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ABSTRACT OF THE DISSERTATION  

 

Structure-Binding Activity Relations of Amphiphilic Polymers and Macrophage 

Scavenger Receptors:  Implications for Therapeutic Inhibition of Atherosclerosis 

 

By NICOLE M. PLOURDE 

Dissertation Director:  Prabhas V. Moghe  

 

Scavenger receptors mediate the uptake of oxidized low density lipoprotein 

(oxLDL), leading to cholesterol accumulation and the development of atherosclerosis.  A 

promising avenue of interest in the treatment of cardiovascular disease is the use of a 

scavenger receptor inhibitor.  To this end, a series of polymers were designed based on 

a mucic acid backbone, aliphatic acid arms and polyethylene glycol tail.  Molecular 

modeling and docking approaches were used to understand the structure-activity 

relationship (SAR) between the polymers and scavenger receptor class A (SR-A).  The 

polymers containing hydrophobic-bound carboxylate groups were the most favorable 

binders to the SR-A model as well as the most efficient inhibitors of oxLDL accumulation.  

Mutant SR-A models were generated by replacing charged residues with alanine.  All 

charged residues in the region were necessary, with Lys60, Lys63 and Lys66 having the 

greatest effect on binding.  However, binding was not mediated by charge alone and the 
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polymer hydrophobic domain adjacent to the carboxylate group was found to be 

essential. 

Based on these findings from Chapter 2, the next chapter focused on the 

polymer backbone.  Polymer models were designed to investigate the influence of 

backbone stereochemistry, cyclic versus linear backbone, and aromatic versus aliphatic 

backbone.  Molecular modeling and docking results indicate the ability of the backbone 

to favorably position the side chains and “lock” the ligand into position.  In vitro results 

followed those seen in the modeling predictions, with two polymers showing promise.  

Thus, minute changes in polymer structures can sensitively affect SR-A binding affinities 

and modulate the competitive inhibition of oxLDL uptake.   

This thesis also investigated the potential of amphiphilic polymers to target 

scavenger receptors and deliver a hydrophobic model drug reversing cholesterol 

accumulation.  The polymers encapsulated hydrophobic agonist (GW3965) against 

nuclear Liver-X receptor α (LXR), which significantly increased the drug uptake over non-

polymer delivery.  In combination with the encapsulated LXR-agonist, the polymers 

reduced oxLDL by 88% in vitro.  Thus, the thesis findings suggest that the system of 

amphiphilic polymers exhibited significant tunability for scavenger receptor targeting, 

which can be exploited both for inhibition of cholesterol uptake as well as modulating 

cholesterol trafficking. 
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CHAPTER 1: Background and Significance 

 

1.1: Cardiovascular Disease and Atherosclerosis 

          Atherosclerosis is triggered by interactions between macrophages, smooth muscle 

cells and their extracellular matrix molecules, subsequent to the pathologic build-up of 

low density lipoproteins (LDL) within the vascular wall region called intima. This 

condition leads to coronary heart disease, which is currently the single leading cause of 

death in America (Center for Disease Control, 2009) and by the end of 2010, 

cardiovascular disease will also be the leading cause of death in developing countries 

(World Health Organization, 2009).  Also known as "hardening of the arteries", 

atherosclerosis is characterized by the deposition of fatty materials, cellular waste 

products, and calcium build up called plaque in the inner lining of an artery which 

thickens, causing a reduction in lumen diameter and blood flow.  As the plaque grows it 

is vulnerable to rupture, freeing plaque matter to form blood clots that may obstruct 

blood vessels and initiate the development of life threatening acute clinical syndromes 

such as myocardial infarction and stroke 1.   More recently atherosclerosis has been 

characterized as an inflammatory disease 2.  Inflammatory cells (macrophages) are 

present and significant in all stages of the disease from early plaque development to 

plaque instability and rupture 3. 

          The progression towards disease begins with LDL which are the major carriers of 

cholesterol in the blood plasma 4.  LDL particles smaller than 70 nm circulating in the 

blood stream can cross the intact endothelium via transcytosis and can flux in and out of 



2 

 

 

 

the intima 5, 6 while larger particles can enter through areas of injured endothelium or 

arterial branching 7. 

 

Figure 1.1: Schematic of the progression of atherosclerosis within the blood vessel wall 

           

As shown in Figure 1.1, LDL enters the arterial wall where it is sequestered by 

extracellular matrix molecules, such as proteoglycans, and modified before release.  The 

interaction between LDL and negatively charged proteoglycans involves apolipoprotein 

B, the main protein component on LDL, which contains positively charged amino acids 8.  

The binding of LDL to proteoglycans in turn modifies apolipoprotein B (ApoB), rendering 

the molecules more susceptible to oxidation and modification and inhibiting efflux 9, 10.  

However, the oxidation of LDL decreases the positive charge relative to native LDL, and 

thus lowers the affinity of LDL for proteoglycans 11.  Therefore, following modification, 

the oxidized LDL (oxLDL) is released from the proteoglycans and available to interact 
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with vascular cells.  In addition, by-products produced during the oxidation process can 

cause cytotoxic damage to the vascular wall and inhibition of vasodilatation in response 

to nitric oxide 12, 13.  In the response-to-oxidation hypothesis, lipoprotein oxidation was 

proposed to be a key factor of atherosclerosis and later the response-to-retention 

model labeled the retention of LDL as the initiating step that lead to particle oxidation, 

vascular cell inflammation, and endothelial dysfunction 8, 14. 

          The earliest observable cellular event in the atherogenic process is the increased 

number of monocytes that are attracted to the endothelial surface, as a result of over-

expression of adhesion molecules (VCAM-1, ICAM-1, selectins) induced by oxidative 

stress on endothelial cells 15, 16.  The adhered leukocytes next permeate the endothelial 

layer into the arterial intima, where they differentiate into macrophages 15.  

Macrophages are present in variable numbers in all atherosclerotic lesions and are the 

most common cells found in fatty streaks 17.  LDL interacts with macrophages through 

various receptors subject to the degree of oxidation.  Unoxidized, or native, LDL is 

internalized primarily by means of the LDL receptor and is controlled by feedback 

inhibition 18.  OxLDL uptake is mediated by scavenger receptors, which are typically not 

downregulated 19.  This leads to unregulated cholesterol accumulation, and results in 

the formation of foam cells and the formation of fatty streaks which are the earliest 

visible atherosclerotic lesions 20.  Activated foam cells secrete several substances, such 

as cytokines, growth factors and metalloproteinases, which in turn induce migration and 

proliferation of neighboring macrophages and smooth muscle cells 21.  As a result of 

these processes, fibrous cap formation and increased connective tissue synthesis are 
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observed 15.  The final step in the atherogenic cascade is the formation of a lipid-rich 

necrotic core, associated with destabilization of the advanced lesion which can lead to 

plaque rupture and the formation of occlusive thrombi.  One key cellular event that may 

be associated with the formation of necrotic core is apoptosis and necrosis of the cells in 

the center of the plaque, as a response to accumulation of oxLDL and the resulting 

oxidative stress 1, 15. 

 

1.1.1: Risk Factors  

         The occurrence of atherosclerosis among various individuals and groups may 

provide significant evidence to its pathogenesis.  By and large, the propensity for 

atherosclerosis can be correlated to such factors as ages, family history, diet, smoking, 

diabetes, high blood pressure, high cholesterol, hyperlipidemia, and obesity 22.  

Hyperlipidemia is the most significant factor among the major risks contributing to 

atherogenesis as it has been shown that elevated levels of LDL and triglyceride 

concentrations amplify the risk of cardiovascular disease 23.  Cholesterol and cholesterol 

esters derived from lipoproteins circulating in the blood accumulate in atherosclerotic 

plaques.  Genetic disorders causing hypercholesterolemia often lead to early 

atherosclerosis and nearly one third of patients with premature coronary artery disease 

have distinctly increased quantities of LDL 23, 24.  In addition, elevated levels of LDL in the 

blood stream lead to a corresponding increase in uptake and arterial wall accumulation 

followed by activation of endothelial cells and facilitated expression of adhesion 

molecules 16.  Animal studies suggest that leukocyte adherence can be induced with 
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modification to the endothelium caused by hypercholesterolemia 15.  It is hypothesized 

that hypercholesterolemia in rabbits induces expression of specific adherence molecules 

such as VCAM-1 and E-selectin by the aortic endothelium 25.  The increased uptake and 

accumulation of lipoproteins in intimal macrophages initiates the cascade of events 

leading to the formation of atherosclerotic plaques. 

 

1.1.2: LDL Retention within the Intima 

         Cholesterol has many vital physiologic roles in the body, but can be 

detrimental at higher concentrations, especially in the context of chronic inflammatory 

processes.  The majority of cholesterol in the blood plasma exists as part of various 

lipoprotein complexes. These include chylomicrons, very low-density lipoproteins 

(VLDL), low-density lipoproteins (LDL) and high-density lipoproteins (HDL).  However, 

LDL are the principal cholesterol carriers and transport cholesterol to cells throughout 

the body.  

 

Figure 1.2: Illustration of the components that comprise an LDL particle 
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The LDL particle (see Figure 1.2) has an average diameter in the range of 17.5 – 22.5 nm 

can be thought of as having two distinct regions; a core and a surrounding surface layer 

26.  As a result of these subcomponents, specifically lipid composition and ApoB 

conformation, the LDL particles are in a constant dynamic state in terms of structure 

and physical properties 27.   

          LDL particles circulating in the blood stream can cross the intact endothelium via 

transcytosis or can enter through areas of injured endothelium or arterial branching 7.  

Subsequent to LDL entering the arterial wall, it can become trapped and sequestered in 

the extracellular matrix (ECM), which forms the space in contact with smooth muscle 

cells and macrophages.  The primary matrix molecules within the vascular intima 

responsible for LDL retention are the glycosaminoglycans (GAGs), which when linked to 

core proteins form proteoglycans (PGs).   

 
Figure 1.3: LDL entering the artery wall is sequestered by GAGs 

The GAGs (see Figure 1.3) play various roles in the vascular wall, but are made up of 

carbohydrate chains consisting of negatively charged repeating disaccharide units, 

which form reversible ionic interactions with positively charged residues in LDL, 
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specifically ApoB 28-31.  It has been demonstrated that the occurrence of LDL-GAG 

complexation increases the cholesterol accumulation in macrophages due to irreversible 

changes that occur in the conformation of ApoB after binding to GAGs which leaves LDL 

vulnerable to modifications that inhibit their efflux 9, 10.  LDL-GAG binding results in a 

virtually irreversible structural modification to the LDL surface and renders the LDL 

vulnerable to oxidation.  It is well known that the accumulation of oxLDL within the 

vascular intima intensifies the development of atherogenesis and can also induce foam 

cell formation 20. Upon oxidation of LDL, the lysine residues of ApoB are neutralized, 

reducing the positive charges, and lowering the affinity of oxLDL for GAGs 11.  The 

uptake of oxLDL by macrophages is also a result of modified lysine residues which are 

recognized by scavenger receptors 32.  This suggests that the same ApoB modifications 

which decrease LDL-GAG binding lead to an increase in LDL uptake via scavenger 

receptors. 

 

1.1.3: Oxidized LDL 

          It was first suggested that oxLDL was an important factor in atherogenesis when it 

was demonstrated that oxLDL was detrimental to arterial cells 33. Pro-inflammatory 

effects of oxLDL on vascular cells include increases in proliferation 34, expression of 

inflammatory cytokines 35, toxicity 36, increased expression of metalloproteinases 37, 

inhibition of expression of inducible nitric oxide synthase 38, and effects on macrophage 

lipid metabolism and accumulation 39-41.  OxLDL has the ability to be rapidly taken up by 

macrophages which leads to the formation of foam cells 19, 20.  However, oxLDL also 
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possess many other characteristics that have been demonstrated to advance 

atherogenesis.  For circulating monocytes, oxLDL itself is a chemoattractant, due to the 

generation of lysophosphatidylcholine from conversion of LDL into its oxidized form, 

while also stimulating endothelial cells to release monocyte chemoattractant protein-1 

and macrophage colony-stimulating factor, which attract circulating monocytes to areas 

of accumulated oxLDL and can stimulate them to differentiate into macrophages 42, 43.  

In addition, unlike native LDL, oxLDL is cytotoxic to endothelial cells, which triggers a loss 

of endothelial integrity, and has also been shown to stimulate matrix metalloproteinase 

(MMP) secretion, which may play a role in plaque instability by weakening the fibrous 

cap of atherosclerotic plaques 44, 45.  Lipid hydroperoxides break up into small reactive 

aldehydes which attack the α-amino groups on ApoB, increasing the net negative charge 

of the LDL particle.   

 

1.1.4: Macrophages and LDL Metabolism 

 Through a series of reactions, intimal macrophages take up and metabolize LDL.  

Cellular cholesterol metabolism is controlled by multiple pathways including enzymes, 

such as phospholipases, which metabolize phospholipids through acylhydrolases, 

lysophospholipases or phosphodiesterases, 46-48 and transcription factors 49, including 

AP-150, 51, NF-K B50, PPAR52 and LXR53.  The uptake is mediated by the process of 

receptor-mediated endocytosis or phagocytosis of cell membranes containing 

cholesterol (see Figure 1.119, 54).  Once endocytosed, LDL protein and cholesterol ester 

components are transported to the lysosomes.  The lysosomes liberate the cholesterol 
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which then enters the cytoplasm by passing across the lysomal membrane.  Here 

enzymes re-esterify the cholesterol and lastly it is stored in the cytoplasm in the form of 

cholesterol ester droplets, or it is excreted from the cell, depending on the presence of a 

cholesterol acceptor 55, 56.   

          In contrast to native LDL, oxLDL is not degraded as rapidly.  Macrophages, in 

general, will not accumulate large amounts of lipid in the form of native LDL, however 

oxLDL uptake will lead to lipid accumulation and foam cell formation 19. It has been 

shown that modified ApoB of oxLDL is unaffected by acid proteolysis and as a result 

accumulates in lysosomes and also may inactivate lysosomal acid hydrolases 57-60. In 

addition, native LDL and oxLDL differ as to the manner in which they are taken up by 

macrophages.  Unoxidized, or native, LDL is internalized primarily by means of the LDL 

receptor via clathrin-mediated endocytosis and is controlled by feedback inhibition, 

which means that cell surface receptors are down-regulated as the intracellular 

cholesterol levels increase.  OxLDL uptake is mediated by scavenger receptors.   

 

1.1.5: Scavenger Receptors and oxLDL 

          A key breakthrough in the study of modified lipoproteins was made by Goldstein, 

Brown, and associates when they showed that incubating macrophages with acetylated 

low density lipoprotein (AcLDL) produced intracellular accumulation of cholesterol and 

resulted in foam cell formation, which implied the presence of a macrophage receptor 

for chemically modified LDL which could possibly play an important role in 

atherogenesis 19.  The phrase “scavenger receptor’’ was coined to describe the activity 
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of macrophages that mediates the uptake of modified LDL in cell culture.  These 

receptors recognize a broad range of ligands, hence the term “scavenger receptor”.  

However, the overlapping binding behavior between the receptor classes can make it 

challenging to characterize their respective behaviors in terms of ligand uptake.  For 

example, most scavenger receptors bind an array of polyanionic ligands 61.  

 
Figure 1.4: Examples of the seven macrophage scavenger receptor classes.  Of these, SRA and 

CD36 are key to atherogenesis. 62 

A number of different scavenger receptors for oxLDL have been identified and the 

receptors are grouped into classes A through G, according to their structure as 

illustrated in Figure 1.4 62. These include SR-AI/II/III, macrophage receptor with 

collagenous structure (MARCO), SR-BI, CD36, SR-C, CD68, LOX-1, and SR-PSOX.  The 

significance of some of these oxLDL receptors has not been fully quantified in vivo; 

however SR-A and CD36 have been established to be central to atherogenesis. 

Kunjathoor et al. demonstrated, through the use of transgenic mice lacking both SR-A 
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and CD36 scavenger receptors that together, the receptors accounted for nearly 90% of 

total oxLDL uptake by macrophages 63.  In addition, Nakagawa-Toyama and colleagues 

completed an investigation of CD36 and SR-A expression in human atherosclerotic 

lesions suggesting that CD36 expression is highest in the center of the atheroma, within 

macrophage foam cells, and SR-A is expressed in cells closer to the lumen of the artery 

64.  Beside SR-A and CD36, a recent class of scavenger receptors has also emerged as an 

endothelial cell target, called LOX-1.  LOX-1 activity was recently proposed as a novel 

predictive marker of coronary heart disease and stroke 65.  Upon recognition of oxLDL, 

LOX-1 initiates oxLDL internalization and degradation as well as inducing a variety of 

pro-atherogenic cellular responses, such as reduction of nitric oxide (NO) release 66, 

secretion of monocyte chemoattractant protein-1 (MCP-1) 67, production of reactive 

oxygen species 68, expression of matrix metalloproteinase-1 and -3 69, monocyte 

adhesion 67, and apoptosis 70. 

