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THE EFFECT OF LIPOSOME PHOSPHOLIPID CONTENT ON THE
FORMATION OF TETHERED LIPID MEMBRANES

SUMMARY

Biological membranes are vital structures for cell life. Because of the complexity of
biological membranes, it is very important to develop model membrane systems to
study membrane components.

Tethered lipid bilayer membranes (tBLMs) on planar surfaces provide an important
media to mimic the lipid bilayer membrane in vitro. tBLMs can be used for
applications such as biosensors or as a model system to study the structure and
function of biomembranes and membrane proteins. Techniques such as surface
plasmon resonance (SPR) and quartz crystal microbalance with dissipation (QCM-D)
provide important information about adsorption kinetics of liposomes on the surface
by using refractive index and dissipation (AD) -and frequency (Af) change values. In
addition, AD and Af values allow determining viscoelastic properties of lipid
components on the surface.

In this work, the properties of tethered lipid bilayer membranes (tBLMs) constructed
by different phospholipids (saturated phosphatidylcholine (PO),
phosphatidylethanolamine (PE) and phosphotidylserine (PS)) were studied and the
whole process was followed by SPR. Lipid composition is expected to affect the
bilayer properties like viscoelastic properties. This characteristic was determined by
the help of QCM-D. tBLMs were formed according to the procedure optimized in
our group. In order to construct tBLMs, either SPR gold covered slides or QCM gold
covered crystals were activated with 3, 3’-dithiodipropionic acid di(N-hydroxy
succinimide ester) (DTSP) dissolved in dimethyl sulfoxide (DMSO, 1mM). DTSP
self-assembled on Au surfaces via its thiol groups. 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[amino poly ethyleneglycol)-2000] (DSPE-PEG) was then
incubated with DTSP covered surfaces to form second layer on the surface and it was
attached on it to serve as tethers for the tBLMs. To construct final layer, liposomes
with different composition and different compounds (PC/PE and PC/PS: 90:10,
25:75, 50:50 and vice versa) were produced by the help of an extruder using 100 nm
membranes and spread over the modified surface.

PC/PE liposomes showed higher refractive index and AD and Af values than PC
liposomes. This states that, increasing PE concentration affects membrane fluidity
and led liposomes to stably attach to the surface without forming bilayer, whereas
bilayer formation was more favored in lower PE ratios.

Likewise, adding PS to PC liposomes caused the formation of intact multi-vesicles
layer on the surface. This can be predicted from SPR and QCM-D results, because
refractive index value of PC/PS liposomes was significantly higher than PC and
PC/PE liposomes and AD and Af values increased by adding more PS to PC
liposomes. There was no change in frequency values even after rinsing. In addition,
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70% of ethanol solution was used to trigger vesicle fusion on 25PC/75PS liposomes.
Unfortunately, the whole unattached lipids were washed off from the system at this
concentration.

Additionally, the effect of vesicle size on the formation of tBLMs was investigated.
Fot this, 50 nm diameter of liposomes (90PC/10PE and 75PC/25PE) were prepared.
Decreasing vesicle size from 100 nm to 50 nm affected vesicle adsorbtion to the
surface negatively.

In conclusion, the phospholipid content of liposomes have a great impact on the
behavior of liposomes and different parameters like the size, fluidity and interaction
with different ions affect this behavior. Since the cell membrane of different tissues
have different compositions, these parameters should be investigated in more detail.
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LiPOZOM FOSFOLIPIiD iCERIGININ YUZEYE BAGLI YAPAY LiPiT
MEMBRAN MODELININ OLUSUMU UZERINDEKI ETKIiSI

OZET

Biyolojik membranlar, oldukca karmasik ve dinamik yapisiyla, hiicre canliliginin ¢ok
onemli bir bilesenidir. Hiicre canliligmin ve 6zgiin hiicre islevlerinin siirekliligini
miimkiin kilan ¢ok 6nemli bazi fonksiyonlar1 yerine getirir. Karmasik yapilarindan
dolayi, farkli membran bilesiklerinin ¢aligilabilmesi i¢in yeni yapay lipit membran
modellerinin gelistirilmesi ¢ok dnemlidir.

Kat1 bir ylizeye bagh lipit membran modeli (tBLMs), cift katmanh lipit
membranlarin taklit edilmesi i¢in uygun bir ortam saglar. Bu yapay lipit membran
modelinde, ¢ift katmanli lipit membran yilizeyden hidrofilik bir ara tutucu molekiille
ayrilir. Boylece lipit membranin kat1 yiizeyden etkilenmesi ve stabilitesinin artmasi
amaglanir. tBLMs, biyosensdr uygulamalar1 veya biyomembranlarin ve membran
proteinlerinin yap1 ve fonksiyonlarinin arastirilmasinda kullanilan bir yapay lipit
membran modelidir.

Memeli hiicre membranlart 1000 degisik fosfolipid ¢esidi igerir. Bu kadar ¢esitli
fosfolipid miktari, membranin akigkanligin1 ve membrana gémiilii olan proteinlerin
islevlerini belirler. Bir ¢cok memeli hiicresinin plazma membraninda, fosfatidilkolin
(PC), fosfatidiletanolamin (PE) ve fosfatidilserin (PS) en ¢ok bulunan fosfolipitlerdir.
Bunlardan sadece PS negatif yiik tasir, diger ikisi fizyolojik pH’ta elektriksel olarak
ndtr haldedir: bir negatif bir de pozitif yiik tasirlar (zwitteriyonik).

Fosfatidilkolin (PC), en c¢ok bulunan fosfolipid ¢esididir ve memeli hiicre
membranlarinin %40-50’sini olusturur. PC, primer hiicre membran bilesiklerinin
iiretilmesinde rol oynar, ayni zamanda asetilkolin sentezindeki baslica bilesendir.
Fosfatidiletanolamin (PE), ikinci en sik bulunan fosfolipid ¢esididir ve memeli hiicre
membranlariin %20-50’sin1 olusturur. PE, membranlarda ¢ok sayida yapisal rol
oynar. Fosfatidilserin (PS), nicel olarak az sayida bulunur ve memeli hiicre
membranlarinin  %2-10’unu olusturur. PS, sinir sistemi ve gbérme duyusunun
olusumunda c¢ok 6nemli rol oynar. Ayrica, programli hiicre Sliimiinde (apoptoz)
kullanilan bilesenlerden biridir. Normalde, sitosolik plazma membraninda
hapsedilmis olarak bulunan fosfatidilserin, apoptoz esnasinda hiicredis1 tek
katmanina yer degistirir. Hiicre yiizeyinde agikta kalan PS, ¢evredeki makrofaj gibi
hiicrelere sinyal gonderir ve bu sekilde hiicrenin pargalanmasina katkida bulunur.

Yiizey plasmon rezonans (SPR), molekiiller aras1 etkilesimlerin arastirilmasinda ve
kimyasal ve biyolojik analitlerin tespit edilmesinde kullanilan optik bir cihazdir. SPR
cthazinin calisma prensibinin temeli olan polarize 151k, ylizeyi altin kapli bir
prizmaya gonderildiginde 1s18in  bir kismi absorplanmakta, bir kismi da
yansimaktadir. Yansiyan 1s18in siddetinde maksimum kaybin gergeklestigi agiya
rezonans acist denir. Metal yiizeyiyle temas halinde ortamin 6zelliklerinin degismesi
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veya ylizeyde madde birikimi olmasi durumunda rezonans acgist degismekte ve bu
degisiklik ylizeyde olan degisikliklerin anlagilmasinda kullanilabilmektedir.

Kuvars kristal mikroterazi (QCM-D), kiitlesel degisiklikleri, bir elektrik sinyaline
cevirebilen ¢ok kullanish bir yaklagimdir. QCM-D cihazinin biinyesinde bulunan
kuvars kristalin piezoelektrik 6zelligi calisma prensibinin temelidir. Piezoelektrik
etki, asimetrik bir kristalin elektrik potansiyelinin uygulanmasiyla deformasyona
ugramasidir. Kuvars kristaller mekanik olarak deforme oldugunda, yiizeyinde
elektiriksel bir potansiyel olusur ve uygun bir elektrik devresine baglanirsa kristalin
kiitlesine ve sekline bagli olan sabit bir frekansta titresim yapar. Yiizeydeki kiitle
degisimleri, rezonans frekansindaki sapmaya doniistiiriilerek yorumlanir. Rezonans
frekansina ek olarak, yilizeye baglanan katmanlarin viskoelastik 6zellikleri, enerji
yitimi (D) parametresiyle olgiiliir. AD degerindeki artis yilizeyde vizkoelastisitesi
yiiksek analitlerin bulundugunu; bu degerdeki diisme ise ylizeyde daha kati (rijit) bir
yapinin olustugunu gosterir.

