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This thesis consists of material all of which I authored or co-authored: see Statement of 
Contributions included in the thesis. This is a true copy of the thesis, including any required 
final revisions, as accepted by my examiners. 

I understand that my thesis may be made electronically available to the public. 
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This work presented in this thesis was primarily done by myself, but there are portions of 

work presented that were done in collaboration with other students and scientists. Certain 

chapters of this thesis have been previously published in academic, peer-reviewed journals; 

for each of these published portions, I was a first author of the work.  Each chapter begins 

with a detailed description of the work and a contribution statement, outlining my role in the 

work as well as the role of any collaborators, if applicable. Briefly: 

Chapter Two:  Review paper co-written with two others and myself. I modified this paper 

and adapted several figures to minimize overlap with other published works included in this 

thesis; the majority of the resulting chapter was done by me.  

Chapter Three: This neutron scattering study was carried out, and the data were analyzed 

and written up primarily by me, with the assistance of an expert in the field at the nuclear 

reactor. Supplementary material done by collaborators is included to support the neutron 

scattering findings.  

Chapter Four: Preliminary data for this AFM study was collected in equal part by me and 

my co-first-author. However, after preliminary results were obtained, all the experiments 

were repeated multiple times and I introduced a new system before my co-author and I 

jointly wrote the manuscript. Minor modifications to the manuscript were done to minimize 

certain contributions from my coauthor.  

Chapter Five: This study was done primarily by me with the assistance of a postdoctoral 

fellow who is an expert in FM-KPFM; he assisted in KPFM imaging and analysis.  

Chapter Six: For this work, I had an undergraduate assistant who, under my supervision and 

direction, participated in sample preparation and analysis. 

Chapter Seven: This chapter was done primarily by me but includes a small portion on 

electrophysiology study of the membrane carried out by collaborators at Dalhousie 

University. 
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Amyloid beta peptides are known to form amyloid fibrils which are implicated in more than 

20 currently incurable neurodegenerative diseases, including Alzheimer’s, Huntington’s and 

Parkinson’s. The proposed mechanism of amyloid fibril formation involves protein 

unfolding and formation of amyloid !-sheet aggregates. Although fibril plaque formation is 

associated with biological membranes in vivo, the role of membrane heterogeneity - and 

especially the effect of cholesterol and lipid rafts - in the process of amyloid fibril formation 

and toxicity is not well understood. Therefore, research in this area is of great interest and 

necessity. Cholesterol is a well-known sterol, which is found in eukaryotic membranes and is 

important for membrane structure and function. It has been shown that an increased level of 

cholesterol may lead to various disorders. It is my hypothesis that cholesterol may alter the 

interaction of plasma membrane with membrane-interacting biomolecules such as amyloid 

beta and may play an important role in amyloid toxicity. 

In this thesis, I used multiple methods of investigation, including neutron scattering, atomic 

force microscopy, the Langmuir-Blodgett trough, and frequency modulated-Kelvin probe 

force microscopy, to study both simple and complex lipid systems. The thesis is organized in 

such a way that it begins with looking at the simple systems of a single to a few lipids and 

proceed to examine more complex systems, with multiple constituents.  

Through these methods, it was found that cholesterol and melatonin have opposite effects on 

altering membrane thickness. Lipid properties like head group charge and lipid phase were 

shown to define the size and the amount of amyloid clusters when incubated on single lipid 

systems, and the presence of cholesterol resulted in cholesterol-induced electrostatic 

domains that can cause targeted binding of amyloid. It was also shown that cholesterol has 

measureable effects on membrane properties even in systems more complex than just a 

single lipid. Finally, through the development of models to mimic healthy and Alzheimer’s 

diseased states of the membrane, it was shown that the models differed in properties and also 

had differential interactions with amyloid in terms of electrophysiology and amyloid 

accumulation.   
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The goal of this thesis is to investigate the nanoscale effects of both cholesterol, and the 

interactions of lipids in complex mixtures on the physical and electrical properties of model 

lipid membranes, especially nanoscale heterogeneity of the membrane and membrane 

domains, and how these altered properties affect binding of A! and amyloid fibril formation 

on the surface of lipid membranes. The results will help to understand the role of membrane 

nanoscale heterogeneity in the molecular mechanism of amyloid toxicity and therefore will 

help towards the development of new approaches for the prevention and treatment of 

neurodegenerative diseases. 
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I first and foremost want to thank my supervisor, Dr. Zoya Leonenko, for taking me under 

her wing as a nervous undergraduate student and giving me countless opportunities to 

increase my skills, knowledge, and confidence. Her passion for investigation and 

experimentation is what first attracted me to her research and that, along with her dedication 

and genuine care and concern for her students, is what kept me wanting to continue to work 

with her for the past years. I also would like to thank NSERC, OGS, and the Waterloo 

Institute for Nanotechnology (WIN) for the funding opportunities they have granted me 

throughout the past five years.  

Thank you to my committee members: Dr. Bernard Glick; Dr. Barbara Moffatt; and Dr. 

Maud Gorbet. I am very fortunate to have had three such accomplished and respected 

researchers and human beings involved in this journey of mine, helping me along every step 

of the way with invaluable insight and direction.  

There are many collaborative partners and instrument and research scientists that I have had 

the pleasure of working with over the past five years, both on projects and on helping me to 

increase essential skills. I would especially like to thank Dr. Norbert Ku"erka for his hard 

work and dedication to our joint projects, which, I am happy to say, are continuing on to this 

day.   

To my lab-mates (and adopted lab-mates) past and present, including Brenda, Robbie, 

Francis, Vince, Simon, Keely, and Ravi to just name a few, and especially my long-time 

partner in crime Erin: thank you so much for the support, assistance, collaborations, and 

stress-relief you have given me throughout this process. But most of all, thank you for your 

friendship; I’m unquestionably lucky to have come out at the end of this process with not 

only some data, but also a group of wonderful people I am honoured to call my friends.  

Last but certainly not least, I want to thank my parents, Ronnie and Hugh, my brother and 

sister-in-law, Chris and Katerina, my life-long best friend Ashley, and Richard; I love you all 

so much and could not have asked for a better support group throughout this journey that 

was full of ups and downs. I would not be the person I am today without all of you. 
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Abbreviation Term 

Methods  

AFM Atomic Force Microscopy 

KPFM Kelvin probe force microscopy 

FM-KPFM Frequency modulated Kelvin probe force microscopy 

NS Neutron Scattering 

LB Langmuir Blodgett (Trough) 

MD Molecular Dynamics (Simulation Studies) 

BLM Black Lipid Membrane 

Lipids 

DPPC Dipalmitoylphosphatidylcholine 

DOPC 1,2-Dioleoyl-sn-glycero-3-phosphocholine 

DOPG 1,2-dioleoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (sodium salt) 

DOTAP 1,2-dioleoyl-3-trimethylammonium-propane (chloride salt) 

POPC 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine 

SM Sphingomyelin  

Chol Cholesterol 

GM1 Monosialotetrahexosylganglioside 

Additional Terms 

Ra  Average roughness 

(#)h (difference in) height 

(#)V (difference in) electrical surface potential  
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Plasma membranes – also known as cell membranes – are complex structures, composed of 

phospholipids, membrane–bound proteins and other lipids, such as sterols and steroids 

(Singer & Nicolson 1972). The cell membrane is involved in a vast number of biological 
processes, including but not limited to: cell signaling, cellular adhesion, and molecular 

transport (Singer & Nicolson 1972). It is also the first line of defense for the cell against 

invading species. Because of the wide array of processes that the membrane is involved in, 

the biological membrane properties – both physical and chemical – are extremely important 

when it comes to understanding certain membrane functions of cells, as well as cellular 

defense in relation to many diseases, including Alzheimer’s disease. The proposed 

mechanism of amyloid fibril formation involves protein misfolding and the interaction of 

amyloid !-sheet aggregates, oligomers, and fibrils with the membrane. It has been shown 

that in vivo, there is an association of fibril plaque formation with biological membranes; 

however, the role of membrane heterogeneity - and especially the effect of cholesterol and 

lipid rafts – in amyloid fibril formation and toxicity is not yet well understood.  

!"!#$%&#'&((#)&*+,-.&#
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The cell membrane is composed primarily of lipids and proteins. Lipids are the main 

constituents of plasma membranes, and eukaryotic cells contain three classes of lipids: 

glycerophospholipids (usually present in levels of 40 to 60 mol%); sphingolipids (usually 

present in levels of 10 to 20 mol%) and cholesterol (usually present in levels of 30 to 40 

mol%) (McMullen et al, 2004). The term phospholipid describes a lipid molecule that 

contains a hydrophilic ‘head’ group that contains a phosphate group and a hydrophobic alkyl 

‘tail’ region. When forming a membrane, these molecules orient themselves in a tightly 

packed bilayer such that the hydrophilic head groups are facing outwards into the 

extracellular fluid or cytoplasm and the hydrophobic alkyl tail regions face inwards, shielded 

from the fluid.  
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Biological membranes are very complex – they can differ widely in several aspects when it 

comes to lipids alone, including differences in lipid head-group structure, the length of their 

hydrocarbon chain, degree of saturation of the acyl-chain, and mode of attachment of the 

hydrocarbon chains as well as composition; the complexity only increases when it comes to 

the other major components of membranes, like proteins.  Therefore, model membranes are 

widely used to study these complex systems (Ohvo-Rekilä et al, 2002). Model membranes 

are bilayers that have a defined composition (composed of one or several lipids, often with 

no protein present) and are formed through artificial means, such as vesicle fusion or 

Langmuir-Schaeffer methods (Leblanc & Huo, 2006); they are used in order to help give a 

simplified system to study in order to help eliminate variables that may lead to unclear 

results. One of the most common methods of using model membranes is through the use of 

supported lipid bilayers on solid substrates or vesicle fusion (Leonenko et al, 2001). Another 

commonly used lipid model is lipid monolayers, which are systems that are one lipid 

molecule thick (essentially one leaflet of a lipid membrane), and which can also be used to 

study lipid systems in a simplified form. 

!"#$01&)(/2(,&)$3.$21($%(*+,-.($

A cholesterol molecule is made up of four fused rings (shown in Figure 1.1) with an 

alterable conformation, indicating some flexibility in the rings (Yeagle 1985). The presence 

of a hydroxyl group gives cholesterol a polar region, while the presence of an alkyl tail gives 

it a non-polar hydrophobic region. Cholesterol orients itself perpendicular to the membrane 

of mammalian cells (parallel to the hydrophobic chains of the phospholipid molecules, as 

shown in Figure 1.1) (Yeagle 1985). Cholesterol is found in biological membranes in non-

random distribution in domains or pools. These regions are thought to be important for the 

maintenance of membrane structure and function (Mukherjee & Chattopadhyay 2005). 

These pools – microdomains in the lipid membrane that are known as lipid rafts – are 

enriched in cholesterol and are tightly packed (more so than the surrounding components of 

the membrane) and compartmentalize certain cellular processes, like signalling-molecule 

assembly, membrane fluidity influence, and the trafficking of membrane proteins, as well as 
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act as an anchor region for important components (like proteins) that are involved in these 

cellular processes (Giordani et al, 2008). 
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The idea of the presence of these non-uniform regions in the membrane is known as the 

“lipid raft hypothesis”; it suggests that the lipids are able to form these domains (i.e. 

aggregates) in the membrane because of specific and preferential interactions between the 

lipid molecules. These interactions are due to the differing physical properties of the 

different lipid molecules involved, which are dependent on lipid structure and chain 

saturation (these factors define the ordering of the lipid tails at room temperature, as well as 

phase [discussed later] and the transition [melting] temperature) (Ohvo-Rekilä et al, 2002). 

The physical properties of a lipid determine how tightly it is able to pack together with other 

lipid molecules – molecules that pack tightly together have a higher melting temperature, 

while molecules that pack loosely together have a lower melting temperature. Studies 

supporting the idea of the lipid raft hypothesis tend to come from three sources: (1) the 

isolation of “detergent resistant membrane” (DRM) fractions of human and animal 

membranes; (2) the disruption in animal and human cell function when cholesterol is 

depleted from the membrane; and (3) the non-random distributions of raft-associated 

proteins within the membrane (McMullen et al, 2004).  
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Cholesterol’s interaction with the lipid molecules in both monolayers and in bilayers has 

been widely studied and extensive information has been gathered about these interactions. 

Cholesterol’s effects are highly dependent on the properties of the lipid molecules making up 

the membrane. It has numerous effects on the membrane, including the ability to alter the 

physio-chemical properties of the membrane and the order of the membrane, among others. 

One of the most important properties of cholesterol is its role in the formation of lipid rafts 

and raft-like domains.  

The effect of cholesterol on the membrane is dependent on what phase the lipid molecules 

are in. This property of a lipid molecule is highly dependent on two factors: the structure of 

the acyl chain portion of the lipid molecule (as the acyl chain length increases, the transition 

temperature increases) as well as the degree of saturation of the lipid molecule (as the degree 

of saturation decreases with the increasing presence of double and triple bonds in the acyl 

chain, the transition temperature decreases) (Ohvo-Rekilä et al, 2002). For example, in the 

liquid-crystalline state (or the “fluid phase”, Lα), cholesterol causes an increase in the lipid  

molecules’ degree of orientational order and 

decreases their rate of motion – the increased 

order of the acyl chains translates into an 

increase of membrane thickness (Ohvo-Rekilä 

et al, 2002). In contrast, in the gel-phase (L!), 

cholesterol decreases the orientational order 

and increases the rates of motion of the lipid 

molecules (McMullen et al, 2004). Cholesterol 

is known to induce an intermediate state, 

between fluid phase and gel phase, known as 

“liquid-ordered” or Lo, which can be visualized 

in Fig 1.2. Cholesterol’s effects are discussed 

in further detail in Chapter 2 of this thesis.  
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Alzheimer’s disease (AD), named such because of its first identification by German scientist 

Alois Alzheimer, is a progressive neurodegenerative disease that is associated with 

deterioration of memory and cognitive function (Whitehouse et al, 1982). The prevalence of 

Alzheimer’s cases worldwide is only increasing, with current modeling studies (based on a 

multistate probabilistic model) suggesting there are approximately 26.6 million occurrences 

in 2006 (Brookmeyer et al, 2007). This number is expected to quadruple by the year 2050, 

giving a frequency of 1 in 85 people being diagnosed with AD (Brookmeyer et al, 2007).  

Because of its rapid increase in prevalence in today’s population, finding a treatment for this 

incurable disease is of vital interest to the medical community.  

One of the main features of Alzheimer’s disease is amyloid-beta protein plaques 

(accumulations) in neuronal cell membranes and cerebral blood vessels (Puglielli et al, 

2003).  

!"$"!#%+1&2*3#4*5,*&#42,+06*278#92&):;&0,#9):(07*.+#

Amyloid-beta (A!) fibrils are the product of the cleavage of APP (amyloid precursor protein, 

NCBI gene ID: 351) by a secretase, whose activity may be modulated by the lipid 

environment, which also may alter the function of the secretase enzyme (Eckert et al, 2010).  

A! is actually a collective term that is used to identify a seed, aggregate, plaque, or fibril that 

has a characteristic structure – the cross !-sheet. Through a series of polymerization, 

elongation, and bundling, amyloid fibrils are formed, which are just essentially elongated 

amyloid twisted fibrils that are characteristically about 10 nm in diameter and over 100 nm – 

up to microns – in length (Chiang et al, 2008; Sipe & Cohen 2000). When these fibrils 

aggregate together, they form plaques; these plaques have been found in the affected tissues 

of over 20 diseases and are insoluble, affecting a great number of the regular tissue functions 

(Chiang et al, 2008; Sipe & Cohen 2000). The fibrils are found on the surface of neurons 

aggregated together in the form of plaques and when stained, originally served as a signature 

for diagnosing a patient with Alzheimer’s disease post mortem (Sipe & Cohen 2000). This 



!"#$%"&'('$ $ )*(+,-&."$#/0**&$

$ 1 

process of membrane interaction with amyloid species can be seen in Chapter 2 of this 

thesis, Figure 2.4.  

!"#"$%&'()*+'%,-)'./0)*1-2%3*)4%)4'%5'67./-'%

The manner with which A! peptides interact with a cell membrane is of great importance to 

understanding the molecular mechanism of the disease itself. The membrane is the primary 

defense of the cell against any potential harmful species and the mechanism of interaction of 

A! peptides is intimately related to the mechanism of amyloid toxicity, and this mechanism 

is currently not well understood. This area of research recently attracted great interest but 

publications are still limited when compared to the study of peptide-peptide interaction in 

solution. 

Interaction of the A! peptide with the membrane can be envisioned as either through 

adsorption to the surface or through partial or full insertion into the membrane, which can be 

seen in Figure 1.3, or full insertion into the membrane leading to the formation of an ion 

pore or ion channel. Using 31P MAS NMR (magic angle spinning nuclear magnetic 

resonance) and CD (circular dichroism) spectroscopy, it has been found that A!(1-40) will 

bind electrostatically to a monolayer system at the air-water interface that is exhibiting a 

negative potential; increasing the content of acidic lipids in the monolayer decreases the 

surface charge (making it more negative), which can lead to increased accumulation of A! 

peptide on the surface of the lipid system in !-sheet resembling aggregates (Bokvist et al, 

2004). Insertion of the A! peptide into the lipid system has also been shown to be greatly 

affected by surface charge. In neutral monolayers, only a short segment of the peptide (a 

hydrophobic portion) will insert into the monolayer; when surface charge decreases, it 

allows for electrostatic anchoring of the surface charged residues and this allows for more of 

the peptide to insert into the monolayer (Bokvist et al, 2004). This charge dependence 

investigated by Bokvist et al. in a monolayer study is extrapolated to a bilayer system and is 

illustrated in Figure 1.3.  
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A! has been shown to have effects on the lipid membrane, including alterations in 

membrane fluidity (Eckert et al, 2010). Other observations include A! compromising the 

integrity of the membrane, causing leakage (lipid monolayer studies) and alteration of ionic 

homeostasis by integration into the membrane to form ion channels (single lipid bilayer and 

liposome studies) (Ambroggio et al, 2005; Arispe 2004)  

Cholesterol concentration has been shown to affect the insertion of A!1-40 into the 

membrane. Ji et al. (Ji et al, 2002b) studied this using both monolayer research and 

membranes formed through phospholipid vesicle fusion and, using mass spectrometry, 

electron microscopy, and circular dichroism, they found that at concentrations less than 30 

mol%, A!1-40  tends to stay in its beta-sheet structure; at concentrations above, A!1-40 can 

insert spontaneously into the membrane. It has also been shown that A!1-40 insertion in the 

membrane may prevent fibril formation (Ji et al, 2002b) as well as insertion being increased 

in a low pH environment (Ji et al, 2002a).  

Previous studies using the atomic force microscope have also shown the preferential 

accumulation of A!1-42 to gel phase lipids when introduced to a pre-supported mixed lipid 

membrane (Choucair et al, 2007). Cell culture studies with cholesterol and amyloid plaques 

in human neuroblastoma cells have also shown the possibility that increased cholesterol 
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content reduces membrane disruption (alteration of function) by the amyloid plaques (Cecchi 

et al, 2009). This group used confocal laser microscopy, anisotropy fluorescence, and atomic 

force microscopy and found that A! oligomers interacted with membrane rafts and that a 

moderate increase in the cholesterol content in the membrane – leading to an increased 

cholesterol content in the rafts – tended to decrease amyloid-induced membrane 

modifications in the lipid rafts (Cecchi et al, 2009).  

The cell membrane is a very a complex structure, as is the amyloid peptide itself. Despite the 

great interest this area has attracted, only simple lipid systems have been studied to date; 

these do not fully allow one to address the question of lipid complexity and specifically the 

presence of nanodomains on the interaction of a lipid membrane with amyloid beta peptides. 

As such, much remains left to be discovered about the interactions of amyloid and the 

membrane, despite very large amounts of research being done in this area, to truly address 

these question,  the use of more complex mixtures are needed in order to closer approach the 

complexity of the cell membrane. This is a challenging task that requires the use of advance 

methods and instrumentation in order to resolve these nanoscale structures.  

!"#$%&'()*+(,-./$0(-1234$.,3$5.+'/($6)('.).-*2,$
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The Langmuir-Blodgett trough is a specialized apparatus that allows for the compression of 

molecular monolayers arranged on a liquid subphase. The trough allows the user to carry out 

three key techniques: (1) the formation of monolayers of amphiphilic molecules (like 

phospholipids) at the air-water interface; (2) to study the surface tension of these monolayer 

films; and (3) to deposit monolayers or multilayers onto a solid support that can then be 

studied through different methods, including microscopy (Martin & Szablewski 2001). 

The trough, made of a hydrophobic substance, like PTFE or Delrin, consists of a shallow 

basin with a well in the middle that is filled with Nanopure or Ultrapure water (Ah-Fat et al, 

1994). It also has two moveable barriers that are slightly submerged in the fluid. When a 

solution containing an amphiphilic molecule is spread using a Hamilton syringe on the 

surface of the liquid in the trough; it quickly spreads out across the water and orients itself 
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such that the hydrophilic heads interact with the water and the hydrophobic tails orient away 

from the water at the air-water interface (Ah-Fat et al, 1994). The trough also contains a 

pressure sensor that monitors the pressure exerted by the molecular film to monitor the 

surface tension (or compression). As the barriers are moved inward or outwards, there is a 

reduction or increase in the surface area that the molecules can occupy in the trough, 

resulting in a change in tension/pressure that is monitored by the pressure sensor. The 

relationship between surface tension and surface pressure for the trough is given by the 

following equation: 

P = !0 – ! 

Where P is the surface pressure being measured; !0 is the “ideal surface tension” - the 

surface tension for the pure Nanopure water subphase, which under ideal conditions, is 72.8 

mN/m); and ! is the surface tension measured on the trough with a sample present at the air-

water interface of the subphase (Martin & Szablewski 2001).   

The movement inwards of the barriers in the trough with a monolayer on the surface of the 

subphase can be visualized in Figure 1.4A.  
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The trough can be set up to maintain a specific pressure of the film via a pressure control. 

This method is used in deposition, so that the pressure remains constant as a sample of the 

monolayer is retrieved. To carry out this retrieval, a solid substrate is obtained (often silica, 

mica or glass) and attached to the dipping mechanism of the trough, which is essentially a 

long arm that is attached to a motor gearbox. Attached to the horizontal arm is a vertical 

clamp with which the solid substrate is held. Movement of the dipping arm allows the solid 

substrate to be dipped in and out of the trough (Ah-Fat et al, 1994; Martin & Szablewski 

2001). With each dip, molecules from the surface of the trough attach to the substrate in a 

monolayer, creating samples of specific layer thickness. The creation of the initial first 

monolayer can be seen in Figure 1.4B.  

!"#$%&'()&$")"*+,-'.*+%+/+-0'*1&'2),301'

Please see appendix A for in-depth descriptions of how the trough can be utilized for the 

preparation of supported lipid monolayer samples, which can then be analyzed using the 

atomic force microscope or the Kelvin probe force microscope.  

!"#"$%&'()*+%,(-+.%/*+-(0+(1.%

Atomic Force Microscopy (AFM) allows for topographical imaging of surfaces with 

nanoscale resolution; it utilizes a scanning probe (which consists of a cantilever with a sharp 

tip at the end) to physically scan the sample and create an image based on the interactions 

between the probe and the surface of the sample (Binnig & Quate 1986; Meyer 1992; Rugar 

& Hansma 1990; Zhong et al, 1993). The tip of the cantilever scans along the surface of the 

sample and, as it physically interacts with surface features, the forces of interaction cause 

deflection of the cantilever (Binnig & Quate 1986; Meyer 1992; Rugar & Hansma 1990; 

Zhong et al, 1993). This deflection is monitored through a laser that is directed at the top of 

the cantilever in the location directly above the tip (Binnig & Quate 1986; Meyer 1992; 

Rugar & Hansma 1990; Zhong et al, 1993). The laser is then reflected back to a multi-

segment photodiode which detects the laser spot and, more specifically, the movement of 

this laser spot due to changes in deflection of the cantilever as forces between it and the 

sample change due to differing surface features (Binnig & Quate 1986; Meyer 1992; Rugar 

& Hansma 1990; Zhong et al, 1993). These forces may include, but are not limited to: 
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electrostatic interactions; van der Waals forces; capillary forces, and dipole-dipole 

interactions. This can be seen in the following chapter, in Figure 2.1.  

!"#$%&"'&()!&*+,-./-0&1"/2,32&,/#&*/2$4+.22$/2&1"/2,32&!"#$&

There are multiple modes of AFM that can be utilized. In the static, or contact mode, the tip 

is in contact with the surface of the sample while the probe scans; it is essentially being 

gently dragged across the surface. The deflection measured is used to adjust the cantilever 

height when the sample height differs, to ensure that the tip doesn’t break off and that the tip 

remains in contact with the surface (Garcia & Perez 2002; Zhong et al, 1993). While contact 

mode is very useful for some samples, it has several disadvantages, especially for soft 

biological samples, like lipids, as the sample may be destroyed if improper settings are used.  

To avoid these disadvantages of contact mode, lipids are often scanned using tapping, or 

intermittent contact, mode. In this method, the cantilever oscillates, causing the tip to quickly 

move up and down (Garcia & Perez 2002; Zhong et al, 1993). As the tip moves over the 

surface, it intermittently touches the surface of the sample, producing information of the 

topography of the sample, without dragging across it and causing any damage (Garcia & 

Perez 2002; Zhong et al, 1993). 

For samples being scanned in liquid, this method can be difficult because the movement of 

the apparatus to maintain cantilever oscillation can cause vibrations in the liquid. These 

vibrations can lead to inconsistencies in results and, essentially, bad images. To overcome 

this, one can use ‘MAC’ mode – magnetic alternating current. In this method, the cantilever 

has a magnetic coating and its oscillation is achieved through magnetic drive, thus 

eliminating the need for acoustic oscillation of the whole apparatus. This allows for tiny 

oscillations of the cantilever only without disturbance of the fluid in the liquid cell.  

!"#"$%&'()*+%,-./'%0.-1'%2*1-.31.,4%

The Kelvin probe force microscope (KPFM) is an extension of scanning probe microscopy 

that combines the capabilities of the AFM with the Kelvin method, allowing for 

measurement of the work function in metals or, more specific to our uses, the electrical 

surface potential in non metals.  
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The set up of the KPFM is heavily based on the AFM set up (previously described) but 

utilizes a conductive probe and a conductive substrate with a voltage applied between them. 

