
 

 

POLITECNICO DI TORINO 
Collegio di Ingegneria Biomedica 

 
Master of Science in 

Biomedical Engineering 
 
 

Master of Science Thesis 

 
Structural Analysis of Low-Density Lipoprotein 

Interactions with Proteins and Corona Formation 
 
 

 

 
Supervisors: 
Prof.ssa Laura Fabris - Politecnico di Torino 
Prof. Francesco Stellacci - École Polytechnique Fédérale de Lausanne 
Dr. Quy Ong Khac - École Polytechnique Fédérale de Lausanne 
Ph.D. Ding Ren - École Polytechnique Fédérale de Lausanne 
 

Candidate: 
Martina Campagna 

 
 

 
Academic Year 2024-2025



   
 

   
 

 
  



   
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

Alla mia famiglia, 

e a chi mi guarda da lassù



   
 

 

i i 

 
 

 
 
 
 



   
 

 

i 

Abstract 
 
 

Lipoproteins are naturally occurring biological nanoparticles circulating in our bloodstream. 
Researchers have paid great attention to their function in cholesterol transport and to their 
relationship with various diseases like cardiovascular disease and metabolic disorder. Their 
characteristics as nanoparticles have long been ignored. In a biological environment, 
lipoproteins may also bind with various proteins, and form hard and/or a soft corona on their 
surface, similar to other nanoparticles. 
In this thesis, low-density lipoproteins (LDL) are isolated using density gradient 
ultracentrifugation (DGUC), followed by fast protein liquid chromatography (FPLC) 
purification to minimize the presence of pre-existing protein corona. The purified LDL are 
characterized through dynamic light scattering (DLS) and transmission electron microscopy 
(TEM) before being incubated with human serum albumin (HSA), immunoglobulin G (IgG), 
and apo-transferrin to form a protein corona. These proteins were selected based on their 
varying abundance in plasma and their differing affinities for nanoparticle surfaces. HSA, the 
most abundant plasma protein, is primarily involved in molecular transport but interacts weakly 
with nanoparticles, a behaviour also observed for apo-transferrin. In contrast, IgG, the 
dominant immunoglobulin in blood, exhibits stronger binding to LDL. 
Sedimentation velocity analytical ultracentrifugation (SV-AUC) is employed to assess the size 
and interaction dynamics of LDL after corona formation. It is observed that the purity of the 
LDL samples significantly influences the interaction between LDL and proteins, indicating the 
existence of both a hard corona and a soft corona. 
Additionally, it was found that the binding of LDL to plasma proteins is highly protein-
specific, with IgG forming stronger associations, leading to larger LDL-protein complexes. To 
further explore the function of protein corona on lipoproteins, isolated LDL is precipitated 
using a high concentration PEG solution. However, the results show no significant difference 
compared to LDL isolated through DGUC followed by FPLC, indicating that PEG precipitation 
does not alter LDL behaviour under these conditions. 
This thesis provides valuable insights into the interactions between lipoproteins and plasma 
proteins, contributing to a deeper understanding of protein corona formation on LDL. 
Furthermore, the findings highlight the potential to modulate protein corona composition, 
paving the way for advancements in lipoprotein-based therapeutics for precision medicine. 
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1. Introduction and Objectives 
 

Lipoproteins, natural nanoparticles present in our body, are efficient carriers of lipids and 
cholesterol [1]. They can be grouped into different categories based on their size, density, the 
type of internal cholesterol, and the presence of specific apolipoproteins [2]. These categories 
include chylomicrons (CM), very low-density lipoproteins (VLDL), low-density lipoproteins 
(LDL), intermediate-density lipoproteins (IDL), and high-density lipoproteins (HDL) [2]. 
Among them, LDL are particularly significant due to their involvement in cholesterol delivery 
from the liver to peripheral tissues [3]. Indeed, LDL is often referred to as “bad” cholesterol, 
as it can build up in the walls of arteries, leading to blockages and increasing the risk of heart 
disease[4], where HDL is known as “good” cholesterol because it helps remove excess 
cholesterol from the bloodstream, promoting cardiovascular health [4]. 
LDL have a diameter ranging from 17 to 28 nm and consist of a lipid core rich in cholesterol 
esters, encased in a phospholipid monolayer embedded with apolipoproteins, mainly 
Apolipoprotein B-100 (ApoB-100), a ~550 kDa protein essential for structural stability and 
receptor-mediated interactions [3].  
When LDL, and in general nanoparticles (particles with at least one dimension smaller than 
500 nm), interact with biological fluids, proteins and biomolecules present in the surrounding 
environment rapidly adsorb onto their surface, forming a protein corona [5]. This protein 
layer not only stabilizes the nanoparticle by reducing its surface energy [5], but also modifies 
its physicochemical properties, influencing biological recognition, receptor interactions, and 
cellular uptake [6]. Moreover, the structure of the protein corona can be divided into hard and 
soft coronas, based on the strength of the interaction between the proteins and the 
nanoparticle surface [7]. 
A two-step process is applied to isolate LDL from serum. The process includes a density 
gradient ultracentrifugation (DGUC) step to remove triglyceride-rich particles and serum 
proteins by density, followed by fast protein liquid chromatography (FPLC) system with a 
size-exclusion column (SEC) to separate lipoproteins by size [8]. This approach effectively 
removes contaminating serum proteins, thereby significantly reducing the presence of any 
pre-existing protein corona. This is achieved due to the strong stripping force applied during 
the process, as well as the notable density difference between proteins and lipoproteins, which 
facilitates their efficient separation [8]. As a result, the nanoparticles or lipoproteins can be 
analyzed or utilized with minimal interference from unwanted protein adsorption, ensuring 
more accurate and reproducible experimental outcomes [8]. 
Despite the extensive research on lipoproteins in relation to cholesterol metabolism and 
cardiovascular disease, their behaviour as nanoparticles and their interactions with serum 
proteins remain less explored [9]. Understanding how LDL interacts with serum proteins and 
the factors influencing protein corona formation is essential for a more comprehensive view 
of LDL biology, particularly in physiological and pathological contexts. 
Currently there is not a one-method-for-all approach but multiple techniques are utilized in 
combination to thoroughly characterize the size, density, shape, ligand shell of nanoparticles 
[10]. 
Analytical ultracentrifugation (AUC), particularly sedimentation velocity (SV) experiments, 
is employed to assess the size distribution, sedimentation behaviour, and interaction dynamics 
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of LDL-protein complexes. This high-resolution approach provides insights into molecular 
weight and hydrodynamic properties, allowing for the identification of protein-specific 
binding patterns and distinguishing between hard and soft corona components [11]. 
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1.1 Protein Corona Formation  
 
Due to their unique surface activity, in a solution, nanoparticles rapidly adsorb various 
biomolecules, particularly proteins, onto their surface, forming a protein layer that stabilizes 
them in a low-energy state [1]. This layer, termed “Protein Corona”, was first introduced by 

Kenneth A. Dawson and co-workers [12] in 2007. Different dynamic interaction strength 
between biomolecules and nanoparticles leads to the classification of protein corona into two 
main categories: the hard corona and the soft corona [5]. 
The hard corona consists of proteins that exhibit a strong affinity for the nanoparticle surface, 
forming a tightly bound inner layer that is often regarded as stable and difficult to remove [7].  
In contrast, the soft corona is composed of proteins that interact more loosely with the outer 
layer, associating through reversible interactions and weaker protein-nanoparticle binding [7]. 
Due to their strong interactions, hard corona proteins tend to remain attached to the 
nanoparticle surface for extended periods, whereas soft corona proteins are more dynamic and 
can easily detach under physiological conditions [13]. A common hypothesis suggests that 
hard corona proteins directly adhere to the nanoparticle surface, while soft corona proteins 
associate indirectly by interacting with the hard corona layer [14], whereas Pareek et al. [6] 
propose that both types of proteins may bind directly to the nanoparticle surface, differing in 
their binding strengths and interaction dynamics. 
When nanoparticles enter a physiological environment, the initial adsorption is dominated by 
highly abundant and rapidly diffusing proteins like serum albumin, which attach to the 
particle surface due to their high concentration [5]. However, as time progresses, these loosely 
bound proteins are gradually displaced by proteins that possess stronger affinities for the 
nanoparticle, such as immunoglobulins and complement factors [15], as shown in Figure 1. 
This competitive exchange, known as the Vroman effect, is influenced by both protein 
concentration and binding kinetics [5]. The process involves continuous competitive 
interactions, where numerous biomolecules compete for available binding sites on the 
nanoparticle surface [16]. This dynamic competition is a key factor in shaping the final 
composition of the protein corona, as proteins with higher affinities gradually replace those 
initially adsorbed. 
This effect is understood to be one of the key mechanisms underlying the differences between 
the protein profiles in the corona and those in the surrounding biological fluid. Furthermore, a 
dynamic equilibrium is established through rapid adsorption and dissociation between bound 
corona proteins and free proteins in the biological fluid [17]. This exchange can occur within 
minutes or take hours to days to stabilize, depending on nanoparticle properties and 
environmental conditions [18]. Additionally, adsorbed proteins may undergo structural 
modifications due to hydrophobic and electrostatic interactions, ultimately stabilizing the 
corona in a thermodynamically favorable state [6]. 
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Figure 1 – Schematic representation of protein corona formation [5]. 

From a kinetic standpoint, nanoparticle-protein interactions in biological fluids are primarily 
governed by non-covalent forces, including electrostatic attractions, hydrophobic interactions, 
and hydrogen bonding [19] [20]. While electrostatic forces are often a key factor, they act 
alongside other molecular interactions in determining the stability and composition of the 
protein corona [6]. 

 

1.2 Introduction to Lipids and Lipoproteins 
 

Lipoproteins play a crucial role in lipid transport, as cholesterol and triglycerides are insoluble 
in water and need to associate with proteins to circulate effectively [21]. These 
macromolecular complexes not only facilitate the absorption and distribution of dietary lipids 
from the intestine but also ensure the transport of lipids from the liver to peripheral tissues 
and the reverse cholesterol transport to the liver [22]. In addition to their primary role in lipid 
metabolism, lipoproteins contribute to the removal of hydrophobic and amphipathic toxic 
compounds, such as bacterial toxins, preventing their accumulation in sites of infection and 
inflammation [22].  
Their structural organization enables them to perform these functions effectively. 
Lipoproteins consist of a hydrophobic central core containing cholesterol esters and 
triglycerides, surrounded by an outer hydrophilic layer made up of phospholipids, free 
cholesterol, and apolipoproteins [23] (Figure 2).  

 
Figure 2 – Lipoprotein structural composition [23]. 
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The specific composition of this outer layer determines the interactions of lipoproteins with 
cells and receptors, influencing metabolic pathways [24]. Based on their size, lipid 
composition, and apolipoprotein content, plasma lipoproteins are classified into seven 
categories: chylomicrons, chylomicron remnants, VLDL, VLDL remnants (IDL), LDL, HDL, 
and Lp(a), each with distinct metabolic functions and destinies in circulation [21] (Table 1). 
 
Lipoprotein Density (g/mL) Size (nm) Major Lipids Major Apoproteins 

Chylomicrons <0.930 75-1200 Triglycerides Apo B-48, Apo C, Apo E, Apo 
A-I, A-II, A-IV 

Chylomicron 
Remnants 0.930 - 1.006 30-80 Triglycerides 

Cholesterol Apo B-48, Apo E 

VLDL 0.930 - 1.006 30-80 Triglycerides Apo B-100, Apo E, Apo C 

IDL 1.006 - 1.019 25-35 Triglycerides 
Cholesterol Apo B-100, Apo E, Apo C 

LDL 1.019 - 1.063 18- 25 Cholesterol Apo B-100 

HDL 1.063 - 1.210 5- 12 Cholesterol 
Phospholipids 

Apo A-I, Apo A-II, Apo C, Apo 
E 

Lp (a) 1.055 - 1.085 30 Cholesterol Apo B-100, Apo (a) 

Table 1 – overview of all the lipoprotein classes [21]. 