SR-A        

          SR-A is principally expressed on macrophages, although the receptors have also 

been identified on endothelial and smooth muscle cells 71.  Class A receptors can bind 

modified LDL (both acLDL and oxLDL), polynucleic acids, bacteria and bacteria 

fragments, and certain carbohydrate-based ligands 72.  Early assessments on the ability 

of SR-A deficient macrophages to take in oxLDL implied that the receptor was 

responsible for at least 50% of OxLDL uptake 73.  Despite this partial prevention of oxLDL 

uptake by macrophages, SR-A knockout mice show a considerable decrease in 

atherosclerotic lesions in the apoE–/– and LDLR–/– mouse models 73, 74.  
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Figure 1.5: Illustration of the SR-A scavenger receptor and five distinct domains 

 

The SR-A structure (Figure 1.5) consists five distinct segments totaling 451 amino acid 

residues: a cysteine-rich C-terminal region, a collagen-like region, a segment of α-helical 

coiled-coils, a single transmembrane domain, and an N-terminal cytoplasmic domain 75.  

It has been reported that a cluster of four lysines within the collagen-like region is 

responsible for ligand recognition, as changing these basic amino acids to neutral 

residues eliminated ligand binding 76.  This is especially noteworthy as SR-A is known to 

principally bind to anionic ligands.  The cycle of SR-A begins when the receptor binds to 

oxLDL at the cell surface and the complexes (SR-A + oxLDL) cluster in vesicles and 

clathrin-coated pits before becoming internalized and delivered to the endosomes.  

Once in the endosomes, the acidic pH causes the receptor to release the ligand and the 

receptor is then likely recycled to the cell surface 77.    
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1.2: Treatment of Atherosclerosis  

          Therapeutic treatments are widely used to combat cardiovascular diseases and 

can be either curative or preventative in nature.  Curative treatments target existing 

arterial blockages to restore blood flow to an obstructed vessel and include balloon 

angioplasty and bypass surgery.  Preventative treatments commonly target the control 

of lipoproteins, in an effort to prevent LDL accumulation and the formation of the fatty 

streak either through a reduction in LDL synthesis (cholesterol-reducing drugs), or 

management of LDL transport in the arterial wall. 

 

1.2.1: Preventative Treatments  

          Research indicates that a 10% increase in serum cholesterol levels will result in 

27% increase in risk of coronary heart disease 78.  Evidence has verified that elevated 

cholesterol levels increase the probability of coronary heart disease and that by 

reducing cholesterol levels there is an analogous decrease in risk 79, 80.  There are five 

main categories of cholesterol lowering medications: statins, bile resins acid, nicotinic 

acid, fibrates and ezetimibe.  Nearly all are obtainable only by prescription, while 

nicotinic acid, a form of vitamin B3 (niacin), is available over–the–counter.  HMG CoA 

reductase inhibitors, or statins, operate by reducing liver cholesterol synthesis and 

triggering upregulation of liver LDL receptors.  This, consequentially, increases the 

uptake of LDL and decreases plasma LDL levels 81.  Bile acid resins help to increase the 

excretion of bile acids (the substance to which the liver converts cholesterol) from the 

intestines.  The liver responds by increasing the conversion of cholesterol into bile acids, 
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which in turn causes an upregulation of LDL receptors and increases the removal of LDL 

from circulation 82.  Nicotinic acid decreases the amount of VLDL particles secreted from 

the liver and fewer particles are available to be converted into LDL 82.  Fibrates are 

effective by reducing triglyceride production and increasing the rate at which circulating 

triglycerides are removed from the blood stream.  They are less effective at reducing 

LDL cholesterol levels while modestly increasing HDL cholesterol levels in most patients.  

Ezetimibe is a member of a class of selective inhibitors that prevents the absorption of 

cholesterol by inhibiting the migration of dietary and biliary cholesterol across the 

intestinal wall without preventing the absorption of other soluble food nutrients 83.  

 

1.2.2:  Issues Related to Cholesterol Reducing Drugs 

          While preventative medication can successfully lower cholesterol synthesis and 

reduce accumulation, there are numerous associated side effects. Polyneuropathy, a 

form of nerve damage, is the simultaneous malfunction of many peripheral nerves 

throughout the body and can be caused by statins.  Although rare, this condition causes 

pain, tingling, loss of feeling, weakness and damage that may be long lasting or even 

permanent 84.  A popular statin, Lipitor, recently came under increased scrutiny as the 

medication's maker, Pfizer Inc., has been sued by users experiencing lasting muscle 

damage 85.  There are additional side effects connected with statins as well.  Especially 

at the highest doses prescribed as part of an aggressive lipid management strategy, 

statins can adversely affect liver function.  
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          A rare, but potentially terminal side effect of statins and some fibrates is 

rhabdomyolysis 86.  In rhabdomyolysis, muscle cells break down and release their 

contents into the bloodstream which, in rare cases, can lead to organ failure and death 

87.  Various other cholesterol reducing drugs have reportedly caused muscle aches, 

allergic reaction, abdominal pain, headache, heartburn, blurred vision, drowsiness, 

weakness or fatigue and nausea but are seen in low frequencies 82.   

          Questions have been raised about the possibility that pharmacologic intervention 

aimed at reducing cholesterol levels may increase the risk for nonvascular diseases.  This 

has led to uncertainty of the benefits of drug therapy, especially for those without 

known coronary heart disease 88, 89.  Thus, there is a critical need to develop integrative 

approaches to prevent escalation of atherosclerosis, which arises from the accumulation 

of oxLDL and the subsequent uncontrolled uptake by macrophages.  The target should 

not only be cholesterol synthesis, but also the mechanism by which macrophages 

interact with modified lipoproteins.   

 

1.2.3:  Cardiovascular Disease and Nanomedicine 

There are numerous medications currently available that help patients lower 

their cholesterol levels in addition to surgical procedures used to treat patients with 

vessel blockages.  Unfortunately, these options are not problem-free and are plagued 

with adverse side effects. “Nanomedicine” as termed by the National Institutes of 

Health (Bethesda MD, USA) is a field that offers potential solutions to traditional 

cardiovascular disease treatment options.  Recent advances in nanotechnology for 
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cardiovascular health are abundant and include the application of nanosensors to 

monitor nitro-oxidative species (oxidative stress) produced in the failing heart 90, 

microarrays and microchips for the study of complex traits associated with 

cardiovascular diseases providing new insights into possible pathogenetic mechanisms 

and new therapeutic approaches 91, electrospun nanofibers as potential materials for 

tissue engineered vascular grafts 92-94, and carbon nanotubes as possible implant 

materials for their anticoagulant function and antithrombotic properties 95, 96.  

Nanotechnology can also be used to improve drug efficacy through targeted 

delivery.  Most systemically introduced drugs circulate through the entire body, leading 

to difficulty in maintaining an optimal concentration in disease-specific areas because of 

metabolism and excretion of drugs, as well as toxicity in nonrelated tissues 97.  By 

encapsulating drugs in nanospheres 98 or erodible self-assembled structures 99 specificity 

in drug release can be introduced.  

One avenue of particular interest is the use of a nanolipo-blocker to prevent 

oxLDL uptake via scavenger receptors.  Native LDL does not stimulate foam cell 

formation while binding of oxLDL to macrophage scavenger receptors leads to 

unregulated cholesterol accumulation which results in foam cell formation 20, 100.  

Therefore, any approach directed at lowering LDL accumulation within the vascular 

intima should prevent this uncontrolled uptake via scavenger receptors.  As described 

previously, SR-A and CD36 appear to be of primary importance in atherogenesis, 

demonstrated by mice lacking either receptor show considerable reduction in lesion 

formation 63, 101.  Previous investigations have been completed on synthetic compounds 
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that can bind to scavenger receptors, potentially blocking modified LDL entry into cells 

102-105.  Synthetic oxidized phospholipids (oxidized phosphocholine) cross-linked to a 

hexapeptide or bovine serum albumin (BSA) have been used as pattern recognition 

ligands for CD36 and have been shown to viably inhibit the binding of oxLDL to CD36 

expressing cells 102.   In addition, sulfatide derivatives for the targeting of SR-A have 

been synthesized and investigated and have been shown to reduce acetylated LDL 

binding and uptake in a concentration-dependent manner 103.  Although these previous 

efforts to develop scavenger receptor inhibitors to block modified LDL uptake are 

encouraging, the role of a 3-D organized presentation of the targeting groups to 

increase efficiency of the inhibitors had not been investigated.  Additionally, the 

previously synthesized particles are not multifunctional, but instead target a single 

scavenger receptor, while the remaining scavenger receptors are free to bind and 

internalize oxLDL.     

 

Nanoscale Amphiphilic Polymers 

 

Figure 1.6: AScM unimers (A) aggregate to form micelles (B) in solution 
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          Tian, et al., a former collaborator on this project in the laboratory of Dr. Kathryn 

Uhrich, previously described a unique class of polymers, amphiphilic scorpion-like 

macromolecules (AScM) 106.  The AScM (Figure 1.6) is composed of unimers that self 

organize into micelles with the ability to bind to macrophage scavenger receptors and 

reduce the uptake of oxLDL 107, 108.  Additionally, AScMs may have the potential to be 

hydrophobic drug carriers as the polymers have low critical micelle concentration 

(CMC), low cytotoxicity, high drug loading efficiency, and sustained release 106, 109.   

          The unimers of AScM are identified as M12P5 which corresponds to a mucic acid 

(M) with aliphatic acid chains of 12 carbons (12) and polyethylene glycol (PEG) chains (P) 

with a molecular weight of 5 kDa (5).  These building blocks are naturally occurring or 

biocompatible compounds and are joined via biodegradable ester bonds.  PEG 

contributes to the polymer’s hydrophilicity and is used to prevent the non-specific 

adsorption of proteins, mucic acid is a multi-hydroxylated saccharide providing reaction 

sites for further polymer modification, and aliphatic acid chains control the polymer 

hydrophobicity.  The branched hydrophobic core aids in micellar stability, as seen by the 

low CMC, as well as increases the micelle’s capacity to self-assemble.  The nanoassemby 

also has a small aggregation diameter (~20 nm) 106.  Previous studies have focused on 

anionic AScMs that spontaneously form micelles at concentrations above the CMC (10-

7M) 106.  In addition, the micellar organization of the nanoparticle is able to encapsulate, 

and potentially deliver a drug of interest to scavenger receptor expressing cells 109.   
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          AScM polymers have two therapeutic advantages.  They not only have the capacity 

to prevent the internalization of oxLDL by competing with oxLDL for access to scavenger 

receptors, but the polymers also compete with GAGs for binding to native LDL, thus 

facilitating the uptake of native LDL before extensive oxidation occurs 107, 110.  In 

preliminary studies, the AScM was functionalized with a carboxylic acid, such that the 

micellar polymer displays anionic charges in an organized and clustered configuration.  

Previous findings by Dr. Evangelia Chnari from the Moghe laboratory show that anionic 

AScMs reduced oxLDL uptake in murine IC21 macrophages by up to 75% after 5 hr, and 

both SR-A and CD36 receptors were involved in the uptake of the polymers and highly 

oxidized LDL (hoxLDL) 107, 108.  AScMs have also been shown to be effective in binding to 

native LDL (nLDL) and mildly oxidized LDL (moxLDL) 110.  As LDL particles become more 

highly oxidized, they were shown to no longer form complexes with the polymers.   

          The primary interaction of the polymers with differentially oxidized LDL (nLDL, 

moxLDL and hoxLDL) and scavenger receptors (SR-A and CD36) is one of charge-based 

electrostatic interactions.  Native LDL has a net positive charge but becomes less 

positive as the particle is oxidized.  As a result, the anionic AScM complexes with native 

LDL, and to some extent, moxLDL, but not hoxLDL.  In addition, the anionic 

nanopolymers can bind to scavenger receptors, like SR-A, which has a positive pocket.   

 

Drug Encapsulation for Expanded Targeting 

          The micellar structure of the AScM polymers has the ability to encapsulate, and 

potentially deliver a drug of interest to scavenger receptor expressing cells for 
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internalization 109.  The amphiphilic composition of the polymers allows for hydrophobic 

drugs to be protected from solution and increase their solubility, therefore, increasing 

the drug concentration in a solvent such as blood.  Moreover, the nanoscale size of the 

micelles could potentially allow for delivery that mimics the naturally occurring 

transport system similar to viruses and lipoproteins 111.   

          Both lipid metabolism and inflammatory reactions are potential targets for the 

treatment and prevention of atherosclerosis.  A number of liver-X receptor (LXR) target 

genes have been linked to the regulation of reverse cholesterol transport, where excess 

cholesterol is transported to the liver via HDL particles 112.  LXR belongs to a family of 

nuclear membrane proteins that become transcriptionally activated through ligand 

binding 112.  In addition, LXRs block NF-kB signaling, where NF-kB is required for the 

induction of TNF- and IL-6, which are inflammatory cytokines 113-115.  One model drug 

of interest for encapsulation in the AScM polymers is GW3965, which is an agonist of 

LXR.  LXR agonist treatment with GW3965 has been shown to reduce the formation of 

foam cells in macrophages by increasing cellular cholesterol efflux and has been shown 

to reduce lesion formation in apoE-/- and LDLR -/- mice by 50% 114.   
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CHAPTER 2: Structure-Binding Activity Relations of Polymers with the Atherogenic 
Domain of Human Macrophage Scavenger Receptor A 

 

This Aim has been published as the following: Plourde, N. M.; Kortagere, S.; 
Welsh, W.; Moghe, P. V., Structure-activity relations of nanolipoblockers with the 
atherogenic domain of human macrophage scavenger receptor A. Biomacromolecules 
2009, 10, (6), 1381-91. 

 

2.1: Specific Aim 1  

Oxidized low density lipoprotein (oxLDL) uptake by macrophages is mediated by 

scavenger receptors and leads to unregulated cholesterol accumulation.  Polymers 

functionalized with anionic groups inhibit oxLDL uptake via the scavenger receptor A 

(SR-A).  However, the factors necessary for effective binding were not well understood.  

In order to understand the structure-activity relationship (SAR) between the polymers 

and SR-A, molecular modeling and docking approaches were employed.  A homology 

model of SR-A was constructed and six polymer models were docked to the SR-A 

homology model to investigate charge placement and clustering.  Polymer models with 

the most favorable binding energy were also found to be the most effective oxLDL 

inhibitors in THP-1 macrophages.  Mutant SR-A models were generated by replacing 

charged residues with alanine.  All charged residues in the region were necessary, with 

Lys60, Lys63 and Lys66 having the greatest effect on binding.  I hypothesize that 

structural studies aided by theoretical modeling and docking can be used to design 

promising polymer candidates with optimal binding properties.  
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2.2: Rationale 

Atherosclerosis is triggered by complex interactions between macrophages, 

smooth muscle cells and extracellular matrix molecules, following the pathologic build-

up of oxidized low density lipoproteins (oxLDL) within the vascular wall region 116.  

OxLDL uptake is mediated by scavenger receptors, which unlike the receptors for native 

LDL, are not down-regulated 20.  This leads to unregulated cholesterol accumulation and 

results in the formation of foam cells and fatty streaks, which are the earliest visible 

atherosclerotic lesions 20, 100.  The two principal receptors involved in oxLDL uptake are 

SR-A and a class B scavenger receptor-CD36, and account for the majority of modified 

LDL uptake (75-90%) and degradation, as demonstrated by knockout mice lacking both 

SR-A and CD36 receptors 63.  A characteristic of SR-A is the mediation of uptake and 

degradation of modified proteins and several polyanionic ligands in the absence of 

structural similarities 32, 117, 118.  Ligand binding is thought to be mediated through 

electrostatic interactions between the arginine and lysine residues in the collagenous 

domain and negative charges on the ligands 75.  Interactions of ligands with CD36 are 

generally hydrophobic and only somewhat mediated by charge 119.  A cluster of amino 

acids has been proposed to be membrane-associated and form hydrophobic pockets on 

the CD36 receptor 120. 

One promising avenue of interest in the treatment and prevention of 

cardiovascular disease is the use of a scavenger receptor inhibitor to prevent oxLDL 

uptake via scavenger receptors.  OxLDL (and not native LDL) stimulates foam cell 

formation through binding to macrophage scavenger receptors, which leads to 
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unregulated cholesterol accumulation 20, 100.  A unique class of multifunctional polymers, 

amphiphilic scorpion-like macromolecules (AScM) have been described previously and 

explored in vitro 106.  The polymers are micellar aggregates of unimers identified as 

M12P5 which corresponds to a mucic acid (M) with aliphatic acid chains of 12 carbons 

(12) and polyethylene glycol (PEG) chains (P) with a molecular weight of 5 kDa (5) 

(Figure 1.6).  These building blocks are naturally occurring or biocompatible compounds 

and are connected via biodegradable ester bonds.  PEG contributes to the polymer’s 

hydrophilicity and is used to prevent the non-specific adsorption of proteins.  Mucic acid 

is a multi-hydroxylated saccharide providing reaction sites for further polymer 

modification, and aliphatic acid chains control the polymer hydrophobicity.  The 

branched hydrophobic core aids in polymer stability, as seen by the low critical micelle 

concentration (CMC) (1.25 * 10-7 M), as well as increases the micelle’s capacity to self-

assemble 106.  The micelle also has a small aggregation diameter (~20 nm).  It is 

hypothesized that the collagenous region of macrophage SR-A is responsible for 

polymer binding as it has been shown to be the region responsible for oxLDL binding 

and contains a cluster of positively charged amino acids which bind to anionic ligands 76, 

121-123.   

Although previous studies provide information on the correlation between 

particle design and the prevention of oxLDL uptake 107, 108, 110, 124, the mechanistic 

contribution of sub-domains of the macromolecules are not well understood thus 

making the current trial and error pipeline from polymer design to in vitro testing time 

consuming and inefficient.  Therefore, the present SAR studies are targeted at 
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understanding the nature of interactions between the collagen domain of the scavenger 

receptor SR-A and the modeled polymers.  The results from this study will further 

enable the screening of numerous virtually designed polymers and obviate the need to 

synthesize structures with suboptimal binding properties.  Analysis will involve both in 

vitro studies as well as atomistic molecular modeling simulations of macrophages and 

polymer interactions.   