As the cantilever scans over the surface of the sample, we can measure contact potential 

differences and extract differences in work function in metals or in electrical surface 

potential of the sample (Nonnenmacher et al, 1991).  

Typically, KPFM is carried out in lift or “hover” mode – the probe is not in direct contact 

with the sample and is a certain distance away from the sample surface at all times; it is also 

done in two scans – an initial AFM scan and a second KPFM scan, usually at a distance of 

50 to 100 nm above the surface, to ensure for only electrostatic interactions. However, it has 

been found that this method does not give high enough resolution and sensitivity for the 

study of biological systems (Moores et al, 2010). A specialization of the KPFM – frequency 

modulated-KPFM - does have this higher resolution and sensitivity necessary for biological 

systems and is more advantageous for such applications. In FM-KPFM, a small modulation 

frequency (Fmod) is applied in addition to the main resonance frequency (F0), which produces 

sidebands F0-Fmod (Zerweck et al, 2005). We use the main resonance frequency for 

topography and the side bands for FM-KPFM, giving that higher sensitivity and resolution 

(Zerweck et al, 2005).  This method also allows for simultaneous AFM and KPFM imaging.  

One minor drawback for KPFM is that, currently, it is unable to operate in biologically 

relevant conditions – for example, it cannot be used in aqueous solutions, which would be 

typical of cellular membranes or cells in general. As a result, samples must be analyzed in an 

air environment, which is well suited for the study of lipid monolayers. Nonetheless, 

valuable information of biological systems can be gathered using the KPFM and then this 

information can be extrapolated and inferred to a system under biologically relevant 

conditions.  

!"#"#$%&'()*+$,-.((&)/+0$

Neutron scattering methods are widely used to study periodical stacks of model lipid 

membranes. Neutron scattering is a broad term that describes methods that investigate 

materials through the scattering of free neutrons by matter. There are different types of 

neutron scattering that are classified based on the change in energy over the course of the 
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experiment:  if there is no change in the energy of the neuron from the start to the finish of 

the experiment, it is known as elastic neutron scattering (also known as neutron diffraction); 

if during the scattering process, some energy of the neutron is gained or lost, it is known as 

inelastic neutron scattering (Rauch & Petrascheck 1979; Bacon 1962).  

Elastic neutron scattering, or neutron diffraction, is often used for determining structures, 

which is ideal for “crystal” structures – samples with a three-dimensional periodic array of 

atoms, or more simply put, samples that repeat themselves, like stacks of bilayers (Ku!erka 

et al, 2007; Ku!erka et al, 2009). These stacks, which can be thought of as planes, are 

equally spaced from one another; this spacing is denoted as “d”; the thickness of each plane 

(in this example, the thickness of the bilayers) is denoted as “D”. A visualization of these 

planar, repeated structures are shown in Figure 1.5.  
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When the beam of neutrons is directed at the sample, the neutrons pass through a 

monochromator, which only allows neutrons of predetermined wavelength to pass through, 

and then reaches the sample of repeating planar units (Ku!erka et al, 2007; Ku!erka et al, 
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2009). The neutrons interact with the nuclei present and are scattered in different directions 

with every nucleus that they come into contact with. These scattered neutron waves interfere 

with one another, either constructively (overlapping waves combine together, yielding 

stronger peaks) or destructively (subtract from one another, yielding weaker peaks), 

producing a wave pattern that is read by a detector that is position sensitive, giving 

information that can then be analyzed for useful information (Pfleegor & Mandel 1967). In 

general, the analysis of this scattering of neutrons can be used to give information about the 

structure of the material being studied and the periodicity and position of the atoms, and 

their position relative to one another. One such piece of structural information that can be 

obtained is the d-spacing, by using Bragg’s Law:  

2 d sin ! = n ". 

where ! the angle between the wave/vector of the incident plane wave k and the lattice 

planes, " its wave length and n is an integer, the order of the reflection (Bragg & Bragg 

1913). This is more clearly explained in Figure 1.6, which shows how the neutrons interact 

with each plane in a periodical sample and those that are scattered back in specific planes 

reach the detector. 
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Overall, the use of neutron scattering is very desirable for the study of periodical structures 

as it is non-destructive to the sample, the neutrons are highly penetrating, and for the wide 

array of characteristics that neutrons can be used to study (including lattice dynamics, 

molecular dynamics, magnetic fluctuations, and so on).  

!"#$%&'()$&*$+,-).)$'/0$123-45.6-$&*$7-)-'84,$

The general objective of this thesis is to elucidate more on the indirect interaction of amyloid 

peptides with the membrane in relation to Alzheimer’s toxicity; that is, we are interested in 

the effect of the lipids of the cell membrane themselves on amyloid fibril formation, as 

opposed to direct interaction with the membrane via protein receptors, etc. One area of 

particular interest with regards to the lipid membrane is the degree to which the composition 
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of the membrane, and in particular the presence and amount of cholesterol and lipid 

domains, affects membrane interaction with amyloid.  

The specific objectives of this thesis are: 

1. Give an in depth review of the use of the atomic force microscope on amyloid fibril 

formation and toxicity, especially in relation to Alzheimer’s disease, to show that this 

is a heavily researched area and yet, there is still much left to discover in order to 

elucidate the cause of this disease and most importantly, in order to develop a 

treatment or cure.  

a. This is outlined in Chapter 2 of this thesis 

2. Investigate the effect of cholesterol itself on physicochemical properties of the 

membrane in comparison with the unknown effects of melatonin, as both molecules 

have been linked to amyloid toxicity 

a. This is outlined in Chapter 3 of this thesis 

3. Determine the effect of lipid composition on amyloid fibril formation and 

accumulation; specifically, study the effect of lipid head group charge and lipid phase 

at room temperature on amyloid interactions with the membrane 

a. This is outlined in Chapter 4 of this thesis 

Determine the effect of cholesterol (if any) on a single lipid system on amyloid fibril 
formation and interactions with the membrane 

b. This is outlined in Chapter 5 of this thesis 

4. Characterize the structure and properties of increasingly complex multi-component 

lipid monolayer systems; specifically, study topography of the mixtures and electrical 

surface potential in order to find a suitable system to mimic neuronal cellular 

membranes 

a. This is outlined in Chapter 6 of this thesis 

5. Develop model lipid membrane systems that mimic healthy vs. diseased neuronal 

cell membranes; study the structure and physicochemical properties of the models in 

monolayer and bilayer form, and in the interactions of amyloid with the membrane 

a. This is outlined in Chapter 7 of this thesis  
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Note: the majority of this chapter was reproduced with modifications with permission from 

{Drolle E, Hane F, Lee B, Leonenko Z. 2014. Atomic force microscopy to study molecular 

mechanisms of amyloid fibril formation and toxicity in Alzheimer’s disease. Drug Metab. 

Rev., 46(2): 207-223.} © {2014} Informa Pharmaceutical Science. 
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Summary of Published Work: The goal of the review was to write a review on AFM being 

used for Alzheimer’s disease research. We reviewed work from our lab and leading 

contributors from around the world. This in depth review attempted to illustrate the benefits 

of using atomic force microscopy for study at the nanoscale and outline that vast research 

has been done using atomic force microscopy in the study of amyloid fibril formation and in 

Alzheimer’s disease, and yet, there is still much left to discover. 

Contributions: This published manuscript was co-written by myself and Dr. Francis Hane, 

with Brenda Lee responsible for original authorship of the figures. For this thesis, the 

applicable figures were redone and the manuscript was reworked, with some portions not as 

relevant to my current research removed, in order to focus on the portions of this manuscript 

written primarily by me. All authors were involved in the final editing of the manuscript 

prior to publication.  

Abstract 

Alzheimer’s disease (AD) is a devastating neurodegenerative disease characterized by 

dementia and memory loss, for which no cure or effective prevention are currently available. 

Neurodegeneration in AD is linked to formation of amyloid plaques found in brain tissues of 

Alzheimer’s patients during post-mortem examination. Amyloid plaques are composed of 

amyloid fibrils and small oligomers - insoluble protein aggregates. Although amyloid 

plaques are found on the neuronal cell surfaces, the mechanism of amyloid toxicity is still 

not well understood. Currently it is believed that the cytotoxicity is a result of the non-

specific interaction of small soluble amyloid oligomers (rather than longer fibrils) with the 

plasma membrane. In recent years, nanotechnology has contributed significantly to 

understanding the structure and function of lipid membranes and to the study of the 

molecular mechanisms of membrane-associated diseases. We review the current state of 

research, including applications of the latest nanotechnology approaches, on the interaction 

of lipid membranes with the amyloid-! (A!) peptide in relation to amyloid toxicity. We 

discuss the interactions of A! with model lipid membranes with a focus to demonstrate that 

composition, charge and phase of the lipid membrane, as well as lipid domains and rafts, 

affect the binding of A! to the membrane and contribute to toxicity. Understanding the role 
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of the lipid membrane in Alzheimer’s disease at the nanoscale and molecular level will 

contribute to the understanding of the molecular mechanism of amyloid toxicity and may aid 

into the development of novel preventive strategies to combat Alzheimer’s disease.   

!"!#$%&'()*+&,(%#
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Alzheimer’s Disease (AD) is a neurodegenerative disorder which results in progressive 

cognitive impairment, including dementia, personality changes, judgment, language skills 

and memory loss, eventually resulting in the death of the individual. AD is a member of the 

family of protein misfolding diseases. The 27 protein misfolding diseases identified to date 

all have an implicated protein that misfolds and aggregates to cause a specific pathology 

(Sipe et al, 2010; Stefani, 2012). AD is associated with the amyloid-! (A!) peptide. Other 

diseases in the protein misfolding disease family include Parkinson’s disease ("-synuclein), 

Creutzfeldt-Jacobs (PrPc), Pulmonary Alveolar Proteinosis (SP-C), and diabetes (insulin) 

(Sipe et al, 2010).  

The symptoms associated with AD were first identified by Alois Alzheimer in 1907 

(Alzheimer, 1907). A significant period of time elapsed between Dr. Alzheimer’s 

identification of the disease and significant progress in the study of AD; it was not until the 

mid to late 1980s that any real progress on Alzheimer’s disease was made, with the 

discovery that the A! peptide is correlated with AD symptoms (Masters et al, 1985; Tanzi et 

al, 1988) and the advancement of the amyloid hypothesis (Selkoe, 1991). Pathologically, AD 

is identified by the presence of extracellular amyloid plaques and intracellular neurofibrillary 

tangles (NFT) in the brain tissues during post-mortem examination. It has been shown that 

A! is the primary constituent of these amyloid plaques, which are found extracellularly, and 

that hyper-phosphorolated tau protein is the primary constituent in NFT’s, which are found 

intracellularly (Selkoe 1991). Considerable effort has been put into characterizing these 

plaques in order to elucidate the molecular pathways of A! aggregation, with a shared goal 

of identifying therapeutic approaches to slow the onset of AD. At the micro- and nanoscales, 

the neuronal plaques consist of amyloid fibrils, which are protein structures with cross-

linked beta-strands stacked together. Mature fibrils are a series of protofibrils that are twisted 
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around one another and reach lengths of up to several micrometers, with a diameter of 

roughly 5-10 nm (Antzutkin et al, 2000). In the past, these fibrils were believed to be causal 

to AD. However, recent research has demonstrated that these fibrils are relatively inert 

compared to amyloid oligomers, which are much smaller than the fibrils (Ono et al, 2009). 

Whether these oligomers are a precursor to the amyloid fibril or lie along an off-pathway 

reaction coordinate is a matter of contemporary debate (Yamaguchi et al, 2010). By the turn 

of the last century, research results began to show that neuronal synapses were most affected 

by amyloid neurotoxicity by impairing potentiation as a result of the interaction between 

amyloid oligomers and the neuronal synapse (Walsh et al, 2004; Walsh & Selkoe, 2004). 

Concurrently, various groups reported that the misfolding of amyloid proteins was not an 

abnormal occurrence; rather, it is an intrinsic property of the backbone of any polypeptide 

chain (Dobson & Karplus, 1999). In addition, it was shown that cytotoxicity is a generic 

effect of all amyloid oligomers (Bucciantini et al, 2002) and is associated with the initial 

misfolding of oligomers setting off the amyloid cascade (Kayed et al, 2003; Stefani, 2012). 

Post mortem examinations of patients with Alzheimer’s symptoms have shown a reduction 

in the physical size of the temporal and frontal lobes, hippocampus and amygdala – the 

regions involved in memory and learning process. This cerebral atrophy is the direct result of 

neuronal apoptosis and synaptic atrophy appearing concurrently with the presence of 

amyloid plaques and tau tangles (Mattson 2004). In addition, inflammatory cytokines formed 

by degenerating neurons and activated microglia around the amyloid plaques may contribute 

to the symptoms associated with Alzheimer’s disease (Mattson, 2004). 

Despite extensive research into AD and A!, no clear mechanism of action has been 

uniformly accepted, and little progress has been made in developing pharmaceuticals that 

eliminate, prevent, or even significantly slow the devastation caused by AD. In the past, the 

presence of amyloid plaques in the brain, which showed apple green birefringence when 

stained with Congo Red, was the definitive post mortem diagnoses for AD (Serrano-Pozo et 

al, 2011). Many cadavers display post-mortem cerebral amyloid plaques even though the 

living person never presented any Alzheimer’s symptoms. Conversely, some people 

diagnosed with Alzheimer’s disease do not have any amyloid plaques post-mortem 

(Davinelli et al, 2011). This inconsistency can be caused by either false diagnoses or poor 
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specificity of the classical Alzheimer’s signs post-mortem. Currently, the clinical diagnosis 

for AD is based on accepted mental and cognitive testing or MRI imaging when large areas 

of the brain are already damaged. Approximately 90% of patients diagnosed with AD are 

found to have AD on autopsy (Knopman et al, 2001). Recent advances have shown promise 

in making an AD diagnosis using cerebrospinal fluid or blood for patients who have not yet 

presented with AD symptoms, for example, by looking for the presence of A!42 (De Meyer 

et al, 2010). Some groups are now suggesting that large fibril plaques could play a 

protective role (Esparza et al, 2013; Yang et al, 2013). Therefore more effort in elucidating 

the molecular mechanism of AD and amyloid toxicity is highly desired, considering that the 

number of AD patients is constantly growing with the elderly population. 

Although the exact mechanism by which A! produces neurodegenerative symptoms 

remains unclear, amyloid fibril formation has been studied extensively as a cause and a 

signature of AD.  The proposed mechanism of amyloid fibril formation involves cleavage 

of the trans-membrane amyloid precursor protein (APP) (O’Brien & Wong 2011). When 

APP fragments (such as A!35, A!40, A!42) become exposed to cellular fluids, they 

misfold into amyloid fibrils - thin insoluble fibers made up of the A! peptide arranged in a 

cross beta sheet structure (Berhanu & Hansmann 2012). Fibrils are hypothesized to form 

through a sequence of aggregation processes from monomers and oligomers, but  whether 

oligomers are precursors to fibrils or form along a separate pathway is a subject of current 

research and academic debate.  

Most early research on fibrillogenesis has been devoted to characterizing the formation of 

oligomers and fibrils in aqueous solution, where the effect of temperature, pH, and other 

factors were studied (Kusomoto et al, 1998; Stine et al, 2002). Recent research indicated 

that fibril plaque formation and neurotoxicity are associated with biological membranes in 

vivo. A! neurotoxicity was first identified in the 1980s with the discovery that A! is the 

prime constituent in amyloid plaques (Allsop et al, 1983; Glenner & Wong 1984; Masters et 

al, 1985; Hardy & Allsop 1991). Neurotoxicity is associated with A! interactions with 

neuron cells and results in neuronal cell death. The exact mechanism of this neurotoxicity is 

still under debate and several mechanisms have been discussed in literature: 1) the 

inflammatory effect of A! on the cell membrane (Verdier & Penke 2004); 2) oxidative 
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stress (Mutisya et al, 1994); 3) effect of metals (Sayre et al, 1999); 4) specific and non-

specific interactions with cellular and lipid membranes (Lin et al, 2001; Kayed et al, 2003; 

Wang et al, 2004; Sokolov et al, 2006); as well as 5) the damaging effect of A! on DNA 

(Geng et al, 2010).  

It has been shown that sequence of A! also contributes to the toxicity (Buchsteiner 2012).  

Even though there is only a 2 amino acid difference in the primary structure of A! (1-40) 

and A! (1-42), there are distinct differences in both the aggregation pathway (Bitan et al, 

2003) and the toxicity levels (Dahlgren et al, 2002) between the two isoforms. A! (1-42) has 

a higher aggregation rate, higher propensity to bind metal ions, and higher toxicity levels 

than A! (1-40) (Bitan et al, 2003; Bush & Tanzi 2008).   

When considering the role of cell membrane in amyloid toxicity, it is important to note that 

amyloid deposits are known to affect the synapse and are not uniform in the cerebral 

parenchyma, but A! is uniformly expressed and A! (1-42) is a normal constituent of all 

cerebrospinal fluid and is present in non-AD patients. Secondly, amyloid deposition 

increases with age, yet amyloid production does not (i.e. there is no change in the rate of the 

the cleavage of APP into the A! peptides). It appears that processes which clear amyloid 

deposits are diminished with age, as are mechanisms to protect against redox effects (Bush 

& Tanzi 2008). A difference between A! production and A! clearance is likely an 

underlying factor in the AD disease process (Greenough et al, 2012).  

A large portion of the toxicity of A! comes from its association with and ability to cause 

membrane disruption and damage. Research by Lal’s group indicates that oligomeric A! 

can form ion channels in lipid membranes, resulting in higher levels of intracellular calcium 

(Lin et al, 2001). Perturbations in membrane fluidity have been also suggested by Kremer et 

al. (Kremer et al, 2000) and Muller et al. (Muller et al, 1998). Free radical production has 

been identified by Butterfield et al. (Butterfield et al, 1999) and changes in lipid metabolism 

have been demonstrated by Koudinov et al. (Koudinov et al, 1998). Other examples of 

cellular damage by amyloid include: changing of membrane permeability (Abramov et al, 

2011), induction of cell apoptosis (Loo et al, 1993), the formation of ion channels in cell 

membrane altering ion homeostasis (Arispe et al, 1993), the production of toxic levels of 



!"#$%"&'('$ $ )*(+,-&."$#/0**&$

$ 12 

hydrogen peroxide (Behl et al, 1994), and the thinning of the membrane (Sokolov et al, 

2006).  

These studies indicated that the mechanism of membrane toxicity induced by A! is very 

complex and still poorly understood (Berthelot et al, 2013). These studies also demonstrate 

the need to elucidate the role of the lipid membrane surface in the mechanism of amyloid 

fibril formation and toxicity at the nanoscale and molecular level.  High-resolution imaging 

techniques such as atomic force microscopy provide a powerful nanotechnology method 

with which to approach this challenging task.   

!"!"#$%&'()*+,'(-(./$&'0$1)(23+$4(5+*$63+5(7+(8/$

Nanotechnology has contributed to the progress of modern medicine, contributing 

significantly to understanding the molecular mechanisms of disease and the development of 

novel methods for diagnostics and cure, which has resulted in the development of the 

modern discipline of nanomedicine.  We focus here specifically on one nanotechnology 

method - atomic force microscopy (AFM). AFM is a member of the scanning probe 

microscopy (SPM) family, which includes more than 20 scanning probe methods, such as 

scanning tunneling microscopy (STM), Kelvin probe force microscopy (KPFM), near-field 

scanning optical probe microscopy (NSOM) and many other methods that appeared with the 

development of nanotechnologies. SPM has proven to be a remarkable tool for advancing 

Alzheimer’s research (Connolly & Smith 2010). It has also provided definitive nanoscale 

insight into the structure of amyloid fibrils, oligomers and their interactions with lipid 

membrane and each other (Lal & Arnsdorf 2010). AFM and related SPM methods employ a 

sharp scanning probe (AFM tip), which is rastered over the surface of the sample. The probe 

is attached to a flexible beam (cantilever), which interacts with the sample through various 

forces (van der Waals, electrostatic). These forces are detected at each point following the 

deflection of the cantilever (Figure 2.1) and are used to produce a nanoscale 3D image with 

single molecule level resolution (Binning et al, 1986).  The resolution of these methods is 

not limited by the diffraction of light as in optical microscopy, but is instead limited by the 

sharpness of the scanning probe, typically 2-10 nm. However, even atomic resolution can be 

achieved with an appropriate tip (Binning et al, 1986). With AFM, high-resolution three-
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dimensional images of biomolecules in physiologically relevant conditions can be obtained. 

In addition to imaging, AFM can be used in force spectroscopy mode, which allows the 

measurement of forces between the tip and the sample as the probe is brought repeatedly to 

and from the sample surface.  This method allows for the studying of important mechano-

elastic properties of the sample (including live cells) such as Young’s modulus and adhesion 

(Burke et al, 2013). Because these physical properties of the cell are related to cellular 

function, AFM can thus be used to study biomechanical processes of the cell in order to 

understand not only cell morphology, but also cellular processes such as migration and 

division (Radmacher 2007).  Work by Burke et al. demonstrated that amyloid proteins 

decreased localized Young’s moduli and adhesive properties in lipid membranes. (Burke et 

al, 2013). When the molecules of interest are attached to the probe, binding forces between 

two individual molecules can be measured (Benoit et al, 2000; Hinterdorfer & Dufrene 

2006; Hane et al, 2013). AFM has been widely used to study various biological samples such 

as lipid membranes, cells, DNA and proteins (Hansma & Hoh 1994).  !
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In this section we review our recent work and other AFM studies in relation to AD and 

amyloid toxicity.!

"#"#>!$*-!?'6@(7@!&A!*(5+(4.!673!B4(@&',+.!!

AFM has provided researchers with the nanoscale morphology of amyloid structures, 

revealing truly remarkable details into the etiology of neurodegenerative protein misfolding 

diseases.  Much research has been done to characterize these fibrils and small oligomers with 

AFM imaging, beginning with work done by Krafft’s group comparing fibrils imaged by 
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EM to fibrils imaged by AFM (Stine et al, 1996). The authors were able to show the axial 

periodicity of the fibril structure, confirming structures obtained using electron microscopy 

techniques and confirming the fibril diameter to be 5-12 nm (Stine et al, 1996). With the 

increased resolution provided by AFM, many other groups were also able to obtain higher 

quality images of amyloid fibrils and oligomers (Harper et al, 1997; Wang et al, 2003; 

Mastrangelo et al, 2006; Segers-Nolten et al, 2007; Adamcik et al, 2010; Moores et al, 2011; 

Xiang et al, 2012; Norlin et al, 2012; Irwin et al, 2013; Ridgley & Barone 2013; Goldsbury 

1999; Campioni et al, 2010).  

Amyloid fibril formation has been studied extensively in solution where the interaction 

between peptide molecules is mainly considered. According to the amyloid hypothesis 

(Petkova at al, 2005; Chiti et al, 2006), interactions between amyloidogenic peptides in 

solution results in the formation of small oligomers and long fibrils with twisted morphology 

(Lansbury 1997; Blackley et al, 1999; Chiti & Dobson 2006; Moores et al, 2011), which 

elongate by attaching monomer units to the end of growing protofibrils. A left-handed 

helical twist in the fibril structure and a periodicity of 43 nm was reported (Lansbury 1997). 

Interestingly, the structures of fibrils formed in solution are different from the protofibrils 

formed on surfaces (Blackley et al, 2000; Zhu et al, 2002; Rocha et al, 2005). Mastrangelo et 

al. used AFM to track the growth of amyloid oligomers on substrates (Mastrangelo et al, 

2006), demonstrating that fibrils form as self-dimerizing monomers stack upon one another. 

We showed that after 24 hours of incubation in solution, A! (1-42) forms fibrils that are 

long, continuous, and twisted together into helices (Figure 2.2) with a continual increase in 

the length and height of amyloid fibrils both as a function of time and of peptide 

concentration in solution. The AFM images demonstrate that in addition to the large fibrils, 

small oligomers are also present in solution. Lansbury and colleagues suggested that there 

may be different pathways for fibril and oligomer formation, prompted by their observations 

that only certain prefibrillar species, when added to monomeric solution, “seed” the solution 

and accelerate aggregation time by having the solution skip the lag phase of aggregation. 

Importantly, it was reported that fibrils formed in solution are identical in structure to fibrils 

isolated from Alzheimer’s diseased cerebral plaques (Lansbury 1997).   
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A number of factors have been identified that alter the kinetics of amyloid fibril formation in 

solution: lowered pH, increased temperature and agitation as well as increased concentration 

of amyloid have all been shown to accelerate amyloid aggregation (Harper & Lansbury 

1997; Buell et al, 2012; Crespo et al, 2012).  It has also been shown that the toxicity of 

amyloid species is highly dependent on the structural flexibility and exposure of 

hydrophobic residues of the peptide (Campioni et al, 2010). 

!"!"!#$%%&'(#)%#*+,%-'&.#)/#0123)45#647,43#6),1-(4)/#

It has been emphasized that amyloid peptides may interact with the surfaces of lipid 

membranes. This theory has initiated numerous studies aiming to elucidate the effect of 

surfaces on amyloid fibril formation.  
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A growing number of recent research contributions emphasized the importance of cell 

membrane surfaces (Terzi et al, 1995; Dobson 2001; Lin et al, 2001; Yip et al, 2001; Sharp 

et al, 2002; Kayed et al, 2004; Quist et al, 2005; Ambroggio et al, 2005; Ege et al, 2005; 

Cordy et al, 2006; Choucair et al, 2007) for amyloid toxicity and in particular the role of 

electrostatic interactions between the lipid membrane and amyloid-forming proteins 

(Yanagisawa et al, 1995; Choo-Smith et al, 1997; Kakio et al, 2002). While cell membrane 

surfaces are extremely important in amyloid toxicity, interpreting results from heterogeneous 

and complex systems like plasma membranes is often very difficult. Chemically modified 

surfaces with well-defined functionality can serve as initial simplified models to elucidate 

the effect of surfaces on amyloid binding and fibril formation, including electrostatic 

interactions.   

Surfaces play a crucial role in amyloid fibril formation for many amyloidogenic peptides. 