Bu calismada, farkli kompozisyonlarda ve farkli konsantrasyonlarda lipozomlar
uiretilerek kat1 bir ylizeye bagl lipit zar modeli (tBLMs) olusturuldu ve ylizeye
tutunum kinetiklerinin belirlenmesi i¢in yiizey plazmon rezonans (SPR) ve kuvars
kristal mikroterazi (QCM-D) yontemleri kullanildi. Lipozomlar1 olustururken 3 farkli
fosfolipit molekiilii kullanild1 (fosfatidilkolin (PC), fosfatidiletanolamin (PE) ve
fosfatidilserin (PS)). Lipit kompozisyonunun, c¢ift katmanli lipit membranin
viskoelastik 6zelliklerini etkileyecegi diigiiniildii ve bu 6zellik QCM-D cihazi ile
tanimlandi. tBLMs, ¢alisma grubumuzun optimize ettigi prosediire gére olusturuldu.
Buna gore; altin kapli SPR ve QCM yiizeyleri dimetil siilfoksitte (DMSO) ¢ozlinmiis
3, 3’-dithiodipropionic acid di(N-hydroxy succinimide ester) (DTSP) molekiilii ile
aktive edildi (DMSO 1mM). DTSP, altin yiizeye tiyol grubu ile kendi kendine
baglanan bir molekiildiir ve sistemimizin birinci katmanin olusturur. Ikinci katmanin
olusturulmasinda; fosfat kafasina polietilenglikol baglanmis ve bu ugta bir amino
grubu tasiyan bir fosfolipit molekiilii (DSPE-PEG), DTSP kapli yiizey ile inkiibe
edildi. Bu molekiil, tBLMs ile ylizey arasina bir mesafe konulmasi amaci ile
kullanildi.  Ugiincii ve son katman, farkli kompozisyonlarda ve farkh
konsantrasyonlarda lipozomlarin yiizeye gonderilmesiyle olusturuldu. Lipozomlar
zwitteriyonik (cift kutuplu) (PC/PE) ve anyonik yapida (PC/PS) ve farkh
konsantrasyonlarda (90:10, 75:25, 50:50 ve tam tersi) olmak tizere, 100 nm
gozenekli membranlar kullanilarak ekstriizyon yontemiyle olusturuldu.

Ik olarak, ¢alisma grubumuz tarafindan adsorbsiyon kinetigi ve tBLMs olusumu
daha once gozlenen PC lipozomlarin tBLMs olusumuna etkisi gozlendi. Daha sonra,
elde edilen veriler PC/PE ve PC/PS lipozomlarinin tBLMs olusumu tiizerindeki
etkisinin arastirilmasi i¢in referans olarak kullanildi.

Zwitteriyonik PC/PE lipozomlarin arastirilmasi sirasinda, PC lipozomlar ile
karsilastirildiginda daha yiiksek refraktif indeks artisi gozlemlendi. Elde edilen
verilerin daha 1yi yorumlanabilmesi i¢in ayrica QCM-D analizleri ile biitlinlestirildi.
75PC/25PE ve PE lipozomlardan alinan QCM sonuglarina gére, PE konsantrasyonu
artttkca AD degerinde artis ve Af degerinde diisiis gozlemlendi. Bu sonuglar
gosteriyor ki, artan PE konsantrasyonu lipozomlarin yiizeyde bozulmadan kalmasina
yolagmaktadir. Ayrica, ¢ift katman olusumu daha diisiik PE konsantrasyonunda daha
avantajhidir.

Anyonik PC/PS lipozomlarin tBLMs olusumu iizerindeki etkisi incelendiginde, PC
lipozomlara gore olduk¢a yiiksek refraktif index degerlerinin alindig1 goriildii. Buna
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ek olarak, 75PC/25PS ve PS lipozomlarin QCM-D teknigi ile oOlgiimleri
gergeklestirildi. QCM-D sonuglarina gore, lipozom igerigindeki PS miktar1 arttikga
biiyiik miktarlarda AD degerinde artis ve Af degerinde diisiis oldugu goriildii. Buna
ek olarak, yilizeyde baglanmadan kalan lipit molekiillerinin uzaklastirilmasi igin
yapilan yikama sonrasinda Af ve AD sinyallerinde degisim olmadigi gozlendi.
Yikama sirasinda frekanstaki artma lipozomlarin ylizeye yayildigimi ve iginde
hapsolan suyun sistemden uzaklastigini gostermektedir. Bu durumda, yikama
sonrasinda frekansta degisimin olmamasi1 ve Af-AD degerlerinin beklenenden ¢ok
yiiksek olmasi, lipozomlarin yiizeyde bozulmadan kaldigini belirtir.

PC/PS lipozomlarin yiizeye yayilmasini ve tBLMs olusumunu tetiklemek amaciyla
yikama sonrasinda yiizeye % 70 etanol ¢ozeltisi gonderildi ve etkisi SPR ile
gozlendi. Fakat bu kosullarda yiizeydeki lipozomlarin tamamen yikanmadig
gozlemlendi.

Lipozom igeriginden farkli olarak ayrica lipozom boyutunun sistem tizerindeki etkisi
de SPR cihazi kullanilarak incelendi. Bunun i¢in, 50 nm capli 90PC/10PE ve
75PC/25PE lipozomlar kullanildi. Sonug¢ olarak, her iki konsantrasyonda da
lipozomlarin yiizeye gonderildigi sirada refraktif indekste artis oldugu, fakat daha
sonra yikama yapilmamasina ragmen refraktif indeksin ilk bastaki degere diistiigii
gozlendi. Lipozom boyutunun yariya disiiriilmesinin lipozomlarin yiizeyle
etkilesmesine ragmen bu etkilesimin ¢ok kararli olmamasina ve biiyiik ihtimalle
elastisitesi daha az olan bu lipozomlarin yiizeye yayilmayarak hizla yikanmasina yol
act1g1 diistintildii .
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1. INTRODUCTION

Biological membranes play key roles in cell life. They control the transfer of
information and the transport of ions and molecules between the inside and outside

cellular worlds and participate in various intra- and extracellular processes [1].

Because of the complexity of the biological membranes, their direct investigation is
limited at the nanoscale. Lipid bilayer membranes have been developed as a model
of biological membranes to allow the interaction and insertion of peptides and

membrane proteins in a functional manner [2].

Successful construction of artificial membrane systems would not only improve our
understanding of basic cellular functions but also allow us to develop
biotechnological tools, biomedical devices, or biofunctional materials. To do this, it
is important to develop reliable methods to control the formation of solid supported
lipid membranes and to find effective ways to incorporate, and address biological

entities, from molecules to cells [1].

The spreading of small lipid vesicles on hydrophilic solid supports presents an
attractive and simple route to form supported lipid bilayers (SLBs) [3]. Solid-
supported lipid membranes were developed in the recent decade, starting from
bilayers floating freely on top of a quartz, indium tin oxide, or gold surface, to

polymer-supported and tethered bilayer lipid membranes (tBLMs) [4].

There are various surface sensitive techniques to characterize these systems. The
immobilization of the membrane at a surface permits rapid exchange of the fluids in
contact with the membrane. It allows the application of surface-sensitive probes such
as surface plasmon resonance (SPR), total internal reflection fluorescence
microscopy (TIRFM), impedance spectroscopy, and acoustic sensors such as the

quartz crystal microbalance (QCM) and surface acoustic wave (SAW) devices [5].

Techniques based on surface plasmons such as Surface Plasmon Resonance (SPR),
SPR Imaging, Plasmon Waveguide Resonance (PWR) and others, have been

increasingly used to determine the affinity and kinetics of a wide variety of real time



molecular interactions such as protein-protein, lipid-protein and ligand-protein,
without the need for a molecular tag or label [6]. The electrochemical sealing
properties of the mono- and bilayer can be investigated using electrochemical
impedance spectroscopy (EIS) [7]. The QCM-D technique has proven very valuable
to screen the overall properties of the lipid deposition, thanks to the dissipation
parameter that allows distinguishing between intact, adsorbed vesicles (high
dissipation) and bilayer patches (low dissipation) [1]. Apart from these, neutron
reflectivity (NR) is an ideal tool to study buried interfaces, and thus it is possible to

determine the structure of tBLMs formed by the different anchor lipids [8].

