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Abstract

Nanocarriers' success in biomedical applications depends largely on their uptake efficiency. In
most cases biomolecules like proteins, DNA, and antibiotics are taken up via endocytosis by
living cells. These cell organelles are part of the cell’s catabolic system, thus leading to
enzymatic degradation of the NPs. A more promising alternative is to induce membrane fusion
between the carrier and the cellular membrane for efficient molecular delivery. Therefore,
liposomes with highly fusogenic prosperities have been developed at the Research Center of
Jiilich, called fusogenic liposomes (FLs) [1]. Applications relying on FLs as molecular delivery
purposes have been successfully applied i.e. proteins, anti-cancer drugs, DNA, mRNA and
siRNA [1] [2], but the exact mechanism of fusion has to be elucidated in more detail in future

analysis.

If nanoparticles are injected into the blood stream, they interact with hundreds of biomolecules
that adsorb on their surface forming the so-called "protein corona". Immunoglobulin G (IgG) is
a corona-forming protein, mainly involved in immune reactions. IgG behaves as opsonin, which
decrease the circulation time, promote inflammation, allergic reactions, and increase blood
clearance by inducing complement activation [3]. Nevertheless, the mechanism underlying

immunoglobulin-nanoparticles interaction is yet unspecified.

Therefore, this work has aimed to investigate the interaction of IgG with different liposomal
formulations including fusogenic liposomes (FL), PEGylated liposomes (DOPC-PEG), and

neutral liposomes (DOPC) as a control.

For characterization of the liposomes/IgG complexes, dynamic and electrophoretic light
scattering (DLS and ELS), respectively were applied. The stability and IgG affinity to different
liposomal formulations were investigated by fluorescence quenching spectroscopy and
isothermal titration calorimetry (ITC). Stern and modified Stern-Volumer equations and ITC
plots were used to calculate binding constants, binding site, and thermodynamics parameters of

IgG/liposomes complexes.

The results of DLS and ELS showed that IgG adsorbed only on FL surfaces, as indicated by a

significant increase in hydrodynamic diameter and a neutral zeta potential values approaching
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that of free IgG. Furthermore, PEGylated liposomes prevent IgG adsorption due to their low
PEG density used (5%). Observations of fluorescence spectroscopy show that the structural
change in IgG remains stable, but the quenching effect was only observed in FL. Further analysis
of fluorescence data show that the FL/IgG complexes are electrostatically bound. Meanwhile,
ITC shows mainly hydrophobic forces govern the FL/IgG complex. No binding was observed,
with neutral liposomes (DOPC). While DOPC-PEG shows a contradictory result that indicates
non-covalent binding with IgG. Further research may provide more accurate results. The results

of this study suggest that FLs could be a promising safe therapeutic carrier in drug delivery.
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Chapter 1: Introduction




1.1 Problem Statement

The discovery of liposomes as drug carriers called the attention of scientists and industry.
Liposomes are widely used due to their low toxicity, lack of immunogenicity, and
biodegradability. Such liposomes demonstrate a preference for endocytosis uptake rather than
fusion uptake; however, induced membrane fusion between liposomes and mammal's cell is a
more promising approach for efficient molecular delivery [5]-{7]. Furthermore, molecular
delivery by fusion bypasses endosomes completely, preventing immediate degradation.
Therefore, liposomes with highly fusogenic characteristics, were successfully developed at the

research center of Jiilich, called fusogenic liposomes (FLs).

Nanoparticles surface are covered with proteins immediately after being injected in the blood
stream creating the so called “protein corona” (PC). The new biological identity of the
nanoparticles - pharmacokinetics and the pharmacodynamics properties- is highly depending on
the PC composition. Some certain protein corona components, can cover the liposome from the
target receptors, or it can activate the immune system such as immunoglobulin G (IgG) or
complement, which stimulate the rapid clearance of nanoparticles from the bloodstream by
reticuloendothelial cells [8]. The short blood circulation time is one of the main obstacles to

develop new therapeutic treatments based on nanoparticles.

Here the aim of this study is to identify the interactions, structural and functional properties of
the Immunoglobulin IgG as a carrier for fusogenic liposomes. Dynamic and electrophoretic light
scattering (DLS and ELS, respectively), fluorescence spectroscopy, and Isothermal titration

calorimetry (ITC) have been chosen as investigation techniques.



1.2 Hypothesis

The working hypothesis is that fusogenic liposomes (FL) injected into the bloodstream build
temporary complexes with blood serum proteins, preventing undesirable fusions. It is important
to investigate, characterize and obtained the physicochemical properties of the blood

protein/liposomes complexes for their future medical applications.

In this research, we aim to investigate the interaction between different liposomal formulations
and the immune protein family immunoglobulin (IgG). Here, we used three different liposomal
formulations, the first one is the Fusogenic liposome (FL) which is composed of a lipid mixture
of cationic, neutral lipids, and an aromatic molecule at a molar ratio of 1/1/0.1 mol/mol. Cationic
lipid: 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP). Due to the positive charge of
DOTAP, liposomes are more likely to adsorb to the cellular surface. Neutral unsaturated lipid:
1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE). The DOPE has a conical structure
that serves here as a helper lipid for membrane fusion [9] (Table 3.2). Aromatic ring: 1'-
dioctadecyl-3,3,3',3'-tetramethylindotricarbocyanine iodide (“DiR”; DilC18). The addition of
aromatic molecules with cationic liposomes highly increase fusion efficiency [9]. FL liposomes
have a cationic charge, so we expected them to adsorb many proteins (IgG). As a control, we
designed a second formulation of neutral unsaturated lipids 1,2-dioleoyl-sn-glycero-3-

phosphocholine (DOPC) with a hydrocarbon chain length (i.e. 18 C) similar to cationic DOTAP.

Generally, PEGylation can prolong circulation lifetimes by evading the immune system.
However, some studies have shown that PEGylation can improve protein binding, and trigger
an immune response, thus facilitating liposome clearance. In order to draw a general conclusion,
we synthesized a PEGylated DOPC lipids composed of neutral unsaturated (DOPC), and 1,2-
dioleoyl-3-phosphoethanolamine-N-[methoxy(polyethyleneglycol)-2000] (ammonium salt)
(DOPE-PEG (2000)) at a molar ratio of 1/0.05 mol/mol.



Upon interaction with Immunoglobulin IgG. IgG will cover some liposome formulations
surface, which depends on a wide parameter including liposome charge, size, and exposure time
[6]. The following techniques has been used to investigate the interaction: Dynamic and
Electrophoretic light scattering (DLS and ELS respectively), Isothermal titration calorimetry
(ITC), and Fluorescence Spectroscopy.

1.3 Significance of the Work

Due to the permanently increasing applications of nanoparticles as drug carriers in
pharmacology and molecular medicine, it is important to understand the driving forces behind
the interactions between blood serum proteins and nanoparticles in detail for improving the drug
delivery efficiency. Following intravenous administration of nanoparticles, those particles come
into close contact with serum proteins of the blood stream. The composition of nanoparticles
determines the formation of protein corona, a layer on the surface of nanoparticles composed of
several serum proteins. This corona creates a new bio-identity of nanoparticles influencing their
circulation in the blood stream, their uptake in different tissues, and their cleavage through the
reticuloendothelial system. Therefore, it is necessary to consider the effects of the

physicochemical properties of those nanoparticles on the formation of protein corona.

The immune recognition of the liposomes plays a key role in the clearance of the nanoparticles
by the reticuloendothelial system. Distinct proteins, such as immunoglobulin G (IgG) or
complement factors attached to the liposomal surface can accelerate their opsonization and
clearance [10]. Moreover, unspecific immune response can also be released by abundant IgG
attached to the nanoparticle surface. Hence NPs application as a drug carrier will end without
the achievement of a pharmaceutical effect. However, the presence of IgG on nanoparticles has
been reported frequently[3], [11], their interaction is poorly understood on the molecular scale.

Therefore, our study aims to fill the gap and elucidate this important interaction in more detail.



1.4 Aims of the Study

In this research, we aim to investigate the interaction between liposomes with different
compositions and surface characteristics and the immune protein family immunoglobulin on the
molecular level. During our study, liposomes with neutral and positive charges as well as neutral
liposomes with covalently bound polymer layers on their surface will be incubated with the
human serum protein family immunoglobulin G (IgG). To gain insight into the interactions

between those liposomes and IgG, the following analysis have been carried out:

1. Identification the presence of IgG on the liposomal surfaces using dynamic and
electrophoretic light scattering.

2. Determination of the thermal stability and IgG affinity to liposomes using isothermal
titration calorimetry (ITC).

3. Characterization of the conformational change of IgG in the present of liposomes using

fluorescence spectroscopy.



Chapter 2: Literature Review and Theoretical

Background




2.1 Biology Approach

2.1.1 Human Plasma Proteins with Special Focus on Immunoglobulin

Human blood plasma contains nearly 3700 identified proteins [12] among other physiologically
relevant compounds e.g. hormones, electrolytes, glycose or clotting factors. The numerous
proteins are involved in several physiological processes, such as coagulation, immune response,
molecular transport, osmotic balance or tissue leakage [13], [14]. For instance, fibrinogen is one
of the most important proteins involved in coagulation processes while serum albumin is
responsible for maintaining the osmotic pressure in the blood. Apolipoproteins are involved in
the transport of lipids and fatty acids, globulins transport hormones and participate in immune

reactions [14], [15].

Antibodies or Immunoglobulins (Igs) are involved in the immune response to viral, cellular
pathogens and autoimmune diseases, and stimulate an immune response against bound antigens.
Immunoglobulins represent one of the main part of the globulins and are produced by plasma
cells deriving from B cells [16], [17]. Depending on their biological functions and structures,
they can be classified into the following five groups: IgA, IgM, IgE, IgD, and IgG. IgM and
IgG with a mean plasma concentration of 1.5 mg/ml and 13.5 mg/ml in normal person
respectively [14] can activate complement factors and increase blood clearance of the NPs by
macrophages [18]. IgG is one of the most abundant immunoglobulins in blood with 10-20%
fraction of plasma proteins [19]. Immunoglobulins are glycoproteins containing 82 to 96%
protein and 4 to 18% carbohydrates [20]. A single immunoglobulin (antibody) consists of

approximately 100 amino acids [21].



The basic IgG molecule have a “Y-shaped”, and consists of four-chain structures, comprising
two identical heavy (H) chains and two light (L) chains, as shown in (Figure 2.1). The two parts
are linked by inter-chain disulfide bonds within the hinge region. Five classes of
immunoglobulin exist in humans, each with a different heavy-chain structure (Table 2.1). There
are four subclasses of immunoglobulins in blood. They are IgGl, 1gG2, 1gG3, and IgG4, in
decreasing order of abundance [20]. The fragment antigen-binding region (Fab) contains the
paratope, which is involved in the antigen binding originated from a pathogen. During antigen-
antibody formation (Ag-Ab) a conformational change of IgG molecule known as “clicking
open” occurs, as has been observed using electron microscopy [22], [23]. The other part of the
molecule formed by the lower hinge region and the CH2/CH3 domains is called fragment
crystalline (Fc). The Fc part is responsible for effector functions of antibodies, as it contains a
largely overlapping binding site for macrophages, neutrophils, and B cell lymphocytes [22].
Moreover, all IgG contain a glycosylation site contributing to the structural conformation of the

Fc region [19], [24].

VL Antigen binding
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Figure 2.1: Basic structure of an immunoglobulin G molecule [24]. A single immunoglobulin is made up of
two identical hydrophilic F,, segments connected by a hinge region to one hydrophobic Fc segment, resulting
in a Y-shaped conformation [21].



Table 2.1: General differences in human IgG subclasses [10].