The size and shape of amyloid aggregates and fibrils, formed on surfaces, as well as the 

kinetics of their formation, are affected by the physicochemical nature of the surface. A 

number of surfaces including nanoparticles (Linse et al, 2007; Pronchik et al, 2010), graphite 

(Brown et al, 2002) and mica (Zhu et al, 2002) have been studied to determine their effect on 

fibril formation. Surfaces have been shown to significantly accelerate the formation of 

amyloid fibrils for a variety of peptides compared to incubation in solution (Powers & Kelly 

2001; Zhu et al, 2002). This phenomenon may be attributed to increased local concentrations 

caused by surface interactions forcing peptide diffusion into a 2D plane (Shen et al, 2012). In 

addition to accelerating fibril formation, several authors reported that surfaces have an effect 

on the structure of fibrils (Zhu et al, 2002, Qin et al, 2007, Goldsbury et al, 1999, Blackley et 

al, 2000, Blackley et al, 1999). For many peptides, fibrils formed on surfaces lack the 

twisted and intertwined morphology, which is characteristic of fibrils grown in solution 

(Blackley et al, 2000), !-synuclein, and SMA (Zhu et al, 2002). The mechanism of fibril 

formation on surfaces includes nucleation and elongation (Zhu et al, 2002; Blackley et al, 

2000; Blackley et al, 1999; Kowalewski et al, 1999), where protofibrils elongate in various 

directions radiating from the central core, resulting in branched structures (Zhu et al, 2002; 

Blackley et al, 2000; Moores et al, 2011). 
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Multiple studies have illustrated the important role that surfaces play in amyloid fibril 

formation; however, these data are difficult to compare due to different research groups 

conducting their studies under varying experimental conditions, such as pH, temperature, 

surface type and peptide type (Uversky et al, 2001; Giacomelli & Norde 2005; McMasters et 

al, 2005; Qin et al, 2007, Yokoyama & Welchons 2007; Hammarstrom et al, 2008). Along 

with experimental conditions, limited surface types studied (Powers & Kelly 2001) make 

comparisons for the same type of amyloid proteins difficult (Zhu et al, 2002, Hammarstrom 

et al, 2008).   

Electrostatic interactions with surfaces are of high importance, considering that A! is a 

charged (-3), polar molecule at physiological pH (pI=5.5) (Rauk 2009) This is especially 

relevant as many membrane surfaces are charged and may therefore influence amyloid 

aggregation through electrostatic forces (Yanagisawa et al, 1995; Choo-Smith et al, 1997; 

Kakio et al, 2002).  

Using AFM, we studied the electrostatic and hydrophobic interaction of A! (1-42) with three 

different surfaces: hydrophobic (CH3); negatively charged (COOH); and positively charged 

(NH2) surfaces at pH 7.8, at 37ºC, in order to provide a direct comparison on the effect of 

these surfaces (Moores et al, 2011). A progressive accumulation of A! deposits with time 

was observed on all three surfaces (Moores et al, 2011). We showed that the surface charge 

and hydrophobicity affects the structure, amount and surface coverage of A! deposits:  

hydrophobic CH3 surfaces promoted the formation of amorphous aggregates while the 

charged NH2 and COOH surfaces promoted small oligomers and small protofibrils. 

Interestingly, the structures of fibrils formed in solution are different from the protofibrils 

formed on surfaces (Blackley et al, 2000; Zhu et al, 2002; Rocha et al, 2005; Moores et al, 

2011). Instead of characteristic twisted morphologies observed for fibrils formed in solution 

(Figure 2.2B), we observed formation of small oligomers, which covered the surface of 

substrate completely and formed a monolayer of densely packed oligomers (Figure 2.3). The 

presence of small oligomeric units on surfaces and in solutions was also reported by others 

(Blackley et al, 1999, Blackley et al, 2000, Rocha et al, 2005) for A! (1-40).  Stable 

oligomers for both A! (1-40) and A! (1-42) were isolated also from brain and synthetic 

amyloid material. Dimeric (9 kDa) and trimeric (13.5 kDa) forms (Roher et al, 1996; 
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Blackley et al, 1999) of A! have been previously observed by size-exclusion 

chromatography, whereas incubation of monomeric A! has led to the separation of 4-, 19-, 

and 46-kDa fragments (Dyrks et al, 1993). There have also been reports from other groups of 

the presence of oligomer units (Levine 1995; Roher et al, 1996; Kuo et al, 1996). We 

observed the deposition of small oligomers on all surface types; however, the surface type 

influenced the shape and the size of the oligomers present. Interactions with the hydrophobic 

surface resulted in spherical oligomers with broader size distribution, while A! oligomers on 

charged surfaces were of triangular shape with a more narrow size distribution. This 

indicates that electrostatic interactions with the surfaces may affect the oligomer folding and 

therefore the shape of the smaller building blocks.  Triangular shaped oligomers were 

proposed by simulations of trimers by Paravastu et al. (Paravastu et al, 2008). As well, Wang 

et al. (Wang et al, 2010) used molecular dynamics simulations to show that A! packing is 

affected by electrostatic interactions with surfaces; A! is relatively free to move at the CH3 

surfaces and may result in a more disordered surface than A! interaction with charged 

COOH- and NH2-surfaces, in which stronger electrostatic interactions of the A! may result 

in more ordered appearance of the A! (Wang et al, 2010). Building of protofibrils later in 

time occurs by adding small spherical building blocks to the surface bound oligomers, 

(Figure 2.3A), which result to elongation in both directions and formation of fibrils with 

branched morphologies (Moore et al, 2011; Zhu et al, 2002; Blackley et al, 2000).  

At longer times of incubation (22h), the density of larger amyloid clusters was observed to 

be highest on CH3-modified surface, lower on COOH-modified surfaces and lowest on NH2 

-modified surfaces (Moore et al, 2011).   
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It is clear that electrostatic interactions with surfaces directly influence A! fibril formation, 

which can be explained by the complex charge distribution in the A! peptide and its 

secondary structure dependence. The peptide has a net charge of -3, with six negatively 

charged residues and three positively charged residues, and an isoelectric point of 

approximately 5.5 (Rauk 2009). We showed that a complex charge distribution develops in 

oligomers (dimers and pentamers) as compared to monomers, (Moore et al, 2011). 

According to our analysis of electrostatic potential distribution (Moore et al, 2011), A! 

monomer, dimer or larger oligomers all differ in their surface charge distribution. In a 

monomeric "-helix structure the charge is fairly evenly distributed to prevent a dipole from 

forming. A larger collective polarity (likely occurring as a result of the misfolding), which 

induces stronger electrostatic surface interactions, is observed in oligomers in !-sheet 

conformations, as well as preferential ordering of the oligomers on the surfaces. This may be 

the driving force for oligomer binding and the reason for the more ordered and fibril-like 

structures that are seen on charged surfaces, compared to hydrophobic CH3-modified 

surfaces. This may have an effect on binding of A! to charged or polar lipid molecules, 

which compose biomembranes.  

Therefore, based on this analysis, we conclude that "-helical peptide clusters preferentially 

form on the hydrophobic CH3 surface, and !-sheet clusters of various sizes form on the 

negatively charged COOH and positively charged NH2 surfaces. This correlates with 

findings by other authors: McMasters et al. (McMasters et al, 2005), investigated amyloid 

fibril formation of the A! peptide on chemically modified mica bearing positively or 

negatively charged, or hydrophobic functional groups at pH 11.5 (chosen as a high pH 

inhibits aggregation in solution so results only be based on surface-mediated aggregation) 

and showed that all surfaces cause adsorption/deposition of A! (10-35) peptide. Deposits 

were composed of peptides in !-sheet, !-turn, random coil and "-helical conformation. The 

equilibrium on hydrophobic monolayer was shifted towards an "-helix form. This is 

consistent also with findings by Giacomelli et al. (Giacomelli et al, 2005), who showed that 

conformation of the A! (1-40) peptide (at pH 7 and 10, at 25°C) strongly depends on the 

hydrophobicity of the surface. They observed intramolecular "-helix formation due 

hydrophobic interactions on the Teflon surfaces in contrast to intermolecular !-sheet 

formation due to electrostatic interactions on the mica surfaces (Giacomelli et al, 2005).   
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AFM along with other studies confirmed the proposed mechanism of amyloid fibril 

formation and demonstrated the formation of A! oligomers and fibrils from monomeric 

solution of A!. The structure of both oligomers and fibrils formed in solution and on 

surfaces has been extensively studied at the nanoscale and at a great detail. Yet, the 

mechanism of amyloid toxicity still is not well understood.  

Amyloid fibril formation is a multiple state process, which starts with the cleavage of the 

amyloid fragments from the transmembrane amyloid precursor protein (APP), misfolding of 

A! monomers which form various structures, such as unfolded clusters, beta-sheet 

oligomers, larger fibrils and amyloid plaques. Due to the close proximity to the cell surfaces, 

these amyloid aggregates may interact strongly with the membrane. Increasing evidence 

supports the hypothesis that the state of the cell membrane (composition, morphology and 

other physicochemical properties) plays an important role in amyloid toxicity and 

Alzheimer’s disease. This mechanism is outlined in Figure 2.4. 
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To account for role of the cellular membrane, whose composition is known to change with 

age and in AD (Wells et al, 1995; Farooqui et al, 1995; Selkoe, et al, 1980; Farooqui et al, 

1988; Bartzokis et al, 2004), it has been hypothesized that within the cellular membrane 

itself, raft domains, enriched in cholesterol and sphingolipids, may constitute the 

environment in which amyloid-forming proteins cluster, thus increasing amyloid aggregation 

and toxicity.  

A growing number of recent research contributions suggest the importance of the lipid 

membrane for amyloid fibril formation and toxicity  (Cordy et al, 2006; Sharp et al, 2006; 

Ege et al, 2005; Yip et al, 2001 Abramov et al, 2011; Tofoleanu & Buchete 2012; Kinnunen 

et al, 2009; Sasahara et al, 2013).  

These studies emphasize the effect of charged lipids, pH, metal cations, and cholesterol on 

the effectiveness of fibrillogenesis, suggesting interactions between the lipid membrane and 

amyloid are important. The stronger interaction of amyloid oligomers with cell membranes 

may induce the higher toxicity and thus disruption of the membrane function. Therefore, by 

controlling membrane properties, one may prevent the amyloid toxic effect and disease 

initiation. It is necessary to continue systematic studies in order to understand the physico-

chemical properties of the cell and model membrane and the role they play in the amyloid 

toxicity.  

Biological membranes are very complex structures, mainly composed of phospholipids and 

enriched with multiple trans-membrane proteins and sterols assembled in rafts. Due to this 

complexity, lipid bilayers and monolayers are widely used to mimic biological membranes 

(Ohvo-Rekilä et al, 2002) in order to study their structure and interaction with biomolecules, 

including amyloid peptides, nanoparticles and drugs (Yip et al, 2001; Bonn et al, 2004; 

Choucair et al, 2007; Hane et al, 2011). 

Electrostatic and hydrophobic interactions between amyloid oligomers and lipid membranes 

play an important role during initial amyloid pathogenesis. Several groups have focused their 

efforts on elucidating the role of electrostatic and hydrophobic interactions of A! peptides 

with model lipid membranes and monolayers. Using a combination of 31P MAS NMR 

(magic angle spinning nuclear magnetic resonance) and CD (circular dichroism) 
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spectroscopy, Bokvist et al. suggested fundamental differences in the functional organization 

of supramolecular A! (1–40) membrane assemblies for two different scenarios with 

potential implication in AD: A! peptide can either be firmly anchored in a membrane upon 

proteolytic cleavage, preventing release and aggregation, or it can have fundamentally 

adverse effects when bound to membrane surfaces by undergoing accelerated aggregation, 

causing neuronal cell death (Bokvist et al, 2004). Their results suggested that two different 

molecular mechanisms of peptide–membrane assemblies are involved in A! 

pathophysiology with the finely balanced type of A!–lipid interactions against release of A! 

from neuronal membranes and production of toxic !-structured aggregates. Therefore, 

pathological interactions of A! with neuronal membranes might not only depend on the 

oligomerization state of the peptide, but also on the type and nature of the supramolecular 

A!–membrane assemblies (Bokvist et al, 2004).  

In one interesting study, Bokvist et al. proposed that A! interacts with lipid membranes by 

binding and insertion of the peptide in its monomeric form into the lipid membrane.  It was 

hypothesized that these processes are driven by the interplay between electrostatic and 

hydrophobic interactions. This finding correlates with previous research on lipid monolayers 

showing that electrostatic interactions with negatively charged lipids increase peptide 

adsorption onto the monolayer at the air-water interface (Maltseva et al, 2005). It has also 

been proposed that the strong electrostatic interaction between the peptide and negatively 

charged lipids drives the peptide deep into the monolayer (Ege et al 2005).  Other authors 

(Quist et al, 2007; Jang et al, 2010; Lin et al, 2001; Jang et al, 2011) proposed that 

membrane can be damaged due to the creation of ion channels or pores, which induce cell 

malfunction by an unregulated toxic ion current (Abramov et al, 2011). In summary, the 

mechanism of A! toxicity is still not well understood, showing a discrepancy between 

suggested non-specific membrane alteration (Williams et al, 2011) and ion-channel 

formation suggested on the base of membrane reconstituted A! (Lin et al, 2001; Jang et al, 

2011), and contradictory non-ion channel but membrane perforation alteration mechanisms 

(Sepulveda et al, 2010).   

In addition, molecular dynamics simulations by Jang et al suggested various steps of 

membrane disorder due to the binding of A! peptides (Jang et al, 2013). Summarizing these 
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studies, we propose that the molecular mechanism of A! toxicity involves several pathways 

of A! interactions with the lipid membrane: 1) binding of A! monomers and oligomers to 

the surface of lipid membrane and accumulation of A! deposits of the surface of lipid 

membrane without destroying membrane structure or integrity (Figure 2.5A); 2) penetration 

of A! into the membrane, creating disorder in the membrane structure and inducing 

unstructured defects and perforation, (Figure 2.5B); and 3) induction of ion channels by A! 

(Figure 2.5C). We postulate that the prevalence of one pathway over another and the 

significance of the induced damage may strongly depend on the physical and chemical 

properties of the lipid membrane itself. Thus the membrane structure and integrity may be 

important factors to take into account while considering strategies to overcome AD and 

related neurodegenerative disease.   
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While other methods have been employed to approach this challenging task, AFM has been 

especially useful as it provided the possibility to directly visualize interactions of A! with 

the lipid membrane at the nanoscale and in physiologically relevant conditions.  

Using AFM, it has been demonstrated that lipid composition, the phase of lipid membrane 

and presence of cholesterol-induced domains (rafts) affect amyloid aggregation (Drolle et al, 

2012; Choucair et al, 2007; Hane et al, 2011; Lal et al, 2007; Sheikh et al, 2012; Yip et al, 

2002; Gorbenko et al, 2006; Goldsbury et al, 1999) 

!"!"#"$%&'(')%*+,(+-'.'+/%

Previously, we used AFM to investigate how time and membrane composition affected the 

aggregation of A!-42 on model phospholipid membranes, in particular looking at the effects 

of lipid head group charge and lipid membrane phase. AFM helped to directly resolve the 

nanoscale structure of amyloid oligomers and fibrils as well as the structure of planar 

supported lipid bilayers before and after incubation with A!-42. In order to study how 

amyloid binding is affected by lipid charge and phase, we used the following: neutral, gel 

phase, dipalmitoylphosphatidylcholine (DPPC); neutral, fluid phase 1,2-dioleoyl-sn-glycero- 

3-phosphocholine (DOPC); anionic, 1,2-dioleoyl-sn-glycero-3-[phospho-rac-(3-lysyl(1-

glycerol)) (DOPG); and cationic, 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP). 

This study will be discussed in full detail in chapter four of this thesis, but in summary, we 

showed interactions of the A! oligomers with the membrane surface were affected by the 

charge on the lipid head group, changing the rate of adsorption and causing membrane 

disruption. We observed that A! accumulates progressively in a similar manner on the 

surface of the zwitterionic, gel phase DPPC and anionic, fluid phase DOPG membranes, 

according to the schematic in Figure 2.5A. In contrast to DPPC and DOPG, amyloid 

aggregates incubated on cationic, fluid phase DOTAP and zwitterionic, fluid phase DOPC 

permeate into the membrane to a greater extent than DPPC and DOPG. This observation 

correlates with the scenario proposed in Figure 2.5B. Furthermore, we observed more 

membrane disruptions on the DOTAP and DOPC membranes compared to the DPPC and 

DOPG membranes. We attributed this difference to the electrostatic interactions between the 

lipid membranes and the A! and also to the difference in the phase of the lipid membranes. 
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Both DPPC and DOPC have identical charge and type of head group but exist in different 

phases at room temperature: DPPC is in a gel phase characterized by higher order in lipid 

tails, and DOPC is in fluid phase characterized by less ordered lipid tails and large dynamics 

of lipid molecules (Ohvo-Rekilä et al, 2002). 

Our data correlates with findings by other authors, including Estelrich (Estelrich et al, 2012) 

and Bokvist (Bokvist et al, 2004), who observed stronger stabilizing interactions with 

negatively charged lipid models. Molecular dynamics simulations by Poojari et al. also 

demonstrated that zwitterionic and anionic lipid surfaces promote A! stability in the bilayer 

(Poojari et al, 2013). The affinity of A! for anionic lipids has been shown to affect the 

amyloidosis process (Maltseva et al, 2005).  Ege reported that cationic lipids can bind A! 

just as readily as anionic lipids (Ege & Lee 2004). This correlates with our data that A! 

binds to both positively and negatively charged surfaces (Moores et al, 2011) as well to 

positively and negatively charged membranes (Hane et al, 2011).  

In solution, A! reaches a reversible equilibrium of monomers and unstructured aggregates in 

random coils and oligomeric ! sheet structures. Research by Terzi has demonstrated that in 

the presence of negatively charged membrane lipids, this random coil and ! sheet 

equilibrium shifts almost completely toward the ! sheet conformation (Terzi et al, 1995). It 

was hypothesized by Terzi et al that this equilibrium shift is a result of the positively charged 

part of the A! peptide being attracted to the anionic lipids in the membrane forming a higher 

local surface concentration of the peptide on the surface (Terzi et al, 1995). A combination 

of increased surface concentration and specific alignment of the peptide creates ideal 

conditions for the formation of amyloid fibrils. This process may act as a catalyst, reducing 

the activation energy required to correctly position the peptide chains, or the presence of the 

membrane may shift the thermodynamic equilibrium to favour the ! sheet conformation 

(Terzi et al, 1995). We showed that the charge distribution in A!42 changes upon oligomer 

formation, making it a more pronounced dipole or multipole with growing oligomer size 

(Moores et al, 2011). This makes interactions with either cationic or anionic lipid membrane 

more preferable.   
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In addition, we demonstrated that membranes in the fluid phase, both cationic DOTAP and 

zwitterionic DOPC, bind A! and show larger penetration of A! into the membrane, 

compared to gel phase membranes, producing larger defects in the membrane. This is 

illustrated in the schematic in Figure 2.5B. In addition, Kremer et al. demonstrated that A! 

changes membrane fluidity upon binding and that A! membrane-interactions do not depend 

on charge interactions (Kremer et al, 2001). This group and others showed that the lipid 

phase appears to be influential in the ability of A! to bind and penetrate the lipid bilayer 

(Choucair et al, 2007; Hane et al, 2011; Ahyayauch et al, 2012). 

The fragment of peptide itself is important for the interactions of A! with lipid membrane. 

Ionov et al (Ionov et al, 2010) found that A! (1–28) preferentially interacts with the 

hydrophilic part of the model membranes, while A! (25–40) locates itself in the hydrophobic 

core of the bilayer where it reduces the order of phospholipid packing.  

In summary, the charge and the phase of the lipid membrane as well as the structure of A! 

itself are important factors for A! interactions with lipid membrane (Ionov et al, 2010; 

Choucair et al, 2007; Hane et al, 2011; Ahyayauch et al, 2012; Ege et al, 2005; Maltseva et 

al, 2005), which is an important initial step of amyloid fibril formation in the AD brain 

(Yanadisawa et al, 1995) and in vitro (Terzi et al, 1995; Choo-Smith & Surewicz 1997).   

!"!"#"!$%&&'()$*&$+,*-'.)'/*-$$

Studies of A! interactions with membranes are of great interest to researchers because the 

plasma membrane serves as the site of the accumulation of amyloid plaques. Earlier, we 

reviewed the data where model membranes of simple composition were studied in this 

relation, focusing on lipid charge and phase. However, because of the great complexity of 

membranes, the presence of lipid rafts and sterols may have an important effect on amyloid 

binding and toxicity. Cholesterol is an essential component for the formation of rafts within 

the membrane, and therefore, its effect on the interactions of amyloid with the membrane 

could be a key component of the molecular mechanism of amyloid toxicity. Although 

amyloid fibril plaque accumulation occurs on the surface of plasma membranes in vivo, the 

role of cell membrane rafts and their composition on A! fibril formation and toxicity are still 

not well understood.   
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Cholesterol is known to regulate various important functions of the membrane and is 

involved in signaling, molecule assembly, membrane fluidity and membrane protein 

trafficking (Lingwood & Simons 2010; Giordani et al, 2008). The effect of cholesterol on 

the membrane is very complex and is still a matter of debate, mainly because of various 

factors that influence its effect, including the type and phase of membrane lipids (Ohvo-

Rekilä et al, 2002) and the concentration of cholesterol (Lipowski et al, 1995).  Previous 

works (Ohvo-Rekilä et al, 2002; Demel & Kruyff 1976; McMullen et al, 2004; Bonn et al, 

2004; Cadenhead et al, 1985) have demonstrated that cholesterol plays a key role in 

controlling the fluidity, permeability, and mechanical strength of the lipid membrane, as well 

as interfering with lipid phase transitions. These effects are also dependent on cholesterol 

concentration.  

It has been hypothesized that lipid raft domains in cell membranes, enriched with cholesterol 

and sphingolipids, could provide an environment which promotes A! binding and amyloid 

formation. It has been shown that soluble A! aggregates bind to raft microdomains enriched 

by clusters of gangliosides (Williamson et al, 2008) and mediate membrane oxidative 

damage (Zampagni et al, 2010). A growing number of recent research contributions suggest 

the importance of the lipid rafts in amyloid fibril formation and toxicity (Cordy et al, 2006; 

Sharp et al, 2002; Ege et al, 2005; Yip et al, 2001). These studies emphasize the effect of 

charged lipids, pH, metal cations, and cholesterol on the effectiveness of fibrillogenesis, 

suggesting that electrostatic interactions between the lipid membrane and amyloid proteins 

are important. The role of electrostatic interactions and detailed understanding of lipid 

electrostatic non-homogeneity is of particular interest in this regard. A recent study by 

Sheikh et al. also suggests that membrane interactions with A! monomers in the membrane 

greatly depend on cholesterol content, as well as lipid composition and phase state (Sheikh et 

al, 2012). In this study, cholesterol’s presence in systems of DOPC and DPPC caused an 

increase in the initial kinetics of the area coverage of amyloid-! on the lipid bilayer surface 

by as much as two orders of magnitude, which suggests an increased membrane affinity for 

amyloid when cholesterol is present (Sheikh et al, 2012). Indeed, a recent molecular 

dynamics simulation study has shown that cholesterol can act as a promoter for membrane-

amyloid interactions because its presence makes the binding process of amyloid to the 

membrane more energetically favourable (Yu et al, 2012). 
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Although cholesterol is an important constituent of lipid rafts (Zampagni et al, 2010), the 

role of cholesterol is not clear in the molecular mechanism of amyloid toxicity. In fact, the 

effect of cholesterol on amyloid toxicity in relation to Alzheimer’s disease is controversial. 

On one hand, research has shown an adverse effect of cholesterol on amyloid toxicity: 

membranes containing sterols, such as cholesterol, have been shown to activate the 

fibrillogenesis of A! suggesting a specific sterol binding site that accelerates amyloid 

aggregation (Ryan et al, 2012). In addition, lipid membranes can catalyze the conversion of 

monomeric A! into toxic amyloid aggregates (Relini et al, 2009). Interactions with the cell 

membrane, especially in areas containing cholesterol-rich lipid rafts, are considered 

important for neurotoxicity (Kakio et al, 2003). Fahrenholz and colleagues amongst others 

have shown that cholesterol increases the cleavage of A! from APP (Kojro et al, 2001; 

Fassbender et al, 2001). Cholesterol has been shown to influence the fluidity of total brain 

extract and the extent of A! fibrillogenesis (Yip et al, 2001). This data showed a correlation 

between membrane cholesterol level and A! cell surface binding leading to cell death (Yip 

et al, 2001). Furthermore, Abramov’s group (Abramov et al, 2011) reported that the addition 

of A! to lipid bilayers caused a calcium ion conductance that was significantly higher in 

membranes containing cholesterol. They concluded that increasing membrane cholesterol 

significantly increased A!-induced neuronal and astrocytic cell death. On the other hand, 

however, cholesterol has been reported to have a neuroprotective effect against A! (Yip et 

al, 2001; Arispe et al, 2002) and inhibit the formation of amyloid induced ion channels (Lin 

et al, 2002). Similarly, studies with cholesterol and amyloid plaques in human 

neuroblastoma cells have shown the possibility that increased cholesterol content reduces 

membrane perturbance by the amyloid plaques (Cecchi et al, 2009).   

Cholesterol has been reported to alter the penetration of A! into the lipid bilayer (Dante et 

al, 2006) and monolayers (Ji et al, 2002). Notably, 20% of cholesterol completely inhibits 

monomeric A! (25-35) membrane insertion (Dante et al, 2006). The mechanism by which 

cholesterol attracts A! to the cell membrane is believed to be by increasing hydrogen 

bonding between A! and DPPC accelerating incorporation into the cell membrane 

(Abramov et al, 2011). Once cholesterol is present, cholesterol-A! interactions compete with 

inter-protein A! interactions and do not accelerate A! aggregation (Zhao et al, 2012). MD 

simulations indicate that A!40 prefers to reside on the surface of the cell membrane as 
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opposed to inserting into cholesterol-depleted membranes. In cholesterol rich membranes, 

A! (1-40) inserts only partially (Qiu et al, 2011). Amyloid insertion and ion channel 

formation will be further expanded upon in the next section of this review.  