Higher-resolution images of small defects in the 10 to 500 nm range can be obtained

by atomic force microscopy (AFM) or near-field fluorescence microscopy (NSOM)

[9].

1.1 .Purpose of Thesis

In this study, the liposomes with different compounds and different compositions
were prepared in order to investigate the effect of membrane composition on tBLMs
formation. For this, unilamellar liposomes with different phospholipid content
(phosphatidylcholine (PC), phosphatidylserine (PS) and phosphatidylethanolamine
(PE)) was used. Surface plasmon resonance (SPR) that is commonly used for real-
time, label-free evaluation of binding and interactions of biological molecules in
liquid environment was used to investigate the liposomal binding. Interpretation of
SPR data was also complemented with quartz crystal microbalance with dissipation

(QCM-D) analysis to determine mass and viscoelastic properties of thin lipid films.



2. BACKGROUND INFORMATION

2.1 Lipids

Lipids play a variety of roles in biological systems. They are molecules that are
insoluble in water and soluble in organic solvents. The diversity of lipids can be very
high due to the complexity of the hydrophobic acyl chains (i.e. carbon number and
degree of unsaturation) and the nature of the hydrophilic polar head group [10].

All lipid are hydrophobic or amphipathic in the nature [11]. It is the shape
and amphipathic nature of the lipid molecules that cause them to form bilayers
spontaneously in aqueous environments. Lipid molecules spontaneously aggregate
to bury their hydrophobic tails in the interior and expose their hydrophilic heads to
water. Depending on their shape, they can do this in either of two ways: they can
form spherical micelles, with the tails inward, or they can form bimolecular sheets,
or bilayers, with the hydrophobic tails sandwiched between the hydrophilic head
groups (Figure 2.1) [12].
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Figure 2.1 : Packing arrangements of lipid molecules in an aqueous environment
(A) Wedge-shaped lipid molecules (above) form micelles, whereas cylinder-
shaped phospholipid molecules (below) form bilayers. (B) A lipid micelle and a lipid
bilayer seen in cross section. Lipid molecules spontaneously form one or other of these
structures in water, depending on their shape.

Lipids can be divided into non-polar lipids (e.g. triglycerides and cholesterol) and
polar lipids (e.g. phospholipids, glycolipids, and sphingolipids) based on the number
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of primary products formed after hydrolysis (Figure 2.2) [10]. Although the role of
lipids in the cellular area is still not fully understood, they are generally believed to
be used for energy storage, serve as structural components of cell membranes, and

constitute important signaling molecules ~ [11].

Lipids
v v
Polar lipids Non-polar lipids
I (cholesterol, triglycerides)
v v v
Phospholipids Sphingolipids Glycolipids

Figure 2.2: Classification of Lipids.

It was only around 1970 that researchers first recognized that
individual lipid molecules are able to diffuse freely within lipid bilayers. The initial
demonstration came from studies of synthetic lipid bilayers. Two types of
preparations have been very useful in such studies: (1) bilayers made in the form of
spherical vesicles, called liposomes, which can vary in size from about 25 nm to 1
um in diameter depending on how they are produced (Figure 2.3) (Liposomes are
commonly used as model membranes in experimental studies.) and (2) planar
bilayers, called black membranes, formed across a hole in a partition between
two aqueous compartments (Figure 2.4). This planar bilayer appears black when it
forms across a small hole in a partition separating two aqueous compartments. Black

membranes are used to measure the permeability properties of synthetic membranes
[12].
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Figure 2.3: A drawing of a small spherical liposome seen in cross section.
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Figure 2.4: A cross-sectional view of a black membrane, a synthetic lipid bilayer.
2.2 Phospholipids

Phospholipids are composed of a glycerol backbone with fatty acids esterified at
adjacent carbon positions; while a polar head group is attached to a phosphate ester

group at the remaining carbon [13].

The amphiphilic nature of membrane phospholipids has been well known to form the
bilayer that is necessary for proteins to function and interact. A second function of
phospholipids is to serve as the source of arachidonic acid, which is required for the
formation of lipid mediators such as leukotrienes and prostaglandins. They are also
the precursors for platelet-activating factor and signaling molecules such as inositol
triphosphate and diacylglycerol [13]. Furthermore, synthetic phospholipids have

been used as drug carriers in the pharmaceutical industry [14].

Phospholipids nomenclature is based on the polar head group. The structure of
selected  phospholipids  for  this  study  (phosphatidylcholine  (PC),
phosphatidylethanolamine (PE) and Phosphatidylserine (PS)) are shown in Figure
2.5.

Mammalian cell membranes contain >1,000 different phospholipids. The amounts of
the various phospholipids in a membrane define the fluidity of the membrane and the
functions of the embedded proteins [15]. Four major phospholipids predominate in
the plasma membrane of many mammalian cells: phosphatidylcholine (PC),
phosphatidylethanolamine (PE), phosphatidylserine (PS), and sphingomyelin. Note
that only phosphatidylserine carries a net negative charge, the other three are
electrically neutral at physiological pH, carrying one positive and one negative

charge. Together these four phospholipids constitute more than half the mass
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of lipidin most membranes. Other phospholipids, such as the inositol
phospholipids, are present in smaller quantities but are functionally very important.

The inositol phospholipids, for example, have a crucial role in cell signaling [12].
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Figure 2.5: The chemical structures of phosphotidylserine (PtdSer),
phosphotidylethanolamine (PtdEtn) and phosphotidylcoline (PtdCho).

Phosphatidylcholine is the most abundant phospholipid in mammalian cell
membranes, constituting 40-50% of total phospholipids [15]. PC not only plays a
critical role in the manufacture of primary cell membrane components, but it is also
essential in the synthesis of acetylcholine. Clinical studies have shown that PC can
increase serum acetylcholine levels, which play a crucial role in many brain

processes [10].

The second most abundant mammalian membrane phospholipid is
phosphatidylethanolamine (PE), which constitutes 20-50% of total phospholipids. In
the brain, ~45% of total phospholipids are PE, whereas in the liver, only ~20% of
total phospholipids are PE [15]. PE also performs numerous biological roles beyond
serving a structural role in membranes. For example, PE metabolism in the heart
appears to be important, because the asymmetrical transbilayer distribution of PE in
sarcolemmal membranes is altered during ischemia, leading to sarcolemmal
disruption [16]. In addition, PE is required for contractile ring disassembly at the
cleavage furrow of mammalian cells during cytokinesis [17]. The different organelles

within mammalian cells also have distinct phospholipid compositions. In
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mitochondria, particularly in the inner membrane, the PE content is significantly

higher than in other organelles [15].

Phosphatidylserine (PS) is a quantitatively minor membrane phospholipid that makes
up 2-10% of total phospholipids. The brain is enriched in the two
aminophospholipids PE and PS compared with other tissues. In the brain, and
particularly in the retina, the acyl chains of PS are highly enriched in
docosahexaenoic acid (22:6n-3). In human gray matter, 22:6n-3 accounts for >36%
of the fatty acyl species of PS. Because 22:6n-3 appears to be essential for the
normal development and functioning of the nervous system, it is likely that PS plays
an important role in the nervous system and in vision [15]. In resting cells
plasmalemmal PS is found exclusively on the inner (cytoplasmic-facing) monolayer,
due to the action of ATP-dependent aminophospholipid flippases [18]. Moreover,
animals exploit the phospholipid asymmetry of their plasma membranes to
distinguish between live and dead cells. When animal cells undergo programmed cell
death, or apoptosis, phosphatidylserine, which is normally confined to the cytosolic
monolayer of the plasma membrane lipid bilayer, rapidly translocates to the
extracellular monolayer. The phosphatidylserine exposed on the cell surface serves
as a signal to induce neighboring cells, such as macrophages, to phagocytose the

dead cell and digest it [12].