 

2.3: Materials and Methods 

2.3.1: Polymer Synthesis and Characterization 

          Structures were prepared as previously described by colleagues in the Dr. 

Kathryn Uhrich laboratory 106, 108, 124.  The major reactants included 5000 Da 

heterobifunctional poly(ethylene glycol) (NH2-PEG-COOH) (Nektar, San Carlos, CA), 4-

(Dimethylamino)pyridinium p-toluenesulfonate (DPTS) and carboxylate-terminated 

poly(ethylene glycol) (PEG-COOH 5000 MW) (Sigma, St. Louis, MO).   All PEG reagents 

were dried by azeotropic distillation with toluene.  All other reagents and solvents were 

purchased from Aldrich and used as received.  

          Chemical structures and compositions were confirmed by 1H and 13C NMR 

spectroscopy with samples (~ 5-10 mg/ml) dissolved in CDCl3-d solvent on Varian 400 

MHz spectrometers, using tetramethylsilane as the reference signal.  IR spectra were 

recorded on a Mattson Series spectrophotometer (Madison Instruments, Madison, WI) 

by solvent (methylene chloride) casting on a KBr pellet. Negative ion-mass spectra were 

recorded with a ThermoQuest Finnigan LCQTMDUO System (San Jose, CA) that includes 
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a syringe pump, an optional divert/inject valve, an atmospheric pressure ionization (API) 

source, a mass spectrometer (MS) detector, and the Xcalibur data system. Meltemp 

(Cambridge, Mass) was used to determine the melting temperatures (Tm) of all the 

intermediates. 

          Gel permeation chromatography (GPC) was used to obtain molecular weight and 

polydispersity index (PDI). It was performed on Perkin-Elmer Series 200 LC system 

equipped with Pl gel column (5 m, mixed bed, ID 7.8 mm, and length 300 mm) and 

with a Water 410 refractive index detector, Series 200 LC pump and ISS 200 

Autosampler. Tetrahydrofuran (THF) was the eluent for analysis and solvent for sample 

preparation.  Sample was dissolved into THF (~ 5 mg/ml) and filtered through a 0.45 m 

PTFE syringe filter (Whatman, Clifton, NJ) before injection into the column at a flow rate 

of 1.0 ml/min.  The average molecular weight of the sample was calibrated against 

narrow molecular weight polystyrene standards (Polysciences, Warrington, PA). 

 

2.3.2: Cell Culture 

Human THP-1 monocytes (ATCC) were grown in suspension with RPMI-1640 

medium (ATCC) and supplemented with 10 % FBS, in an incubator with 5 % CO2 at 37 °C.  

The cells were seeded at a concentration of 105 cells/cm2 and differentiated into 

macrophage cells by 14 hrs incubation in 16 nM phorbol myristate acetate.  After the 14 

hr differentiation period the cells were incubated for an additional 58 hr in RPMI-1640 

medium and experiments were performed within three days.   
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2.3.3: Polymer Association with Macrophage Cells 

The role of scavenger receptors in polymer uptake by THP-1 human 

macrophages was ascertained by incubating the cells with 10 g/mL primary antibodies 

to SR-A and CD36 (R&D Systems) for 45 min at 37 °C to block receptor availability.  To 

avoid any nonspecific reaction between the IgG isotypes and the macrophage cells, 

isotype controls were included where the SR-A and CD36 antibodies were replaced with 

purified mouse IgG1 and purified rat IgG2b respectively (Invitrogen). Texas-red 

conjugated polymers were prepared as previously described 125, 126.  Differentiated THP-

1 cells were incubated were incubated with 10-6 M fluorescently labeled polymers in 

serum-free RPMI for 2 hr at 37 °C in the presence of additional antibodies or controls to 

guarantee continuous receptor blocking.  Cells were washed, fixed with 4% 

paraformaldehyde and imaged on a Nikon Eclipse TE2000-S fluorescent microscope to 

determine fluorescently tagged polymer attachment.  The images were analyzed with 

ImageJ 1.42q (NIH) and fluorescence data was normalized to cell count. 

 

2.3.4: LDL Oxidation  

          OxLDL was prepared within five days of each experiment.  BODIPY-labeled 

human plasma derived LDL (Molecular Probes, OR) was oxidized by 18 hr of incubation 

with 10 µM CuSO4  (Sigma) at 37 °C with 5 % CO2 127, 128.  After 18 hr the oxidation was 

stopped with 0.01 % w/v EDTA. 
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2.3.5: OxLDL Accumulation in Macrophages 

The internalization of oxLDL by THP-1 macrophage cells was assayed by 

incubating BODIPY-labeled oxLDL (10 ug/ml) with cells for 5 hr at 37 °C and 5% CO2.  

Conditions included a control of RMPI-1640 medium and a non-micellar control of 

carboxy-terminated PEG.  Cells were washed, fixed with 4% paraformaldehyde and 

imaged on a Nikon Eclipse TE2000-S fluorescent microscope to determine fluorescently 

tagged oxLDL accumulation.  The images were analyzed with ImageJ 1.42q (NIH) and 

fluorescence data was normalized to cell count.  The levels of oxLDL uptake were 

normalized to those obtained in the absence of polymers.    

 

2.3.6: Statistical Analysis   

          Each in vitro experiment was performed at least twice and three replicate 

samples were investigated in each experiment.  5 images per well were captured and 

analyzed.  The results were then analyzed using analysis of variance (ANOVA).  

Significance criteria assumed a 95% confidence level (P<0.05).  Standard error of the 

mean is reported in the form of error bars on the graphs of the final data. 

 

2.3.7: Polymer Models 

The polymers were built according to their chemical structures illustrated in 

Figure 2.1 using the build module in molecular operating environment (MOE) (Chemical 

Computing Group, Inc., Montreal, Canada).  The model polymer molecules were 
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parameterized for Amber99 129 force field and energy minimized until convergence 

(grad = 0.001) was attained.   

 

Figure 2. 1: Chemical structure of each of the polymers synthesized and tested.  The 

nomenclature corresponds to the anionic structure. 

 

2.3.8: SR-A Homology Model and Mutants 

The primary sequence of the human SR-A receptor was retrieved from the 

National Center for Biotechnology Information (NCBI) Entrez protein database (P21757-

Macrophage scavenger receptor types I and II) and the sequence was matched with 

similar sequences of proteins from the Protein Data Bank (PDB) using NCBI Basic Local 

Alignment Search Tool (BLAST) 130.  Pairwise sequence alignment of the template 

sequences with the SR-A collagen-like domain sequence was completed using 

CLUSTALW 131.  For further analysis, the secondary structures of both SR-A and collagen 

type I, chain A 132 (1Y0FA)  were determined through PSIPRED, which maps sequences 
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into regions of helices, coils, or strands 133, 134.  The structures were mapped similarly 

throughout the collagen-like domain, and the corresponding region of collagen type I 

chain A the regions contained coils with high prediction confidence.  The PDB file for 

collagen type I chain A contained only the protein backbone therefore the side chains 

were modeled using SYBYL (Ver 8.0 Tripos Inc., St. Louis, Missouri, USA) and energy 

minimized using steepest descent method until convergence was attained.  The 3D 

homology model of the SR-A collagen-like domain was generated using the program 

MODELLER 135 with collagen type I chain A as template.  MODELLER program utilizes 

spatial constraints derived from template structures for the generation of 3D model 

structures of proteins 135.  The resulting 3D model can be obtained by 1) calculating 

distance and dihedral angle restraints from the aligned target and template 3D 

structure, 2) utilizing an objective function of combined spatial restraints and CHARMM 

energy terms to impose proper stereochemistry 136, and 3) optimizing the objective 

function in Cartesian space through applying the variable target function method 137 

utilizing techniques of conjugate gradients and molecular dynamics with simulated 

annealing 135.  The resulting PDB file of the collagen-like region of SR-A was 

parameterized for Amber99 129 force field and energy minimized until convergence 

(grad = 0.001) was attained and further refined using molecular dynamics simulation 

using AMBER 138 program at 300K with a production run of 500 ps.  Further, mutants 

were generated by substituting segments of the known binding region in the human 

collagen-like domain important for oxLDL binding (three lysines and two arginines 76, 121-
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123, 139) with alanines using SYBYL8.0 and refined applying the same process described 

previously for the wild-type.   

 

2.3.9: Docking and Scoring 

The polymer models were docked to collagen-like domain of SR-A using GOLD 

v3.2 140.  The GOLD program employs a genetic algorithm for docking flexible ligands 

into partially flexible receptor sites.  The binding cavity was defined as residues Arg45 – 

Ser68 with an active site radius of 15 A° such that all residues important for oxLDL 

binding were included.  Dockings were performed with standard default settings; 

population size of 100, selection pressure of 1.1, number of operations was 100,000, 

number of islands was 5, and a niche size of 2.  Twenty independent docking runs were 

performed for each polymer.  In the absence of any general rule to choose the number 

of conformations in GOLD, I have used 20 runs that optimized the computational time 

required to dock and score non‐redundant conformations.  The docked pairs were 

ranked based on each GoldScore, which is a scoring function based on H-bonding 

energy, van der Waals energy and ligand torsion strain.  In most cases the best ranking 

conformation of the polymer illustrated the most preferred conformation to interact 

with scavenger receptor.  The binding energy was computed for the refined complexes 

using Equation 1.  

                      Equation 1 

Where ∆Ecomplex is the energy of the polymers docked to collagen-like domain of SR-A, 

PolymerASRcomplexbinding EEEE  
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∆ESR-A is the energy of the homology model of the scavenger receptor collagen-like 

domain, and ∆EPolymer is the energy of the polymer.  Each structure (polymer model, 

homology model of the SR-A collagen-like domain, and the docked conformation of the 

pair) was parameterized using Amber99 129 force field and energy minimized until 

convergence (grad = 0.001) was attained.  These minimized energies were used to 

estimate the binding energy from Equation 1.   

 

2.4: Results  

2.4.1: Identification of Scavenger Receptors Involved in Cell-Polymer Interactions 

To identify which receptor(s) were involved in the interaction between 

macrophage cells and polymers, the role of scavenger receptors were investigated 

through the use of selective blocking with antibodies.  Similar to knockout studies, the  

 

Figure 2.2: Reduction of polymer binding through receptor blocking illustrates receptor-mediated 

pathways involved in anionic and neutral polymer uptake by THP-1 macrophages 
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importance of each receptor can be inferred from the binding observed with receptor 

blocking compared to binding detected without receptor blocking.  The polymers tested 

had one carboxylate on the mucic acid (1cM) as the anionic polymer and zero 

carboxylates on the mucic acid (0cM) as the neutral control (Figure 2.1).  The basal 

binding of 0cM was minimal and no variation was observed in the scavenger receptor 

blocking conditions (Figure 2.2).  Further, no change was seen between the blocking and 

non-blocking conditions, implying that the trivial binding noted was not SR-A specific.  In 

addition, when both SR-A and CD36 receptors were antibody-blocked, binding of both 

1cM and 0cM was minimal and no significant difference was detected between the two 

conditions.   

 

2.4.2: Structure Activity Relations of Polymers with SR-A    

The role of the positioning and clustering of the anionic (carboxylate) group of 

the polymers on the inhibition of oxLDL uptake in THP-1 macrophages was examined 

(Figure 2.3).  The first generation of polymers to be investigated included 1cM and 0cM 

as well as 1 carboxylate on the PEG chain (1cP), as seen in (Figure 2.1), and 1 

carboxylate on PEG without aliphatic chains (PEG-COOH).  Results of oxLDL 

accumulation followed a similar trend as that observed with mouse macrophages and 

polymers 108.  The PEG-COOH macromolecules, which did not self-assemble into 

micelles, produced minimal inhibition of oxLDL uptake by macrophages.  Uncharged 

polymers (0cM) had a limited effect in inhibiting oxLDL accumulation, which was 

dramatically enhanced in the presence of either anionic polymer (1cM and 1cP).  1cM 



33 

 

 

 

was the most efficient inhibitor and resulted in a 67% reduction in oxLDL accumulation 

by macrophage cells.  

 

Figure 2.3: Reduction of oxLDL accumulation in the presence of various polymers illustrates 
the structure-activity relationship of polymers with THP-1 macrophage cells 

 

2.4.3: Molecular Modeling of Polymers and Scavenger Receptor  

The model polymers, described above, were scaled to contain PEG chain repeats 

of 20 in place of 115 and aliphatic chains of 2 repeats in place of 4.  Two forms of first 

generation models were chosen to understand the structural interactions of polymer 

with SR-A.  The first model consisted of a single unimer of the polymer aggregate with 

varying charge locations corresponding to 0cM, 1cM, 1cP and PEG-COOH, as seen in 

Figure 2.1.  The second model contained two 1cM unimers covalently linked at the 

aliphatic chain on position 5 and represented a segment of a 1cM polymer aggregate to 

approximate the behavior of a multi-unimer polymer.   
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The three dimensional (3D) structure of SR-A is unknown.  For our studies, a 

multi-step process was used to match the SR-A sequence with a similar sequence of 

known structure in order to predict scavenger receptor structure. Residues 812-877 of 

the collagen-like region of SR-A was modeled, as anionic ligand binding is mediated 

through the collagenous domain 75.  The amino acid sequence for SR-A was matched 

with similar sequences of proteins using a BLAST 130 search of the protein data bank 

(PDB).  Two matches with the highest score were the structure of collagen type I, chain 

A132 (1Y0FA) and the high resolution crystal structure of an active recombinant fragment 

of human lung surfactant protein D141 (1PW9), with bit scores of 32.0 and 25.4 

respectively.  The scores are based on the alignment of similar or identical residues and 

gaps introduced to align the sequences; higher scores indicate better alignment 130. 

In the region of interest, the alignment between collagen type I chain A and the 

SR-A collagen-like domain contained two identical matches and two “similar” matches.  

In addition, the structure of collagen was functionally similar to the collagenous domain 

of SR-A more so than the fragment of human lung surfactant protein D and therefore 

collagen type I chain A was chosen as the template for future studies (Figure 2.4). 

 

Figure 2.4: ClustalW pairwise alignment of SR-A collagen-like region and collagen type I chain 
A (1Y0FA) with the regions necessary for oxLDL binding highlighted in gray boxes. 
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For further analysis, the secondary structures of both SR-A and collagen type I 

chain A were determined using PSIPRED 33, which mapped sequences into regions of 

helices, coils, or strands 133, 134.  The collagen-like domain of SR-A and the corresponding 

region of collagen type I chain A contained coils with high prediction confidence.  The 3D 

model of the SR-A collagen-like domain was generated using the program MODELLER 135 

and refined using energy minimization and molecular dynamics simulations using 

AMBER 138 program (see Materials and Methods).   

 

2.4.4: Docking and Scoring of First Generation Polymers 

The modeled polymers were docked to SR-A collagen-like domain homology 

model using GOLD v3.2 140.  The docked pairs were ranked based on each GoldScore.  

The five residues reported to be responsible for oxLDL binding to SR-A 76, 121 were used 

to define the binding pocket.  Figure 2.5 illustrates the consensus binding of 20 

independent docking runs.  There was no consensus orientation or specificity seen with 

the 20 docking runs of the 0cM polymer model.  However, the hydrophobic aliphatic 

chains occasionally remained close to the positive pocket.  It was noted that only 1cM 

and PEG-COOH appeared to be oriented in a way so as to facilitate binding in the 

essential region, specifically Lys60, and not 1cP or 0cM.  PEG did not appear to be 

predominantly involved in binding.  The docking of the second model of two 1cM 

unimers covalently linked (1cM-link) at the aliphatic chain on position 5 can be seen in 

Figure 2.6.  It is noteworthy that when docked, the 2 unimers oriented such that the 

PEG chains were positioned away from the SR-A collagenous domain and the aliphatic 
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chains formed a “core-like” structure around the binding pocket, specifically Arg53 and 

Lys60.   

 

Figure 2.5: Schematic representation of the docked interactions of SR-A collagen-like domain 
homology model residues (as seen in the colored circles) with polymer models: Residue 
characteristics are illustrated through color: Purple = polar, green = hydrophobic, blue border 
= basic, and red border = acidic. 
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Figure 2.6: Schematic representation of the docked interactions of SR-A collagen-like domain 
homology model residues with polymer model of 2 covalently bonded 1cM unimers 
representing a section of a 1cM aggregate.  Residue characteristics are illustrated through 
color: Purple = polar, green = hydrophobic, blue border = basic, and red border = acidic.   

 

The binding energy was computed for each refined complex using Equation 1 

and the results are tabulated in Table 1.  The energy values reinforce docked 

observations, in that the polymer models with the most favorable energies were also 

positioned in a way so as to facilitate binding.  

First Generation Polymer ∆E binding (kcal/mol) 

1cM -42.07 

PEG-COOH -23.83 

1cP 20.45 

0cM 38.88 

1cM-link 283.46 

 
Table 2.1: Values of the binding energy of first and second generations of polymer models 
when docked with SR-A collagen-like domain homology model 
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The energy of the second model of 1cM-link was very unfavorable, the two unimers 

would not be covalently linked in actuality but would instead be a fraction of a dynamic 

micelle.   