General property IgG1 IgG2 IgG3 IgG4
Molecular mass (KD) 146 146 170 146
Amine acid in the hinge region 15 12 62 12
Mean level (g/1) in adult 2 4 11 02
Relative abundance 6.98 3.8 0.51 0.56
Half-life in days 21 21 21 21

2.1.2 Liposomal Drug Delivery Structure and Properties

Liposomes were discovered in the 1960s by Bangham [25]. They are formed by spherically
closed single (unilamellar) or multiple (multilamellar) lipid bilayers enclosing an internal
aqueous space as shown in (Figure 2.2) [26]. The bilayer consists of amphipathic phospholipids
containing hydrophobic, long fatty acid chains and hydrophilic head groups. The acyl chains are
oriented towards each other to minimize interaction with the aqueous solvent, while the
hydrophilic head groups are in direct contact with the aqueous environment[26]-[29].
Depending on their size, they are classified as small (d <100 nm), large (100 nm < d <I pum),

and giant (d >1 pum) unilamellar vesicles (SUV, LUV, and GUV, respectively).

Especially SUVs became very popular in medical and pharmacological research, after the
approval of the first liposomal drug formulation under the name Doxil. It contained the anti-
cancer drug doxorubicin and was used to treat AIDS -related Kaposi's sarcoma [12]. Liposomes
have several advantages as drug carriers, e.g. high biocompatibility, reduced toxicity, suitability
for hydrophilic as well as hydrophobic drug delivery [30], [31]. Moreover, they are able to

accumulate in tumor tissues locally increasing the drug concentration inside the tumor compared



to normal tissues and increase the pharmaceutical effect [26], [32]. Therefore, they have been

frequently used as carriers for other anti-cancer drugs such as cisplatin or taxols [33], [34].

In the last decades, cationic liposomes attracted special attention based on their role in gene
delivery and vaccination (e.g. COVID-19 vaccine) [27]. Here, the cationic liposomes made of
neutral phospholipids and cationic lipids, such as 1,2-dioleoyl-3-trimethylammonium-propane
(DOTAP), form complexes, so-called lipoplexes, with the negatively charged nucleic acids via
electrostatic interactions. The positively charged complexes can adhere and accumulate on the
negatively charged cellular surface and are internalized by endocytosis. In the next step, the
complexes have to be released from the endosomes into the cell cytoplasm to reach the nucleus
afterwards, where the information can be processed. The endosomal release of the lipoplexes
can be facilitated by the lipid composition. Phosphoethanolamines are frequently used as helper
lipids. Such lipids have small head groups and large chain regions resulting in a conical
molecular shape [28]. The typical inverted conical structure of phosphoethanolamines
destabilizes the endosomal membranes which mainly contains phosphocholines with cylindrical
geometry forming lamellar membranes [9] and facilitates endosomal escape of the lipoplexes

into the cell cytoplasm [27].

Liposomes used for drug delivery purposes are predominantly administrated by intravenous
injection. Upon injection, the delivery vehicles come into close contact with blood cells as well
as with the blood serum containing hundreds of biomolecules that may adsorb on the liposomal
surface. Some of them, e.g. immunoglobulins, enhance the blood clearance by increasing the
liposomal uptake by macrophages in the liver and spleen where they will be metabolized [12],

[30], [35].

To overcome the uptake process of liposomes by the reticuloendothelial system (RES), a new
liposome class was developed. Here, the liposomal surface is coated with an inert polymer shell

inhibiting serum protein adsorption on the particle surface as shown in (Figure 2.2c¢).
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Consequently, liposomal recognition by macrophages as well as their renal clearance are
reduced. Simultaneously, their circulation time in the bloodstream is prolonged [22]. Polymers
such as polyethyleneimine, polyxyethylene and polyaspartamide derivatives are frequently used
for this purpose [36]. However, the most popular coating polymer is polyethylene glycol (PEG)
with a general structure of H—(O—CH>—CH2),—OH. This amphipathic polymer is composed of
repeating units of ethylene glycol resulting in different molecular weights (i.e. 2, 8, 20 KDa)
and shapes (linear or branched). The more PEG chains, the more hydroxyl groups formed
between the polymer and the biofluid, increasing the water solubility of the polymer, decreasing
particle aggregation, and minimizing protein adsorption on the PEG surface [22], [37], [38]. If
the polymer is covalently coupled to phospholipid molecules, liposomal surface
functionalisation can be realized in a more reliable manner compared to simple polymer surface
adsorption. In this case, the chemical characteristics of both molecules, the lipid and the
polymer, have to be considered by estimating their pharmacological effect. Maruyama and co-
workers analysed the circulation time of several lipid-coupled PEGs with different molecular
weights (1, 2, 5, 12 KDa) and found that the DSPE coupled PEG with a molecular weight of 2
KDa had the longest circulation time and the highest concentrations in the bloodstream of mice

(40% of the dose) after 6 h of injection [39].
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Figure 2.2: Structure of liposomes for drug delivery [40].

2.1.3 Fusogenic Liposomes

Liposomal drug delivery vehicles are taken up by endocytosis, the most common uptake route
of mammalian cells. The main drawback of the endocytic uptake pathway is the high
degradation rate of the cargo in the lysosomes [41] (Figure 2.3). To circumvent cellular
endocytosis and simultaneously decrease drug degradation before reaching the target organelles
is a major biotechnological challenge. One of the alternative approaches is based on an effective
membrane fusion between the carrier and the cellular plasma membrane within a few minutes.
Due to the extraordinary high fusion efficiency, such carriers are called fusogenic liposomes
(FL) [4], shown in (Figure 2.3). They consist of a lipid mixture of cationicl,2-dioleoyl-3-
trimethylammonium-propane ~ (DOTAP), neutral lipids 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine (DOPE), and an aromatic molecule 1,1'-dioctadecyl-3,3,3",3'-
tetramethylindotricarbocyanine iodide (“DiR”; DiIC18). At a molar ratio of 1/1/0.1 mol/mol[9].
The positive surface charge of such liposomes facilitates their adsorption on the cellular surface

allowing fusion intermediates formation by the two membrane partners. Interestingly, cationic
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liposomes without aromatic molecules barely show membrane fusion. The addition of an
aromatic compound to the cationic lipid mixture makes the bilayer highly fusogenic [4], [9].
The unsaturated neutral lipid DOPE with a conical molecular shape has a fusion efficiency of
87% (s.d. 8%) (i.e. DMPE, DPPE,...etc.) as investigated by KolaSinac et al. 2018. KolaSinac
and co-workers characterize the role of neutral lipids in cell fusion by measuring the fusion
efficiency of different neutral lipids i.e. DMPE, DPPE, DOPE, DMPC.,...etc in FLs with CHO
cells [9].The reason for this interesting physicochemical effect has to be elucidated in more

detail in future analysis.

However, the protein-free membrane fusion mechanism is not fully understood, fusogenic
liposomes can be applied for molecular delivery purposes. Proteins [1], anti-cancer therapeutics
[42], functionalized lipids, DNA vectors as well as mRNA and siRNA [2] biopolymers have
been successfully loaded into fusogenic liposomes and delivered into mammalian cells in vitro

[1], [2], subsequently as well as in vivo applications [43].
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2.2 Interactions of Liposomes with Plasma Proteins

Liposomal drug delivery vehicles are predominantly administrated in the blood stream.
Therefore, the interactions between nanoparticles (NPs) in general, and liposomes in special,
with plasma proteins have been widely investigated in the last decades. When NPs enter the
bloodstream, a rich layer of proteins, called protein corona (PC) forms on their surface. The
adsorbed proteins determine the biological identity of the liposomes. Particle distribution,
circulation time, stability, cellular uptake, and cleavage are only some of the phenomena

strongly influenced by the protein molecules [15], [18], [44].

The protein corona composition depends on the binding affinity of the proteins to the NPs [12].
When proteins with high affinity adsorb on the NP surface, they are tightly bound and have a
long lifetime. These proteins form the hard corona. Proteins with low binding affinity and short
lifetime form the so-called soft corona [14], [15]. Protein-protein interactions frequently lead to
displacement of the first adsorbed abundant proteins by proteins with higher binding affinity.
The displacement occurs within milliseconds [45], but the corona composition may continue to
change over a longer time [46]. The phenomenon has been observed by Vroman and known as

the "Vroman effect" [15].

The composition of the protein corona plays a crucial role in the biological action of liposomes
either by promoting liposomal uptake by macrophages (opsonisation) and impairing
coagulation, or by inhibiting phagocytosis (dyopsonisation) [12], [14], [36]. Protein adsorption
on the particle surface is determined by environmental conditions, such as temperature of
biological fluids, the duration of incubation, and the ionic conditions [12], [46], as well as the
chemical composition, surface area, size and charge of the NPs [14], [15]. Pioneer et al. analysed
the correlation between the liposomal size and charge and the amount of adsorbed proteins, the
so-called protein binding value (Ps (g protein/mol lipid)) [7]. He found the lowest Pg value of

30 g/mol for neutral liposomes such as DMPC, since most plasma proteins are negatively
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charged at physiological pH. Consequently, the highest Pg value over of 500 g/mol were
reported for cationic liposomes containing 1,2-dioleoyl-3-N, N,N-trimethylaminepropane
chloride (DOTMA) as positively charged lipid [14]. Prozeller et al. 2020 found that there is a
correlation between the surface charge distributions of proteins and their interaction with NPs.
Prozeller and co-workers investigated the Igs interaction with different charge polystyrene
nanoparticles [3]. Figure 2.4 indicate the charge distribution mab of IgG. Hence, we assumed

that the nonhomogeneous distribution of charges in IgG would interct differently with NPs.

Figure 2.4: Surface charge distribution maps of IgG. In the graphic, negatively charged patches (red areas),
positively charged patches (blue areas), and neutral charges (white areas) [3].

2.2.1 Interactions of PEGylated Liposomes with Plasma Proteins

Polyethylene glycol (PEG) is a hydrophilic polymer with a chemical structure of (CH2CH20)x,
and a molecular weight of 2000-5000(KDa.) [7]. Phosphatidylethanolamine is usually coupled
to the PEG. The chains of PEG form a hydration layer through hydrogen bonds, with

neighboring water molecules. PEGylated surfaces can prevent the adsorption of nonspecific
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proteins i.e. opsonins proteins. Thus, increasing the stability, and avoiding the rapid clearance
of the NPs [47]. Consequently, PEG is one of the most relevant artificial polymer used for
surface coating of liposomes. The United States Food and Drug Administration (US FDA) has
approved about 20 PEG polymers without safety concerns [48]. By grafting PEG on the
liposomal surface, protein adsorption can be significantly reduced, resulting in less macrophage
cellular uptake and prolonged blood circulation time [12]. Semple and co-corkers (Figure 2.5)
demonstrated that plasma proteins are less likely to adhere on liposome surfaces coated with
PEG using aqueous two-phase partitioning techniques. By adding 5% DSPE-PEG to liposomes
(2000 KDa), Pg values were reduced significantly (Semple et al. 1998).

50 -
T
Q p
= 40
B R
E )
= )
'é 30-‘
(o]
—
Q ]
2 20-
w 4
= ]
= 10 -
@
Q ]
0- & & o
‘bo\' & & \a &
(&) Q Q Q 4
C < < " N2
Q R R ) R
) % WV N Q?‘
¥ ©» & o S
O Ke) Q(’ Q
QO. Qo. @ o\,
P 2 oS
o

Figure 2.5: P values of liposomal formulation with and without the DOPE-PEG [7].
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However, many studies have reported about PEG polymer applications with very low toxicity,
pegylation can also reduce transfection potency by increasing the cellular uptake of
nanoparticles [49], which is known as "PEG dilemma.". Unexpected immune responses upon
repeated treatments have been observed frequently [50]. Especially IgM and IgG showed high
binding affinity to PEGylated nanoparticles releasing high particles clearance by RES [12]. A
relative protein abundance (RPA) of ca. 15% of immunoglobulins was even found on PEGylated
liposomal surfaces [ 6]. Huckabyet and co-corkers characterized the binding of IgG1 with PEG
using x-ray crystallography and determined conformational changes of the Fab-tag of the
protein. Simultaneously, the PEG polymer also showed conformational changes by wrapping
itself around the IgG1-ring backbone increasing surface contact area with the Fab-tag and
stabilizing the complex [48]. Here, flexible PEG polymer chains without any covalent bond to
the particle surface have been analysed. Recent studies about PEGs covalently bound to e.g.

lipid molecules are missing.

