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INVESTIGATION OF THE EFFECT OF DIFFERENT ORGANIC
SOLVENTS ON SOLID SUPPORTED LIPID BILAYERS VIA ATOMIC
FORCE MICROSCOPY

SUMMARY

Biological membranes are selectively permeable systems which cover surfaces of
living cells, and provide transfer of molecules between intracellular and extracellular
regions. Due to their complex structure and their duties on the cell, it is really difficult
to observe them in their biological environment. Therefore, those structures should be
isolated from each other to observe each individual component of the membranes.
Those isolated membranes and the components of these membranes should also be
stabilized on an arbitrary surface to analyze them in detail.

Model membrane systems (artificial lipid membranes) have been developed to
increase their reviewability. Studies on artificial lipid membranes are vital topic for
understanding intermolecular interactions and discovering possible biotechnological
applications in future.

Artificial lipid membranes are getting significant attention by researchers due to their
uniqueness, and their usability in fundamental and applied research. Surface supported
biomimetic lipid layers are very crucial systems which allow to investigate the
fundamental functions of lipid and protein molecules. Those systems have been
utilized for a model to investigate the molecular delivery, the results of enzymatic
catalysis experiments, and the cell adhesion extensively. Nowadays, drug-screening
platforms, which use membrane as a base, could be considered as possible practical
application of those systems.

Atomic force microscopy (AFM) is a powerful tool to characterize the surface within
nanoscale. It can be used in different medium like in liquid, vacuum or air. As used in
the liquid medium, it has grown into an important provider to physiological and
biological cell research. A thin needle is incorporated into AFM systems and through
that needle, the surface is scanned and its topography is attained.

Understanding the mechanisms ruling the biomembrane’s resistance to solubilization
by organic solvents are crucial in biochemical research. In this thesis, the AFM
imaging used to visualize the actions of a model supported lipid bilayer in the presence
of different organic solvents at two different concentrations. AFM provides a unique
tool to monitor the nanostructure of supported lipid bilayer membrane (SLBs) in their
physiological conditions. It can probe the real-time events, like dissolution process of
lipid bilayers.

Xix



The composition of SLBs on the mica surface and deformation /desintegration of SLBs
by organic solvents were observed by AFM. Ethyl alcohol (EtOH), isopropyl alcohol
(IPA), chloroform and acetone (ACE) were used in this study. In order to observe the
effects of solvents on lipid membranes, each organic solvent was used at two different
concentrations (10% and 25% v/v) and results were obtained by AFM.

In this study, single type phospholipid, phosphatydylcholine (PC), was used.
Constructed bilayer was in the liquid phase at room temperature and it was observed
that sweeping out the movement of lipids within the membrane was possible by
scanning probe (Cantilever). In order to compose the PC lipid membrane, liposomes
were produced by thin lipid/extrusion approach, and then, they were transferred on the
mica surface where the lipid bilayers were formed, and analyzed with AFM.

During the analysis of mica surface by AFM, many challenges were faced. Firstly, due
to the rapid evaporation of some organic solvents, such as chloroform, liquid volume
and concentration of the medium changed, which led to the deviation and shift in laser
position on the photodetector. Therefore, any effect of chloroform on bilayer
desintagration could not be observed. This problem might occur due to the sudden
evaporation of chloroform which leave PBS, a non-solvent of lipids, in the medium.

In conclusion, in this study, the composition of supported lipid bilayer on mica surface
and also its desintagration/dissolution by organic solvents were monitored, step by
step. Conducted analysis during this research revealed that, while some of the organic
solvents had more pronounced effects on dissolution of supported lipid bilayer, others
had no significant effect.
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FARKLI ORGANIK COZUCULERIN YUZEY DESTEKLI LiPIiT
KATMANLAR UZERINE ETKILERININ ATOMIK KUVVET
MIKROSKOBU iLE ARASTIRILMASI

OZET

Biyolojik membranlar, canli hiicrelerin dis yiizeyini saran, segici gegirgen, hiicre igi
ve dist arasindaki iletisimi saglayan 6zel bolgelere sahip membran sistemleridir.
Biyomembranlarin bu karmasik yap1 ve gorevlerinden dolayr kendi biyolojik
ortamlarinda incelenmesi olduk¢a zordur. Dolayisi ile, membran veya membran
bilesenlerinin incelenebilmesi i¢in bu yapilarin izole edilmis olmasi1 gerekmektedir.
Izole edilen membran veya bilesenlerinin incelenebilmesi ve analizlerinin
yapilabilmesi icin bazi yiizeylere sabitlenmesi gerekebilmektedir. Iste bu noktada
membranlarin incelenebilir olmasi i¢in model membran sistemlerinin (yapay lipid
membran) gelistirilmesine ihtiya¢ duyulmustur. Yapay lipid membran g¢aligmalari,
biyolojik zarlarin yapisinda yer alan molekiiler olaylari kavramak ve olasi
biyoteknolojik uygulamalar kesfetmek i¢in biiyiik 6nem tagimaktadir.

Yapay lipit membranlar benzersiz 6zellikleri nedeniyle, her gegen giin daha fazla ilgi
cekmekte olup, temel ve uygulamali aragtirmalarda kullanilmaktadir. Yiizey destekli
biyomimetik lipid katmanlar; biyolojik membranlar ve onlar1 olusturan lipid ve protein
molekiillerinin temel 6zelliklerini arastirmak i¢in énem arz eden model membran
sistemleridir. Bu sistemler, yaygin olarak biyolojik membranlarin 6zelliklerinin
incelenmesi, molekiillerin taninmasi, enzimatik kataliz deneyleri, hiicre yapigmasi ile
ilgili islemlerin 6zelliklerini arastirmak i¢in bir model olarak kullanilir. Ayrica son
zamanlarda membran proteinlerini temel alan ilag goriintiileme platformlar1 olusturma
gibi ¢ok sayida pratik uygulamanin olabilirligini de bizlere sunmaktadir.

Atomik kuvvet mikroskobu (AKM), yiizey goriintiileme ve karakterizasyonu igin
gelistirilmis ¢cok Onemli bir aragtir. AKM; hava, sivi, vakum ortami gibi ¢esitli
ortamlarda kullanilabilir. AKM yontemi yalitkan 6rneklerin 6zelliklerini bozmadan
inceleyebilmeye olanak saglayan yontemlerden biridir. AKM ile Ornekleri sivi
ortamda incelemek mimkiindiir. Sivi ortamda kullanilabilmesinin biyolojik
aragtirmalar bakimindan 6nemi oldukga fazladir. Ciinkii bu yontem, biyolojik yapilarin
kendi fizyolojik ortamlarindaki aktivitelerinin yiiksek ¢oziiniirliikte incelenmesine
olanak saglayan tek yontemdir. Son gelismelerle birlikte yiliksek kuvvet hassasiyeti ile
yiikksek hizda ortami 3 boyutlu olarak analiz etmek AKM yontemi ile mimkiin
olmaktadir. Ayrica AKM yontemi ile biyolojik molekiillerin dinamik yap1 degisimini
ve etkilesimlerini incelemekte miimkiindiir. AKM y6nteminin bu 6zellikleri nedeniyle
stv1 ortamda biyolojik yapilar inceleyen bilim insanlarini heyecanlandirmaktadir.
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AKM tekniklerinde, sivri bir igne bulunur ve bu igne ile yiizey taranarak yiizeye ait
topografi ve cesitli 6zellikler (iletkenlik, esneklik, 3 boyutlu goriintii vb.) elde edilir.

AKM ignesi yiizey iizerinde gezdirildiginde Ornek yilizeyi topografisindeki
degisiklikler, fotodedektor sensdrde elde edilen sinyalin degisimine sebep olur. AKM
tekniginde yiizey 1zgara (raster) tarama teknigi ile taranir. Yay ile yiizey arasindaki
etkilesim kuvveti sabit tutulacak sekilde sensor dikey olarak hareket ettirilir ve bu
hareket 2 boyutlu bir dizide tutularak her bir veriye karsilik renk degeri atandiginda 3
boyutlu yiizey topografi goriintiisii elde edilmis olur

Bu ¢alismada tek ¢esit lipit (fosfatidilkolin-PC) kullanilmistir. Kullanilan lipidin gegis
sicakligi (Tc) -10°C olup oda sicakliginda (22-24°C) sivi fazdadir. PC lipid
membranlarin olusturulmasinda, lipozom (100 nm) yapilar1 iceren tampon ¢ozeltisi,
ince lipit film/ekstriizyon yontemi ile iretildikten sonra mika yilizeyine transfer
edilmistir. Mika yiizeyine transfer edilen ¢ozelti, ylizeyde yiizey destekli lipid katman
(SLBs) yapilar olusturmus olup analizlerde kullanilmistir.

Bu c¢alismada, mika yiizeyinde SLBS membranlar olusturularak, bazi organik
coziicilerin SLBs membranlar iizerine etkileri incelenmistir. Mika ylizeyinde
olusturulan SLBs membranlarin tekrar organik ¢oziiciiler araciligi ile ¢oziinmesi
esnasinda ve sonrasinda AKM teknigi ile yiizey 3 boyutlu olarak goriintiilenmistir.
Deneylerde kullanilan organik ¢oziiciiler etil alkol (EtOH), izopropil alkol (IPA),
kloroform ve asetondur (ACE). Bu organik ¢oziiciilerin, yapay lipid membranlar
tizerine etkilerinin arastiritlmasinda her organik ¢oziicii i¢in farkli iki konsatrasyon
(%10 ve %25) denenmis olup deney sonuglart AKM ile gériintiilenmistir.

Calismalara ilk olarak SLBs membrane olusumunun goriintiilenmesi ile baglanmistir.
Lipozom igeren fosfat tampon ¢6zeltisi (PBS), temiz mika yiizeyine damlatildiktan
hemen sonra AKM mikroskobu ile mika yiizeyi taranmaya baglanmistir. Tarama 128
dakika boyunca siirmiis olup her 8 dakikada bir gotiintii alinmistir. Ik 48 dakika
boyunca yiizeyde herhangi bir SLBs olusumu gozlemlenmezken 64. dakika ile 88.
dakika arasinda taranan alanin hemen hemen tiimiiniin SLBs ile kaplandigi
goriilmiistiir. Tk 48 dakika boyunca mika yiizeyinde SLBs membran olusmamasimnin
iki farkli nedeninin olabilecegi diisliniilmektedir. Bunlardan biri, olusturulan
lipozomlari PBS igerisinde askida kaldig1 ve zamanla mika yiizeyine inerek yiizeyde
SLBs membran olusturdugu fikri, digeri ise tarama esnasinda AKM ignesi ve mika
yiizeyindeki etkilesimden dolayi tarama alaninda SLBs membran olusum siirecinde
AKM ignesi ile tekrar siipiiriilerek ylizeyden atilmasi fikridir. 48. dakikadan sonraki
zaman diliminde ise yiizeyde fazla miktarda lipozom yapisinin par¢alanmasi dolayisi
ile SLBs membran olusumu s6z konusu olmustur.

Mika yiizeyinde SLBs membran olusumu esnasinda goriintiilleme yapilmasinin
ardindan organik ¢oziiciilerin (EtOH, IPA, kloroform ve ACE), SLBs membran
¢cozlinmesi lizerine etkileri ayr1 ayr arastirildi. Bunun i¢in her deneyde ilk olarak mika
yiizeyinde SLBs membran olusup olusmadigi AKM ile goriintiilendi. Yiizeyde SLBs
membran olusumunun goriilmesinin ardindan ortama her deney igin ayri
konsatrasyonda organik ¢oziicii (%10 ve %25) eklenerek yiizeyler tarandi.

AFM ile mika ylizeyindeki lipidlerin analizi sirasinda bir¢ok problem ile
karsilagilmistir. Bunlarin basinda, fosfat tampon ¢ozeltisi (PBS) igerisine eklenen
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organik c¢oziiciilerin tarama esnasinda buharlasmasi sonucunda, sivi ortamin
yogunlugu siirekli degiserek lazer 1s1831nda sapmalara/veya kaymalara neden olmustur.
Bu da alinan goriintiilerin kalitelerini etkilemistir.

