mL of saline (0.9% sodium chloride). We 

added 200 µL homogenate, 10 µL of 100 ng/mL of ethyl gallate (internal standard) 

and 15 µL of ascorbic acid-EDTA solution (20% ascorbic acid, 0.1% EDTA, weight 

ratio), 250 units of β-glocoronidase and 20 units of sulfatase into a new tube. After 
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vortexting, the mixture was incubated at 37°C for 45 minutes to convert EGCG 

derivatives to native EGCG. We added 500 µL of methylene chloride, 300 µL of water 

and 72 mg sodium chloride into the mixture. After vortexing the above mixture for 1 

minute followed by centrifugation at 10, 000 rpm and 4°C for 10 minutes, the upper 

aqueous phase was transferred into a new tube. We added 400 µL of deionized water 

to the bottom organic phase to repeat extraction. One mL of ethyl acetate was added 

into the aqueous phase followed by vortexing and centrifugation at 10, 000 rpm and 

4°C for 10 minutes. EGCG was extracted into the ethyl acetate layer that was 

transferred into a new tube. WE added 700 µL of ethyl acetate to the aqueous phase 

to repeat EGCG extraction. The combined ethyl acetate was dried under nitrogen 

gas. The dried EGCG was reconstituted by the EGCG mobile phase B followed by 

injection into a LC/MS system (Shimadzu instruments, Columbia, MD, USA). The 

mobile phase A was composed of water and tetrahydrofuran (995/5, v/v) containing 

0.4% formic acid. The mobile phase B was composed of tetrahydrofuran and 

acetonitrile (10/990, v/v) containing 0.4% formic acid. The gradient elution was based 

on mobile phase B: 8–15% of B for 0–2.5 minute, 15–50% of B for 2.5–3 minute. The 

injection volume is 10 μL. The probe voltage is +4.5 kV (ESI Positive mode) and -

3.5kV (ESI Negative mode); nebulizing gas flow, 1.5 L/minute; drying gas flow, 20 

L/minute; gas temperature, 250°C. 

Statistical analysis 

  Data analysis was conducted using Statistical Package for the Social 

Sciences (SPSS). One-way ANOVA followed by Tukey HSD or Dunnett’s C Post Hoc 

test was performed to compare multiple group means. Differences were considered 

statistically significant at p<0.05. Data in figures are expressed as means ± standard 

deviation (SD). 

RESULTS 

L-Vnano bound to and were taken up by mouse elicited peritoneal 
macrophages via CD36 in vitro 
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NBD-labeled L-Vnano compared to NBD-labeled Vnano had higher binding 

affinity to and uptake by mouse elicited peritoneal macrophages at 4°C and 37°C 

(Figure 2A and 2B). For the competitive assay, the binding affinity of L-Vnano to 

macrophages was significantly decreased when macrophages were co-incubated 

with CD36 antibody at 4°C (Figure 2C). After CD36 siRNA transfection for 48 hours, 

mouse peritoneal macrophages had 82% reduction in CD36 mRNA expression and a 

63% decrease in CD36 protein expression (Figure 3A). Scramble siRNA transfection 

as a negative control did not change CD36 expression (Figure 3A). CD36 

knockdown macrophages bound and took up less NBD-labeled L-Vnano than control 

or CD36 negative control macrophages (Figure 3B). Control and CD36 negative 

control macrophages had similar binding and uptake of L-Vnano. 

Body weight and food intake  

Body weight was similar among six groups of mice at the baseline (0 week). 

As compared to the 1XPBS group, EGCG and L-Enano groups had significantly lower 

body weight at week 10; EGCG and Enano group had significantly lower body weight 

at week 22 (Figure 4A and 4B). There was no significant difference in food intake 

among six groups through the 22-week treatment period (Figure 4C).   

The quantitation of lesion surface area in aortic arch  

The representative inner surface images of aortic arches were shown in 

Figure 5A. The lesion surface areas of aortic arches were used to quantify 

atherosclerosis. The lesion surface area in the 1XPBS group was 48 mm2. The lesion 

surface area in the native EGCG, Vnano, L-Vnano, Enano and L-Enano group was 

44, 42, 40, 38 and 33 mm2, respectively. Compared to 1XPBS, only L-Enano 

significantly decreased the lesion surface area of aortic arches (P=0.033) (Figure 
5B).  

Plasma lipid profile  

There were no significant differences in plasma concentrations of TG, TC, 

HDL-C, non HDL-C, and the ratio of TC to HDL-C among six treatment groups 

(Figure 6).  
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Liver EGCG content 

Liver EGCG content was in the following decreased order: EGCG>Enano>L-

Enano. Mice treated with native EGCG had significant higher liver EGCG content 

than mice treated with Enano and L-Enano. Mice treated with Enano had higher liver 

EGCG than mice treated with L-Enano, but the difference was not significant (Figure 
7).  

