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ABSTRACT OF THE DISSERTATION  

 
DESIGN OF ANTIOXIDANT NANOTHERAPEUTICS FOR ATTENUATION OF 

ATHEROGENESIS AND NEUROINFLAMMATION 

By 

REBECCA ANN CHMIELOWSKI 

Dissertation Director: 

Prabhas V. Moghe 

 

Atherosclerosis and Parkinsonôs disease are both characterized by the uncontrolled 

uptake of modified proteins in chronic inflammatory cells, macrophages/microglia.  The 

initial stages of atherosclerosis are characterized by oxidation of low density lipoprotein 

and its uptake by macrophages, which can lead to plaque progression in the arterial wall 

and possibly heart attack or stroke.  Formation and increase of misfolded aggregates of 

proteins such as alpha synuclein (Ŭ-synuclein) are a key factor in several neurodegenerative 

diseases including Parkinsonôs disease.  Both classes of diseases are exacerbated in 

macrophages/microglia due to a strong inflammatory component, which has been 

challenging to treat.  The anti-atheroprotective and anti-inflammatory properties of 

antioxidants create an attractive target for treatment of atherosclerosis and Parkinsonôs 

disease.  We propose a library of antioxidant nanoparticles that have the potential to address 

critical needs for both atherosclerosis and Parkinsonôs disease.  For atherosclerosis 

applications, we advanced the delivery and formulation of antioxidants through the 

development of ferulic acid-based polymer nanoparticles, which are completely 

biodegradable and can achieve a sustained and tunable release of ferulic acid to limit 
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macrophage foam cell formation.  The ferulic acid-based polymer nanoparticles attenuated 

macrophage lipogenesis and reactive oxygen species generation.  The cellular mechanism 

of the nanoparticle efficacy involved the down regulation of the expression of three 

scavenger receptors, which are critical for modulation of lipid uptake in macrophages.  For 

neuroinflammatory applications, we developed a dual antioxidant nanoparticle consisting 

of ferulic acid and tannic acid, which significantly reduced the generation of a-synuclein 

fibrils.  This result suggests that the combination of antioxidants and the configuration of 

nanoparticle vehicles could be important factors for inhibiting a-synuclein fibril formation.  

Overall, antioxidant nanotherapeutics may be promising technologies for inhibition of 

early stages of both atherosclerosis and Parkinsonôs disease.      
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PREFACE 

 
ñStay afraid, but do it anyway. Whatôs important is the action. You donôt have to wait to 

be confident. Just do it and eventually the confidence will follow.ò ï Carrie Fisher 

 

ñGo find your joy. Itôs what youôre going to remember in the end.ò ï Sandra Bullock 

 

ñEveryone's dream can come true if you just stick to it and work hard.ò ï Serena 

Williams 

 

ñResearch is what I'm doing when I don't know what I'm doing.ò ï Wernher von Braun 
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CHAPTER 1 - Introduction to the design of antioxidant therapeutics, scavenger 

receptor biology, and macrophage/microglia dynamics in atherosclerosis and 

Parkinsonôs disease 

 

INTRODUCTION 

 
Atherosclerosis and Parkinsonôs disease are both characterized by the uncontrolled 

uptake of modified proteins in chronic inflammatory cells, macrophages/microglia.  The 

initial stages of atherosclerosis are characterized by oxidation of low density lipoprotein 

and its uptake by macrophages, which can lead to plaque progression in the arterial wall 

and possibly heart attack or stroke.  Formation and increase of misfolded protein aggregates 

are a key factor in several neurodegenerative diseases [1].  ȷlpha synuclein aggregates 

cause neuroinflammation, neurodegeneration, and cell death and are the primary 

mechanism of neurodegenerative disorders called a-synucleinopathies [2].  Parkinsonôs 

disease is characterized as an a-synucleinopathy.  Limited treatment options exist for both 

atherosclerosis and Parkinsonôs disease.  Furthermore, both diseases can be difficult to 

diagnose in early stages.  The following thesis focuses on development of scavenger 

receptor targeted nanotherapeutics with aims of 1) attenuating foam cell formation to 

impede the early stages of atherosclerosis and 2) inhibiting Ŭ-synuclein aggregation to alter 

the progression of Parkinsonôs disease. 

ATHEROSCLEROSIS OVERVIEW 

 
Cardiovascular disease is the leading cause of death amongst adults in the United 

States with medical costs estimated at about $320 billion annually and rising [3].  A major 

trigger for cardiovascular disease is atherosclerosis, which is a highly complex and chronic 

inflammatory etiology.  An overview of atherosclerosis is summarized in Figure 1.   
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Figure 1.  Mechanism of monocyte differentiation and accumulation into plaques.  Adapted from 

Moore KJ, Sheedy FJ, Fisher EA.  Nature Reviews Immunology, 2013, 13(10), 709-721. 

Atherosclerosis is a product of an inflammatory response in the arterial vascular 

wall, which is initiated by the accumulation of low density lipoprotein (LDL) [4,5].  LDL 

is susceptible to various modifications including oxidation, enzymatic and non-enzymatic 

cleavage, and aggregation [6].  Oxidative stress, induced by reactive oxidative and nitrated 

species, can promote the oxidation of lipids and lead to the formation of oxidized LDL 

(oxLDL) [7].  OxLDL can activate endothelial cells and lead to inflammatory responses 

within the arterial wall.  This event leads to recruitment of monocytes and other leukocytes 
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into the subendothelial space.  Monocytes that enter the subendothelial space will 

differentiate into macrophages in response to either macrophage colony-stimulating factor 

(MCSF) or granulocyte-macrophage colony stimulating factor (GMCSF) [8].  

Macrophages will ingest the modified lipoprotein complexes mainly through pattern 

recognition receptors, which includes a cluster of differentiation (CD-36), lectin-like 

oxidized low density lipoprotein receptor (LOX-1), and scavenger receptor A1 (MSR-1) 

[9,10].  Uncontrolled macrophage uptake of oxLDL leads to foam cell formation and is a 

critical trigger for atherosclerosis.  Foam cells have minimal migratory capacity and 

become apoptotic, which leads to plaque that consists of apoptotic cells along with 

cholesterol and other extracellular material [8].  Plaque ruptures account for about 70% of 

coronary thrombosis events [8].   

Scavenger Receptors and Their Role in Atherosclerosis 

 
Pattern recognition receptors or scavenger receptors play key roles for uptake of 

modified lipids and progression of macrophages to foam cells.   In 1979, Brown and 

Goldstein were the first to describe a scavenger receptor function on macrophages that can 

process modified LDL differently compared to the processing of native LDL [11].  

Modified LDL is not cleared in circulation by the endocytic LDL receptor and must bind 

to scavenger receptors instead leading to foam cell formation [12].  The first scavenger 

receptors were identified using labeled acetylated LDL (acLDL) and classified as a family 

of structurally unrelated molecules [13-15].  In 1997, Krieger and colleagues suggested 

eight classifications of scavenger receptors labeled A to H [16] (Figure 2).  Recently, the 

scavenger receptor classes have expanded to ten classes [17].  Additions to the class include 

CD163 receptor (Class I) and SR-J1 receptor or membrane-bound form of RAGE (Class 
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J) [17].  However, both of these receptors have been mainly linked to anti-inflammatory 

responses in macrophages [17]. 