Bu ¢alismada mika yiizeyinde olusturulan SLBs membran yapilar1 bazi deneylerde
hemen hemen tiim mika yiizeyini tamamen kaplarken bazi deneylerde ise adaciklar
halinde mika ylizeyini kapladig1 gériilmiistiir. Bu durumun nedeni arastirildiginda bos
mika ylizeyindeki alt etki alanlarinin veya delik/defektlerin olmasindan dolay1
adaciklar halinde SLBs membran yapilarin olustugu goriilmiistiir.

Organik ¢oziiciilerin SLBs membranlar1 ¢ozme mekanizmalari; fosfolipid molekiilii
temel yapisinda bulunan su seven (hidrofilik) bas ve su sevmeyen (hidrofobik)
hidrokarbon zinciri ana gruplar1 arasina girerek, bu aradaki etkilesimi kesmesi
sonucunda SLBs membranda yapisal bir bozuklugua neden olarak organik ¢oziicii
i¢erisinde ¢oziinmesi seklindedir.

Sonug olarak, bu calismada, lipozomlarin mika yiizeyinde SLBs olusturmasi ve
organik solventler ile ¢6ziinmesi adim adim goriintiilenmistir. Yapilan analizler
sonucunda bazi organik solventlerin SLBsS ¢dziinmesi lizerine ¢ok etkili oldugu
gorilmustiir.

Yapilan bu c¢alisma neticesinde organik ¢oziiciilerin SBLS membran yapilar tizerinde
etkili oldugu gorilmiistiir. Kloroformun PC ¢6ziinmesi tizerinde etkili bir ¢oziicii
oldugu bilinmesine ragmen bu ¢alismada, kloroformun etkileri eklenen ¢6ziicliniin
ortamdan hemen buharlasmasi veya PBS igerisinde ¢6ziinememesi nedeniyle
kloroform-SLBs etkilesiminin olmamasindan dolayr gozlenememistir. Diger {i¢
organik ¢oziicii (ETOH, IPA, ACE) incelendiginde, her ii¢ ¢6ziiciiniinde SBLS
¢oziinmesi tizerinde ¢6zme etkisinin oldugu gorilmistiir.

Yapilan analizler sonucunda SLBs ¢0zlinmesi {izerine en etkili organik ¢oziicii ACE
olup en az etkiye sahip ¢oziiciiniin ise EtOH oldugu goézlemlendi. Kloroform PC
molekiiliinii ¢c6zen temel ¢oziiciilerden biri olmasina ragmen kloroformun etkileri ise
gbzlemlenemedi.
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1. INTRODUCTION

Nanotechnology is a multidisciplinary field, that covers a vast and diverse array of
devices from physics, engineering, biology, and chemistry (Sahoo et al., 2006). It is
the procedure of controlling matter at the scale of atom and particles (Drexler et al.,
1986). In 1974, Norio Taniguchi utilized the expression "nanotechnology” surprisingly
while portraying an ion sputter machine. The expression "nano"” was initially came

from Greek word.

Nanotechnology works with materials, devices, and other structures with at least one
dimension sized from 1 to 100 nanometres. Nanometer is defined as one billionth of a
metre that is equivalent to the length of ten hydrogen atoms. Nowadays
nanotechnology has a global interest. As mentioned in environment and green nano,
the term nanotechnology embraces various fields and specialities including green

nanotechnology, wet nanotechnology, nanoengineering, nanobiotechnology.

The nanoparticle is structural and functional unit of nanotechnology. It is characterized
as a small object which behaves as a whole unit with respect to its transport and
properties. Particles are further classified into three group based on their diameter;
which are coarse particles (10,000-2,500 nm), fine particles (100-2500 nm) and
ultrafine particles (1-100 nm) (Granqvist et al., 1976). For example, liposomes are a
form of nanoparticles prepared from phosphatidylcholine (PC) and PC is classified as
fine particle.

The phospholipids are the main components of all cell membranes. They form lipid
layers. Phospholipids are a kind of lipid mainly consisting of diglyceride and
phosphate group. The structure of the phospholipid molecule consists of hydrophilic
head and hydrophobic tails. Phosphatidylcholine from egg yolk was the first
discovered phospholipid. Other common phospholipids are phosphatidic acid,
phosphatidyethanolamine, phosphatidylserine, phosphoinositides, etc. Phospholipid
synthesis is formed in the cytosol which is adjacent to endoplasmic reticulum (Fahy et
al., 2009).



The narrative of achievement of liposomes was started by Bangham and his coworkers
in the mid 1960s. They observed that smears of egg lecithin responded with water to
frame entirely amazing structures. They were dissected by electron microscopy
demonstrating that a huge number of vesicles were shaped suddenly. These pretty
much homogenous lipid vesicles were initially called smectic mesophases (Bangham,
1972). Later on, a partner of Bangham termed them liposomes (Sessa and Weissmann,
1968).

Liposome is an artificial microscopic single vesicle, consisting of an aqueous core
enclosed in one or more phospholipid layers. They are used for drug delivery sytems,
gene delivery, convey vaccines, enzymes etc. to target cells or organs (Lawerence et
al., 1986). Liposomes are a form of nanoparticle prepared from phosphatidylcholine.

They are microscopic/nanoscopic and concentric bilayered vesicles.

Purpose of Thesis

This study is focused on the development of Atomic Force Microscopy (AFM)
methods to investigate the supported lipid bilayers (SLBs) with different organic
solvents during the formation and deformation. These biological structures (SLBs)
have found wide application area as models of cellular membranes. They consist of
phospholipid molecules that can be self organise into bilayer structures containing
phase-separated microdomains, which play an important role in many biological
processes. SLBs are well defined and stable under a variety of conditions, allowing

characterisation with a broad range of physical methods.

Liposomes are now most clinically established nanometer scale delivery systems by
the outstanding profile over the other systems due to their biocompatibility,
biodegradability, reduced toxicity and capacity for size and surface manipulations (Al-
Jamal and Kostas, 2007).

Biological membranes are crucial in cell life as being selectively permeable barriers
and having special sites of communication between the inside and outside of the
cellular worlds. Because of the complexity of biomembranes, there is a clear need to
develop model membrane systems, where one or a few membrane components can be
isolated and studied. Therefore, artificial lipid membrane studies are crucial to

comprehend the molecular events taking place at biological membranes and to explore



possible biotechnological applications. These studies must sustain the structure,
fluidity of the lipid bilayer and the physiological reality, as well as the structure and

function of reconstituted membrane proteins (Richter et al., 2003; Volker et al., 2008).

The current knowledge of the molecular processes occurring at biological membranes
mainly based on the studies with the biological membrane models including
liposomes, giant vesicles in solution, lipid monolayers, black lipid films, lipid bilayers

between two aqueous phases and solid supported membranes (Richter et al., 2003).






2. BACKGROUND INFORMATION

2.1 Cells & Biological Membranes

All living organisms consist of cells and they are surrounded by a membrane. The
membranes physically separate the interior components of the cell from its
environment. Single cell organisms, which are arguably the smallest units of life,
include bacteria and achaea, while multi cellular organisms, such as plants and
animals, consist of billions of cells. The shape, size and composition of cells vary
according to their function, but one ubiquitous structure is the plasma membrane.
Plasma membranes consist of different phospholipids arranged in a bilayer, which
encapsulates the cytoplasm. In eukaryotic cells, the cytoplasm contains different
functional sub compartments known as organelles. The bilayer matrix of the plasma
membrane contains vital components such as cholesterol as well as integral proteins.
Additionally, the surface of some plasma membranes are decorated with glycolipids
and glycoproteins that are involved in a variety of cellular processes such as cell
adhesion, cell signalling and ion conductivity. Thus, the plasma membrane is a quite
complex system, a “mosaic” of different molecules, and owing to lateral fluidity of the

bilayer matrix it is commonly referred to as a” fluid mosaic”.

The lipid membrane, consists of a double layer of lipids, known as a phospholipid
bilayer. It separates and protects the cell from its surrounding environment (Singer and
Nicolson, 1972). Lipids are hydrocarbon containing organic compounds and there are
two types, saturated and unsaturated. When combined in a bilayer, these different types
of lipids organise themselves into phase separated areas known as microdomains
(Edidin, 1997). These regions play a central role in the workings of a cell membrane.
They feature in many biological processes, have been associated with membrane
proteins. They are possible entry points for toxins (Simons and lkonen, 1997;
Engelman, 2005). For this reason, it is a great interest to study the properties of

different lipids and learn more about their form.



2.2 Phospholipids & Lipid Bilayers

Phospholipids are a kind of lipids which are a major component of all cell membranes.
Due to their amphiphilic characteristic, they can form lipid bilayers. The structure of
the phospholipid molecule generally incorporates into two hydrophobic fatty acid
"tails" and a hydrophilic phosphate "head", joined together by a glycerol molecule.
The phosphate groups can be fitted with simple organic molecules such as choline
(Figure 2.1).
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Figure 2.1 : Chemical structure of some neutral phospholipids

(Adapted from Sweetenham, 2011).

In the case of phospholipids, the ‘head’ contains a negatively charged phosphate group
and glycerol making it highly polar and hydrophilic. Conversely, the ‘tail’ is very
hydrophobic and usually consists of two long fatty acid chains. The tails are repelled
by water and forced to aggregate. These specific properties allow phospholipids to
play an important role in the phospholipid bilayer. In biological systems, the
phospholipids often exist with other molecules (e.g., proteins, glycolipids, sterols) in

a bilayer such as a cellular membrane.

Forces such as van der Waals, electrostatic, hydrogen bonds and non-covalent

interactions all contribute to the formation of a lipid bilayer. However, hydrophobic
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interactions are the major driving force in this process. The assembly of a lipid bilayer
under these interactions gives the cellular membrane its protective nature. The
arrangement of hydrophilic ‘heads’ and hydrophobic ‘tails’ in a lipid bilayer means
that it has very low permeability for ions and most polar molecules. It prevents many
polar solutes such as amino acids, nucleic acids, carbohydrates, proteins and ions from
diffusing across the membrane, whilst allowing the passive diffusion of small
hydrophobic molecules. This gives the cell the ability to regulate the movement of
these substances via transmembrane protein complexes such as pores and gates. The

fluidity of the bilayer means that these structures are free to move about laterally.

The most typical natural phospholipid is the phosphatidylcholine (PC), which is an
amphipathic molecule, and isolated mostly from animal (chicken egg yolk). Its
primary role is to provide a structural framework for the membrane and maintain the

permeability barrier with some other proteins. It also plays a role in cell signaling.

Supported lipid bilayers (SLBs) provide a biologically relevant model for cell
membranes. The ability to manipulate and modify the makeup and environment of
these lipid structures enables a fair representation of the cellular system being depicted.
Recently, SLBs have became a ‘hot topic’ for scientific research. It has been studied
with a wide variety of microscopy and spectroscopy methods. On the other hand, the
physical and chemical properties of lipid bilayers and microdomains are still unclear
(Engelman, 2005).

2.2.1 Investigation of SLBs

One of the foremost techniques used for sample characterisation in a range of research
fields is atomic force microscopy (AFM). The AFM can measure atomic forces
between a probe and surface to provide high resolution images and mechanical
information at the nanoscale. AFM has been used extensively to analyse lipid bilayers
(El Kirat et al., 2010). It has been used to visualise the formation of SLBs from vesicles
(Schonherr et al., 2004) and study their structure and stability (Hui et al., 1995)
mechanical (Steltenkamp et al., 2006; Schneider et al., 2000) and electrical properties
(Jeuken, 2008). AFM has been used to monitor the inclusion of biomolecules and
proteins (Kumano et al., 2010) and the effect of external agents (Dekkiche et al., 2010).
A number of studies have also focused on the existence of microdomains (Giocondi et

al., 2010). Electron microscopy techniques such as scanning electron microscopy
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(SEM) and transmission electron microscopy (TEM) have also been used to image
SLBs (Lee et al., 2002) often combined with other methods such as AFM (Ruspantini
et al., 2001). However, these microscopy techniques offer no chemical specificity. On
the other hand, mass spectrometry has been employed to analyse the chemical
composition of lipid bilayers (Hebling et al., 2010; Gunnarsson et al., 2010), but this
requires invasive procedures. Nuclear magnetic resonance (NMR) spectroscopy is
often used to investigate the structure of lipid bilayers and also their interaction with
proteins (Lee et al., 2008).

