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Atherosclerosis is an inflammatory disease due to the accumulation of lipids in the inner wall of
arteries. As per the report of Center of Diseases Control and Prevention (CDC), 1 in every 4 deaths
is due to heart diseases each year. Atherosclerosis occurs when artery walls harden by the buildup
of cholesterol, forming multiple atherosclerotic plaques within the aorta (4). Out of the modern
medicines available to control cholesterol, statin is amongst the foremost widely used because it
is both safe and effective in lowering high risk patients (9). However, usage of high statins dosage
typically leads to some mild adverse effects leads to increased risk of diabetes mellitus (15). It has
been proved that high concentration of small dense LDL (sd-LDL) in the blood may be the most
prominent cause of atherosclerosis. However, there is no reliable sd-LDL quantification method
available today. A main objective in our lab is to develop a system which could quantify and
characterize the sd-LDL present in a blood sample to measure patient risk for heart disease.

Our experiments indicate that multi-angle light scattering (MALS) may offer a promising
technique to inexpensively determine the size distribution of LDL particles, when coupled with a
separation unit, such as a size exclusion column or asymmetric field flow fractionation (As-FIFF).
The main objective of the experiments in this thesis is to test MALS as an effective technique for
the measurement of nanoparticles, including lipoproteins.
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CHAPTER 1. ATHEROSCLEROSIS AT GLANCE
1.1 What is Atherosclerosis?
Atherosclerosis is a high-risk condition that can potentially lead to chronic coronary heart diseases
(CHD) and cardiac arrest. Atherosclerosis occurs when plaque buildup of fatty materials,
cholesterol, lipids and dead cells builds up in the endothelial cells, the internal layer of coronary
artery which provokes the inflammation of innate immune system and oxidation. This plaque
buildup narrows the arterial cross-section, making it more difficult for blood flow to the heart. If
blood flow becomes reduced or blocked it leads to angina know as, chest pain or a chronic even
of cardiac arrest. Over the period CHD may lead to heart failure and arrhythmias (1, 3, 50).

The genesis of initial plaque accumulation may start in the teenage years or 20s, and progress over
several years, usually with symptoms presenting when patients are in their late ’50s and ’60s. It is
a disease, not a mere aftereffect of aging (1, 2, 3).

As per the study commissioned by American heart association, and conducted by RTI international
for years, based upon the data, heart diseases have been no. 1 killer in America. The sole goal was
to project the prevalence and medical costs of cardiovascular disease. According to the projection
report, they claim that there are more than 96.1 million people suffering from high blood pressure,
16.8 million from coronary heart disease, 7.5 million from stroke, 5.8 million with congestive heart
failure and 5.2 million with atrial fibrillation. This data shows that at least in 2015, 41.5%
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(102.7 million) of the U.S. population had at least one CVD condition. They further laid down the
projection showing that by 2035, more than 24 million people will be suffering from CHD and
about 131 million people will have some form of heart disease (49, 50).

1.2 Cost involved in coronary heart disease treatment
With respect to the direct and indirect cost associated with the treatment of heart diseases, the
average direct medical cost in year 2017, which involves physician, hospitalization, medications
etc. was about $90 billion, and indirect cost, which includes loss of job of the patient, loss of
productivity, economic loss of the family etc. was $100 billion. The project costs through 2035
are projected to be $220 billion and $150 billion respectively. These sky-rocking figures seem
unreal; however, these are the facts backed up with years of study, and historical records. This
clearly triggers us to invest our time, efforts and motivation to seek for resolution of this long
lingering issue (49, 50).

1.3 Recent preventive measures and biomarker
Medical and pharmaceutical researchers have developed modern medicines that have improved
control of cholesterol levels in the body with statins, niacin, intestinal cholesterol absorptioninhibiting supplements, leading to less lesion development. Among those, statins are one of the
most widely used because they are generally both safe and effective in lowering heart disease risk
in patients (37, 38, 39).
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Statins inhibit HMG-CoA reductase. These drugs treat hypercholesterolemia and other cardiac
patients to scale back the risk of coronary heart disease. related morbidity and fatality. Statins
lower LDL-C plasma levels, also leading to pleiotropic effects including reduced inflammation,
improvement of endothelial function and stabilization of atherosclerotic plaques. However, larger
dosage of statins may lead to some mild adverse effects, including headache, rash, and
gastrointestinal systems. These adverse effects are more likely with high statins dosages and may
lead to asymptomatic increases in liver transaminases and myopathy. Although statins lower
patient risk of heart failure (54% lower) and stroke (48% lower), they also generally increase
patient glucose levels, leading to increased risk of DM, a chronic and lasting condition that affects
the body to utilize energy (40, 41, 42, 43).

Certainly, we don’t have a reliable solution for CHD, our system is lacking in preventing early
control measures, and we don’t have laboratory setup or testing equipment’s which can give us a
comprehensive result for the biomarkers for atherosclerosis. If a patient gets a cardiac arrest and
needs immediate medical emergency, if one fails treat promptly, this potentially leads to permeant
mortality or morbidity.

Bypass surgery is the last hope for the patients of CHD. In bypass surgeries a metallic catheter is
passed through the artery, the catheter is expelled against the wall of the arteries which pushes the
plaque inside and opens up the cross-section of the arteries for blood flow, and a stent is inserted
to keep the artery open. This operations helps to avoid an event of cardiac arrest, although its not
a permanent solution for atherosclerosis. Inflammation may develop around the stent, and this
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could potentially lead to the vulnerable plaque development and blockage of the artery, resulting
in additional surgery.

Atherosclerosis has been documented as a disease for more than 3500 years. The characteristics
of atherosclerosis in humans are primarily documented based on studies carried out in animal
models, which include mouse, rabbit, pigs, non-human primates, and rodents (2, 3). The animal
models have been genetically modified and generally fed high fat and high-cholesterol diets,
leading to lesion development in a short time period. Studies showed that the mice with low
apolipoprotein E (antioxidant) or LDL receptor show advanced plaque development. A strong
correlation in plaque development with inflammation has been reported, linking the progression
of atherosclerosis with adaptive and innate immune processes (1, 2, 3).

Researchers have proven that lower levels of high-density lipoprotein (HDL), an anti-atherogenic
lipoprotein, are associated with higher risk of heart disease, whereas low density lipoprotein (LDL)
is generally considered to be inflammatory in high concentrations. Furthermore, LDL is
categorized into two phenotypes based upon their plasma LDL profile. These include phenotype
A, larger LDL, and phenotype B, small dense LDL (sd-LDL). sd-LDL is proposed to be an
indication of high risk for heart disease. The most significant reason that sd-LDL may be
proatherogenic is that sd-LDL has had longer circulation time, which makes it more prone to
modifications, including oxidation and charge modification. sd-LDL particles are low in
antioxidative vitamins, and hence they are more prone to oxidation than the larger lipoproteins.
Additional modification is depletion of sialic acid, increasing the affinity of the sd-LDL particles
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to the arterial walls and increasing its residency time. The small size of the sd-LDL leads to easy
penetration through the endothelial cells lining. They have an affinity for proteoglycans, which
leads to them to remain in the sub-endothelial space. At this stage the initiation of inflammation
begins, characterized by high levels of cytokines, recruiting monocytes and T-cells to the
inflammatory site.

Figure 1. Atherosclerosis buildup
(Reference: http://www.menshealthresourcecenter.com/conditions/atherosclerosis/ )

LDL is oxidized due to the biochemical reactions in the subendothelial space, eventually leading
to the formation of a narcotic plague as shown in Figure 1. Several studies have been conducted
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and these researchers concluded that patients with lipoprotein profiles rich in sd-LDL have a higher
risk for myocardial infarction than patients with lipoproteins rich in larger LDL.

1.4 Importance to address a reliable treatment for Atherosclerosis
It is important to conduct additional studies on sd-LDL and its potential for the measurement of
heart disease risk in patients. Additionally, it is important to develop methods to methods for the
characterization and measurement of sd-LDL in patient blood samples. In this study we are mainly
focusing on particle size characterization of sd-LDL which will in-turn potentially be used to
characterize LDL and determine sd-LDL levels in a blood sample. Based upon the sd-LDL
concentration data and lipid profile, we will then be able to determine patients’ risk or severity of
CHD and we may then treat to prevent a patient from having a heart attack or stroke. This study
may eventually lead to a greater understanding of the link between LDL and the progress and
process of atherosclerosis. Finally, further elucidating the molecular mechanisms involved in this
pathogenic process and determining the factors that promote or prevent its specific steps may help
establish additional biomarkers and therapeutic targets for atherosclerosis.

There have been various LDL characterization methods that have been studied in the past. A few
of the methods include detection methods such as electron microscopy, nuclear magnetic
resonance spectroscopy, and UV-Vis, usually coupled with separation methods such as gel
filtration chromatography, precipitation and density gradient ultracentrifugation. However, these
methods have not resulted in a commercially viable method for determining lipoprotein size and
characterizing lipoproteins. Expense, feasibility, excess human intervention, and complexity have
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prevented the development of a feasible method for the characterization of patient lipoprotein (8,
7, 10, 17).

In this study, we are going to work toward the development of methods to measure and characterize
sd-LDL as a potential patient biomarker for atherosclerosis and risk of heart disease. To this end
we are developing methods to utilize multiangle light scattering (MALS) in the measurement of
LDL size. This method, when coupled with a separation unit, potentially involving size exclusion
chromatography or asymmetric field flow fractionation, would eventually be used to determine the
size distribution of lipoprotein samples. Such a method may have the potential to overcome all of
the challenges of previous studies and could potentially deliver reliable results with high precision
in a matter of minutes (10, 15, 16).