 

Figure 2.  Macrophage scavenger receptors listed per classification.  Adapted from J. 

Kzhyshkowska, C. Neyen, S. Gordon.  Role of macrophage scavenger receptors in atherosclerosis.  

Immunobiology.  2012, 217, 492-502. 

Even though the identification of these scavenger receptors was driven by labeled 

acLDL, all of these receptors displayed in Figure 2 have contributed to the development 

of atherosclerosis.  Clearance of modified LDL, such as oxLDL, is regulated through either 

scavenger receptor mediated endocytosis or phagocytosis [12].  For the endocytosis 

pathway, oxLDL and scavenger receptor form a complex, which is delivered to the 
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endosomal compartment and then transfers to acidic endosomes where the scavenger 

receptor can either dissociate from oxLDL and recycle back to the cell surface or degrade 

in the lysosome [12].  For the phagocytosis pathway, oxLDL promotes accumulation of 

intracellular cholesterol ester in lipid droplets [12].   

All of the scavenger receptors shown in Figure 2 have been reported in the 

literature to recognize oxLDL except for the Class H, Stabilin 1 receptor.  In particular, 

both CD36 and MSR1 (or SRA1) have been reported to be associated with oxLDL 

internalization and linked to foam cell formation [12].  CD36 was linked to several 

signaling pathways including Lyn and MEKK2 pathways, JNK2, and STAT1 which 

correlated to uptake of oxLDL and foam cell formation [18-19].  Literature from in vivo 

experimentation with peritoneal macrophages suggested both CD36 and MSR1 accounted 

for about 75-90% of degradation of oxLDL or acLDL [20].  In addition, deficient mice for 

CD36 and MSR1 showed no macrophage accumulation of oxLDL [20].  Since scavenger 

receptors play critical roles in promotion of atherogenesis, these receptors provide an 

attractive target for development of novel therapeutic approaches for management of 

atherosclerosis.  Based on this hypothesis, previous work in our lab has shown a correlation 

between reduced oxLDL uptake by macrophages with a reduction in scavenger receptor 

expression of CD36 and MSR1 using an amphiphilic macromolecule (AM) functionalized 

with an anionic group (i.e. 1cM) for mimicking the negative charge of scavenger receptor 

ligands such as MSR1 [21-22].  This thesis will expand upon this work by investigating 

nanoparticle formulations including 1cM in combination with antioxidants as a novel 

nanoscale therapy.  
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Current Treatments for Atherosclerosis 

 
Interestingly, there are no current pharmaceutical interventions to modulate 

expression of macrophage scavenger receptors to directly disrupt foam cell formation.  

Pharmaceutical agents for treating atherosclerosis involve decreasing the serum low 

density lipoprotein cholesterol (LDL-C) levels, which are believed to predispose patients 

to atherosclerosis.  These agents can also raise high density lipoprotein cholesterol (HDL-

C) and lower triglyceride levels both of which are thought to protect against atherosclerosis 

[23].  The most effective cholesterol lowering class of drugs that have demonstrated a 

reduced rate of mortality from coronary artery disease are called statins [24].  Statins inhibit 

HMG-CoA reductase, which reduces the hepatic synthesis of cholesterol and lowers 

circulating levels of low density lipoprotein cholesterol (LDL-C) [25].  The main drawback 

of statins is their inability to address inflammation and localized oxidative damage that 

accompanies atherosclerosis [26].  Alternative clinical approaches using small molecules 

or proteins for treating atherosclerosis have been ineffective or contained an off-target 

effect [27-31].   

Recently, proprotein convertase subtilisin/kexin type 9 (PCSK9) antibodies have 

shown effective for lowering LDL-C levels and have been linked to reduce the risk of 

cardiovascular events [32].  The main mechanism of action of PCSK9 antibodies relate to 

a direct interaction and degradation of the hepatic LDL receptor (LDLR), which leads to 

reductions in plasma LDL-C levels [33].  These PCSK9 antibodies will only inhibit plasma 

PCSK9 but not production of PCSK9 and therefore could miss the importance of 

determining the impact of intracellular PCSK9 on inflammation and atherosclerosis [33].  

Furthermore, the cost of PCSK9 antibodies over five years is expected to increase by an 
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estimated $592 billion compared to the reduction in cardiovascular care costs of about $29 

billion [34].  Therefore, the cost benefit of PCSK9 antibodies at the current price does not 

seem favorable for patients.  Development of novel, cost effective treatments for 

atherosclerosis may be paramount for prevention of coronary artery disease.  Antioxidants 

formulated into nanoparticles were investigated in this thesis as an alternative therapy for 

attenuating foam cell formation and reducing early stages of atherosclerosis.  The choice 

of both antioxidants and amphiphilic macromolecule (AM) for these nanoscale 

formulations are critical in order to achieve maximum efficacy and binding to macrophage 

scavenger receptors.  The next two sections describe the choice of amphiphilic 

macromolecule utilized in the targeting shell of the nanoparticles along with the potential 

of antioxidants in relation to atherosclerosis and explained our choice of antioxidant for the 

core of the nanoparticles. 

Amphiphilic Macromolecule Nanoparticle Formulations as a Novel Therapy for 

Atherosclerosis 

 

The initial development of amphiphilic macromolecules focused on polymer 

charge and the biological application to atherosclerosis [35].  Previous research from Dr. 

Mogheôs lab in conjunction with Dr. Uhrichôs lab discovered the importance of polymer 

charge and stereochemistry in relation to uptake of oxLDL in macrophages [36-40].  An 

amphiphilic polymer containing a carboxylic acid group, 1cM, significantly decreased the 

uptake of oxidized low density lipoprotein (oxLDL) in human monocyte derived 

macrophages (HMDMs) compared to an amphiphilic polymer without charge, 0cM [36, 

40].              
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1cM is an amphiphilic macromolecule that contains both hydrophobic (four carbon 

side chains with twelve carbons in each chain as shown in green) and hydrophilic (a 5,000 

Dalton polyethylene glycol chain shown in blue) properties (Figure 3) [36,37,40].  The 

corresponding hydrophobic analog to 1cM is called M12, which is the hydrophobic 

component is 1cM without the polyethylene glycol group (Figure 3) [41].  The amphiphilic 

properties of 1cM promote self-assembling into a micelle above the critical concentration 

and give the multimer complex an increased anionic negative charge [42].  This increase 

in anionic charge allows the 1cM to preferentially interact and bind competitively over 

oxLDL to the scavenger receptor SRA-1 on HMDMs [43-45]. 

 

Figure 3.  Chemical structures of 1cM and M12.  The carboxylic acid group is shown in red while 

the hydrophobic group is shown in green.  1cM is recognized as a shell in the nanoparticles while 

M12 is a core.  1cM has a molecular weight of 5931 g/mol and CMC of 3.2 x 10-7 M.  M12 has a 

molecular weight of 931 g/mol and log P of ~12. Adapted from York AW, Zablocki KR, Lewis 

DR, Gu L, Uhrich KE, Prudôhomme RK, Moghe PV.  Advanced Materials, 2012, 24(6):  733-739. 
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The 1cM micelle structure can be prone to instability when introduced into a 

physiological environment due to the equilibrium that exists between micelle and unimeric 

chains [41, 46].  In order to enhance the stability of 1cM micelles, previous research by 

Adam York proposed to formulate 1cM into a nanoparticle [41].  Some advantages of 

nanoparticles as a delivery vehicle compared to micelles include the following:  narrow 

and consistent particle size distribution, enhanced stability in a physiological environment, 

high encapsulation efficiency, and tunable loading of the core [41, 42, 47].   