2.3 Biomimetic Model Membrane Systems

Biological membranes play a fundamental role in cell life. The cell membrane hosts
a wide variety of signaling molecules, and often selectively compartmentalizes these
molecules into microdomains so specific functions are enabled. Given the
complexity in compositions and organization, biomembranes are difficult to be
studied in details in live cells [19]. Therefore, many different model systems have
been created that retain the essential lipid bilayer structure, and simplify the system
so that the roles of individual components can be assessed and that their organization
and dynamics can be visualized [20]. Moreover, increasing the stability of
biomimetic systems has been of critical importance with their applicability to such
fields as biosensors, drug delivery, biocatalysis, and cellular recognition, which rely
on high stability to remain functional in an electronically interfaced environment

[21].
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Currently, models of biological membranes include liposomes and giant vesicles in
solution, lipid monolayers at the air water-interface, black lipid films, membrane

patches at pipettes, or solid-supported membranes (Figure 2.6) [3].
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Figure 2.6: Models of biological membranes. (a) liposomes (25 nm to 100 pm in
diameter); (b) lipid monolayers at the air-water interface; (c) black lipid membranes
suspended over an aperture between two aqueous phases; (d) Langmuir-Blodgett
method allowing the transfer of lipid mono- and multi-layers from the air-water
interface to a solid support; (e) self-assembled monolayer on glass/gold/silica
surface; (f) polymer cushioned bilayer; (g) spontaneous spreading of liposomes on
surface.

In the classical liposomal system the lipid bilayer encloses an inner cavity.
Therefore, experimental difficulties arise when there is a need to control contents or
solute concentrations of the inner compartment. The same holds for the application
of a transmembrane potential that is limited to the generation of a diffusion potential
by the usage of ionspecific ionophores [22]. These problems do not arise when using
black lipid membranes (BLMs) that provide equal access to both sides of a
membrane. However, BLMs lack mechanical and long-term stability. For both of
these systems it is impossible to apply surface-sensitive techniques such as AFM,
SPR, QCM, or ATR-FTIR, and will probably never evolve to a routinely used and/or

large-scale technology for biosensing or lab-on-achip applications [4].

To overcome these problems, the two most stable and commonly used cell
membrane biomimetic systems are supported bilayer lipid membranes (sBLMs) and

tethered bilayer lipid membranes (tBLMs).



Supported bilayer lipid membranes are commonly formed on monolayer templates,
hydrophilic substrates, or polymer cushions and are known to maintain the
physiological and chemical properties of natural bilayers. However, the success of
sBLMs as a biomimetic system has been limited by their lack of an aqueous reservoir
between substrate and membrane [21]. This may give rise to certain limitations to
study membrane proteins due to immobilization-induced conformational changes of
proteins and substrate-induced constraints in lipid mobility and protein
conformations [19]. Further, sSBLMs are practically limited due to their poor stability

upon exposure to air [23].

Several classes of proteins are transporters and require sufficient aqueous media on
both sides of the membrane to function; tBLMs do provide these conditions.
Tethered bilayer lipid membranes are often formed using lipids with thiol, disulfide,
and silane modified headgroups, depending on the substrate, and are separated from
the substrate by a hydrophilic spacer [24] [25] [26]. Self-assembled monolayers
(SAM) of such molecules form an amphilic supramolecular array of a lipid film with

a hydrophilic submembrane space, mimicking the cytosol [21] [26].

Recently, tBLMs have been taken advantage of small ion conducting peptides, such
as gramicidin and valinomycin, as well as macromolecular proteins such as
cytochrome c oxidase. Moreover, the growing interest in biosensors using ion
channels as switches has led to tBLMs becoming one of the choice model systems
for this application [21]. Due to the covalent attachment of the linker to the surface,
the tethered molecules endow the lipid film with a robustness much greater than that
of the bilayer lipid membrane (BLM). The planar arrangement, particularly on a
metal substrate, allows for the application of a variety of surface-sensitive analytical
techniques. The metal surface allows for the investigation of the lipid bilayer under a
defined electric field. Hence, tBLMs are useful in basic research, particularly as far

as membrane proteins are concerned, but also for biosensor applications [26].

Among these, PEG-based coatings are probably the most successful example and
have therefore become a standard concept in controlling the interface between
(bio)materials and biology in general, from drug delivery applications to biosensing
[27]. PEG is a hydrophilic polymer that swells significantly in aqueous environments
[28]. Surface-grafted PEG substantially reduces the adsorption of proteins and cells.
Additionally, PEG does not display any antigenic activity. These properties have



made platforms such as PEG-grafted liposomes popular for drug delivery and other
therapeutic treatments. PEG provides a barrier around the liposomes, protecting
them from rupture and thereby increasing their circulation time. The hydrophilic
character of PEG along with its weak interactions with proteins and lipids has made
PEG attractive for use as a cushion for supported lipid bilayers. Such supported lipid
bilayers have been proposed for use in applications such as biosensors or as models

to study the structure and function of biomembranes [29].

2.4 Surface Plasmone Resonance (SPR)

The study and characterization of molecular interactions is essential to explore
biomolecular structure-function relationships, and it aids our understanding of
biological systems in life sciences. Surface plasmon resonance (SPR) biosensors
present a powerful optical label-free biosensor technology that has been widely
applied to the investigation of biomolecular interactions and the detection of
chemical and biological analytes [30]. Compared to conventional techniques, SPR
biosensors speed up such investigations as drug development, immunoreagent
quality control, cell adhesion studies and polymer-biomolecule interactions (Figure

2.7).

In addition, multichannel SPR biosensors make it possible to observe large numbers
of biomolecular interactions and identify and simultaneously quantify multiple

biomarkers [31].
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Figure 2.7: Main Application areas of SPR Technology.
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2.4.1 Principle of SPR

In principle, SPR sensors are thin-film refractometers that measure changes in the
refractive index occurring at the surface of a metal film supporting a surface plasmon

[32] [33] [34].

SPR refers to the optical excitation of surface plasmons or charge-density waves at
the interface between a conductor and a dielectric. The conductor is a metal (gold or
silver) that has a high free-electron density to support the charge-density waves. The
dielectric can be a gas, a liquid, or a solid. Surface plasmons are collective
oscillations of free electrons in a metallic film [35]. Under appropriate conditions,
the plasmons can be made to resonate with light, which results in the absorption of

light [35] [34].

The excitation of surface plasmon is accompanied by the transfer of optical energy
into surface plasmon and its dissipation in the metal layer, which results in a narrow
dip in the spectrum of reflected light. Surfaceplasmon waves (SPWs) are extremely
sensitive to small changes in the refractive index near the sensor surface and the
changes in the refractive index are proportional to the sample mass, so the adsorption
of molecules on the metal film or conformational change in the adsorbed molecules

can be detected accurately (Figure 2.8) [33].

o oc:uo Flow chamber o ©
0000 ST OOO
Q0 o o
9o 0 00 %0 o oo V.
o o
\o NERCNAR AN
VAVAVAVAVAVY.|

AN
rd

Thin gold layer

2 N

Laser Detector

Figure 2.8: Schematic illustration of SPR Phenomena.

In order to detect an interaction, a molecule (the ligand) is immobilised onto the
sensor surface and, its binding partner (the analyte) is injected in aqueous solution
(sample buffer) through the flow cell, also under continuous flow. As the analyte
binds to the ligand the accumulation of analytes on the surface results in an increase

in the refractive index. This change in refractive index is measured in real time, and
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plotted as response or resonance units (RUs) versus time (a sensorgram). The
adsorption—desorption process can be followed in real time and the amount of

adsorbed species can be determined (Figure 2.9) [32].
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Figure 2.9: A sensorgram: the angle at which the dip is observed vs. time. First, no
change occurs at the sensor and a baseline is measured with the dip at SPR angle (A).
After injection of the sample (arrow) biomolecules will adsorb on the surface

resulting in a change in refractive index and a shift of the SPR angle to position B.

Importantly, a response (background response) will also be generated if there is a
difference in the refractive indices of the running and sample buffers. This
background response must be subtracted from the sensorgram to obtain the actual
binding response. The background response is recorded by injecting the analyte
through a control or reference flow cell, which has no ligand or an irrelevant ligand

immobilized to the sensor surface [32].

2.5 Quartz Crystal Microbalance with Dissipation (QCM-D)

The QCM is basically a mass sensing device with the ability to measure very small
mass changes on a quartz crystal resonator in real-time. It has proved to be a valuable

instrument for the study of membrane-bound proteins, membrane mediated cellular
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processes, protein-lipid interactions, cell-cell interactions, antibody-antigen

interactions, biological signal transduction, and drug delivery detection [36].