As mentioned previously, the role of electrostatic interactions within lipid membranes and a 

detailed understanding of lipid electrostatic non-homogeneity is of great interest in studying 

the interaction of charged species such as A! with the membrane. We recently reported that 

cholesterol has an interesting electrostatic effect on model lipid monolayers (Drolle et al, 

2012) and in Bovine Lipid Extract Surfactant (BLES) surfactant, a complex lipid-protein 

mixture (Gunasekara et al, 2010; Finot et al, 2010). We demonstrated that cholesterol 

induces electrostatic domains in supported lipid-protein films of BLES surfactant (Finot et 

al, 2010), which results in surfactant failure. These intriguing electrostatic properties of 

cholesterol on membrane structure may be crucial in understanding the interaction of the 

plasma membrane with amyloid forming peptides.  

In order to study the role of cholesterol-induced domains on A!–membrane interactions we 

used high-resolution AFM and model single lipid membranes in the absence and presence of 

cholesterol. We used also Frequency Modulated Kelvin Probe Force Microscopy (FM-

KPFM) (Zerweck et al, 2005; Moores et al, 2010), a modification of AFM, to resolve 

electrical surface potential maps in DOPC monolayer with and without cholesterol in order 

to elucidate the role of electrostatic domains. 

This study is discussed in full detail in chapter five of this thesis, but in short, we found that 

in the pure DOPC bilayer, A! deposits were small, spherical and spread across the lipid 

membrane surface in a uniform distribution with no discernible preferential binding sites or 

clustering. However, when looking at a DOPC membrane with 20% cholesterol, amyloid 

fibril formation was no longer uniform; we observed nanoscale islands or domains loaded 

with amyloid deposits and surrounded by smooth areas of lipid bilayer void of A! deposits, 

seemingly formed as a result of the amyloid deposits binding to the membrane in a non-

uniform and rather selective manner. The presence of single fibrils protruding from the 

clustered domains were clearly visible, indicating that cholesterol promotes much stronger 

preferential binding of A!. Our data correlates well with the previously mentioned recent 
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study by Sheikh, who reported that binding of A! to the membrane was increased two orders 

of magnitude when cholesterol was present in the membrane (Sheikh et al, 2012), and a 

recent molecular dynamics simulation study, which has shown that membrane cholesterol 

makes the binding process of amyloid to the membrane more energetically favorable (Yuet 

et al, 2012). 

We ascribed this targeted binding of amyloid in the presence of cholesterol to cholesterol-

induced nanoscale electrostatic domains. To look specifically at the role of the electrostatic 

effect of cholesterol, we used FM-KPFM. FM-KPFM is a powerful technique which, as we 

demonstrated earlier, is the only technique suitable of mapping the local electrical surface 

potential of complex self-assembled biological films with a lateral resolution of a few 

nanometers and sensitivity of a few millivolts in air at normal humidity (Zerweck et al, 2005; 

Moores et al, 2010). In addition to high sensitivity and high resolution, FM-KPFM also has 

the advantage of allowing both the topography and surface potential to be collected 

simultaneously on the same location of the same samples, allowing for easy comparisons.  

Using this highly sophisticated technique, we resolved nanoscale electrostatic domains in 

DOPC with 20% cholesterol monolayer samples that were not present in monolayer samples 

of pure DOPC. Considering the charged nature of A! and complex nature of electrical 

charge distribution in oligomers (Moores et al, 2011), it can be ascertained that electrostatic 

domains created in the DOPC lipid membrane by cholesterol attract the A! peptide, thus 

inducing the formation of the non-uniform islands or domains that are heavily loaded with 

amyloid deposits.  

As shown earlier, cholesterol produces similar nanoscale electrostatic domains in lung 

surfactant, which leads to surfactant failure (Finot et al, 2010; Leonenko et al, 2006). These 

electrostatic domains create a distinct electrical potential, which affects the interaction of the 

surfactant film with charged species (Finot et al, 2010). We demonstrated that this 

previously unknown electrostatic effect of cholesterol is not limited to only lung surfactant 

films but extends to model lipid monolayers and lipid membranes and can greatly affect the 

interaction of A! peptides with the surface of lipid membrane.  
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We propose that this electrostatic effect of cholesterol on the monolayer has an important 

role in cholesterol-lipid systems and may be present in other, more complex systems as well. 

This earlier unknown electrostatic effect of cholesterol may serve as a driving force for 

amyloid targeted attack on lipid membranes and therefore may be involved in the 

mechanism of amyloid toxicity. 

!"!"#"#$%&'$()*''+,-$

In addition to binding and penetrating into the membrane, A! may interact with membrane 

forming ion channels, shown schematically in Figure 5C. These ion channels destabilize 

cellular ionic homeostasis and induce cell pathophysiology and degeneration, characteristic 

of amyloid diseases. 

Lal and colleagues provided strong evidence supporting this hypothesis, first proposed by 

Arispe (Arispe et al, 2004), that cellular dyshomeostasis caused by ion channels was 

responsible for at least some of the symptoms associated with AD. Quist used AFM to image 

tetrametic and hexomeric oligomeric structures formed by A! in reconstituted membranes, 

which resemble the ion channels in cell membranes. By using atomic force microscopy, 

circular dichroism, gel electrophoresis, and electrophysiological recordings, they showed the 

presence of ion channels in lipid membranes is a common feature of the proteins implicated 

in neurodegenerative disorders such as Alzheimer’s disease, Parkinson’s disease, and 

frontotemporal dementia (Quist et al, 2005). Amyloid molecules, including A!-40, alpha-

synuclein, ABri, ADan, serum amyloid A, and amylin undergo supramolecular 

conformational change, and in reconstituted membranes, they form morphologically 

compatible ion-channel-like structures, which elicit single ion-channel currents. Kayed et al, 

referred to such ion-like structures as annular protofibrils (APF), a distinct off-pathway 

structure (Kayed et al, 2009). Interestingly enough, even though APFs are structurally 

similar, they have shown that these structures are not nearly as membrane-permeable as the 

fibrillar precursors termed prefibrillar oligomers (PFOs).   
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Using the unique combination of AFM and electrical recording, Lal’s group resolved their 

structures with AFM and showed that these ion channels, induced by assembly of A! in the 

membrane, have a distinct ion current activity when an electric potential is applied (Quist et 

al, 2007).  For these experiments, Lal’s group designed a special AFM liquid cell with two 

compartments separated by a silicon membrane with microfabricated nanopores of diameter 

70-100nm, on which the lipid bilayer can be deposited, while both compartments are 

immersed in buffer.  Two electrodes are positioned in each compartment in order to apply a 

defined potential to measure membrane permeability or ion current induced in the membrane 

by A!. AFM imaging and ion current recording can be done on the same single ion pore 

with this approach (Quist et al, 2007). 

 Later, the Lal and Nussinov groups provided more evidence supporting the ion channel 

mechanism for Alzheimer's disease (Jang et al, 2010). Using solid-state NMR, AFM 

imaging and molecular dynamics simulations they demonstrated that small A! oligomers 

insert into the cell membrane, forming toxic ion channels and destabilizing the cellular ionic 

homeostasis. Using MD simulations, Jang modeled a !-barrel-like organization for these 

channels. !-Barrels are common in transmembrane toxin pores, typically consisting of a 

monomeric chain forming a pore, organized in a single-layered !-sheet with antiparallel !-

strands and a right-handed twist. Their MD data in comparison with AFM images support a 

!-barrel channel organization for A! channels. Different from the transmembrane !-barrels 

where the monomers are folded into a circular !-sheet with antiparallel !-strands stabilized 

by the connecting loops, these A! barrels consist of multimeric chains forming double !-

sheets with parallel !-strands, where the strands of each monomer are connected by a turn 

(Figure 2.6). The A! barrels adopt the right-handed !-sheet twist but still break into 

heterogeneous, loosely attached mobile subunits, in good agreement with AFM images, 

which allows for unregulated, hence toxic, ion flux.   
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The !-barrel channel structure reported by Jang  (Jang et al, 2010) is rare in eukaryotes but is 

found in the mitochondrial (which is believed to be a bacterial relic) outer membrane and is 

known as a voltage-dependent anionic channel (Thinnes et al, 1989; Bay et al, 2002; Casadio 

et al, 2002). Such anionic channels have a two-state voltage-dependent gating mechanism 

opening and closing the pore, inducing cytotoxicity and apoptosis (Shulga et al, 2009; Abu-

Hamad et al, 2009). These studies are in agreement with electrophysiology data by Abramov 

(Abramov et al, 2011) who reported that addition of A! to lipid bilayers causes ion 

conductance, which was significantly higher in membranes containing cholesterol. They 

concluded that incorporation of A! into membranes and the ion channels created by A! are 

promoted by membrane cholesterol, which significantly increased A!-induced [Ca2+] 

current, leading to neuronal and astrocytic cell death. Other theoretical work (Pannuzzo et al, 

2013) report significant change in membrane curvature due to amyloid binding and 
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formation of non–channel defects, which resemble conical holes inside the membrane. Such 

defects can also result to increased membrane permeability and ion currents. This case 

corresponds to the membrane damage seen on a DOPG membrane, as discussed in section 

2.2.3.1 (Lipid Composition).  

These studies show that A! ion channels can serve as candidates for understanding the 

neurotoxicity of Alzheimer's disease and secondly, they highlight the possibility of drug 

design targeting these amyloid ion channels. The formation of these channels and their 

activity are dependent on the properties of lipid membrane and in particular on the presence 

of membrane cholesterol.  

!"#$%&''()*$$

In summary, we reviewed the major aspects of A! interactions with lipid membrane in 

relation to amyloid toxicity and Alzheimer’s disease, with a specific focus on AFM studies, 

which provide nanoscale insight into the molecular mechanism of these interactions. We 

have shown that it is now increasingly accepted that A! interacts with the membrane in a 

complex mechanism where several pathways are possible: accumulation on the surface of 

the lipid membrane (Figure 2.5A), penetration into the membrane, causing disorder in lipid 

organization (Figure 2.5B), and formation of ion pores and ion channels, which leads to 

unregulated ion leakage and, ultimately, cell death (Figure 2.5C). 

Overall, the role of the lipid membrane in the molecular mechanism of amyloid toxicity is 

very important in the pathogenesis of AD and may provide avenues for the development of 

preventive and treatment strategies to combat Alzheimer’s disease and other amyloid 

induced neurodegenerative disorders.  

$
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Note: this chapter was reproduced with modifications with permission from {Drolle E, 

Ku!erka N, Hoopes MI, Choi Y, Katsaras J, Karttunen M, Leonenko Z. 2013. Effect of 

melatonin and cholesterol on the structure of DOPC and DPPC membranes. Biochim. 

Biophys. Acta, 1828: 2247 – 2254.} © {2013} Elsevier.  
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Aim of Published Work 

In this study, we compared the effects of cholesterol and melatonin on two single lipid 

systems – DPPC and DOPC. Cholesterol’s effect on the membrane is well known, but 

melatonin’s effects are still relatively undiscovered. As studies have shown, melatonin may 

have a neuroprotective effect while cholesterol’s effect in this regard is still controversial; as 

a result, the comparison of cholesterol and melatonin is of great interest to 

neurodegenerative research.  

Contributions 

Under the supervision of Dr. Z. Leonenko, I set up a collaboration with a research scientist at 

the NRC, Dr. N. Ku!erka, to do this comparison study using neutron scattering methods. I 

was responsible for experimental design and traveled to the nuclear reactor in Chalk River, 

ON to carry out the actual neutron scattering experiments. With the assistance of Dr. N. 

Ku!erka, I made the numerous samples and carried out the neutron scattering experiments 

myself as well as wrote this manuscript. Data analysis was done using analysis software 

available in Chalk River and was carried out by Dr. Ku!erka; I was trained by Dr. Ku!erka 

in this analysis and assisted in carrying it out while I was present at the nuclear facility.  

To supplement the NS data we collected, we invited Dr. M. Karttunen and his postdoctoral 

fellow Dr. M. Hoopes to collaborate; they conducted molecular dynamic simulations for our 

systems to support the observations made through neutron scattering. In this description of 

our study, we refer to this work by Karttunen and Hoopes to further support our NS findings.  

Summary and Conclusions 

Our neutron scattering and the supplemented molecular dynamics data both confirmed that 

melatonin causes a disordering in the lipid hydrocarbon chains, which increases membrane 

fluidity and thereby decreases the thickness of the bilayer. This effect on the membrane is 

opposite that of cholesterol, which has a commonly agreed upon ordering and thickening 

effect. 
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An important initial step in studying the effect of biomolecules on peptide-membrane 

interactions is accurately determining the effect that the biomolecules themselves have on 

the membrane in general, in the absence of any peptide. This is important because, due to the 

complexity of lipid membranes, both lipid composition and the presence of small 

biomolecules may cause changes in membrane structure and physicochemical properties; 

these alterations may, in turn, affect membrane-peptide interactions. Recent evidence of 

amyloid toxicity studies has revealed that melatonin and cholesterol both have effects on 

amyloid interaction with the membrane and associated damage. While cholesterol’s effect on 

the membrane has been widely studied, its effect on amyloid fibril formation and toxicity is 

still debated (Puglielli et al, 2003; Cecchi et al, 2009). Melatonin has been suggested to have 

a neuroprotective effect against amyloid toxicity but the mechanism of this protection is not 

understood. The effect of both melatonin and cholesterol on 1,2-dioleoyl-sn-glycero-3-

phosphocholine (DOPC) and 1,2-dipalmitoyl-sn- glycero-3-phosphocholine (DPPC) model 

membranes were compared. The comparison studies were conducted using small-angle 

neutron diffraction (SAND) from oriented lipid multi-layers, small-angle neutron scattering 

(SANS) from unilamellar vesicles experiments and supplemented with Molecular Dynamics 

(MD) simulations. It was found that melatonin causes disordering in the lipid hydrocarbon 

chains, thus increasing membrane fluidity and causing a decrease in the thickness of the 

bilayer. This is in direct opposition to the commonly agreed upon ordering and thickening 

effect of cholesterol (Bonn et al, 2004; Demel & De Kruyff 1976; Ku!erka et al, 2007; 

McMullen et al, 2004; Ohvo-Rekilä et al, 2002).  

!"+$,-.(/012.)/-$

The cell membrane is the first line of defense against invading species, and is a key to 

understanding disease, including amyloid toxicity that is commonly associated with 

Alzheimer’s disease. Small molecules, such as cholesterol and melatonin incorporate into the 

lipid matrix and are known to alter the membrane’s structure and its physical properties 

(Bongiorno et al, 2005; Severcan et al, 2005). These changes to the membrane subsequently 

affect its functionality and its interactions with biomolecules. While the interaction of 
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cholesterol with membranes has been extensively studied, the effect of melatonin on the 

structure of lipid membranes is not well understood. Structural studies detailing the effects 

of melatonin and cholesterol on membranes are, however, of great importance because both 

molecules have been linked to amyloid toxicity associated with Alzheimer’s disease.  

Alzheimer’s disease (AD) is a neurodegenerative disease and a major form of dementia that 

becomes more prevalent with increasing age. AD is associated with the formation of plaques 

and insoluble amyloid fibrils, which are composed of amyloid-beta (A!) proteins folded into 

!-sheets, found on the surface of neuronal plasma membranes (Mucke & Selkoe, 2012).  

Recent studies have shown the lipid membrane to be extremely important in enabling 

amyloid fibril formation and its ensuing toxicity (Di Paolo & Kim 2011; Friedman et al, 

2009; Gellermann et al, 2005).  

In both human and animal studies, melatonin has been shown to have a protective role 

against AD, namely slowing the development of disease by, for example, providing anti-!-

amyloid aggregation capabilities (Dragicevic et al, 2011; Karasek 2004; Olcese et al, 2009; 

Rosales-Corral et al, 2012). However, the underlying molecular mechanism of this 

protective effect is not well understood. Melatonin is a pineal hormone that is produced in 

the human brain and is responsible for maintaining the circadian rhythm and regulating the 

sleep-wake cycle (Benloucif et al, 2008).  In addition to its well-known anti-oxidative 

effects, melatonin is known for its involvement in intracellular signal transduction, 

regulation of cell death and cell proliferation (Kondratova & Kondratov 2012). The 

protective mechanism of melatonin against AD may involve a nonspecific interaction of 

melatonin with the membrane (Severcan et al, 2005), although its effects on lipid membranes 

remain inconclusive and controversial. It has also been reported that melatonin decreases the 

gel-to-fluid phase transition temperature in a number of different lipid systems, implying that 

melatonin increases membrane disorder (de Lima et al, 2010; de Lima et al, 2007; Garcia et 

al, 1997; Saija et al, 2002; Severcan et al, 2005). In contrast, slower membrane dynamics 

have been reported in DPPC bilayers (Severcan et al, 2005), rat brain homogenate (Akkas et 

al, 2007; Sahin et al, 2007), and in DMPC membranes (Costa et al, 1997; de Lima et al, 

2007). Garcia et al reported the stabilizing effect of melatonin in synergy with other drugs on 

mitochondrial membrane (García et al, 1998). These important, but somewhat contradictory, 
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results therefore necessitate further studies regarding melatonin’s effects on biologically 

relevant membrane systems, especially in terms of trying to determine where these 

contractions in results arise.  

Although a number of in vitro studies have demonstrated the above-mentioned protective 

effects of melatonin against A!, including studies at the cellular level (Dragicevic et al, 

2011; Feng & Zhang 2004; Poeggeler et al, 2001) the underlying mechanisms of melatonin’s 

protective action have yet to be adequately explained. For example, Galano et al. 

emphasized the importance of antioxidant action of melatonin (Galano et al, 2011); 

Bongiorno et al. have shown that melatonin may compete with cholesterol for binding to 

lecithin, and that it may even displace cholesterol from the phospholipid bilayer (Bongiorno 

et al, 2005). Melatonin's ability to control cholesterol content, and therefore membrane 

rigidity, may thus reduce the effects of cholesterol on the membrane, as well as cholesterol-

mediated processes (Rosales-Corral et al, 2012).  Previous studies (Benloucif et al, 2008; 

Bongiorno et al, 2005; de Lima et al, 2010; de Lima et al, 2007; Di Paolo & Kim 2011; 

Friedman et al, 2009; Garcia et al, 1997; Gellermann et al, 2005; Karasek 2004; Kondratova 

& Kondratov 2012; Mucke & Selkoe 2012; Olcese et al, 2009; Rosales-Corral et al, 2012; 

Severcan et al, 2005)   have demonstrated melatonin's ability to non-specifically bind to and 

interact with the lipid membrane and to alter its biophysical properties. In addition to its anti-

oxidative protection, the biophysical effects of melatonin on the membrane may also 

contribute to its cell protective qualities and thus deserves further investigation. This study 

specifically focuses on the non-specific biophysical effect of melatonin on model 

membranes with the purpose of comparing it to the effect of cholesterol. 

In contrast to melatonin’s protective abilities, it has been shown that cholesterol, when in a 

membrane, can enhance amyloid binding and fibril formation (Puglielli et al, 2003). 

However, depending on the type of lipid (in terms of charge and saturation) and the type of 

amyloid peptide (for example, A!1-40 vs A!1-42), others have reported that cholesterol hinders 

the insertion of amyloid peptides into lipid membranes (Dante et al, 2006). It was recently 

shown that cholesterol induces non-homogeneous binding of the amyloid peptide to the lipid 

membrane and formation of membrane defects (Drolle et al, 2012). Sheikh et al also 

reported enhanced membrane solubilization and defect formation when cholesterol was 
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present in a model membrane (Sheikh et al, 2012). On a cellular level, cholesterol has been 

shown to reduce the toxic effect of amyloid plaques on neuroblastoma cells (Cecchi et al, 

2009). Therefore, in order to better understand how melatonin and cholesterol affect the 

interaction of biomolecules – e.g., amyloid fibrils – with the membrane, it is necessary to 

systematically determine the effects that these molecules have on membrane structure. 

Cholesterol is a well-known sterol that usually orients itself parallel to the bilayer lipids, the 

exception being in bilayers with polyunsaturated fatty acids, where cholesterol sequesters 

into the middle of the bilayer (i.e., orthogonal to the bilayer normal) (Harroun, Katsaras, & 

Wassall, 2006). According to the lipid rafts hypothesis, cholesterol is an important 

constituent of lipid rafts (Ku!erka  et al, 2009; McMullen et al, 2004; Niemela et al, 2007; 

Ohvo-Rekilä et al, 2002; Radhakrishnan et al, 2000). Rafts saturated with cholesterol and 

sphingolipids, as well as saturated lipids such as 1,2-dipalmitoyl-sn-glycero-3-

phosphocholine (DPPC), are thought to compartmentalize certain cellular processes, 

including cell signalling, molecular assembly and membrane protein trafficking, and require 

the presence of cholesterol in order to form (Giordani et al, 2008; McMullen et al, 2004; 

Ohvo-Rekilä et al, 2002). Cholesterol has also been shown to affect membrane permeability 

and fluidity, as well as the mechanical properties of model membranes (Bonn et al, 2004; 

Demel & De Kruyff 1976; Ku!erka et al, 2007; McMullen et al, 2004; Ohvo-Rekilä et al, 

2002). Factors affecting cholesterol’s influence on membranes include its concentration and 

lipid membrane composition (Ku!erka et al, 2010; Ohvo-Rekilä et al, 2002; Sackmann 

1995).  

Neutron scattering has been extensively used to study the structure of model lipid 

membranes. The technique has been used to accurately determine various bilayer structural 

parameters (e.g., lipid area, bilayer thickness), cholesterol’s location in an multilayers, and 

its interactions with different lipids, to name a few (Karmakar & Raghunathan 2003; 

Ku!erka et al, 2008; Lemmich et al, 1997; Levy & Briggman 2007; Marrink et al, 2008). To 

the best of our knowledge, neutron scattering has not been previously used to study the 

effect of melatonin on model membranes, nor how cholesterol’s effects on membranes differ 

from those of melatonin. Surprisingly, there are no computer simulation studies of the effect 

of melatonin on membranes. To the best of our knowledge, the present study is the first to 
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address the molecular mechanisms of melatonin-lipid and melatonin-cholesterol-lipid 

interactions using Molecular Dynamics (MD) simulations in comparison with Neutron 

Scattering experiments. 

!"!#$%&'()%*+#%,-#$'&./-+#
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1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1,2-dioleoyl-sn-glycero-3-

phosphocholine (DOPC), melatonin and cholesterol were purchased from Sigma-Aldrich (St. 

Louis, MO) in powder form. All other chemicals used were of reagent grade. 

Lipids were solubilized in a 1:1 solution of chloroform: TFE (trifluoroethanol) with the 

requisite amount of cholesterol or melatonin (reported here in molar fractions) placed in a 

glass vial at total lipid concentrations of between 25 and 30 mg/mL. Approximately 15 mg 

of pure lipid; a mixture of lipid and cholesterol; or a mixture of lipid and melatonin (thin 

film thickness of ~0.001 cm when spread onto a 25 x 60 mm2 silicon wafer), was deposited 

onto a silicon wafer and rocked during evaporation of the organic solvent in a glove box to 

form samples of highly oriented multilayer stacks (Tristram-Nagle 2007). The remaining 

solvent was removed by placing the oriented samples under vacuum prior to diffraction 

measurements. 

Samples of unilamellar vesicles (ULVs) were prepared for study by small angle neutron 

scattering (SANS). Lipids were mixed with cholesterol/melatonin in chloroform, and then 

solutions were dried, initially in a stream of inert gas (e.g., Ar or N2) and subsequently under 

vacuum. The resulting lipid film was hydrated using the requisite amount of 100% D2O, 

resulting in a solution with a total lipid concentration of 20 mg/mL. The dispersions of self- 

assembled multilamellar vesicles (MLVs) were then extruded through polycarbonate filters 

populated with 50nm pores using an Avanti extruder (Avanti Polar Lipids, Alabaster, AL). 

This procedure has been shown to yield reasonably monodisperse ULVs with a mean 

diameter of ~60nm (Ku!erka et al, 2007).  
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Neutron diffraction data was collected at the Canadian Neutron Beam Centre’s (CNBC) N5 

beamline, which is located at the National Research Universal (NRU) reactor (Chalk River, 

Ontario, Canada). Neutrons of 0.237 nm wavelength were selected by the (002) reflection of 

a pyrolytic graphite (PG) monochromator, and a PG filter was used to eliminate higher order 

reflections. Incoming neutrons were collimated into a rectangular beam of dimensions 6x50 

mm2, and scattering angles were determined via the sample angle ! and the detector angle ". 

Samples were placed in an airtight sample cell and hydrated with saturated K2SO4 (97% 

relative humidity) solutions using a series of different neutron contrast D2O/H2O mixtures 

(i.e., 70%, 40%, and 8% D2O) at 25oC. 

The stability of the sample over the duration of the experiment was confirmed by the 

reproducibility of the diffraction data, whereby lamellar repeat spacings and peak intensities 

(i.e., for a given quasi-Bragg reflection) remained constant, indicating that the bilayer 

structure was unaltered. Alignment quality for each sample was assessed using the Gaussian 

width of rocking curves [i.e., the sample was rotated through an angle !, while the detector 

remained fixed at a given angle (")]. Figure 3.1 shows a typical rocking curve with a sharp 

central peak (mosaic spread of Gaussian width ~0.05°) corresponding to large lateral 

domains of highly oriented multi-bilayers (Ku!erka et al, 2009). This narrow peak sits atop a 

broad peak (Gaussian width ~0.5°) consisting of scattering from much smaller domains with 

a broader distribution of orientations (Als-Nielsen & McMorrow 2001).  