2.2.2 Self organization of biomimetic membranes

Due to the amphiphilic nature of phospholipid molecules, a fast and automatically
association of the molecules occur when they are transferred into a watery solution.
Thus, when they are put in water or water based solution, phospholipids spontaneously
arrange to point that their ‘tails’ inwards to water and their ‘heads’ outwards from the
water, so that a membrane is formed. That self-organization of the phospholipids
results in the formation of the bilayer structure (Figure 2.2) (Gazit, 2007).
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Figure 2.2 : The formation of liposome membranes by the self-assembly of
phospholipids in agueous solution.

2.3 Lipid Vesicles

In a watery system, depending on the concentration, chemical structure and
experimental conditions of the lipid, clusters of lipids form monolayer, micelle, lipid
bilayer and liposome structures. Phospholipids with two or more alkyl chains do not
form micelles but organize into bilayer structures. Liposomes are artificial lipid
vesicles defined as lipid bilayers surrounding one or more internal aqueous

compartments (Figure 2.3) (Zhang and Guihua, 2011).



. Monolayer: A single layer film of lipids at an air-water interface formed by
compression in a Langmuir-Blodgett (LB) trough (a);

. Micelle: A colloid of lipids in an aqueous suspension that is hydrophilic on the

outside and hydrophobic on the inside (b);

. Bilayer: The natural, energetically-favoured form that lipids take in an aqueous

environment (c);

. Liposome, or Vesicle: The spherical form of a bilayer with an aqueous core

(d).
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Figure 2.3 : Different arrangements of phospholipids

(a) Monolayer, (b) Micelle, (c) Bilayer, (d) Liposome or vesicle (not to scale)
(Adapted from Sweetenham, 2011).



2.3.1 Liposome preparation

Altough there are many different properties of lipid formulations, depending on the
composition (cationic, anionic, neutral lipid species) (Table 2.1), same preparation
method can be used for all lipid vesicles in any case of composition. The general
elements of the procedure involve preparation of the lipid for hydration, hydration with
agitation, and sizing to a homogeneous distribution of vesicles (URL-1).

Liposomes can be prepared with a diversity of phospholipids (natural, modified or
synthetic). The most widely wused lipids are phosphatidylcholine (PC),
phosphatidylethanolamine (PE) and phosphatidylserine (PS). They are used either
individually or in combination with cholesterol. Cholesterol allows the close packing
of phospholipids in bilayers even above the transition temperature (Tc). It also reduces
the permeability by filling up the holes or disruptions of the bilayers to the
encapsulated compounds. Cationic lipids, like stearylamine, are usually used in order
to introduce a surface charge to the liposomes (Vasant and Ranade, 2004).

Table 2.1 : Some of the lipids used in vesicle preparation (Wagner, 2011).

Positively charged | 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP)

(Anionic) 1,2-di-O-octadecenyl-3-trimethylammonium propane (DOTMA)

Phosphatidylserine (PS)

Negatively charged | Phosphatidylinositol (PI)

(Cationic) Phosphatidylglycerol (PG)

Phosphatidic acid (phosphatidate) (PA)

Phosphatidylcholine (PC)

Phosphatidylethanolamine (cephalin) (PE)

Neutral 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC)

Dipalmitoyl phosphatidylcholine (DPPC)

1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC)

There are many different methodes for the preparation of liposomes. The methodes

can be classified into three main groups (Table 2.2). Further methods, such as freeze
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thawing, freeze drying, and extrusion, are all based on preformed vesicles (Andreas
and Karola, 2011).

The lipid film method is still the easy method for the liposome formation but it is
limited because of its low encapsulation efficiency. In this method, phospholipids
dissolved in hydrophobic organic solvent. Usually this process is carried out using
chloroform or chloroform: methanol mixtures. The solvent is removed to yield a lipid
film. After production of dried thin lipid film layer, it must be rehydrate again. The
hydration of the dry lipid film is accomplished simply by adding an aqueous medium
to the container of dry lipid and agitating the lipid film. So that “onion-like” (OLV),
larger micron-scaled multilamellar vesicles (LMV) are formed. These “multi-walled”
structures can be transformed in to small unilammelar vesicles (SUV) of single
bilayers with sizes that range from few hundreds of nm to 50 nm, upon sonication or
extrusion (Figure 2.4) (Gazit, 2007).

Table 2.2 : Liposome preparation methods (Wagner, 2011).

Method Vesicles

Mechanical methods

Vortex or hand shaking of phospholipid dispersions MLV

Extrusion through polycarbonate filters at low or | OLV, LUV
medium pressure

Extrusion through a French press cell “Microfluidizer” | Mainly SUV
technique

High-pressure homogenization Mainly SUV

Ultrasonic irritation SUVv

Methods based on replacement of organic solvent(s) by aqueous media

Removal of organic solvent(s) MLV, OLV, SUV

Use of water-immiscible solvents: ether and petroleum | MLV, OLV, SUV

Ethanol injection method LUV

Ether infusion (solvent vaporization) LUV, OLV, MLV

Reverse-phase evaporation

Methods based on detergent removal
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Gel exclusion chromatography SUV

“Slow” dialysis LUV, OLV, MLV

Fast dilution LUV, OLV

Other related techniques MLV, OLV, LUV, SUV

In ultrasonication method, aqueous dispersion of phospholipids is disrupted with an
either bath or a probe sonicator. This procedure will usually yield SUVs with diameters
down to 15-25 nm. Similar to the ultrasonication methods, homogenization techniques
have been used to reduce the size and number of lamellae of multilamellar liposomes
(Andreas and Karola, 2011).
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Figure 2.4 : Operation and production steps to generate various types of liposomes.

Extrusion technique is the most prominent scalable downsizing method. With this
methode the lipid suspension is forced through a polycarbonate filter with a defined
pore size to yield uniformed particles. As it is in all procedures for downsizing LMV
dispersions, the extrusion process should be done at above the transition temperature
(Tc) of the lipid. Below Tc, the lipids have a tendency to form crystalline structures
“gel phase” that cannot pass through the membrane pores. Extrusion through filter
membrane with 100 nm pores typically yields large, unilamellar vesicles (LUVs) with
a mean diameter of 120-140 nm. Mean particle size also depends on lipid composition
(Figure 2.5) (URL-1).
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Figure 2.5 : Downsizing of liposomes by extrusion method.

A common practice is to subject MLVs to freeze-thaw cycles prior to extrusion, which
increases the proportion of unilamellar vesicles in preparations. The freezing and
thawing cycle has been shown to cause internal lamellae of MLVs to separate and to
vesiculate. This cycle probably decreases the number of closely associated bilayers
forced through pores together, thus reducing the formation of oligolamellar vesicles
(Gregory, 2007; Kilic, 2012).

2.3.2 Liposome classification

Liposomes can be characterized based on their size, lamellarity, lipid creation, surface

charge and usefulness. In this study, one of them is specified.

Based on their size and lamellarity

The liposome sizes can be varying between 25 nm to few micrometers. The thickness
of a single lamella is around 4 nm. Multivesicular vesicles (MVVs) carry several
smaller liposomes inside one big vesicle. Multilamellar vesicles (MLVs), in an “onion-
like” arrangement consists of several (up to 14) lipid layers separated from one to
another by a layer of aqueous solution. These vesicles are more than hundred
nanometers in diameter. Small unilamellar vesicles (SUVs) are surrounded by a single
lipid layer and they are 25-100 nm in diameter. Large unilamellar vesicles (LUVS)
include very heterogenous group of vesicles as like the SUVs. These are surrounded
by a single lipid layer. The diameter of LUVs is very extensive, from 100 nm up to
cell size (giant vesicles) (Figure 2.6) (Zhang and Guihua, 2011; Kozubek et al, 2000).
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Figure 2.6 : Liposomes with different size and number of lamellae.

2.3.3 The applications of liposomes

Liposomal vesicles are prepared from various lipid types. The discovery of liposomes
leads the scientists to use them as cell membrane models. Also, the ability of liposomes
to encapsulate hydrophilic solutes in their internal aqueuos spaces and/or incorporate
the hydrophobic molecules within the lipid bilayer was led to the idea of loading and
carrying antitumor/antifungal/antimicrobial drugs, genes, enzymes, proteins, vitamins,
vaccines, as well as imaging agents into liposomes or polymers or targeting ligands
(e.g. antibodies) on their surface (Kozubek et al., 2000; Al-Jamal and Kostas, 2007;
Al-Jamal and Kostas, 2007).

Liposomes are now most clinically situated nanometer scale delivery systems by the
selected profile over the other systems due to their biocompatibility, biodegradability,
reduced toxicity and capacity for size and surface manipulations (Al-Jamal and Kostas,
2007). They are appealing delivery mechanisms in a number of useful applications.
They are especially useful for increasing the lifetime of drugs in the blood, targeting

and delivering very potent and very toxic drugs to given target locations (David, 2004).

2.4 Biomimetic Lipid Membranes

Biological membranes are essential in cell life as being selectively permeable barriers.
The membranes having special sites for communication between the inside and outside
of the cellular worlds. Due to the complexity of biomembranes, model membrane
systems must be developed. Hence, artificial lipid membrane studies are crucial to

understand the molecular events taking place at biological membranes and to explore
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possible biotechnological applications. These studies must sustain the structure,
fluidity of the lipid bilayer and the physiological reality, as well as the structure and

function of reconstituted membrane proteins (Richter et al., 2003; Volker et al., 2008).

The current knowledge of the molecular processes occurring at biological membranes
are mainly based on the studies with the biological membrane models including
liposomes, giant vesicles in solution, lipid monolayers, black lipid films, lipid bilayers
between two aqueous phases and solid supported membranes (Figure 2.7) (Richter et
al., 2003).

Figure 2.7 : Models of biological membranes.

(@) liposomes; (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.

Supported lipid bilayers (SLBSs)

SLBs are flat, two-dimensional and outspread bilayers of the same arrangement as
vesicles, that adsorbed on a solid surface such as mica, silicon, silicon dioxide,
polymer and quartz surface. SLBs are common studied membrane models which are
mimicking the cell membrane. They are formed spontaneously when liposomes in

solution encounter a solid and smooth surface like mica.
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When the liposomes reach the surface, they follow vary different pathways (Figure
2.8).

Adsorption is the first step for the consequent deformation of liposome (1). If
deformation is big enough, some liposomes might rupture (2-5) to form a continuous
lipid bilayer on the solid surface. Either vesicles can tear individually (2) or after
interaction with other vesicles (3, 4). After coalescence of bilayer patches, SLBs can

form a continuous bilayer (5).

The interaction conditions such as smoothness and charge of the solid support between

liposomes and solid support are important parameter for formation of SLBs.

Also the composition of the aqueous solution such as charge, size of the liposome pH
and ionic strength are important (Richter et al., 2003; Reimhult et al., 2009)

Supported lipid bilayers are highly stable so that long-term experiments are possible
with SLBs (Purrucker et al., 2001)

Figure 2.8 : Step by step formation of SLBs

(1) adsorption, (2-5) rupture of liposomes, followed by SLBs.

2.5 Atomic Force Microscopy for Analyse the SLBs

Atomic force microscope (AFM) is a characterization tool that is very useful to analyse
of materials and surfaces. It is a direct imaging tool for visualizing SLBs on a substrate.