2.2.2 Interactions of Cationic Liposomes with Plasma Proteins

Cationic liposomes interact with negatively charged plasma proteins such as fibrinogen and
vitronectin  (opsonins) predominantly, while on liposomal surfaces made of
phosphoethanolamines proteins such as serum albumin or apolipoproteins (dyopsonins) adhere
[12]. Giulimondi and co-workers compared the protein corona of cationic, neutral and anionic
liposomes after incubation in human plasma using mass spectroscopy [5]. Their results showed
that the relative protein abundance (RPA) of plasma proteins identified on neutral liposomes
surface did not show significant differences at physiological protein concentration (50% serum)
while the protein bond to cationic liposomes increases significantly with increasing protein
concentration. Most of the adhered proteins had a molecular weight of 30 to 100 KDa and an
isoelectric point below 7. Moreover, coagulation proteins, such as fibrinogenes, and lipoproteins
were found to be the most abundant proteins on all liposomal surfaces. The RPA of
immunoglobulines was determined at 2-4%. In comparison, Caracciolo’s analysis revealed ca.

20% of immunoglobulins adhered on cationic liposome surfaces as the most abundant protein
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[6]. Simultaneously, (Figure 2.6) Gronemann et al. found apolipoproteins (Apo) with ca. 40%
of RPA value as the most determinant protein compound adhered on fusogenic liposomes and
only 10% of immunoglobulins (Ig) [51]. However, numerous studies have reported about the
presence of immune proteins on cationic liposomal surfaces upon incubation with blood plasma,
none of them gave deep insight into the binding characteristics of those two partners, a lipid

molecule with positive charge and the immunoglobulin.
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Figure 2.6: Using mass spectroscopy. (Left) molar proportion of proteins found in the human plasma. (Right) molar
proportion of proteins adhered on the surface of FL after incubated with human plasma for 30 min at RT [51].

2.4 Related Studies

(Gronemann, 2021): Using mass spectroscopy Gronemann incubated FL with human plasma

at RT for 30min. He found that apolipoproteins (Apo) was the most determinant protein

18



compound adhered on fusogenic liposomes with ca. 40% as value of relative protein abundance

and only 10% of immunoglobulins (Ig) found on the FL surface (Gronemann 2021).

(Huckaby et al. 2020): Huckabyet and co-corkers characterized the binding of IgG1 with PEG
polymer chains using x-ray crystallography. They determined the conformational changes of
the Fab-tag in the protein. In addition, the PEG polymer also exhibited conformational changes
by wrapping itself around IgG1 ring backbones increasing the surface contact area with the Fab-
tag and stabilizing the complex. A flexible polymer chain without any covalent bond to the

particle surface was analyzed here [48].

(Kayser et al., 2011): A spectroscopic study of the human IgG was conducted using
fluorescence to examine the Trp solvent accessibility of different Trp classes using Acrylamide
as a quencher. They found that IgGl contains Tryptophan residues which are randomly
distributed over the protein and can be classified according to their water accessibility within
the IgG1 (Table2.2). Additionally, these residues have different lifetimes depending on their
position and contribute differently to the overall protein fluorescence, though that contribution

is further influenced by their surrounding polarity.

In their study they have a non-liner Stern-Volmer plot indicating that more than one Trp class
is contribute to the overall fluorescence. The partially examine residue quenched by the
Acrylamide but less than the surface-examine residues as they have higher availability to the
molecule solvent. The fractional quenching was 52% using the modified Stern-Volmer equation.
The buried residues didn’t quench by the Acrylamide. They also found that the Energy transfer
between theses residues could be the only mechanism for their emission, but it might occur

where the Trp- Trp distance is < (10 — 15 A") (Kayser et al. 2011).
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Table 2.2: Class of tryptophan residues (Trps) with their life-time and maximum emission wavelenght

Trp class T(ns) A(nm)

Surface 3.6 > 340
Partially buried 1.45 320 — 340

Buried 0.27 < 320

(Caracciolo et al. 2014): Caracciolo’s and co-workers analyzed two liposomal formulations:
[DOTAP and PEG], and the second one: [DOTAP (30%),DSPC(50%), and CHO(20%)] with a
final concentration of (1 mg/ml) for each formulation. They incubated them with Human (HP)

and Mouse Plasma (MP) at 37°C for 1h. Their analysis revealed that:

1. The Protein Corona formed is influenced by the physiological environment and the

Nanoparticle composition.

2. Size and zeta potential measurements show that both PEGylated and un-PEGylated
DOTAP liposomes incubated with HP were about 70 and 60 nm larger in size than bare
liposomes respectively. The zeta measurements support the existence of the liposome-
protein complex. The authors suggest that the protein binding in PEGylated DOTAP was
caused by the high PEG density used (10%).

3. Mass spectroscopy revealed ca. 20%, and 15% of immunoglobulins adhered on cationic,

and PEGylated liposomal surfaces respectively [6].

(Prozeller et al. 2020): Prozeller and cowarkers studied the interaction of different human
immunoglobulin classes, IgG, IgA and IgM with different charge polystyrene nanoparticles (PS-
NPs) including: PS-NPs (-10 mV), PS-NPs-COOH (-29 mV), and PS-NPs-NH> (+2 mV), with
small amount of polyethylene glycol for each NPs for stabilization. Their study revealed that:
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Using reducing SDS-PAGE, they found that IgG was adsorbed on all PS-NPs surfaces.
This result was further supported by a more negative value in zeta potential value.

Upon interaction of IgG with charged NPs-PS, an aggregation processes were observed.
There is a correlation between the surface charge distributions of Igs and their interaction
with NPs

ITC titrations suggest that IgG undergo more hydrophobic interactions with PS-NPs.
while hydrophilic interactions i.e. electrostatic interactions take place for the

functionalized NPs [3].

(Giulimondi et al. 2020): They incubated Cationic (DOTAP) , Anionic 1,2-dioleoyl- sn-

glycero-3-phospho-(1'-rac-glycerol) (DOPG), and Neutral (DOPC) liposomes with Human

plasma (HP) in increasing protein concentration from 1% to 50%.

1.

The Protein corona (PC) of DOPC is slightly affected by increasing protein
concentration, while the protein bond to DOTAP and DOPG increases significantly with
increasing protein concentration.

As protein concentrations increase (1% - 50%), proteins bond to NPs in nanograms of
protein per milligram of lipid were as follow: (3 -15.8) for DOTAP, (0.22 - 1.33) for
DOPC and (0.28 - 2.53) for DOPG.

The PC of DOTAP was primarily composed of IgG1, HPT, IGK, IGL1, A1AT, and
APOAL [5].

(Weissmann et al. 1974): Weissmann and co-workers studied the interaction between cationic

liposomes with native and aggregated IgG using column chromatography. Aggregated IgG was

prepared by heating native IgG for 10 min at 61.5°C to simulate their configuration in immune

response. Upon incubated a 0.15 mg IgG /ml of cationic liposomes for 10 min at room

temperature, the mixture was subjected to chromatography, they found that:
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1. Cationic liposomes bind about 50% of the native protein, while over 75% of aggregated
IgG interact with the bilayers.

2. The Fc part of the IgG is responsible for the interaction with liposomes membrane.

3. Aggregated IgG-liposome interactions can be explained by conformational changes in
IgG, or by the formation of many Fc portions that can insert into the bilayer, such

interactions are hydrophobic in nature.[22]

(Sangra et al. 2017): They study the interaction between neutral and PEGylated large-
unilamelar liposomes (LUVs) and magneto-liposomes (MLs) upon incubation with 1 mg/ml
Bovine Serum Albumin (BSA) at 37c for 24 h. Phosphatydylcholine (PC) or (DMPC) is the
main component of phospholipids with 20% of cholesterol. Their study revealed that:

1. Size measurements show small changes in all samples, and the aggregation process was
observed in samples containing PC. Zeta potential shifted toward a more negative value

than the bare liposomes. A thin layer of BSA is present on the liposome surface.

2. Fluorescence quenching results revealed that the quenching effect was observed in all
samples, with a negative deviation in the Stern-Volumer plot consequence to

aggregation in LUVs or MLs at high concentrations of lipids.

3. Inthe ITC analysis, no significant binding was found and no thermodynamic parameters
were determined. Experiments yielded titration patterns with endothermic energy

contributions.

4. Hydrophobic interactions dominate in BSA-PC systems, while electrostatic interactions

dominate in BSA-PEGylated systems [49].
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(Anbazhagan et al. 2011): They studied the interaction of the main protein in Bovine plasma
(PDC-109) with different lipids membrane. The lipids consisting of phosphatidylcholine such
as dimyristoyl phosphatidylcholine (DMPC), dipalmitoyl phosphatidylcholine (DPPC),
dimyristoyl phosphatidyl-glycerol (DMPG). Using isothermal titration calorimetry (ITC) 0.25
mM of PDC-109 was injection into 0.08 mM phosphatidylcholine suspensions at a different

temperature, they found that:

1. The interaction between PDC-109 and the lipids membrane is hydrophobic, entropically

driven (endothermic binding).

2. With increasing temperature, the number of binding sites (n) decreases, while enthalpy

and entropy increase.

3. The binding of PDC-109 to lipids in the gel phase was endothermic. But in the liquid
crystalline phase, DMPC exhibited a complex binding with PDC-109 (endothermic and

exothermic).
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Chapter 3: Material and Data Acquisitions
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The following subchapters provide an overview of all substances used throughout this thesis.
The first section covers chemicals, materials, and instruments. The second section describes the
methods of preparing liposomes and provide an overview of the techniques used for acquiring data,

along with a description of sample preparation conditions for each of the characterization techniques

(DLS, ELS, Fluorescence Spectroscopy, and ITC).

The substances were used without further purification. Ultrapure water was produced using the

Arium® Pro Ultrapure Water System from Sartorius (Gottingen, Germany).

3.1 Materials

3.1.1 Lipids

Lipids were purchased from Avanti Polar Lipids, Inc. (Alabaster, AL, USA) in chloroform at 10
mg/mL with purity > 99%: 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), 1,2-dioleoyl-3-
trimethylammonium-propane; chloride salt (DOTAP), 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC), and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethyleneglycol)-2000]
(ammonium salt) (DOPE-PEG(2000)), DOPE-PEG was diluted in chloroform to 1 mg/ml. The
carbocyanine dye 1,1'-dioctadecyl-3,3,3',3'-tetramethylindotricarbocyanine iodide (“DiR”; DilCis(7))
was ordered from Thermo-Fisher Scientific (Waltham, MA, USA), and was diluted in chloroform to 1
mg/ml. Lipids stock solutions were stored at-20°C. All lipids are listed in (Table 3.1). Chemicals

structures of the lipids are shown in (Table 3.2).
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Table 3.1: Lipid components for liposome preparation with their [UPAC and molecular weight

Lipid IUPAC name Mw [g/mol]
DOPC 1,2-dioleoyl-sn-glycero-3-phosphocholine 786.113
DOPE 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine 744.034

DOPEPEG | ool polyethyteneglyonl 2000 (ammonium sal) ——
DOTAP 1,2-dioleoyl-3-trimethylammonium-propane; chloride salt 698.542
DiR 1,1'-dioctadecyl-3,3,3’,3"-tetramethylindotricarbocyanine iodide 1013.41

Table 3.2: Lipid components for liposome preparation with their structure and fluorescence spectra (orange) of

DiR
Lipid Structure Molecular Shape
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3.1.2 Protein

Incubation experiments were based on lyophilized human IgG from Sigma-Aldrich,

(Taufkirchen, Germany), with a molecular weight of 150 kDa. The IgG was stored at 4°C.