CHAPTER 2. ATHEROSCLEROSIS PATHOLOGY

Atherosclerosis is a progressive disease. the stepwise development of atherosclerotic plaque is
broadly explained in three categories which are, formation of fatty streaks, formation of fibrous
atheroma and thin cap atheroma. Figure 2 shows the schematic representation of the discussed
three stages involved in atherosclerosis inflammation. Formation of the fatty streaks Fatty streaks
is generally the initiation of atherosclerosis inflammation where sd-LDL enters into the endothelial
cells, it is followed by formation of fibrous atheroma where innate immune system of human body
calls for cytokens to rescue the imbalance caused due to the accumulation of sd-LDL in the
endothelial cells. During the process of fibrous atheroma the immune cells viz, cytokines,
7

lymphocyte, monocytes eats up the sd-LDL and die during the process due to oxidation which
form a narcotic core in under the endothelial cell lining as shown in Figure 2. Thin cap atheroma
is an expansion of endothelial cell due to the accumulation of narcotic core under the endothelial
cell lining. These individual condition’s pathology is explained in the section 2.1, 2.2 and 2.3
below respectively.

Figure 2. Schematic representation of atherosclerosis inflammation
(Reference: Milan Gupta et al., July 15, 2018, Role of inflammation in the pathogenesis of
atherosclerosis and therapeutic interventions, Atherosclerosis, Volume 276 p1-208)
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2.1

Fatty Streaks

The initial stages in the development of atherosclerosis, including the accumulation of fats
deposits, often starts in people in their teens and early twenties. Studies have demonstrated that
lipoprotein (ox-LDL) accumulation in the intima of the arteries plays a fundamental role in the
activation of the endothelial cells that line the arterial lining, leading to monocyte binding and
chronic inflammation. Lipoproteins are made up of proteins, phospholipids, cholesterol, and
triglyceride (2, 4, 18). Low-density lipoprotein (LDL), is known as the most atherogenic
lipoprotein; they leave the bloodstream and begins to infiltrate into the endothelium cells as shown
in Figure 3. LDL is oxidized and causes an inflammatory response, which affects processing of
proteoglycans, which may cause destabilization of the plaque and increase risk for clotting and a
subsequent heart attack. Proteoglycans consist of three important groups: heparin sulfate, keratin
sulfate, and chondroitin sulfate.
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Figure 3. Atherosclerosis process
(Reference:http://homeopathichub.blogspot.com/2015/02/atherosclerosis-causes-symptomsand.html)

Moreover, due to the increment of heparin sulfate, favors the adhesion of lipoprotein and makes it
difficult to leave the intima and starts accumulating on the site of the lesion formation (18). These
accumulations are at the branch points of the arteries due to hemodynamic stress. Due to the
increased retention time in the blood stream and arteries and size of the particles, oxidation of these
LDL particles is increased. Ox-LDL activates T-cells, and these T-cells secrete cytokines and alter
10

gene expression pathways in the endothelial cells and SMC. These pathways also lead to
differentiation of monocytes to macrophages and activation of these macrophages. Thus, the
initiation of atherosclerosis starts when monocytes, T-cells, and leucocytes being activated and
diffusing through the endothelial cell layer on the inner surface of arteries. Generally, it is tough
for lipids to diffuse through endothelial cell junctions, but they can alternatively pass by
endocytosis. Ox-LDL stimulates the endothelial cell layer, leading to monocyte recruitment to the
artery wall, monocyte diffusion into the artery wall, and differentiation of the monocytes to
macrophages. These macrophages take up the ox-LDL and may transport it to HDL, which can
take the oxidized LDL to the liver for processing. However, if the system is overloaded then the
LDL-laden macrophages accumulate and differentiate into foam cells. Meanwhile, these foam
cells may die during the process out of apoptosis and form a necrotic core of an atherosclerotic
plaque, characteristic of advanced lesions (20).

2.2

Fibrous atheroma

Cytokines are secreted by smooth muscle cells and endothelial cells, causing smooth muscle cells
to migrate to the luminal side. Smooth muscle cells further affect proteoglycans which bind the
lipids. Over time smooth muscle cells die and form narcotic debris. This debris leads to further
inflammation and more advanced lesion formation. Furthermore, progressively a core of
atherosclerotic plaque forms. The core is covered by the fibrous tissues, SMC and T-Lymphocytes,
distorting the shape of the intima. This narcotic core/ lesion then obstructs blood flow. The
progression of the narcotic core then may have weakening of the fibrous cap covering around it.
Also pressured by continuous blood flow, the fibrous cap may burst, releasing cytokines into the
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artery, potentially causing clotting. This leads to further obstruction of blood flow and may cause
a heart attack or stroke (3, 19, 20).

2.3

Thin cap atheroma

Thin cap atheroma, with a weakened fibrous cap, may occur, most commonly in patients in their
late ‘50s. Proteolytic enzymes dissolves the fibrous tissues, making the fibrous cap thin and
vulnerable. The vulnerability of the plaque is more dangerous than the narrowing of the artery,
known as stenosis. The risk of the thrombosis (i.e. bursting of the fibrous lesion) is high at this
stage and may lead to a heart attack (myocardial infarction) or stroke. At this stage it is common
for the local arterial wall to extend to compensate for reduced luminal area, until the plaque covers
about 40% of the luminal area (2, 3).

Further growth of the plaque makes it vulnerable as the time passes. The damage of the thin cap
can get healed by forming new fibrous tissue matrix at the sites, but this may rupture again. This
cyclic change is bearable up to 4 times at the same site. Further damage leads the plaque burst into
the lumen and becomes a site for thrombosis (2, 3, 6).
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CHAPTER 3. SIGNIFICANCE, CAUSES OF PRODUCTION AND CLASSIFICATION
OF ATHEROGENIC LIPOPROTEINS

Atherosclerotic plaque progression is related to the concentration of circulating LDL, which leads
to retention in the artery. Hypercholesterolemia is one of the strongest correlating risk factors for
atherosclerosis (2). Circulating lipoproteins are broadly classified into two categories, high
density, and low-density lipoproteins (HDL and LDL, respectively), owing to their different size
and density, apolipoprotein composition and chemical parameters (7). It is generally accepted that
high-density lipoprotein is less atherogenic cholesterol, although when HDL is only in low
concentration in a patient, then it can become more atherogenic. HDL plays an important role in
the removal of lipids in arteries; it also generally inhibits LDL oxidation and progression of
atherosclerosis. The esterase on HDL cleaves ester bounds in oxidized lipids, primary
inflammatory components in oxidized LDL (2, 21, 22).

Many experimental studies have documented that LDL is more likely to have atherogenic
properties than HDL. LDL is further categorized into two phenotypes based upon their plasma
LDL profile. Phenotype A, large LDL and phenotype B which is sd-LDL. As per the study of
National Cholesterol Education Program, sd-LDL is a prominent risk factor in atherosclerosis (7).
According to Zaki Khalil et al., (8), the phenotype B is related to a dyslipidemia syndrome; this
syndrome is characterized by the increased level of triglyceride-rich very-low-density lipoprotein,
low HDL level and high hepatic lipase activity a high concentration of small density lipoprotein.
The key metabolic generation of sd-LDL is correlated to the overproduction or decreased clearance
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of LDL. Triglyceride levels and obesity, generally also accepted as risk factors for heart disease,
are directly associated with the small LDL particle size (7, 8).

3.1

Effect of hypertriglyceridemia on the production of sd-LDL

The origin of LDL subclasses is directly related to hepatic triglyceride (TG) availability. There are
two states of forerunner lipoproteins that are secreted from the liver, TG-rich and TG-poor
apolipoprotein B. TG-poor apoB results in larger LDL particles, and TG-rich generally results in
sd-LDL (8).

Patients that have hypertriglyceridemia are at higher CVD risk because, when TG level is normal,
the lever secrets apo-E containing TG rich VLDL and gets removed rapidly without getting
accumulated in the artery. However, in the case of hypertriglyceridemia, there is an abnormality
resulting in apo-C containing TG-rich lipoproteins, which have longer circulation time and
eventually are converted into sd-LDL. Furthermore, there is a reduction of apop-E lipoprotein
which also results in abnormally high production of sd-LDL. These observations clearly show that
hypertriglyceridemia is a very important risk that results in much higher risk for CHD (7, 8, 29).

Chronology of the production of small dense LDL particles due to hypertriglyceridemia is as
follows; triglycerides are transferred from VLDL to HDL and then to LDL and cholesterol is
eliminated from LDL, which produces smaller and dancer LDL particles. Due to their small size,
it is easy for them to penetrate the EC wall junction. Adding to that, they have an affinity for
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proteoglycans, which provokes them to stay remain in the sub-endothelial space. sd-LDL also is
low in antioxidants and vitamin E deficient, and they are prone to oxidation (8). As per the
Framingham heart study, small dense LDL particle concentration was higher in patients with
metabolic syndrome and diabetes, and these patients have a higher risk for cardiovascular disease.
Several studies have been conducted and concluded that patients with lipoprotein profiles rich in
sd-LDL have a higher risk for myocardial infarction than patients with lipoproteins rich in larger
LDL particles (7, 8, 27).