 

2.4.5: Docking and Scoring of Multiply-Charged (MC) Polymers 

A second generation of polymer configurations was investigated based on the 

design of the first generation of polymers. Two multiply-charged (MC) polymers each 

containing 2 carboxylate groups were designed to investigate the role of charge 

clustering and charge location and to assess the ability of the model to predict polymer 

effectiveness in vitro (Figure 2.7).  

 

Figure 2.7: Chemical structure of each of the second generation MC-polymers synthesized and 
tested.  The nomenclature corresponds to the anionic structure.  

 

Based on the finding that one carboxylate on the mucic acid provided both 

strong model binding and was an efficient inhibitor of oxLDL in vitro (1cM), a MC-
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polymer containing two carboxylates on the mucic acid (2cM) was modeled. Further, a 

second MC-polymer containing one carboxylate on the mucic acid and one carboxylate 

on the PEG chain (1cM1cP) was modeled to investigate the effect of multiple charge 

placement.  As described above, the MC-polymers were scaled to contain PEG chain 

repeats of 20 in place of 115 and aliphatic chains of 2 repeats in place of 4.  The 

modeled MC-polymers were docked to SR-A collagen-like domain homology model 

using GOLD v3.2 140 and the docked pairs were ranked based on each GoldScore.  Figure 

2.8 illustrates the consensus binding of 20 independent docking runs.  It can be noted 

that the flexibility of the PEG chain in the 1cM1cP allowed for at least two predominant 

binding modes as shown in configurations A and B. In the first mode (Figure 2.8A), 

which occurred in 70% of the docking runs, the MC-polymer had a more linear 

conformation, in which the carboxylates interacted with Arg45 and Gly55.  In the second 

mode (Figure 2.8B), which was observed in 30% of docking runs, the MC-polymer was 

seen to fold inwards such that the two carboxylates were proximal and interacted with 

neighboring residues Pro48, Tyr50, Ala51, Arg53 and Pro54. In contrast, in the 2cM 

polymer the positioning of the two carboxylate groups on the mucic acid resulted in 

binding between no more than 1 residue and 1 anionic group, as seen in Figure 2.8C 

with Arg53.   

The binding energy was computed for each refined complex using Equation 1 

and the results are tabulated in Table 2.2.  Of the polymer models examined, 1cM1cP 

had the most favorable binding energy.  The binding of the 2cM polymer model to the 

collagen-like domain was unfavorable and similar to the value of 0cM binding.  
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Figure 2.8: A) In 70% of docking runs, the 1cM1cP model was found to bind as mode A to 
distant residues, B) in 30% of runs as seen in mode B, polymer folded inward and bound the 
same or adjacent residues. C. Schematic representation of the interaction of 2cM with SR-A.  
Residue characteristics are illustrated through color: Purple = polar, green = hydrophobic, blue 
border = basic, and red border = acidic.   

 

Second Generation MC-polymer ∆E binding (kcal/mol) 

2cM 40.92 

1cM1cP -59.99 

Table 2.2: Values of the binding energy of second generations of MC-polymers models when 
docked with SR-A collagen-like domain homology model 
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The binding energies trend well with the experimental oxLDL uptake data and 

were validated by the in vitro results in Figure 2.9.  Here, the MC-polymers were 

compared to the previous gold standard, 1cM, and basal uptake in the presence of no 

particles.  The role of the positioning and clustering of the anionic groups of the MC-

polymers on the inhibition of oxLDL uptake in THP-1 macrophages was examined via 

incubation of the cells with 10-6 M polymers and fluorescent oxLDL for 5 hr at 37 ºC.   

 
Figure 2.9: The reduction of oxLDL accumulation in the presence of MC-polymers compared to 
the previously identified most inhibitory polymer configuration (1cM).   

 

The 2cM polymer inhibited minimal uptake of oxLDL. However, in vitro 1cM1cP 

was as effective as, but no more successful than 1cM.  The additional carboxylate on the 

PEG enhanced binding but did not translate to a more effective oxLDL inhibitor.  
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2.4.6: Docking and Scoring of Mutants 

In an effort to understand the role of the 5 conserved residues on polymer 

binding, mutants were generated by substituting segments of the known binding region 

(three lysines and two arginines 76, 121-123) with alanines.  Initially, 3 mutant models were 

generated; mutant 1 (replacement of Arg45, Arg53, Lys60, Lys63 and Lys66 with 

alanine), mutant 2 (replacement of Arg45 and Arg53 with alanine) and mutant 3 

(replacement of Lys60, Lys63 and Lys66 with alanine).  The 1cM model was chosen as 

the test polymer because the 1cM had strong interactions with the SR-A collagen-like 

domain homology model and also had close correlation to the in vitro oxLDL uptake 

results.  Figure 2.10 illustrates the consensus binding of 20 independent docking runs 

between the mutants and 1cM.  In mutant 1 model all the five charged residues were 

removed and yet binding was still observed consistently between the carboxylate group 

and residues Gln62 and Glu65.  This finding led to the generation of two additional 

mutants: mutant 4 (replacement of Gln62 and Glu65 with alanines) and mutant 5 

(replacement of Arg45, Arg53, Lys60, Lys63, Lys66, Gln62 and Glu65 with alanines).  In 

mutants 2, 3, and 4, after the removal of charged residues of interest, binding was 

retained through interactions with the remaining positive amino acids (Lys60, Lys63 and 

Lys66 in mutant 2, Arg45 and Arg53 in mutant 3, and Arg45, Arg53, Lys60, Lys63 and 

Lys66 in mutant 4).  In mutant 5 there was no specificity observed and the replacement 

of all seven residues in the region of interest resulted in the abolishment of specific 

binding, however the aliphatic chains did again seem to associate with the glycine 

residues.   
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Figure 2.10: Schematic representation of docked interactions of 1cM polymer model with SR-A 
collagen-like domain homology model mutants in which specific residues were replaced with 
alanine. Residue characteristics are illustrated through color: Purple = polar, green = 
hydrophobic, blue border = basic, and red border = acidic.    
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The binding energy (Table 2.3) was computed for each refined mutant-1cM 

complex using Equation 1. The most favorable binding was seen with the wild-type SR-A 

collagen-like domain homology model followed by mutants 4 and 2.  The percent 

change in the binding energy from wild-type SR-A correlated with the number of 

residues mutated from binding pocket.   

SR-A Mutation   ∆E binding (kcal/mol) Percent change from 
Wild-type SRA 

Residues 
mutated  

Wild type -42.07 0 0 

Mutant 1 1.15 102.73 5 

Mutant 2 -31.09 26.10 2 

Mutant 3 65.61 255.95 3 

Mutant 4 -32.19 23.48 2 

Mutant 5 30.87 173.38 7 

Table 2.3: Values of the binding energy of the 1cM model when docked with SR-A collagen-like 
domain homology model mutants as well as the percent change in binding energy from wild-
type SR-A collagen-like domain homology model versus the number of residues mutated. 
mutant 1(Arg45, Arg53, Lys60, Lys63, and Lys63), mutant 2 (Arg45 and Arg53), mutant 3 
(Lys60, Lys63, and Lys63), mutant 4 (Gln62 and Glu65), mutant 5 (Arg45, Arg53, Lys60, Lys63, 
Lys63, Gln62 and Glu65).  

 

The correlation between number of residues removed and percent change in the 

binding energy from wild-type SR-A was linear, with the exception of a sharp spike that 

correspond to mutant 3 (replacement of Lys60, Lys63 and Lys66 with alanines).   

 

2.5: Discussion 

Polymers designed to block scavenger receptors and inhibit oxLDL accumulation 

were examined using both in vitro and molecular modeling SAR studies to investigate 

the interaction between a polymer and SR-A. To the best of our knowledge, this is the 
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first ever modeling SAR study of a nanoparticle or scavenger receptor and has opened 

the door to numerous future studies. The first generation of polymers to be investigated 

included 1cM, 0cM, 1cP and 1 carboxylate on PEG without aliphatic chains (PEG-COOH).  

The 1cM and 1cP were used to observe the effect of charge location on polymer binding 

and uptake and the 0cM served as the neutral control particle. PEG-COOH was used as a 

non-micellar control as it contained the same functional group and PEG chain length, 

but did not form micelles in solution.  The polymer containing hydrophobic-bound 

carboxylate groups (1cM) was the most efficient inhibitor and resulted in a 67% 

reduction in oxLDL accumulation by macrophage cells. In contrast, the 1cP, which had 

the anionic groups conjugated to the hydrophilic domain caused only 41% induced 

reduction in oxLDL uptake.  Given that 1cM and 1cP have similar charge densities as 

demonstrated previously through zeta potential measurements 124, this finding implied 

that the interaction between the receptor and polymer was not solely charge-based.  

The enhanced binding may be due to hydrophobic and charge interactions acting in 

concert for improved inhibitory ability, but could not be confirmed by uptake studies.  

Hence, molecular modeling and docking simulations were performed to further 

understand the SAR of the polymers with SR-A 

 Results indicate that the collagenous domain homology model interactions with 

polymer models correlated well with in vitro studies of THP-1 macrophage and polymer 

interactions, shown by models with the most favorable (lowest) docked energy having 

the same chemistry as the polymers that reduced cholesterol accumulation to the 

greatest extent.  There was no consensus orientation or specificity seen with the 20 
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docking runs of the 0cM polymer model.  However, the hydrophobic aliphatic chains 

occasionally remained close to the positive pocket.  This lack of directed specificity with 

sporadic positioning near the charged residues in the collagenous domain may explain 

the finding that 0cM exhibits limited blocking of oxLDL accumulation, which was far less 

than anionic polymers.   It was noted that only 1cM and PEG-COOH appeared to be 

oriented in a way so as to facilitate binding in the essential region, specifically Lys60.  

However, only the 1cM, and not the PEG-COOH, prevented the accumulation of oxLDL 

in the in vitro studies.  The aliphatic chains seemed to stabilize the long molecule and 

acted as an anchor between the carboxylate group on the 1cM polymer model and the 

SR-A collagenous domain homology model.  This may be due to interactions between 

the aliphatic chains and several glycine residues in the SR-A collagenous domain.  The 

bulk of these chains are far removed from the anionic moiety which appeared to instead 

hinder the binding of 1cP while their removal (as illustrated with PEG-COOH) restored 

binding.   PEG did not appear to be predominantly involved in binding; however it was 

necessary in vitro for micelle formation and protected the anionic moiety from non-

specific adsorption of proteins 142.   The docking of the second model of two 1cM 

unimers covalently linked at the aliphatic chain on position 5 (1cM-link) when docked, 

the 2 unimers oriented such that the PEG chains were positioned away from the SR-A 

collagenous domain and the aliphatic chains formed a “core-like” structure around the 

binding pocket, specifically Arg53 and Lys60.  Thus it is hypothesized that the multi-

unimer polymer aggregate binds to the SR-A in a mode where the carboxylates in the 

micelle core act in concert to interact with the charged region (Arg45 to Glu65) of the 
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collagenous domain of SR-A.   The binding energies also trend well with the 

experimental oxLDL uptake data.  While the accumulation of oxLDL is not a direct 

measurement of ligand binding it can be inferred that the polymers with the most 

favorable binding energy bind at a higher rate than polymers with less favorable binding 

energies and therefore would block more oxLDL from accumulating within the THP-1 

macrophages.  The 1cM polymer model had both the most favorable binding energy and 

also prevented the most oxLDL from accumulating in vitro.  It should be noted that while 

the energy of the second model of two 1cM unimers covalently linked at the aliphatic 

chain was very unfavorable, the two unimers would not be covalently linked in actuality 

but would instead be a fraction of a dynamic micelle.  The covalent bond limited the 

degrees of freedom, however the polymer mode of binding as a micellar aggregate 

cannot be ruled out.  This was reinforced by the finding that while the PEG-COOH 

polymer had similar binding energy to the 1cM, it was far less successful at reducing the 

accumulation of oxLDL in vitro.  The PEG-COOH lacked only the aliphatic side chains of 

the 1cM and did not form micelles in solution 108.   This evidence indicated the necessity 

of aliphatic arms in a polymer for efficient binding and possibly to the need for a multi-

unimer polymer aggregate.   

In light of the close correlation between the in vitro oxLDL accumulation data in 

THP-1 macrophages and the in silico binding energy results, a second generation of 

polymer configurations were investigated based on the design of the first generation of 

polymers.  Two multiply-charged (MC) polymers each containing 2 carboxylate groups 

were designed to investigate the role of charge clustering and charge location and to 
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assess the ability of the model to predict polymer effectiveness in vitro. It can be noted 

that the flexibility of the PEG chain in the 1cM1cP allowed for at least two predominant 

binding modes.  In contrast, in the 2cM MC-polymer the positioning of the two 

carboxylate groups on the mucic acid resulted in binding between no more than 1 

residue and 1 anionic group.  In comparison with the 1cM model, the 1cM1cP model 

had additional interactions with both adjacent and remote residues.  These additional 

large favorable interactions could account for the increase in the binding energy in 

comparison with 1cM model.  The binding of the 2cM polymer model to the collagen-

like domain was unfavorable and similar to the value of 0cM binding.  This seems 

inconsistent with the previous finding that carboxylates located on the mucic acid result 

in favorable binding (1cM) and that increased charge results in increased binding 

(1cM1cP).  There are several explanations for this phenomenon. First, in the 2cM model 

the carboxylate groups are positioned closely together.  This limited the degrees of 

freedom of the two carboxylates to move and bind more than one residue, compared to 

the 1cM1cP.  Second, internal hydrogen bonding was observed between the 

carboxylates and the nitrogen at position 4 or the oxygen at position 5 which resulted 

carboxylates unavailable for binding to SR-A.  Third, compared to the other polymer 

models, the 2cM was less hydrophobic due to the additional anionic charge near the 

hydrophobic moiety.   

The creation of mutant models demonstrated the importance of all residues in 

the collagen-like domain region of interest (residues 45-65) for binding to 1cM.   

Mutants were generated by substituting segments of the known binding region (three 
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lysines and two arginines 76, 121-123) with alanines.  Initially, 3 mutant models were 

generated; mutant 1 (replacement of Arg45, Arg53, Lys60, Lys63 and Lys66 with 

alanine), mutant 2 (replacement of Arg45 and Arg53 with alanine) and mutant 3 

(replacement of Lys60, Lys63 and Lys66 with alanine).  The 1cM model was chosen as 

the test polymer because the 1cM had strong interactions with the SR-A collagen-like 

domain homology model and also had close correlation to the in vitro oxLDL uptake 

results.  In mutant 1 model all the five charged residues were removed and yet binding 

was still observed consistently between the carboxylate group and residues Gln62 and 

Glu65.  This finding led to the generation of two additional mutants: mutant 4 

(replacement of Gln62 and Glu65 with alanines) and mutant 5 (replacement of Arg45, 

Arg53, Lys60, Lys63, Lys66, Gln62 and Glu65 with alanines).  In mutants 2, 3, and 4, after 

the removal of charged residues of interest, binding was retained through interactions 

with the remaining positive amino acids (Lys60, Lys63 and Lys66 in mutant 2, Arg45 and 

Arg53 in mutant 3, and Arg45, Arg53, Lys60, Lys63 and Lys66 in mutant 4).  These 

results were encouraging and implied the ability of the 1cM polymer to bind to multiple 

locations within the SR-A collagen-like domain, providing a strengthened ability to block 

oxLDL binding and uptake.  In mutant 5 there was no specificity observed and the 

replacement of all seven residues in the region of interest resulted in the abolishment of 

specific binding, however the aliphatic chains did again seem to associate with the 

glycine residues.  While there was no in vitro site-directed mutagenesis study to 

reinforce these findings as yet, the ability of the wild-type model to trend with 

experimental results supports these findings.  The most favorable binding was seen with 
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the wild-type SR-A collagen-like domain homology model followed by mutants 4 and 2.  

The correlation between number of residues removed and percent change in the 

binding energy from wild-type SR-A was linear, with the exception of a sharp spike that 

correspond to mutant 3 (replacement of Lys60, Lys63 and Lys66 with alanines).  This 

suggested the important role of the lysines in binding between 1cM and SR-A as 

mutation of these residues had the greatest effect on binding energy.  It should be 

noted that the binding energies of PEG-COOH and 1cM1cP with the mutants followed 

an identical trend indicating the specific binding of these polymer models, but the 1cP, 

0cM, 2cM and 1cM-link had no correlation (data not shown).    This is not surprising as 

only 1cM, 1cM1cP and PEG-COOH appeared to be oriented in a way to facilitate binding 

in this region.  

Site-directed mutagenesis experiments could be performed to confirm this 

hypothesis. Furthermore, the important role of the charged residues as demonstrated 

by the mutant binding energies may provide opportunities for polymer refinement using 

information gained from this SAR of polymers with SR-A.  Future studies may focus on 

the development and use of coarse-grained molecular models to more completely 

characterize the system of polymer and SR-A interactions. 
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CHAPTER 3: Design and Structure-Binding Activity Relations of Polymers with the 
Atherogenic Domain of Human Macrophage Scavenger Receptor A: The Influence of 
Backbone Chemistry 
 

3.1: Specific Aim 2 

Based on the findings from Chapter 2, newer polymers were designed by altering 

the basic 1cM structure that had proved effective in the past.  Whereas in the previous 

model only the effect of charge number and placement could be varied and critical role 

for amphiphilicity was recognized, this aim focuses on the role of polymer backbone.  