3.1.3 Buffers (Phosphate-Buffered Saline (PBS), HEPES)

Buffers were prepared in purified water, all components were obtained from Sigma-Aldrich,
(Taufkirchen, Germany), pH was adjusted with aqueous solutions of HCI (ImM) or NaOH
(1mM). Buffer osmolalities were determined using a freezing point osmometer (Osmomat 030,
Gonotec GmbH, Berlin, Germany) (HEPES-30 m osm/kg, PBS-292 m osm/kg). Buffers were
filtered using an Acrodisc®syringe filter manufactured by Pall Corporation (Port Washington,
New York, USA), and stored at 4 °C until use.

Phosphate-Buffered Saline (1x PBS), pH 7.4; 1x PBS was prepared by dissolving

the reagents listed in (Table 3.3) in 800 mL of purified water. To reach a pH of 7.4, a solution
of HCL (1mM) or NaOH (ImM) was added along with water to make a 1L solution. PBS was
Stored at 4 °C.
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Table 3.3: The Reagents used for (1x) of PBS solution.

Components Concentrations (mM) Mw (g/mol) Amount added(mg)
NaCL 137 58.44 8006.0
KCL 2.7 74.55 95.7
Na;HPOq 8.1 141.19 1143.6
KH:PO4 1.47 136.08 200.1

2-(4-(2-hydroxyethyl)-1-piperazinyl)-ethanesulfonic acid (HEPES-Buffer), pH 7.4; as
standard liposomal buffer, HEPES was used. To make 100 mL of 20 mM HEPES, pH 7.4. 476.6
mg of HEPES (238.3 g/mol) was dissolved in 80 mL of water overnight. The pH was then

adjusted to 7.4 using a solution of HCL (ImM) or NaOH (1mM) was added along with water to

make a 0.1 L solution. HEPES was Stored at 4 °C.

3.1.4 Instruments

Below are listed the research instruments used in the study.

Table 3.4: List of instruments used in the research

Hardware

Company

Dynamic light scattering and Zeta potential
measurement system (Zetasizer Nano ZS)

Malvern Instruments, Malvern, UK

Spectrofluorometer (Spectrometer Fluorolog-3)

Horiba Jobin Yvon, Kyoto, Japan

Isothermal titration calorimetry (ITC)

Malvern Instruments, Malvern, UK
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3.2 Methods

The following subsections provide an overview of the experimental procedures underlying the

applied analytical techniques.

3.2.1 Preparation of Liposomes

In this study, three different kinds of liposomes were used. In all cases, liposomes were prepared
according to the method described by [53]. Briefly lipids were mixed in chloroform (Merck
Millipore, Darmstadt, Germany) at the desired ratio (Table 3.5). The chloroform was
evaporated under vacuum for at least 30 min. Dry lipid film was hydrated with HEPES buffer
to a total lipid concentration of 2 mg/ml and homogenized by vortexing for approximately 1-2
min to produce multilamellar liposomes. FL Liposomes were further sonicated in an ultrasonic
bath (Sonocool, Bandelin electronic GmbH, Berlin, Germany) for 20 min at 4 to 6°C. On the
other side DOPC and DOPC-PEG liposomes suspensions were extruded 20 times through a 100
nm polycarbonate filter using Avanti Mini Extruder (Alabaster, AL, USA), to form unilamellar
vesicles with a mean diameter of 100-150 nm. Extrusion was carried out at 23°C, which is above

the phase transition temperature of DOPC (-20°C), and DOPC-PEG.

Prepared liposomes were kept at 4°C. If storage times exceeded one day, the ultrasonic treatment

was repeated immediately before use.
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Table 3.5: Lipids composition of formed liposomes.

System Abbreviation Lipid composition Molar lipid ratio
Cationic liposomes FL DOTAP/DOPE/DiR 1/1/0.1
(Fusogenic liposomes)
Neutral liposomes DOPC DOPC 1
Stealth liposomes DOPC-PEG DOPC/DOPE-PEG 1/0.05

3.2.2 Dynamic Light Scattering (DLS)-Theory

Dynamic light scattering, also known as photon correlation spectroscopy (PCS) or quasi-elastic

light scattering (QELS), is a material characterization technique for determining particles size

distribution of colloidal samples. During the measurement, the sample is illuminated by a

monochromatic laser and the scattered light intensity is recorded with a photon detector at a

fixed or variable scattering angle [54]—[56]. On this time scale, intensity fluctuations reflect the

rate of fluctuation of the particles. The fluctuation in the scattering intensity is used to calculate

the size distribution of particles within the sample. Fluctuations are captured using the method

of autocorrelation, in which the scattered intensity at time # is compared to itself at time ¢ + 7,

where 7 is the correlation delay time. The process is repeated over the period of observation and

for a (typically logarithmically spaced) range of values rto generate a correlation function. From

the decay of the correlation function, the rate of diffusion (D) is calculated [54], [55]:
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Where I' is the exponential decay rate, and q is the scattering vector defined by the scattering
angle and wavelength of the light. After decay rates has been extracted, the size distribution can
be achieved by Stokes—Einstein equation that’s relate D to the hydrodynamic diameter (du) of
the particle [54], [55]:

4o = KT
™" 3mnD

)

In this equation, k denotes the Boltzmann constant, T the absolute temperature, and n the
viscosity of the medium. The quantity du is the diameter of an equivalent rigid sphere that

diffuses at the same rate as the analyte.

3.2.3 Dynamic Light Scattering (DLS)-Measurements

DLS was used to detect Immunoglobulin G (IgG) bound to liposome surface complexes marked
by an increase in liposome size. Here the hydrodynamic diameter of liposomes and
IgG/liposome complexes was measured using the Zetasizer Nanodevice ZS (Malvern
Instruments, Malvern, UK). Instrument control and data analysis were performed using

Malvern's Zetasizer software.
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Preparation of Liposomes for DLS Measurements; for characterization of bare liposomes,
liposome stock solutions (2 mg/ml) were diluted 1/10 with filtered PBS, to a final concentration

of 0.2 mg/ml, and measurements were performed at room temperature (Figure 3.1).

s

45yl “T_ | 5pl \ ,
PBS FL FL in PBS ‘

50pl “
- Microcuvett Vortex

Size distribution Zetasizer Nano ZS ZEN 2112 1-2 min

Figure 3.1: DLS measurements. Bare liposomes FL (2 mg/ml) were mixed with PBS. After that FL (0.2 mg/ml)
vortexed for 1-2 min to mix well and then filled in microcuvette (50 uL) to analyzed on the DLS at 23°C.This
process was repeated for DOPC and DOPC-PEG.

Preparation of Liposome/IgG Complex for DLS Measurements; to analyze the
IgG/liposome complexes, liposomes were incubated with IgG at a molar ratio of 1/0.01
mol/mol. Here 1 pl of the liposome stock solutions (2 mg/ml), were mixed with 16 pl of IgG
(2.5 mg/mL) and incubated at 37°C for 30 minutes in a vacuum heating and drying oven from
ThermoFisher Scientific (Waltham, Massachusetts, USA). After incubation, the dispersion of
IgG/liposome complexes was diluted to 50 pl with PBS and measured immediately afterward

(Figure 3.2).

32



FLin IgG 1

= N e »
— A T - T |
Microcuvett Vortex

Size distribution Zetasizer Nano ZS ZEN 2112 1-2 min

Figure 3.2: DLS measurements for IgG/FL complex, 1 pL of FL (2 mg/ml) was added to 16 pL of IgG (2.5 mg/ml)
and incubated at 37°C for 30 minutes in a heating oven. The dispersion was diluted to 50 ul with PBS and measured
immediately afterward. This process was repeated for DOPC and DOPC-PEG.

Heating oven

Experiment Setup; the prepared samples were filled bubble-free in a cleaned and solvent-
rinsed quartz microcuvette with a path length of 3 mm purchased from Hellma (Muellheim,
Germany) (Figure 3.1 and 3.2). The cuvette was cleaned between measurements by thorough
rinsing with ethanol and water. All measurements were performed in backscatter mode at 173

°angle.

The measurements provided the polydispersity index (PDI) of the sample and the underlying
size distribution. The data reported are the mean peak position within the size distribution and

the standard deviation of at least three independently prepared samples.

3.2.4 Electrophoretic Light Scattering (ELS)-Theory

Electrophoretic light scattering is a technique to determine the zeta potential ({) distribution of
particles in a colloidal sample. The zeta potential, also termed as electro-kinetic potential, is the
potential at the slipping plane of a colloid particle moving in an electric field [56]. When a

charged particle is dispersed in a medium, an electric double layer develops on its surface. The
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inner layer consists predominantly of ions with opposite charge to that of the particle surface
(Stern layer). These ions are strongly bound to the surface. In the outer layer the binding ions

are less firmly attached [54], [56].
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Figure 3.3: Schematic representation of zeta potential [57].

When an electric field is applied across an electrolyte, charged particles move towards the
oppositely charged electrode (electrophoresis). lons within the boundary move with the
particles, while ions beyond the boundary do not. This boundary is called as the surface of

hydrodynamic shear or slipping plane and schematically illustrated in (Figure 3.3).

Simultaneously, viscous forces acting on the particles tend to oppose this movement. When
equilibrium is reached between these two forces, the particles move with constant velocity
(electrophoretic mobility-Ug). The potential that exists at the slipping boundary is known as the

zeta potential and can be calculated via Henry equation [54], [56]:
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Where ¢ denotes the zeta potential, Ug the electrophoretic mobility of the particles, € the
dielectric constant, n the viscosity of the buffer, and f(xa) the Henry’s function. Here, two
approximations are generally used: in an aqueous solution with moderate electrolyte
concentration, the f (xa) =1.5 referred to as the Smoluchowski approximation. For small
particles in low dielectric constant media, (ka) =1.0 and referred to as the Huckel approximation.
Upon measuring the electrophoretic mobility of the dispersed particles their zeta potential can

be calculated.

3.2.5 Electrophoretic Light Scattering (ELS) -Measurements

The surface charge of liposomes and protein/liposome complexes was measured using the
Nano-Zetasizer (Malvern Instruments Inc, Malvern, UK). Instrument control and data analysis

were performed using Malvern's Zetasizer software.

Samples Preparation; for zeta potential measurements, DLS samples were diluted to 800 pl
with PBS. Detailed information on sample preparation can be found in subsection 3.2.3. (Figure
3.1) 800 pL of the diluted dispersion was pipetted bubble-free into a Malvern disposable
capillary cell (DTS1070).
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Figure 3.4: Zeta measurements before incubating with IgG. DLS samples were diluted to 800 pl with PBS using
the same device just after the DLS measurements represents IgG/liposomes complex. Same measurements were
repeated for DOPC and DOPC-PEG. All NPs were measured again after the incubation in the same way.

Experiment Setup; the cell was thoroughly cleaned with ethanol and water and pre-rinsed with
the solvent of interest before use. All measurements were performed at 25 °C. The number of
scans was manually set to 12 and the Smoluchowski approximation was selected as the model

for data analysis.

Based on the collected data, the software provided the average zeta potential value and the
underlying potential distribution. The data reported are the mean zeta potential value and

standard deviation taken over at least three independently prepared samples.

3.2.6 Fluorescence Spectroscopy-Theory

Fluorescence spectroscopy analyses fluorescence from a molecule (fluorophores) based on its
fluorescent properties. Typically, aromatic molecules i.e. Tryptophan (Trp), phenylalanine

(Phe), and tyrosine (Tyr). Fluorescence is a type of luminescence caused by photons exciting a
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molecule, raising it to an electronic excited state. In excited singlet states, the electron in the
excited orbital has the opposite spin orientation as the ground-state electron. Hence, the opposite
spin allowed the return to the ground state (So) resulting in the emission of a photon. The
emission rates of fluorescence are on the order of nanoseconds [58]. Jablonski's diagram
describes the processes through the absorption and emission of light (Figure 3.5). The electronic
level (singlet ground, first, and second) are labelled as So, Si, and S», respectively. These
electronic energy transitions involve vibrational energy levels depicted by 0, 1, 2 ...etc, in which
Fluorophores can be found throughout. The transitions between states are depicted as vertical

lines and occur in femtosecond timescale [58].
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Figure 3.5: Jablonski diagram [58].