3.2

Low density lipoprotein classification and risk baseline

The density range of LDL may range from 1.019 to 1.063 g/ml (7). LDL particles are classified
into 3 or 4 categories including Large LDL (LDL-1), intermediate LDL (LDL-2), small LDL
(LDL-3) and very small LDL (LDL-4). Categories 3 and 4 are referred to as sd-LDL. In past
studies, the LDL particles were isolated by using analytical ultracentrifugation and based upon the
same study, LDL 1, 2, 3 have densities of 1.025 to1.034 g/ml, 1.034 to1044 g/ml, and 1.044 to
1.060 g/ml respectively (7, 28). In another study (16), LDL particles were characterized using
gradient gel electrophoresis. (GGE), based upon their electrophoretic mobility. LDL particles were
hence characterized into four subclasses based upon the particle diameter: LDL-1 (large) 26.0 to
28.5 nm, LDL-2 (intermediate) 25.5 to 26.4 nm, LDL-3 (small) 24.2 to 25.5 nm and LDL-4 (very
small) 22.0 to 24.1 nm. That same research also clearly showed two phenotypes A and B:
phenotype A, which is large, and intermediate are >25 nm and phenotype B, which is small and
very small <25 nm (8, 30).
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A study conducted by Ron C. Hoogeveen et al., to investigate the relationship between plasma
levels of small dense low-density lipoprotein-cholesterol (sd-LDL-C) and risk for incident
coronary heart disease (CHD) in a prospective study within Atherosclerosis Risk in Communities
(ARIC) study participants. The study was conducted for 11 years with 11,459 participants. In
conclusion they summarized the study claiming that sd-LDL-C was highly correlated with an
atherogenic lipid profile. 1158 (11.3%) participants developed CHD. They strongly correlated that,
high sd-LDL level leads atherosclerosis. Based upon their research data the risk baseline for the
patient is summarized in Table 1 (55).

Table 1. sd-LDL risk baseline for atherosclerosis
Duration

11 years of Study

No of Patient

11,419 men and women

sd-LDL lipid profile in diabetic

49.6 mg/dL

sd-LDL lipid profile in non-diabetic

42.3 mg/dL

Means baseline

43.5 mg/dL
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CHAPTER 4. MODIFICATIONS OF SD-LDL TO AN ATHEROGENIC PLAQUE

Longer circulation time of sd-LDL makes it more prone to modifications, including oxidation,
desialylation, glycation and charge modification. These modified LDL are more atherogenic and
are also more likely to form complexes. Oxidation and complex formation of LDL particles may
occur in the blood plasma. sd-LDL particles contain lower levels of antioxidative vitamins, and
hence they are more prone to oxidation than the larger lipoproteins (7, 26, 30, 31).

Studies have shown that an increase in the electronegativity of LDL is directly related to increased
oxidation and increased sd-LDL levels (7). One additional modification of the LDL particles is
desialylation, or depletion of sialic acid from LDL. Desialylation increases the affinity of the sdLDL particles to proteoglycans in the arterial walls, increasing its residency time (7, 30). The small
size of the sd-LDL leads to easy penetration through the subendothelial space, which leads to more
cholesterol deposition in the arterial wall from sd-LDL when compared to deposition from to larger
LDL particles. Hence overall, studies conclude that different size LDL particles indicate variation
in patient risk for heart disease. Higher sd-LDL levels indicate higher risk for heart disease
compared to higher levels of larger LDL particles, due to the higher residency time and likelihood
of various modifications in the blood plasma (7).

For these reasons, studying, analyzing and characterizing sd-LDL as an essential biomarker of
atherosclerosis is very important. However, development of the sd-LDL role as an essential
biomarker of atherosclerosis and CVD is hindered, because reliable methods for the quantification
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of sd-LDL and sizing of LDL are not available. Furthermore, the quantification results vary based
on procedure used. Hence there is no single reliable method available for the quantification.
Adding to that, the methods which are available today in the laboratory are laborious and costly
for clinical use, and methods are also prone to human error. Substantial sample handling and
processing is required with a high risk of sample contamination, which will adversely affect the
results. Hence, there is a need for processes can quickly and reliably determine the size distribution
of LDL in patient samples (15).

CHAPTER 5. METHODS FOR QUANTIFICATION OF SD-LDL

A variety of methodologies exists for average size distribution measurement of LDL samples, but
none of them are reliable in clinical analysis. Methods for size measurement and detection include
electron microscopy, UV-Vis, and nuclear magnetic resonance spectroscopy (NMR), while
separation methods include gel filtration chromatography, sedimentation and field flow
fractionation. Typically, an effective size characterization method may combine a separation
method in series with size detection, but each technique that has been used previously has some
shortcomings. Sample preparation is important, as this can introduce complex artifacts that make
detection difficult or destroy the samples. Sedimentation field flow fractionation has provided
some promising separation results, but it requires a complex centrifugation apparatus. NMR
spectroscopy may be reliable, but only for average LDL size, thereby unable to determine specific
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size distribution information for patient samples, including concentration of sd-LDL. Some of the
cited LDL separation methods are further discussed in this chapter.

5.1

HPLC gel filtration chromatography

HPLC gel filtration chromatography may be used for vesicle size characterization and studies have
overcome challenges such as limited fractionation range, the long run time(elusion), and lipid
adsorption to the column. This method would need to be used in combination with a size detection
unit for full size characterization of samples (12).

5.2

Size extrusion chromatography

In size extrusion chromatography, the separation proceeds according to the hydrodynamic volume.
However, smaller molecules are retained longer as they diffuse into the pores of the stationary
phase and larger molecules elute faster as they are unable to diffuse into the pores. The drawback
of this method is that it is limited by the upper molecular weight exclusion limit, the sample may
get adsorbed into the stationary phase, shear degradation of the sample may occur at high pressure
and flowrates may be insufficient for separating analytes based upon composition (13, 17).

5.3

Gradient elution liquid chromatography

As per Glockner et al., in gradient elution liquid chromatography separation is based upon analyte
precipitation and redissolution in a solvent gradient system. Gradient elution is based upon both
the molar mass and composition. The main limitation of GELC is that it requires experimental
19

determination of the approximate eluent condition from two or more solvents, non-exclusion
operating condition, precipitation of polymer in the packed column, and analyte detection due to
continuously changing mobile phase (17).

5.4

Liquid chromatography

Liquid chromatography is a separation method that is governed by small differences in the
chemistry of the components, with entropic and enthalpic conditions balanced by solvent and
temperature selection. It is used for the characterization of the copolymer or functional type
distribution. A key limitation for this method that it is highly sensitive to solvent composition
fluctuations and temperature. Any change in these two conditions will directly affect peak
distributions and signaling, which makes it difficult to rely upon (17).

CHAPTER 6. OBJECTIVE OF THE STUDY

Our aim of the study is to serve a pioneering method for a comprehensive detection and size
estimation of sd-LDL present in blood samples collected from CHD patients. We want to
contribute towards detection of early sign of atherosclerosis with reference to the concentration
sd-LDL present in the blood samples. If the amount of sd-LDL present in the blood sample
outcrosses the baseline limits as shown in Table 1, it will allow us to determine the risk and
vulnerability of the patient from developing atherosclerosis and strokes events respectively. Also,
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this data will help to unfold more detail pathology of atherosclerosis which will help in developing
new therapeutics and drug discoveries.

We have successfully linked the prevalence of sd-LDL triggers the inflammation into the
endothelial cells which is the genesis of atherosclerosis. However, so far, the recent available
technologies are failing to deliver comprehensive methodologies to detect the amount of sd-LDL
in blood samples. As discussed above all methods have limitations, and there are no reliable or
economically feasible methods for measuring LDL size distribution. Feasibility, human error and
high degree of handling in sample preparation, tedious and complicated operations have limited
development of these methods (7, 8, 10, 17).

In this current thesis study, we aim to develop a detection method for sizing of sd-LDL via multiangle light scattering (MALS). With our experimental trial and literature studies we strongly
believe that, treatment of LDL and HDL (natural LDL aggregation inhibitor) with foreign plutonic
co-polymers (LDL aggregation inhibiting agent), will help us to lead towards to most accurate size
estimation data. Lastly we conclude that, passing this polydisperse particles through the LDL
isolation technique, in this study we are referring to asymmetric field flow fractionation (AsFIFF),
may deliver most accurate results in a short analysis time, ideal for clinical application and
determination of patient risk for heart disease.
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CHAPTER 7. IMPACT OF STUDY

The impact of this study is broad and wide-reaching, with potential implications in areas from
early identification to treatment and prevention for the masses. A robust, comprehensive
mechanism of atherosclerosis is not completely known, and researchers are progressively working
on to uncover the possible factors prone to the cardiovascular diseases. It would be desirable to
determine if the presence of specifically-sized LDL fractions contribute in some way. This finding
could lead to a better understanding of the in-depth mechanism of atherosclerosis. Identification
of risk factors as early as possible would be an extremely valuable asset for healthcare providers.
Up to this point, healthcare providers have been limited to blood-lipid panels, which only provide
limited detail on a patient’s risk for heart disease. In this study we aim to further uncover specific
properties of LDL and set the groundwork for further studies and advancements in the future.

CHAPTER 8. EXPERIMENTAL DETAILS AND THEORETICAL BACKGROUND
MULTI-ANGLE LIGHT SCATTERING (MALS)
8.1

Overview

In this experimental setup we are using multi-angle light scattering (MALS) to determine the size
of lipoproteins. Multiangle light scattering been in use to determine size of the nanoparticles with
angular dependence of the scattered light intensity. It is been in use since many years, and various
papers have been presented regarding its wide industrial applications till the date.
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In multiangle light scattering, light scattering photometer lamp is illuminated on the suspended
particle, this illuminated light is strikes the vesicle present in the sample and scatters light at
different angles as shown in Figure 4. The particle size is estimated by measuring the amount of
light scattered by the particle in solution relative to the angle of the incident light at several
different angles (11, 12).

Figure 4. Multiangle light scattering mechanism
(Reference- https://www.americanlaboratory.com/913-Technical-Articles/147482-The-Story-of-MALS/)

By modeling the dependence of light scattering on the angle relative to the incident beam, the
radius is then estimated by using Rayleigh-Gans-Debye (RGD) theory. To estimate the size of a
particles sample, the scattered light intensities at each angle can be normalized to the scattered
light intensity at one of those angles.