The nanoparticle formulation developed by Adam York consisted of using a 

technique called flash nanoprecipitation [48-50].  Flash nanoprecipitation is based on both 

thermodynamics and transport phenomena principles.  The rapid mixing, within 

nanoseconds, of a water-miscible organic stream composed of a soluble hydrophobic solute 

and amphiphilic macromolecule with an aqueous stream enables the formation of a 

nanoparticle assembly (Figure 4) [41].  Nanoparticles are produced due to the 

supersaturation of the hydrophobic solute in the aqueous medium, which induces 

spontaneous precipitation and nanoparticle nucleation and growth.  The amphiphilic 

macromolecule self-assembles around the hydrophobic solute core and forms the shell of 

the nanoparticle, which stabilizes the nanoparticle assembly. 
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Figure 4. The fabrication of kinetically assembled AM nanoparticles using the flash 

nanoprecipitation technique compared to the thermodynamic equilibrium between a micelle and 

unimers.  Adapted from York AW, Zablocki KR, Lewis DR, Gu L, Uhrich KE, Prudôhomme RK, 

Moghe PV.  Advanced Materials, 2012, 24(6):  733-739. 

The amphiphilic macromolecule, 1cM, formed the shell of the nanoparticle while 

the more hydrophobic analog, M12, formed the core of the nanoparticle.  This nanoparticle 

was called 1cM-M12 (shell-core).  Previous research by Adam York demonstrated the 

stability of the 1cM-M12 nanoparticle in media containing fetal bovine serum (FBS) [41].  

In addition to stability in FBS, 1cM-M12 also demonstrated a higher bioactivity than 1cM 

micelles for reduction of oxLDL uptake in HMDMs [41].  Nano flashprecipitation will 

form the basis of nanoparticle formulation with various antioxidants for achieving each 

thesis aim since highly stable and bioactive nanomaterials can be generated using this 

technique.   
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Antioxidants and Their Potential as a Therapy for Atherosclerosis 

 
Oxidative stress can initiate atherosclerosis through various mechanisms, which 

include endothelial dysfunction, activate immune responses to inflammation, and thrombus 

formation [51].  In particular, oxidation of LDL has been correlated to the beginning stages 

of atherosclerosis [51].  LDL can be oxidized by various methods including using transition 

metal ions, radical generators, and oxidizing enzymes [52].  Each method could result in 

the formation of different oxLDL complexes based on the content of oxidized lipid and 

extent of apolipoprotein B modification [53].  Antioxidants have been effective for limiting 

the early stages of atherosclerosis by the following two mechanisms:  1) Inhibition of 

oxLDL after pre-incubation with anti-oxidants and 2) Inhibition of LDL oxidation [54].  

The efficacy of an anti-oxidant can be variable for either mechanism since the type of 

antioxidant and method of oxidation or inhibition of oxLDL is critical to its success [54].   

Phenolic, polyphenolic, hydrophilic antioxidants, vitamin C, and tocopherols have 

been shown to inhibit LDL oxidation [54].  In particular, vitamin E has been studied 

extensively for its ability to inhibit lipid peroxidation and as an epidemiological marker for 

heart disease since it is the major anti-oxidant present in human LDL.  On average, five to 

nine vitamin E molecules are present on each LDL particle and have been shown to prevent 

lipid peroxidation and modification of proteins in LDL by reactive oxygen species (ROS) 

in vitro [55 ï 56].  Initial clinical trials involving vitamin E intake lowered the risk of 

cardiovascular disease by about 34% and cardiac death by about 58% [57 ï 58]. Based on 

these initial results, additional and larger scale clinical trials were conducted involving 

vitamin E and beta-carotene [59 - 60].  These trials showed neither oxidant could decrease 

cardiovascular disease [59 - 60]. 
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Additional research has shown the type and dose of anti-oxidant used to assess the 

progression of atherosclerosis are important factors to consider.  For example, higher 

concentrations of vitamin E acted as a pro-oxidant and accelerated the oxidation of LDL 

[61].  For applications in atherosclerosis, the antioxidant dose is critical since higher 

concentrations of anti-oxidants can result in establishing localized concentration of pro-

oxidants within the arterial wall, which can inadvertently exacerbate foam cell formation 

[62].  Therefore, it is essential to design a formulation that can deliver the most efficacious 

therapeutic dose of the desired anti-oxidant at a gradual, controlled rate while avoiding a 

burst release.   

Ferulic acid (4-hydroxy-3-methoxy cinnamic acid) is a potent, natural anti-oxidant 

that can scavenge free radicals and has also been approved as a food additive to prevent 

lipid peroxidation (Figure 5) [63].  Ferulic acid possesses a few distinctive chemical 

groups that could contribute to the compoundôs ability to scavenge free radicals.  The 

electron donating groups on the benzene ring allow for stopping of free radical chain 

reactions [63].  The carboxylic acid group can provide additional sites for free radicals and 

also protect against lipid peroxidation [63]. 

 

Figure 5.  Chemical structure of ferulic acid. 
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Ferulic acid has the potential to scavenge free radicals through its ability to form a 

resonance stabilized phenoxy radical, which accounts for its antioxidant potential [64 ï 

65].  Any reactive radical will remove a hydrogen atom from ferulic acid to form the 

phenoxy radical [63].  In addition, this phenoxy radical will not initiate a radical chain 

reaction and will most likely begin a condensation reaction with another ferulate radical to 

yield the dimer curcumin [63].  Since curcumin will contain two phenolic hydroxyl groups, 

then the radical scavenging activity will be substantially enhanced compared to ferulic acid.  

This property of ferulic acid also makes it attractive for atherosclerosis applications, since 

its free radical will not cause lipid peroxidation as in the case of vitamin E. 

Ferulic acid has shown potential in modulating lipid transport from macrophages 

by two mechanisms.  The first mechanism involved a reduction of oxLDL uptake in 

macrophages through a decrease in CD36 expression [66].  However, multiple antioxidant 

compounds were combined with ferulic acid in this study.  Therefore, it is difficult to 

discern the impact of ferulic acid on lipid uptake and also the dose required to limit lipid 

uptake in macrophages.  The second mechanism involved an increase in a cholesterol 

efflux regulatory protein named ATP-binding cassette transporter A1 (ABCA1) [66 - 67].  