A molecule can absorb a photon which contains energy equal to the difference between its

ground state and one of its excited states, the energy of a photon is given by:

E=hv 4

Where h is Planck’s constant, and v is the frequency of the light.
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Fluorophore is typically excited as a result of light absorption from Sy to a higher vibrational
state (S1 or S2), followed by rapid relaxation to the lowest vibrational level of S, a process called
an internal conversion, which occur in picoseconds timescale or less. Return to So usually
results in an excited vibrational state at the level of the So, which then relaxes within picoseconds
[58]. The emitted light is usually at longer wavelengths (lower energy) than the absorbed light;
this difference is called the Stokes-shift (Figure 3.6) [59].

Stokes- shift
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Figure 3.6: Characteristic of stokes- shift, edited from [60].

A plot of emission against wavelength for any given excitation wavelength is known as the
emission spectrum. If the wavelength of the exciting light is changed and the emission from the
sample plotted against the wavelength of exciting light, the result is known as the excitation
spectrum. Furthermore, if the intensity of exciting light is kept constant as its wavelength is
changed, the plot of emission against exciting wavelength is known as the corrected excitation
spectrum. The quantum efficiency of most complex molecules is independent of the wavelength
of exciting light and the emission will be directly related to the molecular extinction coefficient
of the compound; in other words, the corrected excitation spectrum of a substance will be the

same as its absorption spectrum [61].
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Static and Dynamic Quenching; Fluorescence intensity can be reduced by a process called
quenching, which occurs through different mechanisms i.e. ground-state complex formation,
energy transfer, collisional quenching etc. Collisional or dynamic quenching takes place when
a fluorophore in the excited-state come in close contact with some other molecule in the solution,
consequently the fluorophore is no longer fluorescence-active (Figure 3.7). Here the molecule
caused the deactivation called the quencher. Hence, fluorophore returned to the ground state
without emitting a photon. In the process, molecules are chemically unchanged. Regard to the
collisional quenching, the reduction in the fluorescence intensity is defined by the well-known

Stern-Volmer equation:
Iy
T 1+ Ks[Q] =1+ kq70[Q] (5)

Where [, and [ are the fluorescent intestines in the absence and presence of quencher
respectively, Kgy: The Stern-Volmer quenching constant which indicate the accessibility of the
fluorophore to the quencher, where larger values of the quenching constant K, indicate that the
fluorophore moves freely in the solution or is located on the biomolecule surface. k, is a
bimolecular quenching constant, 7, :the unquenched lifetime, and [Q] is the quencher

concentration.
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Figure 3.7: Collisional and Static quenching, In the case of static and dynamic quenching the fluorophore and
quencher must be in contact to interact. Collisional quenching occurs when the quencher comes into contact with
the fluorophore in its excited state, after which the fluorophore returns to its ground state, without emitting a photon.
Static quenching occurs when a fluorophore and the quencher form a non-fluorescent complex in the ground state,
that’s when absorb light the complex return to the ground state without emitting a photon [62]. *Both static and
dynamic quenching require a contact between the fluorophore (Trp) and the quencher (FL).

Furthermore, in the ground state, a fluorophore-quencher pair can form a non-fluorescent
complex. This process is called static quenching since it does not depend on molecular
collisions. [62] Upon absorption of light, this complex returns to the ground state without
emitting a photon (Figure 3.7). It is possible to distinguish between these two mechanisms
based on their different temperature dependence. For dynamic quenching, higher temperatures
result in larger diffusion coefficients, which increases the quenching constants. Conversely,
higher temperatures reduce the stability of complexes, resulting in a lower static quenching

constant [63].

Antibodies usually have many Trp residues, which are randomly distributed. Trp residues
contribute to the total protein fluorescence differently. Some residues are located on the protein
surface, making them highly accessible to the solvent; while others are located within the
protein, with little or no interaction with solvent molecules. Due to their different surroundings,
they have a different fluorescence emission: In one type, the fluorescence intensity is maximum
at 350 nm, in another at 320 nm, while in the last one, the maximum intensity is around 330-

340 nm [52].
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IgG contain 26 tryptophan residues and 52 tyrosine residues. Tryptophan's intrinsic fluorescence
was used to investigate how the microenvironment of the residues changes as a consequence of
liposome/IgG binding [64]. Different liposomal formulations were used as a quencher to

examine Trp access to NPs.

Since the quenching constants of the Trp residues present in IgG (Figure 3.8) can differ for each
emitter group, stern volumer-plot may be nonlinear. Consequently, to better analyze the data we
can use a modified Stern-Volmer plot[52]. Using this equation, the differences in accessibilities

of tryptophan residues in proteins can be determined using the following equation:

h _ 1 1 ©
Iy—1 fKJQl f

Where Io, I are flouresecence intensity of protein (IgG) with and without the quencher at a
specific wavelength (341nm), Ka:modified Stern-Volmer binding constant, f: fraction of the
accessible tryptophan residues fluorophores to the quencher, and [Q] is the quencher

concentration.

a 2D e\

Figure 3.8: The distributed of Trp residues (red) in the IgG1(blue) antibody protein [52].
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The fluorescence data were further analyzed to determine the binding constant for FL-IgG

interaction using the following equation:

IO_I
I

log = logk + nlog[Q] (7)

Where o, I: fluorescence intensity of I[gG with and without the quencher at a specific wavelength
(341nm), k: binding constant, n: number of binding sites per IgG molecule, and [Q]: the

quencher concentration.

3.2.7 Fluorescence Spectroscopy-Measurements

Fluorescence spectroscopic studies were conducted on Fluorolog-3, HORIBA spectrometer
from Jobin Yvon (Bensheim, Germany; Kyoto, Japan). Data analysis and instrument control
were performed with Origin Lab software (Northampton, Massachusetts, USA). A spectrum of
free IgG and liposome-bound IgG were recorded at 37 °C.

Preparation of Liposome/IgG Complex; (64 pL, 2.5 mg/mL) IgG stock solution was diluted
to 2000 uL PBS to yield an IgG concentration of 0.01 mg/ml. A sample of 2000 uL was
transferred into a clean SUPRASIL® quartz glass precision cuvette with a path length of 10 mm
purchased from Hellma (Miillheim, Germany). A dried FL lipid film was re-dispersed in 20 mM
HEPES to obtain a lipid concentration of 2 mg/ml. The fluorescence spectrometer was
connected to a thermostat from (Julabo USA, Inc), to maintain a constant temperature of 37 °C.
(Figure 3.9) shows how the measurements were performed in details for the FL/IgG complex.
The same steps were performed for DOPC and DOPC-PEG. Cuvette cleaning involved,

thorough cuvette sonicated 10 minutes at room temperature, with water, chloroform, water.
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Figure 3.9: IgG (0.01 mg/ml) in 2000 pL of a quartz glass precision cuvette was analyzed on the fluorescence
spectrometer at 37°C (using a thermostat connected to the instrument). After that, 4 uL of FL (2 mg/ml) was added
to the cuvette yield (0.001 mg/ml), yielding an IgG/lipid molar ratio of 1/0.01 mol/mol . It was then reinserted in
the instrument for 15 minutes until it mixed well. The cuvette was equipped with a small magnetic stirrer to ensure
homogenous mixing. This process was repeated six times.

Experiment Setup; Tryptophan excitation was performed at a wavelength of 283 nm.
Excitation and emission slits were set to a width of 1 and 3, respectively. Emission spectra were

recorded between 300 and 550 nm.

Background Correction; The recorded IgG and IgG/liposome spectra were corrected with the
spectra of 0.01 mg/mL IgG in PBS as in (Figure 3.10) and 0.001 mg/mL liposomes in PBS at
37 °C in the same way like in (Figure 3.10), to eliminate scattering effects and possible
fluorescence contribution from DiR. Each experiment was repeated at least three times. The

difference spectra were averaged over three independent measurements.
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Figure 3.10: IgG (0.01 mg/ml) in 2000 pL of a quartz glass precision cuvette was analyzed on the fluorescence
spectrometer at 37°C (using a thermostat connected to the instrument). After that, 4 pL of PBS was added to the
cuvette. It was then reinserted in the instrument for 2-3 minutes until it mixed well. The cuvette was equipped with
a small magnetic stirrer to ensure homogenous mixing. This process was repeated six times.

3.2.8 Isothermal Titration Calorimetry (ITC) — Theory

Isothermal titration calorimetry (ITC) is one of the physical techniques that directly measures
the heat discharged or consumed all along a bimolecular reaction [65]. ITC is a highly sensitive
tool for determining, for example, the binding of peptide to lipid membranes [66], [67]. Hence
there is no need for biomolecules to be labeled or tagged. Since chemical modifications can
potentially interfere with or affect the binding interaction under study. ITC can be applied to
almost any size molecule, including small molecular weight antigens, like carbohydrates, as

well as large proteins, like immunoglobulin complexes [17].

The instrument consists of two cells (Figure 3.11 a); one is the sample cell containing the
macromolecule of interest e.g protein solution and the other is the reference cell for the buffer
solution [66], [68]. Both cells are kept at steady temperature and pressure. During the
measurement, the ligand is titrated into the sample cell (Figure 3.11 b). Macromolecular

binding with the ligand results either in heat discharge or consumption, which causes the change
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of temperature within the sample cell. However, the instrument will always maintain the
constant temperature in the sample cell equivalent to that of the reference cell (Figure 3.11 c).
For maintaining the temperature, the instrument gives relevant power (higher or lower)

depending on the interaction [65].

The heat change is then simply calculated by integrating the power over the time (seconds),
which gives us the enthalpy of the reaction (Figure 3.11 d). The heat discharged or consumed
all along the calorimetric reaction corresponds to the fraction of bound ligand. An increased
ligand concentration leads to saturation of substrate and finally less heat is discharged or

consumed (Figure 3.11 ¢). The amount of heat discharged upon inclusion of ligand is defined

as follows [65]:

®)

K,[L]
1+K, [L]}

Q= VOAHb[M]t{

Where Q denotes the heat absorbed; Vo the sample cell volume; AHy the enthalpy of binding
per mole of ligand; [M]; corresponds the total concentration of macromolecule in the sample

cell; K, the binding constant; and [L] is the concentration of the free ligand [65].
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Figure 3.11: The progress of ITC experiment. (a) the ITC consist of syringe (green) contains IgG, sample cell(pink)
contains FL and reference cell (blue) contains water. (b) Sample macromolecules (red ribbon) are injected with
ligand (black dots), typically in 0.5- 2uL aliquots, until the ligand concentration exceeds the sample concentration.
.(c) A heat pulse is generated upon injection of ligand that is integrated over time and normalized for concentration
to produce a titration curve of kcal/mol vs molar ratio (ligand/sample). (d) Fitted binding model to determine
affinity (KD), stoichiometry (N), and enthalpy of interaction (AH) (Srivastava & Yadav, 2019).

ITC can accurately measure the binding affinity (Kp), stoichiometry (N), and enthalpy(AH)

directly from the experiment. While entropy, and Gibbs free energy can be calculated using the

Gibbs free energy equation:

AG = AH — TAS = RTInK,, (9)

Where AG,AH and AS are the changes in free energy, enthalpy, and entropy of binding

respectively, T is the absolute temperature in (k), and R is the gas constant.
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An enthalpy change (AH) occurs when non-covalent bonds are formed or broken i.e. hydrogen
and ionic bonds and van der Waals interactions. When there is a new non-covalent bound formed
(—AH). Entropy (AS) is a measure of the system's tendency to become disordered. The
interaction between two biomolecules can result in either an orderly state (—AS) or a disorderly
state (+AS). An interaction is triggered when AG is negative. The free energy value can be used
to compare the affinity of interactions at the same conditions i.e. temperature, buffer, pH, etc.