Among these, LDL particles, also known as “bad cholesterol”, primarily derived from VLDL 
and IDL, are the main cholesterol carriers in the bloodstream. Each LDL particle contains a 
single Apo B-100 molecule, but variations in the size and density of LDL significantly affect 
their atherogenic potential [25]. In contrast, HDL particles, often referred to as “good 
cholesterol”, play a protective role by mediating reverse cholesterol transport [25]. HDL 
facilitates the removal of excess cholesterol from peripheral tissues, including arterial walls, 
and transports it back to the liver for excretion or recycling, thereby reducing the risk of 
atherosclerosis [4]. The balance between LDL and HDL cholesterol is a crucial determinant 
of cardiovascular health, as excessive LDL accumulation leads to plaque formation in the 
arteries, while sufficient HDL levels help counteract this process [26]. 
At the molecular level, apolipoproteins are central to lipoprotein metabolism, acting as 
structural components, ligands for receptors, and enzyme regulators [27]. Apo B-100, 
synthesized in the liver, is a key structural element of VLDL, IDL, and LDL and plays a 
crucial role in LDL clearance by binding to LDL receptors [28]. 
LDL receptors, primarily expressed in the liver, are responsible for recognizing Apo B-100 
and Apo E, thus mediating the endocytosis of LDL, chylomicron remnants, and IDL [21]. 
Once internalized, these lipoproteins are degraded in lysosomes, releasing cholesterol into the 
cell [21]. This available cholesterol exerts a feedback mechanism that regulates intracellular 
cholesterol homeostasis by inhibiting the activity of HMG-CoA reductase (a key enzyme in 
cholesterol synthesis), suppressing the expression of the LDL receptor, and thus modulating 
further cholesterol uptake [26]. The number of LDL receptors in hepatic cells is a crucial 
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determinant of plasma LDL levels [26]. When receptor expression is reduced, LDL clearance 
slows, leading to elevated plasma LDL concentrations, whereas an increase in receptor 
expression improves LDL uptake and reduces circulating LDL levels [26]. 
Due to their significant role in lipid metabolism and their implication in pathological 
conditions, extensive efforts have been made to establish reliable protocols for their isolation 
and purification [21][8]. Over the years, various techniques have been developed, each 
offering distinct advantages and limitations depending on the application, sample type, and 
desired purity level. 
Typical protocols for LDL extraction have primarily relied on density-based methods, such as 
ultracentrifugation (UC), which separates lipoproteins based on their buoyant density [28]. 
This approach, often combined with salt gradients, remains one of the most widely used 
methods due to its high efficiency and reproducibility[28]. However, UC can be time-
consuming and may alter the native structure of LDL particles. Furthermore, combining 
density gradient ultracentrifugation (DGUC) with SEC has been employed to isolate LDL, 
based not only on their density, but also on their size (Figure 3) [8]. 
Alternative approaches are also explored to optimize the isolation strategy and evaluate how 
different techniques may influence the characterization of the protein corona. Among these, 
polyethylene glycol (PEG) precipitation offers a simple and effective method to selectively 
aggregate and precipitate LDL while excluding smaller plasma proteins [29]. Another strategy 
is centrifugal filtration, which employs ultrafiltration membranes with a 100 kDa molecular 
weight cutoff (MWCO) to remove the protein corona. This process selectively retains LDL 
while washing away loosely bound proteins and plasma contaminants [30]. Each protocol 
presents unique challenges, including sample volume requirements, potential contamination 
by other lipoproteins, and variations in yield or purity. 
 

 
Figure 3 – Schematic overview of the size and density of various lipoproteins, including high-density 

lipoproteins (HDL), low-density lipoproteins (LDL), intermediate-density lipoproteins (IDL), very low-
density lipoproteins (VLDL), and chylomicrons [made with VISME]. 
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1.3 Key Proteins in Human Serum 
 
Human serum is a complex and dynamic fluid containing hundreds of proteins that serve 
essential physiological functions. The measurement of serum proteins is particularly relevant, 
as serum represents the fluid that remains after plasma has clotted, effectively removing 
fibrinogen and most clotting factors. The total serum protein concentration typically ranges 
between 6 and 8 g/dL, with albumin accounting for approximately 3.5 to 5.0 g/dL, while the 
remaining portion consists of globulins [31]. 
As depicted in Figure 4, the six most abundant proteins constitute approximately 85% of the 
total protein mass in human serum, whereas the 13 most abundant proteins account for about 
94% of the total protein mass [31]. 

 
Figure 4 – Charts representing human serum composition. (A) The 6 most abundant proteins represent 

approximately 85% of the total protein mass in human serum. (B) The 13 most abundant proteins are said 
to represent approximately 94% of the total protein mass in human serum. Apoliprotein AI, AII and 

transthyretin are non-glycosylated proteins [31]. 

Albumin is the most abundant protein in human serum. Synthesized in the liver, it has a MW 
of approximately 66 kDa and represents nearly 45-50% of total serum protein and has 
multiple physiological functions, including maintaining colloid osmotic pressure, acting as a 
transporter for various molecules, and regulating fluid distribution across capillaries [33]. Due 
to its negative charge at physiological pH, albumin interacts with cations, particularly sodium 
ion, a phenomenon known as the Gibbs-Donnan effect [31]. Furthermore, it plays an essential 
role in binding and transporting bilirubin, hormones, metals, vitamins, and drugs, while also 
aiding in fat metabolism by solubilizing fatty acids in plasma [31]. 
The globulin fraction, which accounts for the remaining serum protein content, comprises a 
diverse group of proteins, including carrier proteins, enzymes, components of the complement 
system, and immunoglobulins. Globulins are classified into four primary groups (α1, α2, β, 

and γ) based on their electrophoretic migration pattern. The immunoglobulin family consists 

of five major classes, IgG, IgA, IgM, IgE, and IgD, each with distinct functions and structural 
features [34]. 
IgG is the most abundant immunoglobulin in serum, with concentrations ranging between 600 
and 1500 mg/dL [35]. It accounts for approximately 75% of total serum immunoglobulins and 
plays a crucial role in immune defence against bacterial and viral infections. It is a large 150 
kDa molecule composed of two heavy and two light chains, with attached oligosaccharides 
that contribute to its stability and effector functions [36]. 
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Apart from albumin and immunoglobulins, numerous other high-abundance serum proteins, 
primarily glycoproteins such as transferrin, play crucial roles in physiological processes [37]. 
Transferrin, with a normal serum concentration of approximately 200-360 mg/dL and a MW 
of 79 kDa, is responsible for iron transport and homeostasis. This liver-synthesized 
glycoprotein binds ferric iron derived from haemoglobin degradation and delivers it to cells 
[38]. 
 
1.4 The Analytical Ultracentrifugation (AUC) Theory 

 
Analytical Ultracentrifugation (AUC) was introduced in the 1920s by Theodor Svedberg as a 
method for studying gold particle size distributions. His innovative work on disperses 
systems, including the development of AUC, earned him the Nobel Prize in Chemistry in 
1926. This technique remains a highly effective approach for characterizing nanoparticles, 
providing precise measurements of sedimentation coefficients, particle size and shape, molar 
mass, and density across the colloidal scale. AUC offers exceptional resolution at the 
Angstrom level, combined with robust statistical analysis, making it a valuable tool for 
studying nanoparticles in both solution and suspension [39]. Its ability to separate particles 
based on density and molecular weight enables the analysis of nanoparticles ranging from 1 
nm up to 5000 nm in size. Additionally, its adaptability to various solvents, including both 
organic and aqueous solutions, has expanded its applications in nanoparticle research. 
As illustrated in Figure 5, when a solute particle is suspended in a solvent and subjected to a 
gravitational field, three distinct forces influence its movement. 

 
Figure 5 – Forces acting on a solute particle in a gravitational field [11]. 

First, there is a sedimenting (or gravitational) force, F𝑠, which is expressed as 

𝐹𝑠 = 𝑚𝜔2𝑟 =  
𝑀

𝑁
𝜔2𝑟  (1) 

 
where 𝑚 represents the mass of an individual particle in grams, and 𝜔2𝑟 corresponds to the 
acceleration. In a spinning rotor, the acceleration of a particle is determined by its distance 
from the axis of rotation, denoted as 𝑟, and the square of the angular velocity, 𝜔, which is 
measured in radians per second. The parameter 𝑀 represents the molar mass of the solute in 
g/mol and 𝑁 refers to Avogadro’s number.  
Second, a buoyant force, 𝐹𝑏, acts on the particle, which can be described as 

𝐹𝑏 = − 𝑚0𝜔2𝑟                                                                 (2) 
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where 𝑚0 is the mass of fluid displaced by the particle, as determined by Archimedes’ 

principle, and is calculated as  

𝑚0 = 𝑚𝑣̅𝜌 =  
𝑀

𝑁
𝑣̅𝜌  (3) 

   
𝑣̅ represents the partial specific volume, which is the reciprocal of the solute's density per 
gram, while 𝜌 represents the solvent's density, measured in g/mL.  
As the particle moves radially toward the bottom of the sample compartment, known as the 
cell, its velocity, 𝑢,increases as the radial distance grows. When moving through a viscous 
fluid, the particle experiences a frictional resistance that is directly proportional to its velocity, 
generating a frictional force that can be described as  

𝐹𝑓 = −𝑓𝑢  (4) 
 
In this context, 𝑓 represents the frictional coefficient, which is influenced by the particle's 
shape and size. The negative signs in equations (2) and (4) indicate that these forces act in 
opposition to the direction of sedimentation.  
The balance between centrifugal force, buoyancy, and viscous drag is established in less than 
10−6 s. Following this equilibrium, solute particles start to sediment toward the bottom of the cell 
at a rate defined as 

𝑀(1−𝑣̅𝜌)

𝑁𝑓
=

𝑢

𝜔2𝑟
≡ 𝑠                                                             (5) 

 
The sedimentation coefficient, denoted as 𝑠, is defined as the velocity of the particle per unit of 
gravitational acceleration, represented by 𝑢

𝜔2𝑟
. According to equation (5), 𝑠 is directly 

proportional to the molar mass of the particle, adjusted for buoyancy effects, and inversely 
proportional to the frictional coefficient. The sedimentation coefficient is expressed in 
seconds, with typical values ranging from 1 and 100 ×  10−13 s. In honor of Svedberg, the 
Svedberg unit (symbolized as S), defined as 10−13 s, is used to quantify the sedimentation 
rate of particles [11]. 
The concentration distributions of the analyte, 𝑐(𝑟, 𝑡),  depend on both time 𝑡 and distance 
from rotor center 𝑟, and these distributions can be superimposed. The shape and changes over 
time can be described using the Lamm equation (6), which allows for the separation of the 
sedimentation 𝑠 and diffusion 𝐷 coefficients [40]. 

𝜕𝑐

𝜕𝑡
=  𝐷 (

𝜕2𝑐

𝜕𝑟2 +
1

𝑟

𝜕𝑐

𝜕𝑟
) − 𝜔2𝑠 (𝑟

𝜕𝑐

𝜕𝑟
+ 2𝑐)                               (6) 

 
Given the challenge of solving the Lamm equation analytically, researchers often resort to 
approximate numerical solutions to interpret experimental AUC data [39]. 
Schuck et al. [41] were pioneers in creating software tools like SEDFIT and SEDPHAT, 
which calculate the sedimentation coefficient distribution function by fitting it to experimental 
observations. These tools provide user-friendly platforms for assessing predefined models of 
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both homogeneous and heterogeneous protein-protein interactions, accommodating different 
stoichiometries [40]. 
Assuming a constant shape factor, meaning a frictional ratio (

𝑓

𝑓0
) that remains consistent 

across all species, the software calculates the Gaussian distribution corresponding to the 𝑠-
values for each species, resulting in a "𝑐(𝑠) distribution". This distribution effectively 
accounts for diffusional broadening associated with high diffusion coefficients through an 
empirical scaling relationship between 𝑠 and 𝐷 [41]. Individual species are depicted as peaks 
within the distribution. The 𝑐(𝑠) method provides high resolution and sensitivity, making it a 
reliable tool for quantitatively assessing sample heterogeneity and contaminants. However, 
caution is needed when analyzing systems that undergo rapid self- or hetero-
association/dissociation, as such dynamics can lead to misinterpretation of the data. 
 