ABCA1 is responsible for reverse cholesterol transport from macrophages to lipid depleted 

apolipoproteins [68].  Altering the lipid content of a macrophage foam cell could 

potentially reverse the atherosclerosis cascade.  Expression of ABCA1 has been shown to 

be regulated by the nuclear receptor, Liver X receptor (LXR) [55].  However, previous 

LXR agonists have been shown to increase liver triglycerides in an in vivo mouse model 

[69].    
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Since ferulic acid has shown potential to reduce macrophage lipogenesis, it was 

further studied in this dissertation as a potential therapy to combat early stages of 

atherosclerosis.   The first focus of this thesis involved the investigation of ferulic acid 

analogs to address two major components of atherosclerosis:  foam cell formation and 

macrophage inflammation.  The second focus of this thesis involved the investigation of 

antioxidants to alter the aggregation rate of Ŭ-synuclein, which is a major factor for 

initiation and progression of Parkinsonôs disease.  The next sections will provide an 

overview of Parkinsonôs disease and history of antioxidants for treatment of Parkinsonôs 

disease. 

PARKINSONôS OVERVIEW 

 
Parkinsonôs disease is estimated to affect up to 1 million people or 0.3% of the 

population in the United States and this result is estimated to double by 2050 [70].  

Parkinsonôs disease mostly affects people aged at least 50 years but can also affect younger 

people and has a tendency to affect males more than females [71].  Total costs, which 

include direct and indirect costs, for Parkinsonôs disease are approximately $15.5 billion 

per year [71].  Parkinsonôs disease is characterized by severe motor symptoms including 

muscular rigidity and uncontrollable resting tremor along with additional symptoms such 

as cognitive dysfunction, mood disorders, and sleep abnormalities [72 - 73]. 

 The pathophysiology of Parkinsonôs disease results from the loss of neuromelanin-

containing dopaminergic neurons in the substantia nigra pars compacta (SN) and the 

presence of Lewy bodies [1].  Alpha synuclein (Ŭ-synuclein) is a 14kDa protein consisting 

of 140 amino acids and is an unfolded protein in solution but can form oligomers or fibril 

structures under certain conditions, such as oxidative stress and post-translational 
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modifications [1].  Alpha synuclein ɓ-sheet-rich fibrils are one of the major protein 

components of Lewy bodies [1].  The mechanism of alpha synuclein toxicity is currently 

under investigation but possibly linked to the aggregation and fibrillization of Ŭ-synuclein 

at higher concentrations [72].   Both oligomers and fibrils have been shown to display 

neuronal toxicity and apoptosis [74 - 77].  In addition, neuronal dysfunction can lead to Ŭ-

synuclein aggregation and release (Figure 6) [78].  The Ŭ-synuclein aggregates and fibrils 

could interact with glia cells, such as microglia and astrocytes, to initiate cellular activation 

and initial stages of Parkinsonôs disease (Figure 6) [78]. 
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Figure 6.  Alpha synuclein aggregates release from damaged neurons and activate glial cells 

such as astrocytes and microglia.  Adapted from B. Di Marco Vieira, R.A. Radford, R.S. Chung, 

G.J. Guillemin, D.L. Pountney.  Neuroinflammation in multiple system atrophy:  response to and 

cause of Ŭ-synuclein aggregation.  Front. Cell. Neurosci. 2015, 9. 437. 

 
 
 



 

 

17 

 

Microglia and Their Role in Parkinsonôs 

 
Microglia cells are brain resident macrophage-like cells that are critical in 

maintaining a homeostasis in the central nervous system [79].  Microglia account for about 

10-15% of brain cell population and contain different morphologies across regions of the 

brain [80].  Microglia are involved in maintenance of the neuronal environment and purge 

pathogens and apoptotic cells [80].  In a healthy brain, astrocytes and neurons keep 

microglia in a resting state [79].  However, when microglia respond to an immune stimuli, 

microglia become activated and can upregulate several surface receptors, such as pattern-

recognition receptors and receptors for cytokines and neurotransmitters [81 - 83].  

Microglia can also produce pro-inflammatory cytokines, such as TNF-Ŭ and IL-6, which 

can produce reactive oxygen species [79].  In addition, microglia can activate into a M1 

phenotype if exposed to cytokines, such as IFN-ɔ or TNF-Ŭ (Figure 7) [80].  If microglia 

are exposed to cytokines, such as IL-4 or IL-13, microglia can transform into a M2 

phenotype (Figure 7) [80].  In addition, microglia can uptake Ŭ-synuclein in an activated 

state and lead to progression of early stages of Parkinsonôs disease [84]. 
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Figure 7.  Microglia polarization states and function.  Adapted from S.R. Subramaniam, H.J. 

Federoff.  Targeting microglial activation states as a therapeutic avenue in Parkinsonôs disease.  

Frontiers in Aging Neuroscience.  2017, 9, 176. 
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ȷlpha synuclein has been shown to interact with microglia, monocytes, and 

macrophages through a variety of amino acid sequence motifs.  The N-terminal region (1-

60 amino acids) consists of multiple amphipathic Ŭ-helices, which is similar to the lipid 

binding domain of apolipoproteins, and can allow for penetration and transportation into 

microglia and macrophages [85].  The C-terminal region (96-140 amino acids) is mainly 

composed of acidic amino acids and can activate microglia and macrophages [85 - 86].  

The central region (61-95 amino acids) consists of a very hydrophobic peptide that can 

initiate Ŭ-synuclein aggregation [87 - 88]. 

 Limited evidence exists for the cellular mechanisms of Ŭ-synuclein uptake by 

microglia.  The uptake of Ŭ-synuclein by microglia initiated the activation of mitogen-

activated protein (MAP) kinase pathways, which suggested the activation of MAP could 

be a receptor-mediated event [89].  Some studies have indicated that scavenger receptors 

might play a role in microglia activation and possibly recognize Ŭ-synuclein.  The first 

study showed a knockout of the CD36 receptor decreased microglia activation and pro-

inflammatory response to Ŭ-synuclein [90].  Another study concluded that toll-like receptor 

4 (TLR4) regulated the uptake of Ŭ-synuclein monomers by microglia, suppressed pro-

inflammatory cytokine release, and lowered ROS production [86].   Furthermore, TLR2 

was shown to interact with Ŭ-synuclein aggregates and also activate microglia [91].       

 Microglia scavenger receptors such as CD36, TLR2, and TLR4, can interact and 

uptake Ŭ-synuclein.  These results coupled with previous literature showing the 

involvement of scavenger receptors, such as CD36, MSR1, TLR2, and TLR4, for 

modulation of amyloid beta clearance lead our group to investigate the role of microglia 

scavenger receptors for uptake of Ŭ-synuclein [92].  Our labôs initial findings showed that 



 

 

20 

Ŭ-synuclein uptake can be regulated by microglia scavenger receptors CD36 and MSR1 

[93].  The addition of antioxidant nanoparticles containing ferulic acid (i.e. 1cM-PFAA) 

reduced both the inflammation and activation state of the microglia and also reduced 

intracellular aggregation [93].  The final aim of this thesis will focus on development of 

additional antioxidant formulations and their impact on the rate of Ŭ-synuclein aggregation 

and fibrillization.  The next section will describe the current treatments for Parkinsonôs 

disease and describe why antioxidants could serve as a novel treatment approach along 

with the choice of antioxidants utilized in our nanoparticle formulations. 