Studying vesicle interactions with solid surfaces using the QCM-D technique is
initiated by Kasemo and coworkers (1998) and vesicle fusion became an established
tool to form SLBs due to the ability of QCM-D to characterize the entire process in
real-time, including the quality as well as the kinetic analysis of the formed bilayer

[37].
2.5.1 Basic Priciple of QCM-D

A QCM is an ultra-sensitive mass sensor utilizing the piezoelectric properties of
quartz cyrstals. The QCM can detect adsorbed and desorbed masses in the nanogram
range in real time. It consists of a piezoelectric quartz crystal sandwiches between a
pair of electrodes. When the electrodes are connected to an oscillator and an AC
voltage is applied over the electrodes the quartz crystals starts to oscillate at its
resonance frequency due to the piezoelectric effect. Any mass loss or addition on
quartz crystal surface will change the frequency [38]. Sauerbrey found that the
resonance frequency decreases linearly if additional mass is attached to the sensor

(2.1) [39]. Sauerbrey equation, written to include harmonic resonances, is

Am = —C(Afy/n) 2.1)
where Am is the adsorbed mass on the surface, C is the mass sensitivity constant
(17.7 ng-em™-Hz " at f= 5 MHz), and Af, is the change in the resonance frequency at
the n™ harmonic. The harmonic order n has values (1,3,5,...). C is a constant in
dependent of the harmonic order n. If the Sauerbrey relation is satisfied, then the
normalization of the observed frequency change at the n™ harmonic by n should yield
a constant value. If an ideal rigid layer is assumed, eq 1 has been demonstrated to
provide an accurate modeling fit [40]. However, this is only true if the attached mass

is rigid and small compared to the sensor mass [39].

Two reasons explain the deviations from the Sauerbrey relation. One reason is that
the adlayer may be viscoelastic, as in the case of adsorbed vesicles, which gives rise
to a compound resonator for which Af'is not directly proportional to Am. In this case,
the frequency change becomes sensitive to the mechanical properties of the film,

including the shear modulus and viscosity. The other reason is that the molar mass
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(or dry mass) by itself is insufficient to describe the film mass. The mass of water,
associated with the film, must also be included. For vesicle adsorption on a gold
surface that results in a soft layer, the water may appear to contribute to the mass
increase due to direct hydration, coupling between vesicles, or entrapment on a

roughened surface [40].

The resonance frequency of acoustic resonators depends on temperature, pressure
and bending stress. Temperature-frequency coupling is minimized by employing
special crystal cuts. A widely used temperature-compensated cut of quartz is the AT-
cut (Figure 2.10) [36] [38]. Careful control of temperature and stress is essential in
the operation of the QCM. AT-cut crystals are singularly rotated Y-axis cuts in
which the top and bottom half of the crystal move in opposite directions (thickness

share vibration) during oscillation [38].

sold electrode
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Figure 2.10: Schematic illustration of AT-cut quartz crystal.
2.5.2 The dissipation

The damping or dissipation (D) includes information on the film’s viscoelasticity. D
is defined as the ratio of energy lost (dissipated) during one oscillation cycle to the

total energy stored in the oscillator (2.2) [41]
D = Elost / 211 x Estored 2.2)

As the size and structural flexibility of the adsorbed molecules increases, the
importance of measuring the dissipation also increases. Combined f and D
measurements along with the appropriate theory can provide a way to test for a linear
relationship of the simple Sauerbrey model. Furthermore, by plotting Af versus AD,
information about conformation of the adsorbed materials may be extracted and a so-
called reaction fingerprint described (i.e., how the mass adsorbed changes,

approximated by Af, with the viscoelastic characteristics, approximated by AD).
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Also, by monitoring both Af and AD it is possible to quantify and separate the

viscoelastic variables relating to the shear viscosity and storage modulus of the
adsorbed materials (Figure 2.11) [42].
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Figure 2.11: Example of raw data from a QCM-D experiment. This particular
example demonstrates the adsorption of rigid (a) and soft molecules (¢). Steps b and
d correspond to buffer rinses. Frequency changes (Af) are shown in blue on the left
axis and dissipation changes (AD) are shown in red on the right axis [43].
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3. MATERIALS AND METHODS

3.1 Material

The phospholipids: phosphatidylethanolamine (PE) and phosphatidylserine (PS)
were purchased from Avanti Polar Lipids (Alabaster, AL, USA),
phosphatydilcholine (PC) from Sigma-Aldrich (St. Louis, MO, USA). Dimethyl
sulfoxide (DMSO) and chloroform were purchased from Merck (Whitehouse Station,
NJ, USA). 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino
(polyethylene glycol)-2000 (DSPE-PEG) was from Avanti Polar Lipids (Alabaster,
AL, USA). 3,3'-dithiodipropionic acid di(N-hydroxysuccinimide) (DTSP) was
purchased from Sigma-Aldrich (St. Louis, MO, USA).

3.2 Equipments

3.2.1 Surface plasmon resonance (SPR)

SPR measurements were performed with Reichert SR7000 Single Channel Surface
Plasmon Resonance Spectrometer (Figure 3.1). The formation of tBLMs was
observed on an SPR sensor chip (BK7 glass thickness: 0.95 mm; chromium
thickness: 1nm; gold thickness: 50nm). A peristaltic pump of which flow rate was
350 uL min™' and tubings (Tygon, SC0060) were used for piping solutions onto gold
slides. All measurements were performed at 25 °C. Mass changes at the interface
between the gold layer and the aqueous compartment cause changes in the local
refractive index near the gold layer. The changes of refractive index were monitored

by computer in real time.

Figure 3.1: SR7000 Single Channel Surface Plasmon Resonance Spectrometer.
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3.2.1.1 Preparation of SPR set-up

Prior to each experiment, all parts of the set-up was cleaned. Measurement chamber
was cleaned by 70% solution of ethanol and dried. Tubings were cleaned by passing
through 1% solution of SDS and then rinsed with purified water. After these steps, a
drop of immersion oil was placed between the prizma and the slide surface. Finally,

the whole measurement cell was assembled.

Sonication was used to remove dissolved gases from the solutions such as dH,O and

PBS.

3.2.2 Quartz cryistal microbalance with dissipation monitoring (QCM-D)

QCM-D measurements were performed with QCM-Z500 (KSV Instruments) in a
flow-through cell (Figure 3.2). A peristaltic pump and tubings (Tygon, R3607, ID:
1.09 mm, wall thickness: 0.86 mm) were used to transport analyte solutions to the
quartz crystal surface. The experiments were performed under a volume flow rate of
112 pL min~". All measurements were performed at 25 °C. The changes of frequency
were monitored by computer in real time and data from one fundamental and four
overtone frequencies (15, 25, 35, 45 MHz) were collected. These frequencies
correlate with the third, fifth, seventh, ninth and eleventh harmonics (n=3, 5, 7, 9).
The frequency shifts were normalized to the fundamental frequency by division with

the overtone number n.

Figure 3.2: The fully assembled QCM and the electronic unit.

18



3.2.2.1 Preaparation of QCM-D set-up

Before each experiment, the fluid cell, tubings and o-ring were thoroughly cleaned
by 70% solution of ethanol and after that, they were repeatedly rinsed with purified

water. Then, the fluid cell and o-ring were dried under nitrogen.

After cleaning all the parts of QCM-D set-up, first o-ring and then quartz crystals
with gold coating were inserted into the measurement chamber by the help of a
tweezer (Figure 3.3). Finally, the whole system was assembled firmly to allow

crystals to contact with samples directly and prevent leaking of solutions.

Figure 3.3: The insertion of o-ring and quartz crysals.

3.3 Construction of Tethered Bilayer Lipid Membranes (tBLMs)

Construction of tBLMs has three major steps (Figure 3.6). First of all, DTSP (3,3"-
dithiodipropionic acid di(N-hydroxysuccinimide)) (Figure 3.4) layer was formed on
the gold surface out of the SPR or QCM system. Second, DSPE-PEG(1,2-distearoyl-
sn-glycero-3-phosphoethanolamine-N-[amino (polyethylene glycol)-2000]
(ammonium salt)) (Figure 3.5) layer was constructed as a second layer and monitored
by SPR or QCM-D. Finally, liposomes were spreaded on the gold surface to form
tBLMs and monitored by SPR or QCM-D.
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Figure 3.4: Structural formula of DTSP.
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Figure 3.5: Structural formula of DSPE-PEG.
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[44].