DISCUSSION 

Intimal macrophages play a central role in the development of atherosclerosis, 

a disease involving inflammation and lipid accumulation in the artery walls. 

Hypercholesterolemia, as a primary stimulus, overloads intimal macrophages with 

cholesterol, and enhances them to be transformed into cholesterol-laden foam cells 

(29). Intimal macrophages and foam cells can secrete pro-inflammatory cytokines, 

which amplifies local inflammatory responses. There are three major types of lesions, 

70% of vulnerable lesions, 20-25% of lesion erosion and intralesion hemorrhage. 

Vulnerable lesion has a thin fibrous cap (thickness<55-65 µm) and a large lipid core 

(>40% of lesion volume) (30). Macrophage-dense inflammation can make the fibrous 

cap thin leading to lesion rupture and thrombus formation, which could cause stroke 

and myocardial infarction (31-34). Targeted delivery of EGCG to intimal macrophages 

for decreasing cholesterol accumulation and inflammatory responses is a promising 

avenue for atherosclerosis prevention and treatment.  

Macrophages express phagocytic receptors including macrophage scavenger 

receptors (MSR) such as MSR1/CD204 and CD36, phosphatidylserine receptors and 

others (35). Different from macrophages in other tissues and organs, intimal 

macrophages highly express the CD36 scavenger receptor, which increases binding 

and uptake of oxLDL (36). Macrophages took up nanoparticles in non-targeted way 

as engulfing foreign substances and targeted way as ligand binding to receptors on 

macrophages. Research studies have used many types of macrophage targeting 

ligands including 1) peptides targeting MSR1 (37) or peptides that have the function 

of apolipoprotein A-1 in HDL-C (38); 2) CD204 antibodies (39) or CD36 antibodies (6) 

or oxLDL antibodies (40); 3) phospholipids including phosphatidylserine that 
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recognizes macrophage phosphatidylserine receptors (41) and oxidized 

phospholipids that highly bind to the CD36 receptor. However, antibodies as ligands 

and reconstituted HDL may increase immune responses in the body and peptides 

have low target specificity and are easily digested by enzymes in the body (42-44). 

KOdiA-PC as a type of oxidized PC on oxLDL had a specific binding to the CD36 

receptor (15). In the current study, L-Vnano had a higher binding affinity to mouse 

peritoneal macrophages than non-targeted Vnano. Decreased binding affinity of L-

Vnano to CD36-knockdown macrophages and to macrophages co-incubating with 

CD36 antibody prove that L-Vnano bind to macrophages via CD36 receptors. In our 

previous in vitro study, L-Vnano can also target to THP-1 derived macrophages via 

their CD36 receptors. In our previous in vivo study, KOdiA-PC incorporated liposomes 

co-localized with macrophages and CD36 receptors in the cross-sections of aortas 

isolated from LDLr-/- mice. In summary, the ligand KOdiA-PC enhances 

nanoparticles’ target specificity to intimal macrophages via binding to their CD36 

receptors.   

Generally, macrophage targeted nanoparticles are loaded with 1) statins that 

decrease blood LDL-C concentrations and inflammation (45); 2) corticoids as anti-

inflammatory drugs (46); 3) small interfering RNA (siRNA) that silence inflammation 

genes such as the C-C chemokine receptor type 2 (CCR2)/monocyte-recruiting 

receptor (47) or tumor necrosis factors (TNFs) (48), to achieve the goals of prevention 

or treatment of atherosclerosis. Macrophages promote the atherosclerotic 

pathogenesis from initiation to progression to advanced lesions. After lesions, 

especially advanced lesions, are formed, depletion of macrophages cannot reverse 

atherosclerosis indicating macrophages may not be involved in lesion maintenance of 

atherosclerosis (49). Therefore targeting macrophages for atherosclerosis prevention 

may be more important than treatment. To our knowledge, our newly designed L-

Enano is firstly reported to load a polyphenol to target intimal macrophages for 

atherosclerosis prevention.  

Published papers have already showed native EGCG reduced cuff-induced 

evolving lesion by 55% (19) and decreased atheromatous area and aortic cholesterol 

content by 23 and 27% in apolipoprotein E null mice (50). Also nanoencapsulated 

EGCG significantly decreased lipid deposition on aortic wall of rabbits (20). But they 
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do not target atherosclerotic lesions. In our current study, only L-Enano targeted and 

significantly decreased lesion surface areas of aortic arches compared with 1XPBS. 

The Enano group had the second lowest lesion areas in aortic arches. However, it did 

not reach a significant difference. The highest liver EGCG content in the native 

EGCG treatment group indicates most of native EGCG is taken up by the liver. The 

significantly lower liver EGCG content in the Enano and L-Enano groups may be due 

to the surfactant containing 30% of free polyethylene glycol (PEG), which can help 

nanoparticles avoid rapid clearance by the liver to achieve long circulation time (51). 