PhD Thesis  Elizabeth Drolle 

 57 

 

!"#$%&' ()*+' ,&-"./0#' 1/02' 03' 4' %056"7#' 5$%8&' 910"72:;' 50%%&:107<"7#' 20' 2=&' 3"%:2' 0%<&%'

<"33%452"07'1&46'3%0-'4/"#7&<'-$/2".>"/4?&%:'9@ABC'D"2='E'-0/F'-&/4207"7;)'!"#$%&'("$
)*$("#$+#,-$./0,1$2&3#45$&3'&6,(#4$("#$78,2&(1$)*$("#$4,9+2#:4$,2&/39#3(;$<)(#$(",($("#$3#8(0)3$
4&/3,2$'0)+4$,($ (%)$+)&3(4$ ,2)3/$ ("#$ 680=#>$?)("$,4$ ,$ 0#482($)*$ &360#,4#'$3#8(0)3$,?4)0+(&)3>$
%"&6"$)66804$%"#3$("#$4,9+2#$&4$+,0,22#2$()$("#$&36&'#3($.&;#;>$!"#5$)0$("#$'&**0,6(#'$.&;#;>$!$"%5$
3#8(0)3$?#,9;$

Diffraction curves were obtained using !-2! scans, i.e., where the detector is always 

positioned at "=2!. Typically five quasi-Bragg orders were detected, which were fitted to 

Gaussians and an additional second-order polynomial function associated with the 

background. Integrated intensities for the different quasi-Bragg peaks were corrected for 

incident neutron flux, sample absorption, and the Lorentz correction, as described elsewhere 

(Ku!erka et al, 2009). The phases of the corrected form factors were deduced through the 

systematic replacement of H2O by D2O in the hydrating solution, whereby the bilayer form 

factors measured at different contrast conditions change linearly as a function of D2O 

content (Worcester & Franks 1976). Finally, neutron scattering length density (NSLD) 

profiles were calculated via the Fourier transform of the scattering form factors, while 

absolute scale NSLD profiles were not determined. This procedure results in NSLD profiles 
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that can be used to determine the characteristic features of bilayers.  Moreover, the profiles 

obtained for samples hydrated with 8% D2O solution show only the bilayer, and are not 

obscured from scattering by the solvent (in 8% D2O the water contribution to the NSLD is 

zero). These profiles are thus best used to extract the membrane’s fine structural details (i.e., 

lipid head-groups peak-peak distance across the bilayer, DHH). 

!"!"!#$%&''()*+',#-,./01*#$2&//,03*+#

Neutron scattering data were collected at the CNBC’s N5 triple-axis spectrometer, which 

was adapted for SANS measurements (Nieh et al, 2008), and at the CG-3 Bio-SANS 

instrument (Lynn et al, 2006) located at Oak Ridge National Laboratory (ORNL). In the case 

of the N5 instrument, 4 Å wavelength neutrons were selected using a PG monochromator, 

and the scattered neutrons were detected using a 32 wire detector positioned at five 

predetermined angles (i.e., !=1.5, 3.3, 5.1, 6.9, and 8.7), covering a scattering range of 

0.008 Å-1 < q < 0.270 Å-1. In the case of the CG-3 instrument, 6 Å wavelength neutrons were 

selected using a mechanical velocity selector, while two different sample-to-detector 

distances (i.e., 2.5 and 15.3 m) were used to cover a total scattering vector of 0.004 Å-1 < q < 

0.370 Å-1. The two different experimental setups provided data of comparable quality (see 

Figure 3.2), although the dedicated SANS CG-3 instrument resulted in better quality high q 

data. 
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SANS measurements were carried out using ULVs dispersed in 100% D2O solution - as 

opposed to H2O. D2O is often used in neutron experiments in order to decrease the large 

incoherent scattering that results from hydrogen atoms, and to increase the contrast between 

the hydrating water and the lipid bilayer – which is also rich in hydrogen. As a result, the 

system is best described by a three component strip model made up of pure water (outside 

the lipid bilayer), a bilayer core of pure hydrocarbons, and a region where the lipid head-

groups are inter- dispersed with water. This type of strip model analysis (Ku!erka et al, 
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2004) has been used successfully to study the effect of cholesterol on DOPC bilayers 

(Ku!erka et al, 2007). However, in the present study, the sharp interfaces separating the 

different strips were substituted with smooth error functions that represent a more realistic 

picture of membranes (Ku!erka et al, 2010). As a result, a bilayer thickness that corresponds 

to the steric thickness of the bilayer is reported. It should be noted that this thickness is 

different from the DHH obtained from SAND (described above; SAND shows distance 

between head groups while SANS shows steric thickness), and it is thus more appropriate to 

focus on the relative changes taking place within these different membrane thickness 

parameters, rather than the absolute values. 

!"#$%&'()*'$

In order to determine how melatonin affects membrane structure, and to compare these 

changes to those induced by cholesterol, a model was created of simplified bilayers 

containing either melatonin or cholesterol. It is well known that cholesterol when 

incorporated into a lipid bilayer partitions into the hydrocarbon chain region with its 

hydrophilic hydroxyl head-group residing in close proximity to the lipid head-groups 

(Léonard et al, 2001; Martinez-Seara et al, 2008; Yeagle 1985) (Figure 3.3A). It has also 

been proposed that melatonin may integrate itself into the head-group region of the lipid 

bilayer (Vânia R de Lima et al, 2010), as shown in Figure 3.3B.  
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The SAND data obtained from oriented stacks of multi-bilayers and SANS data from ULV 

dispersions provide a more detailed description of the changes in bilayer structure incurred 

by the incorporation of cholesterol or melatonin into a lipid bilayer.  

Figure 3.4 shows the NSLD profiles of lipid bilayers obtained from SAND measurements. In 

the case of these samples, varying amounts of cholesterol or melatonin were added (in 

equivalent molar ratio amounts), and the samples were hydrated using solutions with 

different neutron contrasts. The 8% D2O solution results in NSLD profiles whose scattering 

can be exclusively attributed to the lipid bilayer, with no contribution from the bulk water.  
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The bilayer thickening effect as a result of cholesterol is well documented (Ku!erka et al, 

2007; Ku!erka et al, 2009; Martinez-Seara et al, 2008; Worcester & Franks 1976), and the 

results presented here (Figure 3.4A and 3.4B) are in good agreement with previous published 

data. Figure 3.4A and 3.4B clearly illustrate the changes taking place in the lipid head-group 

peak-to-peak distance (DHH, in which neutron interactions show maximum scatter at their 

head group region; as such, the two peaks present in a NSLD profile are indicative of head 

group location and as such, the distance between them can be interpreted as bilayer 

thickness) as a function of increasing amounts of cholesterol in DOPC (Figure 3.4A) and 

DPPC (Figure 3.4B) bilayers. DHH is a good indicator of bilayer thickness, and corresponds 

to the distance separating head groups from opposing bilayer leaflets. It is clear that DHH 

progressively increases with increasing amounts of cholesterol in the case of both bilayers 

(Figures 3.4A and 3.4B). Although cholesterol does not initially result in any significant 

change to DHH, this change becomes more pronounced with increasing amounts of 

cholesterol. In the absence of cholesterol, the DHH of the DOPC bilayer (Figure 3.4A) is 33.9 

Å, and increases to 34.7 Å and 37.1 Å at 9% and 29% cholesterol, respectively. A similar 

trend of increasing thickness is seen in DPPC bilayers (Figure 3.4B):  DHH of the pure DPPC 

bilayer is 39.2 Å, and increases to 39.4 Å and 44.8 Å at 9% and 28% cholesterol, 

respectively.  

Figures 3.4C and 3.4D show NSLD profiles for DOPC and DPPC bilayers, respectively, 

with increasing amounts of melatonin. In contrast to the effect by cholesterol, increasing 

amounts of melatonin in the lipid bilayer result in a progressive decrease in lipid bilayer 

thickness.  

In the case of DOPC bilayers, for example, DHH decreases from 33.9 Å in pure DOPC 

bilayers to 33.5 Å and 32.0 Å in DOPC bilayers with 9% and 29% melatonin, respectively 

(Figure 3.4C). In DPPC bilayer with the lowest concentration of melatonin studied here 

(9%), it appears that melatonin causes only a slight increase in DHH - i.e., pure DPPC has a 

DHH of 39.2 Å, while DPPC with 9% melatonin increases to 39.6 Å. However, due to 

difficulties in preparing oriented DPPC samples, high quality data from DPPC bilayers with 

higher concentrations of melatonin was not able to be collected. Therefore, only the data 

from ULV samples to report on how increasing amounts of cholesterol affected the DHH of 
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DPPC bilayers was used.  

SANS data from ULV samples have been successfully used to study cholesterol’s effects on 

DOPC bilayers (Ku!erka et al, 2007; Ku!erka et al, 2009).  As mentioned, SANS 

experiments were carried out using ULVs dispersed in 100% D2O in order to improve the 

scattering contrast between the lipid bilayer and its surrounding water. By fitting the SANS 

data with an appropriate model, one can obtain NSLD profiles that differ from the ones 

obtained from oriented stacks of bilayers hydrated with 8% D2O solution. In other words, in 

the ULV case with 100% D2O the water molecules are part of the overall bilayer structure. 

As such, the obtained bilayer thickness (DS) corresponds to the bilayer’s steric thickness, 

which also includes the water molecules penetrating into the bilayer’s head-group region. 

Analysis of the ULV cholesterol data obtained by SANS is in agreement with the data 

obtained from the diffraction experiments. Bilayer thickness DS increases with increasing 

cholesterol concentration for both DOPC (Figure 3.5A) and DPPC bilayers (Figure 3.5B). In 

case of DPPC bilayers (Figure 3.5B) DS increases from 57.0 Å, to 59.6 Å, to 60.2 Å at 0%, 

9% and 28% cholesterol, respectively. This result agrees well with the known ordering effect 

that cholesterol has on saturated and monounsaturated phosphatidylcholine bilayers, where 

lipid chain ordering increases as a result of interactions with the rigid cholesterol molecule. 
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Importantly, the SANS studies of DOPC and DPPC bilayers with increasing amounts of 

melatonin show that both membranes undergo progressive thinning as a function of 

increasing amounts of melatonin (Figure 3.5C and 3.5D respectively). In the case of pure 

DOPC, DS has a value of 51.3 Å, which decreases to 50.1 Å and 49.1 Å upon the addition of 

9% and 28% melatonin, respectively. A similar thinning trend is observed for the DPPC 

systems: the pure DPPC bilayer has a DS of 56.3 Å, but the addition of 9% and 28% 

melatonin caused DS to decrease, respectively to 55.0 Å and 49.0 Å. This result is in support 

of the notion that melatonin incorporates itself into the bilayer’s head-group region, as 

shown in Figure 3.3B. According to this scheme, melatonin acts as a spacer between lipid 

head-groups, causing the free volume in the bilayer’s hydrocarbon region to increase. This 

free volume is then readily taken up by the disordered hydrocarbon chains at the expense of 

their effective length (i.e., reduced bilayer thickness). 

Figure 3.6 summarizes the different neutron data. Although it has been pointed out that the 

two bilayer thicknesses (i.e., DHH and DS) differ in their definition, their relative changes are 

directly comparable. Figure 3.6 shows that there is very good agreement between DHH and 

DS as a function of increasing concentration of cholesterol or melatonin – i.e., increased 

amounts of cholesterol cause the bilayer to thicken, while melatonin has the exact opposite 

effect on bilayer thickness.  
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Lipid membrane thickness is a structural parameter that is needed to accurately determine 

other bilayer structural parameters, and is directly related to lipid-lipid, and lipid-protein 

interactions in biomembranes. The experimental results confirm the previously reported and 

well-known bilayer thickening effect induced by cholesterol (see Figure 3.6). This is a direct 

result of the hydrocarbon chains experiencing increased order due to their interactions with 

the rigid cholesterol molecules. Interestingly, the experimental results show, for the first 

time, that the addition of melatonin has the exact opposite effect, i.e., melatonin causes 

bilayer thinning (Figure 3.6). This is most likely due to melatonin introducing disorder 

within the membrane by increasing the area per lipid as it incorporates itself among the lipid 

head-groups. This notion is also supported by the encroachment of water molecules deeper 
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into the membrane (shown in Figure 3.5C and 3.5D).  

To confirm these findings and to further elucidate structural details on effect of melatonin 

and cholesterol on model lipid bilayers, the results were compared to MD simulations 

conducted by collaborators, Dr. M. Hoopes and Dr. M. Karttunen. In their work, which is in 

agreement with the experimental SANS and SAND data, MD simulations show that 

cholesterol increases the order in both DOPC and DPPC bilayers (Drolle et al, 2013).  In 

contrast to cholesterol, melatonin decreases the order in both bilayers, which can be seen in 

Figure 3.7, which is a reproduction of their work (Drolle et al, 2013).   

Figure 3.7 illustrates the findings of Hoopes and Karttunen on the structure of DPPC and 

DOPC bilayers with and without melatonin at a temperature of 300K. At this temperature, a 

pure DPPC bilayer exists in the gel phase (Tm of DPPC is 314 K) and a pure DOPC bilayer 

exists in the fluid phase (Tm=253 K). The figure clearly demonstrates that the presence of 

melatonin induces local disorder in the lipid tails, i.e., it melts the gel phase of the pure 

DPPC system (Figure 3.7A vs Figure 3.7B). The pure DPPC system has a number of lipids 

in the liquid phase (Figure 3.7A). This is due to the fact that the time to complete the phase 

transition longer than simulation time. The melatonin-containing system is different (Figure 

3.7B): all of the melatonin containing regions are in the liquid phase, i.e., melatonin 

increases fluidity of the system. The areas that do not contain melatonin remain in the gel 

phase. At 300K, DOPC already exists in the liquid state (Figure 3.7C), therefore effect of 

melatonin is readily apparent (Figure 3.7D) To determine whether or not melatonin has a 

further fluidizing effect on DOPC, Hoopes and Karttunen further investigated the occurrence 

of bilayer thinning and changes to area per lipid. 
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DPPC (top) and DOPC (bottom) bilayers. Left: pure systems: A - DPPC, C - DOPC. Right: 

with melatonin: B – DPPC-mel, D – DOPC-mel. Melatonin molecules are shown in orange. 

Snapshots were after 400 ns of MD simulation at T=300 K. The total simulation time for 

each system was 500 ns. Note the gel phase on the left hand side in the pure DPPC system 

(for DPPC, Tm = 314 K). Melatonin appears to enhance and maintain local fluidity. This is 

clearly visible in the DPPC membrane with melatonin (top right). Since the DOPC system is 

above its main phase transition (Tm = 253 K), the effects of melatonin are more subtle. This 

figure is a reproduction of work done by Dr. M. Karttunen and Dr. M. Hoopes (Drolle et al, 

2013) and is included for support of the NS data.  

MD data in Figure 3.8 show that melatonin's (orange line) preferred location is just inside 

the crossover region describing the lipid headgroups and the fatty acid chains. Figure 3.8 

shows that for DPPC (Figure 3.8A) bilayers the peak density is decreased when melatonin is 

present. For DOPC (Figure 3.8B), the peak density of the lipid tails is increased when 

melatonin is added (solid lines: no melatonin, dashed lines: with melatonin). In the 

simulations for DPPC, the thickness of the membrane increased with the addition of 

melatonin from DHH = 39.8+/-0.1 Å to 40.9+/-0.5 Å. For DOPC, the thickness went from 
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DHH = 37.0+/-0.1 Å to 37.6+/-0.5 Å with the addition of melatonin. The area of the pure 

DOPC bilayer was 67.4+/-0.4 A2. Addition of melatonin lead to an increase to 69.4+/-0.5 A2. 

The trends observed upon the addition of melatonin are in excellent agreement with the 

experimental results. In addition, the trends observed in neutron scattering upon addition of 

cholesterol are in perfect agreement with previous simulations (Alwarawrah, Dai, & Huang, 

2010; Martinez-Seara, Róg, Karttunen, Vattulainen, & Reigada, 2010). Thus, it can be 

concluded that the simulations provide an accurate picture of melatonin's location and effect 

on both DPPC and DOPC bilayers: melatonin interacts with the headgroups and does not 

penetrate deeply into the hydrophobic core. 

 

!"#$%&' ()*+' ,&-."/0' 1%23"4&.' 32%' 2-&' 5"460&%' 4&634&/' 7647$46/&8' 3%29':,' ."9$46/"2-.' 32%'

,;;<'=6>'6-8',?;<'=5>'9&95%6-&.'6/'@A(BB'C)'!"#$%&"'$(")% (*"%+"+,#-'"%."'("#/%01#"%
+"+,#-'")%-#"%#"2#")"'("&%,3%)$45&%45'")%-'&%$'")%65(*%+"4-($'5'%,3%&-)*"&%45'")7%84-.97%:*"%
($(-4%&"')5(3;%#"&7%)$4<"'(;%=#""'7%*"-&%=#$12);%-'&%,41"7%4525&%(-54);%-'&%$#-'="7%+"4-($'5'/%:*5)%
>5=1#"% 5)% -% #"2#$&1.(5$'% $>% 6$#9% &$'"% ,3% ?#/% @/% A-#((1'"'% -'&% ?#/% @/% B$$2")% C?#$44"% "(% -4;%
DEFGH%-'&%5)%5'.41&"&%>$#%)122$#(%$>%(*"%IJ%&-(-/%'

Both experimental and theoretical data are in good agreement and show that the effect of 

melatonin on bilayer thickness is opposite to that of cholesterol. Both experimental data and 

comparative MD simulations performed by collaborators show that cholesterol has the 

ordering effect and increases the thickness of bilayer. In contrast to cholesterol, melatonin 
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decreases the order and decreases the thickness in both bilayers, thus inducing the increased 

fluidity in the model membrane. The observation of these structural changes may prove to 

important for other studies on amyloid toxicity, as they may lend some insight into 

understanding the molecular mechanism of melatonin protection in Alzheimer’s disease. For 

example, melatonin levels in the body have been shown to decrease with age (Sack et al, 

1986). As Alzheimer’s disease is more prevalent later in life, the effects of melatonin and 

cholesterol on lipid membrane become very important as their amounts in membranes also 

change with age. Both cholesterol and melatonin have implications in amyloid toxicity and 

Alzheimer’s progression in animal and cell studies (Di Paolo & Kim 2011; Kondratova & 

Kondratov 2012), although the molecular mechanism of their action is not well understood.  

Considering the role of cell membrane in amyloid toxicity, it is important also to note that 

amyloid deposits are known to affect the synapse (Lorenzo & Yankner 1996; Walsh & 

Selkoe 2004), where fluidity of lipid membrane is very important for the propagation of 

action potential signal from one neuron cell to another, which occurs through the fusion of 

synaptic vesicles. These results can, for the first time, provide an understanding for the 

possible structural changes taking place within biological membranes.   The effects of 

melatonin on membrane structure may have consequences similar to those of cholesterol 

reducing drugs. Studies have also shown that membrane cholesterol levels may regulate the 

toxic effects of amyloid beta, and that cholesterol reducing agents, such as mevastatin, 

methyl-!-cyclodextrin or filipin, are able to reverse or diminish such toxic effects (Abramov 

et al, 2011). Melatonin has also been shown to significantly decrease cholesterol absorption 

and total cholesterol levels (Hussain 2007), in addition to its ability in reducing amyloid 

toxicity. Amyloid toxicity is directly related to the damage that amyloid produces in cell 

membranes. It has also been shown previously (Drolle et al, 2012) that amyloid binding, the 

first step in amyloid toxicity (Simakova & Arispe 2007), is affected by cholesterol, i.e. the 

presence of cholesterol increases damage to the membrane, and in good agreement with data 

by Sheikh et al (Sheikh et al, 2012).  Choucair et al. also reported that the phase of the lipid 

membrane is important for amyloid binding and demonstrated that amyloid peptide 

preferentially binds to thicker and less fluid membranes (Choucair et al, 2007).  

In summary, this work has shown that melatonin decreases bilayer thickness and increases 

the head group area, resulting in more fluid and disordered bilayers, in contrast to the well-
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known condensation effect of cholesterol. Based on these results, it is hypothesized that 

melatonin may counteract cholesterol’s membrane ordering effect, and thus may affect 

amyloid binding, which leads to the membrane damage, associated with amyloid toxicity. 

The present results help in understanding the mechanism by which cholesterol and melatonin 

may affect the properties of biological membranes, and they could be used to better 

understand the mechanism of interaction of membranes with amyloid peptides in relation to 

amyloid toxicity and AD.  
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Note: this chapter was reproduced with modifications with permission from {Hane F, Drolle 
E, Gaikwad R, Faught E, Leonenko Z. 2011. Amyloid-! Aggregation on Model Lipid 
Membranes: An Atomic Force Microscopy Study. J. Alzheimer’s Dis., 26: 485 – 494.} © 
{2011} IOS Press.  
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Aim of Published Work 

In this study, we compared the aggregation of amyloid-beta (1-42) on four different single 

lipid systems, which differed from one another in phase at room temperature and head group 

charge. For each system, we looked at amyloid incubations at three time points to see how 

the progression of fibrilization is affected by these parameters.  

Experimental Design and Collaborations 

Under the supervision of Dr. Z. Leonenko, Francis Hane and I (co-first-authors for this 

work) were responsible for experimental design of this project. Each system was studied at 

least in triplicate, with both co-authors each completing at least one full set of experiments. 

We performed AFM experiments on two different AFMs and cross-sectional statistical 

analysis on lipid membranes and amyloid incubations on lipid membranes to determine the 

effect of lipid charge and phase on fibril formation. Dr. Gaikwad (PDF at UW at the time) 

assisted with statistical analysis and lent his AFM expertise and E. Faught assisted with 

sample preparation.  

Please note that this chapter includes some overlap with material presented in the MSc thesis 

of F. Hane. His thesis includes preliminary work of this study that was a joint collaboration 

between the two of us. After the submission and defense of his thesis, work on this 

investigation continued, with full sets of experiments redone and an additional system 

(DOPC) introduced as well as the use of an additional AFM (whereas in the preliminary 

data, we only conducted experiments on one AFM). Despite the possibility of some overlap 

in data explanation, there is no overlap in the figures included in this chapter or in the article 

published with what is included in F. Hane’s MSc thesis.  

Summary and Conclusions 

Using AFM, we observed a similar increasing accumulation of amyloid aggregates on the 

surface of neutral DPPC gel phase membrane as on the surface of fluid phase negatively 

charged DOPG membrane. Interactions of aggregates with positively charged fluid DOTAP 

membrane and neutral fluid phase DOPC membrane did not show a similar accumulation 

patter to DPPC and DOPG; instead, we observed amyloid deposits with reduced height on 
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the DOTAP and DOPC membranes, which suggests a fusing of A!1-42 into the lipid 

membrane surface. This work shows that phase and charge have an effect on the interactions 

of amyloid species with the membrane.  

!"#$%&'(&)'*$

Amyloid fibril formation is generally associated with many neurodegenerative disorders, 

including Alzheimer’s disease (AD). Although fibril plaque formation is associated with 

biological membranes in vivo, the role of the cell surfaces in amyloid fibril formation and 

the molecular mechanism of amyloid toxicity are not well understood. Understanding the 

details of amyloid interaction with lipid membrane may shed light on the mechanism of 

amyloid toxicity. Using atomic force microscopy (AFM), this study investigated aggregation 

of amyloid-!1-42 (A!1-42) on model phospholipid membranes as a function of time and 

membrane composition. Neutral, 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and 

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

phospho-(1 -rac-glycerol) (sodium salt) (DOPG), and cationic - 1,2-dioleoyl-3-

trimethylammonium-propane (DOTAP), were used to study the effect of lipid type on 

amyloid binding. This study shows that both the charge on the lipid head group and lipid 

phase affect the interaction of amyloid oligomers with the membrane surface changing the 

rate of adsorption and causing changes in membrane structure and structure of amyloid 

deposits. This study shows that amyloid aggregates progressively accumulate in a similar 

manner on the surface of neutral DPPC gel phase membrane and on the surface of fluid 

phase negatively charged DOPG membrane. In contrast to DPPC and DOPG, positively 

charged fluid DOTAP membrane and neutral fluid phase DOPC membrane contain amyloid 

deposits with reduced height, which suggests fusing of A!1-42 into the lipid membrane 

surface. 

!"+$,-.(/012.)/-$

AD is a progressive neurological disease that is characterized by dementia, memory loss, and 

mental degradation believed to be associated with neuronal amyloid plaques. The primary 

constituent of these amyloid plaques is the amyloid-! (A!) peptide, which is cleaved from 

the amyloid-! protein precursor (A3PP) (Kang et al, 1987). Normally, A! is in an "-helical 
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form (Kalberg et al, 2001) but can misfold into ! sheets and aggregate leading to the 

formation of amyloid oligomers or fibrils. No clear reason as to the cause of this misfolding 

has been identified (Carrell 1998). The cascading process leading from an "-helical native 

protein to mature amyloid fibrils runs through several possible oligomeric intermediate 

structures. Recent research indicates that these intermediate oligomers have higher 

neurotoxicity than the more inert mature amyloid fibrils (Lambert et al, 1998; Kayed et al, 

2003; Dalgren et al, 2002; Roher et al, 1996; Campioni et al, 2010). 

 Although fibril plaque formation is associated with biological membranes in vivo, the 

majority of research has been done on amyloid fibril formation in solution, where the role of 

membrane surfaces has not been considered (Dobson 2001, Johansson 2003, Chiti & Dobson 

2006, Blackley et al, 1999). Therefore, despite recent research efforts, the exact mechanism 

of A! interactions with lipid membranes is still not well understood (Walsh et al, 2002). 

Several studies reported in the last few years demonstrated that A3 peptide when 

reconstituted into a model lipid membrane may form ion pores or channels in membrane 

bilayers (Lin et al, 2001; Quist et al, 2005; Arispe 2004) and increase the membrane fluidity 

(Kremer et al, 2000) as well as induce the thinning and reduce the conductance of the cell 

membrane (Sokolov et al, 2006). In addition, factors such as lipid rafts, cholesterol, pH, and 

salt have been shown to affect amyloid fibril formation (Cordy et al, 2006; Sharp et al, 2002; 

Yip et al, 2001; Choucair et al, 2007; Neugroschl & Sano 2010; Cirtain et al, 2003; Cruz et 

al, 2005). Previously, several groups focused their efforts on elucidating the role of 

interactions of various A! peptides with model lipid membrane and monolayers. Bokvist and 

colleagues (2004) suggested two methods in which A! interacts with lipid membranes: 

binding of monomeric peptide to the lipid membrane and insertion of peptide into the lipid 

membrane, and hypothesized that the interplay between electrostatic and hydrophobic 

interaction drives these processes. Their results suggested pathological interactions of A! 

with neuronal membranes might not only depend on the oligomerization state of the peptide, 

but also on the type and nature of the supramolecular A!–membrane assemblies (Bokvist et 

al, 2004). Previous research on lipid monolayers has also shown the importance of 

electrostatic interactions between negatively charged lipids and A! peptide at the air-water 

interface (Maltseva et al, 2005; Ege et al, 2005; Ionov et al, 2010). Ege et al.  (2005) have 

shown that aggregation of A!1-40 can take place at considerably lower concentrations when 
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exposed to phospholipid monolayers at the air-water interface, as compared to bulk peptide 

in solution. Earlier research has shown that the interaction of A! with lipid membrane is the 

initial step of amyloid fibril formation in AD brain (Yanagisawa et al, 1995) and in vitro 

(Terzi et al, 1995; Choo-Smith & Surewicz 1997). 