Analyse of biopolymers is also implement by AFM successfully (Figure 2.9). Not only
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AFM technique could be used analyze of topographical changes but also determining
a range of biomechanical properties makes possible by using AFM. There has been a
great deal of interest recently in planar supported lipid bilayers as model systems,
compose of either single or multiple component lipids. It has different preparation
methods which are vesicle fusion (Dufrene et al., 1997; Seantier et al., 2008),
Langmuir—Blodgett and Langmuir—Schaefer deposition method (Petty, 1996; Picas et
al., 2010).
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Figure 2.9 : AFM images of plasmid DNA (left) and crossection of DNA (right).

In literature, there are two major approaches to work these systems with AFM. Firstly,
AFM imaging may be performed by scanning the AFM probe through the surface of a
lipid bilayer, which gives information about the topographical characteristics of the
supported lipid bilayer, For example, the lateral extent of domains, roughness and
height of patches relative to the substrate. After that, supplement of an effector
molecule of interest, the surface topography may be re-assessed. It can be also
determined the timescale of the interaction by imaging the surface after increasing time
steps and at each point assess the changes. It can be given examples of these types
studies contain lipid interactions with anesthetic halothane (Leonenko and cramb,
2004; Leonenko et al., 2006), ethanol (Leonenko and cramb, 2004), antibiotic
azithromycin (Merino et al. 2003; Berquand et al., 2004), immunodeficiency peptide
(El kirat et al., 2006), peptide gramicidin (Leonenko et al., 2000), amyloid beta
(Choucair et al., 2007; Quist et al., 2005). Other approaching is to implement force
spectroscopy to assess the biomechanical changes due to some effector molecule. The
mean or most probable rupture force has demonstrated to be a fingerprint for the
intrinsic properties of the bilayer. The impact of pH (Hui et al., 1995), ionic strength

of medium (Dekkiche et al., 2010), temperature (Benz et al., 2004), deposition pressure
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(Fang and Yang, 1997) and head/tail group composition (Garcia-Manyes et al., 2010)
on membrane structure and function have all been worked. Otherwise, the impact of
several proteins and drugs have also been worked, containing myelin based protein
(Mueller et al., 2000; Mueller et al., 1999), cytochrome-c (Mueller et al., 2000), bax
protein (Garcia-Saez et al., 2007), cholesterol (Chiantia et al., 2006; An et al., 2010;
Sullan et al., 2010), synapsin | (Pera et al., 2004), general anesthetic halothane
(Leonenko et al., 2006) and antibiotic azithromycin (Berquand et al., 2004). This
requirement of defect free supported lipid bilayers covers extended areas. In all of
these works an essential prerequisite is a well improved protocol that can usually be
used to prepare lipid bilayers (Mingeot-Leclercq et al., 2008).

2.5.1 Basic principles of the AFM

First atomic force microscopy was invented by Gerd Binnig, Quate and Gerber in 1987
(Binning et al., 1986). A spring is made by very tiny gold foil, and at the edge of it
very small needle made by diamond was inserted. Thorough approaching this spring
to the surface sufficiently spring deviation was sensed by scanning tunneling
microscopy which was inserted at the back side of spring. By this method force
mapping between diamond needle and ceramic surface was attained. In current AFM
systems in order to get surface topography the interaction forces between needle and
sample are used. One edge of the spring is connected to very sharp needle. The other
edge of the spring is connected to the body of AFM. Surface is scanned through
tapping of sharp needle on the surface. With a closed feed back loop, force between
needle and sample decides by user is getting stabilized then surface topography is
attained. Typical components of AFM are denoted in Figure 2.10.
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Figure 2.10 : Typical Components of AFM.
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Main principle of all AFM techniques are measuring a specific property of material
through bringing a probe to in close proximity with its surface and scanning across it
in a raster pattern. Through utilization of a feedback loop to get high resolution image
of scanned area interaction between the surface of the material and the probe is
stabilized. It is also feasible to investigate some physical properties as well as chemical
structure, charge distribution, capacity and conductivity of materials by AFM
(Wiesendanger, 1994)

AFM has many significant advantages over scanning electron microscopy (SEM).
SEM is a popular technique in which surface scanning of a material is made by high
energy beam of electrons. However, at AFM without any extra sample preparation or
treatment it is feasible to get surface analysis in three dimensional (3D) format. While
AFM works perfectly on either air or liquid, SEM needs a vacuumed environment to
operate properly. Furthermore, by AFM high resolution results could be attained rather
than SEM

2.5.2 The probe (cantilever)

The probe of an AFM is crucial to its performance. Because it is the force between
probe and the surface of a material which is used to create topographical images of the
surface as fine as collecting a plethora of mechanical information related about
material. The AFM probe could be considered as a spring, oscillating up and down as
it is moved across the surface. While it scans, the impels between tip and the material
cause the spring to deform; these deformations are measured to produce a mapping of
the surface. AFM generally detects forces on the order of 10°-10*2 N. To be able to
show a measurable reaction to forces on this scale, the probe must be highly sensitive.
On the other hand, at the same time, mechanical vibrations must be minimized.
Therefore, the spring system must be as soft as possible in order to get maximum
deflection with a resonant frequency high enough to decrease the effects of noise. The
balance of these two factors arises from the equation for a spring,

=

oy

g =

where wo IS the resonant frequency of the system, k is its spring constant and m is the

effective mass. Therefore, it is clear that for a system to have high sensitivity to small
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forces, small value of k is required also in order to achieve minimal noise and a large

value of wo is needed.

In the case of AFM, used probe being must be as small as possible. An AFM probe
consists of a cantilever with a tiny, and preferably very sharp tip (Figure 2.11). The
forces between tip and the surface of a material cause the cantilever to bend and

deflection is measured and converted into a topographical image of the surface.

Figure 2.11 : SEM image of a typical AFM cantilever.
2.5.3 Detection methods and feedback

There are several methods to detect the deflection of the cantilever in AFM systems.
It was measured by the difference between tunnel current of an STM in the original
version and it is located from the rear side of the cantilever (Binnig et al., 1986). This
method base on different techniques such as optical interferometry and capacitive
sensing. However, this regulation causes many difficulties. On the other hand, laser
beam deflection method is the simplest detection method to implement and

consequently which is used in modern AFM systems (Figure 2.12).
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Figure 2.12 : Schematic of a typical AFM operating system.
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In this laser beam deflection method, the rear side of the cantilever has a reflective
coating in which a laser beam is focused and then reflected back onto a position
sensitive photodetector. If there is any deflection on the cantilever, it causes a
movement and it can be reflected in laser beam, where located on photodetector.
Changing in position of the signal recorded by detector can be used to measure the
deflection of cantilever. This method has many advantages comparing to other
methods due to the fact that it has extreme simplicity and high sensitivity. Furthermore,

impressed force on the cantilever by the laser beam is negligible.

Positioning of the sample related to the tip which is controlled by combination of
piezoelectric crystals, typically one set in the sample stage and another in the cantilever
holder. Oscillation of the cantilever is caused by piezoelectric crystals in cantilever
holder when AFM is dynamic mode. These piezoelectric crystals in the sample stage
are used to produce scanning motion of sample relative to the tip and to change the
probe surface distance in response to changes in the deflection of the cantilever.
Piezoelectric drive units are accompanied by feedback mechanism in all of other
scanning probe microscope techniques. In AFM, this mechanism works to adjust the
probe surface distance in order to maintain a constant force between the tip and the
sample. When a reference value for the deflection of the cantilever is given, it is
established before scanning commences. This is also known that setpoint voltage and
it is chosen to be just below the ‘free air’ amplitude voltage of the cantilever, this is
the point at cantilever starts to feel the presence of the surface (Figure 2.13)
(Sweetenham, 2011). In the process of scanning, changes in the structure of the surface
cause deflection of the cantilever to vary. In return for this piezoelectric crystals in the
sample stage raise or lower the sample in an effort to return the deflection to this
setpoint value. The number of the piezoelectric crystal has to raise or lower the stage

to accomplish this is used as a direct measurement of the surface topography.

‘free air’
amplitude voltage | = = = = = = = = =
tpoint voltage | ======% 1

I

: point where the
I surface begins
| to dampen the
: ‘free air' amplitude
1
1
1

/ of the cantilever
1

0 probe-surface distance

Figure 2.13 : A qualitative, conceptual sketch of amplitude voltage vs. distance,
illustrating the choice of setpoint voltage.
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2.5.4 Modes of operation

There are three major imaging modes for AFM operation which are called contact
mode, noncontact mode, and tapping mode. The modes of operation imply the probe

to surface attractions constituted a topographical mapping of the surface (Figure 2.14).

In contact mode, the probe always contacts with the sample during scanning. Contact
mode indicates the short range repulsive forces that appear between the tip and the
surface while they are in contact. Although imaging under contact mode operation
yields quite a high resolution, it can cause a considerable amount of damage to the

sample surface.

In non contact mode, the probe scans the sample without any contact and only the
intermolecular forces between the probe and the sample can be detected. Therefore,
non contact mode operation does not damage the sample at all, but it is not suitable for

imaging sample surfaces with large changes in height.

In tapping mode, the cantilever oscillates at a resonant frequency and its probe
intermittently contacts the sample during scanning. Imaging under intermittent contact
mode does not cause any appreciable damage to the sample, and the image resolution
is sufficiently high. Therefore, this operation mode is frequently used for imaging
biological samples.

force
tapping mode
repulsive force

1
1
' t
1

contact .
1

distance
nen-contact attractive mode

Figure 2.14 : Representation of graphic a typical force-distance relation between an
AFM probe and a surface.

(The regions that correspond to contact, non contact and tapping mode operation are
highlighted) (Sweetenham, 2011).

But, there are various handicaps for these static modes of operation. Contact mode
shows probe or sample degradation effects which causes disadvantages effect for
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AFM. Because it includes large lateral forces that are exerted by the probe on the
surface of the sample. It plays a crucial role to obtain imaging soft samples such as

biological materials, which could be shifted or even damaged by these forces.

Non contact mode is made possible solution for the risk of destroying the sample.
Therefore, this leads decrease of resolution. In proportion large distances between tip
of the probe and the surface greatly reduce the magnitude of forces that behave on the

cantilever.

Further than developments came with the development of a hybrid mode of AFM
between that of contact and non-contact mode, as known as tapping mode (Figure
2.14) (Zhong et al., 1993). This mode is used for an oscillating cantilever, but positions
is much closer to the surface than the probe gently taps the surface at the “bottom end”
of its oscillation. This tapping of the surface drops the amplitude of oscillation of the
cantilever from its ‘free air’ value and causes an alteration in its resonant frequency.
Once again, decreased amplitude of oscillation is resumed at a fixed value by a

feedback mechanism.

Tapping mode AFM apparently compounds the advantages of unique two modes; short
contact times between the tip and the surface riddle the disruptive lateral forces present
in contact mode, whilst retention its perfect resolution. Therefore, tapping mode is a
famous choice for imaging in modern AFM and is main for number of important

applications.

2.5.5 Force spectroscopy

Apart from imaging, there are a multitude of applications of AFM. One of them is
force spectroscopy, that provides a direct measurement of probe surface interaction
forces as a function of distance between the tip and sample. Deflection of the cantilever
determines these forces, which is monitored as the AFM probe is extended towards
and retracted from the surface by the piezoelectric drive units. Over this approach and
retract cycle, divergences in the cantilever deflection arise because of elastic properties
of the sample and interactions between the surface and the tip such as rupture, binding
and adhesion. Force spectroscopy measurements could be seen as a force curve (Figure
2.15).
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Usually, force curves consist of an approach and a retract trace, which each have a
diagonal region where the probe is in contact through the surface and a flat region
where the probe is away from the surface. Force curves have also some number of
essential features that are specific to a particular sample and reveal a wealth of
mechanical information about it. A preeminent aspect of the approach trace is the point
at which the tip first comes into contact with a sample. This is where the tip is close
enough to the surface of the sample to experience attractive van der Waals forces,
which cause the tip to ‘snap’ to the surface. This is shown as a sudden decrease in the
deflection of the cantilever as it bends towards the sample. Then, the piezoelectric
crystal driving the cantilever is extended further to move the cantilever into the surface,
causing its deflection to increase. Then at full extension of this crystal it begins to
retract. The retract trace of a force curve initially follows the same path as the approach
trace. However, the point at which the tip eventually leaves the surface of the sample
diverts from this trace and is of great interest. In many cases there is some adhesion
experienced between the tip and the sample due to the nature of the sample. For
instance, at room temperature, water coats surface, because of attractive capillary
forces. Thus, while tip is pulled away from the surface, the cantilever is bent as the tip
is held in contact with the surface. At the same time, depending upon the adhesive
quality of the sample or the thickness of the water layer, the probe is retracted enough

that the tip jumps free and moves away from the surface.
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Figure 2.15 : A typical approach and retract cycle, or force curve.