The higher the binding affinity, the lower the K}, value, and the more negative AG becomes [17].

3.2.9 Isothermal Titration Calorimetry (ITC) — Measurements

Isothermal titration calorimetric (ITC) measurements were performed at pH 7.40 using
MicroCal PEAQITC from Malvern Panalytical (Malvern, Worcestershire, UK). Instrument
control and data analysis were accomplished using the associated MicroCal PEAQ-ITC
software. The experimental data were fitted to a theoretical titration curve using PEAQ-ITC
software, with AH (binding enthalpy, kcal mol-1), K. (association constant), and n (reaction

stoichiometry) as adjustable parameters.

Protein (IgG) Dialysis; 4 mL of a PBS (~ 279 mosm/l, pH=7.40) were used for IgG (20 mg/ml)
dialysis. In dialysis, only small molecules can diffuse through selectively permeable
membranes, separating them from large molecules. 1gG was dialyzed against PBS at 4°C for
three days to remove any impurities and bound ligands. The dialysis was conducted using a
Spectra/Por® dialysis membrane from Repligen (Waltham, Massachusetts, USA) exhibiting a
molecular weight cutoff of 25 kDa. During the three days of purification, the entire dialysis
medium was replaced. After dialysis, IgG was carefully removed from the membrane and IgG

aliquots were stored at -20°C. The PBS left over from dialysis was stored at 4°C.
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Pr-Experiment; the reference cell was manually cleaned with methanol and water and then
filled with water afterward. The sample cell was washed automatically with an aqueous 10 wt%
DECON90 solution and water and was manually rinsed with dialysis buffer thereafter.
Afterward, the syringe was washed with DECON90 solutions and water and dried with

methanol.

Sample/ Syringe Loading; IgG was titrated in to liposomes in PBS (1x, pH 7.40). A stock
solution of 0.15 mM FL was carefully added to the sample cell to avoid bubble formation. In
the sample cell, the cleaned syringe was filled with 40 pL of the 1.35 uM IgG stock solution. In
addition, the same amount of immunoglobulin solution was titrated into 300 pl of DOPC (12.50
mM) and DOPC-PEG (1250 mM). Each measurement was done once due to the high

concentration required and the cost of the IgG.

Experiment Setup; each measurement was performed with 19 injections from a computer-
controlled micro-syringe at room temperature. The first protein injection was 0.4 ul followed by
19 *2 ul injections, separated by 250 s, with a stirring speed of 750 rpm between each injection.
The first injection is usually small and neglected from the data analysis, due to the diffusion
effect during the temperature equilibration. The reference power was set to 10 pcal/s, and the

feedback mode to low. Titrations were performed at pH 7.4 using phosphate-buffered saline.

Background Correction; Since ITC is a highly sensitive instrument, the enthalpy of ITC
includes binding heat, as well as buffer/biomolecules ionization heat [17]. Hence for each
measurement, the integrated heats of dilution were subtracted. Titrations of IgG in PBS, PBS in

PBS, and PBS in liposomes served as references for determining the dilution heat.
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Chapter 4: Results and Discussions
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4.1 Dynamic and Electrophoretic Light Scattering (DLS) and (ELS)

DLS and ELS analysis were carried out to determine liposomes size and surface charge
distributions upon IgG incubation. Especially due to electrostatic attractive forces, an increase
of particle size and a change in zeta potential at the same time are to be expected. To figure out
the role of electrostatic forces in the IgG-liposomes interactions, bare liposomes at a
concentration of 2 mg/ml and liposome-IgG complexes at a molar ratio of 0.01:1 were
characterized by dynamic and electrophoretic light scattering. Free IgG at 2.5mg/mL was used

as reference (Figure 4.1).

Free IgG; the mean diameter of IgG was found about 12.6 nm (s.d. 0.9 nm) as shown in (Figure
4.1 a). This value was in good agreement with hydrodynamic diameters reported earlier [64],
[69]. The second peak at 164 nm indicated protein aggregation processes. As determined by
ELS, IgG was neutrally charged, -2 mV (s.d. 0.5 mV) (Figure 4.1 b) in PBS buffer underlying

aggregation trends in the protein solution.
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Figure 4.1: (a) Hydrodynamic diameter and (b) zeta potential distribution of IgG in PBS (pH 7.40) at RT
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FL/IgG complexes; The hydrodynamic diameter of bare FL was found at 378 nm (s.d. 25 nm).
Upon IgG incubation, the diameter distribution peak was shifted to 1056 nm (s.d. 71 nm),
indicating a significant increase (Ad = 678 nm) in particle size (Table 4.1). Caracciolo et al.
2014 incubated DOTAP liposomes with HP, where particle size indicating an increase of 60 nm
[6]. Considering the small size of IgG protein (13 nm), we assume that this very large size
changes cannot be contributed exclusively to IgG accumulates on the liposomal surface, rather
to the aggregation of the FL/IgG complexes. This assumption was supported by Oku and co-
workers, who incubated cationic liposomes with fetal bovine serum and analyzed the liposomal
behavior in the suspension. Their results showed that positively charged liposomes tended to
form aggregates in the presence of blood serum [70]. Similar to Oku, Prozeller and co-workers
studied also the IgG interaction but with different charged nanoparticles. Their result showed
also significant aggregation upon IgG adsorption on charged nanoparticles [3]. Considering
those results, it can be assumed that the force involved in the interaction between the FL and the

IgG is also of electrostatic nature.
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Figure 4.2: Hydrodynamic size distributions of bare FL (black) and FL/IgG complex (red). Measurements were
carried out in PBS at 37 °C.
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This conclusion is further supported by our zeta potential results (Figure 4.3). Here, a decrease
in zeta potential was detected (Table 4.1). FL particles showed an overall positive charge (28
mV (s.d. 2.0 mV)) while FL/IgG complexes became neutrally charged (-0.6 mV (s.d. 0.2 mV))
similar to pure IgG. The positive charge of the liposomes was presumably shielded by the
negatively charged protein parts while the positively charged protein parts did not interact with
the similarly charged liposomes resulting in an overall similar potential distribution like

observed in pure IgG solution.

Table 4.1 :Average hydrodynamic diameter (d), polydispersity index (PDI) and zeta potential (§) of pure FL

liposomes and FL/IgG complex in PBS buffer at 20°C. (n=3) The individuals are listed in Appendix (Table A.1)
FL
IgG d (nm) + sd PDI+ sd € (mv) + sd
DOTAP/DOPE/DiR
+ - 378 £25 0.2+0.0 28.0+2.0
+ + 1056 + 71 0.9+0.1 -0.6+0.2
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Figure 4.3: Top panel: zeta potential distributions of free IgG. Bottom panel: bare FL liposomes (black) and FL/IgG
complex (red). Measurements were carried out in PBS at 37 °C.

DOPC/IgG Complexes; Prior to measurements, DOPC liposomes were extruded using 100 nm
pore size filters at room temperature. This step was necessary because neutrally charged DOPC
liposomes tend to form multilamellar liposomes with very heterogeneous distribution in size.
Upon extrusion, the monomodal distribution of the hydrodynamic diameter with a peak position
at 156 nm (Figure 4.4) indicated no particle aggregation. The slightly elevated size

corresponded to the pore size distribution of the extruder membrane.
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Figure 4.4: Hydrodynamic size and distributions of bare DOPC liposomes (black), and liposome/protein complex
DOPC/IgG complex (red). Measurements were in PBS at 37 °C.

Incubation of DOPC liposomes with IgG did not significantly change the hydrodynamic
diameter (Figure 4.4). Additionally, no change in the zeta potential was observed as shown in
(Figure 4.5) and (Table 4.2). These findings indicated no protein adsorption on the surface of
DOPC liposomal. Similar result obtained by Giulimondi et al. 2020 who incubated the DOPC
liposomes with HP in increasing concentration. They found that DOPC was slightly affected by

increasing protein concentration [5].
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Table 4.2: Average hydrodynamic diameter (d), polydispersity index (PDI) and zeta potential (§) of pure DOPC

liposomes and DOPC/IgG complex in PBS buffer at 20°C. (n=3) The individuals are listed in Appendix (Table
A2).

DOPC IgG d (nm) + sd PDI+ sd € (mv) + sd
+ - 156 £ 10 0.2+0.0 442
+ + 156 £ 10 0.3 +£0.1 -1+£0
6
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w
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Figure 4.5: Top pane: zeta potential distributions of free IgG. Bottom panel: bare DOPC liposomes (black), and
DOPC/IgG complexes (red). Measurements were carried out in PBS at 37 °C.

DOPC-PEG /IgG Complexes; DOPC-PEG liposomes were extruded on the same manner like
described by DOPC liposomes preparation. Their hydrodynamic diameter peak position was
measured at 106 nm (Figure 4.6). Here, the PEG polymer prevented the liposome aggregation

process. Oku and co-workers found that PEGylated liposomes didn't aggregate when they were
incubated in PBS at 37 °C for 30 min [70].
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Figure 4.6: Hydrodynamic size distributions of bare DOPC-PEG liposomes (black) containing DOPC/DOPE-PEG
in (1/0.01 mol/mol), and liposome/protein complex DOPC-PEG/IgG complex (red). Measurements were in PBS at
37 °C.

As shown in (Table 4.3), upon incubation of DOPC-PEG with the IgG, neither particle size nor
zeta potential distributions showed significant changes as indicated in (Figure 4.6), and (Figure
4.7), respectively. Hence the IgG was not adsorbed on the DOPC-PEG liposomal surface. This
result was supported by Oku and co-workers finding. The researcher found that PEGylated
liposomes did not aggregate when they were incubated with fetal bovine serum at 37 °C [70].
On the other hand; Caracciolo et al. 2014 found that PEGylated DOTAP liposomes incubated
with HP were about 70 nm larger in size than bare liposomes. The authors suggest that the
protein binding in PEGylated DOTAP was caused by the high PEG density used (10%) [6].
Many other studies showed that PE Gylation greatly reduces protein binding [6], [38], [47],
[49]. This result can be explained by a large hydration shell formed by the PEG polymer
preventing hydrophobic or electrostatic binding of proteins with the underlying NPs [47].
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Table 4.3: Average hydrodynamic diameter (d), polydispersity index (PDI) and zeta potential (&) of pure DOPC-

PEG liposomes and DOPC-PEG/IgG complex in PBS buffer at 20°C. (n=3) The individuals are listed in Appendix
(Table A.3).

DOPC-PEG IgG d (nm) + sd PDI+ sd € (mv) + sd
+ - 117+7 0.1+0.0 5+£3
+ + 117+7 0.3+0.0 -7T£5

7
—— DOPC-PEG
6 - —— DOPC-PEG/IgG
-
=
]
‘S 41
)
>
2 3-
s
2
=
e 2 -
1 -
0 ¥ T T 1 . 1 I N
-150 -100 -50 0 50 100 150
Zeta Potential (mV)

Figure 4.7: Top pane: zeta potential distributions of free IgG. Bottom panel: bare DOPC-PEG liposomes (black),
and DOPC-PEG/IgG complex (red). Measurements were in PBS at 37 °C.

4.2 Fluorescence Spectroscopy

Fluorescence spectroscopy was used to investigate whether the interactions between the protein
IgG and the three different liposome formulations involved conformational changes of the IgG

structure. Proteins have three types of aromatic residues, which absorb UV light at nearly 280
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nm: tryptophan (Trp), phenylalanine (Phe), and tyrosine (Tyr). The most intense absorption and
emission among these three aromatic residues is the Trp, which has the higher molar absorption

and intrinsic fluorescence quantum yield [71].