1.5 Challenges of AUC Theory in Describing Protein-Nanoparticle 

Interactions 
 

The formation of a protein corona around nanoparticles is a dynamic and competitive process 
that significantly affects their biological identity and behavior. This corona is subjected to 
rapid changes, as initially bound proteins, which are often abundant but low affinity, are 
gradually replaced by less abundant proteins with a higher affinity for the nanoparticle 
surface. Additionally, there is a continuous exchange between the proteins on the 
nanoparticles and those free in the surrounding medium [42].  
AUC has long been regarded as a robust method for characterizing macromolecular and 
colloidal systems, providing insights into particle size distribution, density, and interaction 
dynamics. However, applying SV-AUC to study the protein corona presents challenges, both 
theoretical and experimental. The heterogeneity and dynamic evolution of the protein corona 
under physiological condition complicate AUC data interpretation. Moreover, the density and 
size differences between nanoparticles and bound proteins can hinder the resolution of 
individual components during sedimentation analysis. Classical AUC methods struggle to 
fully capture the weak and transient interactions between proteins and nanoparticles, which 
are influenced by factors like protein concentration, fluid viscosity, and the dynamic nature of 
protein exchange. Additionally, obtaining a narrow distribution of LDL is essential for 
differentiating specific interactions at the nanoparticle surface from general protein adsorption 
effects, enhancing the resolution and accuracy of protein corona characterization. 
To accurately characterize the protein corona, it is essential to integrate AUC data with 
complementary techniques, such as Dynamic Light Scattering (DLS), Fast Protein Liquid 
Chromatography (FPLC), Sodium Dodecyl Sulphate-PolyAcrylamide Gel Electrophoresis 
(SDS-PAGE), to achieve a comprehensive understanding.  
 
1.6 Thesis Objectives 

 
The primary objective of this thesis is to explore and elucidate the influence of the protein 
corona on the interactions between key proteins present in human plasma and LDL particles. 
To achieve this, SV-AUC has been employed as the central analytical technique, allowing for 
a detailed assessment of the binding dynamics and structural modifications induced by the 
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formation of the protein corona.  
To obtain a comprehensive understanding, various LDL extraction protocols are developed 
and evaluated for their efficiency and integrity through DLS, Transmission Electron 
Microscopy (TEM) and SDS-PAGE.  
DLS is employed to measure the size distribution of LDL particles, TEM provided high-
resolution imaging to assess morphological features and confirm particle integrity at the 
nanoscale while, SDS-PAGE allows the identification and analysis of proteins that constitute 
LDL by separating them based on size. By integrating sedimentation velocity analysis with 
these characterization techniques, this project aims to provide a thorough analysis of how the 
protein corona affects the physicochemical properties and biological interactions of LDL 
particles.  
Moreover, the findings highlight the potential to actively modulate the protein corona through 
targeted isolation and analytical strategies, paving the way for improved lipoprotein-based 
therapeutic approaches. Such advancements could significantly contribute to precision 
medicine, where the fine-tuning of protein-nanoparticle interactions enables more targeted 
and effective disease detection and treatment.  
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2. Materials 
 
1X phosphate buffer saline (pH = 7.4, without calcium, magnesium), sodium chloride (NaCl), 
ethylenediaminetetraacetic acid disodium (EDTA), sodium bromide (NaBr), sudan red 7B, 
polyethylene glycol (PEG) 10000, albumin from human serum, IgG from human serum, 
healthy human serum H5667 were purchased from Sigma-Aldrich. This serum was from USA 
males with AB type blood and was heat-inactivated serum extracted from clotted whole 
blood. 
Sodium hydroxide (NaOH), acetone, qubit Protein Assay Kit (100 assays), NuPAGE™ 4 to 
12% Bis-Tris Gel, NuPAGE™ LDS Sample Buffer (4×), Invitrogen™ NuPAGE™ Sample 
Reducing Agent (10×), NuPAGE™ MES SDS Running Buffer (20×), Invitrogen™ NuPAGE™ 
Tricine SDS Sample Buffer (2×), PageRuler Unstained Broad Range Protein Ladder, uranyl 
acetate, low-density lipoprotein from human plasma (LDL) were purchased from 
ThermoFisher Scientific. 
Potassium bromide (KBr), Transferrin, Apo- were purchased from Millipore. 
Ultra-Clear centrifuge tubes were purchased from Beckman Coulter. 
Chromafil Xtra PES-45/25 syringe filters were purchased from Macherey-Nagel Gmbh & Co. 
InstantBlue® Coomassie Protein Stain was purchased from Abcam. 
Carbon Film 400 Mesh Copper Grid was purchased from Electron Microscopy Sciences. 
Polystyrene (PS) cuvettes were purchased from Sarstedt. 
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3. Methods 
 

3.1 Low-Density Lipoproteins (LDL) Extraction Protocols 
 

3.1.1 1st Protocol 
 

The protocol established by Seneshaw et al.[43] [43] is employed with modifications. 
Specifically, 11.4 g sodium chloride (NaCl), 0.1 g Ethylenediaminetetraacetic Acid Disodium 
(EDTA) and 1 mL 1M sodium hydroxide (NaOH) are dissolved in 1000 mL Milli-Q water to 
achieve a density of 1.006 g/mL. The solution is marked as A. 2.52 g sodium bromide (NaBr) 
is dissolved in 10 mL of solution A to achieve a solution with density at 1.182 g/mL, marked 
as B. The densities of both solutions A and B are calibrated with a digital precision density 
meter (DMA 4500 M, Anton Paar).  
30 mL of solution A are then added into a 38.5 mL ultra-clear centrifuge tube (25 × 89 mm). 
Next, 5 mL of Human Serum H5667 are carefully layered beneath solution A using a syringe 
to create a clear interphase, with serum at the bottom and solution A on top. The prepared 
tube is centrifugated with the Optima XPN-80 Ultracentrifuge (Beckman Coulter) overnight 
at 31500 rpm and 8 °C using a swinging-bucket rotor SW32 (Beckman Coulter). After 
centrifugation, the top 9 mL of the solution are carefully removed using a pipette with a cut 
tip without disturbing the interphase.  
20 mL of the bottom fraction are then mixed to form homogeneous mixture with 10 mL of 
solution B, maintaining a volume ratio of 2:1, while the remaining 6 mL are discarded. This 
mixture is then centrifugated for 8 hours at 31500 rpm and 8 °C. Subsequently, 7.5 mL are 
extracted from the top of the gradient and collected in a separate tube (Figure 6), marked as C.  

 
Figure 6 – Schematic representation of the 1st protocol for LDL extraction. 

Low-density lipoproteins (LDL) are purified from C using size-exclusion chromatography 
(SEC). The fast-protein liquid chromatography (FPLC) workstation consists of an automatic 
ÄKTA go™ system Cytiva, and a Superdex 200 Increase 10/300 GL agarose-crosslinked 
column (Cytiva, Sweden AB). 1X phosphate-buffered saline (PBS, pH 7.4, without 𝑀𝑔2+and 
𝐶𝑎2+) is used as the elution and equilibration buffer.  
Two injections are performed into the column using a 500 µL capillary loop, and a flow rate 
of 0.75 mL/min: one with 500 µL of diluted C and another with 500 µL of C concentrated 
using an Amicon Ultra-15 Centrifugal Filters Ultracel-10K (20 min, 5000 rpm, 10 °C) before 
injection into the FPLC system (Figure 7). 
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Figure 7 – Schematic representation of the steps after DGUC. 

The sample absorption at 280 nm is automatically recorded and applied to group different 
fractions based on absorption peaks. For collection, the fraction size is kept at 0.5 mL. 
Liquids from the same peak are collected. Specifically, peak 1 includes fractions 5, 6 and 7 
and it corresponds to 8-9 mL of the elution volume, while peak 2 and peak 3 consist of 
fractions 13 and 14 and fractions 17, 18 and 19, respectively, as shown in Figure 8. 

 
 

Figure 8 – Chromatograms obtained from FPLC. In blue and orange are reported the diluted and the 
concentrated LDL band with a 10 kDa MWCO filter, respectively. 
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3.1.2 2nd Protocol without Staining 
 

The protocol established by Redgrave et al. [44] is employed with modifications.  
A discontinuous density gradient is prepared into a 38.5 mL Ultra-Clear centrifuge tube. The 
solutions are carefully introduced into the centrifuge tube using a syringe with a large needle. 
Each solution is sequentially layered from the bottom to the top in order of increasing density. 
4 mL of solution A with density at 1.006 g/mL, followed by 9 mL of a solution containing 
1.017 g of NaBr per 100 mL of solution A to reach density at 1.019 g/mL, marked as solution 
B, are layered into the tube. Solution C, composed of 9 mL of 7.83 g of NaBr per 100 mL of 
solution A to reach density at 1.063 g/mL, is then layered. The final layer consists of 9 mL of 
Human Serum H5667, adjusted to density at 1.21 g/mL by adding potassium bromide (KBr) 
at a concentration of 0.325 g per mL of serum.  
The prepared tubes are placed into the rotor of the Optima XPN-80 Ultracentrifuge equipped 
with a swinging-bucket rotor SW32. The samples are centrifuged at 31500 rpm and 8 °C for 
48 hours, as shown in Figure 9. 

 
 

Figure 9 – Schematic representation of the 2nd protocol for LDL extraction. 

Following ultracentrifugation, the upper 5 mL of the gradient, corresponding to the very low-
density lipoproteins (VLDL) fraction, is carefully removed and discarded using a pipette with 
a cut tip. The visible 8 mL of yellow band (Figure 10), representing the LDL fraction, is then 
collected, while the remaining 18 mL are discarded.  

             
Figure 10 – Photographs of the gradient in the centrifuge tube following lipoproteins separation.  

(A) In band III, LDL is clearly visible as a distinct orange-yellow band  [44]. (B) Consistently with 
findings from [44], the formation of band III, corresponding to LDL, is also observed in this experiment.  
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An additional centrifugation at 31500 rpm and 8 °C for 24 hours is performed by first adding 
4 mL solution A, followed by the previously collected LDL band (Figure 11). 9 mL is 
collected starting from the top using a pipette with a cut tip.  

 
 

Figure 11 – Schematic representation of the 2nd run of centrifuge. 

LDL is purified from the collected bands using SEC.  
Two injections are performed into the column using a 500 µL capillary loop, and a flow rate 
of 0.75 mL/min: 500 µL of the LDL band collected after a single centrifugation step (LDL 
band UC1) and another 500 µL of the LDL band collected after two centrifugation steps 
(LDL band UC2) after concentrating them using Amicon Ultra-15 Centrifugal Filters 
Ultracel-100K (20 min, 5000 rpm, 10 °C), before injection into the FPLC system. The sample 
absorption at 280 nm is automatically recorded and applied to group different fractions based 
on absorption peaks. For collection, the fraction size is kept at 0.5 mL. Liquids from the same 
peak are collected. Specifically, the only peak (Figure 12) includes fractions 5, 6 and 7 and it 
corresponds to 8-9 mL of the elution volume. 

 
 

Figure 12 – Chromatograms obtained from FPLC. In blue and orange are reported the LDL band 
collected from 2nd protocol after the first and second centrifuge, respectively. 
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3.1.3 2nd Protocol with Staining 
 
The protocol established by Redgrave et al. [44] is employed with modifications. Specifically, 
Sudan Red 7B is prepared at a concentration of 8.5 mg/mL in acetone. A discontinuous 
density gradient is prepared in a 38.5 mL Ultra-Clear centrifuge tube (25 × 89 mm). The 
solutions are carefully introduced into the centrifuge tube using a syringe with a large needle, 
ensuring sequential layering from the bottom up in order of increasing density. 
The gradient consists of 4 mL of solution A with density at 1.006 g/mL, followed by 9 mL of 
solution B with density at 1.019 g/mL. 9 mL of solution C with density at 1.063 g/mL is then 
layered. The final layer consists of 9 mL of Human Serum H5667, adjusted to a density of 
1.21 g/mL by adding KBr at a concentration of 0.325 g per mL of serum, with 300 μL of 
Sudan Red 7B dye (Figure 13A). 
The prepared tubes are placed into the rotor of the Optima XPN-80 Ultracentrifuge equipped 
with a swinging-bucket rotor SW32. The samples are centrifuged at 31500 rpm and 8 °C for 
48 hours. 
Following ultracentrifugation, the upper 5 mL of the gradient, corresponding to the VLDL 
fraction, is carefully removed with a pipette. The visible 8 mL of reddish band (Figure 13B), 
representing the LDL fraction, is then collected, while the remaining 18.3 mL are discarded.  