Since L-Enano target to intimal macrophages, less L-Enano might be taken by the 

liver, resulting in even less liver EGCG content. Taken together, the novel CD36-

targeted nanoparticles carrying EGCG decreased the lesion surface areas of aortic 

arches in LDLr-/- mice.  
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FIGURE LEGENDS 

Figure 1. Animal study design. 

Figure 2. The binding and uptake of NBD-labeled Vnano and L-Vnano by 

mouse peritoneal macrophages. A, Mouse peritoneal macrophages were treated with 

non-targeted Vnano (a) or targeted L-Vnano (b) at 37°C; B, Mouse peritoneal 

macrophages were treated with Vnano (a) or L-Vnano (b) at 4°C; C, Mouse peritoneal 

macrophages were treated with red RPE-labeled anti-mouse CD36 antibody (λ of 

excitation is 496 nm, λ of emission is 578 nm) in combination with Vnano (a) or L-

Vnano (b). NBD-labeled Vnano and L-Vnano 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.  

Figure 3. L-Vnano binds to mouse peritoneal macrophages via CD36 

receptors. A, Mouse peritoneal macrophages were transfected without CD36 siRNA 

(control) or with scramble siRNA (negative control) or with CD36 siRNA (CD36 

knockdown). CD36 siRNA transfection decreased CD36 protein expression in mouse 

peritoneal macrophages; B, The binding and uptake of L-Vnano by control, CD36 

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

200 µm.    

Figure 4. Body weight and food intake. A, Body weight at week 0, 10 and 22; 

B, Body weight through the 22-week period; C, Food intake through the 22-week 

period. Values are means ± S.D. Bars without a common superscript differ, P < 0.05. 

Figure 5. A, Representative imaging of aortas from 1XPBS, EGCG and L-

Enano groups. White areas denote atherosclerotic lesions; B, Lesion surface area of 

aortic arches isolated from LDLr-/- mice fed with the atherogenic diet and treated with 

1XPBS, EGCG, Vnano, Enano, L-Vnano and L-Enano at EGCG dose of 25 mg per 

kg body weight for 22 weeks via intravenous injection. Bars without a common 

superscript differ, P < 0.05.  
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Figure 6. Blood lipid profile in LDLr−/− mice. Values are means ± S.D. Bars 

without a common superscript differ, P < 0.05. 

Figure 7. Liver EGCG content in LDLr−/− mice. Values are means ± S.D. 

Bars without a common superscript differ, P < 0.05. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Texas Tech University, Jia Zhang, December 2015 

156 

Figure 1 

 

 

 

 

 

 

 

 

 

 

 

 



Texas Tech University, Jia Zhang, December 2015 

157 

Figure 2 

 

 

 

 

 

 

 

 



Texas Tech University, Jia Zhang, December 2015 

158 

Figure 3 

 

 

 

 

 

 

 

 

 



Texas Tech University, Jia Zhang, December 2015 

159 

Figure 4  

 

 

 

 

 

 

 

 

 



Texas Tech University, Jia Zhang, December 2015 

160 

Figure 5 

 

 

 

 

 

 

 

 

 

 



Texas Tech University, Jia Zhang, December 2015 

161 

Figure 6 

 

 

 

 

 

 

 

 

 

 



Texas Tech University, Jia Zhang, December 2015 

162 

Figure 7 
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CHAPTER VII 

Conclusions 

There were four parts of this dissertation in Chapter III, IV, V and VI. The first 

part (Chapter III) proved that nanoparticles-CSNLCE dramatically increased EGCG 

stability, cellular EGCG contents and enhanced anti-atherogenic bioactivities through 

decreasing cholesteryl ester contents, mRNA levels and protein secretion of MCP-1 

in THP-1 derived macrophages (in vitro study).  

KOdiA-PC as a type of oxidized phosphatidylcholines (PC) found on oxLDL 

was considered as ligand in the second part of this dissertation (Chapter IV), which 

had a high binding affinity to oxLDL binding site of the CD36 receptor. KOdiA-PC 

incorporated (CD36-targeted) nanoparticles-liposomes can be used to detect 

atherosclerotic lesions and disclose lesion features including amount and distribution 

of intimal macrophages in LDLr-/- mice (in vivo study).  

Since CSNLCE synthesized in Chapter III contained a large amount of 

chitosan (carbohydrate) and triglycerides, treatment of CSNLCE might increase blood 

glucose and triglyceride concentrations in the future in vivo study. Liposomes 

developed in Chapter IV were not as stable as CSNLCE. Therefore, we synthesized 

new CD36-targeted nanoparticles, which had high binding affinity to THP-1 derived 

macrophages and mouse peritoneal macrophages (Chapter V and Chapter VI). The 

new CD36-targeted nanoparticles, L-Enano improved EGCG stability and the 

sustained release pattern, enhanced EGCG’s anti-atherogenic bioactivities in vitro 

through significantly decreasing macrophage mRNA levels and protein secretion of 

MCP-1 in THP-1 derived macrophages (Chapter V) and in vivo through significantly 

lowering lesion surface areas of aortic arches compared to 1XPBS (Chapter VI).  