The phase of the lipid membrane may also play an important role when interactions of A! 

with lipid membrane are considered. A key feature of a membrane, which is defined by the 

lipid phase, is its relative fluidity (i.e., mobility) of the lipid molecules within the membrane 

(Feigenson 2006). The three major lipid phases are classified as following: the Lo (liquid 

ordered, induced by cholesterol); the L" (liquid-disordered); the gel phase, (L!) (Feigenson 

2006; Lingwood & Simons 2010). The fluidity of the lipid membrane defines the membrane 

melting transitions (Koynova & Caffrey 2002) and has an important impact on membrane. 

The phase of the lipid membrane may also be a defining feature for the interaction of 

amyloid forming peptides. It has been reported recently that fluorescently labeled A!1-42 

binds preferentially to the gel phase domains in the mixed DPPC/DOPC bilayer (Choucair et 

al, 2007), although the fibril formation was inhibited by the fluorescent label attached to A!1 

-42 peptide. 

In this work, AFM is used to elucidate the effect of lipid composition (headgroup charge and 

phase) on interaction of A!1 -42 with supported lipid bilayers. 

!"#$%&'()*&+,$&-.$%('/0.,$
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1, 2-dipalmitoyl- sn-glycero-3-phosphocholine (DPPC), 1, 2-dioleoyl- sn-glycero-3-

phospho-(1’- rac-glycerol) (sodium salt) (DOPG), 1,2-dioleoyl- sn-glycero-3-

phosphocholine (DOPC), and 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP) lipids 

were purchased from Avanti Polar Lipids (Alabaster, AL) in powder form. Lipid vesicle 

solution was prepared by adding 0.5 mg of dry lipid in 1mL of ultrapure water. The lipid 

solution was stirred for 15 min, followed by 10 min of sonication. This stirring/sonication 

procedure was repeated until the lipid solution was clear which indicated vesicle formation. 

In order to produce planar supported bilayer 100µL of vesicle solution was placed on freshly 
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cleaved mica. Vesicles were allowed to fuse for 10–15 min to achieve full bilayer coverage. 

The sample was washed with ultrapure water to remove unbound vesicles, leaving supported 

lipid bilayer on mica. Samples of each lipid bilayer (DPPC, DOPC, DOPG and DOTAP) 

were imaged with the atomic force microscope in liquid to ensure uniformity of the bilayer. 

One sample of each lipid was rinsed hard with a stream of ultrapure water, causing 

“nanoholes” in the lipid bilayer. When imaged with the AFM, these samples with holes 

showed a bilayer height of approximately 5 nm indicating formation of a lipid bilayer. 

!"#$#%!&'()*+,-.!/012345+*0!

 A!1-42 was purchased from rPeptide Inc. (Bogart, GA). The peptide was pretreated to  

ensure the monomeric form of the peptide was being utilized (Fezoui et al, 2000). For the 

incubations, 1mL of HEPES buffer (50 mM, pH 7.8) was added to a 0.5 mg vial of A!1-42. 

The solution was sonicated for 1 minute as directed by rPeptide instructions. 100µL of A!1-42 

solution was placed on the lipid bilayers and allowed to incubate at room temperature for the 

defined time periods of 1 h, 6 h, and 24 h. At the conclusion of incubation time, excess 

peptide was gently rinsed 3 times with 50 µL of ultrapure water. Nanopure water was added 

in sufficient quantity to cover the mica slide for imaging with the atomic force microscope. 

"#$#$!&5*'+1!6*718!'+17*91*:(!+'4;+0;!

AFM is a nanoscale imaging technique, which employs a sharp probe scanning over a 

sample surface and allows for imaging the topographical features at the nanoscale and single 

molecule level in liquid at near physiological conditions. Samples with supported bilayers 

were placed in the AFM liquid cells as provided by JPK Instruments AG and Agilent 

Technologies. The liquid cells were filled with nanopure water, covering the entire sample. 

All samples were imaged in liquid using a tapping mode (JPK), or MacMode (Agilent) at 

lower set point to ensure gentle imaging which did not destroy the membrane samples. 

Veeco DNP-S cantilevers (spring constant 0.5–0.6 N/m) or Agilent Type II Mac Levers 

(spring constant 2.8 N/m) were used for imaging. Images were scanned at a line rate of 0.5 

Hz. Instrument settings (such as set point) were adjusted throughout the scanning processes 

in order to optimize image quality.  
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Images were processed with Gwyddion image processing software (non-proprietary 

software, freely available online) or JPK image processing software (proprietary software). 

Images were leveled by subtracting a polynomial fit from the images, and some images were 

adjusted using the MinMax z-range and a low pass filter to improve image quality. 

$!"#"/$01'1.-1.2'+$'*'+,-.-$

Statistical analysis of oligomer volume has been done using Image Metrology’s SPIP 

software version 5.1.5. The larger fibrils and were neglected. The images were first corrected 

globally with an average polynomial fit of order 3 and then to remove observable steps 

between subsequent scan lines, the images were leveled using the LMS fit method of order 

3. The images were then used for calculating the net volume of material using the height 

distribution histogram, which is the integral of the area under the histogram and normalized 

to the volume per surface area. Statistical analysis of oligomer height distribution was done 

using cross-section analysis within JPK images processing software. Several images with at 

least 100 measurements of oligomers and small protofibrils were used for each sample to 

determine the average height and height distribution. 

!"!$3)-4+1-$

To mimic the interaction of A! with cell membrane, the interaction of A!1-42 peptide with a 

supported lipid model membrane were studied. When peptides are placed in close proximity 

to the lipid membrane several processes may occur: 1) the peptides may interact with each 

other in solution and form fibrils; 2) the peptide monomers and oligomers may interact with 

lipid head-groups and assemble onto the lipid surface, resulting in oligomers and small 

protofibrils bound to the lipid membrane. These processes are shown schematically on 

Figure. 4.1. 



!"#$%"&'('$ $ )*(+,-&."$#/0**&$

$ 12$

$
!"#$%&'()*+',-.&/01"-'2"0#%0/'3.45"6#'0'3$774%1&2'8"90:&%'46'/"-0'"61&%0-1"6#'5"1.';<*=

(>'"6'349$1"46)'%30$4/05&''&'$6,7$0558/9$:;$4&4.(<&'$(=.&/,5.$3(."$&,5"$0."&/$,=<$0*(>06&/(+&$
(=$'0*8.(0=?$@;$!&4.(<&'$(=.&/,5.$3(."$*(4(<$'8/A,5&'$B"&,<$>/084';$,=<$,''&6-*&$0=.0$."&$*(4(<$
'8/A,5&C'

The first process—aggregation of amyloid peptides in solution—has been studied 

extensively (Dobson 2001, Johansson 2003, Chiti & Dobson 2006, Blackley et al, 1999). 

Control experiments were also performed for comparison. Figure 4.2A and 4.2B shows 

AFM images of the aggregation of A!1-42 when peptide was incubated in solution for periods 

of 1 and 24 h respectively. After incubation, a small droplet was placed on mica substrate for 

5 min, gently rinsed with water, dried with nitrogen and imaged in air. At a short time of 

incubation (1h), the formation of oligomers and small protofibrils are observed (which are 

defined as a few oligomers linked linearly together to form short fibril (Dobson 2001, 

Blackley et al, 1999)), Figure 4.2A. As incubation time increases, (24 h) formation of longer 

mature amyloid fibrils are observed, Figure 4.2B. 
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Next, supported lipid bilayers were formed, composed of one of the four types of lipids: with 

neutral (or zwitterionic) head group – DPPC (gel phase) and DOPC (fluid phase), with 

anionic head group DOPG (fluid phase), and cationic head group DOTAP (fluid phase). 

Supported lipid bilayers were formed on mica by vesicle fusion, gently rinsed with water to 

remove excess vesicles solution, and imaged by AFM in liquid. The surfaces of the bilayers 

were very flat, which is characteristic of lipid bilayers composed of one lipid type. Cross 

section analysis shows all these surfaces within 400 pm of height differential. A DPPC 

bilayer with complete coverage is shown on Figure 4.3B. To confirm that a bilayer formed 

on the surface the samples were rinsed forcefully with a stream of water in order to produce 

holes in the supported bilayer. Figure 4.3A shows DPPC bilayer after such rinsing. The dark 

areas are the mica surface, where the lipid patches were removed by rinsing. The thickness 

of the bilayer was measured from cross-sections, and was about 5 nm, as expected for the 

DPPC bilayer measured by AFM. 
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After a smooth supported bilayer with complete coverage was formed on mica,100µL of 

A!1-42 solution was deposited, and incubated peptide solution in a liquid cell with supported 

bilayer for 10 minutes, and 1, 6, and 24 h. After each time the cell was rinsed gently with 

water and bilayer with A!1-42 deposits was imaged immediately in liquid with AFM. Figure 

4.3C shows AFM image of A!1-42 accumulated on a DPPC bilayer after 1 h of incubation. 

Small round oligomers and short protofibrils were observed, no long mature fibrils were 

observed at 1 h of incubation for the DPPC bilayer, Figure 4.3C. Similar small oligomers 

and protofibrils growing with time were observed on the surfaces of DOPC, DOTAP and 

DOPG bilayers (images are not shown). The oligomers have a height 1–3 nm at 1 h 

incubation, Figure 4.3C. 

$
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Figure 4.4 shows formation of A!1-42 deposits on supported bilayers after 24 h of incubation 

imaged by AFM. A DPPC bilayer with amyloid deposits is shown in Figure 4.4A. For a 

DPPC bilayer at 24 h of incubation, an accumulation of small oligomers and short 

protofibrils was observed - similar to the observations at 1 h of incubation, Figure 4.3C. In 

addition, longer twisted fibrils are also visible at 24 h of incubation. The number of 

oligomers and short fibrils formed on DPPC bilayer surface increases steadily with 

incubation time, Figure 4.5. To account for this, the total volume of amyloid deposits 
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accumulated on lipid surfaces was calculated (Figure 4.5). Larger mature fibrils, presumably 

formed in solution at 24 h, were excluded from analysis. DPPC bilayer shows accumulation 

of amyloid deposits – the amyloid deposits volume increases from 1.47 ± 0.08 (10 ! 107 

nm3) at 1 h, to 4.07 ± 0.21 at 6 h and slowly increases to 4.55 ± 0.82 at 24 h as seen in Figure 

4.5. 

$
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Quantitative analysis of oligomer height distribution was done using cross-section analysis 

of AFM images, Figure 4.5D–F (where n=100 for each system). The results of statistical 

analysis of oligomer and protofibril height distribution deposited on all lipid bilayers are 

shown on Figure 4.6. For a DPPC supported bilayer the average height of A! deposits was 

changing from 1.15 ± 0.28 nm at 1 h to 4.45 ± 2.80 nm at 24 h of incubation. The length of 

oligomers and short protofibrils varied from 40 nm to 100 nm. In addition, longer mature 

fibrils start to form at 24 h of incubation on DPPC bilayer. These larger fibrils have a length 

up to 2–3 µm and are similar to the fibrils formed in solution at 24 h of incubation, Figure 

4.2B. 
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Figure 4.4B shows AFM topography image of A!1-42 deposits on a DOPG bilayer after 24 h 

of incubation. Similar to what is seen for DPPC (Figure 4.4A), it was observed that only 

small mostly round oligomers with a height of 0.97 ± 0.39 nm and short protofibrils (20–300 

nm long) formed on the DOPG bilayer surface at 1 h of incubation (AFM images for this not 

shown here). After 24 h of incubation, both oligomers and short protofibrils with a length of 

20–300 nm are still present and are well resolved by AFM. The measured height of 

oligomers and protofibrils increases to 3.60 ± 0.99 at 24 h of incubation. DOPG bilayer 

shows progressive accumulation of amyloid deposits; the volume increasing from 1.13 ± 

0.05 (10 " 107 nm3) at 1 h, 2.45 ± 0.58 at 6 h (not pictured) and to 6.68 ± 2.15 at 24 h as 

seen in Figure 4.5. 

In addition, few mature amyloid fibrils are observed on the very top of the bilayer, at 24 h of 

incubation, which range in length from 500 nm to 1 µm. Figure 4.4C shows AFM 

topography image of A!1-42 deposits formed on DOTAP bilayers after 24 h of incubation. 

Small round oligomers are observed, as well as small protofibrils formed on the bilayer 

surface. The average height of the oligomers formed on DOTAP bilayer after 1 h of 

incubation is 2.40 ± 0.62 nm and does not change significantly with time (2.99 ± 1.78 nm 

after 24 h of incubation). Amyloid protofibrils increase in length as incubation time 

increases from 45–280 nm at 1 h, to 100–580 nm at 24 h of incubation. The volume of 

amyloid deposits on DOTAP bilayer is the largest at 1 h, 2.78 ± 1.10 (10 " 107 nm3) 
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compared to other bilayers, remains almost the same at 6 h, 2.87 ± 0.76 and slowly increases 

to 3.93 ± 0.05 at 24 h as seen in Figure 4.5. Longer fibrils with the length of up to 3 µm are 

also observed. Both oligomers and fibrils are not well resolved and seem to be buried into 

the bilayer as it is seen from cross-sections and height distributions. We are confident that 

blurriness of the images is not a result of the poor quality of AFM probe or AFM settings, as 

high-resolution imaging of nanoparticles and pure bilayers was possible immediately after 

imaging DOTAP- A!1-42 assemblies.  

Figure 4.4D shows AFM topography image A!1-42 deposits on a DOPC bilayer after 24 h of 

incubation. Similar to what is seen for DOTAP (Figure 4.4C),  small round oligomers as 

well as small protofibrils were found to have formed on the bilayer surface. The average 

height of the oligomers formed on DOPC bilayer after 1 h of incubation is measured as 1.81 

± 0.58 nm and changes with time to 3.7 ± 1.45 nm after 24 h of incubation. The volume of 

amyloid deposits on DOPC membrane progressively increases from 1.68 ± 0.18 (10 " 107 

nm3) at 1 h, 2.16 ± 0.21 at 6 h and to 3.23 ± 0.41 at 24 h as seen in Figure 4.5. The average 

height of the fibrils, measured above the lipid surface is smaller when they are formed on 

fluid phase DOTAP bilayer (2.99 nm), DOPC bilayer (3.70 nm) and DOPG bilayer (3.60 

nm), compared to fibrils formed on mica (4.42 nm) and DPPC bilayer (4.45 nm). Unlike for 

DPPC and DOPG, the height distribution of oligomers formed on DOPC and DOTAP 

becomes very wide at 24 h of incubation (Figure 4.6). 

!"#$%&'()''&*+$

The difference in fibril formation between A!1-42-incubated in solution and A!1-42-incubated 

on lipid bilayers is striking: fibrils formed in solution grow in length with time up to several 

microns long, Figure 4.2, are thin and show twisted morphology, characteristic for fibrils 

formed in solution (Blackley et al, 1999). Figure 4.2A shows A!1-42, which have been 

incubated in solution for 1 h and deposited on mica. Compared to fibril formation in 

solution, amyloid aggregation is different on lipid surfaces. When A!1-42 is incubated on 

lipid bilayers, small oligomers and short protofibrils are observed that are present at all 

times, while long fibrils, characteristic for incubation in solution, are rarely observed. This 

suggests higher propensity of oligomers to lipid surfaces compared to mature fibrils, which 
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correlates well with the earlier reported higher neurotoxicity of oligomers compared to 

fibrils (Lambert et al, 1998; Kayed et al, 2003; Dalgren et al, 2002; Roher et al, 1996; 

Campioni et al, 2010). 

As shown in Figures 4.4A, on DPPC bilayer, progressive accumulation of oligomers and 

short protofibrils on the lipid surface are observed, indicated by an increase in the total 

volume of amyloid deposits (Figure 4.5). The oligomers are well resolved and the height of 

the deposits measured above the lipid surface increases with the time of incubation, which 

also indicates accumulation of oligomers and short protofibrils on the surface of DPPC 

bilayer, Figures 4.4A and 4.6. After 24 h of incubation of A!1-42 on the DPPC bilayer, the 

surface is almost completely and uniformly covered by densely packed oligomers and short 

protofibrils. Some longer fibrils that we observed at 24 h of incubation on lipid surfaces 

resemble the long fibrils formed in solution and were likely also formed in solution above 

the lipid bilayer, and then adsorbed onto the bilayer surface. In the case of DOPG bilayers, 

oligomer volume increases slowly at 1 h and 6 h (Figure 4.5) and increases further at 24 h. 

Individual oligomers and protofibrils are well resolved by AFM on both DPPC and DOPG 

bilayers. Progressive accumulation of oligomers and short fibrils on the DOPG lipid surfaces 

are observed, similar to DPPC, Figure 4.6. This suggests that A!1-42 binds to the lipid 

surfaces of DPPC and DOPG but does not fuse into the lipid membrane and does not disturb 

the surface of membrane. Both DPPC and DOPG lipid membrane act as a solid substrate, 

which binds and accumulates A!1-42 oligomers without affecting the AFM resolution 

DOTAP lipid surfaces show a different behavior. The oligomer volume (Figure 4.5) is 

highest at 1 h compared to other lipid type and saturates at 1 h. After this, it stays nearly the 

same at later times of incubation (6 h and 24 h). This means that initial binding and 

accumulation occurs faster on DOTAP bilayer, than on DOPC and DPPC, and the DOPG is 

the slowest at 1 h, which may indicate the preferable interaction of DOTAP positively-

charged lipid heads with negatively charged amyloid monomers and oligomers. The height 

distribution does not increase progressively from 1 h to 24 h, but becomes broader, for 

DOTAP, Figure 4.6. This suggests that A!1-42 oligomers may interact differently with 

DOTAP bilayer, in that they may penetrate into the bilayer headgroup area and disturb the 

flat surface of the bilayer, instead of simply accumulating on surface as observed on DPPC 
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and DOPG bilayers. This is revealed by AFM images, Figure 4.4C, which show no single 

well-resolved oligomers or protofibrils on DOTAP bilayer, as observed on DPPC and DOPG 

bilayers, but rather fused clusters which are presumably protein/lipid complexes. This lack 

of well resolved oligomers or protofibrils suggests stronger interaction between DOTAP 

lipids and A!1-42, compared to other lipid membrane, which changes the uniform flat surface 

of the bilayer to produce defects in the bilayer. It has been reported earlier that due to high 

fluidity and electrostatic interaction DOTAP lipids have strong interaction with charged 

DNA, which results into partial penetration of DNA into the bilayer headgroup area 

(Leonenko et al, 2004; Leonenko and Cramb 2002). Considering the complex charge 

distribution and total negative charge for A!1-42 monomer at neutral pH the interaction of 

A!1-42 with DOTAP lipids should be stronger and may cause similar bilayer deformation, 

resulting from clustering of positively charged DOTAP lipids around A! deposits. Slower 

progression of the amyloid deposition at 24 h can be also be explained by the fact that 

amyloids may neutralize the positive charge at the lipid headgroups upon binding and 

therefore reduce the electrostatic driving force for further adsorption on the surface. 

The DOPC bilayer shows similar behavior as DOTAP in faster accumulation of oligomers in 

the first 6 h, and slower progression at 24 h, (see Figure 4.5), compared to DPPC and DOPG. 

Oligomers formed on DOPC are also not well resolved likely due to the partial fusion into 

the bilayer surface. Both lipid bilayers show wide distribution of oligomer sizes at 24 h. This 

suggests a stronger interaction of A!1-42 with lipid head groups and possible formation of 

lipid-protein clusters. It can be seen that all three fluid phase bilayers DOTAP (positive), 

DOPG (negative), and DOPC (neutral) bind A!1-42 effectively but show different degrees of 

membrane disturbance and a different order of A!1-42 deposits on the bilayer. While there is 

significant fusion of A!1-42 into DOTAP and DOPC bilayers upon binding observed, 

(Figures 4.4 and 4.5), binding of A!1-42 to the DPPC and DOPG bilayers was observed, but 

no disturbance of the bilayer. DPPC (gel phase) and DOPC (fluid phase) also show different 

results, although the charge on the head group is the same. This leads to the conclusion that 

not only the charge, but also the phase of the lipid membrane affects the interaction of A!1-42 

with the membrane. These results correlate with the trend described in monolayers studies 

(Maltseva et al, 2005; Ege et al, 2005), indicating that A!1-40 interacts with charged lipids, 

but the insertion of the peptide depends on the compression of the monolayer, which 
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correlates with the bilayer phase (Maltseva et al, 2005). Binding was observed but no 

incorporation of A!1-42 into the DPPC and DOPG bilayer, and disordering of DOTAP and 

DOPC bilayers, which most likely is a result of partial fusion of the peptide into the lipid 

head group area upon binding, Figures 4.4 and 4.5. Although DOPG and DOTAP bilayers 

are both fluid at room temperature, more ordered amyloid-lipid assemblies for DOPG 

membrane than for DOTAP are observed, which correlates with peptide ordering reported on 

negatively charged monolayers (Maltseva et al, 2005). Importantly, larger membrane 

disturbance due to penetration of A!1-42 into the positively charged DOTAP bilayer than into 

the negatively charged DOPG bilayer are observed, Figure 4.5. This can be explained by the 

electrostatic interactions that may order the negatively charged peptide on the surface DOPG 

lipids. Although A!1-42 is negatively charged at neutral pH (total charge -3), it has a complex 

distribution of charged and hydrophobic regions, which may result in different orientations 

of the monomers and oligomers on charged surfaces. Oriented alternating charges may result 

from the peptide-lipid arrangements on the DOPG membrane surfaces, which in turn may 

result into the ordering of the lipid phase, therefore reducing the fluidity of DOPG bilayer 

and degree of disturbance caused by amyloid deposits. Both DOTAP and DOPG bilayers 

normally exist in fluid phase at room temperature. The fluid-gel transition temperatures for 

DOPG and DOTAP are –18°C (Silvius 1982) and –11.9°C (Regelin 2000) respectively. The 

structures of the four lipids are shown in Figure 4.7. DOTAP bilayer has smaller head groups 

that repulse each other due to the positive charge and may be therefore more effectively 

disrupted by the negatively charged peptide oligomers interacting with the lipid head groups. 

Comparing neutral DOPC and DPPC bilayers, it is clear that the differences in phase 

produce different interaction with A!1-42. DOPC is analogue of DPPC with similar neutral 

head group, but differs in saturation of the chains and exists in fluid phase at room 

temperature, while the DPPC is present in gel phase. DOPC bilayer behaves similarly to the 

fluid phase DOTAP bilayer accumulating broad distribution of oligomer sizes, which likely 

penetrate into the bilayer head group area, forming lipid-peptide clusters.  

This demonstrates that both the phase and the charge of lipid membrane are important for 

binding and accumulation of A!1-42 deposits on the surface of lipid membrane, which in turn 

may affect the morphology of lipid membrane surface and may lead to altering membrane 

potential upon amyloid binding. 
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This work studied fibril formation of A!1-42 on model supported lipid bilayers composed of 

positively charged (DOTAP), negatively charged (DOPG), and zwitterionic (DPPC and 

DOPC) lipids using high resolution atomic force microscopy. AFM images show binding 

and progressive accumulation of A!1-42 oligomers and short protofibrils on the surface of 

zwitterionic lipid membrane DPPC and negatively charged lipid membrane DOPG. Fluid 

phase lipid bilayers (DOTAP (positively charged) and DOPC (neutral) show stronger 

interference with A!1-42. Significant disturbance of the lipid membrane for positively 

charged fluid DOTAP bilayer and neutral fluid DOPC was also observed. This indicates the 

importance of electrostatic interactions as well as lipid membrane phase in amyloid-

membrane interaction, which affect both the structure of amyloid aggregates and the 

structure of the lipid membrane itself. 
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Note: this chapter was reproduced with permission and minor modifications from {Drolle E, 

Gaikwad RM, Leonenko Z. 2012. Nanoscale Electrostatic Domains in Cholesterol-Laden 

Lipid Membranes Create a Target for Amyloid Binding. Biophys. J., 103: L27 – L29.} © 

{2012} Cell Press.  
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Aim of Published Work 

In this study, we looked at the effect of cholesterol on the interaction of amyloid-beta with 

DOPC lipid membranes. We carried out amyloid incubations for three increasing time 

periods on pure DOPC membranes and DOPC membranes with cholesterol and used atomic 

force microscopy (AFM) to visualize each system to compare the amount and type of 

amyloid accumulations with the membranes. We also studied both systems in monolayer 

form to look at the effect of cholesterol on the topography of the lipid system as well as the 

electrostatic surface potential map.  

Experimental Design and Collaborations 

Under the supervision of Dr. Z. Leonenko, I designed this experiment and carried out the 

sample preparation and membrane incubations, and wrote this manuscript. Post-doctoral 

fellow Dr. R. Gaikwad trained me in the use of frequency-modulated Kelvin probe force 

microscopy (FM-KPFM) and assisted greatly in the FM-KPFM monolayer study portion of 

this experiment, as well as statistical analysis of the samples.  

Summary and Conclusions 

Through AFM analysis, we saw that in the absence of cholesterol, amyloid interaction with 

the DOPC membrane was random and homogeneous; however, with the incorporation of 

cholesterol, amyloid interaction with the DOPC-Chol membrane was non-uniform and 

appeared to be selective. We hypothesized that this targeted binding was the result of 

electrostatic domains formed as a result of cholesterol’s presence in the membrane. We used 

FM-KPFM to determine if these electrostatic domains were induced and show that 

cholesterol induces electrostatic domains in the membrane that likely induce targeted 

binding of amyloid to the membrane, as amyloid has a complex charge distribution.  