 

 
 

Figure 13 – Photographs of the gradient in the centrifuge tube (A) before and (B) after centrifuge. 

Stained LDL is purified using SEC. The collected band is concentrated using Amicon Ultra-
15 Centrifugal Filters Ultracel-100K (20 min, 5000 rpm, 10 °C). 
It is performed one injection into the column using a 500 µL capillary loop, and a flow rate of 
0.75 mL/min. The obtained fraction is labeled as LDL-S. 
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3.1.4 2nd Protocol with PEG Precipitation 
  
5 mL of the LDL band collected after DGUC is concentrated using Amicon Ultra-15 
Centrifugal Filters Ultracel-100K under 5500 rpm, 4 °C until the total volume is 0.6 mL. The 
concentrated sample is then diluted to a final volume of 6.0 mL with 1X PBS and centrifuged 
at 17000 × 𝑔 for 30 minutes at 4 °C using the Sorvall Legend X1R Centrifuge.  
The sample is filtered through a 0.45 µm polyethersulfone (PES) membrane. 1.2 mL of a 50% 
(w/v) PEG 10K solution is added to the supernatant. After thorough vortexing, the sample is 
incubated at 4 °C for 1 hour and then centrifuged at 1800 ×g for 15 minutes at 4 °C using the 
same centrifuge. The supernatant is carefully discarded, and the sedimented lipoproteins are 
resuspended in 0.7 mL of 1X PBS. Complete dissolution of the pellet is achieved through 
vortexing and sonication using an ultrasonic bath. The outlined procedure is shown in Figure 
14.  

 
Figure 14 – Schematic representation of the procedure outlined above. 

LDL is purified after PEG precipitation using SEC. It is performed one injection into the 
column using a 500 µL capillary loop, and a flow rate of 0.75 mL/min. The fractions 5, 6, 7, 
corresponding to 8-9 mL of the elution volume, are collected (Figure 15).  

 
Figure 15 – Chromatogram obtained through FPLC according to the outlined protocol. 
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3.1.5 2nd Protocol with Filtering Several Times  
 

After collecting the LDL band following DGUC, 5 mL is subjected to multiple filtrations 
using a Amicon Ultra-15 Centrifugal Filters Ultracel-100K under 5500 rpm, 4 °C until the 
total volume is 0.6 mL. 
Subsequently, FPLC is performed. It is performed one injection into the column using a 500 
µL capillary loop, and a flow rate of 0.75 mL/min. The procedure is shown in Figure 16. 
 
 

 
 

Figure 16 – Schematic representation of the procedure outlined above. 

The only peak is collected, and it includes fractions 5, 6 and 7 and it corresponds to 8-9 mL of 
the elution volume (Figure 17). 

 
 
Figure 17 – Chromatogram obtained from FPLC of the several times filtrated LDL band collected after 

DGUC. 
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3.1.6 SEC-based purification of commercial LDL 
 
In this thesis, commercial LDL are used as model lipoprotein nanoparticles. These LDL 
particles are provided at a concentration of 2.5 mg/mL. 200 µL of commercial LDL are taken 
and diluted to 600 µL with 1X PBS. Prior to further use, the commercial LDL sample 
undergoes purification through FPLC. It is performed one injection into the column using a 
500 µL capillary loop, and a flow rate of 0.75 mL/min. 
The only peak is collected, and it includes fractions 6, 7 and 8 and it corresponds to 9 mL of 
the elution volume (Figure 18). 

 
Figure 18 – Chromatogram obtained from FPLC of the commercial LDL sample. 

  
3.2 LDL and Protein Incubation Procedure 

 
3.2.1 Interactions between LDL particles and Human Serum Albumin (HSA) 
 
1.5 mL of the LDL solution from 3.1.2 is incubated with albumin from human serum (HSA). 
Specifically, 0.3 mL of the sample is mixed with 0.3 mL of protein at the desired final 
concentration. To obtain a final concentration of 60 µM in 0.6 mL, 2.4 mg of HSA is weighed 
and dissolved in 0.3 mL of PBS. Similarly, to achieve a final concentration of 602 µM in 0.6 
mL, 24.0 mg of HSA is weighed and dissolved in 0.3 mL of PBS, and for the 1503 µM in 0.6 
mL, 60.0 mg of HSA is weighed and dissolved in 0.3 mL of PBS. 
Five different incubations are performed: one with LDL with 0 µM of HSA as a control, and 
four with LDL mixed with HSA at different concentrations and conditions. The 60 µM and 
602 µM incubations are carried out overnight at 4°C, while an additional 602 µM incubation 
is performed for 1 hour at 37°C. Lastly, LDL is also incubated with HSA at 1503 µM 
overnight at 4°C. 
After the incubations, FPLC is performed again, and the LDL peak fraction (elution volume 
~8–9 mL) is collected (Figure 19, Figure 20). A total of 1.5 mL from fractions 5, 6, and 7 is 
then individually concentrated using Amicon Ultra-15 Centrifugal Filters Ultracel-30K at 
1800 ×  𝑔 and 8°C until the optical density (OD) reaches a value between 0.2 and 1.2. 
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The optical density is measured using a Nanophotometer (Implen). The instrument is blanked 
with PBS. A drop of the sample is then placed on the measurement surface, and the optical 
density (OD) is recorded. 

 
Figure 19  – Chromatogram obtained from FPLC of the LDL with HSA at different concentrations 

overnight at 4°C. 

 
Figure 20 – Chromatogram obtained from FPLC of the LDL with HSA at 602 µM, 1h at 37°C. 

 
3.2.2 Interactions between stained LDL particles and HSA 
 
0.3 mL of LDL-S from 3.1.3 is mixed and incubated with 0.3 mL of HSA with its 
concentration at 0 µM, 1503 µM, respectively overnight 4°C.  
Following incubation, FPLC is carried out again, and the LDL peak fraction (elution volume 
~8–9 mL) is collected (Figure 21). 
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Subsequently, 1.5 mL from fractions 5, 6, and 7 is concentrated using Amicon Ultra-15 
Centrifugal Filters Ultracel-30K at 1800 ×  𝑔 and 8°C until the optical density (OD) falls 
within the range of 0.2–1.2. 

 
Figure 21 – Chromatograms obtained from FPLC of LDL stained and HSA 1503 µM, overnight 4 °C. 

 
3.2.3 Interactions between LDL particles and Immunoglobulin G (IgG) 
 
0.3 mL of the LDL solution from 3.1.2 is mixed and incubated with 0.3 mL of 
immunoglobulin (IgG) to achieve the desired final concentration.  
Three incubations are performed with IgG 0 µM, 6.7 µM, 80 µM, overnight at 4°C. 
To obtain a final concentration of 6.7 µM in 0.6 mL, 0.6 mg of IgG is weighed and dissolved 
in 0.3 mL of PBS. Similarly, to achieve a final concentration of 80 µM in 0.6 mL, 7.2 mg of 
IgG is weighed and dissolved in 0.3 mL of PBS. Figure 22 shows chromatograms of IgG at 
different concentrations. 
Following incubation, FPLC is carried out again, and the LDL peak fraction (elution volume 
~8–9 mL) is collected (Figure 22B). 
Subsequently, 1.5 mL from fractions 5, 6, and 7 is individually concentrated using Amicon 
Ultra-15 Centrifugal Filters Ultracel-30K at 1800 ×  𝑔 and 8°C until the optical density (OD) 
falls within the range of 0.2–1.2. 
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Figure 22  – (A) Chromatogram obtained from FPLC of IgG at different concentration. (B) 

Chromatogram obtained from FPLC of mixing LDL and IgG at different concentrations, overnight 4°C. 

0.3 mL of the LDL solution from 3.1.2 is mixed with 0.3 mL of IgG to achieve the desired 
final concentration.  
Five incubations are performed with IgG 0 µM, 6.7 µM, 20 µM, 40 µM, 80 µM overnight at 
4°C. To obtain a final concentration of 20 µM in 0.6 mL, 1.8 mg of IgG is weighed and 
dissolved in 0.3 mL of PBS. Similarly, to achieve a final concentration of 40 µM in 0.6 mL, 
3.6 mg of IgG is weighed and dissolved in 0.3 mL of PBS. 
 Following incubation, FPLC is carried out again, and the LDL peak fraction (elution volume 
~8–9 mL) is collected (Figure 23). 

A 

B 
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Figure 23 – Chromatogram obtained from FPLC of mixing LDL and IgG at different concentrations, 

overnight 4°C. 

Additionally other four incubations are performed with IgG 0 µM, 80 µM at different 
conditions. Specifically, LDL is incubated with IgG overnight at 4°C, for 1 hour at 37°C and 
also overnight at 37°C.  
Following incubation, FPLC is carried out again, and the LDL peak fraction (elution volume 
~8–9 mL) is collected (Figure 24). 
Subsequently, 1.5 mL from fractions 5, 6, and 7 is individually concentrated using Amicon 
Ultra-15 Centrifugal Filters Ultracel-30K at 1800 ×  𝑔 and 8°C until the optical density (OD) 
falls within the range of 0.2–1.2. 

 

 
Figure 24 – Chromatogram obtained from FPLC of mixing LDL and IgG 80, overnight 4°C, overnight 

37°C, 1h 37°C. 
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0.3 mL of the LDL solution from 3.1.5 is mixed with 0.3 mL of IgG to achieve the desired 
final concentration. 
Three incubations are performed with IgG 0 µM, 20 µM, 80 µM overnight at 4°C. Following 
incubation, FPLC is carried out again, and the LDL peak fraction (elution volume ~8–9 mL) 
is collected (Figure 25). 
Subsequently, 1.5 mL from fractions 5, 6, and 7 is individually concentrated using Amicon 
Ultra-15 Centrifugal Filters Ultracel-30K at 1800 ×  𝑔 and 8°C until the optical density (OD) 
falls within the range of 0.2–1.2. 
 

 
Figure 25 – Chromatogram obtained from FPLC of mixing LDL and IgG at different concentrations, 

overnight 4°C. 

 
3.2.4 Interactions between stained LDL particles and IgG 

 
0.3 mL of the LDL-S solution from 3.1.3 is mixed with 0.3 mL of IgG at the desired final 
concentration.  
Five incubations are performed with IgG 0 µM, 80 µM, 160 µM, 320 µM, 480 µM overnight 
at 4°C. Following incubation, FPLC is carried out again, and the LDL peak fraction (elution 
volume ~8–9 mL) is collected (Figure 26). 
To obtain a final concentration of 160 µM in 0.6 mL, 14.4 mg of IgG is weighed and 
dissolved in 0.3 mL of PBS. Similarly, to achieve a final concentration of 320 µM in 0.6 mL, 
28.8 mg of IgG is weighed and dissolved in 0.3 mL of PBS and for 320 µM in 0.6 mL, 57.6 
mg of IgG is weighed and dissolved in 0.3 mL of PBS. 
Subsequently, 1.5 mL from fractions 5, 6, and 7 is concentrated using Amicon Ultra-15 
Centrifugal Filters Ultracel-30K at 1800 ×  𝑔 and 8°C until the optical density (OD) falls 
within the range of 0.2–1.2. 
 



   
 

 
28 

 
Figure 26 – Chromatogram obtained from FPLC of mixing stained LDL and IgG at different 

concentrations, overnight 4°C. 