Polymer models were designed to investigate the influence of mucic acid backbone 

stereochemistry (1cS), the influence of a cyclic versus linear backbone (0cG and 0cGl), 

and the influence of aromatic versus aliphatic backbone (1cAr).  In order to understand 

the structure-activity relationship (SAR) between the polymers and SR-A, molecular 

modeling and docking approaches were employed.  Polymer models were docked to the 

previously constructed SR-A homology model to investigate the significance of the 

polymer backbone on receptor binding.  Modeling realizations indicate the ability of the 

polymer backbone to position the side chains and “lock” the polymer ligand into 

position.  To validate the model predictions, polymers were synthesized by our 

collaborators from the Uhrich laboratory and experimental studies of binding of the new 

polymers to SRA-transfected HEK cells showed that results followed those seen in the 

modeling predictions, with 1cAr and 0cGl showing promise. Thus, minute changes in 

polymer backbone can sensitively affect SR-A binding affinities and consequently 

modulate the competitive inhibition of oxLDL uptake.   
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3.2: Rationale 

Nanoscale amphiphilic polymers have been reported to possess high 

biocompatibility, stability and tunability.  The most promising polymeric unimers are 

comprised of a hydrophobic core based on the sugar, mucic acid, alkylated along its 

backbone via hydrolytically degradable ester bonds.  The polymers form micelles of ~10-

20 nm in solution and have been shown to significantly inhibit scavenger receptor-

mediated uptake of highly oxidized low density lipoprotein (oxLDL) 107, 110, 143.  A number 

of structure-function relationship studies on these systems have been previously 

performed and suggested the importance of the polymer backbone and the position of 

the aliphatic arms.  This work aims to design nanoscale polymers with features enabling 

optimal binding to the scavenger-receptor A (SR-A) of human macrophages and to 

evaluate the role that the stereochemistry and rigidity of the polymers has on the oxLDL 

uptake inhibition. 

Molecular modeling and docking studies of the atherogenic domain of human 

macrophage SR-A with a number of variations of the parent polymer, 1cM were carried 

out.  Polymers with favorable and unfavorable binding were chosen for testing and 

synthesized by Dr. Sarah Hehir in the laboratory of Prof. Kathryn Uhrich.  This range of 

polymers with good-to-poor binding energies allowed for validation of the model.  
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3.3: Materials and Methods 

3.3.1: Polymer and SR-A Modeling 

The polymers were modeled according to their chemical structures illustrated in 

Figure 3.1 using the build module in molecular operating environment (MOE) (Chemical 

Computing Group, Inc., Montreal, Canada).  The model polymer molecules were 

parameterized for Amber99 129 force field and energy minimized until convergence 

(grad = 0.001) was attained.  The creation of the SR-A homology model was described in 

the previous chapter and the resulting publication 143.  Briefly, The 3D homology model 

of the SR-A collagen-like domain was generated using the program MODELLER 135 with 

collagen type I chain A as template.  

 

 

Figure 3.1:  Schematic of the new structures designed to study the role of polymer backbone 
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3.3.2: Docking and Scoring 

The polymer models were docked to collagen-like domain of SR-A using GOLD 

v3.2 140.  The GOLD program employs a genetic algorithm for docking flexible ligands 

into partially flexible receptor sites.  The binding cavity was defined as residues Arg45 – 

Ser68 with an active site radius of 15 A° such that a range of residues important for 

oxLDL binding was included.  Dockings were performed with standard default settings; 

population size of 100, selection pressure of 1.1, number of operations was 100,000, 

number of islands was 5, and a niche size of 2. In the absence of any general rule to 

choose the number of conformations in GOLD, 20 independent docking runs were 

performed for each polymer, which optimized the computational time required to dock 

and score non‐redundant conformations.  The docked pairs were ranked based on each 

GoldScore, which is a scoring function based on H-bonding energy, van der Waals 

energy and ligand torsion strain.  In most cases the best ranking conformation of the 

polymer illustrated the most preferred conformation to interact with scavenger 

receptor. The binding energy was computed for the refined complexes using Equation 1.  

                      Equation 1 

Where ∆Ecomplex is the energy of the polymers docked to collagen-like domain of SR-A, 

∆ESR-A is the energy of the homology model of the scavenger receptor collagen-like 

domain, and ∆EPolymer is the energy of the polymer.  Each structure (polymer model, 

homology model of the SR-A collagen-like domain, and the docked conformation of the 

PolymerASRcomplexbinding EEEE  
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pair) was parameterized using Amber99 129 force field and energy minimized until 

convergence (grad = 0.001) was attained.  These minimized energies were used to 

estimate the binding energy from Equation 1.   

 

3.3.3: Polymer Synthesis and Characterization 

Polymer synthesis and characterization was performed by Dr. Sarah Hehir and Li 

Gu in the laboratory of Prof. Kathryn Uhrich.  Reagents for AM synthesis were purchased 

from Sigma-Aldrich.  1H-NMR spectra were obtained using a Varian 400 MHz or 500 

MHz spectrophotometer with TMS as internal reference.  Molecular weights (Mw) were 

determined using gel permeation chromatography (GPC) with respect to PEG standards 

(Sigma-Aldrich) on a Waters Stryagel HR 3 THF column (7.8 x 300 mm.  Dynamic light 

scattering (DLS) analysis was carried out on a Zetasizer nanoseries nano ZS90 (Malvern 

instruments).  CMC studies were carried out on a Spex fluoromax-3 spectrofluorometer 

(Jobin Yvon Horiba) at 25 ºC.  

Polymers were synthesized through modification of a previously described 

procedure 106.  For 1cS, the stereochemistry was altered by substituting saccharic acid for 

mucic acid in the backbone.  Saccharic acid is commercially available.  Polymers were 

prepared by acylation and DCC coupling to PEG.  For 1cAr, dihydroxyterephthalic acid 

was acylated and coupled to PEG.  For 0cG and 0cGl, the synthesis involved acylation of 

galacturonic acid and glucuronic acid respectively with lauroyl chloride followed by 

DCC/dimethylaminopyridiniumtosylate (DPTS) coupling to PEG.  

 



56 

 

 

 

3.3.4: Cell Culture   

Studies of polymer interactions were conducted using a tet-inducible cell line 

with controlled expression of SR-A, Human embryonic kidney (HEK) cells stably 

transfected with human scavenger receptor A (gift from Dr. Steven R. Post), which are 

referred to as HEK-SRA.  Cells were propagated in high glucose DMEM (Invitrogen) 

supplemented with 10% FBS, 1% penicillin/streptomycin, 15 ug/mL Blasticidin and 100 

ug/mL HygromycinB at 37°C in 5% CO2.  SR-A expression was induced with addition of 

0.5 ug/ml tetracycline overnight and throughout the experiment.  

 

3.3.5: LDL Oxidation 

As described previously 110, oxidized low density lipoprotein LDL (oxLDL) was 

generated by incubating 50 µg/ml LDL purified from human plasma (Molecular Probes 

Eugene, OR) with 10 µM CuSO4 at 37 °C for 18 hr exposed to air. 11, 144  Oxidation was 

terminated with 0.01% w/v EDTA (Sigma, St. Louis, MO). 

 

3.3.6: OxLDL Accumulation in HEK-SRA Cells 

The internalization of oxLDL by HEK-SRA cells was assayed by incubating BODIPY-

labeled oxLDL (10 ug/ml) with cells for 24 hr at 37 °C and 5% CO2 in serum containing 

DMEM.  Conditions included a control of medium alone without polymer intervention, 

and non-induced cell controls.  Cells were washed, fixed with 4% formaldehyde and 

imaged on a Nikon Eclipse TE2000-S fluorescent microscope to determine fluorescently 

tagged oxLDL accumulation.  The images were analyzed with ImageJ 1.42q (NIH) and 
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fluorescence data was normalized to cell count.  The levels of oxLDL uptake were 

normalized to those obtained in the absence of polymers.    

 

3.3.7: Statistical Analysis   

Each in vitro experiment was performed at least twice and three replicate 

samples were investigated in each experiment.  5 images per well were captured and 

analyzed.  The results were then analyzed using analysis of variance (ANOVA).  

Significance criteria assumed a 95% confidence level (P<0.05).  Standard error of the 

mean is reported in the form of error bars on the graphs of the final data. 

 

3.4: Results 

3.4.1: Molecular Modeling of Polymers  

The model polymers, described above, were scaled to contain PEG chain repeats 

of 20 in place of 115; however the aliphatic side chains were full length to better 

understand the role of the hydrophobic domain.  Polymer models were designed to 

investigate the influence of mucic acid backbone stereochemistry (1cS), the influence of 

a cyclic versus linear backbone (0cG and 0cGl), and the influence of aromatic versus 

aliphatic backbone (1cAr).   

 

3.4.2: Docking and Scoring of Polymers to SR-A 

The modeled polymers were docked to SR-A collagen-like domain homology 

model using GOLD v3.2 140.  The docked pairs were ranked based on each GoldScore.    
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Figure 3.2: Schematic representation of the docked interactions of SR-A collagen-like domain 

homology model residues (as seen in the colored circles) with polymer models: 1cM (1 

carboxylate on the mucic acid), 1cS (1 carboxylate on saccharic acid), 1cAr (1 carboxylate on 

aromatic), 0cG (zero carboxylate on galacturonic acid) and 0cGl (zero carboxylate on  

glucuronic acid).  Residue characteristics are illustrated through color: Purple = polar, green = 

hydrophobic, blue border = basic, and red border = acidic. 

 

The five residues reported to be responsible for oxLDL binding to SR-A 76, 121 were used 

to define the binding pocket.  Figure 3.2 illustrates the 2D representations of the 

consensus binding of 20 independent docking runs.  It was noted that all of the unimers 

appeared to be oriented in a way so as to facilitate some binding in the oxLDL binding 

pocket, specifically Arg45 and Arg53.  The most notable difference between the 

polymers was the positioning of the aliphatic acid chains, highlighted in red.  The 1cM, 

1cAr and 0cGl hydrophobic arms align with and encircle the SR-A residues.  However, in 
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the 1cS and 0cG, the arms overlap and a have looser structure that appears to be 

independent of the binding pocket residues.   

 

Figure 3.3: 3D schematic of polymer models docked to SR-A collagen-like domain.  

Hydrophobic arms are indicated by arrows.  Green shading represents hydrophobic 

interactions and purple designates hydrogen bonding.  In the polymer model gray represents 

carbon, oxygen - red, hydrogen - white, and nitrogen - blue.  

 

Based on these findings that the arms may be playing a larger role in binding, the 

3D interactions were captured and can be seen in Figure 3.3.  As implied by the 2D 

representation, the arms in 1cM, 1cAr, and 0cGl wrap closely around the SR-A homology 

model and the hydrophobic interactions are shaded in green.  The 0cG unimer also has 

significant hydrophobic interactions, however not all arms are involved.  However, in 

1cS the hydrophobic interactions are minimal and there is much free space between the 

arms and the protein.   

The binding energy was computed for each refined complex using Equation 1 

and the results are graphed in Figure 3.4.  The energy values reinforce docked 
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observations, in that the polymer models with the most favorable energies were also 

positioned in a way so as to facilitate binding.  

 

Figure 3.4: Graph of the binding energies of polymer models when docked with SR-A collagen-

like domain homology model.   

 

3.4.3: OXLDL Accumulation in HEK-SRA Cells 

In Figure 3.5 the polymers were compared to the polymer previously shown to 

have the highest binding efficacy 1cM, neutral control polymer 0cM, and to basal 

uptake in the absence of polymers, or without tetracycline induction.  The role of charge 

as well as the position and type of polymer backbone on the inhibition of oxLDL uptake 

in HEK-SRA cells was examined via incubation of the cells with 10-6 M polymers and 

fluorescent oxLDL for 24 hr at 37 °C.  The uptake inhibition seen is primarily SR-A 

mediated as this is the only scavenger receptor expressed in the engineered cell line.  
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Both the 1cM and 1cAr we able to reduce oxLDL accumulation to nearly the same levels 

elicited by the SR-A free control cells (23% oxLDL uptake in basal non-induced cells 

compared to, 35% and 38% in 1cM and 1cAr respectively).  The binding energies trend 

well with the competitive inhibition of the experimental oxLDL uptake and were 

validated by the in vitro results. 

 

 

Figure 3.5: The reduction of oxLDL accumulation in the presence polymers compared to the 
previously identified most inhibitory polymer configuration (1cM).   

 

3.5: Discussion 

Polymers designed to block scavenger receptors and inhibit oxLDL accumulation 

were examined using both molecular modeling and in vitro SAR studies with engineered 

cells to investigate the interaction between backbone-modified polymers and SR-A.  
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Four new polymer models were designed to investigate the influence of mucic acid 

backbone stereochemistry (1cS), the influence of a cyclic versus linear backbone (0cG 

and 0cGl), and the influence of aromatic versus aliphatic backbone (1cAr).  In order to 

understand the structure-activity relationship (SAR) between the polymers and SR-A, 

molecular modeling and docking approaches were employed.  

The model polymers, described above, were scaled to contain PEG chain repeats 

of 20 in place of 115, however the aliphatic side chains were full length to better 

understand the role of the hydrophobic domain.  The modeled polymers were docked to 

SR-A collagen-like domain homology model using GOLD v3.2 140 and ranked based on 

each GoldScore.  It was noted that all of the unimers appeared to be oriented in a way 

so as to facilitate some binding in the oxLDL binding pocket, specifically Arg45 and 

Arg53.  The most notable difference between the polymers was the positioning of the 

aliphatic acid chains.  The 1cM, 1cAr and 0cGl hydrophobic arms align with and encircle 

the SR-A residues.  However, in the 1cS and 0cG, the arms overlap and a have looser 

structure that appears to be independent of the binding pocket residues.  This is likely 

due to the spatial positioning of the aliphatic arms on the sugar (saccharic and 

galacturonic acids) which were not symmetrical in nature.  Observed in 3D, the arms of 

1cM, 1cAr, and 0cGl wrap closely around the SR-A homology model indicating that there 

is a significant amount of hydrophobic interactions.  The side chains wrap closely around 

the SR-A protein and seem “locked” in place.  This scenario is consistent with more 

favorable (more negative) binding energies (-29, -26, and -13 kcal/mol in 1cM, 1cAr, and 

0cGl respectively).  Comparatively, the 0cG and 1cS had weaker binding affinities.  The 
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0cG unimer had some hydrophobic interactions, however in 1cS the hydrophobic 

interactions are minimal and there was much free space between the arms and the 

protein.  Overall, the 1cAr was most similar to the “gold standard” 1cM in terms of 

binding energy, however only had half as many aliphatic arms.  But, as noted in Figure 

3.2 and Figure 3.3, the carboxylate group is exposed and available for multiple 

interactions with SR-A.  In 0cGl, there is no anionic group and binding appears to be 

mediated primarily though hydrophobic interactions.  While the 0cM and 0cGl have the 

same charge, they have drastically different binding affinities, which must be due to the 

backbone conformation (linear vs. cyclic) and the resulting space-filling of the side 

chains.  These variations begin to yield insights about the unique combination of charge 

and hydrophobicity that is necessary for efficient SR-A binding.  For example, different 

unimer features could be incorporated in a combinatorial manner to constitute an 

optimal micelle.  A simple way to accomplish this is via mixed micelles without the need 

for new polymer synthesis, however the equilibration of the constituent unimers needs 

to be controlled and validated.   

The binding energies correlate well with the experimental oxLDL uptake data and 

were validated by the in vitro results.  In vitro the polymers were compared to the 

previous gold standard 1cM, neutral control polymer 0cM, basal uptake in the presence 

of no polymers, and basal uptake without tetracycline induction.  The role of charge as 

well as the position and type of polymer backbone on the inhibition of oxLDL uptake in 

HEK-SRA macrophages was examined via incubation of the cells with 10-6 M polymers 

and fluorescent oxLDL for 24 hr at 37 °C.  The uptake inhibition seen was primarily SR-A 
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mediated as this was the only scavenger receptor expressed in the engineered cell line.  

It is notable that both the 1cM and 1cAr were able to reduce oxLDL accumulation to 

nearly the same levels seen in the SR-A free control cells.  The polymers were able to 

virtually inhibit all oxLDL uptake associated with SR-A mediated pathways, allowing only 

a small basal amount of cholesterol to accumulate.  These findings could translate to the 

design of improved polymers for high competitive inhibition of atherogenesis, which will 

need to be tested further in vivo.  Polymers that bind with high specificity to scavenger 

receptors could also be used a carriers for drug delivery.   
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CHAPTER 4: Scavenger Receptor Targeted Delivery of Hydrophobic Drug to 
Macrophages  
 

4.1: Specific Aim 3 

This aim investigated the multifunctional potential of amphiphilic polymers to 

target scavenger receptors upregulated on inflamed macrophages and solubilize and 

deliver a hydrophobic model drug reversing cholesterol accumulation.  Two carboxylate-

terminated polymers and one neutral control polymer were studied for their SR-A 

binding and potential to enhance drug loading.  The polymers encapsulated 

hydrophobic agonist (GW3965) against nuclear Liver-X receptor α (LXR), which 

significantly increased the drug uptake over non-polymer carrier based drug uptake.  

Alone the polymers reduced SR-A mediated oxLDL uptake by 60% in cultured THP-1 

macrophages after 24 hr and showed minimal binding to smooth muscle cells or 

coronary artery endothelial cells.  In combination with the encapsulated LXR-agonist 

(LXRA), however, the polymers reduced oxLDL accumulation by 88% in vitro in 

macrophages.  Thus, these findings suggest that the proposed system of amphiphilic 

polymers exhibit significant tunability for scavenger receptor targeting, which can be 

exploited both for inhibition of cholesterol uptake as well as modulating cholesterol 

intracellular trafficking. 