(Numbered points on the curve and corresponding illustrations highlight key

interactions between an AFM probe and a surface) (Sweetenham, 2011).

Force spectroscopy is very useful for a broad range of research areas to analyze the
physical properties of surfaces. Also, according to the recent studies, it is possible to

manipualate single molecules. Mechanical resistance of chemical bonds is the major
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implimentation of AFM techniques. The tip of an AFM probe provides to functionalise
by a molecule which binds to a molecule on a surface. Litarature includes the study of
many biological systems such as antibody-antigen, protein-protein and protein-cell
interactions (Kuhner et al., 2004; Ratto et al., 2004; Merkel et al., 1999). Yet another
application of force spectroscopy is to understand the elasticity of materials, adsorbed
to a surface and then stretched by the AFM probe is the method to undersand the

elasticity of materials or biopolymers.

2.5.6 Imaging in liquids with AFM

Due to the fact that in physical sciences, AFM mostly dominates many other devices,
which is used to study for solid samples. It has also become a crucial research tool for
studying materials of a biological enviroment. These materials denote new challenges
for the technique, hence in many of situations they are very soft and it is obligatory to
keep those hydrated at all times. AFM is needed for using in liquid with both the
sample and probes are totally depth into fluid. This diversity on the traditional setup
introduces new forces and effects that stem from the presence of liquid around the
system. In this case extra consideration must be given to many point of views setting
up the AFM, including the mode of operation, the selection of cantilever and the values
of most imaging parameters. In order to study samples in liquid, tapping mode AFM

is always the first choice (Basak and Ramana, 2007).

This can be prevented by using non contact mode, as the tip is scanned at relatively
large distances above the surface. In spite of the movements in the fluid within this
space would make it almost impossible to obtain good sensitivity and resolution.
Tapping mode can achieve the resolution of contact mode alongside the gentleness of
non contact mode, making it ideal for studying biological materials. An oscillating
cantilever is always required when imaging with tapping mode; on the other hand,
when working in liquid the selection of cantilever is especially crucial. Usually, long
triangular silicon nitride cantilevers with low spring constants are used in liquid AFM,
mainly by the cause of they are soft and flexible and not affected by the fluid dynamics
in the system. First and most importantly, the cantilever demands special tuning to
determine its resonance frequency. In liquid AFM, a thermal tune is required for the

purpose of identifying the region in which the resonant frequency of the cantilever lies,
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as it can be difficult to locate among the random resonances of the cavity of liquid

surrounding it.

Before getting near to the surface a set point voltage is chosen that is very close to the
‘free air’ amplitude of the cantilever, by this way there is minimum force experienced
between the tip and the sample. This value can be slowly decreased with imaging to
obtain good resolution. It is also most efficient to scan at a slower rate than in air, to

abate movements in the fluid surrounding the system.
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3. MATERIALS & METHODS

Phosphatidylcholine, L-a-phosphatidylcholine (Egg PC), was purchased from Avanti
Polar Lipids (Alabaster, AL) and used without any extra processing. Ethanol,
isopropanol, chloroform and acetone were purchased from Sigma-Aldrich Chemie
GmbH (Taufkirchen, DE).

Mica sheets were purchased from USA MICA (USA). Mini-Extruder kit and support
membranes were purchased from Avanti Polar Lipids (Alabaster, AL). All chemicals

and materials can be find at Appendix A and B.
3.1 Preparation of Unilamellar Liposomes with Extrusion Method

3.1.1 Preparation of stock solutions

In the current work, only one protocol has been developed to prepare fluid phase planar
bilayers on mica for the use in AFM studies. Phosphatidylcholine (PC) has a transition
temperature of —10°C (Al-Jamal, and Kostas, 2007), and therefore exists in the fluid
like liquid crystalline state at room temperature. So in this phase, phospholipid bilayer
is mobile at all times.

Phosphatidylcholine (Figure 3.1) lipids were dissolved in chloroform at 1 mg/mL final
concentration at +4°C as a stock solution, and than aliquoted and stored at -20°C.
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Figure 3.1 : Chemical structure of phosphatidylcholine.
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3.1.2 Preparation of the lipid vesicle suspension solution

Multilamellar vesicle (MLVs) solution was obtained by appropriate amounts of
EggPC lipids in chloroform stock solution (100 pL). It was poured into a round bottom
flask and evaporated by manually rotating the flask using a dry nitrogen stream in a
fume hood. The formed layers were left overnight +4 °C under vacuum to ensure the

removal of all chloroform residues.

3.1.3 Hydration of lipid film

To hydrate the dried lipid film layer, 400 uL of 0.1 M phosphate buffered saline (PBS,
pH 7.4) was added to the flask to get final lipid concentration of 0.025 mg/mL. At that
point, the flask was agitated vigorously for 10-15 min using a vortex. During the
hydration, the lipid film was gradually stripped off layer by layer from the wall of
flask, and formed cloud like floaters in the PBS solution. After that, the flask was

sonicated for 10 min with sonicator.

3.1.4 Extrusion with extruder

Hydrated and vortexed lipid arrangements form large and multilamellar vesicles
(MLVs), firstly an extruder (Avanti Mini-Extruder) was used to produce unilaminar
liposomes. To do this, the obtained multilamellar liposomes were extruded 15 times
with the assistance of two syringes through a 100 nm polycarbonate film (Figure 3.2).
Obtained SUVs were gathered in a eppendorf tube and put away at +4 °C until use.
The syringes of extruder were washed by isopropanol and flushed with plenty of water.

Teflon parts were cleaned by ethanol and put away in ethanol.

Figure 3.2 : Extruder for liposome preparation.

28



3.2 Imaging of Liposomes with Optical Microscopy

A drop of multilammellar vesicle suspension acquired after the sonication was put on
a slide, covered with a coverslide and than observed under 50x objective. Acquired

small unilammellar vesicles were also observed with optical microscopy.

3.3 Preparation of Lipid Bilayers On Mica Surfaces

In order to analyse the surface of the lipids, mica plates were sticked onto the surface
of the AFM sample holder (Figure 3.3). 100 pL lipid solution was droped to freshly
cleaved mica surfaces and it had been left in humidity chamber for overnight. After

this procedure, SBLs formed on the mica surface.

Figure 3.3 : Mica sticked on a sample holder.
3.4 AFM Operation

AFM imaging and force measurement were conducted using a AQUA nc-AFM atomic
force microscope from Nanomagnetics Instruments (Oxford, UK) (Figure 3.4). The
AFM system has a scan area of 40 pm?2. The scanner was calibrated following the

standard procedures provided by Nanomagnetics Instruments with calibrating grating.

Cantilever Holder

Liquid - [
iqui ———‘IT_ — Sample Holder

Figure 3.4 : General (Left) and schematic (Right) illustration of AFM head.
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The aqua head with an open cell (Figure 3.5) was washed with ultrapure and particle
free deionized water, ethanol, and deionized water again before each experiment.
Before starting the measurement, freshly cleaved mica was sticked onto a stainless
steel sample holder with an epoxy. After the epoxy dried up, the mica surface was
cleaved again, and then 100 pL PC vesicle solution was dropped on the freshly cleaved
mica surface at the room temperature. For the formation of the supported lipid bilayer,
the PC vesicle solution was allowed to incubate in a humidity chamber on mica at

room temperature during overnight.

BK7 Optic Window

PEEK Body

\ ) -
| PEEK )
| Cantilever Spring
#5 Cantilever
Camera \

Figure 3.5 : Liquid head and cantilever holder.

Excessive amount of vesicles was removed by flushing the aqua head open cell with
1x PBS solution. All images were obtained in 1x PBS solution.

The AFM was allowed to equilibrate thermally for 15 minutes before imaging. Free
amplitude was adjusted in the range of 0.8 — 1V, and the scanning range was set to 0.4
— 0.5V (Figure 3.6).
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Figure 3.6 : Cantilever frequency (left) and phase (right) tuning image.

Room temperature was maintained at 22 = 1°C. Images were recorded either in tapping
mode or non-contact mode by using standard and commercially available silicon based
tips (Nanosensors), mounted on the cantilevers with spring constant of 10 N/m, length

of 125 um and width of 30 um.
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4. RESULTS AND DISCUSSION

4.1 Optical Microscopy of Liposomes

Vortexed and sonicated lipid solutions initially formed micron or nano scaled
multilamelar (MLV) and “onion-like” (OLV) vesicles. These vesicles were analysed
under 50x objective with optical microscopy (Figure 4.1). It was seen that their sizes
vary between 1-10 um diameter. These micron scale multilamelar vesicles can be
reduced to small unilamellar vesicles by the help of the extruder. It has been reported
in literature (URL-1) that it is possible to obtain the liposomes with diameters between
100 nm and 1 um by the extrusion method.

Figure 4.1 : Multilamelar vesicles observed under optical microscope.
4.2 Force-Distance (F-D) Curve Spectroscopy

The mechanical properties of phospholipid layers can be identified by AFM (Svetina
et al., 1996). Bending modulus is a characteristic property of the vesicles, which is
firmly identified with the examination of liposomes and the gel-liquid phase transition
of a liposome’s bilayer membrane. Various experimental strategies have been intended

to quantify the bending rigidity of the membrane.
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AFM is a special system that can directly test the flexibility properties of numerous
surfaces by utilizing force plots (Weisenhorn et al., 1993; Butt et al., 1995), where the
AFM tip moves up and down over a point on the specimen surface in order to extract
the elastic and adhesive properties of the materials (Ikai et al., 1997; Laney et al., 1997,
Lee and Marchant, 2000; Radmacher et al., 1996; Radmacher et al., 1994).
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Figure 4.2 : Force-Distance Curve for SLBs on mica.

It is possible to obtain F-D curve by moving the AFM tip up-down over a point on the
SLBs surface. F-D curve has been showed in Figure 4.2 where red curve corresponds
to approaching cantilever to the mica specimen surface and the black curve
corresponds to retracting of the cantilever from the specimen. During the approaching
procedure, the cantilever penetrates into the SLBs and touches to the solid mica surface
which results in a rapid increase of the applied force on the cantilever. After
approaching procedure, a negative force (2 nN) which is caused by stiction of SLBs to
the cantilever can be clearly seen during the retracting from the surface of the mica.

4.3 Formation of SLBs

At Figure 4.3, AFM image related about the composition of SLBs on the mica surface
is shown. Following the subsequent addition of 100 pL of prepared liposome solution,
which has just cleaved, the AFM liquid head was approached to the surface. After that
process, arrangements of laser diode and photo detector were done. After waiting for
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15 min to let the system reach its thermal equilibrium, cantilever was tuned at liquid
environment (PBS), and than resonance frequency of the cantilever was found.

40 min.

80 min. 3%

~2341

nn

-000

Figure 4.3 : AFM Phase images during the SLBs formation.

(Area: 10pum x 10um, Scan speed: 5 um/s)

As can be seen from Figure 4.3, formation of SLBs was monitored for 128 min and it
was observed that suspended liposomes in PBS solution was not precipitated in the
first 48 min. After 56 min, precipitated liposomes led SLBs to form at the surface, and
in the 128" min, the mica surface was fully covered with SLBs. At Figure 4.4,
percentage of SLBs composition as a function of time was shown. As can be seen from
that graph, composition percentage does not increase linearly, most of the surface were
coated between 64" min and 88" min.
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Figure 4.4 : Time depended PC coverage on mica surface.
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Figure 4.5 : Lipid deformation during AFM scanning.