IgG contain 26 tryptophan residues [64]. The IgG possesses intrinsic fluorescence (tryptophan
unit) in the ultraviolet spectral region. Several spectra of IgG, and liposome/IgG complexes
emission were recorded. A spectrum of either PBS or a liposome dispersion (Appendix Figure
A.1- A.4) were subtracted from IgG emission, to eliminate effects of scattering, and background.

(Figure 4.8) show the absorption and emission of IgG solution.

Fluorescence quenching of a substance interacting with another molecule, added in increasing
amounts as quenchers, can be used to measure the binding affinities between macromolecules
and ligands acting. In fluorescence, quenching is defined as a decrease in quantum yield induced

by molecular interactions [71].

Free IgG: In good agreement with literature values [64], free IgG in PBS (2.5 mg/ml) yielded
an excitation maximum at 283 nm. Upon interaction between the Trps and solvent molecules,
the energy of surface Trps decrease, thus Trps emit at longer wavelengths at around 350 nm[52].
Here the emission maximum was measured at 343 nm due to its highly polar environment and

solvent accessibility.

58



—— IgG excitation

283 343
I
I —— IgG emission
I

Flourescence Intensity (10° cps)

4
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|

T T N T T T T T T T T I N 1
200 250 300 350 400 450 500 550
Wavelength (nm)

Figure 4.8: Absorption and emission spectra of IgG (2.5 mg/ml) measured in PBS at pH 7.40.

FL/IgG Complexes; As shown in (Figure 4.9), the fluorescence emission spectra of Trp
residues of IgG were quenched by the titration of FL. Increasing FL concentrations resulted in
areduction in the fluorescence emission intensity maximum of IgG, indicating a type of binding.
Weissmann et al. 1974 incubated IgG with cationic liposomes. He found that cationic liposomes
bind about 50% of the native protein [22]. Many other studies show IgG binding to cationic
liposomes upon incubating with HP [5], [6], [S1]. According to our finding, it can be assumed
that FL is located near the Trp residues. Trp residues on the surface of the IgG are highly

accessible to the solvent.

Thus, we assume that only the Trp residues on the IgG surface are quenched by the FL. The IgG
emission wavelength didn’t change significantly exhibiting a value of 343 nm (s.d. 1nm). Hence

the IgG is not penetrating in the FL lipid membrane.
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Figure 4.9: Fluorescence emission spectra of internal tryptophan residue of IgG and its fluorescence quenching by
addition of FL in buffer solution (pH 7.40, T=310K, A,,, = 283 nm). The black line refers to the emission spectrum
of 0.5 uM free IgG, while the numbers of FL added to IgG correspond to the emission spectrum after consecutive
additions of 4 ul of FL at a concentration of 5.2 uM (injection numbers, concentration range from 5.2 uM to
31 uM). See (Figure 3.8).

DOPC/ IgG, and DOPC-PEG/ IgG Complexes; upon titration of DOPC (Figure 4.10), and
DOPC-PEG (Figure 4.11) to the IgG solution the maximum fluorescence intensity of IgG
remained unchanged. This indicates that the IgG is not binding neither to DOPC nor to DOPC-
PEG liposomes. Hence the lipids composition and surface charge highly influence the IgG
binding to the nanoparticles. A study by Giulimondi et al. 2020 concluded that no binding
occurred when DOPC liposomes were incubated with HP at increasing concentrations of HP
[5]. Sangra et al. 2017 studied the interaction between BSA and LUV of Neutral and pegylated-
PC with 20% cholesterol using fluorescence quenching. The quenching effect was observed in
both cases [49]. The addition of cholesterol greatly enhanced the presence of H-bond
interactions between BSA and liposomes, explaining this result [22]. Caracciolo et al. 2014
found IgG ca. 15% RPA adhered on PEGylated liposomal surfaces upon incubated with HP.
Here the IgG binding was due to high PEG density added (10%) [6].
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Figure 4.10: Fluorescence emission spectra upon incubation of IgG with DOPC, in buffer solution (pH 7.40,
T=310K, 4., = 283 nm). The black line refers to the emission spectrum of 0.5 uM free IgG while the numbers of
DOPC added to IgG correspond to the emission spectrum after consecutive additions of 4 ul DOPC at a
concentration of 5.1 M (injection numbers, concentration range from 5.1 uM to 30.6 uM), see (Figure 3.8).
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Figure 4.11: Fluorescence emission spectra upon incubation of IgG with DOPC-PEG in buffer solution (pH 7.40,
T=310K, 4., = 283 nm). The black line refers to the emission spectrum of 0.5 uM free IgG while the numbers of
DOPC-PEG added to IgG correspond to the emission spectrum after consecutive additions of 4 ul DOPC-PEG at
a concentration of 4.2 uM (injection numbers, concentration range from 5.1 uM to 25.2 uM), see (Figure 3.8).
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Fluorescence Quenching Constant of FL/IgG Complexes (Kksv); by applying the emission
intensity of tryptophan residue of IgG at 343 nm to Stern-Volmer equation (Equation 5), Stern-
Volmer quenching constant and the quenching rate constant can be obtained, which provide an

indication about the quenching mechanism.
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Figure 4.12: Stern-Volmer plot of fluorescence quenching of IgG by FL at 310K, and Stern-Volumer quenching
constant.

There are two types of fluorescence quenching: dynamic or collisional quenching and static
quenching. Dynamic quenching occurs when the fluorophore and quencher diffuse in the excited
state, following the fluorophore returns to the ground state without emitting a photon.
Conversely, static quenching takes place when the fluorophore and the quencher molecules form
a non-fluorescent complex in the ground state. Static and dynamic quenching require molecular
contact between the fluorophore and the quencher and can be distinguished by Stern-Volumer
plot. A straight line corresponds to dynamic quenching while static quenching can be

characterized by upward deviation [49]. Thus, in our study the quenching is dynamic.
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The linear Stern-Volmer plot indicate a single class of fluorophores (tryptophan) in protein
quenched by charged quenchers [49], [62]. Since the curvature in the plot usually indicates that
dynamic and static quenching coexist or that some emitters are inaccessible to quencher

molecules [52].

Here (Figure 4.12), IgG is quenched only by surface-exposed tryptophan residues. Thus, the
lifetime 7, in this study is referred only to surface Trp residues (3.6 ns) [52], which have the
longest lifetimes among the buried and partially buried Trps. The bimolecular quenching
constant Kq have a limit value near 1 X 101° L/molxs (Table 4.4). A value larger than the

diffusion-controlled limit indicates some binding interaction [62].

Table 4.4: Average Ksv and Kq values of fluorescence quenching of IgG by FL at 310 K. Values are shown as mean
+ standers deviation of three replicates.

T(K) Ksv (L/mol) Kq (L/molxs)

310 4272.35 + 880.1 1.2 x 1012

Binding Constant of FL/IgG Complexes (ka); modified Stern-Volmer equation can be used
to further analyse the fluorescence data by applying (Equation 6). The modified Stern-Volmer
binding constant can be calculated to analyse if the interaction between IgG and FL is strong,

moderate, or weak.
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Figure 4.13: Modified Stern-Volmer plot of IgG quenching by FL at 310K, and the inaccessible fraction f.

The value of K, was found in the order of 10° L/mol (Table 4.5). Chaves and co-workers studied
the binding of pheophytin with human serum albumin (HSA) using fluorescence quenching at
310 K. The value of K was 5.95 x 10* L/mol. They concluded that HSA can carry the
pheophytin and they have moderate interactions [71]. Due to large standard deviation in_Ka,

further research could provide more precise results.

The inaccessible fraction (f) value indicates that only 11% of the emission quenched by FL
(Table 4.5). As a result, Trp residues in IgG are not equally fluorescent, and only surface Trp
residues quenched by FL. A small value of f, and the linear regression in the modified Stern-
Volmer plot (Figure 4.13) without deviation provide that the binding of Trp residues to FL
doesn't cause a conformational change in the IgG. Since conformational changes in proteins can

expose shielded Trp residues to solvent molecules, which indicated by a large value of f [62].
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Table 4.5: Average Ka value of the fluorescence quenching of the IgG by FL at 310 K. Values are shown as mean
+ standers deviation of three replicates.

T(K) Ka(L/mol) f

310 1.5+ 1.8 x 10° 0.11 £ 0.06

Binding Constant and Binding Site of FL/IgG Complexes; the number of binding sites on
the IgG can be calculated by applying (Equation (8)). From the plot below (Figure 4.14) =~ 1,
which indicates that during the interaction IgG contains only one binding site for FL. A majority
of ligands binds to proteins reversibly and exhibit moderate affinity [binding constants:
(1 —15) x 10*L/mol] [63]. In (Table 4.6) the large standard deviation of K reveled that more

experiments need to be conducted to obtain more accurate results.
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Figure 4.14: Binding site and binding constant of the fluorescence quenching of the IgG by FL at 310K.
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Table 4.6: Average number of binding site and binding constant of IgG-FL complex, errors are mean =+ standers
deviation of three replicates.

T(K) K(L/mol) n

310 1.0+ 1.8 x 10° 1.2+11

4.3 Isothermal Titration Calorimetry (ITC)

Isothermal titration calorimetry (ITC) provides insight into the thermodynamics of biomolecular
interaction, including binding enthalpy (AH), entropy (AS), free energy (AG), binding constant
(Ka), and stoichiometry (N). Here, the investigation of thermodynamic profile of the interaction
between IgG and liposomes is important to understand the molecular recognition nature [17].
Due to high concentration required by the instrument, and the high cost of the IgG, each
measurement was carried out only once. During experiments, the antibody IgG was titrated into
FL, DOPC or DOPC-PEG liposomes, and the power, needed to compensate the energy,
produced or used during the reaction, was measured. The measured curves were compensated
by the IgG dilution’s and liposome’s dilution curves recorded previously, and the reaction
enthalpy vs. molecular ratio of IgG to lipids were plotted to calculate the reaction enthalpy (AH),

entropy (AS), and stoichiometry (N).

FL /IgG Complexes; IgG solution at a concentration of 1.35uM was titrated into FL at
0.15 mM concentration. As shown in (Figure 4.15), the experiment yielded titration patterns
with both exothermic and endothermic energy contributions (Figure 4.15 Upper panel).
Anbazhagan et al. 201 1obtained similar result when titrated Bovine plasma protein (PDC-109)
in to DMPC. The titration exhibited a complex pattern of endothermic and exothermic energy

contributions in the liquid crystalline phase of DMPC [72].
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Figure 4.15: ITC titration for the binding of IgG (1.35 uM) to FL (0.15 mM) at room temperature. Upper panel
represents the raw data of titration, power change as a series of automatic injection (4 ul each) vs. time. The bottom
panel shows the integrated enthalpy of binding obtained from raw data, after subtracting the dilution enthalpies vs.
molar ratio of IgG to FL showing experimental (e) and the best fit (-).

Hence the reference titrations (IgG-in-buffer and buffer-in-liposome) were both exothermic, the
reaction enthalpy of IgG with FL remained endothermic after baseline correction (Figure 4.15
Bottom panel). The calculated binding affinity (Kp) of 0.94 nM (s.d. 0.85 nM) (Table 4.7)
indicated a rather weak binding between the two partners as well as the very small number of

binding site (N) 0f 9.1 X 10™* (s.d. 4.1 X 107°).

It has been found that the binding of IgG to FL was endothermic in nature and was governed by
a positive entropic contribution. Considering that the enthalpy as well as entropy values were

favorable (Figure 4.16), hydrophobic and van der Waals interactions may dominate the binding
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[63], [3]. Lin et al. 2007 found that hydrophobic force dominates the interaction between the

beta-amyloid peptide f-amyloid (A ) and zwitterionic lipids, while electrostatic and

hydrophobic forces are responsible for the interaction between A f and charged liposomes [73].

Many studies have reported endothermic binding (entropically favored) of proteins and peptides

to lipid membranes [72]-[75]. However, it should be considered, that protein denaturation is also

an endothermic and entropy driven process. Therefore, IgG denaturation in the presence of FL

has to be further investigated using additional methods.