Overall, this molecular target approach may facilitate the in vivo imaging of 

atherosclerotic lesions and effectively prevent atherosclerosis via targeted delivery of 

EGCG to intimal macrophages. 
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CHAPTER VIII 

Significance and Implication of the Study 

EGCG has an anti-atherogenic potential, but administering it to achieve 

therapeutic doses is unrealistic. High doses of EGCG are associated with high 

toxicity. In this dissertation, the biocompatible and biodegradable nanoparticles can 

significantly increase EGCG stability, cellular bioavailability, target specificity to 

intimal macrophages and anti-atherogenic bioactivities, and lower its toxicity. This 

approach may facilitate early lesion detection and targeted delivery of preventive and 

therapeutic compounds to intimal macrophages. This research will open up new ways 

for the diagnosis, prevention and treatment of atherosclerosis and may reduce the 

incidence and severity of atherosclerosis-related heart disease and stroke. Since 

CVD is the leading cause of death in the United States, the outcome of this project is 

expected to improve the quality of life and produce dramatic savings in the cost of 

medical care. 
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CHAPTER IX 

Limitation 

 The foremost limitation of this study was sample size. There were 140 mice 

used in Chapter IV and VI. Sample size, 37 mice were enough to be used in Chapter 

IV to test whether ligand, KOdiA-PC incorporated (CD36-targeted) nanoparticles can 

detect atherosclerotic lesions. Then, 103 mice were used to test whether CD36-

targeted EGCG nanoparticles enhanced EGCG’s anti-atherogenic bioactivities. Since 

we run different pilot studies (doses, administration rout or treatment frequency), 

limited sample size, 44 mice were used in Chapter VI. Although we showed CD36-

targeted EGCG nanoparticles significantly decreased lesion surface areas of aortic 

arches compared with 1XPBS treatment in LDLr-/- mice, there was no significant 

difference between CD36-targeted and non-targeted EGCG nanoparticles treatments. 

A larger sample size may make difference more prominent.  

In this dissertation, we focused on measuring the most important inflammatory 

factors, MCP-1, TNFα, and IL6 released from THP-1 derived macrophages and 

mouse peritoneal macrophages. However, additional experiments are required to 

investigate expression of other inflammatory factors and measure anti-inflammatory 

responses in other types of macrophages. Besides these, plasma inflammatory 

factors in LDLr-/- mice need to be measured.  

LDLr-/- mice as the only animal model were used in this study. Other 

atherosclerosis animal models such as apolipoprotein E null mice or pigs are needed 

to confirm target specificity of nanoparticles to intimal macrophages, and to measure 

their anti-atherogenic bioactivities and underlying mechanisms.  

 

 

 

 

 



Texas Tech University, Jia Zhang, December 2015 

166 

CHAPTER X 

Future Direction 

1. How much difference is there between passive targeting and active 

targeting? 

Macrophages are “big eaters” in the body, which can engulf foreign substances 

such as nanoparticles. Nanoparticles can be taken up by macrophages through 

naturally occurring endocytosis (passive target) and a receptor-mediated mechanism 

(active target). The detailed information was in Chapter II. Many published articles 

proved it was through passive or active target to macrophages that nanoparticles can 

be used to detect atherosclerotic lesions and disclose lesion features including 

amount and distribution of intimal macrophages in animal models. However, a good 

study design is needed to compare the exact difference between passive and active 

uptake. Moreover, a platform is required to compare difference among different 

macrophage-targeted nanoparticle systems.     

2. How do nanoparticles distribute in various macrophage subsets? 

There are various macrophage subsets locating throughout the body tissues, 

called tissue-resident macrophages. Future work needs to specialize how 

nanoparticles distributed in tissue-resident macrophages. 

3. How to design targeted nanoparticles in oral administration? 

In nutrition, oral or transdermal administration of targeted nanoparticles are 

better accepted than intravenous delivery. A new design of nanoparticles will be 

needed for translating it to clinical application or the future market in the nutrition area.   

4. How to noninvasively detect intimal macrophages using CD36-targeted 

nanoparticles? 

We can use magnetic resonance imaging (MRI), computed tomography (CT) 

or positron emission tomography (PET) to investigate the distribution and 

accumulation of intimal macrophages after administering our CD36-targeted 

nanoparticles. This approach can noninvasively assess lesion size and feature, 

especially facilitate early lesion detection in future clinical application.  
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