In our data we normalized, it at 90-degree angle. In this

thesis, the data from MALS will be fitted using nonlinear fitting in Mathematica based on RGD
theory to determine the geometric radius of the suspended particles. The intensity of scattered light
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I(θ) is proportional to shape factor P(θ). The intensity of light is correlated with the molecular
weight. Angular dependency is correlated to the size of the macromolecules (11, 12, 13).

8.2

Shape factor

For isotropic scattering particles, the intensity of scattered light I(θ) is proportional to shape factor
P(θ). The shape factor is dependent on the wavelength of light, the solvent refractive index, and
the geometry of the particle. The shape factor is dependent on the geometry of the particles in the
analysis. In previous studies done by Dr. Springstead, the analysis of particle size characterization
was done on lipid vesicles, modeled as hollow spheres. Following his previous findings, we are
continuing the same methodology with a few modifications, first reproducing his data for lipid
vesicles and then modeling LDL particles as solid spheres, using a different shape factor equation.
As the actual sd-LDL particles are solid spheres hence proceeding with the solid suspended spheres
will be the appropriate way to determine LDL particle size. With that in order to estimate the size
of a particles sample, the scattered light intensities at each angle can be normalized to the scattered
light intensity at one of those angles, generally it is normalized at 90-degree angle. This normalized
intensity is set equal to the ratio of the shape factors. By collecting light scattered at several angles
and modeling the dependence of scattered light intensity on angle relative to the incident beam,
the size of the LDL particles will be estimated. The data will be fitted using nonlinear fitting in
Mathematica to determine the geometric radius of the suspended particles (11, 12, 13, 14).
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8.3

Mechanism

A typical light scattering procedure can be laid out as, a collimated, single frequency polarized
beam is illuminated on a solution containing a suspension of molecules of interest as shown in
Figure 5. The electric field of the polarized light is perpendicular to the plane in which the intensity
and angular dependency is to be measured. The intensity of the light is correlated with the
molecular weight and angular dependency is correlated to the size of the macromolecule (10, 12,
14, 15).

Figure 5. Laser striking the suspended particles
(Reference: https://www.wyatt.com/library/theory/multi-angle-light-scattering-theory.html)

When there is a mixture of macromolecules of various sizes in a solution, each macromolecule
will scatter the light via induced dipole mechanism (14). The light intensity is proportional to the
concentration of the macromolecules in solution. For example, when there are two monomers
aggregate to form a dimer in solution. This will give the randomness to the phase and light from
two separate monomers will never be congruent. (12, 14, 15, 24)
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On the contrary when monomer form a dimer the two monomers move together and there will be
a definite phase of light scattering relationship. eventually the scattering light from the dimer is
twice as intense as the total light scattered from two independently different monomers. Hence by
keeping the mass/volume concentration same, by doubling molar mass the intensity doubles.
Which can be measured by the multiangle light scattering instruments, it gives a powerful idea of
the molar mass of the molecules in the solution by chronology. Also shades some light on the
formation of aggregates in the suspension (14).

8.4

Angular correlation theory

For the size of the molecules, Macromolecules are much smaller than the wavelength of the
incident light and hence for such a small molecule the light scattering is isotropic i.e. same in all
directions (12, 14, 24).

Whereas for the larger molecules when light is beam is imparted into the perpendicular plane, light
is scattered from the different parts of the molecules as showed in Figure 6, and reach the detectors
with different phases. Hence the results are that the intensity of light scattered away from the
direction of propagation of the laser beam is reduced with respect to the light scattered into the
forward direction (24).
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Hence if the angular dependence of the scattered light is measured in the horizontal direction it is
possible to analyze the size of particles in solution. This radial measurement is a measure of the
molecules size weighted by the mass distribution about its center of mass (14, 15, 24).

Furthermore the measured radious can aslo be plotted agaisnt the corrosponding measured molar
mass which will give an idea to determine the sample's concentration.

Figure 6. Laser angular scattering
(Reference: https://www.wyatt.com/library/theory/multi-angle-light-scattering-theory.html)

Here Multiangle light scattering (MALS) has been used to determine the size of nanoparticles
including lipoproteins. MALS uses angular dependence of the scattered light intensity. In
Rayleigh-Gans-Debye (RGD) analysis, variation in local light scattering intensity is assumed
negligible and, for our purposes, it will be assumed that the lipoproteins that are tested are isotropic
scatters.

According to Zimm et al., vesicle number concentration can be derived from equation 1, based on
the fluctuation theory of light scattering (44)
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𝑅𝜃 ≈ 𝐾𝑐𝑣 𝑀𝑣 𝑃(𝜃)[1 − 2𝐴2 𝑐𝑣 𝑀𝑣 𝑃(𝜃)]

Equation 1

where cv is the vesicle concentration (g/ml), Mv is the vesicle molecular weight (gram/mole); P(θ )
is the shape factor (dimensionless), which relates vesicle size and shape to the angular dependence
of scattered light intensity; Ru is the Rayleigh ratio (dimensionless) followed by A2 is the second
virial coefficient (mol ml/g2); and K is the scattering coefficient constant in the given equation.

𝐾=

2𝜋2 𝑛s2
𝜆4 𝑁A

∂𝑛 2

(∂𝑐 )

Equation 2

v

For a vertically polarized laser 𝑅𝜃 = I(u)r2/IoV, where r is the distance from the scatterer, Io is the
incident intensity (dimensionless), and V is the scattering volume.

∂𝑛

In Equation 2, ∂𝑐 is the change in dispersion refrac-tive index with vesicle concentration, l is the
v

wavelength of light (nm), ns is the solvent refractive index, and NA is Avo-gadro’s number. Since
cv = nvMv/NA (gm/ml), where nv is the vesicle number concentration (particles/ml), Equation 1 can
be rearranged to give an expression for nv, as shown in Equation 3.

𝑅 𝑁

A
[
𝑛v = 𝐾𝑀𝜃2 𝑃(𝜃)
1−2𝐴
v

1

2 𝑐v 𝑀v 𝑃(𝜃)
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]

Equation 3

If it is assumed that size monodisperse fractions elute from the flow field-flow fractionator, it is a
simple matter to reconstruct the vesicle number distribution. The number fraction of vesicles in
fraction i can be calculated from Equation 4.

𝑁v,i
𝑁v, total

=

𝑅𝜃,i
1
[
]
1−2𝐴2,i𝑐v,M 𝑀v,i 𝑃i (𝜃)
𝑀2
𝑃
(𝜃)
i
v,𝑖
𝑅
1
∑i 2 𝜃,i [
]
𝑀v,ii(𝜃) 1−2𝐴2,i 𝑐v,M 𝑀v,i𝑃i (𝜃)

Equation 4

where Nv,i is the number of vesicles in fraction i.

This is the general derivation of colloidal and macromolecular system in the single contact
approximation derived by Zimm in 1948 (45). Now shape factor plays an important role in an
analysis, and there are different shape factors for different materials.

We are mainly focusing on 2 specific shape factors, out of which one is the shape factor of hollow
spheres, which is the very first experimental aim of the thesis, where we are conducting and
reproducing the result for the vesicle size measurement of hollow spheres. Various shape factors
are derived for other systems in article by van Zanten, (46). Given that a Zimm plot analysis yields
A2= -1.0+- 0.5*10 4 mol ml/g2 for the liposome dispersions under consideration in this report, and
Equation 4 can be simplified to give Equation 5.

𝑁v,i
𝑁v, total

𝐼 (𝜃)/𝑀 2 𝑃 (𝜃)

≈ ∑𝐼i (𝜃)/𝑀v,P2 𝑃i (𝜃)
i

v,𝑖 i
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Equation 5

To calculate Nv,i/Nv,total, the shape factor and the molecular weight must be determined for each
fraction. The shape factor values are calculated from scattered light intensity measurements, and
their direct correlation is I(u) is directly proportional to P(u) according to the previous studies
presented by Brian et al., (44).

The shape factor for a hollow sphere is given in Equation 6.

3

𝑃(𝜃) = [𝑞3 (𝑅3 −𝑅3 ) (sin 𝑞𝑅o − 𝑞𝑅o cos 𝑞𝑅o − sin 𝑞𝑅i
o

i

Equation 6

+𝑞𝑅i cos 𝑞𝑅i )]2
q is the scattering vector (1/nm), 𝑞 =

4𝜋𝑛s
𝜆o

𝜃

sin (2 )

and Ri and Ro are the inner and outer vesicle radii measured in nanometers (nm). In the scattering
vector q equation, ns is the refractive index (dimensionless) of the solvent and 𝜆0 is the wavelength
of the laser (i.e. in nm). Assuming a vesicle bilayer thickness (nm), Equation 6 can be fit to light
scattering data and Ro can be estimated in nanometers

Now that we have estimated to basis to calculate the size of the vesicles, the molecular weight can
be calculated by Equation 7 using the volume per vesicle molecules, ṽ (i.e. cm3/molecule), and the
molecular weight of the lipid, Mv (i.e. g/mol), or the lipid bilayer mass density, 𝜌b (i.e. g/cm3), and
the inner and outer radii, as before in nm,

𝑀v =

4𝜋

(𝑅o3 − 𝑅i3 )𝑀l =
3v
̃

4𝜋
3
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(𝑅o3 − 𝑅i3 )𝑁A 𝜌b

Equation 7

In this expression although 𝜌b (g/cm3 ) may be determined by using hydrodynamic methods by
Huang and Mason article (47) , an estimate of 1 g/cm3 likely is very good for most surfactant
vesicles and is within 2% of the experimentally determined value for egg PC vesicles of 1.015
g/ml. Based upon these estimates, once the relative number of vesicles in each eluted fraction and
the size of these vesicles are determined from the light scattering data, a number- weighted vesicle
size histogram can be obtained (45, 46, 47). This last equation was not utilized in these studies,
which were focused on determination of the radius and not concentration of the vesicles.