3.2.5 Interactions between LDL particles with HSA and IgG 
 

A stock solution of HSA and IgG, at a 7.53:1 concentration ratio, is diluted 2, 4, and 8 times, 
maintaining the optical density within the range of 0.2-1.2.  
0.3 mL of the LDL solution from 3.1.2 is mixed with 0.3 mL of with HSA at a fixed 
concentration and IgG at different concentrations.  
To obtain a final concentration of HSA 602 µM and IgG 6.7 µM in 0.6 mL, 0.6 mg of IgG is 
weighed and dissolved with 24.0 mg of HSA in 0.3 mL of PBS. Similarly, to achieve a final 
concentration of HSA 602 µM and IgG 80 µM in 0.6 mL, 7.2 mg of IgG is weighed and 
dissolved with 24.0 mg of HSA in 0.15 mL of PBS. 
The mixture of HSA and IgG is illustrated in Figure 27A and Figure 27B. 
Three incubations are performed with IgG 0 µM, 6.7 µM, 80 µM overnight at 4°C. Following 
incubation, FPLC is carried out again, and the LDL peak fraction (elution volume ~8–9 mL) 
is collected (Figure 27). 
Subsequently, 1.5 mL from fractions 5, 6, and 7 is concentrated using Amicon Ultra-15 
Centrifugal Filters Ultracel-30K at 1800 ×  𝑔 and 8°C until the optical density (OD) falls 
within the range of 0.2–1.2. 
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Figure 27 – (A) Chromatogram of mixture of HSA 602 µM and IgG 6.7 µM. (B) Chromatogram of 

mixture of HSA 602 µM and IgG 80 µM. (C) Chromatogram obtained from FPLC of mixing LDL, HSA 
602 µM and IgG at different concentrations, overnight 4°C. 

3.2.6  Interactions between LDL particles and Apo-Transferrin 
 
0.3 mL of LDL solution from 3.1.2 is mixed with 0.3 mL of Apo-Transferrin at the desired 
final concentration.  
Two incubations are performed with Apo-Transferrin 0 µM, 37.7 µM, overnight at 4°C.  To 
obtain a final concentration of Apo-Transferrin 3 µM in 0.6 mL, 1.8 mg of Apo-Transferrin is 
weighed and dissolved in 0.3 mL of PBS. 
Following incubation, FPLC is carried out again, and the LDL peak fraction (elution volume 
~8–9 mL) is collected (Figure 28). 
Subsequently, 1.5 mL from fractions 5, 6, and 7 is concentrated using Amicon Ultra-15 
Centrifugal Filters Ultracel-30K at 1800 ×  𝑔 and 8°C until the optical density (OD) falls 
within the range of 0.2–1.2. 
 

C 
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Figure 28 – Chromatogram obtained from FPLC of mixing LDL and Apo-Transferrin 37.7 µM, 

overnight 4°C. 

 
0.3 mL of LDL solution from 3.1.5 is mixed with 0.3 mL of Apo-Transferrin to achieve the 
desired final concentration. 
Two incubations are performed with Apo-Transferrin 0 µM and 37.7 µM, overnight at 4°C.  
Following incubation, FPLC is carried out again, and the LDL peak fraction (elution volume 
~8–9 mL) is collected (Figure 29). 
Subsequently, 1.5 mL from fractions 5, 6, and 7 is concentrated using Amicon Ultra-15 
Centrifugal Filters Ultracel-30K at 1800 ×  𝑔 and 8°C until the optical density (OD) falls 
within the range of 0.2–1.2. 
 

 
Figure 29 – Chromatogram obtained from FPLC of mixing LDL filtered several times and Apo-

Transferrin 37.7 µM, overnight 4°C. 
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3.3 Characterization Techniques for Isolated LDL 
 

3.3.1 FPLC 
 
FPLC is a medium-pressure technique used for protein purification. It utilizes a peristaltic 
pump to ensure a stable flow rate, while injection valves regulate the eluent composition [45]. 
The system is automated, integrating sample injectors, gradient controllers, and detectors to 
monitor separation efficiency [45]. 
For these experiments, the Superdex 200 Increase 10/300 GL column is used with an ÄKTA 
go™ system (Figure 30). This SEC column, composed of a cross-linked agarose and dextran 
matrix, enables the separation of proteins ranging from 10 to 600 kDa. It has a total volume of 
24 mL, operates at flow rates between 0.5 and 1.5 mL/min, and can withstand pressures up to 
5 MPa [46]. 
Proper column maintenance and sample preparation are essential. The process begins with 
selecting an appropriate buffer, typically 1X PBS. Before sample injection, the column must 
be equilibrated with at least two column volumes of PBS. After use, thorough washing with a 
PBS volume four times greater than the loop volume is required. 
Sample volume and concentration are also critical factors. The Superdex 200 Increase 10/300 
GL column is designed for protein concentrations between 1–5 mg/mL. In this thesis, a 500 
µL injection loop is used, determining the injection volume. 
 

 
Figure 30 – ÄKTA go™ protein purification system from Cytiva. 
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3.3.2 Sodium Dodecyl Sulphate-PolyAcrylamide Gel Electrophoresis (SDS-
PAGE) 

 
Sodium Dodecyl Sulphate-PolyAcrylamide Gel Electrophoresis (SDS-PAGE) is a technique 
used to separate proteins primarily by their molecular weight. In this method, proteins are 
treated with SDS, which imparts a uniform negative charge to them.  
To perform SDS-PAGE, a NuPAGE™ 4-12% Bis-Tris Gel (1.0 mm × 12 well) is used in 
combination with NuPAGE™ MES SDS Running Buffer (20×). The running buffer is diluted 
at a 1:20 ratio by mixing 50 mL of the stock solution with 1 L of Milli-Q water. Once 
prepared, the gel cassette is carefully opened to create the wells for sample loading. The gel is 
then placed into the electrophoresis chamber, and the running buffer is poured into the 
chamber to cover the gel. 
For sample preparation, 5 µg of protein is taken from each sample, with the corresponding 
volume calculated based on the protein concentration measured using the Qubit Protein Assay 
Kit and the Qubit 4 Fluorometer (Thermo Fisher Scientific).  
If the samples require reduction, 5 µL of Bolt LDS Sample Buffer (4×) and 5 µL of 
NuPAGE™ Sample Reducing Agent (10×) are added to each tube. For non-reducing SDS-
PAGE, 10 µL of Tricine SDS Sample Buffer (2×) is used instead. A total volume of 20 µL 
from each prepared sample is then loaded into the wells of the gel. For molecular weight 
reference, 5 µL of PageRuler Unstained Broad Range Protein Ladder is loaded into one well. 
Electrophoresis is carried out at 150 V, 120 mA, and 150 W for a total duration of 45 minutes, 
during which proteins migrate through a polyacrylamide gel matrix. Once the electrophoresis 
is complete, the gel is carefully removed from the apparatus and placed into a container with 
InstantBlue® Coomassie Protein Stain. The protein bands are visualized and imaged using the 
GelDoc Go Gel Imaging System (Bio Rad). 
Under reducing conditions, the bands correspond to the molecular weight of individual 
polypeptide subunits, while in the absence of reducing agents, the bands reflect the molecular 
weight of the intact protein [47]. By comparing migration patterns under both conditions, the 
total protein size and the size of its subunits can be determined [48]. 
 

3.3.3  Dynamic Light Scattering (DLS) 
 
Dynamic Light Scattering (DLS) is a technique used to analyze the size distribution of 
particles, typically in the nanometer to the submicron range, by measuring the scattering of 
laser light caused by particles in suspension [49]. The scattered light intensity fluctuates due 
to the random motion of particles driven by Brownian motion [50]. These fluctuations provide 
insights into the hydrodynamic size and movement of the particles, with smaller particles 
moving more rapidly than larger ones [50]. However, DLS has limited resolution, which can 
complicate the accurate characterization of polydisperse samples that contain a wide range of 
particle sizes. 
This technique operates by directing a monochromatic laser at particles suspended in a liquid. 
As the laser interacts with the particles, it scatters in different directions, creating an 
interference pattern that fluctuates due to particle motion. These fluctuations are captured by a 
detector positioned at a fixed angle, typically 90° or 173°, and analyzed for Doppler 
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broadening [51]. The intensity fluctuations are processed by a digital autocorrelator, which 
generates a correlation function that provides information about the particles' diffusion 
coefficients. Using the Stokes-Einstein equation, the hydrodynamic radius of the particles can 
be determined, reflecting their apparent size, including the hydration shell and solvation 
layers surrounding them [49]. 
In this thesis, the Litesizer 500 (Anton Paar) is used to determine the hydrodynamic size and 
distribution of LDL particles (Figure 31). Specifically, the size distribution chart is generated 
through the one-page workflow of the Litesizer 100/500 software. 
For DLS analysis, samples are prepared in disposable polystyrene cuvettes (10 × 10 × 45 
mm). The system temperature is kept constant at 20 °C, and up to 60 scans are performed, 
each lasting 10 seconds. Measurements are conducted in a backscatter configuration, with a 
10 mM NaCl solution used as the solvent to minimize electrostatic interactions between 
particles. 
 

 
Figure 31 – Anton Paar Litesizer 500 Particle Analyzer. 

 

3.3.4 Transmission Electron Microscopy (TEM)  
 
Transmission Electron Microscopy (TEM) is a method used for visualizing structures at the 
atomic level. To produce an image in TEM, a high-energy electron beam is transmitted 
through an ultra-thin sample, typically less than 100 nm thick, which is transparent to 
electrons [52]. The microscope consists of a series of electromagnetic lenses and apertures 
that focus the electron beam onto the sample and magnify the resultant image [53]. This 
image is then projected onto a phosphor screen or captured by a specialized camera [53].  
For negative-stained TEM characterization, sample preparation begins with 400 Mesh Copper 
Grids coated with a carbon film. Since these grids are hydrophobic, they are treated using the 
ELMO Glow Discharge System. This treatment exposes the grids to a glow discharge at 30 
mA for 30 seconds. 
Subsequently, 4 µL of the sample are applied to the carbon-coated side of the grid. The 
sample is allowed to sediment for 1 minute, then excess liquid is blotted off with filter paper. 
The grid is then washed with a drop of water for 30 seconds, blotted again, and stained with 5 
µL of 1% (v/v) uranyl acetate for 1 minute. Finally, the grid is blotted once more and allowed 
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to air-dry at room temperature for 2 minutes before being ready for TEM analysis. 
The images are recorded and acquired using a Talos L120C (120 kV) microscope equipped 
with a Ceta S 16M CMOS camera (4k × 4k). 

 
3.3.5 Sedimentation Velocity Analytical Ultracenrifugation (SV-AUC) 
 
Analytical Ultracentrifugation (AUC) is a technique used to study particles' sedimentation 
behaviour and provide insights into their size, molar mass, and density. Developed by 
Svedberg in the 1920s [39], AUC analyzes nanoparticles ranging from 1 nm to 5000 nm by 
separating them based on density and molecular weight. It operates through two main 
approaches: sedimentation velocity (SV) and sedimentation equilibrium (SE). 
In SV experiments, high-speed centrifugation forces particles to sediment, allowing for the 
determination of particle size and shape based on the sedimentation coefficient 𝑠 and 
diffusion coefficient 𝐷 [39]. This approach enables the analysis of particle motion under high 
centrifugal forces [39]. Conversely, SE experiments, conducted at lower speeds, establish an 
equilibrium between sedimentation and back-diffusion of particles in solution [54]. They are 
primarily used to determine molar mass, stoichiometry, and equilibrium constants in protein 
interactions [55][40]. 
The Beckman Coulter XL-I ultracentrifuge is utilized in these experiments (Figure 32). 
 

 
Figure 32 – Beckman Coulter XL-I. 

For velocity runs, sector-shaped sample compartments are employed to minimize convection 
disturbances [56]. These compartments are essential as they allow the particles to move along 
radial paths, preventing interference from wall collisions [56]. Double-sector cells are used to 
measure absorbance differences between the sample and solvent sectors, helping to account 
for solvent redistribution and absorption effects under high centrifugal forces (Figure 33) [56]. 
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Figure 33 – In a double-sector centerpiece, the sample moves towards the bottom of the sector-shaped 

container to minimize convection. The reference sector is typically filled just slightly more than the 
sample sector to ensure that the solvent meniscus does not overlap with the sample profile. 

With the 8-hole Beckman rotors, up to seven samples can be analyzed simultaneously, with 
one position reserved for a radial calibration cell. 
The absorbance detection system operates similarly to a double-beam spectrophotometer and 
follows the Beer-Lambert law [57]. It uses monochromatic light across a broad wavelength 
range, allowing the identification of different species with non-overlapping absorption spectra 
[56]. 
The system includes several key components: a Xenon flash lamp for light generation, a 
monochromator to select the desired wavelength, a sample cell to hold the sample, a slit 
assembly to track radial absorbance changes, and a photomultiplier tube (PMT) to convert 
light signals into digital data (Figure 34) [58]. 