Current Treatments for Parkinsonôs Disease 

 

The current treatments for Parkinsonôs disease only slow down the disease 

progression.  Treatment options include medication, surgery, lifestyle modifications, and 

physical and speech therapy [94].  Most drugs aim to increase or mimic the dopamine levels 

in the brain and are named dopaminergic drugs [94].  The most common drugs include 

Levodopa, dopamine agonists, monoamine oxidase-B inhibitors and catechol O-

methyltransferase inhibitors [94].  Exercise and physical therapy can help improve 

mobility, muscle tone, and relieve muscle stiffness.  Speech therapy can improve 

swallowing difficulties along with use of language and speech.  The most common type of 

surgery performed is deep brain stimulation where an electrode is implanted inside the 

brain and electrical impulses are sent to block the electrical signals that cause symptoms 

[94].  This procedure has a high risk of hemorrhage and infection and is only utilized for 

advanced stages of Parkinsonôs disease. 

 The treatment options and diagnosis for Parkinsonôs disease are limited since there 

are no reliable biomarkers for early disease detection.  Therefore, after the clinical 
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diagnosis of Parkinsonôs disease has been established, the disease has matured in the 

patient over years of progression.  Since Ŭ-synuclein has been shown to play an important 

role in the pathogenesis of Parkinsonôs disease, recent studies have been conducted to 

search for biomarkers related to Ŭ-synuclein protein modification.  For example, one study 

focused on the level of Ŭ-synuclein in red blood cells since it has been reported that more 

than 99% of the Ŭ-synuclein in human blood resides in the red blood cells [95].  This study 

concluded that the ratio of Ŭ-synuclein/oligomer to total red blood cell protein was higher 

in Parkinsonôs disease patients than controls and could potentially become a diagnostic 

biomarker for Parkinsonôs disease [96].  Another study discovered that T cells from 

Parkinsonôs disease patients responded to two peptide fragments derived from Ŭ-synuclein 

leading to a possible autoimmune response in Parkinsonôs disease [97]. 

 Our labôs approach to finding new treatment options for Parkinsonôs disease also 

centered around Ŭ-synuclein.  Since Parkinsonôs disease initiation has been linked to 

microglia activation and aggregation of Ŭ-synuclein, our lab has started to investigate the 

potential of antioxidants for treatment of Parkinsonôs disease.  Our labôs initial results 

focused on ferulic acid polymers and their potential to reduce intracellular Ŭ-synuclein 

aggregation and microglia activation [93].  The history of antioxidants for treatment of 

Parkinsonôs disease will be explained in the next section followed by the choice of 

antioxidants for investigation to reduce Ŭ-synuclein aggregation and fibrillation.    

Antioxidants and Their Potential as a Therapy for Parkinsonôs 

 
Alpha synuclein fibrillization involves an increase in prefibrillar oligomers that is 

stimulated by post-translational modifications, such as tyrosine nitration and methionine 

oxidation, which occur under conditions of oxidative stress [98].  One pathway for reactive 
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oxygen species (ROS) generation is a decrease in activity of mitochondrial complex I found 

in Parkinsonôs patients [98].  Furthermore, dopaminergic neurons in the SN also contain 

high levels of ROS due to metabolism and auto-oxidation of dopamine [98].  Antioxidants 

can prevent ROS generation and could represent one strategy for treatment of Parkinsonôs 

disease and other synucleinopathy disorders.   

 The following antioxidant compounds have been shown to decrease Ŭ-synuclein  

fibrillization with approximately a half-maximal effective concentration (EC50) in the low 

micromolar range:  1) polyphenolics (i.e. baicalein, curcumin, epigallocatechin gallate 

(EGCG), ferulic acid, myricetin, nordihydroguaiaretic acid (NDGA), rosmarinic acid, and 

tannic acid and 2) non-polyphenolics (ie. amphotericin B, perphenazine, and rifampicin 

[98 - 102].  Some antioxidants such as curcumin and dieckol have also shown the ability 

to reduce Ŭ-synuclein aggregation in neuronal cells [102 - 103].  Recently studies have 

shown curcumin inhibited Ŭ-synuclein aggregation in an in vivo Parkinsonôs disease rat 

model [104]. Furthermore, antioxidants such as curcumin, myricetin, NDGA, rosmarinic 

acid, and tannic acid, have shown potential for disruption of preformed Ŭ-synuclein fibrils 

with EC50 values in the low micromolar range [100].   

 The one challenge for using antioxidants to inhibit Ŭ-synuclein fibrillization is the 

potential of the antioxidant to generate Ŭ-synuclein oligomers.  For example, Ŭ-synuclein 

oligomers generated in the presence of EGCG did not contain ɓ-sheet structure and were 

conformationally distinct from the ɓ-sheet-rich, toxic fibrils shown to permeabilize cellular 

membranes [101].  Therefore, it is critical to determine if inhibition of Ŭ-synuclein 

fibrillation by an antioxidant forms any conformationally distinct Ŭ-synuclein oligomers 

and if these oligomers are toxic to neuronal cells.  
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 In the last aspect of this thesis, we aimed to expand upon previous work and 

investigate the effect of various antioxidant nanoparticles on fibrillation and aggregation 

of Ŭ-synuclein.  Tannic acid and retinoic acid were chosen as the core for the nanoparticle 

formulations.  Tannic acid was demonstrated to both inhibit Ŭ-synuclein aggregation and 

also disrupt preformed Ŭ-synuclein fibrils.  Retinol was demonstrated to increase Ŭ-

synuclein content in a neural cell line [105].  Retinoic acid was utilized as a positive control 

nanoparticle formulation.  The ferulic acid polymer, PFAA, was also chosen as a core based 

on its previous ability to decrease Ŭ-synuclein intracellular aggregation [93]. 

THESIS OVERVIEW AND HYPOTHESIS 

 
The objective of this thesis is to examine novel therapeutic approaches focusing on 

nanotechnology combined with antioxidants for addressing the attenuation of foam cell 

formation in atherosclerosis and inhibition of synucleinopathy in Parkinsonôs disease.  

Regulation of oxidized low density lipoprotein (oxLDL) interactions with macrophages 

can possibly attenuate foam cell formation and decrease macrophage inflammation formed 

the first hypothesis of this work.  The composition of the nanoparticle formulation will 

strongly impact the ability of the nanoparticle to inhibit Ŭ-synuclein fibrillization formed 

the second hypothesis of this work.  To test these hypotheses, the following three aims 

were created: 

1) To develop novel, antioxidant nanoparticle formulations to modulate the uptake of 

oxLDL by human monocyte derived macrophages (HMDMs) 

2) To elucidate the cellular mechanisms of oxLDL uptake and impact of antioxidant 

nanoparticles to regulate macrophage inflammation 
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3) To develop novel, antioxidant nanoparticle formulations to inhibit or decrease the 

aggregation and fibrillization of Ŭ-synuclein  

Chapter 2 describes studies developing ferulic acid nanoparticles and their impact 

on modulating the impact of oxLDL at various concentrations.  Ferulic acid polymers as 

the core coupled with an amphiphilic macromolecule as the shell resulted in the most stable 

and size appropriate nanoparticles for further in vitro experimentation.  In addition, the 

ferulic acid polymer linked by diglycolic acid (ie. PFAG) was the most efficacious for 

limiting oxLDL uptake by HMDMs at all oxLDL concentrations studied.  In Chapter 3, the 

impact on ferulic acid nanoparticles on the expression level of scavenger receptors was 

investigated.  Three scavenger receptors, CD36, MSR1, and LOX1, were downregulated 

by the PFAG nanoparticle, which correlated to its ability to limit oxLDL uptake by 