The above explanation holds true for the hollow spheres, now when we come to the second stage
of our thesis, in which we are estimating the size of known solid sphere particles, the scattering
vector used is the same for all geometries and the basis of theory is same however, we will change
the shape factor from hollow sphere to solid sphere. As we are certainly interested in size
estimation of lipoproteins which are solid spheres, the shape factor used for the estimation is given
in Equation 8.
3

𝑃(𝜃) = (𝑞3 𝑅3 (sin 𝑞𝑅 − 𝑞Rcos 𝑞𝑅))

Where q is scattering vector in (1/nm), 𝑞 =

4𝜋𝑛𝑠
𝜆0

2

Equation 8

𝜃

sin ( )
2

In the scattering vector q equation, as before, ns is the refractive index (dimensionless) of the
solvent and 𝜆0 is the wavelength of the laser (i.e. in nm). To estimate the size of a particle sample,
scattering light intensities at several angles can be normalized on one of the angles, we fixed at 90º
in our calculations. This ratio of intensities is set equal to the ratio of P(θ) in Equation 9.
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𝐼(𝜃)

𝑃(𝜃)

= 𝑃(90)
𝐼(90)

Equation 9

On this basis nonlinear fitting is performed to get the size estimation of hollow and solid spheres
which will be complied with the size measurements of lipoproteins in the final defense proposal.

CHAPTER 9. PROCEDURE AND PROTOCOL OF SIZE CHARACTERIZATION
USING MULTIANGLE LIGHT SCATTERING

In this section we are going to discuss the detail protocol followed for vesicle preparation prior to
MALS detection. For accurate vesicle size characterization of the suspended particles, must go
through the series of processes and steps while maintaining compliance with good laboratory
practices. The size estimation results are highly dependent on the vesicles preparation before
analyzing through MALS detector, their mono-dispersion into the buffer solution and translucent
scintillating vials to get accurate results. Experimental assay is divided into 3 parts as discussed in
section 9.1, 9.2 and 9.3 respectively. Each part discus about the detail intricacy followed during
the experimental assay in Dr. Springstead’s lab.

9.1

Vesicle formation using detergent dialysis

Light scattering requires a highly monodisperse sample for the experimentation. As per the
previous experiments conducted by Dr. Springstead, the best results were obtained using a 6,000
to 8,000 MWCO dialysis bag from spectrum using 20 mh lipid/mL in 800 mL dialysate, 0.005
lipid/detergent mole ratio with standard non-ionic detergent. A key for precise and best vesicle
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preparation is the time between dialysate changes, if the time is increased there are chances of
precipitation.

In our experiments we have used controlled dialysis, during the initial detergent lipid mixture is
clear and the vesicles initially form as a translucent bluish phase at the top of the dialysis bag, and
this phase is continuously increasing till it completely fills the whole bag. Protocol to make diluted
vesicles is as follows:
I.)

Take a clean 50 mL rotavapor flask and weigh 1.12 g HXG, and mix with 10 to 15 mL
methanol, and sonicate it to dissolve detergent.

II.)

With change in the lipid, detergent weight must also be changed, in order to keep 0.05 lipid
to detergent ratio.

III.)

Add 4 mL 40 mg/mL egg lecithin dissolved in ethanol to rotavapor flask.

IV.)

Dry down the lid. Remove the solvent at 25 °C until all solvent is removed and a thin gel
lines the flask. Forwarded by drying 3 to 4 hours at 30 to 35 °C

V.)

Resuspend the lipid in 8 mL of dialysate. If a larger or smaller concentration is required,
this step can be modified as per the requirements.

VI.)

Soak the dialysis bag overnight before in 800 mL nano water in order to remove
preservative.

VII.)

Add the lipid/detergent mixture to the soaked dialysis bag. Seal dialysis bag and add to
800 mL dialysate in a beaker. Start stirring the system at a fast rate.

VIII.)

The crucial element to the quality of the vesicle sample is the time between dialyzte
changes. Changing with new buffer every 40 minutes for about 3 hours until vesicles fully
form.
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IX.)

After vesicles have formed, change the dialysate after 2 hours, then again after 3 hours,
again after 5 hours and finally 8 hours. The vesicles are ready for experiment and may be
stored at 4 °C for at least a couple of weeks.

9.2

Vial cleaning for light scattering measurements

Translucent vials are very important to avoid defects and scratches from shipping. These scratches
will affect light scattering measurements and should be discarded. Hence before transferring the
sample into the vails used for the detection, they should be treated in order to avoid possible errors
induced due to the scratches and impurities. The process is as follows:

I.)

Place vials and caps in soapy water and sonicate for 15 minutes.

II.)

Wash and rinse each vial and each cap 10 times with DI water.

III.)

Place each vials and cap face down in oven and dry caps for 30 minutes. Remove caps to
avoid burning and store in covered container, face down, until use. Store vials in oven until
use.

9.3 Multiangle leaser light scattering measurement
This section discusses in detail about the suspended particle sample treatment with MALS
detection analysis.
I.)

Use 20 mL, scintillation vials, cleaned as previously described.
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II.)

Into a clean scintillation vial add 10 mL of the buffer being used in measurement add with
a 10 mL syringe, filter through 0.02 µm Anotop syringe filter into vial.

III.)

Mix approximately 50 µL prepared vesicles with 10 mL buffer in 50 mL beaker for 15
minutes. Filter through 0.2 µm syringe filter into a second clean scintillation vial.

IV.)
V.)
VI.)
VII.)

Multiangle leaser light scattering measurement
Turn on the laser of the Wyatt photometer for at least 1 hour prior to use.
Suing ASTRA software, proceed with the new file for each experimental setup.
Measurement on detector should read approximately 6 V. Be sure that the readings are not
above 10 V, which is at saturation.

VIII.)

Start collecting data by choosing “append file” for one minute. Turn vial one quarter turn
and take another measurement. Repeat at this for 4 minutes measurements. The data should
not deviate from a straight line during these measurements.

IX.)

While performing temperature measurements, the temperature is changed, for example by
3 °C and time is allowed for equilibration. Repeat above steps for teach temperature
measurements.

X.)

Finally stop data collection and save the file. Set the baseline and import the scattering
normalization coefficients from a recent normalization file. The sample peaks are selected
from the 4 minutes times of each temperature.

XI.)

Export normalized intensities to a text file, one text file for each temperature measurement.

XII.)

In Excel, remove any data outliers, in the calculations presented ahead in this thesis we
removed two standard deviations or greater away from the average measurement for each
peak. Subtract baseline peaks from vesicle peaks.

XIII.)

Calculate the Raleigh ratio from the peaks and export to other text file.
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XIV.)

Fit the data using data package such as Mathematica.

CHAPTER 10. RESULTS AND DISCUSSION
10.1 Measuring the size of lipid vesicles using MALS
The first objective in our experiments was to measure the radius of lipid vesicle samples by
measuring the samples using MALS, and then using Mathematica software to model the
relationship of the ratio of the shape factors to the angle of incidence. By fitting this data, we are
able to estimate the radius of the lipid vesicles. Prior experiments conducted in Dr. Springstead’s
lab, using the MALS setup shown in Figure 7, to demonstrate that the radius of these vesicle
samples is approximately 50 nm, and the purpose of these experiments is to prove that we have a
viable method of measuring the radius of lipid vesicles in solution by comparing these results with
prior results.
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Figure 7. MALS set-up at Dr. Springstead’s Biomolecular lab
Wth the protocols and procedure detailed in the above discussion, we analyzed the size of vesicles,
made from commercially available egg lecithin. These samples were analyzed using a MALS
setup in Dr. Springstead’s lab which is shown in Figure 7. The data obtained from the MALS were
exported and modeled in Mathematica software based upon the mathematical explanation
presented in section 8.4. We are presenting the three best fits that were obtained through our
experiments.
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The vesicles used to conduct this experiment are hollow spheres, hence, to give the exact estimate
of the vesicle size, we used the shape factor of hollow sphere, from Equation 4, in section 8.4.
3

𝑃(𝜃) = [𝑞3 (𝑅3 −𝑅3 ) (sin 𝑞𝑅o − 𝑞𝑅o cos 𝑞𝑅o − sin 𝑞𝑅i
o

i

(Equation 4, from section 8.4)

+𝑞𝑅i cos 𝑞𝑅i )]2

Data of the detectors from the experimental setup shown in Figure 7, is collected using ASTRA
software to estimates the size of a particle sample. There are total 18 detectors at 18 different
angles as shown in Table 2. These detectors collect the data from the scattered light intensities at
various angles and scattering light intensities at several of those angles can be normalized on one
of the angles, we fixed at 90º in our calculations. This ratio of intensities I(θ) is set equal to the
𝐼(𝜃)

𝑃(𝜃)

ratio of P(θ), as given in equation 9, 𝐼(90) = 𝑃(90) in section 8.4.

On this basis nonlinear fitting is performed to get the size estimation of hollow sphere estimated
using ASTRA software followed by Mathematica simulation. Data from ASTRA software is
recovered from MALS detector analysis using ASTRA software, where normalized baseline
adjusted voltages are recovered. This adjusted file is exported into a text file in Excel (a raw
collected data visual from this file are presented in Appendix A).