!
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Amyloid fibrils are associated with multiple neurodegenerative disorders, such as 

Alzheimer’s disease. Although biological membranes are involved in fibril plaque 

formation, the role of lipid membrane composition in fibril formation and toxicity is not well 

understood. We investigated the effect of cholesterol on the interaction of model lipid 

membranes with amyloid ! peptide (A!). With atomic force microscopy we demonstrated 

that binding of A! (1–42) to DOPC bilayer, enriched with 20% cholesterol, resulted in an 

intriguing formation of small nonuniform islands loaded with A!. We attribute this effect to 

the presence of nanoscale electrostatic domains induced by cholesterol in DOPC bilayers. 

Using frequency-modulated Kelvin probe force microscopy, we were able to resolve these 

nanoscale electrostatic domains in DOPC monolayers. These findings directly affect the 

understanding of how the presence of cholesterol may induce targeted binding of amyloid 

deposits to biomembranes. It is postulated that this nonhomogeneous electrostatic effect of 

cholesterol has a fundamental nature and may be present in other lipid membranes and 

monolayers. 

!"+$,-.(/012.)/-$

 Although amyloid fibril plaque accumulations have been observed on the surface neuronal 

cells in vivo in test subjects with Alzheimer’s disease (Chiti & Dobson 2006; Roberson & 

Mucke 2006), the role of cell membrane composition and the presence of sterols on fibril 

plaque formation and toxicity are still not well understood. Studies have shown that amyloid 

interacts with the membrane and that it is vital in amyloid fibril formation and toxicity 

(Friedman et al, 2009; Jang et al, 2010). Although cholesterol is an important constituent of 

lipid rafts and is thought to regulate various important functions of the membrane (Lingwood 

& Simons, 2010), the role of cholesterol in the molecular mechanism of amyloid toxicity is 

not clear. Cholesterol has been shown to influence the fluidity of total brain extract, cell 

death and the extent to which A! fibrillogenesis occurs (Yip et al, 2001). The effect of this 

sterol on the membrane is very complex and is still debated to this day (Bonn et al, 2004; 

Cadenhead 1985; Ohvo-Rekilä et al, 2002; Cecchi et al, 2009). We recently discovered an 

interesting electrostatic effect of cholesterol on pulmonary surfactant BLES (bovine lipid 



PhD Thesis  Elizabeth Drolle 

 95 

extract surfactant) and showed that cholesterol inhibits surfactant function (Finot et al, 2010; 

Gunasekara et al, 2005). These intriguing electrostatic properties of cholesterol may be 

important for understanding the interaction of the plasma membrane with amyloid forming 

peptides. Lipid bilayers and monolayers are widely used to mimic biological membranes 

(Ohvo-Rekilä et al, 2002), in order to study their structure and interaction with biomolecules 

(Choucair et al, 2007; Hane et al, 2011; Yip et al, 2001).  

!"#$%&'()*+(,-./$0(-.*/1$
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Phospholipid bilayers were supported on freshly cleaved mica (ruby, ASTMV-2 quality; 

Asheville-Schoonmaker Mica, Newport News, VA) by method of vesicle fusion (Leonenko 

et al, 2001) via alternating sonication and stirring procedures. Amyloid ! (1-42) peptide 

(rPeptide, Bogart GA) was pretreated according to Fezoui procedure (Fezoui et al, 2000) to 

ensure the monomerinc form and was suspended in HEPES buffer (50 mM, pH 7.8) at a 

concentration of 0.5 mg amyloid / mL of buffer. 100 "L of amyloid solution was then added 

to the supported lipid membrane and incubated for 1 hour. Gentle rinsing ensured removal of 

excess amyloid solution, and then samples were imaged using MAC Mode AFM (Agilent) in 

water. 

!"#":$34''5)-(6$/*'*6$+5,5/.8()1$

Phospholipid monolayers were supported on freshly cleaved mica by Langmuir-Blodgett 

deposition. A mica slide was placed in a dipper arm of the Langmuir-Blodgett (LB) trough 

and lowered into the subphase (Nanopure water) of an LB trough from NIMA Technology 

(Coventry, United Kingdom). Solutions of lipid dissolved in chloroform were added to the 

subphase of the trough and allowed to spread and equilibrate on the subphase-air interface 

for 10 minutes. The monolayer was compressed at a speed 10 cm2 /min to a pressure of 45 

mN/m and the pressure kept constant as the dipper arm raised the mica through the interface 

at a speed of 2 mm/min. The mica slide was allowed to air-dry for 10 minutes before being 

placed in a desiccator for a 24-hour period, after which it was affixed on a conductive plate 

for AFM/KPFM imaging. 
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The AFM imaging of DOPC supported bilayers with and without cholesterol and Amyloid ! 

(1-42) was performed in a liquid cell in Milli-Q water at room temperature using MAC mode 

imaging with an AFM/SPM-5500, Agilent Technologies, with type II MAC mode 

cantilevers with tip radius of ~5nm and spring constant of ~2.8N/m. AFM imaging of 

monolayers was simultaneously performed with FM-KPFM mode using SmartSPM (AIST-

NT) in air at normal humidity (section FM-KPFM). 

!"#"1$2,-34-5*0$6'7489&-7$:-8;)5$/,'<-$+',*-$()*,'.*'/0$=26>:?26@$

FM-KPFM is a Kelvin probe force microscopy technique for mapping the local electrostatic 

surface potential simultaneously with AFM topography images with superior resolution and 

sensitivity (few nm and few 10 mV) (Moores et al, 2010). Previously developed KPFM 

methods have limited application in biological research, whilst FM-KPFM has proven to be 

advantageous to study the surface potential maps in complex self-assembled biological films 

(Moores et al, 2010). The FM-KPFM imaging was performed using the NC-DFM mode with 

a SmartSPM 1000 system provided by AIST-NT. A standard PPP-EFM (Nanosensors) 

cantilever with a radius of curvature (< 30 nm) and spring constant ~ 2.8N/m was used for 

imaging in ambient air at normal humidity.  
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Data collected using Agilent and AIST-NT AFM’s was processed using Gwyddion v.2.25. 

The topography images were leveled by mean plane subtraction, corrected for line jumps 

and horizontal scar to nullify AFM artifacts caused while scanning with high resolution Z-

scale (picometers). The images were processed to remove any polynomial background. The 

FM-KPFM images were not processed with any filters, to ensure the proper potential 

measurements; the raw data were used for cross section analysis using Gwyddion software. 

Statistical analysis of AFM topography images and surface roughness was done using SPIP 

software (v 5.1.6). In order to estimate the damaging effect of A! deposits on the lipid 

membranes we evaluated the roughness parameters of the surface for both samples. We 
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calculated the core roughness depth, Sk, which is a measure of the nominal roughness (peak 

to valley) and the reduced valley depth, Svk, which is a measure of the valley depth below the 

core roughness (Wang et al, 2006). Data was collected on 2 !m " 2 !m high-resolution 

images of the membranes. The three dimensional AFM images (surface roughness) in 

Figures 5.2c and 5.2d show representative regions highlighting the contrast in surface 

roughness between the two types of sample. An enlarged version of Figure 5.2c and 5.2d are 

shown in Figure 5.1 - the 3D cross section of pure DOPC membrane after 1hr incubation 

with A# (1-42) and DOPC membrane with 20% cholesterol after 1hr incubation with A# (1-

42) is shown here, below. The Sk parameter is slightly lower for pure DOPC membrane 

(0.7±0.1 nm) than for cholesterol enriched DOPC membrane (0.8± 0.1 nm), which correlates 

with smoother surface of the membrane when there is no cholesterol present in the 

membrane. The Svk parameter is significantly higher for cholesterol enriched DOPC 

membrane (0.5±0.1 nm) than for pure DOPC membrane (0.24±0.03 nm), which corresponds 

to a higher damage (deeper holes in the membrane) that A# deposits produce in the 

membrane domains saturated with cholesterol. All experiments were repeated at least 3 

times, 4-5 images were used for statistical analysis with no less than 100 measurements in 

each case (N > 100). 

For the KPFM statistical analysis, random cross sections were taken on the Contact Potential 

Difference 1(CPD1/KPFM channel) to measure the potential difference between the domain 

and the substrate manually. For quantitative purpose, no fewer than 50 cross sections were 

analyzed on 3 images and measured potential difference of approximately 120 domains (N > 

50). 

!"#$%&'()*'$+,-$./'0(''/1,$

In this work, Atomic Force Microscopy (AFM) and Frequency-Modulated Kelvin Probe 

Force Microscopy (FM-KPFM) are used to investigate the effect of cholesterol on the 

structure of dioleoyl-sn-glycero-3-phosphocholine (DOPC) bilayers and monolayers and to 

study how this affects A# (1-42) binding and fibril formation. DOPC bilayers with and 

without cholesterol were prepared as described in section 5.4, supported on mica, incubated 

with A# (1-42) solution in buffer and then rinsed with water and imaged in water. As shown 
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in Figure 5.2a, A! deposits on the pure DOPC bilayers were small, spherical and uniformly 

distributed across the lipid membrane surface with no preferential binding sites or clustering. 

Amyloid fibril formation on DOPC membranes with 20% cholesterol showed quite different 

and striking results (Figure 5.2b) - amyloid deposits were binding to the lipid membrane in a 

non-uniform, selective manner which resulted in the formation of nanoscale islands or 

domains (10-100 nm in size) enriched with amyloid deposits (Figure 5.1).  
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The amyloid deposits observed on the DOPC/cholesterol membrane were clusters of 

spherical oligomers and short fibrils. In order to estimate the disruptive effect of A! deposits 

on the lipid membranes, the roughness parameters of the membrane surfaces were evaluated 

for both samples. The surface of the pure DOPC membrane with A! deposits was relatively 
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smooth with A!  deposits slightly sinking into the membrane (Figure 5.2a), which correlates 

with this group’s previous data (Hane et al, 2011). The domains of clustered A! deposits on 

the DOPC/cholesterol bilayer showed rough surfaces corresponding to the domains saturated 

with A! deposits and smooth areas of pure membrane Figure 5.2c and d. The core roughness 

Sk (see experimental details, section 5.3.5, for further information) is slightly lower for pure 

DOPC membrane (0.7±0.1 nm) than for cholesterol enriched DOPC membrane (0.8±0.1 

nm). The reduced valley depth Svk is significantly higher for the cholesterol-enriched DOPC 

membrane (0.5±0.1 nm) than for the pure DOPC membrane (0.24±0.03 nm), which 

corresponds to increased damage (deeper holes produced) in the membrane by A!  deposits. 

It was reported that cholesterol induces a small thickening of the DOPC membrane (Kucerka 

et al, 2007; Drolle et al, 2013) which may result to the formation of topographical domains 

that were observe, which may indicate the coexistence of liquid-ordered and liquid-

disordered phases (Lingwood & Simons, 2010). In addition, using FM-KPFM (Moores et al,  

2010; Zerweck et al, 2005), this work shows that these domains are also electrostatic in 

nature (Figure 5.3). Figure 5.3 shows AFM topography (a and b) and FM-KPFM surface 

potential images (c and d) of pure DOPC monolayer (a and c) and monolayer with 20% 

cholesterol (b and d). The pure DOPC lipid monolayer is smooth (Figure 5.3a) and has 

uniform featureless surface potential (Figure 5.3c), while the DOPC lipid monolayer with 

20% of cholesterol shows domains in topography (Figure 5.3b) and in surface potential 

(Figure 5.3d). These domains have a surface potential difference of 61 ± 8 mV measured 

from potential cross-sections (see experimental details, section 5.3).  
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Considering the charged nature of A! (Moores et al, 2011), it is expected that electrostatic 

domains created in the DOPC lipid membrane by cholesterol attract the A! peptide, thus 

inducing non-homogeneous islands or domains densely packed with amyloid deposits, as 

shown on Figure 5.2b. Earlier, it was discovered that cholesterol-induced nanoscale 

electrostatic domains are crucial for the function of pulmonary surfactant and its interaction 
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with charged nanoparticles (Finot et al, 2010; Gunasekara et al, 2005). It is postulated that 

this previously unknown electrostatic effect of cholesterol is not specific to pulmonary 

surfactant films and extends to other self-assembled amphiphilic structures such as lipid 

monolayers and lipid membranes, and, therefore, can greatly affect the interaction of charged 

or polar biomolecules with the surface of lipid membrane. This work demonstrates that this 

electrostatic effect of cholesterol may serve as a driving force for amyloid targeted 

interactions with lipid membranes and if this is the case, suggests that cholesterol may be 

involved in the mechanism of amyloid toxicity.   
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Summary 

Interactions of biomolecules and peptides with cellular membranes are observed in 

numerous diseases, such as the interaction of amyloid fibrils with the membrane in 

Alzheimer’s disease. Molecular arrangement of lipids and proteins in the biomembrane gives 

rise to a complex film morphology as well as regions of distinct electrical surface potential, 

which may rule many biological processes, as well as interactions of molecules with the cell. 

This is of particular interest in the research of certain diseases in which biomolecules interact 

with the membrane, such as in Alzheimer’s disease involving the binding of amyloid 

peptides to the membrane.  

Based on this interest, in this study, the effect of cholesterol and the effect of composition, 

lipid charge, and lipid phase on the monolayer structure and the electrical surface potential 

distribution is investigated. Atomic Force Microscopy (AFM) was used to study 

topographical features and frequency modulated-Kelvin Probe Force Microscopy (FM-

KPFM) to resolve topographical and electrostatic nanoscale domains in the monolayer. 

Model monolayers composed of dipalmitoylphosphatidylcholine (DPPC), 1,2-dioleoyl-sn-

glycero-3-phosphocholine (DOPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine 

(POPC), 1,2-dioleoyl-sn-glycero-3-[phospho-rac-(3-lysyl(1-glycerol))] (DOPG), 

sphingomyelin, and cholesterol were studied. It was observed that cholesterol had a 

significant effect on the electrical surface potentials of the mixtures studied. This lends 

support to the idea that cholesterol plays an important role in the membrane in the creation 

of electrostatic domains that are involved in the interaction of the membrane with 

biomolecules, especially those that carry a charge.    

Experimental Design and Contributions 

Under the supervision of Dr. Z. Leonenko, I designed this experiment, carried out the 

experimentation and data analysis, and wrote this chapter in manuscript form to be submitted 

for publication to a peer-reviewed journal. For this project, I also had an undergraduate 

assistant, Keely Hammond, a summer NSERC student; I trained her in sample preparation, 
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AFM and FM-KPFM usage, and data analysis, which she assisted with, under my 

supervision and mentorship, for this project.  

!"#$%&'()*+,'-)&$

In recent years, the model of the lipid membrane has changed from a bilayer composed of a 

uniform lipid mixture to a heterogeneous surface with distinct domains. Membrane domains 

are recognized as areas of distinct thickness and diameter, organization, physical properties, 

and lipid composition. Domains are responsible for many biological functions, stemming 

from their ability to bind and sequester functional membrane proteins, including initiation of 

signalling pathways, fusion with other membranes, and various sorting processes (Simons & 

Toomre 2000). 

The first evidence of lipid domains was collected in the study of epithelial cells containing 

two membrane domains physically separated by tight junctions (Nusrat et al, 2000). Beyond 

physical separation, however, both biological and model lipid membranes contain smaller 

microdomains (rafts) that form independently of external organizational processes. Rafts 

form spontaneously in model membranes with mixed lipid composition, particularly in 

mixtures containing cholesterol and sphingolipids (Hooper 1999). The minimization of free 

energy in lipid packing, of short-range line tension along the boundaries between rafts and 

the rest of the membrane, and of long-range electrostatic repulsion between lipid dipoles 

drives the formation of lipid rafts (Sriram & Schwartz 2012). Combined, these effects are 

responsible for both the partitioning of saturated lipids and cholesterol into the raft regions 

(where tighter packing occurs) and the characteristic size of the rafts (Sriram & Schwartz 

2012). Rafts are thicker than the surrounding membrane – due to the presence of cholesterol 

in the acyl chain region of the lipids – causing the chains to become fully extended in order 

to shield the hydrophobic cholesterol from water (Simons & Toomre 2000). Various 

methods have been used to determine the position and shape of rafts in the membrane, 

including atomic force microscopy (AFM), neutron scattering, fluorescence microscopy, and 

fluorescence resonance energy transfer (Veatch et al, 2004).  Generally, rafts are categorized 

as being less than 1 micron in diameter; a recent AFM study of erythrocyte membranes 

found raft diameters to be within 100 - 300 nm (Cai et al, 2012). Others have found raft 
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diameters to be as small as 40 nm in both model systems and biological membranes (Sriram 

& Schwartz 2012). The organizational properties of rafts are linked to their phase state in the 

membrane. Lipid membranes often contain multiple phases, including the gel phase and 

various liquid crystalline phases. While the majority of membrane lipids exist in a liquid-

disordered phase, raft lipids exist in a cholesterol-induced liquid-ordered phase, where they 

are characterized by a high degree of order in the acyl chains while retaining the freedom of 

lateral diffusive movement (Veatch et al, 2007). Effectively, the tails of liquid-ordered phase 

lipids are more densely and uniformly packed than those of liquid-disordered lipids, a 

process facilitated by the insertion of cholesterol between the acyl chains. This also results in 

thickening of the membrane and thus increased membrane stiffness within the domain 

(Bennett & Tieleman 2013). The kinks present in unsaturated acyl chains make them less 

suited to the liquid-ordered phase, explaining their tendency to remain outside lipid rafts at 

physiological temperatures (Veatch et al, 2004).  

Membranes are polar structures and have an associated dipole moment. This dipole moment 

is generated between the electrically neutral acyl chains and the polar, occasionally charged 

head groups of individual lipid molecules (Langner & Kubica 1999). The head groups 

accumulate a hydration shell of water dipoles in aqueous solution, further enhancing the 

dipole effect (Langner & Kubica 1999). As one of several non-covalent interactions 

occurring at the surface of biological membranes, electrostatic forces are involved in many 

protein-lipid binding events. Mapping membrane surface potential is therefore useful in 

determining the mechanism of such binding events. This group’s recent work using Kelvin 

Probe Force Microscopy (KPFM) has elucidated the presence of electrostatic domains in 

model membrane systems containing the unsaturated lipid DOPC and cholesterol that 

correlate with position of liquid-ordered domains, or presumptive lipid rafts (Drolle et al, 

2012). These electrostatic domains have lower surface potential than the surrounding regions 

and preferentially interact with the charged amyloid-beta peptide (Drolle et al, 2012).   

As a continuation of this work studying the electrostatic effect of cholesterol, this study 

moved to more complex systems that more accurately approaches the true complexity of a 

cell membrane to see if cholesterol has a similar effect. One area of interest is cholesterol’s 

electrostatic effect when studying lipid rafts. A common model for the study of rafts contains 
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the lipids 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1,2-dioleoyl-sn-glycero-3-

phosphocholine (DOPC), and cholesterol in various proportions. DOPC and DPPC contain 

two unsaturated and two saturated acyl chains respectively and are thus useful as 

representative low and high melting point lipids. DPPC mainly partitions into the liquid-

ordered phase in the presence of cholesterol, while DOPC is found primarily in the liquid-

disordered phase at physiological temperatures (Veatch et al, 2004). Cholesterol is 

responsible for keeping DPPC in a liquid-ordered phase rather than the gel phase it would 

prefer under cholesterol-free conditions, due to the insertion of cholesterol between the acyl 

chains of DPPC as described above (McMullen et al, 2004; Bennett & Tieleman 2013). 

Several studies have characterized the phase transitions of this system using deuterium NMR 

with vesicles containing DPPC-d62/DOPC/Chol and have defined a distinct region of 

coexistence of the two liquid phases, with cholesterol and DPPC in the liquid-ordered phase 

and DOPC in the liquid-disordered phase (Veatch et al, 2007; Davis et al, 2009). The 

presence of two phases corresponds with the presence of domains visualized with 

fluorescence microscopy (Veatch et al, 2004). Using deuterium NMR and fluorescence 

microscopy data, Juhasz et al. performed a quantitative comparison of the area covered by 

domains in giant unilamellar vesicles (Juhasz et al, 2009). Domain size has also been 

investigated using fluorescence microscopy and fluorescence resonance energy transfer 

(FRET) and ranges from fractions of a nanometer to tens of nanometers, depending on 

temperature, sample and solution composition, and measurement technique (Veatch et al, 

2004; Suga & Umakoshi 2013; Brown et al, 2007; Aguilar et al, 2012). Neutron scattering 

experiments show a domain size of 15 nm in DPPC-d62-DOPC-Chol (27:45:28 mol%) 

multilamellar vesicles (Vogtt et al, 2010).  

Cholesterol is also shown to  associate preferentially with saturated acyl chains over 

unsaturated ones in molecular dynamics (MD) simulations (de Joannis et al, 2011; Bennett 

& Tieleman 2013). De Joannis et al. performed atomistic MD simulations of the DPPC-

DOPC-Chol system and found cholesterol arranges itself normal to the bilayer surface 

(upright) at sufficiently high concentrations (de Joannis et al, 2011). DPPC has a higher 

affinity for upright cholesterol than tilted cholesterol; thus, greater ordering of DPPC 

molecules occurs at higher cholesterol concentrations (de Joannis et al, 2011). A coarse-

grained MD simulation of DPPC-DOPC-Chol as a bilayer showed fast partitioning of the 
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mixture into raft-like domains, with the liquid-ordered domains (DPPC) being highly 

enriched in cholesterol and thicker than the surrounding DOPC regions (Risselada & 

Marrink 2008).  Monolayer simulations showed phase separation similar to the bilayer 

model, again with cholesterol enrichment in the DPPC phase, at surface tensions from 1 - 30 

mN/m (Baoukina et al, 2012). In both the monolayer and bilayer models, cholesterol drives 

the formation of the liquid-ordered phase by its preferential interactions with DPPC 

(Risselada & Marrink 2008; Baoukina et al, 2012). Increasing temperature in bilayer 

simulations and decreasing surface tension in monolayer simulations were shown to have 

similar effects on lipid packing and domain formation (Baoukina & Mendez-Villuendas 

2009). 

Along with DPPC-DOPC-Chol, there are currently many different lipid mixtures used as 

models for cellular membranes in order to study raft formation, vesicle fusion, and other 

cellular processes. Several features can be used to characterize model membranes, including 

phase diagrams (Veatch et al, 2005a; Veatch et al, 2004; Veatch et al, 2007), domain size 

(Brown et al, 2007), and surface potential (Hane et al, 2011). Mixtures used to study raft 

formation typically include both high and low melting temperature (Tm) phospholipids, 

where the low melting temperature lipid contains one or more unsaturated acyl chains, plus 

cholesterol to induce domain formation (Veatch et al, 2005a). Addition of sphingomyelin 

further enhances domain formation, due to additional hydrogen bonding opportunities with 

cholesterol (Veatch et al, 2005a). Sometimes, lipids containing a net charge are included in 

the mixture in order to study electrostatic interactions (Hane et al, 2011; Patel et al, 2009).  

Multiple three-component or ternary mixtures have been used in the study of raft formation. 

The most common choice of high Tm phospholipid is DPPC, which  as mentioned before  

contains two saturated acyl chains, while DOPC, with its two unsaturated acyl chains, is 

frequently chosen as the low Tm component. Another choice of low Tm phospholipid is 1-

palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), which contains one saturated and 

one unsaturated acyl chain. The mixture DPPC-DOPC-Chol has a well-characterized phase 

diagram (Veatch et al, 2004).  There is a clear region where liquid-disordered and liquid-

ordered phases coexist, corresponding with the visible presence of rafts in fluorescence 

microscopy investigations (Veatch et al, 2004; Veatch et al, 2007). In contrast, the DPPC-
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POPC-Chol model does not display liquid-ordered, liquid-disordered phase coexistence 

under the microscope or in fluorescence resonance energy transfer experiments (Brown et al, 

2007). Instead, this mixture transitions directly from a liquid-disordered phase to a liquid-

ordered phase at a specific composition (Brown et al, 2007). These two models have been 

compared to determine the effects of acyl chain saturation in the low Tm component on 

domain formation. 

Inclusion of sphingolipids such as sphingomyelin (SM) in model membranes, as the high Tm, 

saturated component, facilitates domain formation by offering more hydrogen bonding sites 

for cholesterol than sites present in phospholipids. Hydrogen bonding occurs between 

cholesterol and the sphingosine region of sphingolipids, increasing the affinity of the lipid 

for the liquid-ordered phase (Veatch et al, 2005b). In biological membranes, the outer 

membrane leaflet is composed of saturated sphingolipids, phospholipids with one saturated 

and one unsaturated acyl chain, and cholesterol. Thus SM-POPC-Chol forms a biologically 

relevant membrane model (Bunge et al, 2008). From NMR spectroscopy studies, it is known 

that liquid-ordered and liquid-disordered phases coexist in this model, and domain formation 

or liquid-liquid phase coexistence can also be observed with fluorescence microscopy 

(Bunge et al, 2008). Overall, the phase behaviour of this mixture is similar to that of DPPC-

DOPC-Chol (Veatch et al, 2005b); they are different in that SM-POPC-Chol preserves its 

liquid-liquid phase coexistence at slightly higher temperatures than DPPC-DOPC-Chol 

(Veatch et al, 2005b).   

The presence of charged lipids in biological membranes is important for protein binding. In 

particular, negatively charged lipids, often found in the prokaryotic outer membrane leaflet, 

contribute to cationic peptide binding events in model systems (Joanne et al, 2009). Two 

examples of negatively charged lipids are 1,2-dioleoyl-sn-glycero-3-phospho-(1'-rac-

glycerol) (DOPG), with two unsaturated acyl chains, and 1,2-dipalmitoyl-sn-glycero-3-

phospho-(1'-rac-glycerol) (DPPG), with two saturated acyl chains, analogous to DOPC and 

DPPC respectively. Specific cationic peptides, including antimicrobial peptides and cell 

penetrating peptides, interact with the membrane surface in order to enter the cell (Joanne et 

al, 2009). They rely on electrostatic interactions between their positively charged domains 

and the negative charges on the lipid head groups to initiate the entry process (Joanne et al, 
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2009). One model membrane used to examine cationic peptide binding is the DPPC-DOPG-

Chol system (Joanne et al, 2009). Interactions between negatively charged peptides and the 

DPPC-DOPG-Chol system have also been investigated (Hane et al, 2011). In the case of 

anionic amyloid peptides, the negative surface charge of the membrane slows the 

aggregation and oligomerization of the peptides (Hane et al, 2011). The phase transitions for 

this model have not been well characterized. However, those of the DOPC-DOPG-DPPC-

DPPG-Chol system have been characterized, and the temperature and cholesterol content 

where liquid-liquid phase coexistence occurs was found to be similar to the zwitterionic 

DPPC-DOPC-Chol mixture (Kapoor et al, 2011).  