HMDMs.  Furthermore, the levels of ROS were significantly reduced for all of the ferulic 

acid nanoparticle formulations indicating the impact of ferulic acid in the core of the 

nanoparticle for reducing cellular ROS and inflammation.  Chapter 4 describes the 

development of tannic acid and retinoic acid nanoparticles and their effect on inhibiting Ŭ-

synuclein aggregation and fibril formation.  Tannic acid nanoparticles significantly 

reduced Ŭ-synuclein fibrillization. Chapter 5 illustrates future studies building on our 

findings from the three aims listed above.  Overall, these studies provide a template for 

designing novel antioxidant nanoparticle formulations to counteract foam cell formation 

and synucleinopathy. 
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CHAPTER 2 ï DESIGN OF FERULIC ACID NANOPARTICLES FOR 

REGULATION OF MACROPHAGE LIPOGENESIS  

 

ABSTRACT 

 
Enhanced bioactive anti-oxidant formulations are critical for treatment of 

inflammatory diseases, such as atherosclerosis.  A hallmark of early atherosclerosis is the 

uptake of oxidized low density lipoprotein (oxLDL) by macrophages, which results in foam 

cell and plaque formation in the arterial wall.  The hypolipidemic, anti-inflammatory, and 

antioxidative properties of polyphenol compounds make them attractive targets for 

treatment of atherosclerosis.  However, high concentrations of antioxidants can reverse 

their anti-atheroprotective properties and cause oxidative stress within the artery.  Here, we 

designed a new class of nanoparticles with anti-oxidant polymer cores and shells comprised 

of scavenger receptor targeting amphiphilic macromolecules (AMs). Specifically, we 

designed ferulic acid-based poly(anhydride-ester) nanoparticles to counteract the uptake of 

high levels of oxLDL in human monocyte derived macrophages (HMDMs).  Compared to 

all compositions examined, nanoparticles with core ferulic acid-based polymers linked by 

diglycolic acid (PFAG) showed the greatest inhibition of oxLDL uptake.  At high oxLDL 

concentrations, the ferulic acid diacids and polymer nanoparticles displayed similar oxLDL 

uptake.  Based on these results, we propose that ferulic acid-based poly(anhydride ester) 

nanoparticles may offer an opportunity to regulate macrophage lipogenesis and foam cell 

formation. 
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INTRODUCTION 

 
A major trigger for cardiovascular disease is atherosclerosis, which has a highly 

complex and chronic inflammatory etiology.  A common focal point for the initiation of 

atherosclerosis is believed to be localized damage to the endothelial  lining of the artery, 

ultimately leading to plaque formation [4-5, 106]. Damage of the endothelium initiates an 

immune response recruiting monocytes into the subendothelial space where they may 

differentiate into macrophages [4-5, 106]. As phagocytic cells, macrophages ultimately 

transform into foam cells after ingestion of oxidized lipids and cholesterol [106]. The 

subintimal accumulation of foam cells may rupture leading to a cerebrovascular episode 

[107]. 

Oxidized low density lipoprotein (oxLDL), a component of foam cells, is a major 

contributing factor to the escalation of atherosclerosis [6].  Oxidative stress, induced by 

reactive oxidative and nitrated species, promotes the oxidation of lipids in the blood stream 

[7]. Oxidized LDL binds to pattern recognition receptors expressed on macrophages, which 

includes a cluster of differentiation (CD-36), lectin-like oxidized low density lipoprotein 

receptor (LOX-1), and scavenger receptor A1 (MSR-1) [12].  Uncontrolled macrophage 

uptake of oxLDL leads to foam cell formation and is a critical trigger for atherosclerosis.  

Interestingly, there are no current pharmaceutical intervention to directly disrupt foam cell 

formation. Therefore, there exists a need to develop bioactive formulations to attenuate 

foam cell formation. 

Our laboratories have developed a series of amphiphilic macromolecules (AMs) 

focused on polymer properties such as charge, stereochemistry, and hydrophobicity, for 

limiting macrophage uptake of oxLDL [37, 109 - 110].  Polymer charge is critical for 
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bioactivity since the amphiphilic polymer (denoted as 1cM) containing a carboxylic acid 

group significantly decreased the uptake of oxLDL in HMDMs compared to an 

amphiphilic polymer without charge, 0cM [40].  This increase in anionic charge allows 

1cM to preferentially interact with macrophage scavenger receptors and competitively bind 

vis-a-vis oxLDL, which enables further downregulation of the key scavenger receptors, 

MSR1 and CD36 [36].  To enable long-term stability and activity of the polymers in 

physiologic microenvironments, the AMs were formulated via flash nanoprecipitation 

using hydrophobic cores, which result in stable nanoparticles (NPs) [41].  It has also been 

observed that the 1cM-M12 nanoparticle (comprising 1cM shell and M12 hydrophobic 

core) is highly efficacious in vivo by reducing plaque blockage in the arterial wall [111].  

However, the high anionic charge of 1cM and its corresponding hydrophobic analog, M12, 

can have collateral effects, for example, on the gene expression of inflammatory markers 

in HMDMs and also modulate the inherent phagocytic activity of macrophages toward 

bacteria and other foreign substances, such as modified low density lipoprotein [112].  

Therefore, we investigated alternative core molecules that could lower the inflammatory 

state of the macrophages while exhibiting the ability to reduce the macrophage uptake of 

oxLDL, especially following high levels of atherogenic challenge. 

Polyphenol compounds, including vitamin E, have been marketed as 

atherosclerosis therapeutics due to their hypolipidemic, anti-inflammatory, and 

antioxidative properties [113 - 116].  These results have been inconsistent, especially for 

vitamin E, due to conflicting clinical trial results [117, 118].  The type and dose of anti-

oxidant used to assess the progression of atherosclerosis are important factors to consider. 

Some anti-oxidants will only control the oxidization state of low density lipoprotein while 



 

 

28 

others have been found to contain pro-atherogenic properties, depending on the 

administered dose [119, 120].  In fact, the delivery of the anti-oxidant is critical since higher 

concentrations of anti-oxidants can result in establishing localized concentrations of pro-

oxidants within the arterial wall, which can inadvertently exacerbate foam cell formation 

[121].  Therefore, it is essential to design a formulation that can deliver the most efficacious 

therapeutic dose of the desired anti-oxidant at a gradual, controlled rate while avoiding a 

burst release.   

Ferulic acid is known as a potent natural anti-oxidant, which has been approved as 

a food additive to prevent lipid peroxidation [63].  Ferulic acid appears to have potential in 

mitigating atherosclerosis by prevention of smooth muscle cell migration, modulating lipid 

transport from macrophages, and reducing pro-inflammatory cytokines [66 - 67, 122].  Pre-

treatment with ferulic acid reduced oxLDL uptake by macrophages, which correlated to a 

reduction in scavenger receptor CD-36 expression while scavenger receptor MSR-1 

expression remained unchanged from the control [66].  In addition, pre-treatment with 

ferulic acid increased expression of ATP-binding cassette transporter A1 (ABCA1), which 

can facilitate cholesterol efflux and reduce its accumulation in macrophages [66 - 67]. 