3.3.1 Functionalization of the gold films

DTSP is a homobifunctional and cleavable crosslinker. DTSP has amine-reactive N-
hydroxysuccinimide (NHS) esters at both ends of a cleavable, 8-atom (12.0
angstrom) spacer arm. DTSP crosslinking reagent contains a reducible disulfide
(thiol) bond in the spacer arm that binds covalently to gold surface and generates

self-assembled monolayer (SAM).

DTSP must be dissolved in an organic solvent. Thus, first of all, this molecule was
dissolved in 1 mM DMSO. Both gold surfaces for SPR slides and quartz crystals, to
be prepared for SPR and QCM measurements, respectively, were immersed in a
solution of dithiobis (succinimidyl propionate) (DTSP; ImM in DMSO) for
overnight. Surface activation performed in a closed box that was covered with
aluminum foil to prevent activator from the negative effects of light. After this
procedure, the SPR slides and quartz crystals were rinsed with acetone and dried

under a stream of nitrogen.
3.3.2 Construction of DPSE-PEG as a second layer

Initially, degased dH,O was sent to the system to obtain a constant resonance
frequency. Subsequently, DSPE-PEG(2000) (1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[amino (polyethylene glycol)-2000]; 0.03 mg/mL in dH,0)
was pumped to the system and waited for saturation. DSPE-PEG molecule, which
was used as the second layer , has a role as the tethering molecule for the tBLMs. In
order to wash out unbound DSPE-PEG molecules, dH,O was passed through the

system.
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3.3.3 Preparation of liposomes and construction of tBLLMs as a third layer

Phosphatydilcholine (PC), phosphatidylethanolamine (PE) and phosphatidylserine
(PS) were dissolved separately in chloroform at +4°C as a stock solution (1 mg/mL),
aliquoted and stored at -20°C. To prepare thin lipid film layer, lipid solution which
was obtained by mixing different lipid compositions (Table 3.1) was poured into a
round-bottom flask. Chloroform was evaporated using a dry nitrogen stream in a

fume hood and the lipid film layer was left at +4 °C overnight.

Table 3.1: Different lipid compositions.

Lipid Molar ratio
composition
PC 1
PE 1
PS 1
PC:PE 1:9
1:3
0,5:0,5
3:1
9:1
PC:PS 1:9
1:3
0,5:0,5
3:1
9:1

The obtained thin lipid film layer was suspended in 5 ml 0.1 M PBS (pH 7.4) and
then vortexed vigorously. Final lipid concentration was 0.02 mg/ml. Liposomes were
generated by the help of an extruder (Avanti Mini-Extruder) (Figure 3.7). The
resulting liposomes were extruded 15 times through a 100 nm polycarbonate
membrane and stored at +4 °C. At the end of this stage, the syringes of extruder were
washed by isopropanol and teflon parts were cleaned by ethanol and stayed in

ethanol solution.

To construct tBLMs as a third layer of the system, first PBS was sent to DSPE-PEG
bound surface to obtain a constant baseline and then liposome solution was pumped
through the system till saturation was observed. Finally, the system was rinsed with

PBS in order to withdraw unbound liposomes and lipids from the system.
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Figure 3.7: The whole extruder system.
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4. RESULTS & DISCUSSION

4.1 Effect of membrane composition

A number of processes can occur when a liposome encounters a surface. Adsorption
is associated with membrane deformation (likely flattening). At sufficiently large
deformations, a liposome may rupture and transform into a bilayer disk.
Alternatively, neighboring vesicles may interact, or fuse, before rupturing into
membrane patches. Bilayer disks or membrane patches may coalesce and/or induce
the rupture of adsorbed vesicles. The relative contribution of these interactions is
affected from the nature of the support (its surface charge, structure, and roughness)
and the lipid vesicles (their composition, charge, size, and physical state), as well as

the aqueous environment (the pH and ionic strength) [3].

In this study, the construction of the DSPE-PEG-tethered lipid bilayers on DTSP
modified gold surface was monitored by surface plasmon resonance spectroscopy
(SPR) and quartz crystal microbalance with dissipation (QCM-D). The liposomes
with different compounds and different compositions were prepared in order to
investigate the effect of membrane composition on tBLMs formation. tBLMs were
formed according to the procedure optimized in our group [45]. Either SPR gold
covered slides or QCM gold covered crystals were modified by dithiobis
(succinimidyl propionate) (DTSP; ImM in DMSO). DTSP crosslinking reagent
contains a reducible disulfide (thiol) bond in the spacer arm that binds covalently to
gold surface and generates self-assembled monolayer (SAM). Then, DSPE-
PEG(2000) (0.03 mg/ml in dH,O) was attached on it to serve as tethers for tBLMs.
Finally, liposomes of different lipid composition were generated by the help of an
extruder using 100 nm membranes and were spread onto the modified surface. A
gold substrate was used as a solid support allowing for the lipid bilayers to be

characterized by SPR or QCM-D.
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4.1.1 Formation of DSPE-PEG monolayer

DSPE-PEG was employed as a spacer molecule to tether the proximal lipid layer to
the DTSP modified gold surface thus providing good stability and preserving the
native liquid-crystalline state of the bilayer on the support. PEG is a hydrophilic
polymer that swells significantly in aqueous environments [28]. The swelling would
also cause an increase in the monolayer thickness [26] and this increase could be
monitored via surface plasmon resonance (SPR) as increase in optical thickness as
shown in Figure 4.1. Additionally, frequency change was observed by using quartz

crystal microbalance (QCM).

Optimum DSPE-PEG concentration providing the best conditions for tBLMs
formation by PC liposomes has been shown to be 0.03 mg/ml [45]. Because of that,
0,03 mg/ml of DSPE-PEG solution was used to investigate tBLMs formation of
different lipid compositions in this study.

The kinetics of monolayer formation of DSPE-PEG was very fast and saturated after
15 min. for SPR and after about 1 h. for QCM. The difference in time scale could be
explained by difference in injection mode and difference in cell chamber of SPR and
QCM-D. There was a change approximately 1250 pRIU in refractive index and -34
Hz in frequency. DSPE-PEG monolayer was not affected after rinsing by dH,O
(Figure 4.1).
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Figure 4.1: Change in SPR refractive index (A) and QCM-D frequency (B) versus
time demostrating the interaction of DSPE-PEG with DTSP covered gold surface to
form the second layer.
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4.1.2 The effects of percentage of PE on PC/PE liposomes

The adsorption behavior of zwitterionic PC and PC/PE liposomes onto DSPE-PEG
modified gold surface was investigated by SPR and QCM-D. For molecules
adsorbing to the sensor surface, thereby changing the local refractive index, the shift
of the resonance angle, is proportional to the surface concentration of the molecules
and is recorded in a sensorgram. The response remains constant if the interaction
reaches equilibrium. Change in SPR results were shown in pRIU (micro refractive

index unit) range.

The binding studies of zwitterionic PC/PE liposomes prepared in different
compositions shown in Table 3.1 and lipid bilayer formation was monitored in real-
time on DTSP covered gold slides by SPR. The lipid concentration was 0.02 mg/ml.

At least 2-3 experiments were performed for each data point.

It could be seen from Figure 4.2 that when the amount of PE increased on liposomes,
change in refractive index increased remarkably compared with PC liposomes
(except PE and 90PC/10PE liposomes). Change in refractive index indicated an

increase in the thickness due to binding of vesicles.

After the washing procedure, RI, reached a plateau within 50 minutes except for
10PC/90PE and PE liposomes. RI values for PC/PE ( 75/25, 50/50, 25/75 and 10/90)
liposomes reached approximately the same level (RIUp,= ~3800 pRIU) upon
incubation. However, 10PC/90PE liposomes were highly affected from washing step
(RIUg,= 1680 uRIU) and experiment lasted approximately 3 hours for the system to

reach a plateau.

Similar behavior was observed for PE liposomes: The signal was stabilized at 907
uRIU after rinsing and it lasted 2.5 hours. These values are significantly higher,

compared to tBLMs formation in PC liposomes studies which were optimized by our
group [45].