In Excel, we removed data outliers from the data of Appendix A and removed two standard
deviations or greater away from the average measurement for each peak. Subtracted baseline peaks
from vesicle peaks, which gives us a result of Rayleigh ratio for respective angles, presented in
Table 2.
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Table 2. Modified data for angle versus Rayleigh ratio
Angle

Rayleigh ratio

22.5

0.645529

28

1.028416

32

1.130004

38

0.969035

44

0.453662

50

1.371748

57

1.256836

64

6.374703

72

1.078550

81

1.220856

90

1 (data normalized to this angle)

99

0.685825

108

0.707926

117

0.439922

126

0.916562

134

1.31209

141

0.813713

147

0.675673

This Rayleigh ratio calculated from the peaks gets exported into another text file for Mathematica
simulation, to obtain the fit for fits of data for angle of incidence verses Rayleigh ratio (ratio of
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intensities at each angle of incidence to the reference angle (90 degrees). As shown in the Table 2,
the value of Rayleigh ratio at 90-degree angle is 1, as for calculation purpose the intensities at all
other angles are normalized to 90-degree angle.

Appendix B and Appendix C shows an example result of the final simulation data from
Mathematica, which gives us comprehensive size estimate values of suspended particles in the
solution. This simulation results includes direct estimate of particle size in the suspension, standard
deviation and confidence interval of the data recovered.

Figures 8, 9 and 10 show the experimental data of the vesicle samples analyzed using MALS and
modeled using Mathematica, with the radius estimates provided in the legend. In these fits, the
angle of incident of the laser light on the sample (x axis) is plotted against the Rayleigh Ratio, the
ratio of light intensity to the intensity measured at 90 degrees. This ratio is set equal to the shape
factor, P(ϴ)/P(90), in order to determine the radius of the vesicles.
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Figure 8. Mathematica fit for the size estimation of vesicle ( Radius: 46.592 ± 1.4 nm 95% CI:
42.6541, 50.5308 nm)
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Figure 9. Mathematica fit for the size estimation of vesicle (radius=13 53.8295 ± 1.5 nm, 95%
CI: 50.5152, 57.1437 nm)

Figure 10. Mathematica fit for the size estimation of vesicle (Radius: 52.3345 ± 3.7 nm, 95% CI:
44.2782, 60.3909 nm)
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Figures 8, 9 and 10 are the Mathematica fits of data for angle of incidence verses Rayleigh ratio
(ratio of intensities at each angle of incidence to the reference angle (90 degrees) for three separate
vesicles samples estimated radii for each sample are 46.6  1.4 nm, 53.8  1.5 nm, and 52.3  3.7
nm, respectively. Confidence intervals are provided in Table 3. Confidence interval is a range
around a measurement that shows how precise the measurement data is. It also tells us about the
stability of the estimated recovered data for particle sizes. By the stability of the estimated data we
mean, the values in the next run would be close to the same value obtained in the initial run if the
survey were repeated with the same sample set. Lastly, Mathematica simulation statistics gives
us the confidence interval which says that 95% if the sample population has the size range between
42.7 to 50.5 nm, 50.5 to 57.1 nm, and 44.3 to 60.4 nm for Figure 8, Figure 9, and Figure 10
respectively.

Table 3. Estimated radius, standard deviation, and confidence intervals of vesicle samples,
as determined from Mathematica fits of light scattering data
Sample

Estimated vesicle

Standard deviation of

95% confidence

radius (nm)

vesicle radius (nm)

interval, radius (nm)

Figure 8

46.6

1.4

42.7 to 50.5

Figure 9

53.8

1.5

50.5 to 57.1

Figure 10

52.3

3.7

44.3 to 60.4

These experiments show measurement of lipid vesicle samples in three separate experiments.
Previous experiments in Dr. Springstead’s lab demonstrate that these vesicles are approximately
50 nm in radius as prepared by pressure extrusion.
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As such, these data agree with prior

experiments, thereby demonstrating that we have a working method in the measurement of
estimating radius of lipid vesicles

10.2 Calibration and standardizing the MALS setup using the particles of known sizes, here
we will be focusing on sphere polymer of known size
The second objective in our experiments was to measure the radius of a polystyrene reference
standard spheres using MALS, and then using Mathematica software to model the relationship of
the ratio of the shape factors to the angle of incidence. By fitting this data, we are able to estimate
the radius of the polystyrene spheres, which are reported by the manufacturer to be 50 nm radius
spheres. In the first set of experiments, we measured the size of lipid vesicles, which are hollow
spheres and have a different shape factor than solid spheres, as listed in the theoretical section. In
this section we have the objective of measuring solid spheres, which are closer in structure to the
final samples, which include LDL particles. These LDL particles are solid spheres, and so in these
experiments we aim to demonstrate that we can measure the radius of solid spheres of known
radius.

While performing Mathematica simulation programming for solid sphere, we incorporated the
2
3

shape factor for solid sphere given in Equation 8, 𝑃(𝜃) = (𝑞3 𝑅3 (sin 𝑞𝑅 − qRcos 𝑞𝑅)) ,
explained in section 8.4. Mathematica results for solid sphere are presented in Figures 11 and 12.
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Figure 11. Mathematica fit for size estimate of 50 nm PS standard (Radius: 47.1 ± 2.4 nm, 95%
CI: 41.9 to 52.4 nm)

Figure 12. Mathematica fit for size estimate of 50 nm PS standard (Radius: 44.58 ± 1.8 nm, 95%
CI: 40.53, 48.62 nm)
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Figures 11 and 12 are Mathematica fits of data for angle of incidence verses Rayleigh ratio (ratio
of intensities at each angle of incidence to the reference angle (90 degrees) performed in two
separate dilutions of a polystyrene sphere standard (in Figures 11 and 12) estimated radii for each
sample are 47.1  2.4 nm and 44.6  1.8 nm, respectively. Lastly statistics given in Table 4,
comprehends the data with the confidence interval of 95%. The confidence interval as shown in
Table 4, affirms that sample population has the size range between 41.9 to 52.4 nm and 40.5 to
51.6 nm for Figure 11 and Figure 12 respectively.

In Figures 15 and 16, polystyrene standard was diluted (50 µL prepared vesicles with 10 ml buffer)
and analyzed using MALS and modeled using Mathematica, with the radius estimates provided in
the legend. In these fits, the angle of incident of the laser light on the sample (x axis) is plotted
against the Rayleigh Ratio, the ratio of light intensity to the intensity measured at 90 degrees. This
ratio is set equal to the shape factor, P(ϴ)/P(90), this time for solid spheres instead of hollow
spheres, in order to determine the radius of the polystyrene sample. The polystyrene sample was
reported to be approximately 50  1 nm by the manufacturer, Thermo Scientific.

Table 4: Estimated radius, standard deviation, and confidence intervals of 50 nm
polystyrene samples, as determined from Mathematica fits of light scattering data.
Sample

Estimated vesicle

Standard deviation of

95% confidence

radius (nm)

vesicle radius (nm)

interval, radius (nm)

Figure 11

47.1

2.4

41.9 to 52.4

Figure 12

44.6

1.8

40.5 to 51.6
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The experimental data presented in Table 4 show the results from the measurement of a
polystyrene sphere standard in two separate dilutions of the original sample, as manufactured by
Thermo Scientific. The reported size of the polystyrene standard spheres by Thermo Scientific is
50  1 nm. Our measurement of these spheres as measured using MALS and Mathematica
modeling indicates a smaller radius, although the radius as indicated by Thermo Scientific is within
the 95% confidence interval, as computed in our modeling. As such, these data agree with the
reported sphere radius, although we should consider that our method may differ some with the
measurement method of Thermo Scientific.

10.3 Measuring the size of LDL samples using MALS
The third and final objective in our experiments was to measure the radius of commercially
available LDL particles using MALS, and then using Mathematica software to model the
relationship of the ratio of the shape factors to the angle of incidence. By fitting this data, we are
able to estimate the radius of LDL particles as shown in Figure 13, Figure 14, and Figure 15 on
page 48.
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Figure 13. Mathematica fit for size estimation of LDL particles (Radius: 40.50 ± 1.59 nm, 95%
CI: 37.14, 43.85 nm)

Figure 14. Mathematica fit for size estimation of LDL particles (Radius: 43.03 ± 2.5 nm, 95%
CI: 37.52, 43.52 nm)
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Figure 15. Mathematica fit for size estimation of LDL particles (Radius: 60.56 ± 1.94 nm, 95%
CI: 56.23, 64.88 nm)

Figures 13, 14 and 15 are the Mathematica fits of data for angle of incidence verses Rayleigh ratio
(ratio of intensities at each angle of incidence to the reference angle (90 degrees) performed on
three separate dilutions of LDL particles (in Figures 13, 14, and 15) estimated radii for each sample
are 40.5  1.6 nm, 43.0  2.5 nm and 60.6  1.9 nm, respectively. Lastly, statistical data recovered
from Mathematica simulation is presented in Table 5. The 95% of confidence interval affirms that
sample population has the size range between 37.1 to 43.9 nm, 37.5 to 43.5 nm, and 56.2 to 64.9
nm for Figures 13, 14, and 15, respectively.

In the second set of experiments in section 10.2, we measured the radius of polystyrene spheres of
a known radius, and the results of our measurement of these spheres with MALS generally agreed
with the reported radius as shown in Figures11 and 12. In this section we have the final objective
of measuring LDL particles. These LDL particles are solid spheres, and so we use the shape factor
equation for solid spheres, as we did in the second set of experiments. LDL particles that have
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been measured from patients have generally been reported to be about 20 to 30 nm in diameter (10
to 15 nm in radius)

In Figures 13, 14 and 15 a commercially available LDL sample was diluted (50 µL prepared
vesicles with 10 ml buffer) and analyzed using MALS and modeled using Mathematica, with the
radius estimates provided in the legend. In these fits, the angle of incident of the laser light on the
sample (x axis) is plotted against the Rayleigh Ratio, the ratio of light intensity to the intensity
measured at 90 degrees. This ratio is set equal to the shape factor, P(ϴ)/P(90), this time for solid
spheres instead of hollow spheres, in order to determine the radius of the LDL particles in the
sample. Fresh LDL particles from patients are generally reported to be approximately 10 to15 nm
radius.