Ferulic acid is an attractive target for atherosclerosis based on its ability to reduce 

macrophage lipogenesis.  However, the efficacy of ferulic acid may be limited due to 

stability, dosing, and delivery to the intended site of action.  Our approach for creation of 

novel ferulic acid nanoparticle formulations contained two main aspects.  First, ferulic acid 

was chemically conjugated within a poly(anhydride-ester) using either an adipic acid or 

diglycolic acid linker [123].  This approach allowed for protection of the carboxylic acid 

from decarboxylation, enhanced the total mass of ferulic acid incorporated into the 
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polymer, and allowed for a controlled release of ferulic acid avoiding transient pro-oxidant 

localized concentrations.  The choice of adipic versus diglycolic linker results in different 

ferulic acid release rates, which allows for fine tuning of formulations for specific 

atherosclerosis applications.  The second aspect involved utilization of the bioactive 

amphiphilic macromolecule, 1cM.  The 1cM is a stabilizing shell for the nanoparticle 

formulation due to its scavenger receptor targeting and hydrophobic and hydrophilic 

properties.  The hydrophobic carbon arms will allow encapsulation of the ferulic acid-based 

polymers, while the poly(ethylene glycol) reduces nanoparticle aggregation and 

subsequent uptake by the reticuloendothelial system (RES) [124].  1cM has been shown to 

limit oxLDL uptake in HMDMs by lowering scavenger receptor expression, the strategic 

role of 1cM as the shell of the nanoparticle will allow enhanced macrophage targeting for 

delivery of the ferulate-based polymers and diacids [22].  In this chapter, we demonstrate 

the formulation of ferulic acid-based polymers and the diacid intermediates into 

nanoparticles, which are efficacious as atheroprotection agents against various 

concentrations of oxidized low density protein (oxLDL) in macrophages.   

MATERIALS AND METHODS 

 

Reagents, chemicals, and raw materials 

 
All chemicals/materials were purchased from Sigma-Aldrich (Milwaukee, WI) or 

Fisher Scientific (Pittsburgh, PA) and used as received unless otherwise noted. 18 MɋĀcm 

resistivity deionized (DI) water was obtained using PicoPure 2 UV Plus (Hydro Service 

and Supplies - Durham, NC). The following items were purchased from the indicated 

vendors: Ficoll-Paque Premium and Percoll from GE Healthcare (Pittsburgh, PA), RPMI 

1640 from ATCC (Manassas, VA), macrophage colony stimulating factor (M-CSF) from 
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PeproTech (Rocky Hill, NJ), fetal bovine serum (FBS) from Life Technologies (Grand 

Island, NY), unlabeled oxLDL from Biomedical Technologies Inc. (Stoughton, MA), 3,3'-

dioctadecyloxacarbocyanine (DiO) labeled oxLDL from Kalen Biomedical (Montgomery 

Village, MD), and human buffy coats from either the Blood Center of New Jersey (East 

Orange, NJ) or New York (New York, NY) blood centers. Flow cytometry (FACS) wash 

buffer was prepared from phosphate buffered saline (PBS), 0.5 w/v% bovine serum 

albumin, 0.1 w/v% sodium azide, and 1 v% normal goat serum. 

Amphiphilic macromolecule (AM) and antioxidant molecule synthesis 

 
Macromolecules 1cM and M12 were synthesized as previously detailed and 

characterized using established techniques including 1H NMR-spectroscopy, gel 

permeation chromatography, differential scanning calorimetry, and dynamic light 

scattering [125 - 127]. The critical micelle concentration, size, and charge data has been 

published in the literature [127]. Anti-oxidant molecules were synthesized and 

characterized as reported previously in the Uhrich laboratory [128].  

Preparation and characterization of nanoparticle formulations 

 
Nanoparticles were fabricated using the flash nanoprecipitation technique as shown 

in Figure 8 as described previously [41, 129].  Briefly, each shell and core component 

were dissolved separately in the appropriate solvent and mixed together.  The chemical 

structure of each core component is shown in Figure 9.  Flash nanoprecipitation was 

performed by mixing the solvent stream with an aqueous stream containing phosphate 

buffered solution (PBS) at pH 7.4.  The nanoparticles were either dialyzed against PBS 

using a 6000 MW cutoff ultrafiltration membrane or the solvent was displaced from the 

solution using vacuum.  Nanoparticles were characterized by dynamic light scattering 
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(DLS) using a Malvern-Zetasizer Nano Series DLS detector with a 22 mW HeīNe laser 

operating at ɚ 632.8 nm using general purpose resolution mode as previously described 

[41]. To prepare the sample for zeta potential measurement, each nanoparticle formulation 

was dialyzed against deionized water using a 3500 Dalton molecular weight cutoff 

ultrafiltration membrane for approximately 24 hours. Approximately 1mL of sample was 

added into a zeta potential cell and measured using dynamic light scattering. Figure 8 

shows the size, polydispersity index (PDI), and zeta potential of each nanoparticle 

formulation.  

Cell culture of human monocyte derived macrophages (HMDMs)  

 
Peripheral blood derived monocytes (PBMCs) were isolated from human buffy 

coats by a Ficoll-Paque (1.077 g/cm3) density gradient followed by a Percoll (1.131 g/cm3) 

density gradient as previously described [130].  After both gradient separations, PBMCs 

were collected and washed with PBS containing 1mM EDTA.  PBMCs were plated into 

FEP teflon-coated cell culture bags at a density of Ó 8.0 x 107 monocytes per bag.  

Monocytes were differentiated into macrophages by addition of about 5 to 10 ng/mL 

recombinant human MCSF and incubated at 37°C in 5% carbon dioxide with media RPMI-

1640 supplemented with 2% human serum and 1% P/S for 7 days.  After seven days, cell 

culture bags containing differentiated macrophages were placed on ice for at least 1 hour.  

The cell suspension was transferred into 50 mL Falcon tubes and centrifuged at 1000 rpm 

for 10 minutes.  Media was removed and cells were resuspended in 20 mL of RPMI-1640, 

10% FBS, and 1% P/S.  Cells were counted using trypan blue and a hemocytometer.  Cells 

were replated at a density of 150,000 cells/mL and let to rest for at least 1 hour prior to 

treatment. 
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OxLDL uptake by HMDMs 

 
HMDMs were co-incubated with a mixture of labeled and unlabeled DiO oxLDL 

for a final concentration of either 5 µg/mL or 50 µg/mL and 1 x 10-5 M of nanoparticles in 

RPMI-1640 with 10% FBS and 1% P/S for 24 hours at 37°C in 5% carbon dioxide. 