 

4.2: Rationale  

          Atherosclerosis, triggered by macrophage, smooth muscle and endothelial 

cell interactions with low density lipoproteins (LDL) within the vascular wall, is the major 
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cause of cardiovascular disease and the leading cause of death in developed countries 

145.  Elevated LDL plasma levels lead to the accumulation of LDL within the arterial wall, 

where LDL is oxidized and modified, thus activating endothelial cells, which, in turn 

recruit circulating monocytes that differentiate into macrophages.  This athero-

inflammatory cycle is believed to trigger foam cell formation and the advancement of 

atherosclerosis as macrophages endocytose oxidized LDL (oxLDL) through unregulated 

scavenger receptors 74, 82, 101, 146.  

          The localized build-up of cholesterol within the vascular intima and the 

consequent athero-inflammatory cascade present a major challenge to current 

therapeutic strategies.  Major pharmacologic modalities aim to lower systemic levels of 

cholesterol through liver-based synthetic pathways. Although systemic therapies may 

have some impact stabilizing atherosclerotic plaques, their ability to rescue the athero-

inflammatory cascade and restore normal anatomy is limited.  Further, they are known 

to cause adverse side effects (from gastrointestinal complaints to liver enzyme elevation 

and myopathy) 147, 148.  A marked decrease in the progression of advanced necrotic 

lesions has been noted in ApoE-/- mice through the targeted deletion of scavenger 

receptors SR-A and CD36, which are upregulated in inflamed macrophages 149, indicating 

that scavenger receptors play a role in disease progression.  Previous investigations have 

been completed on synthetic compounds that can bind to scavenger receptors, 

potentially blocking modified LDL entry into cells 102-105.  Synthetic oxidized 

phospholipids (oxidized phosphocholine) cross-linked to a hexapeptide or bovine serum 

albumin (BSA) have been used as pattern recognition ligands for CD36 and have been 
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shown to viably inhibit the binding of oxLDL to CD36 expressing cells 102.   In addition, 

sulfatide derivatives for the targeting of SR-A have been synthesized and investigated 

and have been shown to reduce acetylated LDL binding and uptake in a concentration-

dependent manner 103.  Atherosclerotic progression may further be controlled through 

management of atherosclerotic lesion macrophage infiltration, 150 which Yamakawa et 

al. has recently restricted via the administration of dehydroepiandrosterone (DHEA), 

independent of systemic cholesterol levels 151. 

          In this study, the multifunctional nature of nanoscale amphiphilic polymers 

composed of a sugar backbone with aliphatic side-chains and poly(ethylene glycol) (PEG) 

was exploited to target inflammatory cells and deliver a hydrophobic drug.  The 

amphiphilic polymers are themselves bioactive; they self-assemble to form nanoscale 

micelles with the ability to bind to macrophage scavenger receptors with high affinity. 

At concentrations above the critical micelle concentration (CMC) of 10-7 M, these 

polymers competitively inhibit cellular internalization of oxLDL.  Further, the 

hydrophobic core of the polymer supports good loading efficiency and subsequent 

release of biologically active hydrophobic drug molecules, enabling the use of the 

bioactive polymer for drug encapsulation and intracellular delivery 125. 

          The current study explores the potential of the polymers to inhibit oxLDL 

accumulation through complementary mechanisms: reduction of cholesterol uptake 

through binding and blockage of scavenger receptors (intrinsic bioactivity); and delivery 

of encapsulated hydrophobic drug activating cholesterol efflux channels, exploiting the 

amphiphilic nature of the polymers.  The success of the latter approach is demonstrated 
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using a model agonist GW3965, a synthetic small molecular weight agonist to nuclear 

membrane receptor liver-X receptor α 112.  This agonist has been shown to alter 

cholesterol synthesis, influx and efflux causing an overall decrease of 36% to 39% 

cellular cholesterol after 96 hrs as well as regulating inflammation and atherosclerosis in 

animal models 152-154. 

          I report that the combination of polymer-mediated scavenger receptor 

binding and intracellular delivery of the liver-X receptor agonist for lipoprotein 

metabolism was exceptionally effective, with nearly 90% inhibition of cholesterol 

accumulation after 24 hr in vitro in THP-1 macrophages.  This work reveals the potential 

of polymers to target and rescue inflamed macrophage cells from the atherosclerotic 

phenotype.   

 

4.3: Materials and Methods 

4.3.1: Cell Culture 

Human THP-1 monocytes (ATCC) were grown in suspension with RPMI-1640 

medium (ATCC) and supplemented with 10 % FBS, in an incubator with 5 % CO2 at 37 °C.  

The cells were seeded at a concentration of 105 cells/cm2 and differentiated into 

macrophage cells by 14 hrs incubation in 16 nM phorbol myristate acetate.  After the 14 

hr differentiation period the cells were incubated for an additional 58 hrs in RPMI-1640 

medium and experiments were performed within three days.  Human Aortic Smooth 

Muscle Cells (HA-SMC) were maintained at 37 °C with 5% CO2 cultured in F-12K medium 

(ATCC) supplemented with 0.05 mg/ml ascorbic acid, 0.01 mg/ml insulin, 0.01 mg/ml 
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transferring, 10 ng/ml sodium selenite, 0.03 mg/ml Endothelial Cell Growth Supplement 

(ECGS), 10% FBS, and 10 mM TES.  The cells were seeded at a concentration of 105 

cells/cm2 and experiments were performed within three days.  Human Coronary Artery 

Endothelial Cells (HCAEC) (Lonza) were maintained at 37 °C with 5% CO2 in endothelial 

cell basal medium-2 (EBM-2) supplemented with EGM-2-MV singlequots (Lonza).  The 

cells were seeded at a concentration of 105 cells/cm2 and experiments were performed 

within three days.  Activation of cells was achieved though incubation with 1 ng/mL 

TNF-α (Sigma) for 4 hr prior to experiment. 

 

4.3.2: LDL Oxidation  

          OxLDL was prepared within five days of each experiment.  BODIPY-labeled human 

plasma derived LDL (Molecular Probes, OR) was oxidized by 18 hr of incubation with 10 

µM CuSO4  (Sigma) at 37 °C with 5 % CO2 127, 128.  After 18 hr the oxidation was stopped 

with 0.01 % w/v EDTA. 

 

4.3.3: Polymer Synthesis and Characterization 

          Structures were prepared as previously described by colleagues in the Dr. 

Kathryn Uhrich laboratory 106, 108, 124.  The major reactants included 5000 Da 

heterobifunctional poly(ethylene glycol) (NH2-PEG-COOH) (Nektar, San Carlos, CA), 4-

(Dimethylamino)pyridinium p-toluenesulfonate (DPTS) and carboxylate-terminated 

poly(ethylene glycol) (PEG-COOH 5000 MW) (Sigma, St. Louis, MO).   All PEG reagents 
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were dried by azeotropic distillation with toluene.  All other reagents and solvents were 

purchased from Aldrich and used as received.  

          Chemical structures and compositions were confirmed by 1H and 13C NMR 

spectroscopy with samples (~ 5-10 mg/ml) dissolved in CDCl3-d solvent on Varian 400 

MHz spectrometers, using tetramethylsilane as the reference signal.  IR spectra were 

recorded on a Mattson Series spectrophotometer (Madison Instruments, Madison, WI) 

by solvent (methylene chloride) casting on a KBr pellet. Negative ion-mass spectra were 

recorded with a ThermoQuest Finnigan LCQTMDUO System (San Jose, CA) that includes a 

syringe pump, an optional divert/inject valve, an atmospheric pressure ionization (API) 

source, a mass spectrometer (MS) detector, and the Xcalibur data system. Meltemp 

(Cambridge, Mass) was used to determine the melting temperatures (Tm) of all the 

intermediates. 

          Gel permeation chromatography (GPC) was used to obtain molecular 

weight and polydispersity index (PDI). It was performed on Perkin-Elmer Series 200 LC 

system equipped with Pl gel column (5 m, mixed bed, ID 7.8 mm, and length 300 mm) 

and with a Water 410 refractive index detector, Series 200 LC pump and ISS 200 

Autosampler. Tetrahydrofuran (THF) was the eluent for analysis and solvent for sample 

preparation.  Sample was dissolved into THF (~ 5 mg/ml) and filtered through a 0.45 m 

PTFE syringe filter (Whatman, Clifton, NJ) before injection into the column at a flow rate 

of 1.0 ml/min.  The average molecular weight of the sample was calibrated against 

narrow molecular weight polystyrene standards (Polysciences, Warrington, PA). 

 



71 

 

 

 

4.3.4: Polymer Association with Vascular Cells 

Texas-red conjugated polymers were prepared as previously described 125, 126. 

HCAEC, HA-SMC or differentiated THP-1, cells were incubated with a mixture of 5% 

Texas red labeled polymers and 95% 1cM carboxy-terminated polymers or 0cM 

uncharged control polymers at 10-6 M for 24 hr in 5% serum RPMI-1640 at 37 °C in both 

basal and activated states with and without 10 ug/ml SR-A antibody blocking (R&D 

Systems).  Cells were washed, fixed with 4% formaldehyde and imaged on a Nikon 

Eclipse TE2000-S fluorescent microscope to determine fluorescently tagged polymer 

attachment.  The images were analyzed with ImageJ 1.42q (NIH) and fluorescence data 

was normalized to cell count. 

 

4.3.5: OxLDL Accumulation in Macrophages 

The internalization of oxLDL by THP-1 macrophage cells was assayed by 

incubating BODIPY-labeled oxLDL (10 ug/ml) with cells for 24 hr at 37 °C and 5% CO2.  

Conditions included a control of RMPI-1640 medium, polymer alone (10-6 M), free LXRA 

(10-7 M) admixed with polymer (10-6 M), and encapsulated polymer[LXRA] (10-6 M/10-7 

M).  Cells were washed, fixed with 4% paraformaldehyde and imaged on a Nikon Eclipse 

TE2000-S fluorescent microscope to determine fluorescently tagged oxLDL 

accumulation.  The images were analyzed with ImageJ 1.42q (NIH) and fluorescence 

data was normalized to cell count. 

 

 



72 

 

 

 

 

4.3.6: Polymer Encapsulation of Liver-X-receptor Agonist and Characterization 

The liver-X-receptor agonist (LXRA), GW3965, was encapsulated within polymers 

using oil/water emulsion.  Specifically, GW3965 in CH2Cl2 was added drop wise to a 

stirring solution of polymer in water.  The solution (10-4 M polymer and 10-5 M GW3965) 

was stirred continuously in a capped vessel for 24 hr followed by 16 hr uncapped for 

solvent evaporation.  The resulting solution was filtered with a 0.20 µm syringe filter 

(Fisher Scientific) and diluted to the desired concentration. 

Dynamic light scattering (DLS) analyses were performed to determine the 

diameter of each micellar polymer and LXRA complex to determine encapsulation with 

the aid of a Malvern Instruments Zetasizer Nano ZS-90 instrument (Southboro, MA).  

Polymer solutions (1.0 wt %) in water were be prepared and measured at a 90 ° 

scattering angle at 25 °C.   

Encapsulated GW3965 concentration was determined by UV absorption on a UV 

Mini 1240 UV-vis spectrophotometer (Shimadzu) at 272 nm.  Once encapsulated, the 

drug absorption peak was no longer visible due to micelle shielding.  Micelles were 

disrupted by 1:1 DMA/water and GW3965 concentration quantified by absorption at 

273 nm in comparison to a calibration curve. 

 

4.3.7: Macrophage Internalization of Liver-X-receptor Agonist   

Differentiated THP-1 macrophages were incubated with polymer at 10-6 M 

and/or 10-7 M LXRA for 5 hr in serum-free RPMI at 37 °C.  Cells were washed and fixed 
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and examined under multiphoton microscopy to detect internalized agonist on a Leica 

TCS SP2 system (Leica Microsystems, Inc., Exton, PA).  The cells were illuminated using 

titanium sapphire femtosecond laser with a tunable wavelength set at 780 nm 

excitation (Mai Tai, repetition rate 80Mhz, 100 fs pulse duration, 800 mW) and 470-500 

nm emission. 

 

4.3.8: Rescue of Cholesterol Pre-loaded Macrophages 

The polymer/drug mediated rescue of macrophage cells was quantified following 

pre-incubation of cells with excess oxLDL.  Macrophage cells were incubated with 

BODIPY-labeled oxLDL (10 µg/mL) and 5 % FBS serum for 2 hr at 37 °C and 5 % CO2.  

Excess oxLDL solution was then removed from the cells.  Test conditions were added 

and incubated for 24 hr at 37 °C and 5 % CO2.  A control condition included RMPI-1640 

medium with no additional oxLDL added.  The remaining conditions each contained 

LXRA (10-7 M) admixed with polymer (10-6 M) or encapsulated polymer[LXRA] (10-6 

M/10-7 M). Cells were washed, fixed with 4% paraformaldehyde and imaged on a Nikon 

Eclipse TE2000-S fluorescent microscope to determine fluorescently tagged oxLDL 

accumulation.  The images were analyzed with ImageJ 1.42q (NIH) and fluorescence 

data was normalized to cell count. 

 

4.3.9: Statistical Analysis 

Each experiment was performed three times and three replicate samples were 

investigated in each experiment.  The results were analyzed using analysis of variance 
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(ANOVA) performed using Excel’s data package software. Significance criteria assumed a 

95% confidence level (P<0.05).  Standard error of the mean is reported in the form of 

error bars on the graphs of the final data.   

 

4.4:  Results 

4.4.1: Functionalized Polymers Bind to Activated Macrophages via SR-A 

The polymers, composed of poly(ethylene glycol) (PEG) conjugated to a sugar 

backbone, derivatized with aliphatic side-chains self-assemble in aqueous media  to 

form nanoscale micelles above the critical micelle concentration (10-7 M) 106.  Three 

variants of polymer chemistries were investigated; a carboxy core-terminated 

amphiphilic polymer (1cM), an uncharged control polymer (0cM) and a carboxy corona-

terminated amphiphilic polymer (1cP) (for structures see Figure 2.1).  

 

    

Figure 4.1: Internalization of Texas-red labeled 1cM polymer in THP-1s, HUVECs, and SMCs.  
1cM exhibits preferential binding and internalization in human macrophages compared to 
endothelial and smooth muscle cells .   
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First, the 1cM polymer was investigated for its ability to target macrophages 

compared to two other vascular cell types, human aortic smooth muscle cells (HA-SMC) 

and human coronary artery endothelial cells (HCAEC).  The 1cM showed enhanced 

binding to THP-1 macrophages while minimal binding of the polymer was observed in 

either HA-SMC or HCAEC (Figure 4.1).  Significantly greater polymer binding was 

observed in TNF-α activated macrophage cells (59% increase over basal cells), which 

have been shown to exhibit increased expression of SR-A 155.  When macrophages were 

pre-treated with an SR-A antibody, 1cM binding fell to levels seen in the other two cell 

types.  TNF-α treatment and SR-A antibody blocking did not alter polymer binding to 

cultured human coronary artery endothelial cells or human aortic smooth muscle cells, 

confirming that preferential carboxy-terminated polymer binding to macrophages can 

be attributed to SR-A interactions and non-specific binding is consistently minimal 

among all cell types.  

Next, all three polymers were investigated in THP-1 macrophages only.  Both of 

the carboxy-terminated polymers showed enhanced binding in THP-1 macrophages 

while minimal binding of the uncharged control was observed over all conditions (Figure 

4.2). Compared to the basal cells, significantly greater carboxy-terminated polymer 

binding was observed in TNF-α activated macrophage cells (60% increase), which have 

been shown to exhibit increased expression of SR-A 155.  When macrophages were pre- 

treated with an SR-A antibody, the 1cM and 1cP polymer binding fell dramatically,  
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Figure 4.2: A) Accumulation of 1cM polymer in THP-1 cells with and without receptor blocking.  
THP-1 nuclei are shown in blue and 1cM polymer is shown in red.  B) The binding and 
accumulation of polymer appears to be primarily SR-A mediated and is significantly enhanced 
in activated (TNFα treated) macrophages.   

 

indicating that both of these polymers bound via SR-A.  Moreover, when TNF-α treated 

THP-1 cells were exposed to SR-A blocking antibodies, the levels of carboxy-terminated 

polymer (1cM and 1cP) uptake were reduced to non-specific binding levels.  

 

4.4.2:  OxLDL Accumulation is Blocked by Polymer Intervention 

The polymers were incubated with basal and TNF-α treated THP-1 macrophages 

in order to elucidate the ability of the polymers to prevent the binding and 

internalization of oxLDL (Figure 4.3). The addition of 1cM and 1cP to human 

macrophage cells in the presence of oxLDL caused a significant decrease in cholesterol 

uptake after 24 hrs in comparison to control condition of no polymer in both basal and 

activated conditions.  The most significant decrease was observed with the 1cM 
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polymer (40% in basal and 58% in treated cells), while very little inhibition was seen 

with the 0cM polymer.  