In this study, PC liposomes caused a maximum RI change of 2380 pRIU and after
rinsing RIUg, was found to be 1470 pRIU. Also, change in refractive index of
90PC/10PE was largely lower (RIUg,= 700 pRIU), compared to PC liposomes. All

different liposome compounds were affected after rinsing by buffer solution (PBS).
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Figure 4.2: Change in SPR refractive index versus time for the interaction of PC
and PC/PE liposomes onto the gold surface as a third layer. (A) shows RI changes up
to 3500 seconds and (B) shows the results in an extended time frame.

High refractive index results obtained by PE concentrations between 25 and 75%,
compared to PC liposomes showed that vesicle adsorbtion on the surface takes place
very rapidly but fusion of liposomes on the surface to form a bilayer on our DSPE-
PEG films was unsuccessful. High signal could be caused by multi-vesicle layer
formation on the surface. Additionally, it can be seen from the figure 4.2B that
further increase in PE concentration (10PC/90PE) affect the vesicle stability on the
surface, and there was a slow and continuous decrease in RI during the washing step,
which might indicate the loss of intact liposomes or water loss and bilayer formation
on the surface. Lower PE concentrations (90PC/10PE) had a completely different
behavior and it was comparable with that of pure PC liposomes. The reason for this
behavior might be the differences in interactions between liposomes constituted from
different lipid molecules, i.e. PC and PE: mixed liposomes might show higher
interactions with each other and formed multiple liposome layers. The flexibility of
the liposomes composed of different phospholipids is also different and rigidity also
affect liposome fusion. The other parameter is the interaction of different
phospholipids with the ions: PE lipid bilayers have been found to be influenced by
monovalent salt to a significantly lesser extent compared to PC bilayers. As a
consequence, PE lipids can form both intra- and intermolecular hydrogen bonds and
hence adopt a more densely packed bilayer structure [46]. All these differences might

contribute to the behavior difference of different liposomes.
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Interpretation of SPR data was also complemented with QCM-D analysis. More
information about the spreading of vesicles to form a tBLM can be obtained by
measurements with the QCM-D. QCM-D allows the discrimination between a mere
adsorption and the fusion of vesicles, as shown by Keller and Kasemo [5], by
following the change in at least two parameters. Frequency change (Af) is mainly
related to the change in mass, whereas dissipation is related to changes in

viscoelastic and rheological properties.

To determine adsorbtion behavior of PC/PE liposomes, PC liposomes was
investigated at first. For a quantitative comparison of the lipid deposition process, the
minimum in frequency, Afyin (-68,8+15 Hz), and the maximum in dissipation, ADyax
(14,6+1x10°°), were determined. Figure 4.3 demonstrates that after rinsing at a later
stage, shortly after the minimum in frequency and the maximum in dissipation are
reached, a considerable rearrangement of the surface-bound lipid material takes place
within minutes. In the absence of vesicles in solution, Af increased to -49+9 Hz and
AD decreased to 9+1x10°, indicating that the major part of adsorbed vesicular

material was transformed into bilayer patches.
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Figure 4.3: Change in QCM resonant (normalized) frequency and dissipation versus
time for the interaction of PC liposomes onto the gold surface.

By using a QCM sensor, a distinct decrease of the frequency during the adsorption of
vesicles was observed while the frequency decrease rapidly stopped in 3 hours in the

case of vesicle fusion (Figure 4.4 and Figure 4.5).
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Figure 4.4 shows QCM-D data for 75PC/25PE liposomes (Afg,= 76.7+4.3 Hz, ADgpn=
12+1x10° Hz, AD/Af= 1.13+0.4). Frequency and dissipation change of 75PC/25PE
liposomes was slightly higher than PC liposomes. There was almost no change in
frequency and a low decrease in dissipation values after rinsing. This could be
majorly attributed to the adsorption of intact liposomes to the surface, and minimal

vesicle loss from the during washing.
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Figure 4.4: Change in QCM resonant (normalized) frequency and dissipation versus
time for the interaction of 75PC/25PE liposomes onto the gold surface.

The adsorbtion of PE liposomes resulted in a frequency drop of about -56.2+10 Hz
and in dissipation increase to ~20+3x10° (Figure 4.5). The AD/Af value was
calculated as 1.7+0.4 Hz'. The adsorption saturated at a value that was affected by
rinsing. The increase in the Af values after rinsing probably indicate that while major
part of adsorbed vesicles remained intact, the minor part of adsorbed vesicular

material was transformed into multibilayer patches.
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Figure 4.5: Change in QCM resonant (normalized) frequency and dissipation versus
time for the interaction of PE liposomes onto the gold surface.
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It is known that a high viscoelasticity of bound analytes induces an increase in
dissipation. Moreover, AD/Af slope offers a meaningful knowledge about liposome
disruption and lipid bilayer generation [47]. Increasing AD/Af ratio states high
viscoelasticity of bound analytes [48]. In this case, AD/Af value was increased by the
addition of PE to PC liposomes. This increase shows that by adding more PE on
liposomes, the membrane became more rigid as revealed by the decrease of the
membrane fluidity. Since it is more difficult for membranes to fuse with each other

for bilayer forming, the amount of remaining intact liposome could increase [49].

Moreover, PE is known to exhibit a higher headgroup hydration than PC, which
should enhance a tighter packing of neighboring molecules [50]. The higher the
headgroup hydration (PE), the deeper the molecules embed themselves in the water
surface to the detriment of monolayer cohesion. Hence, PC headgroups induce better

lateral intermolecular forces between phospholipids [51].

4.1.3 The effects of percentage of PS on PC/PS liposomes

The binding studies of anionic PC/PS liposomes prepared in different compositions
shown in Table 3.1 was monitored in real-time on DTSP covered gold slides by SPR.
The lipid concentration was 0.02 mg/ml. At least 2-3 experiments were performed to

take data.

The Figure 4.6 shows a kinetic curve for surface plasmon optical recording. The
change in reflected intensity monitored at a fixed angle of observation as a function
of time rose by adding PS on liposomes. After rinsing, the end points of 90/10,
75/25, 50/50 and 10/90% of PC/PS liposomes indicated similarity and reached
approximately the same refractive index level (~ 2400 uRIU). 25PC/75PS liposomes
was not affected after rinsing and reached to 3500 pRIU.

PS liposomes showed markedly high refracrive index result which is 3025 pRIU.
These refractive index values do not fit in with tBLMs formation results.
Unfortunately, SPR results indicate that there was not tBLMs formation of anionic

PC/PS and PS liposomes.

29



:

—pC
m —Q0PC,/10P5
3500 \.\\ ~———75PC/25P5
—S50PC/S0PS
3000 - — 35 PC/TS5PS
e DPC /O0PS
2500 / P3
_g 2000
2 1500 l \-—-—_
t 1
£ 1000
e
500
[n} '% T T
fii} 1000 2000
-500 I
(A) Time (second) (B) Tﬂaﬂ 5000 80%0

Figure 4.6: Change in SPR refractive index versus time for the interaction of PC and
PC/PS liposomes onto the gold surface. (A) shows RI changes up to 2500 seconds
and (B) shows the results in an extended time frame.

PC/PS liposomes adsorbtion kinetic showed very similar adsorption-desorption
kinetics in SPR results. When the QCM results for these liposomes were examined
(later in the section), it could be seen that both AD and Af values were at least twice
fold more compared with PC/PE liposomes so multiple layers were probably formed
on the surface and this caused a thicker layer. The similarities in the results might be
caused by SPR exponential decay. The evanescent field determines the size of
macromolecules or particles which can be studied, as it is enhanced near the surface

and decays exponentially with distance away from it (Figure 4.7) [52].

Sample

Figure 4.7: The evanescent field of SPR.
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According to Figure 4.7, a thickness of 100 nm or below from the surface is ideal for
the studies, so when vesicles adsorbed as multilayers larger than that, the signal is
not linear and it would not reflect the amount of bound vesicles. Therefore, in our
study, multilayer vesicle adsorbtion might not be detected very efficiently by SPR
and because of this, the results from QCM-D technique was used to interprete the

surface characteristics.