(Area: 20pum x 20um, Scan speed: 1 um/s)

Figure 4.5 shows slowly scanned images. This clearly shows that SLBs begin to form
after the 56 minute, but they were kept away from the surface by the cantilever. This
could be because cantilever was too close to the surface and therefore, the formation

of SLBs on mica surface was blocked by interactions between surface and cantilever.
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Figure 4.6 : Lipid migration during AFM scanning.

(Area: 2um x 2um, Scan speed: 20 pm/s)

Phosphatidylcholine has a transition temperature of —10°C, and therefore it exists in
the fluid like liquid crystalline phase at room temperature. This situation can lead lipids
to be mobile. At temperatures above the transition temperature, the bilayer is in the
liquid crystalline phase which consequently led the lipid molecules move laterally.

At Figure 4.6, AFM images, which were taken for 22 min with 2 min time interval,
were depicted. As can be seen from the figures, size of the regions where composition
of SLBs was not observed (dark region), varies by time. This situation expresses that
SBLs moves laterally. On mica surface, the thickness of SLBs measured at the natural
defects was 4 + 0.5 nm. This indicated that a single bilayer of SLBs was composed on

the mica surface with a thin layer of water between the mica surface and the bilayer.
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4.4 Dissolution of PC Lipid Bilayer

4.4.1 Effect of ethanol on SLBs

4.4.1.1 10% ethanol solution

2

Figure 4.7 : SLBs formation on mica (Before 10% ethanol treatment).

(Area: 5um x 5um, Scan speed: 10 pm/s)

At Figure 4.7, AFM topography and the 3D image of the SLBs formed on the mica
surface were shown. It is easy to see that the surface was not covered completely.
These SLBs surfaces naturally have defects either in the form of lower domains or
holes exposing the bare mica. After composition of SLBs on mica surface, 10% (v/v)
ethanol was introduced to the environment, whose effect on the SLBs surface can be
seen at Figure 4.8.

As can be seen from Figure 4.8, complete dissolution of lipids at the surface was not

attained, rather they tended to form small island by changing their shape.

Figure 4.8 : SLBs dissolution on mica (After 10% ethanol treatment).

(Area: 5um x 5um, Scan speed: 10 pm/s)

36



4.4.1.2 25% ethanol solution

At Figure 4.9, AFM topography and 3D image of composed SLBs at mica surface was
shown. As can be seen from Figure 4.9, almost all the surface was covered with SLBs.
The structure of composed layer varied between different trials even though those
experiments repeated under the same conditions so more work has to be done to

understand the important parameters in the construction mechanism.

Figure 4.9 : SLBs formation on mica (Before 25% ethanol treatment).

(Area: 10um x 10um, Scan speed: 20 um/s)

Figure 4.10 : SLBs dissolution on mica (After 25% ethanol treatment).

(Area: 5um x 5um, Scan speed: 10 pm/s)

After the construction of SLBs on mica surface, 25% (v/v) ethanol was introduced to
the environment. This treatment was monitored by AFM topography and 3D images
of the surface (Figure 4.10).

At high concentration of ethanol, formation of small cone-shaped aggregates and

clusters was observed on the surfaces of mica in the liposome contained PBS solution.
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Those cone-shaped clusters were analysed by AFM, the height was measured as 15
nm which was higher than SLBs.

27 min.

48 min.

63 min.

Figure 4.11 : SLBs dissolution on mica (After 25% ethanol treatment).

(Area: 4um X 4um, Scan speed: 20 pm/s)

After SLBs formed on mica surface, ethanol was added on environment with
concentration of 25% and the surface was scanned by AFM. Figure 4.11 shows that
scanning took 66 min. In Figure 4.11, “before” represents the surface topography
without alcohol. After adding alcohol, first scanning was taken at the 12" min because
of calibration of laser diode and photodetector and maintained until the 66" min. PC

molecules lost their SLBs structure and they aggregated in different region.
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4.4.2 Effect of isopropanol (IPA) on SLBs

4.4.2.1 10% isopropanol solution

. 0.0
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Figure 4.12 : SLBs formation on mica (Before IPA treatment).

(Area: 2um x 2um, Scan speed: 10 pm/s)

Figure 4.12 demonstrates surface topography and 3D image which were scanned by

AFM. It can be seen that SLBs cover almost all the surface of mica.
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Figure 4.13 : SLBs dissolution on mica (After 10% IPA treatment).

(Area: 4um x 4um, Scan speed: 10 pm/s)

Figure 4.13 shows AFM images of the SLBs surface which was treated by IPA. After
formation of SLBs, IPA with the concentration of 10% (V/V) was added in the
solution. Subsequent to IPA addition, SLBs on surface were dissolved partially.
Disolved SLBs molecules led the random cluster formation on the surface. These

clusters were of the height of 5-15 nm.
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4.4.2.2 25% isopropanol solution

Figure 4.14 : SLBs formation on mica (Before IPA treatment).

(Area: 3um X 3um, Scan speed: 6 pm/s)

Figure 4.14 demonstrates AFM images of surface before IPA treatment. It can be seen
that SLBs partially covered the surface of mica.

Figure 4.15 : SLBs dissolution on mica (After 25% IPA treatment).

(Area: 2um X 2um, Scan speed: 4 um/s)
Figure 4.15 demonstrates AFM images of surface after treatment with 25 % IPA (V/V)

As can be seen, SLBs did not appear on surface after adding high concentration of IPA

to the enviroment.
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4.4.3 Effect of acetone (ACE) on SLBs

10% acetone solution

Figure 4.16 : SLBs formation on mica (Before ACE treatment).

(Area: 10pum x 10um, Scan speed: 20 pm/s)

Figure 4.16 demonstrates 3D image and surface which was scanned by AFM. It can

be seen that SLBs covered a great majority of the mica surface.
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Figure 4.17 : SLBs dissolution on mica (After 10% ACE treatment).

(Area: 10pum x 10um, Scan speed: 20 um/s)

Figure 4.17 demonstrates AFM images of SLBs on mica surface which was treated
with 10% ACE (V/V). It is clear to see that SLBs disolved completely. Surface
roughness was measured less than 0.5 nm on crossection area which approximately

equals to rougness of mica surface.
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4.4.4 Effect of chloroform on SLBs

10% chloroform solution

875
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Figure 4.18 : SLBs formation on mica (Before chloroform treatment).

(Area: 7 um X 7 um, Scan speed: 10 um/s)

The Figure 4.18 demonstrates 3D image and surface topography of SBLs surface on

mica. SLBs covered great majority of the surface.
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Figure 4.19 : SLBs dissolution on mica (After 10% chloroform treatment).

(Area: 20pum x 20um, Scan speed: 20 um/s)

Figure 4.19 demonstrates 3D image and surface topography of SBLs surface on mica
scanned by AFM. When 10 % chloroform was introduced to surface, SLBs structure
did not change considerably. This was probably due to the rapid evaporation of
chloroform added into the environment, which led the change of the concentration and

the liquid volume of the medium, which subsequently deviated and shifted the laser.
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Therefore, any effect of chloroform on bilayer dissolution could not be observed due
to the volatile nature of chloroform.

4.4.5 Reformation of SLBs on mica

When the SLBs formed on the mica surface was dried at room temperature, PC

structure accumulated together (Figure 4.20). These structures formed hills with a

height of more than 600 nm.
I

Figure 4.20 : Dried SLBs on mica AFM image.

(Area: 4um X 4um, Scan speed: 8 um/s)

20pm

Figure 4.21 : Reformation of SLBs on PC dried mica AFM image.

(Area: 2um X 2um, Scan speed: 4 pm/s)
As can be seen in Figure 4.21, when the dried mica surface was treated with 1 x PBS

solution, formation of SLBs occurs again on the mica surface. Those results may

suggest that liposome preparation is not necessary to form SLBs on the surface.
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5. CONCLUSION

The formation of SLBs has been explored in depth, not only because of their
importance in mimicking to the cell membrane, but also due to their potential in
biotechnological applications such as MEMS, biosensors and immunoassays.

The self assembly of SLBs depends critically on solvent environments. Therefore, if
the interactions between supported bilayers and organic solvents are well understood,
organic solvents can be used for manipulating the properties of supported membranes.
It is known that some organic solvents mainly reside in the head group region of lipid
bilayers, with the hydrocarbon chains pointing toward or inserting into the
hydrocarbon core of membranes. For this reason, SLBs can be solved or manipulated
with some organic solvents.

AFM is a powerful system for investigating lipid bilayers and it can give detailed
information about the surface of nano structures. The AFM system can provide
information about the physical properties of the lipid bilayer (viscoelastic behavior)
and it can be used for real time imaging during the formation or dissolution of lipid
bilayer.

In this study, effect of organic solvents on artificial SLBs was investigated using AFM
spectroscopy methods. In literature, no systematic studies exist to solve their stability
and interactions with organic solvents. Therefore, this work will be valuable in filling

the gap and broadening the potential of supported membranes.

Results in this study are given as follows:

It was hard to obtain a continuous lipid bilayer on the surfaces and while in some cases,
they covered almost all over the surface, some other structures were observed in other
cases. The reasons behind this could be lower domains or holes on bare mica.

Mica covered by SLBs was applied with 10% and 25% EtOH, and after each
treatment, surfaces were analysed by AFM. It was observed that SLBs were dissolved
partially when 10% EtOH was used, while undissolved parts formed small islands. At
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high EtOH concentrations (25% v/v), the bilayer structure could no longer be
maintained and small globular structures appeared. It was clearly observed that when
the EtOH concetration was very high in the solution, EtOH started to disrupt
membranes by binding within the phospholipid bilayer.

Moreover, IPA, which is slightly larger than ethanol in terms of molecular weight with
one more methyl group, similar interdigitated domains was induced in PC bilayers.
For this, mica surfaces covered by SLBs were treated with %10 and %25 IPA, and
surfaces were measured by AFM after each experiment. When the concentration of
IPA was increased, more SLBs were dissolved. Additionally, there was no lipid left
when 25% IPA was applied. It could be said that IPA was much more effective solvent
on PC SLBs compared to EtOH.

Mica covered by SLBs was also treated with 10% ACE and no SLBs was found on
mica surface after the experiments. Therefore, more than 10% ACE was not applied
for further analysis.

Finally, mica surfaces covered by SLBs were treated with 10% chloroform, and
surfaces were measured by AFM after each experiment. A moderately polar solvent,
chloroform, was expected to dissolve the PC phospholipids, easily. Although
chloroform is considered to be effective solvent for PC, no effect was observed in this
study. This is probably because, lipid and chloroform can not interact together due to
its sudden evaporation from the solution.

In sum, it was observed that organic solvents were effective on manipulating SLBs.
The intercalation of the organic solvents might disrupt the interactions between the
headgroups and the hydrocarbon chains of the lipids.

When all three organic solvents (EtOH, IPA, ACE) were considered, all of them were
found to have a dissolution effect on SLBs, but ACE was determined as the most

effective solvent among them.

46



REFERENCES

Alessandrini, A., Seeger, H. M., Di Cerbo, A., Caramaschi, T., Facci, P. (2011).
What do we really measure in AFM punch-through experiments on
supported lipid bilayers? Soft Matter, 7, 7054—7064.

Al-Jamal, T., and Kostas, K. (2007). Construction of nanoscale multicompartment
liposomes for combinatory drug delivery. International Journal of
Pharmaceutics 331 182-185. Pharmaceutical Nanotechnology.

Al-Jamal, T., and Kostas, K. (2007). Liposome—nanoparticle hybrids for multimodal
diagnostic and therapeutic applications. Nanomedicine Vol. 2, No. 1,
Pages 85-98.