 

 

Figure 4.3: A) Reduction of oxLDL accumulation in the presence of various polymers with and 
without macrophage activation.  THP-1 nuclei are shown in blue and oxLDL is shown in green. 
B) 1cM provided the greatest reduction in both basal and inflamed conditions 

 

 

2.4.3: Oxidized LDL Accumulation is Reduced by Agonist Delivery 

In order to elucidate the ability of the agonist to reduce the accumulation of oxLDL, the 

GW3965 agonist was encapsulated within each of the three polymers via the oil/water 

emulsion method (Figure 4.4).  To ensure that the LXRA was encapsulated, the solution 

was tested by UV-vis Spectrophotometry and DLS (Figure 4.5).  While only the results for 

1cM are shown, this verification was also performed with 0cM and 1cP encapsulations.  

The hydrophobic LXRA alone formed large aggregates in water, however after  
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Figure 4.4: Encapsulation of LXR drug agonist within 1cM polymer using the oil-in-water 
encapsulation method 

 

encapsulation within the 1cM polymer, the average size fell to around 20 nm, similar to 

that of 1cM alone, suggesting that the drug was encapsulated within the micelle core.  

Furthermore, LXRA alone absorbed light at 272 nm while a sample of encapsulated LXRA 

did not, as the agonist within the core was shielded by the micelle from UV light.  The  

 

Figure 4.5: The ability of 1cM polymer to encapsulate hydrophobic drug Liver-X receptor 
agonist (LXRA) was demonstrated.   (A) LXRA drug alone forms large aggregates in solution 
and has a UV peak at 272 nm. (B) LXRA encapsulated in 1cM has an average size close to that 
of 1cM alone and does not have a UV peak because the drug is shielded by the polymer.  
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sample was then diluted with dimethylacetamide (DMA) and water 1:1 to disrupt the 

micelles and release the encapsulated agonist.  It was confirmed that the LXRA was 

indeed encapsulated as the expected absorbance at 272 nm was seen following micelle 

disruption. 

Next, the agonist, free and polymer-encapsulated, was incubated with TNF-α 

treated THP-1 macrophages in order to elucidate the ability of the polymer-

encapsulated agonist to prevent the binding and internalization of oxLDL (Figure 4.6). 

The addition of 1cM to macrophage cells in the presence of oxLDL caused a significant 

 

 

Figure 4.6: A) Reduction of oxLDL accumulation in the presence LXRA encapsulated in various 
polymer with and without macrophage activation. THP-1 nuclei are shown in blue and oxLDL 
is shown in green.   Encapsulation within 1cM provided the greatest reduction in both basal 
and inflamed conditions. 
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decrease in cholesterol uptake after 24 hrs in comparison to control condition of no 

polymer or drug intervention.  Introduction of LXRA alone to cells did not significantly 

decrease cholesterol content unless polymer was admixed with the agonist (55% less 

oxLDL than no intervention).  The most significant decrease was observed when the 

agonist was encapsulated within the 1cM polymer and incubated with macrophages 

(1cM[LXRA]), while LXRA encapsulated in 0cM or 1cP was only slightly more effective 

than LXRA alone.  

 
 

4.4.4: Polymers Enhance Cellular Uptake of LXR Agonist via SR-A 

Free LXRA and polymer-encapsulated agonist (1cM[LXRA]) were incubated with 

THP-1 macrophages in order to elucidate the ability of the cells to bind and internalize 

the drug agonist (Figure 4.7).  Internalization of LXRA in the absence of polymer was 

over six-fold lower than that quantified with delivery via encapsulated agonist (82% 

decrease).  The uptake of free agonist by cells remained low and was unaffected by SR-A 

blocking or TNF- pretreatment. However, polymer-encapsulated agonist delivery 

increased after TNF-α treatment and was significantly inhibited by the administration of 

SR-A antibody (37% increase and 88% decrease respectively). This finding paralleled the 

trends seen for uptake of the polymer alone (Figure 4.2) and confirmed that agonist 

delivery is enhanced through polymer encapsulation and binding via the scavenger 

receptor SR-A. 
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Figure 4.7: Accumulation of LXRA in THP-1 cells when delivered via a 1cM polymer carrier with 
receptor blocking and macrophage activation.  LXRA is shown in blue. B) When encapsulated 
in 1cM, the GW3965 is taken up by THP-1 macrophages to the greatest extent in both basal 
and activated macrophages.  Drug delivery via the polymers appears to favor activated 
macrophages, which express increased levels of scavenger receptors.   

 

4.4.5: Cholesterol Efflux from Activated Macrophages is Enhanced by Agonist Delivery 

The polymers were incubated with TNF-α treated THP-1 macrophages in order to 

elucidate the ability of the polymer-drug combinations to reduce the total oxLDL by 

cholesterol efflux.  The cells were pre-loaded with oxLDL before the addition of the 

polymers (Figure 4.8). LXRA encapsulated within 1cM (1cM[LXRA]) caused the most 

significant efflux (87% decrease in cellular oxLDL compared to no intervention).  Polymer 

admixed with LXRA also displayed significant cholesterol efflux effects, while agonist 

alone did not result in significant cholesterol efflux.  Neither encapsulation in 0cM or 

1cP provided any additional oxLDL efflux compared to the admixed conditions. 
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.  

Figure 4.8: Reduction of total oxLDL by cholesterol efflux in the presence LXRA encapsulated in 
various polymer.  The cells were pre-loaded with oxLDL before the addition of the polymers. 
Encapsulation within 1cM provided the greatest efflux of oxLDL.     

 

4.5: Discussion 

Major factors underlying the chronic progression of atherosclerotic plaques are 

the activation and recruitment of macrophages to the vascular injury site, followed by 

uncontrolled scavenger receptor-mediated internalization of oxLDL.  Several different 

molecular interventional approaches have been proposed including scavenger receptor 

inhibitors or knockdowns, acyl-CoA cholesteryl acyl transferase (ACAT) inhibitors and 

knockdown, and inhibitors of macrophage recruitment 109, 112, 156, 157.  In this report, a 

novel, dual-pronged approach to attenuate cholesterol accumulation was proposed.  

The approach combines the scavenger receptor-mediated cholesterol blockage 

potential of the polymers along with anti-atherogenic agonist delivery to inflamed cells.  
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This agonist has been shown to alter cholesterol synthesis, influx and efflux causing an 

overall decrease in cellular cholesterol as well as regulating inflammation and 

atherosclerosis in animal models 152-154. 

In vitro studies have previously shown that carboxy-terminated amphiphilic 

polymers derived from sugar and PEG, can self-assemble into micelles, which bind to 

macrophage scavenger receptors SR-A and CD36 108, 143.  These receptors are 

upregulated in cells at sites of atherosclerotic lesions 155, 158, 159.  The carboxylic acid end 

groups were hypothesized to mediate electrostatic binding to the positive pocket of 

residues on the SR-A scavenger receptor 75.  I show that the carboxylate-terminated 

polymers preferentially bind to scavenger receptor expressing human THP-1 

macrophage cells over two other vascular cell types.  The increased expression of 

scavenger receptors in TNF-α activated macrophages further promotes polymer binding.  

The unique combination of amphiphilicity, geometry and charge was integral to this 

behavior as none of the control polymers had comparable cholesterol reducing activity.  

Hence, the carboxylate-terminated polymers act as polymeric therapeutics and may 

serve as effective candidates for inflamed macrophage targeting in vivo.    

The liver-X-receptor is implicated in the atherogenic process underlying 

cardiovascular disease 160.  Since the liver X-receptor agonist (LXRA) GW3965 had been 

shown to be effective in activating LXR 114, 161, I examined the ability of the polymers to 

encapsulate and deliver the hydrophobic agonist, GW3965 to activated cells with some 

degree of specificity.  This work demonstrates that increased efficacy of agonist can be 

achieved via polymer encapsulation.  These studies employing direct 2-photon imaging 
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of cell-internalized agonist confirmed that carboxylate-terminated polymers as well as 

the LXRA drug are internalized within the cytosol; this cellular internalization allows for 

drug delivery to the nucleus, where ligand binding is essential for enhanced LXR-

signaling and reverse cholesterol transport. 

It has been established that effective therapies for cardiovascular disease require 

the coordinated management of atherogenesis and inflammation 146, 162.  Additional 

work completed by my colleagues, and included with the results shown above in a 

future publication, has further explored the anti-inflammatory potential of the polymer-

drug complexes both in vitro and in vivo 163.  They found that 1cM had intrinsic anti-

inflammatory activity on both cytokine and MMP-9 secretion, two of the major 

inflammatory markers of macrophage activation 164-167.   Polymer-based agonist delivery 

elicited a 9-fold increase in LXRα gene and a 15-fold increase in ABCA after delivery of 

10-7 M LXRA.  Clearly, polymer encapsulation greatly enhanced agonist delivery, via 

scavenger receptor binding, compared to the non-encapsulated free agonist conditions, 

resulting in significant alteration in six key atherosclerosis associated genes examined.  

Typically, elevated SR-A expression is believed to escalate atherosclerosis progression 

through increased oxLDL accumulation 168.  However, due to enhanced binding of 

polymer-encapsulated agonist to macrophage SR-A, upregulation allows a route for 

enhanced polymer and ligand delivery to inflamed cells.  These combined results 

illustrate the potential ability of the polymer-encapsulated agonist complexes to inhibit 

atherosclerosis at the gene signaling level as well as via receptor blockage, which opens 

possibilities for depleting as well as retarding the accumulation of cholesterol. 
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In addition, they used an in vivo model to probe the accumulation of cholesterol 

following localized vascular injury to the carotid artery.  Both the polymer and the 

polymer-encapsulated agonist caused significant inhibition of cholesterol accumulation 

in comparison to the agonist alone and non-treated samples.  A notable finding was that 

the addition of both polymer alone and polymer-encapsulated agonist significantly 

inhibited the presence of macrophage cells near the site of injury, which has been 

reported to be an important atherosclerosis marker independent of cholesterol content 

150, 151.  Macrophage recruitment is regulated by factors such as TNF-α and interleukin 1 

beta (IL-1β) 150, 169, 170.  This suggests that the polymer therapeutics had an inhibitory 

effect on the activation of recruited macrophages and possibly the further recruitment 

of monocytes.   

In summary, I show that the polymeric therapeutics significantly lowered total 

oxLDL accumulation in vitro partially through effective targeted delivering of an LXR 

agonist.  Given the increased bioefficacy and enhanced targeting of activated 

macrophages, the amphiphilic polymers could be candidates for possible intervention of 

chronic inflammatory diseases such as sepsis, psoriasis, inflammatory bowel disease, 

rheumatoid arthritis, and chronic obstructive pulmonary lung disease.  As efficient drug 

carriers, the polymer therapeutics could be used in combination with a broad range of 

agonists for treatment of various metabolic and neurodegenerative diseases 171.   
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CHAPTER 5: Conclusions and Future Directions 

5.1: Conclusions 

This thesis reports findings of a strategy featuring polymeric therapeutics for 

binding to macrophages expressing SR-A.  A self-assembled, amphiphilic polymer based 

on a poly(ethylene glycol) corona and a hydrophobic core was designed with terminal, 

carboxylate groups to enhance binding to cationic scavenger receptors on activated 

human macrophages.  The factors necessary for effective binding were not well 

understood, thus molecular modeling and docking approaches were used to understand 

the structure-activity relationship (SAR) between the polymers and SR-A.  Six polymer 

models (4 first generation polymers and 2 second generation polymers) were docked to 

the SR-A homology model to investigate charge placement and clustering, as well as the 

SR-A residues involved in binding.  Polymer models with the most favorable binding 

energy were also the most effective oxLDL inhibitors in THP-1 macrophages.  Mutant SR-

A models were generated by replacing charged residues with alanine.  All charged 

residues in the region were necessary, with Lys60, Lys63 and Lys66 having the greatest 

effect on binding.  However, binding was clearly not mediated by charge alone and the 

polymer hydrophobic domain adjacent to the carboxylate group was found to be 

essential.   

Building upon the success of polymer 1cM binding studies, together with 

colleagues, new polymer structures were proposed.  Polymer models were designed to 

investigate the influence of mucic acid backbone stereochemistry, the influence of a 

cyclic versus linear backbone, and the influence of aromatic versus aliphatic backbone.  
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Polymer models were docked to the previously constructed SR-A homology model to 

investigate the significance of the polymer backbone on receptor binding and results 

indicate the ability of the backbone to position the side chains and “lock” the ligand into 

position.  Polymers were synthesized by our collaborators from the Uhrich laboratory 

for model validation in vitro and results followed those seen in the modeling 

predictions, with 1cAr and 0cGl showing promise. Thus, minute changes in polymer 

structures can sensitively affect SR-A binding affinities and consequently modulate the 

competitive inhibition of oxLDL uptake.    

Furthermore, the amphiphilic nature of the polymers was exploited to 

encapsulate a hydrophobic agonist against nuclear Liver-X receptor α (LXR) which 

significantly increased the drug uptake in the cells.  In combination with the 

encapsulated LXR-agonist (LXRA), the polymers were found to reduce oxLDL 

accumulation by 88% in vitro via the SR-A scavenger receptor.  Based on these findings, 

the system of amphiphilic polymers show the potential to be a multi-functional 

cardiovascular treatment modality with tunability for receptor targeting. 

 

5.2:  Future Directions 

5.2.1: Advanced Modeling Efforts 

While atomistic models are insightful, they can be somewhat limited in their 

ability to fully capture the entire nanoparticle dynamics.   In the case of the work 

presented here, only unimer binding could be considered due to limitations in 

computational time and space, while a more robust model would be necessary to fully 
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capture micelle aggregation dynamics.  A solution to the time and length scale problem 

in molecular simulation is coarse-graining (CG) the atomistic system studied to one with 

a lower spatial resolution.  Here, the interactions between individual atoms are replaced 

by interactions between “units”.  This process dramatically decreases the degrees of 

freedom of the model, resulting in a speed-up of the simulations by several orders of 

magnitude 172.  Not surprisingly, the application of such methods to study entirely new 

problems of biological importance has been rapidly gaining increased attention in the 

biomolecular simulation community.  CG simulations, can result in the construction of 

models of 10–1000 nm in size 173, 174.  They have been used recently to study modeling 

of dendrimers and their interactions with bilayers and polyelectrolytes 175, Self-assembly 

of diblock copolymers into micelles 176, and interactions of polymer-drug conjugates 177.  

Additionally, recent research has used CG to aid in investigating polymer–drug 

interactions, specifically drug encapsulation 178.  This could be used to explore future 

drugs for possible encapsulation while avoiding a time consuming trial-and-error 

approach.  However, it should be noted that the trade-off is loss of detailed polymer 

information.  In light of the results in Chapter 3, this information might be necessary for 

understanding binding dynamics as very small changes in the polymer lead to dramatic 

binding differences.   

 

5.2.2: Multiple Receptor Targeting 

A marked decrease in the progression of advanced necrotic lesions has been 

noted in ApoE-/- mice through the targeted deletion of scavenger receptors SR-A and 
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CD36, which are upregulated in inflamed macrophages 149.  However, blocking SR-A 

receptors may not be sufficient to fully inhibit foam cell formation as deletion of one 

receptor typically results in compensatory over-expression in other scavenger receptors 

179.  Utilizing molecular modeling techniques similar to the ones described here, the 

polymers could be modeled for their interactions with additional scavenger receptors 

including CD36, SR-BI, SR-PSOX, SREC and LOX-1.  Some of these receptors have been 

crystallized and several would need to be modeled.  Designing polymers with binding 

potential to multiple scavenger receptors could interrupt or suspend the 

atheroinflammatory cascade, as these receptors trigger atherogenesis and inflammation 

across both macrophages and endothelial cells.  This issue highlights the importance of 

concerted strategies, such as focusing on anti-inflammatory phenotype of macrophages, 

reducing monocyte recruitment, and suppressing lipoprotein transport via endothelia.  

Beside SR-A and CD36, a recent class of scavenger receptors has also emerged as an 

endothelial cell target, called LOX-1, whose expression is upregulated upon endothelial 

cell activation 180-184.  LOX-1 activity was recently proposed as a novel predictive marker 

of coronary heart disease and stroke 65.  Upon recognition of oxLDL, LOX-1 initiates 

oxLDL internalization and degradation as well as inducing a variety of pro-atherogenic 

cellular responses, such as reduction of nitric oxide (NO) release 66, secretion of 

monocyte chemoattractant protein-1 (MCP-1) 67, production of reactive oxygen species 

68, expression of matrix metalloproteinase-1 and -3 69, monocyte adhesion 67, and 

apoptosis 70.  
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However, each of these receptors offers slightly different constraints for ligand 

binding.  A characteristic of SR-A is the mediation of uptake and degradation of modified 

proteins and several polyanionic ligands 32, 117, 118 and binding is thought to be mediated 

through electrostatic interactions between the Arg and Lys residues in the collagen-like 

domain of SR-A 75.  Interactions of ligands with CD36 are generally hydrophobic and only 

somewhat mediated by charge 119.  Further, the incorporation of hydrophobic chains, 

hydrophilic phosphocholine, and negatively charged carboxylate groups have been 

shown to contribute to high affinity ligand binding 185.   LOX-1 binding domain, C-type 

lectin-like domain, contains linearly aligned basic residues, referred to as the basic spine 

(208 - 248), that are responsible for ligand binding 186.  Others have observed that 

binding between oxLDL and LOX-1 cannot be solely explained by charge interactions, 

and because of the receptor’s lectin-like structure, sugars on the ApoB portion of oxLDL 

might play a role in LOX-1 binding 187.   

As different receptors offer different binding challenges, the possibility of 

creating combinatorial micelles by using mixed unimers with different properties is an 

option.   Conceivably three different polymer structures could be optimal for the three 

different scavenger receptors.  Thus, different combinations of these polymer structures 

can enhance the multiple binding of polymers across the various scavenger receptors.  