 
Figure 34 – The light path in an absorbance optical system (Beckman Coulter Optima XL-A/XL-I AUC). 

This setup ensures high precision, with a typical accuracy of ± 0.01 optical density (OD) [56] 
The SV experiments are conducted using absorbance optics. For this reason, it is essential to 
keep the absorbance within the linear range of Beer’s Law (0.2–1.0 OD).  



   
 

 
37 

The sample cells are assembled with standard double-sector centerpieces featuring quartz 
windows. The reference sector is filled with 430 µl of buffer, while the sample sector holds 
420 µl of the sample solution.  
Once the cells are assembled, they are loaded into the rotor along with a properly balanced 
counterweight. The rotor is then inserted into the centrifuge, the monochromator is 
positioned, and the vacuum system is activated (Figure 35).  

 
Figure 35 – Mounting the monochromator [58]. 

Initially, the speed is set to zero while the rotor remains stationary, allowing the diffusion 
pump to activate and reduce the vacuum to below 100 µm. This step ensures that the 
temperature measurement accurately reflects the rotor's temperature. Once the desired 
temperature is reached, the system is allowed to equilibrate for at least two hours before 
acceleration, minimizing convection effects caused by temperature gradients and stabilizing 
the samples. 
Key operating parameters in SV experiments include temperature, rotor speed, scan timing, 
and the number of scans. To maximize the number of data sets for analysis, the scan delay 
and scan interval should be set to zero in the Beckman Coulter ProteomeLab software. 
The resolution of solution components is proportional to ω², meaning higher rotor speeds 

improve the differentiation of components. Additionally, to ensure consistent hydrodynamic 
measurements, sedimentation and diffusion coefficients are typically standardized to 20 °C. 
All these parameters are controlled through the instrument’s hard-key console, with real-time 
values displayed alongside preset conditions for continuous monitoring (Figure 36). 
 

 
Figure 36 – Console of Beckman Coulter XLI. 
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4. Results and Discussion 
 
4.1  Evaluation of Low-Density Lipoprotein (LDL) Extraction Methods 

 
4.1.1 Analysis of Fast Protein Liquid Chromatography (FPLC) 

 
To assess which protocol yields the purest LDL sample, the chromatograms obtained from 
FPLC are analyzed and compared. The evaluation focuses on differences in elution profiles, 
peak resolution, potential overlaps with other lipoproteins, and variations in intensity. This 
comparison provides insights into the efficiency and selectivity of each method in isolating 
LDL with minimal contamination. 
From SEC analysis of the 1st protocol, 3 main peaks are collected, as shown in Figure 8. 
SEC analysis of the 2nd protocol, unlike the previous one, results in a single peak, which 
encompassed fractions 5, 6 and 7. This observation suggests that the lipoprotein population is 
more homogeneous, indicating a higher degree of uniformity in particle composition and size. 
This, in turn, implies that the separation process has been enhanced, leading to greater 
efficiency and resolution compared to the previously employed method (Figure 37). 

 
Figure 37 – Chromatograms obtained from FPLC. In blue and orange are reported the LDL band 
collected from 1st protocol and the LDL band obtained from 2nd protocol after the first centrifuge, 

respectively. 

Figure 12 presents the FPLC profile obtained using the 2nd protocol, comparing the results 
with one centrifuge versus two centrifuges. While the use of two centrifuges leads to a higher 
degree of purity in the final sample, the overall difference between the two curves is not 
particularly pronounced. The profiles appear relatively similar, suggesting that although 
additional centrifugation improves purity, its impact on the overall chromatographic pattern 
remains subtle. 
The comparison between the chromatogram obtained from the FPLC of the LDL band 
collected after DGUC and the LDL band collected from DGUC after multiple filtrations using 
a 100 kDa MWCO filter is shown in Figure 38. The two curves appear to overlap completely, 
with the only difference being the sample concentration. 
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This confirms that the filtration process is effective in refining the sample while preserving 
the structural integrity and chromatographic behavior of LDL, ensuring consistency in 
subsequent analyses. 

 
Figure 38 – Comparison between chromatograms obtained from FPLC of the several times filtrated LDL 

band collected after DGUC and the LDL band after first centrifuge of 2nd protocol. 

Figure 18 shows FPLC result of commercial LDL. The chromatogram reveals not only the 
expected main peak but also several additional peaks, although these are relatively minor in 
intensity. These smaller peaks suggest the presence of impurities or other components within 
the sample. To isolate the primary component of interest, the fractions corresponding to the 
first and most prominent peak have been carefully collected for further analysis. This step has 
been taken to ensure the purity and integrity of the LDL fraction, minimizing the influence of 
any potential contaminants that might affect downstream applications or results. 
A comparison of chromatograms obtained from FPLC for two distinct LDL samples is 
illustrated in Figure 39: one collected after DGUC and the other a commercial LDL sample. 
The chromatograms reveal differences in peak position, indicating variations in the LDL 
obtained. 
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Figure 39 – Comparison of the chromatograms obtained from FPLC for the LDL band collected after 

DGUC and the commercial LDL sample. 

 

4.1.2 Dynamic Light Scattering (DLS) Characterization 
 

To identify which peak of the FPLC obtained from the 1st protocol corresponds to LDL 
particles, each of these is analyzed through DLS to determine the dimensions of the collected 
fractions. This evaluation shows that peak 1 corresponds to the LDL fraction, as shown in 
Figure 40. In fact, the peak is 20.365 nm with a standard deviation of 3.686 nm. 

 
Figure 40 – Number Distribution from DLS of the three peaks obtained from FPLC of 1st protocol. 

Figure 41 presents a comparison of the Number Distribution from DLS for the 2nd protocol, 
which includes DGUC followed by FPLC, DGUC followed by multiple filtration steps and 
then FPLC, and DGUC followed by PEG precipitation and FPLC. The three distribution 
curves show a strong overlap, further confirming the results obtained from the FPLC 
chromatograms. The peak of DGUC + FPLC is at 21.487 nm with a standard deviation of 
3.816 nm, the peak of DGUC + multiple filtrations + FPLC is at 21.692 nm with a standard 

0

5

10

15

20

25

0 10 20 30 40 50 60

N
u

m
b

er
 (

P
er

ce
n

t)
 

Diameter (nm)

Size distribution by Number 

Peak 3

Peak 1

Peak 2



   
 

 
42 

deviation of 3.947 nm, and the peak of DGUC + PEG + FPLC is at 20.873 nm with a standard 
deviation of 4.025 nm. 
The LDL fractions obtained via DGUC + FPLC exhibit a slightly more pronounced peak, 
indicating a tendency toward a more uniform particle population. In contrast, the DGUC + 
PEG + FPLC method shows a broader distribution, suggesting a higher presence of 
polydisperse species, although the distinction is not highly pronounced. 
 

 
Figure 41– Number Distribution from DLS of 2nd protocol. 

4.1.3 Transmission Electron Microscopy (TEM) Characterization 
 

Negative-stained TEM is performed to visualize the morphological characteristics and size of 
the nanoparticles. The concentrations of the samples obtained from the 1st and 2nd protocols 
are approximately 0.5 mg/mL and 0.25 mg/mL, respectively, used to obtain the TEM images. 
As shown in Figure 42, the nanoparticles obtained using the 2nd protocol after just one round 
of centrifugation appear more uniform with a significantly lower contamination compared to 
those in Figure 43 (peak 1 of the first protocol). The sample exhibits a consistent size 
distribution, predominantly ranging from 20 to 30 nm in diameter.  
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Figure 42 – TEM peak 1 1st protocol. 

 
Figure 43 –TEM peak of 2nd protocol. 

4.1.4 Sodium Dodecyl Sulphate- PolyAcrylamide Gel Electrophoresis (SDS-
PAGE) characterization  

 
 

Sodium Dodecyl Sulphate-PolyAcrylamide Gel Electrophoresis (SDS-PAGE) analysis is 
performed to further validate the results (Figure 44). The purity of the samples is assessed 
using gel electrophoresis under both reducing and non-reducing conditions.  
The gel images provide a clear visualization of the sample composition, confirming the 
hypothesis that peak 1 does not exhibit complete purity. This observation suggests the 
presence of additional protein species or contaminants that may not have been fully removed 
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during the purification process.  
Specifically, in the 1st protocol, the protein corona does not appear to have been entirely 
stripped off, which could explain the presence of additional bands in the gel. This suggests 
that the applied conditions might not be sufficient to fully dissociate the adsorbed protein 
layer, potentially affecting the overall purity of the final sample. 
Furthermore, evaluation of the 2nd protocol indicates that the additional centrifugation step in 
the second round does not significantly contribute to sample purification. The expected 
improvement in purity is not observed, and this result aligns with previous findings, further 
confirming that this step may not be effective under the current conditions. Among the tested 
protocols, the one involving a single centrifugation step yields the best results in terms of 
purity, suggesting that additional centrifugation may not be beneficial for sample quality. 
Further optimization or alternative approaches might be necessary to enhance the purification 
outcome. 
 

 
Figure 44 – (A) SDS-PAGE without reducing agent. (B) SDS-PAGE with reducing agent. 

SDS-PAGE analysis is also performed for the 2nd protocol, specifically for DGUC followed 
by FPLC and DGUC after several cycles with a 100 kDa MWCO filter followed by FPLC, 
DGUC followed by PEG precipitation. As shown in Figure 45, no significant changes are 
observed, confirming the consistency of this protocol and purification process. However, in 
the DGUC-FPLC sample, a specific band around 15 kDa is visible under non-reducing 
conditions, likely corresponding to a smaller fragment of Apo B. 
 

 
Figure 45– (A) SDS-PAGE without reducing agent. (B) SDS-PAGE with reducing agent. 
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4.1.5 Sedimentation Velocity Analytical Ultracentrifugation (SV-AUC) 
Characterization 

  
The red curve in Figure 46 represents the sample obtained with the 2nd protocol, clearly 
highlighting the well-defined primary peak, while the secondary peaks are minimal. The blue 
curve, on the other hand, corresponding to the 1st protocol, shows a less defined profile with 
more prominent secondary peaks. This figure is obtained using normalization by max. The 
SV-AUC analysis confirms that the sample from the 2nd protocol is significantly purer, with 
the dominant primary peak corresponding to the purified form of the sample, while the 
weaker secondary peaks suggest a minimal presence of impurities. The lower intensity of 
these secondary peaks indicates that the 2nd protocol is more effective in removing 
contaminants, resulting in more homogeneous and uniform preparation. 

 
Figure 46 – Sedimentation coefficient distributions normalized by max. 

The SV-AUC of LDL-S, obtained according to the protocol in subsection 3.1.3, is performed, 
allowing for a comparison with unstained LDL. This comparison aims to determine whether 
the dye has affected the particles. This comparison is essential to determine if the dye 
integration impacted on the size, stability, or behavior of the LDL particles in solution, 
potentially influencing the results of subsequent experiments. As shown in Figure 47, the 
peak on the graph remains in the same position, showing no significant shift between the 
stained and unstained LDL. This indicates that the dye incorporation does not lead to any 
substantial changes in the overall size. The absence of a huge shift suggests that the structural 
integrity and characteristics of the LDL particles are maintained during the staining process.  
Additionally, the use of 540 nm wavelength in SV-AUC is advantageous because it is 
specifically optimized to detect LDL, minimizing interference from other proteins in the 
sample. This ensures a more specific result, as only the stained LDL is detected, preventing 
overlap with other proteins that could potentially influence the results.  
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Figure 47 – Sedimentation coefficient distributions normalized by max. 

The SV-AUC analysis presented in  
 provides insights into the sedimentation behavior of LDL fractions isolated via DGUC. The 
graph shows the normalized sedimentation coefficient distributions, enabling a comparative 
assessment of additional purification steps. 
A main peak around ~7 S suggests a similar predominant particle population across all 
methods, with overlapping curves indicating no substantial changes in average size. However, 
slight variations in peak width and position suggest differences in particle distribution and 
potential changes in sedimentation properties. Notably, the DGUC + PEG + FPLC peak is 
slightly shifted left compared to DGUC + FPLC, though the change is minimal. 
 