An, H., Nussio, M. R., Huson, M. G., Voelcker, N. H., Shapter, J. G. (2010).
Material properties of lipid microdomains: Force-volume imaging
study of the effect of cholesterol on lipid microdomain rigidity.
Biophys. J., 99, 834-844. Int. J. Mol. Sci. 2013, 14 3538

Andreas, W., and Karola, V. (2011), Liposome Technology for Industrial Purposes.
Corporation Journal of Drug Delivery, Hindawi Publishing.

Attwood S. J., Choi Y., Leonenko Z. (2013). Preparation of DOPC and DPPC
Supported Planar Lipid Bilayers for Atomic Force Microscopy and
Atomic Force Spectroscopy. Int. J. Mol. Sci., 14, 3514-3539

Bangham, A. D. (1972). Lipid bilayers and biomembranes. Annual Review of
Biochemistry, vol. 41, pp. 753-776.

Basak, S., and Ramana, A. (2007). Dynamics of tapping mode atomic force
microscopy in liquids: Theory and experiments, Appl. Phys. Lett., 91,
064107.

Benoit, M., Gabriel, D., Gerisch, G., and Gaub, H. E. (2000). Discrete interactions
in cell adhesion measured by single-molecule force spectroscopy, Nat.
Cell Biol., 2, 313-317.

Benz, M., Gutsmann, T., Chen, N., Tadmor, R., Israelachvili, J. (2004).
Correlation of AFM and SFA measurements concerning the stability of
supported lipid bilayers. Biophys. J., 86, 870-879.

Berquand, A., Mingeot-Leclercq, M., Dufrene, Y. (2004). Real-time imaging of
drug membrane interactions by atomic force microscopy. Biochim.
Biophys. Acta Biomembr., 1664, 198-205.

Binnig, G., Quate, C. F., and Gerber, C. (1986). Atomic force microscope, Phys.
Rev. Lett., 56 (9) 930-933.

Butt, H-J., Jaschke, M., Ducker, W. (1995). Measuring surface forces in aqueous
electrolyte solution with the atomic force microscope. Bioelectrochem.
Bioenerg. 38, 191.

Chiantia, S., Ries, J., Kahya, N., Schwille, P. (2006). Combined AFM and two-focus
SFCS study of raft-exhibiting model membranes. ChemPhysChem, 7,
2409-2418.

47



Cho, N. J., Cho, S. J., Cheong, K. H., Glenn, J. S., Frank, C. W. (2007). Employing
an Amphipathic Viral Peptide to Create a Lipid Bilayer on Au and
TiO2. J. Am. Chem. Soc., 129 (33), pp 10050-10051.

Choucair, A., Chakrapani, M., Chakravarthy, B., Katsaras, J., Johnston, L. J.
(2007). Preferential accumulation of A beta (1-42) on gel phase
domains of lipid bilayers: An AFM and fluorescence study. Biochim.
Biophys. Acta-Biomembr., 1768, 146-154.

David S., G. (2004). Bionanotechnology, Lessons from Nature, p.241-243

Dekkiche, F., Corneci, M. C., Trunfio-Sfarghiu, A. M., Munteanu, B., Berthier,
Y., Kaabar, W., Rieu, J. P. (2010). Stability and tribological
performances of fluid phospholipid bilayers: Effect of buffer and ions.
Colloids Surf. B-Biointerfaces, 80, 232—2309.

Drexler, K. E. (1986). Engines of Creation: The Coming Era of Nanotechnology.
Doubleday. ISBN 0-385-19973-2

Dufrene, Y., Barger, W., Green, J., Lee, G. (1997). Nanometer-scale surface
properties of mixed phospholipid monolayers and bilayers. Langmuir,
13, 4779-4784. Int. J. Mol. Sci. 2013, 14 3536

Dufrene, Y., Boland, T., Schneider, J., Barger, W., Lee, G. (1998). Characterization
of the physical properties of model biomembranes at the nanometer
scale with the atomic force microscope. Faraday Discuss., 111, 79-94.

Edidin, M. (1997). Lipid microdomains in cell surface membranes. Curr. Opin.Struc.
Biol., 7 (4), 528-532.

El Kirat, K., Dufrene, Y. F., Lins, L., Brasseur, R. (2006). The SIV tilted peptide
induces cylindrical reverse micelles in supported lipid bilayers.
Biochemistry, 45, 9336-9341.

El Kirat, K., Morandat, S., and Dufréne, Y. F. (2010). Nanoscale analysis of
supported lipid bilayers using atomic force microscopy. Biochim. et
Biophys. Acta, 1798, 750-765.

Engelman, D. M. (2005). Membranes are more mosaic than fluid. Nature,438, 578-
580.

Fahy, E., Subramaniam, S., Murphy, R., Nishijima, M., Raetz, C., Shimizu, T.,
Spener, F., Van Meer, G., Wakelam, M. and Dennis, E. A. (2009).
Update of the LIPID MAPS comprehensive classification system for
lipid. Journal of Lipid Research 50 (Supplement): S9-S14

Fang, Y., Yang, J. (1997). The growth of bilayer defects and the induction of
interdigitated domains in the lipid-loss process of supported
phospholipid bilayers. Biochim. Biophys. Acta-Biomembr., 1324, 309—
319.

Garcia-Manyes, S., Redondo-Morata, L., Oncins, G., Sanz, F. (2010)
Nanomechanics of lipid bilayers: Heads or tails? J. Am. Chem. Soc.,
132, 12874-12886.

Garcia-Saez, A. J., Chiantia, S., Salgado, J., Schwille, P. (2007). Pore formation by
a bax-derived peptide: Effect on the line tension of the membrane
probed by AFM. Biophys. J., 93, 103-112.

Gazit, E. (2007). Plenty of Room for Biology at the Bottom: An Introduction to
Bionanotechnology, Imperial College, p.40-41.

Giocondi, M-C., Yamamoto, D., Lesniewska, E., Milhiet, P-E., Ando, T., and Le
Grimellec, C. (2010). Surface topography of membrane domains.
Biochim. et Biophys. Acta, 1798, 703-718.

48



Goh H. Z. (2013). Solid-Supported Lipid Membranes: Formation, Stability and
Applications. PhD Thesis. Carnegie Mellon University

Goksu, E. 1., Vanegas, J. M., Blanchette, C. D., Lin, W. C., Longo, M. L. (2009).
AFM for structure and dynamics of biomembranes. Biochim. Biophys.
Acta-Biomembr., 1788, 254-266.

Granqvist, C., Buhrman, R., Wyns, J., Sievers, A. (1976). Far-Infrared Absorption
in Ultrafine Al Particles. Physical Review Letters 37 (10): 625-629.

Gregory, G. (2007). Liposome Technology, Volume | Liposome Preparation and
Related Techniques, Informa Healthcare, Third Edition, p.60.

Gunnarsson, A., Kollmer, F., Sohn, S., Hook, F., and Sjovall, P. (2010). Spatial-
Resolution Limits in Mass Spectrometry Imaging of Supported Lipid
Bilayers and Individual Lipid Vesicles. Anal. Chem., 82 (6), 2426-
2433.

Hebling, C. M., Morgan, C. R., Stafford, D. W., Jorgenson, J. W., Rand, K. D.,
and Engen, J. R. (2010). Conformational Analysis of Membrane
Proteins in Phospholipid Bilayer Nanodiscs by Hydrogen Exchange
Mass Spectrometry. Anal. Chem., 82 (13), 5415-5419.

Hui, S. S., Viswanathan, R., Zasadzinski, J. A., and Israelachvili, J. N. (1995). The
Structure and Stability of Phospholipid Bilayers by Atomic Force
Microscopy. Biophys. J., 68 (1), 171-178.

Ikai, A., Mitsui, K., Tokuoka, H., Xu, X. (1997). Mechanical measurements of a
single protein molecule and human chromosomes by atomic force
microscopy. Materials Sci. Eng. C 4, 233.

Jay T. G, Lara, K. M., and Carolyn R. B. (2001). Control of Cell Adhesion and
Growth with Micropatterned Supported Lipid Membranes. Langmuir,
17,5129-5133.

Jeuken, L. J. C. (2008). AFM Study on the Electric-Field Effects on Supported
Bilayer Lipid Membranes. Biophys. J., 94 (12), 4711-4717.

Keller, C. A., Glasmastar, K., Zhdanov, V. P., Kasemo, B. (2000). Formation of
Supported Membranes from Vesicles. Phys. Rev. Lett.84, 5443—5446.

Keller, C. A., Kasemo, B. (1998). Surface Specific Kinetics of Lipid Vesicle
Adsorption Measured with a Quartz Crystal Microbalance. B. Biophys.
J., 75, 1397-1402.

Kili¢, A. (2012). Supported Lipid Bilayers with Thiolated Lipids. M.Sc. Thesis.
Istanbul Technical University

Kozubek, A., Gubernator, J., Przeworska, E., Stasiuk, M. (2000). Liposomal drug
delivery, a novel approach: PLARosomes, Acta Biochimica Polonica.

Kuhner, F., Costa, L. T., Bisch, P. M., Thalhammer, S., Heckl, W. M., and Gaub,
H. E. (2004). LexA-DNA Bond Strength by Single Molecule Force
Spectroscopy, Biophys. J., 87, 2683-2690.

Kumano, S., Murakoshi, M., lida, K., Hamana, H., and Wada, H. (2010). Atomic
force microscopy imaging of the structure of the motor protein prestin
reconstituted into an artificial lipid bilayer. FEBS Lett., 584, 2872-2876.

Laney, D.E., Garcia, R.A,, Parsons, S.M., Hansma, H.G. (1997). Changes in the
Elastic Properties of Cholinergic Synaptic Vesicles as Measured by
Atomic Force Microscopy. Biophys. J. 72, 806.

49



Lawerence, D. M., Marcel, B. B., Michael, J. H., and Pieter, R. C. (1986).
Department of Biochemistry, University of British Columbia, 2146
Health Sciences Mall, Vancouver, B.C. V6T | W5 (Canada) Received
April 29th, 1986.

Lee, D. K., Seo, K. W., and Kang, Y. S. (2002). Photoinduced electron transfer of
chlorophyll in lipid bilayer system. Proc. Indian Acad. Sci. (Chem.
Sci.), 114 (6), 533-538.

Lee, D., Walter, K. F. A., Brockner, A.-K., Hilty, C., Becker, S., and Griesinger,
C. (2008). Bilayer in Small Bicelles Revealed by Lipid-Protein
Interactions Using NMR Spectroscopy, J. Am. Chem. Soc., 130 (42),
13822-13823.

Lee, 1., Marchant, R. E. (2000). Force measurements on platelet surfaces with high
spatial resolution under physiological conditions. Colloids and Surfaces
B: Biointerfaces 19, 357.

Legleiter, J., Fryer, J. D., Holtzman, D. M., Kowalewski, T. (2011) The modulating
effect of mechanical changes in lipid bilayers caused by apoe-
containing lipoproteins on a beta induced membrane disruption. Acs
Chem. Neurosci., 2, 588-599.

Leonenko, Z., Carnini, A., Cramb, D. (2000). Supported planar bilayer formation
by vesicle fusion: The interaction of phospholipid vesicles with
surfaces and the effect of gramicidin on bilayer properties using atomic
force microscopy. Biochim. Biophys. Acta-Biomembr., 1509, 131-147.

Leonenko, Z., Cramb, D. (2004). Revisiting lipid-general anesthetic interactions (I):
Thinned domain formation in supported planar bilayers induced by
halothane and ethanol. Canadian Journal of Chemistry-Revue Can.
Chimie, 82, 1128-1138.

Leonenko, Z., Finot, E., Cramb, D. (2006). AFM study of interaction forces in
supported planar DPPC bilayers in the presence of general anesthetic
halothane. Biochim. Biophys. Acta-Biomembr., 1758, 487-492.

Lesniewska, E., Milhiet, P., Giocondi, M., Le Grimellec, C. (2002). Atomic Force
Microscope Imaging of Cells and Membranes. In Atomic Force
Microscopy in Cell Biology; Academic Press Inc.: San Diego, CA,
USA; Volume 68, pp. 51-65.