New molecularly designed polymers could present an innovative approach to identify 

multifaceted biomaterials with cooperative binding affinity toward multiple scavenger 

receptor targets.  

 



91 

 

 

 

5.2.3: Polymer Fates 

Although the role of the polymers in oxLDL uptake and scavenger receptor 

binding to macrophage cells was explored, further insights are necessary to establish 

the specific mechanism of action and intracellular fate of the polymers.  The binding 

kinetics and internalization behaviors of polymers, mediated largely by scavenger 

receptors, needs to be further correlated with the chemistry and architecture of the 

polymers.  Some preliminary work has been done in this area and can be found in the 

appendices.  Endocytosis assays can be performed where the receptors are saturated 

with fluorescently labeled polymers at 4 °C, then rinsed and brought to 37 °C for specific 

time intervals in order to quantify the ratio of internalized vs. surface bound ligand.  It is 

possible that beyond the ability of the polymers to bind to the scavenger receptors, the 

ability of the receptors to endocytose and recycle back to the cell membrane surface is 

likely affected by polymer design and perhaps plays a larger role in cholesterol 

accumulation than binding.   

Additionally, fluorescently labeled polymers can be tracked and the 

macrophages counter-stained for co-localization in early endosome (EEA1 188), late 

endosome (Rab7 189), and lysosomes (LAMP-1 190) at various time points.  This will 

provide information of the intracellular trafficking and kinetics of polymer handling by 

macrophages.  
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5.2.4: Polymers for Drug Delivery  

The amphiphilic composition of the particles allows for hydrophobic drugs to be 

protected from solution and increase their solubility, therefore, increasing the drug 

concentration in a solvent such as blood.  Moreover, the nanoscale size of the micelles 

could potentially allow for delivery that mimics the naturally occurring transport system 

similar to viruses and lipoproteins 111.  We have recently exploited the amphiphilic 

nature of the polymers and demonstrated the efficacy of delivery of a liver-X-receptor 

agonist for cholesterol depletion in vitro (Chapter 4).  Similar approaches can be 

combined with other cholesterol trafficking pharmacologic factors (e.g., PPAR) or anti-

inflammatory drugs.  In parallel, the polymers could be modified to develop probes for 

the development and progression of atherosclerotic plaques with increased 

macrophage activity.   

In addition, the molecular modeling platform outlines here could be adapted to 

include receptors or targets other than scavenger receptors.  Efforts are underway to 

inhibit vascular adhesion molecules including E-selectin, P-selectin, vascular adhesion 

molecule-1 (VCAM-1) and intercellular adhesion molecule-1 (ICAM-1), as well as 

chemotactic factors involved in monocyte recruitment to retard atherosclerosis in 

animal models 191-197.  However, clinical trials have had mixed success 198, 199.  Modeling 

these receptors and understanding polymer binding could lead to improved 

formulations of combination polymers as new treatment options.  Furthermore, the 

inclusion of an anti-inflammatory drug could further attenuate the disease progression.   
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5.2.5: Other Polymer Uses 

Because of the scavenger receptor targeting potential exhibited by the polymers, 

they have the potential to be used for the treatment of many other diseases including, 

but not limited to, rheumatoid arthritis 200, psoriasis 201, inflammatory bowel disease 202, 

type 2 diabetes 203, Alzheimer’s disease 204 and chronic obstructive pulmonary lung 

disease 205.  The drug encapsulation capabilities of the polymers could combine to 

provide a new treatment option for many of these diseases. 

This polymer also allows for a disease treatment modality primarily based on its 

size.  Passive targeting of nanoparticles to cancerous tumors due to the gaps found in 

angiogenic blood vessels 206, 207 is known as the enhanced permeability and retention 

effect (ERP) 208-211.  The poor lymphatic draining system of tumors 207, 212-214 couples with 

leaky vessels and allows for an accumulation of nano-scale particles within the growing 

tissue 215  By encapsulating anti-cancer drugs within these polymers it could be possible 

to deliver high concentrations of the toxic treatments to tumor cells and while 

maintaining minimal exposure to healthy tissue. 
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APPENDIX 

 

A.1: Accumulation of Texas Red Labeled 1cM polymer in THP-1 Macrophages 

The accumulation of Texas red labeled 1cM in THP-1 macrophages in serum 

containing medium was captured over 12 hr.  THP-1 macrophages were seeded in an 8 

well lab-tek chamber slides and 1cM Texas red labeled polymer (5% labeled polymer 

admixed with 95% unlabeled polymer) was added at time 0.  Time lapse images were  

 

 

Figure A.1:  The accumulation of Texas-red labeled 1cM in THP-1 macrophages over the course 

of 12 hr in serum containing medium.   

 

taken on the Leica confocal microscope with 63x immersion lens over 12 hr (with the 

help of Joe Kim).  A total of 4 fields were tracked and images were taken at 10 min 

intervals.  The images were compiled into short videos.  In addition, the individual 
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images were analyzed using ImagePro software, and the polymer uptake was quantified 

as seen in Figure A.1.   

It appears that over the first hour either binding is predominant over 

internalization, or the rate of internalization is relatively minimal (1.3 * 105 fluorescence 

units per hr).  At 70 min, the accumulation rapidly increases at a rate of 8.8 * 105 

fluorescence units per hr and the cells are saturated by 3 hr.  This, if compared to other 

polymers could shed light on how binding and uptake of the polymers changes with 

polymer modification and if there is any correlation to activity.  Perhaps efficient 

polymers not only bind with high affinity, but also affect the rate of receptor 

internalization and recycling.  However, in this study I relied on a mixture of labeled and 

unlabeled polymers and it is unknown whether these form uniform micelles, each 

incorporating 5% of the labeled unimers, or if the labeled polymers remain as a separate 

population.   

 

A.2: Staining of THP-1 Macrophages for EEA1 

In order to provide information of the intracellular trafficking and kinetics of 

polymer handling by macrophages, THP-1 macrophages were stained early endosome 

marker, EEA1 188.  THP-1 macrophages were cultured in 8 well lab-tek chamber slides  

and fixed with 4% paraformaldehyde then stained with 1:50 dilution mouse EEA1 (early 

endosome marker, Santa Cruz) and 3 ug/mL 488 1gG1 goat anti-mouse secondary 

(Invitrogen).  Images were taken on a Nikon Eclipse TE2000-S fluorescent microscope.   
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Figure A.2:  THP-1 macrophages stained for EEA1, a marker of early endosome.  Controls 

included isotype IgG1 and 488 goat anti-mouse secondary alone.   

Results revealed a typically punctuate staining of EEA1 in the THP-1 cells, while some 

background fluorescence can be seen in the control conditions.  Ideally, fluorescently 

labeled polymers could be tracked and the macrophages counter-stained for co-

localization in early endosome (EEA1 188), late endosome (Rab7 189), and lysosomes 

(LAMP-1 190) at various time points.  This would provide information of the intracellular 

trafficking and kinetics of polymer handling by macrophages.    

 

A.3: Binding of 1cM to HEK-SRA Cells 

Saturation binding experiments measure specific binding at equilibrium at 

various concentrations of a given ligand. Analysis of such data can determine the 
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receptor number and binding affinity.  In an effort to elucidate the binding of 1cM to SR-

A and exclude all other scavenger receptors, HEK cells inducibly expressing SR-A were 

employed.  After the addition of 0.5 ug/mL tetracycline SR-A is upregulated in the cells.  

Ordinarily binding can achieved and internalization prevented by performing the 

experiment at 4 °C, however the conformation of SR-A and thus binding are drastically 

changed by variations in temperature 121.  Instead, phenylarsine oxide was added to the 

cell culture medium to inhibit endocytosis 216.  First, both basal and induced HEK cells 

were incubated with a 10-6 M mixture of 5% Texas red labeled and 95% unlabeled 1cM 

over 3 hr in order to determine the equilibration time.  The binding affinity analyses 

depend on the assumption that the incubation to proceeded to equilibrium. 

 

Figure A.3:  Binding of fluorescently labeled polymers to HEK-SRA cells over 3 hr.  HEK cells do 

not express SR-A, unless stimulated with tetracycline. 
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At each timepoint, the cells were washed, fixed with 4% formaldehyde and 

images were taken on a Nikon Eclipse TE2000-S fluorescent microscope (Figure A.3).  As 

expected the basal cells bound significantly less polymer than the induced cells, and 3 hr 

was deemed sufficient for equilibration.   

Next, both basal and induced HEK cells were incubated with a mixture of 5% 

Texas red labeled and 95% unlabeled 1cM for 3 hr over a range of polymer 

concentrations (5*10-5 M - 10-7 M).  After 3 hr, the cells were washed and read on a 

Cytofluor multi-well plate reader.  A standard curve was used to correlate fluorescence 

intensity to polymer concentration and a Lowry protein assay was run to normalize 

results to mg protein.   

 

 

Figure A.4:  Binding of fluorescently labeled polymers to HEK-SRA cells.  “Total” refers to the 

amount of binding observed in tetracycline induced cells, which express elevated levels of SR-

A and “Non-specific” refers to the binding seen in basal non-induced HEK cells.    
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In Figure A.4, “Total” refers to the amount of binding observed in tetracycline induced 

cells, which express elevated levels of SR-A and “Non-specific” refers to the binding seen in basal 

non-induced HEK cells.   As expected the nonspecific binding was linear, since 

nonspecific binding is almost always a linear function of ligand concentration 217.  This 

data was used to construct a Scatchard plot.  In this plot (Figure A.5), the X-axis is 

specific binding and the Y-axis is specific binding divided by free polymer concentration 

(taken as 10-6 M).  It is possible to estimate Kd from a Scatchard plot (Kd is the negative 

reciprocal of the slope).  

 

 

Figure A.5:  Scatchard plot representation of the data in Figure A.4.  
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However, the linear fit is not good.   The estimation of Kd from this data would likely be 

far from the true value.  There are several reasons to explain the poor fit.  First, more 

data points may be needed to fill out the curve and better represent the binding of 1cM 

to SR-A.  Second, Scatchard analysis works on the assumption that binding is 1:1 (for 

each SR-A receptor there is a single polymer bound).  This very well may not be the case 

as the polymers are above the CMC and would form micelles, and could likely bind as a 

micelle.  Alternatively, multiple SR-A proteins may bind a single, or several polymers.  

Without additional information on the nature of polymer binding, the results from 

Scatchard binding analysis may not be accurate.   

 

A.4: Binding Affinity using Surface Plasmon Resonance  

The binding affinity of each polymer for SR-A was attempted by surface plasmon 

resonance (SPR) with the aid of a Biacore 3000 instrument (Biacore AB, Sweden).  SPR 

technology is a label-free method for monitoring biomolecular interactions in real-time.  

This technique monitors the formation and dissociation of biomolecular complexes on 

the surface of a coated chip as the interaction occurs 218.   

 

Figure A.6: Schematic of the various layers of the prepared CM5 sensor chip surface used for 

binding affinity studies.   
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In order to ensure proper orientation of a scavenger receptor and to conserve 

material, antibodies were first covalently bound to the sensor chip surface to capture 

SR-A.  A CM5 sensor chip (research grade, Biacore AB, Sweden) was be used.  The chip 

consists of a gold surface coated with a carboxymethylated dextran layer (see Figure 

A.6).  All subsequent steps were completed using the Biacore 3000 set at 37 °C and all 

reagents were injected at a flow rate of 10 L/min.  Monoclonal anti-polyhistidine 

antibodies were immobilized on the surface of the sensor chip by the standard amine 

coupling protocol provided by the manufacturer.  Briefly, the surface of the chip was 

activated by exposure to a mixture of 0.1 M N-hydroxysuccinimide (NHS) and 0.4 M 1-

ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) for 7 min.  Next, 20 g/mL of anti-

polyhistidine antibody (R&D Systems) in sodium acetate buffer (10 mM sodium acetate, 

10 mM acetic acid, pH adjusted to 5.0) was added for 5 min.   A 1 M solution of 

ethanolamine (pH 8.5) was injected to deactivate excess reactive groups.  Subsequently, 

40 g/mL of recombinant human SR-AI/MSR1 (R&D Systems) in serum-free RPMI was 

added for 9 min.  A reference surface was created by addition of anti-polyhistidine 

antibody and no SR-A.  Lastly, varying concentrations (10-3 M -10-7 M) of polymer in 

serum free RPMI were injected.   

The curve resulting from the reference surface with anti-polyhistidine antibody 

alone was subtracted from the binding curves obtained from the flow cell with 

immobilized scavenger receptors and polymer.  Each sensorgram was analyzed by a 

global fitting procedure using BIAevaluation 3.0 software.  The fitting will not only allows 

for calculation of the binding affinities, but can also explain the binding order.  For 
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example it is able to be determined whether the binding is 1:1, or if multiple receptors 

bind a single polymer, or if multiple polymers bind to a single receptor.  The kinetic 

analysis of sensorgrams from the interaction of various engineered polymers with the 

immobilized scavenger receptors is based on the rate equation, dR/dt = ka *C*(Rmax-

Req)-kd*Req , where dR/dt is the rate of change in the SPR signal (RU) due to each 

polymer-scavenger receptor interaction at time t (s), ka and kd are the association and 

dissociation rate constants, respectively, C is the concentration of the polymers and Rmax 

is the maximum polymer binding capacity to scavenger receptors (RU). The affinity 

constant KD can be obtained from the ratio of kd/ka.  A small KD will indicate that the 

receptor has a high affinity for the polymer.  

 

 

Figure A.7: Sensorgram of surface preparation for SR-A binding affinity studies 
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Initial SPR studies with the Biacore 3000 have been completed to prepare the 

surface with recombinant SR-A receptors.  The steps required to prepare the CM5 

sensor chip surface are described above, and the results are illustrated in Figure A.7.  

First, the addition of EDC/NHS mixture is completed, which activates the surface by 

modification of the carboxymethyl groups to N-Hydroxysuccinimide esters.  The increase 

in RU signal throughout the duration of the addition is due to the bulk refractive index 

of the new solution and not surface binding.  Next, the injection of the ligand (anti-

histidine antibody) leads to electrostatic attraction and coupling to the CM5 surface and 

the N-Hydroxysuccinimide esters react spontaneously with the amines on the antibody 

to form covalent links.  The un-reacted NHS-esters are then blocked and deactivated 

with ethanolamine.  Lastly, SR-A is added.  The SR-A used has an N-terminal 

polyhistidine tag, which, when bound to the anti-histidine antibody, will orient the SR-A 

as it would be on the cell membrane.  In addition, a reference surface without anti-

histidine was run in parallel and no SR-A binding was seen, thus ensuring a specific 

interaction between the anti-histidine antibody and SR-A.   

Next, in order to ensure that the SR-A protein was not inactivated during the 

immobilization, anti-SR-A was used as a positive control.  This can be seen in Figure A.8, 

starting from the addition of recombinant SR-A.   The SR-A (40 μg/mL) was sent through 

the system a second time to guarantee enough receptor was on the surface to see 

noticeable antibody binding.  The anti-SR-A bound to the surface and produced a signal 
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Figure A.8: Sensorgram of SR-A binding to SR-A antibody to ensure activity of the immobilized 

ligand.   

 

of 440.9 RU, which is equivalent to 440.9 pg/mm2 of bound antibody.  In addition, a 

reference surface without anti-histidine was run in parallel and no SR-A or SR-A antibody 

binding was noted, thus ensuring a specific interaction between SR-A and anti-SRA.   

Unfortunately, this promising preliminary data never translated into polymer 

binding results.  Figure A.9 is representative of the results of polymer binding to 

immobilized SR-A.  The concentrations of both SR-A and 1cM were varied as well as the 

buffer pH, however, binding was never detected.  This is not to say that polymer did not 

bind to the chip surface.  The Biacore 3000 may not have the level of sensitivity needed 
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Figure A.9: Sensorgram of 1cM binding to surface immobilized SR-A 

 

to detect the binding of the small polymers, particularly if the mode of binding is 

through unimers and not micelle aggregates.   

 

A.5: Binding Affinity using Isothermal Titration Calorimetry  

Isothermal Titration Calorimetry (ITC) directly measures the energetics of binding 

interactions.  A VP-ITC microcalorimeter (MicroCal) was employed to better study the 

binding of our multi-functional polymers to SR-A.  Interactions are detected from the 

change in heat (binding enthalpy) of the interaction.   
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Figure A.10: Representative data from ITC detection of SR-A binding to 1cM 

 

An isothermal titration calorimeter is composed of two identical cells, 

surrounded by an adiabatic jacket.  Sensitive thermopile/ thermocouple circuits are 

used to detect temperature differences between the reference cell (filled with water) 

and the sample cell containing the molecule complex.  Twenty-five 10 uL injections of 

recombinant human SR-AI/MSR1 (R&D Systems) were made each 400 s at 37 °C into the 

cell containing 1cM.   

A representative experiment is shown in Figure A.10.  Part A is a graph of power 

versus time created using Origin 7.0 (MicroCal).  The area under each spike is 

proportional to the heat of binding.  Because the values are positive, binding is 

endothermic, as power was applied to maintain the temperature between the 

experimental and reference cells.  The low values and that binding does not change with 
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concentration indicate binding is low or negligible.  Further, part B illustrates the 

amount of heat measured at each injection normalized to the number of moles of SR-A.  

The results in B should show a smooth curve, but indicate again that the binding affinity 

is too low to effectively measure.   
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