 

Figure 48 – Sedimentation coefficient distributions normalized by area. 
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4.2  Interactions between LDL and Human Serum Albumin (HSA) 

 
4.2.1 Interactions between unstained LDL particles and HSA 
 
We examine the potential interactions between LDL extracted using the protocol described in 
subsection 3.1.2 and HSA, as it is the most abundant plasma protein. Given HSA’s primary 

role in maintaining osmotic pressure and binding small hydrophobic molecules, significant 
interactions with LDL are not expected. Furthermore, LDL particles are primarily stabilized 
by their own protein and lipid components, making non-specific binding to albumin unlikely. 
However, if binding between albumin and LDL were to occur, it could influence several 
critical aspects of LDL metabolism, including its clearance from the bloodstream, stability, 
and susceptibility to oxidation.  
This investigation is carried out to confirm this assumption before exploring interactions with 
other plasma components. 
When LDL and HSA are combined, the resulting FPLC chromatogram clearly displays the 
characteristic LDL peak, with no detectable shift, which would indicate an interaction 
between the two molecules (Figure 19  – Chromatogram obtained from FPLC of the LDL with 
HSA at different concentrations overnight at 4°C.Figure 19, Figure 20). The absence of changes 
in retention time suggests that, under the tested conditions, HSA does not significantly bind to 
LDL or alter its elution behavior. If strong binding were occurring, it would likely cause 
noticeable alterations in the chromatographic profile, such as peak broadening, shifts in 
retention time, or the emergence of new peaks corresponding to LDL-HSA complexes. This 
reinforces the hypothesis that their association is weak or negligible in this experimental 
setup. 
To confirm the result obtained from FPLC, SV-AUC was performed. Figure 49 presents the 
normalized by max sedimentation coefficient distributions for LDL alone and in the presence 
of increasing HSA concentrations, under different incubation conditions. The distribution of 
LDL alone remains unchanged when HSA is added at concentrations of 60 μM (4 mg/mL), 
602 μM (40.0 mg/mL or physiological concentration), and 1503 μM (100 mg/mL), regardless 
of incubation time or temperature. The main LDL peak, around 7 S, is preserved across all 
conditions, with no apparent shift towards lower or higher sedimentation coefficients. If a 
strong interaction between LDL and HSA were occurring, an additional peak or a significant 
displacement of the LDL peak would be expected, corresponding to the formation of LDL-
HSA complexes. It can be observed that when HSA concentration is significantly higher than 
the physiological one, there is a slight shift of the peak of the curve to the right, as seen in the 
cyan curve. The presence of free HSA is evident at lower sedimentation coefficients, as 
indicated by the characteristic peak at 4.5 S, yet this does not seem to influence LDL 
sedimentation behaviour. These findings reinforce the hypothesis that HSA does not 
significantly associate with LDL under the tested conditions. 
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Figure 49 – Sedimentation coefficient distributions normalized by max. 

 

4.2.2 Interactions between stained LDL particles and HSA 
 

Based on the previous observation that there is a slight shift in the AUC curve peak at high 
HSA concentration, the behaviour of LDL-S particles, extracted using the protocol described 
in subsection 3.1.3, is analysed with high concentrations of HSA. 
The absence of interaction between LDL and HSA is confirmed by the SV-AUC graph, as 
shown in Figure 50. The graph demonstrates that the curve for LDL-S aligns perfectly with 
the curve for LDL-S to which HSA is added at a concentration of 1503 μM, strongly 

supporting the lack of significant interaction between the two. 
The use of the dye offers several advantages in this analysis. It provides a clear and reliable 
method to track LDL particles throughout the experiment, enabling precise monitoring of 
their behavior during the process. This results in a more specific and focused assessment of 
LDL, improving the accuracy and interpretability of the data. 
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Figure 50 – Sedimentation coefficient distributions normalized by max. 

 

4.3  Interactions between LDL and Human Immunoglobulin G (IgG) 
 
4.3.1 Analysis of LDL-IgG Interaction – 1st Experiment  
 
The fractions collected from the protocol described in 3.1.2 are incubated overnight with IgG 
at 4 °C and then subjected to a second FPLC for a purification stepFigure 47.  
The analysis of the results obtained through FPLC indicates that no significant variations can 
be detected in the LDL peak as the concentration of IgG increases, as shown in Figure 22. 
This suggests that FPLC lacks the sensitivity required to clearly and accurately reveal 
potential interactions between LDL and IgG. To overcome this limitation, SV-AUC analysis 
is performed on the fractions collected after purification step (Figure 51). The results reveal a 
noticeable shift in the peak position toward the right as IgG concentration increases. This shift 
serves as strong experimental evidence supporting a direct interaction between IgG and LDL. 
The observed change in sedimentation behavior is likely due to the formation of LDL-IgG 
complexes or aggregates, which could affect the overall distribution and signal intensity. As 
IgG concentration rises from 6.7 μM (~1 mg/mL) to 80 μM (12 mg/mL), these complexes 
appear to grow progressively larger, suggesting a dose-dependent association between LDL 
and IgG. This finding reinforces the hypothesis of a specific binding interaction. 
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Figure 51 – Sedimentation coefficient distributions normalized by max. 

Figure 52 provides a representation of the results obtained. The LDL particles that interacted 
with IgG are collected following FPLC purification. In the SDS-PAGE analysis, the presence 
of both LDL and IgG can be clearly observed. The typical band for LDL appears at 
approximately 250 kDa, reflecting the size of the complex, primarily composed of the 
apolipoprotein B-100 and its associated lipid content. On the other hand, the IgG bands are 
observed at around 150 kDa, corresponding to the immunoglobulin structure, which consists 
of two heavy chains (each about 50 kDa) and two light chains (each about 25 kDa).  
The presence of both bands in the same lane offers strong evidence for the interaction 
between LDL and IgG, confirming the formation of LDL-IgG complexes and supporting the 
findings from previous analyses. 

 

 
Figure 52 – (A) SDS-PAGE without reducing agent. (B) SDS-PAGE with reducing agent. 

 
4.3.2 Analysis of LDL-IgG Interaction – 2nd Experiment  

 
Figure 53 shows the sedimentation coefficient distribution of LDL purified by FPLC after the 
protocol described in 3.2.3. The curves correspond to LDL samples overnight incubated at 4 
°C with increasing concentrations of IgG, ranging from the control without antibodies to 80 
µM, which approximates the physiological concentration. 
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In the untreated samples, the sedimentation profile exhibits a main peak around 7 S, 
consistent with monomeric LDL. However, upon IgG addition, this peak gradually decreases, 
and new species with higher S values appear. The observed effect is clearly dose-dependent: 
as the IgG concentration increases, there is a progressive decrease in the fraction of plain 
LDL. At the same time, new absorption peaks appear between 10 and 20 S, suggesting the 
formation of intermediate complexes. 
There is a difference between this graph (Figure 53) and the previous one (Figure 51), and the 
hypothesis that has been made is that the starting sample has a different level of purity. This 
could imply that the variations observed in the current data, compared to the earlier ones, are 
not solely due to the experimental conditions or IgG concentration. Instead, the purity of the 
initial sample may play a crucial role in determining the results. 

 
Figure 53 – Sedimentation coefficient distributions normalized by area. 

To further support this hypothesis, both DLS characterization and SV-AUC are performed. 
The DLS results shown in Figure 54 indicate that in the first experiment, the formation of 
larger particles occurred, suggesting the presence of possible aggregates. The peak 
corresponding to the first experiment is broader and shifted toward larger diameters compared 
to the second one. This suggests a higher degree of polydispersity, likely due to the presence 
of impurities in the LDL sample, which may have promoted intermolecular interactions or 
altered the physicochemical properties of the system. 
Similarly, the SV-AUC analysis of the LDL samples from both experiments further supports 
this observation. As illustrated in Figure 55 the curve corresponding to 4.3.1, exhibits a 
broader profile and a more pronounced peak spreading compared to the other one. This 
indicates a greater heterogeneity in particle size distribution and suggests the presence of 
aggregates and LDL-IgG complexes in 4.3.1. Conversely, in 4.3.2, the sharper peak and 
reduced broadening suggest a more homogeneous LDL population, likely due to improved 
sample purity. 
These findings highlight the crucial role of sample purity in determining LDL particles 
behaviour and reinforce the importance of optimizing experimental conditions to accurately 
assess LDL-IgG interactions and potential aggregate formation. 
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Figure 54 – Number Distribution from DLS of the first and the second experiments. 

 

 
Figure 55 – Sedimentation coefficient distributions normalized by max. 

Furthermore, the sedimentation profiles of LDL in the presence of IgG are analysed under 
different incubation conditions using SV-AUC. Figure 56 presents the normalized 
sedimentation coefficient distributions for LDL incubated with IgG at 4 °C overnight, 37 °C 
for 1 hour, and 37 °C overnight, compared to a control sample of LDL. These conditions are 
chosen to evaluate the influence of both temperature and incubation time on LDL-IgG 
interactions, particularly regarding potential complex formation and particle stability. 
The control sample exhibits a dominant peak around 7 S, corresponding to unbound LDL. 
When LDL is incubated with IgG at 4 °C overnight, the sedimentation profile remains largely 
unchanged, suggesting minimal interactions over time at low temperature. However, at 37 °C, 
both after 1 hour and overnight, a slight shift toward higher sedimentation coefficients occurs, 
along with peak broadening.  
One possible explanation is that at physiological temperature, LDL undergoes structural 
rearrangements that increase the exposure of antigenic epitopes on ApoB-100, facilitating IgG 
binding [59]. Additionally, the increased lipid fluidity at 37 °C may alter LDL stability, 

-5

0

5

10

15

20

25

30

0 10 20 30 40 50

N
u

m
b

er
 (

P
er

ce
n

t)
 

Diameter (nm)

Size distribution by Number 

first experiment

second experiment



   
 

 
53 

making the particles more prone to aggregation or complex formation [60].  
Overall, these findings highlight the role of both temperature and incubation time in 
modulating LDL-IgG interactions. 

 
Figure 56 – Sedimentation coefficient distributions normalized by area. 

The interaction is also studied using SDS-PAGE under both non-reducing and reducing 
conditions. 
In Figure 57A, the non-reducing conditions preserve potential protein complexes, as indicated 
by the presence of bands at higher molecular weights. Variations in band intensity reflect 
differences in protein concentration, while the presence of both LDL and IgG in the same 
lanes suggests possible interaction or co-migration. 
In Figure 57B, the reducing conditions break disulfide bonds, leading to a shift toward lower 
molecular weights. Despite this, both LDL and IgG remain detectable, confirming their 
presence together in the samples. These results indicate that LDL and IgG coexist, supporting 
the idea of interaction, regardless of the electrophoretic conditions. 

 
Figure 57 – (A) SDS-PAGE without reducing agent. (B) SDS-PAGE with reducing agent. 
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4.3.3 Analysis of the Interaction of LDL Filtered Several Times with IgG 
 

The SV-AUC analysis presented in Figure 58 offers detailed information on the sedimentation 
characteristics of nanoparticles derived from LDL after undergoing multiple filtration steps 
with an 100K-Amicon filter and incubated with IgG. This analysis allows for an in-depth 
evaluation of how the different purification processes affect the sedimentation behavior of the 
LDL fraction and its interaction with IgG. 
The interpretation of this result is challenging because the peak of IgG is very close to the 
peak associated with LDL, making it difficult to directly associate the observed shift at a 
physiological concentration of 80 µM with the interaction between these lipoproteins and 
IgG. This proximity between the peaks complicates the identification of a clear, specific 
interaction, as the shift could be attributed to factors unrelated to the LDL-IgG binding. 
Further studies might be necessary to isolate and characterize the specific interaction between 
LDL and IgG more accurately. 

 
Figure 58 – Sedimentation coefficient distributions normalized by max. 