Liang X., Mao G., Simon Ng K.Y. (2004). Mechanical properties and stability
measurement of cholesterol-containing liposome on mica by
atomic force microscopy. Journal of Colloid and Interface Science
278, 53-62

Marina, P., Marlene, L., José, L. Liposomes as Drug Delivery Systems for the
Treatment of TB: Liposome-based Drug Delivery Therapy, Medscape,
retrived from http://www.medscape.com/viewarticle/752329 4,

Merino, S., Domenech, O., Diez, I., Sanz, F., Vinas, M., Montero, M., Hernandez-
Borrell, J. (2003). Effects of ciprofloxacin on Escherichia coli lipid
bilayers: An atomic force microscopy study. Langmuir, 19, 6922-6927.

Merkel, R., Nassoy, P., Leung, A., Ritchie, K., and Evans, E. (1999). Energy
landscapes of receptor-ligand bonds explored with dynamic force
spectroscopy, Nature, 397, 50-53.

Mingeot-Leclercq, M. P., Deleu, M., Brasseur, R., Dufrene, Y.F. (2008). Atomic
force microscopy of supported lipid bilayers. Nat. Protoc., 3, 1654—
1659.

50


http://www.medscape.com/viewarticle/752329_4

Mueller, H., Butt, H., Bamberg, E. (1999). Force measurements on myelin basic
protein adsorbed to mica and lipid bilayer surfaces done with the atomic
force microscope. Biophys. J., 76, 1072-1079.

Mueller, H., Butt, H., Bamberg, E. (2000). Adsorption of membrane-associated
proteins to lipid bilayers studied with an atomic force microscope:
Myelin basic protein and cytochrome c. J. Phys. Chem. B, 104, 4552—
4559.

Munro, S. (2003). Lipid Rafts: Elusive or Illusive? Cell, 115, 377-388.

Norouzi, D., Miiller, M. M., and Deserno, M. (2006). How to determine local elastic
properties of lipid bilayer membranes from atomic-force-microscope
measurements: A theoretical analysis. Phys. Rev. E, 74, 061914,

Pera, 1., Stark, R., Kappl, M., Butt, H., Benfenati, F. (2004). Using the atomic force
microscope to study the interaction between two solid supported lipid
bilayers and the influence of synapsin I. Biophys. J., 87, 2446-2455.

Petty, M. (1996). Langmuir-Blodgett Films: An Introduction; Cambridge University
Press: Cambridge, UK.

Picas, L., Milhiet, P., Hernandez-Borrell, J. (2012). Atomic force microscopy: A
versatile tool to probe the physical and chemical properties of supported
membranes at the nanoscale. Chem. Phys. Lipids, 165, 845-860.

Picas, L., Suarez-Germa, C., Teresa Montero, M., Hernandez-Borrell, J. (2010).
Force spectroscopy study of langmuir-blodgett asymmetric bilayers of
phosphatidylethanolamine and phosphatidylglycerol. J. Phys. Chem. B,
114, 3543-3549.

Purrucker, O., Hillebrandt, H., Adlkofer, K., and Tanaka, M. (2001)."Deposition
of highly resistive lipid bilayer on silicon-silicon dioxide electrode and
incorporation of gramicidin studied by ac impedance spectroscopy.”
Electrochimica Acta. 47. 791-798.

Quist, A., Doudevski, 1., Lin, H., Azimova, R., Ng, D., Frangione, B., Kagan, B.,
Ghiso, J., Lal, R. (2005). Amyloid ion channels: A common structural
link for protein-misfolding disease. Proc. Natl. Acad. Sci. USA, 102,
10427-10432.

Radmacher, M., Fritz, M., Cleveland, J. P., Walters, D. A., Hansma, P. K. (1994).
Imaging adhesion forces and elasticity of lysozyme adsorbed on mica
with the atomic force microscope. Langmuir 10, 3809.

Radmacher, M., Fritz, M., Kacher, C. M., Cleveland, J. P., Hansma, P. K. (1996).
Measuring the viscoelastic properties of human platelets with the
atomic force microscope. Biophys. J. 70, 556.

Ratto, T. V., Langry, K. C., Rudd, R. E., Balhorn, R. L., Allen, M. J., and
McElfresh, M. W. (2004). Force Spectroscopy of the Double-Tethered
Concanavalin-A Mannose Bond, Biophys. J., 86, 2430-2437.

Reimhult, E., Kasemo, B., and Hook, F. (2009). Rupture Pathway of
Phosphatidylcholine Liposomes on Silicon Dioxide. International
Journal of Molecular Sciences, 10, 1683-1696.

Richter, R. P., Him, J. L., and Brisson, A. (2003). Supported Lipid membranes,
Materials Today, Laboratory of Molecular Imaging and
NanoBioTechnology, IECB, CNRS-UMR 5471.

Richter, R., Berat, R., Brisson, A. (2006). Formation of solid-supported lipid
bilayers: An integrated view. Langmuir, 22, 3497-3505.

51



Rief, M., Oesterhelt, F., Heymann, B., and Gaub, H. E. (1997). Single Molecule
Force Spectroscopy on Polysaccharides by Atomic Force Microscopy,
Science, 275, 1295-1297.

Rief, M., Pascual, J., Saraste, M., and Gaub, H. E. (1999). Single Molecule Force
Spectroscopy of Spectrin Repeats: Low Unfolding Forces in Helix
Bundles, J. Mol. Biol., 286, 553-561.

Rinia, H., Demel, R., van der Eerden, J., de Kruijff, B. (1999). Blistering of
Langmuir-Blodgett bilayers containing anionic phospholipids as
observed by atomic force microscopy. Biophys. J., 77, 1683-1693.

Ruspantini, 1., Diociaiuti, M., Ippoliti, R., Lendaro, E., Gaudiano, M. C,,
Cianfriglia, M., Chistolini, P., Arancia, G., and Molinari, A. (2001).
Immunogold localisation of P-glycoprotein in supported lipid bilayers
by transmission electron microscopy and atomic force microscopy.
Histochem. J., 33 (5), 305-309.

Sahoo S. K., Parveen, S., Panda, JJ. (2006). The present and future of
nanotechnology in human health care. Nanomedicine, 3(1),20-31.

Schneider, J., Dufréne, Y. F., Barger Jr, W. R., and Lee, G. U. (2000). Atomic
Force Microscope Image Contrast Mechanisms on Supported Lipid
Bilayers. Biophys. J., 79 (2), 1107-1118.

Schonherr, H., Johnson, J. M., Lenz, P., Frank, C. W., and Boxer S. G. (2004).
Vesicle Adsorption and Lipid Bilayer Formation on Glass Studied by
Atomic Force Microscopy. Langmuir, 20 (26), 11600-11606.

Seantier, B., Giocondi, M. C., Le Grimellec, C., Milhiet, P. E. (2008). Probing
supported model and native membranes using AFM. Curr. Opin.
Colloid & Interface Sci., 13, 326-337.

Sessa, G., and Weissmann, G. (1968). Phospholipid spherules (liposomes)as a model
for biological membranes. Journal of Lipid Research, vol. 9, no. 3, pp.
310-318.

Sheikh, K., Giordani, C., McManus, J. J., Hovgaard, M. B., Jarvis, S. P. (2012)
Differing modes of interaction between monomeric A beta (1-40)
peptides and model lipid membranes: An AFMstudy. Chem. Phys.
Lipids, 165, 142-150.

Simons, K., and lkonen, E. (1997). Functional rafts in cell membranes. Nature, 387,
569-572.

Singer, S. J., and Nicolson, G. L. (1972). The Fluid Mosaic Model of the Structure
of Cell Membranes. Science, 175, 720-731.

Steltenkamp, S., Muller, M. M., Deserno, M., Hennesthal, C., Steinem, C., and
Janshoff, A. (2006). Mechanical Properties of Pore-Spanning Lipid
Bilayers Probed by Atomic Force Microscopy. Biophys. J., 91, 217-
226.

Subhash, C., and Manju, Bas. (n.d). Methods in Molecular Biology, Liposome
Methods and Protocols, Humana Press, Volume 199, p.3-7.

Sullan, R. M. A,, Li, J. K., Hao, C., Walker, G. C., Zou, S. (2010). Cholesterol
dependent  nanomechanical  stability = of  phase-segregated
multicomponent lipid bilayers. Biophys. J., 99, 507-516.

Svedhem, S., Dahlborg, D., Ekeroth, J., Kelly, J., Hook, F. and Gold, J. (2003). In
Situ Peptide-Modified Supported Lipid Bilayers for Controlled Cell
Attachment. Langmuir, 19, 6730-6736.

52



Svetina, S., Zeks, B., in: Lasic, D.D., Barenholz (Eds.), Y. (1996). Handbook of
Nonmedical Applications of Liposomes. CRC Press, Boca Raton, FL,
chap.1.

Sweetenham, C. S. (2011). Raman spectroscopy methods for investigating supported
lipid bilayers. PhD Thesis. University of Nottingham

Ulrich, A, Sami, M, Watts, A. (1994). Hydration of dopc bilayers by differential
scanning calorimetry. Biochim. Biophys. Acta-Biomembr., 1191, 225—
230.

Vasant, V., and Ranade, A. (2004), Drug Delivery Systems, Second Edition, Chapter
one, CRC Press LLC.

Volker, K., Marta, K., D., David, M., Chen, W., and Lukas, K., T. (2008).
Supported Lipid Bilayers: Development and Applications in Chemical
Biology, Wiley Encyclopedia of Chemical Biology.

Wagner A., Vorauer-Uhl K. (2011). Liposome Technology for Industrial Purposes.
Journal of Drug Delivery, 591325

Weisenhorn, A. L., Khorsandi, M., Kasas, S., Gotzos, V., Butt, H-J., (1993).
Deformation and height anomaly of soft surfaces studied with an AFM.
Nanotechnology 4 106.

Wiesendanger, R. (1994). Scanning Probe Microscopy and Spectroscopy: Methods
and Applications, Cambridge University Press.

Zhang, Z., and Guihua, H. (2011). Micro- and Nano-Carrier Mediated Intra-
Acrticular Drug Delivery Systems for the Treatment of Osteoarthritis.
Journal of Nanotechnology Article ID 748909, 11 pages

Zhong, Q., Inniss, D., Kjoller, K., and Elings, V. B. (1993). Fractured polymer silica
fiber surface studied by tapping mode atomic-force microscopy, Surf.
Sci., 290 (1-2), 688-692.

URL-1 <http://avantilipids.com/tech-support/liposome-preparation>, date retrieved
10.04.2016.

53






APPENDICES

APPENDIX A: Laboratory Equipment

APPENDIX B: Chemicals

55






APPENDIX A

Laboratory Equipment

Pipettes (Eppendorf 10ul, 100 ul, 1000 pul, 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)

Optic Microscopy (Olympus)

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

PC Membranes (0.1um Polycarbonate Membranes, 610005 Avanti Polar)
Mini-Extruder (Avanti Polar Lipids/Hamilton Company, 610017)
Extruder membranes (Whatman, Nuclepore Track-Etch Membrane 0.1 um, 800309)
Atomic Force Microscopy: Nanomagnetics Instruments AQUA nc-AFM
Cantilever (Nanosensors PPP-NCHR-W)

Mica sheets (USA MICA (USA).
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APPENDIX B

Chemicals

PC (Egg PC), L-a-phosphatidylcholine, (Egg, Chicken), (Avanti Polar Lipid,
840051P)

PBS (Phosphate buffered saline) (Sigma, 79382-50TAB)

Dissolve 1 tablet in 200 mL water to obtain 10 mM phosphate buffer solution (pH 7.4
at 25 °C) (137 mM NaCl, 2.7 mM KCl)

Distilled water (Sigma, 7732-18-5)

Ethanol (Sigma, 32221)

Isopropanol (Sigma, 24137)

Chloroform (Sigma, 32211)

Acetone (Sigma, 179124)
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