Table 5. Estimated radius, standard deviation, and confidence intervals of LDL, as
determined from Mathematica fits of light scattering data.
Sample

Estimated vesicle

Standard deviation of

95% confidence

radius (nm)

vesicle radius (nm)

interval, radius (nm)

Figure 13

40.5

1.6

37.1 to 43.9

Figure 14

43.0

2.5

37.5 to 43.5

Figure 15

60.6

1.9

56.2 to 64.9
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These experiments show the measurement of commercially available LDL particles, generally
assumed to have a radius of 10 to 15 nm. Our measurement of the LDL that we purchased as
measured using MALS and Mathematica modeling indicates a much larger radius, generally 4 to
5 times larger than the radius of LDL particles as generally expected for fresh LDL samples.

These results may suggest that the LDL sample is not stable. Additionally, the LDL sample was
stored frozen for a considerable amount of time, potentially allowing for aggregation of LDL
particles, which has been extensively documented (51, 52, 53). In fact, the aggregation of trapped
LDL particles is in fact a generally accepted event in the formation of atherogenic lesions, the
cause of heart disease.

We further investigated potential reasons for the discrepancy of size and conclude that this could
be because of the aggregation of LDL particles, potentially initiated due to the prolonged stationary
contact with each other. It is well-known that two of the main forces acting on charged
nanoparticles dispersed in a medium are Van der Waals and electrostatic forces. but their actual
contribution to particle diffusion has not been experimentally investigated. Van der Waals and
electrostatic interactions are the dominant forces acting at the nanoscale and they have been
reported to directly influence a range of phenomena including surface adhesion, friction, and
colloid stability but their contribution on nanoparticle diffusion dynamics specifically on LDL
particles is still not clear and has never been investigated. Additionally, it is known that LDL
lipids are oxidized and may bind proteins. As such, it is possible that LDL lipids oxidized over
time and crosslinked with proteins in other LDL particles and resulting aggregation.
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As presented in the Figures 13, 14 and 15 we measured the size of commercially available LDL
particles, the size of LDL particles should have been in in the range of 20 nm, however the results
we got does not agree with the our required results, i.e 20 nm size of the LDL particles.

The data obtained in our experiments can be referred in Figure 13, shows us that that the average
size of the suspended vesicles is 40.50 nm with standard deviation of 1.59 nm. The Mathematica
also give us a confidence interval of 95% which assures that the size of suspended vesicles is
between 37.14 to 43.85 nm. For Figure 14, the LDL size estimation we got is 43.03 ± 2.5 nm, with
95% confidence interval the size of suspended LDL particle should be in the range 37.52 to 43.52
nm. followed by Figure 15, the LDL size estimation we got is 60.56 ± 1.94 nm, with 95%
confidence interval the size of suspended LDL particle should be in the range 56.23 to 64.88 nm.

The results we got clearly shows that the size estimation is not close to what we aimed to be. The
particle size of suspended particles is in the range of 20 to 30 nm. However, Figures 13, 14 and
15 result in much higher estimations of particle radius. Additionally, the size increases gradually
from the first and third measurement. All of the experiments conducted for LDL size estimation
were performed from the same set of LDL samples which were purchased for this experiment to
maintain the consistency of the data and check if there is any variation in the results. Data in
Figure 13, were collected first, then the particles were stored in the cold storage and data were
subsequently conducted in Figures 14 and 15. These results generally suggest that the LDL
particles are not stable, and they are highly prone to form aggregates, size of the measured sample
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particles also increased as they were stored idle for loner time, as shown in these measurements,
which agrees with prior discussed literature (54).

To overcome the effect of particle aggregation, we further decided to sonicate the particles to make
it more disperse and free from aggregation. The results from this experiment are shown in Figure
16.

Figure 16. Mathematica fit for size estimate of sonicated LDL particles (Radius: 62.6  0.99 nm,
CI 95%, 60.4 to 65.2 nm)

Figure 16 is a Mathematica fits of data for angle of incidence verses Rayleigh ratio (ratio of
intensities at each angle of incidence to the reference angle (90 degrees) performed on a diluted
LDL particle sample. This sample was sonicated prior to MALS analysis with the hope that
sonication would lead to disaggregation of LDL particles and radius estimation closer to expected
results. There was poor fitting as demonstrated in Figure 16. The estimated radius of sonicated
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LDL as a result of this analysis was 62.6  0.99 nm, with a 95% confidence interval of 60.4 to 65.2
nm.

We also tried sonicating the LDL suspension sample before passing it to the MALS analysis, as
we assumed that the sonication would help to break the aggregates and free the suspension.
However, the results were generally poor, as demonstrated in Figure 16. The fit we obtained with
Mathematica simulation did not agree well with the data, some of which are outside the range seen
in Figure 16 and leading to a poor fit. The resulting estimate for LDL size was 62.56 ± 0.99 nm,
with 95% confidence interval the size of suspended LDL particle should be in the range 60.44 to
65.15 nm, substantially greater than the generally accepted radius of 10 to15 nm for LDL particles.

Replicate data sets were not possible for this thesis research project due to COVID-19 laboratory
access restrictions. Hence, we could not report any further modification set of experiments to
overcome LDL aggregates. Further, in our literature study investigated the significant causes of
LDL aggregate formation and possible ways to separate those LDL aggregates to achieve desired
results in the next section in order to contribute to development and future advancements of our
methods in the measurement of LDL samples.
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CHAPTER 11. LITERATURE REVIEW AND FUTURE ADVANCEMENTS TO
OVERCOME LDL AGGREGATION

We studied and investigated the root cause for the size increment and conclude that this could be
because of the aggregation of the vesicles could initiate due to the prolonged stationary contact
with each other. It is well-known that two of the main forces acting on charged nanoparticles
dispersed in a medium are Van der Waals and electrostatic forces. but their actual contribution to
particle diffusion has not been experimentally investigated. Van der Waals and electrostatic
interactions are the dominant forces acting at the nanoscale and they have been reported to directly
influence a range of phenomena including surface adhesion, friction, and colloid stability but their
contribution on nanoparticle diffusion dynamics specifically on LDL particles is still not clear and
has never been investigated (51).

As discussed earlier in the article LDL particle average diameter is 22 nm. As shown in Figure 17,
it contains a hydrophobic core consisting of apolar lipids, importantly cholesterol eaters and up to
twenty triglycerides

(51)

containing one copy
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This

core

apolipoprotein

is

surrounded

B

(apoB),

by

which

an

amphipathic

is one

surface

among the

most

important known proteins (51).

Aggregation of LDL particles are often evoked by lipolysis, chemical change reaction and
alternative chemical modification. Retention and longtime storage of these oxidized LDL could
worsen the aggregation and eventually affect the size estimation as we observed in the above
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results. Figure 17 shows systematic representation of oxidized-LDL aggregates evoked by
lipolysis and oxidized chemical alterations (51). Roy M. Talbot et at., conducted a pioneering study
to address whether the aggregation of LDL starts when its flowing in the bloodstream through the
arteries or substances within blood inhibit it (52, 54).

Figure 17. LDL aggregation
(Reference: Lu M., October 2013. Aggregation and fusion of low-density lipoproteins in vivo
and in vitro, Biomol Concepts. 4(5): 501–518.)

Khoo et al., (54) found that lipoprotein-deficient body fluid, HDL, apolipoprotein A-I (apoA-I),
and human albumin all showed some protection, putatively through hydrophobic interactions,
though aggregation wasn't entirely prevented. Study of Roy M. Talbot et al., addressed two
important questions, first is whether aggregation of LDL still occurs in the bloodstream or else
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substances within blood inhibit it. and a second important question whether the flow in vivo
protects the LDL aggregation (52, 54).

11.1 Vortexing LDL particles with HDL
An additional study investigated the influences of HDL and albumin on the aggregation of LDL,
concluded that when LDL were in the presence of the highest concentrations of these plasma
constituents 2.0 mg protein/ml for HDL and 10 mg/ml for albumin these constituents inhibited
aggregation during vortexing by 84% and 45%, respectively, indicating that HDL is a more
powerful inhibitor than albumin, the reason being suggested that due to the hydrophobic
interactions between apoA-I protein associated with HDL surface and LDL. Generally, apoA-I has
tendency to get attached to the exposed hydrophobic surface moieties in LDL surface and hence
block the intermolecular interaction leading to LDL aggregation (52, 53, 54).

The study also investigated for the first time whether physiological flows cause less aggregation
of LDL. In their study a model was developed which mimicked several of the essential features
of circulatory geometries and flows: the mean flow rate, Reynolds number, Womersley parameter,
diameter, and curvature were appropriate for the aorta of a laboratory animal, such as the rabbit,
or for medium-sized human arteries. Furthermore, flow was induced by a squeezing motion, as in
the heart. Aggregation of LDL solutions still occurred in this model but at a 200-fold lower rate
(52).
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In that model, albumin and HDL again inhibited the aggregation of LDL solutions. The majority
of the aggregation nearly 20% appeared to be caused by the squeezing motion mimicking the
action of the heart and by the local turbulent flows it caused, but shearing between laminae within
the fluid circulating around the loop, possibly by unfolding it and exposing hydrophobic domains.
Additionally, review articles (51, 52, 53) also suggested that LDL is less likely to aggregate in
vivo (and in the presence of HDL), during the normal blood flow through the arteries due to the
hemodynamic stress caused by the blood flow stream. We suggest that fresh blood samples
obtained from patients will be more likely to be free of aggregates and we may then potentially be
able to provide precise LDL size estimation on these fresh samples if analyzed within the time
limit of 2 to 3 days since there are minimal traces of LDL aggregates with minimal storage. Studies
suggested that LDL storage at 6 °C for 8 weeks or at 37 °C for 15 hours increased aggregation up
to 25-fold, when comparing with freshly collected LDL (51). The sample that we analyzed was
stored in the freezer over a long time period which makes it likely that this storage caused the
aggregation and hence we could not obtain the desired size estimation results.