 
4.3.4 Analysis of the Interaction of Stained LDL with IgG 

 
SV-AUC is performed on stained samples as described in 3.2.4 , allowing the selection of a 
specific wavelength (540 nm) to detect only LDL, thus determining whether any interaction 
with IgG occurs. Interaction with IgG is also studied by significantly increasing the IgG 
concentration in the sample, well beyond the physiological concentration, thereby forcing the 
interaction with LDL. 
The main peak of LDL shifts to higher sedimentation coefficient (SC) as IgG concentration 
increases (from 0 to 480 µM or 72 mg/mL), likely due to the forced interaction between IgG 
and LDL, as shown in Figure 59. This increased interaction leads to an increased SC, as the 
binding of IgG to LDL induces changes in their hydrodynamic properties, resulting in a larger 
particle size or aggregation, which in turn affects the sedimentation behavior. A clear trend is 
observed in Figure 60 where SC is positively correlated to IgG concentration. 
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Figure 59 – SC distributions normalized by max. 

 
Figure 60 - Representation of plot of average s versus IgG concentration for LDL-S. 

4.4  Interactions between LDL, HSA and IgG 
 

The electrostatic interaction between HSA and IgG is being investigated based on their 
opposite charges. HSA has an isoelectric point (pI) of around 5.3 [61], while IgG has a pI of 
approximately 8.0 [62]. At physiological pH (7.4), HSA carries a net negative charge, while 
IgG is predominantly positively charged. This charge difference suggests the possibility of 
electrostatic interactions between the two proteins, which could, in theory, lead to the 
formation of complexes or transient binding in circulation.   
To investigate this potential interaction, SV-AUC is being used for monitoring protein 
sedimentation and identifying potential complexes. It provides information on the formation 
of any aggregates or complexes by evaluating changes in sedimentation behavior of the two 
proteins when present together. Despite the theoretical expectations based on the opposite 
charges, the results obtained with SV-AUC do not confirm a significant interaction between 
IgG and HSA. 
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Starting from a stock solution of HSA and IgG with the same concentration ratio found in 
human plasma, the solution is diluted 2, 4 and 8 times (marked as HSA + IgG C0/2, HSA + 
IgG C0/4, HSA + IgG C0/8) to examine how the interactions between the two proteins vary at 
different concentrations. After preparing the samples, SV-AUC is performed to observe the 
behavior of the proteins in combination. The graph in Figure 61A, normalized by area and 
shows that the purple curve, representing the highest concentration, displays two distinct 
peaks corresponding to HSA and IgG, respectively. However, as the concentration decreases, 
the peaks become progressively less distinct. Further analysis is then conducted to explore the 
underlying causes of this observed behavior. 
Additionally, Figure 61B shows HSA and IgG data obtained with SV-AUC, which are used as 
a control for interaction studies. 

 
Figure 61 – (A) Normalized SC distributions for different HSA + IgG concentrations. (B) Sedimentation 

behaviour of HSA and IgG. 

SV-AUC is conducted to detect potential interactions between these two proteins while also 
assessing sample heterogeneity. If reversible interactions had occurred, additional peaks 
would likely have appeared between the main sedimentation peaks of HSA and IgG. The 
absence of such peaks suggests that either the interaction is too weak to be detected under 
these conditions or that a much higher concentration is needed to observe any binding effects, 
highlighting a limitation of AUC. 
As described in 3.2.5, AUC analysis relies on the Lamm equation, which requires knowledge 
of both the sedimentation coefficient 𝑆 and the diffusion coefficient 𝐷. The standard 1D 
approach involves fitting a range of 𝑆 while assuming that all particles are spherical, using a 
fixed frictional ratio (

𝑓

𝑓0
= 1). However, this assumption does not account for the true 

asymmetry of molecules such as IgG, which is known to have a Y-shaped structure (~12 nm 
in length with three rod-like arms of ~3.5 nm in diameter) [63]. To address this limitation, a 
2D approach, shown in Figure 62A, is employed, allowing for a range of 𝑓

𝑓0
 values instead of a 

single assumed value. This approach provides a more accurate representation of the system’s 

heterogeneity by considering different diffusion coefficients corresponding to each 
combination of 𝑆 and 𝑓

𝑓0
. The contribution of each solution to the Lamm equation fit is 

visualized using colour maps, offering a clearer depiction of the sample's complexity. 
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The results confirm that the two main peaks, corresponding to HSA and IgG, remain 
unchanged, indicating that the primary species in the sample do not undergo significant 
alterations or interactions under these conditions. Indeed, the absence of an additional peak 
beyond the two main species suggests that no significant interactions have occurred.  
Moreover, the structural differences between the proteins contribute to a degree of 
heterogeneity, further highlighting the lack of strong interactions between the examined 
proteins. The higher 𝑓

𝑓0
 values observed for IgG compared to HSA reflect its asymmetric 

shape, whereas HSA, being globular, maintains lower 𝑓

𝑓0
 values (Figure 62B).  

 
Figure 62 – (A) 2D SV-AUC analysis of the stock solution of HSA and IgG. (B) Table comparing the 

shape and the frictional ratio of HSA and IgG. 

To further validate this result, additional analyses are performed. Figure 63 illustrates the 
cumulative fraction of molecules or particles that have sedimented up to a given SC. Steeper 
curves, such as the blue and red ones representing HSA and IgG, respectively, indicate a more 
homogeneous population with a narrow distribution of SCs. 
When examining the sedimentation profiles of HSA and IgG at different concentrations, it is 
evident that the ratio of boundary contributions remains consistent across all conditions. 
Moreover, the relatively flat region between the peaks suggests that the two fractions remain 
separate and do not interact to form new species. This observation implies that no significant 
complex formation occurs between HSA and IgG under these experimental conditions. 
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Figure 63 – Boundary fraction analysis of SV-AUC data for IgG and BSA interaction. 

Figure 64 represents the normalized distribution of HSA, IgG and their mixtures sedimenting 
at a given SC. Due to normalization, the area under each curve is equal to 1, allowing for a 
direct comparison of samples at different concentrations. 
Looking at the individual curves, HSA and IgG exhibit broader distributions, with peaks 
around 4.5 S and 7 S, respectively.  
The limited resolution of this technique prevents the detection of additional species present in 
low abundance, such as the HSA dimer, making only the dominant monomer peak visible.  
This low resolution is primarily due to the inherent averaging effect of the SV method, where 
species with similar SCs overlap, making it difficult to resolve closely spaced peaks.  
Additionally, the consistent shape of the curves for HSA and IgG at different concentrations 
suggests that their interaction is weak and does not lead to the formation of new detectable 
species, despite potential electrostatic effects arising from charge differences. 
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Figure 64  – Time derivative analysis of AUC data for IgG and BSA interaction. 

Finally, SV-AUC is also performed to investigate the sedimentation behaviour of LDL in the 
presence of HSA at a constant physiological concentration and varying amounts of IgG, as 
shown in Figure 65. 
The blue curve represents the sedimentation profile of purified LDL in the presence of HSA 
at its physiological concentration, serving as a control because, as demonstrated, the LDL 
peak remains unchanged under these conditions. Upon the addition of IgG at a low 
concentration, the primary peak remains at approximately the same position, but there is a 
noticeable increase in signal intensity at higher SCs (between 8–15 S). This indicates the 
formation of LDL-IgG or LDL-HSA-IgG complexes, leading to an increase in particle size 
and mass. However, the overall distribution suggests that a significant portion of LDL 
remains in its original, unbound state. 
A more pronounced effect is observed when IgG concentration is increased to 80 µM. Indeed, 
in this case, the peak associated to LDL particles shifts to the right, and a strong, broad 
distribution appears between 8–20 S. This suggests a substantial degree of association, 
leading to the formation of larger macromolecular complexes.  
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Figure 65 – SC distributions normalized by max. 

The SDS-PAGE analysis confirmed the co-presence of IgG, LDL, and HSA in the sample 
without providing additional information (Figure 66). A band corresponding to HSA is visible 
around 66 kDa, confirming its presence, also the bands related to IgG, around 150 kDa for the 
intact form or 50 kDa for two heavy chains and 25 kDa for two light chains are detectable. 
The band associated with LDL, though less defined, are also observable. 

 

 
Figure 66 – (A) SDS-PAGE without reducing agent. (B) SDS-PAGE with reducing agent. 
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4.5  Interactions between LDL and Human Apo-Transferrin Protein 
 
4.5.1 Analysis of the Interaction of LDL and Apo-Transferrin Protein 

 
Figure 67 represents the interaction between LDL and Apo-Transferrin as analyzed by SV-
AUC. A single concentration of 3 mg/mL (37.7 µM) is tested, with incubation overnight at 
4°C. Notably, these LDL particles are obtained using the 2nd protocol and subsequently 
incubated with Apo-Transferrin, as described in 3.1.2.  
Despite these controlled conditions, no detectable shift in the sedimentation peak is observed, 
suggesting that under these experimental settings, there is no significant interaction between 
LDL and Apo-Transferrin. This lack of observable changes in sedimentation behavior 
indicates that either the binding affinity between these molecules is low, or that any potential 
interaction does not significantly alter the hydrodynamic properties of LDL in a way that can 
be detected by SV-AUC. 

 
Figure 67 – SC distributions normalized by max. 

 
4.5.2 Analysis of the Interaction of LDL Filtered Several Times and Apo-

Transferrin Protein 
 

The same experiment is conducted using an alternative LDL preparation protocol to assess 
whether the interaction with Apo-Transferrin could be influenced by differences in particle 
processing. Also in this case, it is tested the concentration of 3 mg/mL (37.7 µM), with an 
overnight incubation at 4°C. In this case, LDL particles are obtained through multiple 
filtration steps, ensuring a high degree of purity and consistency before incubation with Apo-
Transferrin, as described in 213.1.5. Despite the variation in the LDL preparation protocol 
compared to previous methods, no evident shift in the sedimentation peak is observed (Figure 
68). This indicates that under these conditions, the interaction between LDL and Apo-
Transferrin is either weak, transient, or insufficient to produce measurable changes in 
sedimentation behavior. The lack of significant alterations in the SC further reinforces the 
idea that, even after prolonged incubation and at the tested concentration, Apo-Transferrin 
does not strongly associate with LDL in a manner that affects its hydrodynamic properties or 
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promotes detectable aggregation. 

 
Figure 68 – SC distributions normalized by max. 
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5. Conclusions and Future Work 
 

To accurately study LDL, it is essential to obtain highly pure preparations, free from 
unwanted protein contaminants. To this end, LDL is first isolated by DGUC and subsequently 
purified using various methods, including FPLC chromatography, multiple filtration steps, 
and PEG precipitation. Notably, the study confirms that PEG precipitation does not 
significantly alter LDL behavior under the tested conditions, thereby reinforcing the 
robustness and reliability of these precipitation strategies in preserving LDL integrity. 
The results demonstrate that LDL readily engages with serum proteins, leading to the 
formation of both a hard and a soft corona. These interactions exhibit a high degree of protein 
specificity, with different serum proteins binding to LDL with varying affinities. IgG, in 
particular, displays a markedly strong affinity for LDL at concentrations as high as 480 µM, 
facilitating the formation of larger, more complex macromolecular assemblies. In contrast, 
HSA, despite its higher concentration of 1503 µM, does not exhibit significant binding to 
LDL. These observations suggest that both the abundance of a protein and its intrinsic binding 
affinity are critical determinants of the composition and structural characteristics of the LDL 
protein corona. 
Building upon these results, future investigations should delve into the interaction between 
Apo-Transferrin and LDL. At physiological concentrations, Apo-Transferrin does not show 
significant binding to LDL, implying that its interaction dynamics may only become relevant 
at elevated concentrations. Further research at these higher levels could yield important 
insights into the potential structural effects of Apo-Transferrin on the protein corona. 
Additionally, exploring the impact of other serum proteins on LDL corona formation will 
further elucidate the complex network of interactions between lipoproteins and a diverse array 
of biomolecules. Expanding these studies to encompass a broader spectrum of proteins and 
experimental conditions will be essential for uncovering the mechanisms underlying protein 
corona formation and its subsequent influence on LDL function. These insights hold 
considerable promise for the development of targeted therapeutic strategies that exploit 
lipoprotein-protein interactions, thereby advancing the field of precision medicine. 
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