Experimental controls included macrophages treated with either medium (basal) or 5 

µg/mL or 50 µg/mL of oxLDL. After 24 hours, cells were washed to remove the treatments 

and 1mL of 10 mM EDTA in PBS pH 7.4 was added to each well.  Cells were collected by 

incubating the plate on ice for up to 15 minutes and removed from the surface of the plate 

by pipetting and transferred to a flow tube.  Each well was washed with 1 mL of FACS 

buffer, which was also added to the flow tube.  Cells were centrifuged at 1000 rpm for 10 

minutes at 4°C, supernatant was decanted and cells were resuspended.  FACS wash buffer 

was added to the cells, centrifuged and supernatant decanted.  Cells were fixed with 1 v% 

paraformaldehyde in PBS. Cell fluorescence was measured using a Gallios flow cytometer.  

OxLDL uptake was quantified using the geometric mean fluorescence intensity (MFI) of 

the intact HMDMs and analyzed using FlowJo software (Treestar). Results are the average 

of at least three independent experiments with two replicates per experiment. The 

percentage of oxLDL uptake was calculated using the following formula [22]: 

     

       
 ὼ ρππὖὩὶὧὩὲὸὥὫὩ έὪ έὼὒὈὒ όὴὸὥὯὩ      

 

 

Confocal microscopy 

 
Uptake of oxLDL was visualized using a SP5 confocal microscope (Leica) with a 

40x oil immersion objective.  HMDMs were plated in an eight well labtek at a density of 

150,000 cells/mL.  HMDMs were co-incubated with oxLDL and nanoparticles as described 
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previously.  HMDMs were washed with PBS pH 7.4 three times and fixed with 4 v% PFA 

for 20 minutes room temperature.  Cells were washed once with PBS pH 7.4 and Hoescht 

(0.1 µg/mL) was added for 15 minutes.  Cells were washed with PBS pH 7.4, covered in 

foil, and stored at 4°C until imaging.   

Quantification of ferulic acid by reverse phase high performance liquid chromatography 

(RP-HPLC)  

 
Ferulic acid released from the medium in each nanoparticle treatment with 

HMDMs was analyzed and quantified using RP-HPLC as described previously [123].  

Briefly, an XTerraÈ RP18 column with a 5 ɛm pore size and dimensions of 4.6 x 150 mm 

(Waters, Milford, MA) on a Waters 2695 Separations Module equipped with a Waters 2487 

Dual ɚ Absorbance Detector was utilized for chromatographic separation and detection of 

ferulic acid.   The mobile phase was comprised of 70% of 50 mM KH2PO4 with 1 % formic 

acid at pH 2.5 (Buffer A) and 30% of acetonitrile (Buffer B) run at 1 mL/min at a column 

temperature of 25°C.  Absorbance was monitored at a wavelength of 335 nm and the 

concentration of ferulic acid in each sample was calculated from a standard curve. 

Anti-oxidant potential by measurement of DPPH  

 
Anti-oxidant potential of released ferulic acid was determined using a 2,2-diphenyl-

1-picrylhydrazyl (DPPH) radical scavenging assay following previous published methods 

[131].  In brief, anti-oxidant potential of released ferulic acid was determined by incubating 

about 100 microliters of the media after a 24 hour treatment of ferulic acid nanoparticles 

and oxLDL as described above in a DPPH solution (0.024 mg/mL in 3.9 mL methanol).  

After incubating for 1 hour, the DPPH absorbance change at 517 nm was monitored and 

compared to a reference (0.1 mL blank ï oxLDL solution ï in 3.9 mL methanol).  DPPH 

reduction percentage was determined by the equation [Abst0 ï Abst ]/Abst0 * 100% where 
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Absto and Abst are the reference and sample solution respectively.  All studies were 

conducted in triplicate.  

Statistical analysis 

 
Data presented are from at least three independent experiments (n Ó 3) and values 

are represented as mean ± SEM unless otherwise indicated.  Statistical analysis was 

performed considering p < 0.05 to be statistically significant.  Statistical significance was 

determined using a one-way ANOVA with Tukeyôs posthoc test for comparisons between 

multiple treatment groups. 

RESULTS 

 

Formulation, Stability, and Release Profile of Ferulic Acid Nanoparticles  

 
All nanoparticles with polymer cores ranged from about 160 ï 300 nm with a 

polydispersity index (PDI) of Ò 0.3, indicating stable and non-aggregated nanoparticles 

(Figure 8).  The 1cM-PFAG and 1cM-PFAA nanoparticles were stable for up to 3 months 

at 4̄ C (Figures 10A & B ).  The size of the 1cM-FAA acid nanoparticles is starting to 

decline at 3 months at 4̄ C (Figure 10C).  The size of the 1cM-FAG acid nanoparticles is 

within 30nm after storage up to 3 months at 4C̄ (Figure 10D).  The ferulate-based polymer 

based nanoparticles (i.e., 1cM-PFAG and 1cM-PFAA) will release ferulic acid at a slower 

rate than their corresponding ferulic diacid nanoparticles (1cM-FAA acid and 1cM-FAG 

acid) (Figure 11A).  Therefore, the ferulic diacid nanoparticles will be used to assess the 

impact of a faster release formulation. The maximum concentration of ferulic acid released 

into the medium was about 100 µM and occurred with the 1cM-FAG acid nanoparticles 

(Figure 11A).  Zeta potential values were uniformly highly negative for all compositions 

(-24.0 to -27.4 mV), except for 1cM-FAA acid nanoparticles, which were slightly less 
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negative in charge, -18.2mV.  The PDI of the nanoparticles with non-polymeric cores, 

namely ferulic acid diacids (i.e., 1cM-FAG and 1cM-FAA) was 0.3 - 0.4, which indicates 

these nanoparticles may aggregate over time due to increases in both size and 

polydispersity.  It might be possible to lower the nanoparticle PDI and size by incorporating 

a lower amount of the ferulic diacids into the nanoparticle assembly.  However, for this 

study, the amount of ferulic acid-based polymer and diacid was held constant between 

formulations.  This reduction in zeta potential for 1cM-FAA acid nanoparticles may also 

explain the tendency for aggregation of the nanoparticles since the surface charge is 

reduced.          
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Figure 8.  Nanoparticle Formulation & Results Summary.  Top: Description of the flash 

nanoprecipitation process for the formulation of 1cM-PFAG nanoNanparticles.  Bottom:  Table 

with size, PDI, and zeta potential results for each nanoparticle formulation. 

 

 

Figure 9.  Overview of Antioxidant Structures.  Chemical structure of ferulic acid (A) compared 

to the ferulic acid polymer and diacids, M12, and polysytrene (B). 
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Figure 10.  Stability Results for Antioxidant Nanoparticles.  Stability measured by dynamic light 

scattering of 1cM-PFAG (A), 1cM-PFAA (B), 1cM-FAG Acid (C), and 1cM-FAA Acid (D) after 

storage for 3 months at 4̄C.  
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Figure 11. Ferulic acid release profile and DPPH reduction for diacid and polymer 

nanoparticles.  Ferulic acid release profile and anti-oxidant activity of nanoparticle formulations 

after 24 hour incubation with macrophages and oxLDL (5 µg/mL) at 37ºC and 5% carbon dioxide.  

A)  1cM-PFAA released only about 10-30% of ferulic acid into the media while 1cM-FAG released 

about 70-100% of ferulic acid after storage of the nanoparticles up to 4 weeks at 2-8ÜC (n Ó 3).  At 

2 weeks storage at 2-8ºC, each formulation except for 1cM-FAG, released the highest amount of 
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