11.2 Treatment of LDL plasma with Pluronic copolymers
A pioneering research conducted by A. Melmichenko, et al., inferred that amphiphilic copolymers
of propylene oxide and ethylene oxide, the purported Pluronic, can be utilized to impact the
collection of LDLs. They directed investigation where Pluronic copolymers with solid
hydrophobic properties. In these studies four pluronic polymers, P85, L64, L81, and L61, were
tested for their properties with respect to preventing aggregation of LDL. In these studies P85 and
L64 are hydrophobic polymers, whereas L81 and L61 are hydrophilic polymers. LDL samples
from the blood sample of patients with cardiovascular illness (men matured 40 to 74 years of age
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with early asymptomatic carotid atherosclerosis) were separated by ultracentrifugation and treated
with Pluronic polymer. They indicated that L81 and L61 don't affect intracellular cholesterol
accumulation, and it was assumed that this was due to their hydrophilic nature. Conversely,
addition of L64 reduced LDL aggregation by 24% when compared to untreated LDL, while
addition of P85 reduced aggregation 68%.

In this paper, the authors suggested that the

hydrophobic polymers bound to the any exposed hydrophobic core of LDL and packed the surface
opening, thereby preventing LDL aggregation. The results of these studies suggest that addition of
hydrophobic pluronic copolymers L64 and P85 decrease LDL aggregation and may potentially be
used as antiatherogenic agents (53). In the case of our studies, these polymers may be used to
prevent aggregation of LDL.

11.3 Polydisperse particle separation by using asymmetric field flow fractionation
Certainly, this mixture of polydisperse particles cannot be directly passed through the MALS for
size detection, as these suspended particles will have wide range of sizes, and it will greatly
influence the total intensity of scattered light. This will compromise the dependability of the final
results, as MALS is accurate only for monodisperse samples with relatively equally sized particles.
Hence it will be very important to isolate these polydisperse particles into monodisperse particles,
categorically, by separating the particles by size. With our study we believe that for measurement
of the size distribution and concentration of eluent from the fractionator asymmetric field flow
fractionation could stand as a reliable technique for separating LDL particles by size. Field flow
fractionation (FFF) is an analytical technique used for separating and characterizing molecules,
supramolecular assemblies, colloids and suspended particles in both aqueous and organic solvents
(12, 17). Calvin Giddings first introduced FFF in 1966 (17, 34). FFF is elution-based method in
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which separation is carried out in single-phase depending upon the particle distribution in parabolic
flow profile created of the flowing solution in the FFF channel. Due to high aspect ratio, the
parabolic liquid profile is created in the chamber as shown in Figure 18. The velocity of the fluid
is nearly zero at the wall to a maximum at the center of the channel, with sample coming from the
vertical flow applied towards the chamber wall. Counter diffusive force develops due to
concentration built up at the wall and drives the analyte towards the center. An exponential
concentration profile is generated after the force balance, and equilibrium is reached. Separation
occurs analyte resides in difference velocity profile zone based upon their size and shape (12).

Messaud FA et al., had published a detailed review on the FFF and they have focused on
symmetrical and asymmetrical flow field-flow fractionation. The asymmetrical version of FFF
would be best used with our objective, with the following advantages: it has simpler construction
and gives us ability to watch the separation carefully through the transparent upper wall.

Figure 18. Illusionary image of asymmetric field flow fractionation of the suspended particles
(https://en.wikipedia.org/wiki/Asymmetric_flow_field_flow_fractionation)
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Asymmetrical flow field flow (AsFIFFF) results enhanced with an increase in temperature
generally lead to enhanced separation and analysis time in FFF. Temperature elevation improves
the solubility and rapid diffusion with decreased band broadening in signaling. Furthermore,
studies have also proved that high-temperature AsFIFFF reported an excellent selectivity and
higher efficiency for high molecular weight species. This technique has vast application in the
determination of molar mass or particle mass, hydrodynamic radius, or particle size, which is the
objective of the presented study (17).

AsFIFFF coupled with light scattering detectors such as multiangle light scattering (MALS) can
become a powerful method for particle size characterization without any need of standard and
calibration. Various publications (10, 12, 13, 14, 15) have conducted studies FFF coupled with
MALS for particle size characterization in a diverse field of studies. This combination has emerged
as a promising technology to give absolute particle size characterization.

11.4 Proposed experimental flowchart for the future studies
Summarizing from all our experimental studies, results and literature reviews it is clear that
nullifying the LDL aggregates before MALS analysis is highly important as it affects the size
estimation results. Hence, we designed a flowchart shown in Figure 19, which involve total five
steps to get accurate size estimation of LDL particles. In Step 1, a fresh blood sample should be
considered for MALS analysis, and should undergo ultracentrifugation for plasma separation. We
also observed that the in our experimental analysis we used long time stired oxidized LDL particles
free from HDL, which incorporated significant aggregation and lead to loss precision and accuracy
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in the size measurement. Hence, in step 2 it is strongly suggested that, based upon proved studies
and literature survey it is best to treat LDL with HDL particle for experimental analysis, as these
HDL acts as natural inhibitor or LDL aggregation by blocking exposed hydrophobic surface
moieties in LDL surface, thereby blocking the intermolecular interactions leading to LDL
aggregation (52, 54). However, this treatment will not solely able resolve all aggregation, and as
such, in step 3 the introduction of Pluronic polymer will help to bind exposed surface and nullify
the effect of aggregation even at the further extent (54). LDL/HDL lipoprotein samples treated
with plutonic copolymer should be passed through a particle isolation technique in step 4, which
is asymmetric field flow fractionation (AsFIFF) coupled with MALS. Note that, this MALS and
AsFIFF cupelling will serve two purposes. Firstly, it will slow down the possible aggregation
process and secondly it will isolate LDL particles from polydisperse suspension and give us a
monodisperse suspension of LDL particles.

Figure 19. Proposed process flow chart for separation and MALS analysis of lipoprotein samples
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Lastly in step 5, this monodisperse LDL particle should pass through MALS for final size
estimation results. The particles analyzed in MALS detector will give data which can be processed
through Mathematica simulation as shown in this document in chapter 10, and finally we can get
result of LDL particle radius. Note that this procedure would allow for disaggregation of
lipoprotein samples. The polymer and HDL assist in preventing further aggregation during
separation and analysis of LDL particles. HDL has a radius of approximately 5 nm and thereby
would be separated in fractions that are separated by FFF. We strongly believe that, this separation
and analysis sequence will give us highly precise size estimation of LDL particles and eventually
sd-LDL characterization in the future.

CHAPTER 12. CONCLUSIONS
In this study we were successfully able to demonstrate that, sd-LDL plays a vital role in
atherosclerosis and could be a potential key to solve various unsolved theories in atherosclerosis.
Additionally, due to its small size, longer residence time, affinity for proteoglycans makes it easy
for them to infiltrate into the endothelial cells, which begins the genesis for atherosclerosis. Hence,
successful size estimation of sd-LDL would be a great tool towards the quantification of sd-LDL
in the blood sample as a potential biomarker for atherosclerosis. With our aim to estimate the size
of sd-LDL using MALS, we were successfully able to demonstrate the experiments on hollow
spheres and known particles sizes 50 nm solid spheres to be able to affirm that the MALS set-up
is trustworthy to give size estimate of the suspended particles. The experimental results for hollow
vesicles give us radius of 46.6 nm with standard deviation of 1.4 nm and confidence interval of
42.7 nm to 50.5 nm, followed by 44.6  1.8 nm with 95% confidence interval of size between 40.5
nm to 51.6 nm. However, our further analysis for LDL size estimation showed that oxidized LDL
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particles are unstable in-vitro environment, and highly prone to forms aggregates. These
aggregates had a major effect on MALS results, as one particular downside of MALS is that when
suspended particles have a wide size range, the larger particles have greater effect on total scattered
intensity. Hence when mixture of differently sized particles is measured, the average estimated
size interpretation is suspected to be significantly influenced by the larger sized aggregates. Due
to these effects we could not get the desired results for the LDL particle sizes. Furthermore, these
results led us to investigate the aggregate causes and possible methods to resolve the LDL
aggregates.

Lastly, to overcome the effect of LDL aggregates we proposed a flow chart design that needs to
be followed to get a possible successful result. It explicitly addresses that; LDL particles should
be treated vortexed plutonic hydrophilic particles without separating it from HDL (a natural
inhibitor for LDL aggregations). Lastly, this polydisperse solution should be passed through
asymmetric field flow fractionator to isolate LDL particle and make it monodisperse followed by
MALS detection. The presented sequence has never been studied and analyzed before, with our
understanding of the topic we strongly believe that this future advancement will be a helpful tool
and it will set up a strong groundwork for successful size estimation of LDL particles which will
eventually contribute towards the development of new therapeutics for atherosclerosis.
Specifically, by measuring the radius of LDL, we would be able to determine patient risk for heart
disease and treat for heart disease earlier with lifestyle modifications and pharmaceuticals in order
to prevent further development of heart disease and catastrophic cardiac events such as heart attack
or stroke.
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