According to the QCM-D results, the frequency change was 159+40 Hz and the
maximum dissipation shift for 75PC/25PS liposomes, ADyax= 42x10'6, was
remarkably high, resulting in a ratio between dissipation and frequency of
ADpax/Afmin= 2+1.5 10° Hz' (Figure 4.8). This was significantly more than bilayer
formation of PC liposomes (1.2+£0.6 10° Hz"). AD allows distinguishing between the
viscoelastic state of the adsorbed lipids: intact vesicles exhibit high dissipation while
bilayer (patches) show low dissipation [1]. After obtaining the plateau, a rinse was
performed and no change in frequency or dissipation was observed. Therefore, these

results represent the presence of intact multi-PC/PS liposomes layer on the surface.
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Figure 4.8: Change in QCM resonant frequency (normalized) and dissipation versus
time for the interaction of 75PC/25PS liposomes onto the gold surface.

Figure 4.9 illustrates the respective parameters during adsorbtion of vesicles of PS on
a DSPE-PEG monolayer. The binding process, which corresponds to an decrease of

-180.5+38.5 in frequency change (normalized) and an increase about 37,5x10° in
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dissipation, was complete within 10 hours. AD/Af value was calculated as 1.5+1 Hz
!. The adsorbtion of vesicles was not affected by rinsing. The lack of an abrupt
frequency (mass) or dissipation (rigidity) change, also high Af and AD values
indicate that the vesicles are stable, formed multi-vesicle layer and well adsorbed to

the surface [21].
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Figure 4.9: Change in QCM resonant frequency (normalized) and dissipation versus
time for the interaction of PS liposomes onto the gold surface.

Frequency and dissipation changes reported in the literature are considerably high
and differ from our studies. For example, in the study of Richter [1], lipid deposition
pathways measured by QCM-D on silica and supported lipid bilayer formation was
observed. 50DOPC/50DOPS liposomes have caused a decrease of -50 Hz in
frequency and an increase of 2.5x10° Hz™' in dissipation which indicate intact vesicle
adsorbtion on the silica surface. However, both the swollen DSPE-PEG layer and the
large vesicles are highly viscoelastic, the dissipation of energy should be much
higher than these systems. Moreover, the vesicle deposition in buffer exhibits a high

dissipation [53].

There might not be a strong enough driving force for the vesicles to spread on these
PEG films under PBS. Therefore, to induce lipid bilayer formation of 25PC/75PS
liposomes and to check their stability, 70% ethanol solution was used (Figure 4.10).
After rinsing with ethanol, a rapid decrease in refractive index was observed. When

the system reached a plateau, buffer solution (PBS) was passed through the surface
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to observe whether the system is stable or not. However, the refractive index
continued to decrease to the previous value (1000 uRIU), which indicates the DSPE-

PEG surface. In this case, the lipid molecules could not stay stable on the surface.
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Figure 4.10: SPR sensogram of 25PC/75PS liposomes rinsed by 70% of ethanol
solution.

In the literature, there are other methods to create lipid bilayers on solid substrates.
One of these methods was inspired from “painting method” in which lipids are
deposited onto hydrophobic surfaces from ethanol or an alkane solvent, such as
hexane or decane, and then exposed to water [54]. To reduce the surface energy that
arises from the interactions of the hydrophobic surface with water, the free lipids
self-assemble into an upper leaflet where the hydrophilic headgroups are exposed to
the water. In the study of Jeffrey C. Munro [29], they attempted to use a similar
driving force to deposit the bottom lipid leaflet. They have demonstrated that bilayer
regions on the DSPE-PEG-PDP films can be created with a range of tethered lipid
densities from 0.1 to 6 mol % by using this method. After chemisorption of the PEG
films to the gold surface, egg-PC lipids were physisorbed on the PEG films from a
hexane solution. Finally, vesicles were adsorbed and fused to the sample in an
aqueous environment, resulting in tethered lipid bilayers. However, fluorescence
microscopy and electrochemical impedance spectroscopy measurements have shown
that the physisorbed lipid films deposited from the hexane solution are poorly
organized, and the mechanism of bilayer formation during the subsequent vesicle

fusion step is not fully understood [29].
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4.2 Effect of Liposome Size

In order to confirm whether liposomes size is important for the adsorption process on
this modified surface electrode, 90PC/10PE and 75PC/25PE liposomes were
prepared with a 50 nm membrane filter instead of 100 nm. As can be seen in Figure
4.11, decreasing the liposome size to 50 nm had negative effect on the adsorbtion
behavior of the liposomes on the surface. Even without rinsing the surface by PBS,
the adsorbed vesicles started to detach from the surface and the refractive index
continued to decrease to its previous value of 1500 uRIU, which indicates the DSPE-
PEG surface. This indicated that the vesicles could not interact with DSPE-PEG

layer and/or with each others efficiently to form a stable layer on the surface.
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Figure 4.11: Change in SPR refractive index versus time for the interaction of
PC/PE liposomes, which are formed by 50nm membrane, onto the gold surface.
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5. CONCLUSIONS AND RECOMMENDATIONS

Tethered bilayer lipid membranes (tBLMs) are important development that provides
the biomimesis of lipid bilayer membranes. tBLMs also allow for the application of a

variety of surface analytical techniques.

In this study, the effect of liposomes with different phospholipids and different
compositions on tBLMs formation was evaluated with SPR and QCM-D.
Complemented results of SPR and QCM-D provide magnitude information about
adsorption properties of liposomes by the help of refractive index and frequency (Af)
and dissipation (AD) change values, respectively. Additionally, change in AD/Af
slope provides to determine viscoelastic properties of formed bilayer or vesicles on

the surface.

According to the SPR and QCM-D results, presence of either PE or PS on liposome
composition affects tBLMs formation on the surface. PE had an effect on fluidity of
PC liposomes. While adding PE on PC liposomes, the membrane became more rigid,
it is more difficult for membranes to fuse with each other for bilayer formation, and

this causes that the amount of remaining intact vesicle increase.

By adding PS on PC liposomes, a significant increase in refractive index and
dissipation indicates multi-vesicle layer formation on the surface. Moreover, rinsing
the surface by 70% of ethanol after adsorption of 25PC/75PS liposomes was

unsuccessful to rupture vesicles and induce bilayer formation.

Besides all these, the effect of vesicle size was also investigated. Liposomes prepared
with a 50 nm diameter membrane filter instead of 100 nm was shown to be washed

off easily from the surface without forming a bilayer.

Information about the adsorbed material obtained by QCM-D and SPR
measurements can be insufficient to determine a small fraction of prematurely
ruptured vesicles [53]. Therefore, complementing studies like liquid atomic force
microscopy (AFM) may be performed to provide direct evidence that gold surface

can be covered with vesicles or bilayer patches.
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In conclusion, the phospholipid content of liposomes has a great impact on the
behavior of liposomes and different parameters like the size, fluidity and interaction
with different ions affect this behavior. Since the cell membrane of different tissues

have different compositions, these parameters should be investigated in more detail.
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APPENDIX A

Laboratory Equipment

Pipettes (Eppendorf 10ul, 100 pl, 1000 pl, 2500 pl, 5000 ul)

pH meter (Hanna Instruments, HI 9124)

Magnetic stirrer (Cole-Parmer, Stable Temp)

Bath Sonicator (Transsonic TP 690)

Vortex (Heidolph, REAX top)

SPR (Reichert SR7000)

QCM-Z500 (KSV Instruments)

Tubing (Tygon, SC0060; R3607)

Peristaltic pomp

Filter Support (10mm Filter Supports, 610014 Avanti Polar)

PC Membranes (0.1um Polycarbonate Membranes, 610005 Avanti Polar)
QCM slides (Q-Sense, Sweden)

SPR slides

Mini-Extruder (Avanti Polar Lipids/Hamilton Company, 610017)
Extruder membranes (Whatman, Nuclepore Track-Etch Membrane 0.1 um,

800309)
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APPENDIX B

Chemicals
PC (Sigma-Aldrich)
PE (Avanti Polar Lipids)
PS (Avanti Polar Lipids)
PBS (Phosphate buffered saline)

- 1.78 g Na2HPO4.2H20

0.27 g KH2PO4

- 0.20 gKCl

- 8gNaClin 1 liter

- Adjust pH 7.4 with HCI or NaOH
Ethanol (Sigma, 32221-SL)
Isopropanol (Sigma, 24137)
Sodium Chloride
Potassium Chloride
Sodium Hydroxide
Hydrochloric Acid
Potassium Dihydrogenphosphate (KH2PO4)
Disodium Hydrogen Phosphate Dihydrate (Na2HPO4.2H20)
Chloroform
SDS (sodium dodecyl sulfate)
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