(kJ/mol)

Figure 4.16: Thermodynamic characteristics of IgG/FL interaction at RT. AH (green), —TAS (red), and AG (blue).

Table 4.7: The thermodynamic parameters for NPs/IgG complexes using ITC at RT.

AH AS AG N Ka
Complexes
(KJ/mol) (KJ/mol K) (KJ/mol) (10-3Sites) (nM)
FL/1gG 2170 + 238 7.2 —51.6 091+ 0.04 094 +0.85
DOPC/IgG - - - - -
DOPC-PEG/IgG —1480 -4.7 —-30.8 0.001 4000
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DOPC/IgG Complexes; IgG solution at a concentration of 1.35 uM was titrated into DOPC
liposomes at 0.15 mM concentration similar to previous experiments using FL. As shown in
(Figure 4.17), the experiment yielded titration patterns with pure exothermic signals (Figure
4.17 Upper panel). After baseline correction with IgG and liposomes dilutions, the [gG-DOPC
titration did not shown any characteristic binding pattern (Figure 4.17 Bottom panel) indicating

no interaction between DOPC and IgG.

This result was in good agreement with our findings in DLS (Figure 4.4), ELS (Figure 4.5),
and fluorescence spectroscopy (Figure 4.10) experiments. Sangra et al. 2017 achieved similar
result, when injected BSA in to LUV of PC: CHOL (20%).The experiment yielded titration
patterns with endothermic energy contributions but didn’t reveal any changes in enthalpy upon

the addition of BSA, hence no binding was observed [49].
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Figure 4.17: ITC titration of IgG (1.35 uM) into DOPC liposomes (0.15 mM) at room temperature. Upper panel
represents the change in power as a series of automatic injection (4 ul each) vs. time. The bottom panel indicates
the integrated enthalpy in each injection after correction with IgG and FL dilution enthalpies vs. molar ratio of IgG

H (kJ/mol)

to FL showing experimental (e ) and the best fit (-).

DOPC-PEG/IgG Complexes; To determine the thermodynamic characteristics of the
IgG/DOPC-PEG binding, IgG solution at 1.35 uM was titrated into a DOPC-PEG dispersion at
12.50 mM concentration. The elevated lipid concentration was necessary to record at least a
part of the binding curve. The experiment resulted titration patterns with pure exothermic
contributions (Figure 4.18). After baseline subtraction of the dilution curves, the binding
enthalpy remained exothermic. The calculated number of binding site (N) was ca. 1 X 107°,
However, this value is very low, it has to be considered that the first part of the curve was

missing, therefore an exact determination of N was not possible. The calculated binding affinity
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(Kp) was (4 uM) that is higher than that obtained for FL/IgG interaction (0.94 nM) (Table 4.7).
Due to the missing part of the titration curve, the error of Kp, calculated from the slope of the
titration curve, was very high. Comparing this result with the findings of DLS (Figure 4.6),
ELS, (Figure 4.7), and fluorescence spectroscopy (Figure 4.11) experiments, showing no
interaction between IgG and DOPE-PEG, the contradiction is obvious. Consequently, the
experiment has to be repeated in the future for more precise results. This result is further
contradicting to Sangra et al. 2017 finding. He injected BSA in to LUV of PC: CHOL (20%):
PEG (3%). The experiment yielded titration patterns with endothermic energy contributions and
indicated that the heat difference was not enough to determine thermodynamic parameters,
hence no binding was observed [49]. Prozeller et al. 2020 found that IgG undergo more
hydrophobic interactions upon titrated with PEGylated PS-NPs. while hydrophilic interactions

i.e. electrostatic interactions take place titrations for the functionalized PEGylated-NPs [3].

Without consideration of the absolute values of the thermodynamic parameters, the exothermic
characteristics of the reaction enthalpy (—AH) indicated the formation of hydrogen bonds
(Figure 4.19) during the interaction while the entropy loss (—AS) indicated unfavorable

conformational changes.
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Figure 4.18: ITC titration of IgG (1.35 uM) into DOPC-PEG liposomes (12.5 mM) at room temperature. Upper
panel represents the change in power as a series of automatic injection (4 ul each) vs. time. The bottom panel
indicates the integrated enthalpy in each injection after correction with IgG and FL dilution enthalpies vs. molar
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Chapter 5: Conclusion
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Since IgG was involved in the corona formation on FL surface [51]. Here, the interactions
between human immunoglobulin (IgG) with positively charged fusogenic (FL), neutral (DOPC)
and PEGylated (DOPC-PEG) liposomes have been studied in details using DLS, ELS,

fluorescence, and ITC techniques.

Based on zeta potential and DLS measurements, IgG adsorption on FL surface caused a
significant increase in hydrodynamic diameters, while the zeta potential indicated neutral charge
distribution similar to that of pure IgG, indicating a dense protein layer on the FL surface. The
force that drives the IgG/FL interaction is of an electrostatic nature. Both DOPC and DOPC-
PEG showed similar liposomal sizes and zeta potentials as bare liposomes, thus IgG is not

present on either surface.

Fluorescence spectroscopy was used to investigate the stability of IgG when interacting with
different liposomal formulations. Trp residues are randomly distributed within IgG molecules,
and their contributions to fluorescence emission are unequal. Here, we examined Trps with
fluorescence quenching. In FL titrations, only the surface-exposed tryptophan residues showed
quenching without a shift in emission wavelength, indicating that the IgG does not involve in
the lipid membranes of FL. Regarding DOPC and DOPC-PEG, the maximum fluorescence
intensity of IgG remained unchanged. The fluorescence date for the IgG/FL complexes was
further analyzed. The association constant value (K, =~ 10° L-mol') indicate a moderate

IgG/FL interaction. The bimolecular quenching constant (K;) values in the order of 1012

L-mol !s™! indicate the absence of static fluorescence. According to the binding sites~ 1, IgG

contains only one binding site for FL during the interaction.

Moreover, to obtain the thermodynamic profile of IgG/liposome complexes, and to better
understand the molecular recognition nature by antibodies, isothermal titration calorimetry was
conducted once for each liposome/IgG complex due to the high concentration required by the

instrument and the high cost of the IgG. According to the thermodynamic parameters of FL, the
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spontaneous interaction is endothermic (AH > 0), and hydrophobic effects dominate the
binding (AS > 0). In the case of DOPC, we found no evidence of [gG/DOPC binding, consistent
with DLS, ELS, and fluorescence findings. Regarding the DOPC-PEG, which exhibits a
contradictory result in non-covalent bonds being formed during its interaction with the IgG

(AH<0). Here, future studies could elucidate whether we have a binding or not.

These results indicate that FL is a promising drug carrier. Future studies could elucidate how
the IgG binds to fusogenic liposomes e.g FTIR, DSC...etc. The ITC experiments should be
repeated for more precise results since we had one experiment per each IgG/NPs complex.
Furthermore, liposome formulations can be incubated with plasma samples, and measure the
hydrodynamic diameter and zeta potential once again, to analyze the composition of the forming

protein corona, and in particular to identify the adsorption of IgG on NPs.
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Outlook

In this work, measurement techniques have been established to determine the binding affinity
of blood serum proteins to liposomal surfaces with different chemical characteristics. Because
establishment processes are very time-consuming, an adequate number of measurements
repetition couldn’t be performed during the available time period. Therefore, liposomal
preparation and affinity measurements have to be repeated to verify the results published in this

work.

However, the protein IgG used in this study showed moderate binding to FLs. This effect has to
be compared to other serum proteins to estimate its biological relevance. As presented in our
preliminary mass spectroscopic study, other serum proteins, such as apolipoproteins (Al, C3,
C4, and E) or vitronectin, bind more efficiently to FLs than IgG showing more presence on the
liposome surface. Therefore, we hypothesize that those proteins also show higher kSV values

than IgG. Our hypothesis has to be validated based on further fluorescence quenching analysis.

FLs are going to be used in vivo as drug delivery vehicles injected into the bloodstream. Based
on our affinity analysis with some of the main blood serum proteins, among others IgG and
apolipoproteins, the possible immune response can be estimated. If necessary, the liposomal
composition can be adjusted to change the biological identity of the drug carriers and

correspondingly to reduce IgG affinity and the particle blood clearance.
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Appendix

Table A.1: The size and zeta measurement of FL in PBS and IgG, for the three individuals at 37 °C, pH: 7.40.

NPs Size measurements Zeta potential measurements
PBS IgG PBS IgG
(Enli) PDI | Att. (Enli) PDI | Att, Z‘ZE\I;)OL Att, Z‘ZE\I;)OL Att,
FL | 342 | 02 | 8 955 1 8 25 9 -0.3 8
396 | 0.2 | 7 | 1106 | 1 8 30 9 -0.7 9
396 | 02 | 7 | 1106 0.8 | 8 29 10 -0.6 9

*PK: Peak position
*Att. Attenuator used in the measurement

Table A.2: The Size and zeta measurement of DOPC in PBS and IgG, for the three individuals.

NPs Size measurements Zeta potential measurements
PBS IgG PBS IgG

(Enli) PDI | Att, (ii) PDI | Att. Z‘ZE\I?)OL Att. Z‘ZE\I?)OL Att.

DOPC | 142 02| 6 142 | 03 | 8 -8 10 -2 11

164 | 03 | 7 164 | 0.5 | 8 -2 10 -1 11

164 | 0.2 | 6 164 | 0.2 | 6 -7 9 -1 10

*PK: Peak position
*Att. Attenuator used in the measurement
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Table A.3: The size and zeta measurement of DOPC-PEG in PBS and IgG, for the three individuals.

NPs Size measurements Zeta potential measurements
PBS IgG PBS IgG
PK At | PK | PD | Att | 2% At | Zeta pot.
PDI pot. Att.
(nm) (nm) | I (mV)
DOPC i)
-PEG | 106 | 0.1 7 106 | 0.3 | 8 -4 11 -6 10
122 | 0.1 7 122 1 03 | 7 -9 10 -1 11
122 | 0.1 8 122 1 03 | 8 -3 11 -14 10
*PK: Peak position
*Att. Attenuator used in the measurement
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Figure A.1: Fluorescence emission spectra of the IgG dilution in buffer solution (pH=7.40, T=310K, 1., =
283 nm). The black line refers to the emission spectrum of 0.5 uM free IgG. While the numbers of PBS added to

IgG correspond to the emission spectrum after consecutive additions of 4ul of PBS (injection numbers, See
(Figure 3.9)).
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Figure A.2: Fluorescence emission spectra of FL dilution in buffer solution (pH=7.40, T=310K, 1,,, = 283 nm).
The black line refers to the emission spectrum of PBS. while the numbers of FL added to PBS correspond to the
emission spectrum after consecutive additions of 4ul 5.2 uM FL (injection numbers, concentration range from
5.2 uM to 31 uM). See (Figure 3.9). The first peak here corresponds to Raman scattering of water.
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Figure A.3: Fluorescence emission spectra of DOPC dilution in buffer solution (pH=7.40, T=310K, 1., =
283 nmm). The black line refers to the emission spectrum of PBS. While the numbers of DOPC added to IgG
correspond to the emission spectrum after consecutive additions of 4ul 4.2 uM DOPC (injection numbers,
concentration range from 5.1 uM to 30.6 uM). See (Figure 3.9). The first peak here corresponds to Raman
scattering of water.
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Figure A.4: Fluorescence emission spectra of DOPC-PEG dilution in buffer solution (pH=7.40, T=310K, 1., =
283 nm). The black line refers to the emission spectrum of PBS. While the numbers of DOPC-PEG added to IgG
correspond to the emission spectrum after consecutive additions of 4ul 4.2 uM DOPC-PEG (injection numbers,
concentration range from 5.1 uM to 25.2 uM). See (Figure 3.9). The first peak here correspond to Raman
scattering of water.
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