Mapping the electrical surface potential of model lipid systems can reveal the presence of 

electrostatic domains whether or not the models contain lipids with a net charge.  The Kelvin 

probe force microscopy (KPFM) technique is a high-resolution, sensitive method for 

detection of surface potential and has recently been used to map surface potential in model 

lipid systems (Finot et al, 2010; Moores et al, 2010). For example, the presence of 

cholesterol causes electrostatic domain formation in a pulmonary surfactant lipid mixture 

containing DPPC and anionic lipids (Finot et al, 2010; Moores et al, 2010). As well, the 

DOPC-Chol model system displays nanoscale electrostatic domains, and these may be 

involved in binding the anionic peptide amyloid-!, a peptide implicated in the mechanism of 

Alzheimer’s disease (Drolle et al, 2012). Cholesterol is clearly involved in electrostatic 

domain formation in addition to its involvement in liquid-liquid phase coexistence.  

This study shows both the topographical effect of cholesterol as well as its effect on surface 

potential in membranes of increasing complexity (beginning with two-lipid systems such as 

DPPC and DOPC), primarily using lipids that are commonly found in neuronal cell 

membranes. Research in this area has shown that the most common lipids in the neuronal 

cell membrane are saturated fatty acids, like DPPC, as well as 18:1 monounsaturated lipids, 

like DOPC (two 18:1 monounsaturated  acyl chains) or POPC (one 18:1 monounsaturated  

acyl chain, with the other acyl chain fully saturated) (Soderberg et al, 1991; Prinetti et al, 

2001). In the outer leaflet of the membrane, which is where this group’s interest lies, 

cholesterol and sphingolipids are found in higher concentrations than in the inner leaflet 

(Vestergaard et al, 2008).  
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The monolayers studied were formed from mixtures of two or more of these lipids and 

studied the effect of cholesterol on the topography and electrical surface potential to 

determine if cholesterol had a similar effect of the creation of nanoscale electrostatic 

domains in each mixture.  

!"#$%&'()*&+,$&-.$%('/0.,1$

!"#"2$3*4*.$,0+5'*0-$4)(4&)&'*0-"$

Dipalmitoylphosphatidylcholine (DPPC), 1,2-dioleoyl-sn-glycero-3-phosphocholine 

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

glycero-3-phospho-(1'-rac-glycerol) (sodium salt) (DOPG), sphingomyelin, and cholesterol 

were purchased from Avanti Polar Lipids (Alabaster, AL) in powder form. All other 

chemicals used, including chloroform and ethanol, were of reagent grade. Stock lipids were 

dissolved in chloroform at a concentration of 1 mg/mL and combined to form the mixtures 

shown in Table 6.1. These solutions were then used for monolayer deposition with the 

Langmuir-Blodgett trough.  

!"#$%&'()*&+,-,.&/,0123%4&512.,%.&"6.&!7%,3&8%4-%91,:%&+,-,.&8"1,;4(&%"('$.,-*&$02.*(3&'$
."&$4$',56*&'$,3,*7+&8$(3$."('$'.2879$:02/$8(::&/&3.$*(6(8$'7'.&5'$(3$."&$,-'&3;&$,38$6/&'&3;&$
0:$;"0*&'.&/0*<$%"&$;0//&'6038(3=$/,.(0$0:$*(6(8'$.0$03&$,30."&/$>-,'&8$03$?&(=".@$('$=(A&3<&
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!"#"#$$%&''()*+,$-.'.,$/(0(-12+)3$')+'1)1*.(0$(0$*4+$5106/&.)78-(,6+**$*)(&64"$

For monolayer creation, phospholipids were deposited on fresh cleaved mica (Asheville-

Schoonmaker Mica Co., Newport News, VA) using Langmuir-Blodgett deposition. In this 

method, phospholipid mixtures are added to the surface of liquid subphase; the molecules 

orient themselves into a monolayer on the subphase surface, and are then compressed via 

moveable barrier arms at a rate of 10 cm2/min to a pressure of 35 mN/m. At this pressure, 

the moveable dipper arm of the trough arm passes the mica substrate through the monolayer, 

utilizing vertical deposition in order to create a solid-supported monolayer, while the 

moveable barrier arms maintain the pressure of 35 mN/m. Samples were then allowed to dry 

in a dessicator environment for a minimum of 24 hours and affixed on a conductive plate 

prior to AFM/KPFM imaging.   

!"#"9$ :*(/.;$ <();+$ /.;)(3;('2$ =:>?@$ 10,$ <)+A&+0;2$ /(,&-1*+,7B+-C.0$ ')(D+$ <();+$

/.;)(3;('2$=>?7BE>?@"$$

Topography imaging (AFM) of the supported monolayers was performed simultaneously 

with electrical surface potential mapping (FM-KPFM) in air using intermittent contact mode 

on the AIST-NT SmartSPM, with a Micromasch chromium-gold coated cantilever 

(HQ:NSC14 / Cr-Au) with a resonance frequency of 160 kHz and a spring constant of 5.0 

N/m. The use of FM-KPFM allows for higher resolution than typical KPFM techniques and 

allows for simultaneous AFM-KPFM imaging, both of which are essential for biological 

applications.  

!"#"F$G/16+$')(;+33.06$10,$101-23.3"$$

Image processing was carried out using AIST Image Analysis and Processing software. 

Images were levelled using plane levelling and lines were corrected by fitting the lines and 

removing scars (any image artifacts present). Statistics were also obtained using roughness 

analysis made available by the AIST Image Analysis and Processing software, as well as 

cross sectional analysis of multiple samples and scans for each combination. For analysis of 

FM-KPFM images, raw data was used; the images were not processed with any filters prior 

to the analysis in order to ensure that the potential measurements were accurate. All 
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quantitative results are presented as mean ± standard error and differences in the presence of 

cholesterol are statistically significant based on a t-test statistical analysis with confidence 

level of at least 90%, unless otherwise indicated.  

!"#$%&'()*'$+,-$./'0(''/1, 

In order to study the effect of cholesterol on more complex lipid systems as well as the 

formation or abolishment of lipid domains, numerous samples were looked at with and 

without cholesterol. This study began with simpler samples, composed of two lipids, and 

increased sample complexity by adding more components. A schematic of a more complex 

lipid monolayer system is given in Figure 6.1. The image also depicts how difference in 

height and difference in electrical surface potential are measured. The difference in the 

heights (!h) of the lipids and how they arrange themselves can be seen via the atomic force 

microscopy (AFM) topography analysis of the sample and the difference in electrical surface 

potential (!V) based on the same arrangements (though not visible in this image) is also 

measureable via frequency-modulated Kelvin probe force microscopy (FM-KPFM) 

electrical surface potential mapping. 
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The first system studied was a DPPC-DOPC mixture with and without cholesterol. As 

previously mentioned, DPPC-DOPC-Chol is a common, simple system used to form lipid 

rafts/domains. Without cholesterol present, prominent domain separation was observed, with 

larger areas corresponding to higher domains (Figure 6.2A). The difference in height 

between these domains (!h, visualized in Figure 6.1) averaged 1.22 ± 0.03 nm. It is likely 

that higher domains correspond to DPPC molecules, as in their gel phase, the tail groups are 

more ordered and thus are slightly thicker than the disordered tail groups of fluid phase (also 

known as liquid disordered, Ld, phase) DOPC (Ohvo-Rekilä et al, 2002).  These higher 

domains were much larger in size than the lower domains, reaching lateral dimensions of up 
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to 570 nm in length (i.e. X) and 775 nm in width (i.e. Y); the lower domains were less 

prevalent in the monolayer, with average X dimensions of 150 nm and Y dimensions of up 

to 350 nm. Each higher and lower domain present in the mixture has a distinct electrical 

surface potential. The difference in the electrical surface potential between the higher and 

lower domains was analyzed (!V, visualized in Figure 6.1). The average !V of the 

electrostatic domains was determined to be 41.6 ± 5.39 mV (potential map shown in Figure 

6.2B). Note that this data is summarized for easy comparison in Table 6.2. 

$
!"#$%&' ()*+' ,!-' ./0' 12%%&342/0"/#' !-567!-' "88$39%.9"/#' 9:&' &;;&19' 2;' 1:28&39&%28' 2/'
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With the addition of cholesterol to the DPPC-DOPC system, the presence of small 

topographical domains on the monolayer samples were observed (Figure 6.2C) with an 

average Δh of the domains present of 0.97 ± 0.06 nm. This average Δh is slightly lower 

than that observed in the DOPC-DPPC system (1.22 nm). This is consistent with the idea 

that cholesterol causes slight disorder in the already ordered tail groups of gel phase lipid 

molecules such as DPPC by creating an intermediate liquid-ordered (Lo) phase (Ohvo-Rekilä 

et al, 2002). The idea that cholesterol molecules are clustered in higher concentration near 

the DPPC molecules than the DOPC molecules agrees with the idea that cholesterol prefers 

to interact with saturated rather than unsaturated lipids (with DPPC being fully saturated and 

DOPC being monounsaturated) (Ohvo-Rekilä et al, 2002). It also agrees with simulation 

studies done by Tieleman’s group, which show a similar DOPC-DPPC-Chol system, with 

the cholesterol molecules organized in higher concentration with DPPC molecules rather 

than the DOPC molecules (Bennett & Tieleman 2013). The lower domains are much larger 

in size than those observed in the DPPC-DOPC sample, with dimensions of up to 600 by 

450 nm (DPPC-DOPC dimensions were only up to 150 by 350 nm). This also supports the 

idea that cholesterol is interacting especially with the DPPC molecules and causing slightly 

disorder, resulting in increased lower domain presence in the sample.  

The corresponding surface potential image (Figure 6.2D) shows distinct electrostatic 

domains where higher topographical domains correspond to areas of higher electrical surface 

potential. These electrostatic domains had an average ΔV of 67.25 ± 7.03 mV. This 

difference is larger than that observed in the DOPC-DPPC-Chol system, which had an 

average ΔV of 41.6 mV, supporting the idea that cholesterol has a measurable effect on the 

V of the mixed lipid system.  

The next system investigated was another two-lipid system, POPC and sphingomyelin. 

POPC is similar to DOPC in terms of having a low transition temperature and is a common 

phospholipid in neuronal cell membranes (Soderberg et al, 1991; Prinetti et al, 2001). 

Sphingolipids are found in higher concentrations in the outer leaflet of the neuronal cell 
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plasma membrane; sphingomyelin (SM) is the most common type of sphingolipid 

(Vestergaard et al, 2008). In the POPC-SM system, there appears to very little difference in 

topography to observe, as can be seen in Figure 6.3A, though some topographical deviations 

do exist, as the average !h was 0.35 ± 0.02 nm. Only minor fluctuations in differences in 

electrical surface potential were observed (Figure 6.3B), which were, on average, 22.07 ± 

1.11 mV.  

With the addition of cholesterol to the system, the emergence of some small, organized 

domains in topography are evident, almost double the average height of the fluctuations seen 

in the cholesterol-free sample, with an average !h of 0.57 ± 0.05 nm, seen in Figure 6.3C. 

Because cholesterol is well known to interact preferentially with SM over POPC and other 

phospholipids, these small domains present in the system are likely the areas that are rich in 

interacting SM-Chol molecules, with the slightly lower regions being more concentrated in 

the Ld phase POPC (Ohvo-Rekilä et al, 2002). In V, fluctuations are observed that are 

slightly more organized than in the cholesterol-free POPC-SM sample, with areas of 

difference in electrical surface potential (Figure 6.3D) aligning weakly with features seen in 

topography (Figure 6.3C). The average !V for this POPC-SM-Chol system was determined 

to be 35.70 ± 2.02 mV, a larger average difference than observed in the POPC-SM system, 

showing that once again, cholesterol has a measurable effect on the electrostatic non-

homogeneity of a lipid system.  
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This study then moved on to a more complex system, adding DPPC to the previous sample 

of POPC-SM (Figure 6.4). This DPPC-POPC-SM system was chosen to match lipids 

commonly found in neuronal cell membranes. As previously mentioned, POPC, DPPC, and 
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SM are all common constituents of these membranes (Soderberg et al,1991; Prinetti et al, 

2001).  

$
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In the DPPC-POPC-SM sample, two distinct topographical domains are observed (Figure 

6.4A). The average difference in height, Δh, of these topographical domains was 0.92 ± 

0.03 nm, with lateral dimensions of the higher domains reaching up to 1800 by 2085 nm in 

area. Because there are two distinct topographical domains but three constituents in this 

system, most likely the higher domains consist of DPPC and SM which both exist in gel 

phase at room temperature, while the lower domains are primarily POPC, which exists in 

fluid phase at room temperature. This idea is supported by comparing the domain roughness 

values for each domain – the higher domain has a roughness that is almost double that of the 

lower domains, which is consistent with the idea of two constituents being present in the 

higher domains versus a single constituent in the lower domain, The surface potential map 

for this sample (Figure 6.4B) shows electrostatic domains in corresponding locations to the 

topographical domains. This very ordered surface potential map showed an average 

difference in electrical surface potential, ΔV, of 215.45 ± 13.12 mV.  

In the DPPC-POPC-SM-Chol sample, the addition of cholesterol completely disrupts the 

organized, large topographical domains seen in the cholesterol-free sample, and instead,  

small, more plentiful domains that are randomly arranged are observed (Figure 6.4C). The 

height of the domains is not significantly affected by the addition of cholesterol, with an 

average Δh of 1.09 ± 0.10 nm compared to the 0.92 nm observed in the cholesterol free 

sample. However, the lateral dimensions were greatly affected: in the presence of cholesterol, 

the higher domains only reached sizes of 110 by 115 nm, much smaller than the 1800 by 

2085 nm in area observed in the DPPC-POPC-SM sample. This suggests that the addition of 

cholesterol affected the degree of phase separation of the POPC and DPPC molecules. It is 

well known that of the three lipids present, Chol will preferentially interact with SM (Ohvo-

Rekilä et al, 2002); this fact may also suggest that in the absence of Chol, SM was driving 

the degree of phase separation of POPC and DPPC by its interactions with them, specifically 

DPPC. In the presence of cholesterol, however, it no longer does so, which led to a more 

random arrangement of the lipid molecules in this system. KPFM analysis for this system 

shows that cholesterol also disrupted the electrostatic domains seen in the DPPC-POPC-SM 

sample. Instead, at this image size of 5 µm by 5 µm, we see what appear to be random 

fluctuations in surface potential that do not seem to align with topography as they previously 
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did in cholesterol’s absence (Figure 6.4D). However, when looking at the system at a smaller 

scale and higher resolution of 2 µm by 2 µm, it can be seen that there are correlations 

between the topography of this system (Figure 6.5A) and the ΔV of the system (Figure 

6.5B), showing that there are not just random fluctuations in V present.  

$
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Despite this correlation between topography and electrical surface potential, the average ΔV 

was determined to be only 78.74 ± 4.14 mV, a much smaller difference than the 215.45 mV 

observed in the DPPC-POPC-SM sample. This shows that cholesterol can disrupt the 

electrical surface potential of a sample as well as simply enhancing the differences observed 

in the DPPC-DOPC-Chol and POPC-SM-Chol samples.  

Finally, cholesterol’s effect on the V of lipid mixtures containing a charged lipid was 

examined. DPPC, POPC, and SM all have a neutral net charge, so differences in their 

surface potential arise from the dipole moments of the lipids. It is also of interest to see if 

cholesterol can influence the surface potential of a sample that contains a lipid with a 
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charged head group. To determine this, this study looked at a sample of DPPC (containing a 

head group with a net neutral charge) and DOPG (containing a head group with a net 

negative charge).  AFM and FM-KPFM images of this system are shown in Figure 6.6.  
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Figure 6.6A shows the topography for the pure DPPC-DOPG system; here, distinct 

differences in topography are observed that likely arise due to the phase separation of gel 

phase DPPC and fluid phase DOPG. The average !h for these features was determined to be 

0.80 nm ± 0.04 nm. The corresponding KPFM image shows differences in potential (Figure 

6.6B) that correspond to the topography differences.  On average, there is an average !V of 

138.67 ± 6.79 mV.  

In the DPPC-DOPG-Chol image, more consistent phase separation is observed, leading to 

more organized domains, arranged randomly over the surface of the sample, than in the 

cholesterol-free sample (Figure 6.6C). These surface features have an average !h of 1.18 ± 

0.06 nm. Interestingly, some areas of the sample show multilayer formation; this feature is 

normally seen at higher pressures, when the pressure being exerted on the lipid monolayer 

becomes too much for the lipid mixture and it folds upon itself – forming multilayers in the 

process – in order to alleviate the high pressure.  

The corresponding FM-KPFM image shows electrostatic domains in areas that correlate with 

topographical domains (Figure 6.6D). Though cholesterol’s effect on the !V – an average of 

117.55 ± 8.65 mV for this sample – is only slightly smaller than the 138.67 mV for the 

DPPC-DOPG sample, it does show that cholesterol influences surface potential in lipid 

systems containing charged head groups.  
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Overall, this study found that cholesterol affects both the height and the difference in 

potential in all systems, including the most complex system (three lipids) studied. As can be 

seen in Table 6.2, cholesterol had significant effects on the difference in height in all but one 

lipid mixture, that being the most complex mixture of DPPC-POPC-SM. However, for 

changes in difference in surface potential, cholesterol had a significant effect on all the 

samples studied. Cholesterol’s ability to affect the difference in potential of a sample relates 

to its dipole moment and its effect on the dipole moment of the lipids in the system in 

question. In general, the dipole moment of a lipid molecule is based on three regions of the 

molecules: (1) the orientation of the head group region’s carbonyl groups; (2) the ester 

linkage attaching the head group to the lipid tails; and (3) the terminal end of the fatty acid 

chains of the lipid molecule (Sukhorukov et al, 2001). Because of the cholesterol’s 

orientation in the monolayer, interacting with both the head group and the region of the head 
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group ester linkage to the fatty acid tails, it has the ability to affect both the dipole moment 

of other molecules as well as the tilt (which is important in the molecules’ “normal dipole 

moment”).  

Cholesterol is able to interact with single molecules or cause clustering of molecules, as seen 

in the formation of lipid rafts and domains. As a result, cholesterol can induce a region’s 

electrical surface potential, forming what are seen as electrostatic domains. In general, it is 

possible to measure the effect that cholesterol has on a single molecule’s electrical surface 

potential or on a single lipid system’s membrane dipole potential, as seen in Starke-

Peterkovic et al.’s work (2006); however, when it comes to multiple molecules, it becomes a 

much more complex issue. This would be the case with domains within the membranes, 

which could contain thousands of interacting molecules. This is why studies of electrical 

surface potential and domains are often done with molecular dynamic simulations.  

Overall, this study has shown that cholesterol has a measureable effect in all the systems 

studied. This indicates that cholesterol has measureable effects on the physicochemical 

properties of lipid systems, even as they increase in complexity of composition. This further 

supports the idea that cholesterol’s presence in the membrane, and in particular its 

fundamental effect on the electrical surface potential of the membrane, may be largely 

involved in the membranes interactions with polar or charged biomolecules in nature.  
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It is known that the cellular membrane interacts with amyloid peptides, which are implicated 

in Alzheimer’s disease. We developed and tested multi-component lipid models to mimic 

healthy and diseased states of the cell membrane in order to study the role of the lipid 

membrane in amyloid toxicity in relation to Alzheimer’s disease. Using atomic force 

microscopy and Kelvin probe force microscopy, we showed that morphology and electrical 

surface potential distribution are different in healthy and Alzheimer’s disease models, and 

that these models interact differently with amyloid over time. Using the black lipid 

membrane technique, we measured the changes in membrane permeability upon amyloid 

binding and demonstrated that healthy lipid models have higher resistance to amyloid 

toxicity than Alzheimer’s disease model membranes.  

()*+%,#+-.$/'0+1,2-'$-3'45-.%,6".,5-1$

Under the supervision of Dr. Z. Leonenko, I designed this experiment, as well as developed 

the models that hypothesize a healthy and diseased state of a neuronal cell membrane. I 

carried out the AFM and KPFM monolayer experiments and their data analysis, along with 

the AFM membrane experiments and amyloid incubation, and their data analysis. These two 

studies were supplemented with Black Lipid Membrane electrophysiology work that was 

done by Alexander Negoda from Dalhousie University, under the supervision of Dr. Evgeny 

Pavlov. I then wrote up all the data for this chapter of my thesis in the format of a 

manuscript, with the plans to later submit it to a peer-reviewed journal for publishing.  

!
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Alzheimer’s disease (AD) is a progressive neurodegenerative disease that is connected with 

severe impairment and deterioration of memory and cognitive function (Coyle et al, 1982; 

Prince 2009). One of the main features of Alzheimer’s disease (AD) is the formation of 

amyloid-beta (A!) protein plaques in neurons and cerebral blood vessels (Puglielli et al, 

2005). A! fibrils are the product of the cleavage of APP (amyloid precursor protein) by a 

secretase, whose activity and function may be modulated by the lipid environment (Eckert et 

al, 2010) and the function of both the A! peptides and APP itself are still not fully known. 

A! fibrils aggregate to form plaques on the neuron cellular surfaces and can be detected in 

AD patients (Skovronsky et al, 2000; Baltes et al, 2011). The current widely-agreed upon 

pathway of fibril formation is that monomers released by the cleavage activity of secretases 

can oligomerize, and through a series of polymerization, elongation, and bundling processes, 

amyloid fibrils are formed. Fibrils are approximately 10 nm in diameter and over 100 nm – 

up to microns – in length (Hardy & Higgins 1992). When these fibrils aggregate together, 

the aggregates they form are known as plaques; plaques have been found in the affected 

tissues of over 20 diseases and are insoluble, affecting a great number of regular tissue 

functions (Hardy & Higgins 1992). A! oligomers, fibrils, and plaques serve as a cellular 

hallmark of AD. Recently it has been shown that oligomers are more toxic to cells than 

larger fibrils (Rushworth & Hooper 2010), which suggests that the majority of cell damage 

occurs before the plaques found on neurons and cerebral blood vessels even form. There are 

currently no drugs to cure or prevent AD; any form of treatment for AD is limited to 

managing the symptoms. Prospective strategies to prevent amyloid toxicity include arresting 

the formation of toxic oligomers as well as preventing the damage oligomers cause to 

cellular membranes. In this work, we discuss the role of lipid membranes in amyloid toxicity. 

It is known that amyloid plaques are found on neuron cellular surfaces of individuals 

diagnosed with AD, and it is accepted that the cellular membrane plays an important role in 

amyloid toxicity, as specific lipid components (such as gangliosides, like 

monosialotetrahexosylganglioside [GM1]) bind with A! and form a seed structure for plaque 

formation (Yanagisawa et al, 1995; Yanagisawa & Ihara 1998). Many studies have looked at 

the effect of the membrane in general and of lipid rafts on AD (Eckert et al 2010; Kim et al 
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2006; Vestergaard et al, 2008; Friedman et al, 2009; Rushworth & Hooper 2010; Tofoleanu 

and Buchete 2012; Vestergaard et al, 2010; Terzi et al, 1997; Hane et al, 2011; Matsuzaki 

2007). However, there is much left to be determined and the exact role of the lipid 

membrane and its structure, including membrane rafts, is not clear. Previous studies on the 

brain membrane lipid composition of AD patients reveal changes in lipid composition as 

compared to normal controls, such lowering of several types of phospholipids (Pettegrew et 

al, 2001) and a decrease in SM content due to increased sphingomyelinase activity (He et al, 

2010). However, changes in membrane lipid composition occur before the onset of AD 

symptoms and its corresponding cellular pathology. Recently, researchers demonstrated the 

predictive power of such changes in lipid composition as an early indicator of AD, showing 

that decreases in the proportion of various phospholipids and their metabolic derivatives as 

well as changes in various protein levels in blood plasma, precludes the onset of AD in 

elderly patients (Mapstone et al, 2014).  

Neuronal cells form the core of the nervous system and are one of the primary cell types 

found in the brain. Neurons can be divided into three functional regions: the dendrites, where 

signals are received; the cell body or soma, through which a signal is propagated; and the 

axon, where signals are sent to the dendrites of subsequent neurons. In general, three major 

lipid types are found in neuronal cell membranes: phospholipids, sterols, and sphingolipids. 

Studies have shown that phospholipids present in the neuronal cell membrane contain mostly 

saturated fatty acids, such as dipalmitoylphosphatidylcholine (DPPC); and 18:1 

monounsaturated fatty acids, such as 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine 

(POPC, which contains one saturated chain and one 18:1 monounsaturated chain) or 1,2-

dioleoyl-sn-glycero-3-phosphocholine (DOPC, containing two 18:1 monounsaturated 

chains) (Soderberg et al, 1991; Prinetti et al, 2001). Glycerophospholipids, including 

phosphatidylserine, phosphatidylinositol, and phosphatidylethalonamine, are restricted to the 

cytoplasmic (inner) leaflet of the membrane, while most sphingolipids are found in the 

exoplasmic (outer) leaflet (Vestergaard et al, 2008). Cholesterol, which interacts strongly 

with sphingolipids, tends to be present in slightly higher levels in the outer leaflet than the 

inner leaflet (Vestergaard et al, 2008). Gangliosides, a type of sphingolipid, are found nearly 

exclusively in the outer leaflet of the plasma membrane (Ariga et al, 2008). The cell 

membrane composition varies depending on what portion of the neuron is in question, 
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especially in terms of protein content, so the total amount of lipid present in each portion 

also differs. However, the lipid composition of the different portions of a neuronal 

membrane only vary slightly – for example, in embryonic rat studies via total lipid extract of 

dorsal root ganglion cells, the lipid composition of the soma consists of 15.4% cholesterol, 

4.8% galactolipid, and 57.1% phospholipid, while neurite (either dendrite or axon) lipid 

composition consists of 22.1% cholesterol, 7.7% galactolipid, and 56.4% total phospholipid 

(Calderon et al, 1997). The majority of these differences can be attributed to the difference in 

the amount of plasma membrane present in general in each of these cell portions (Calderon 

et al, 1997). 

Monolayers and bilayers (model membranes) are widely used to mimic the cellular 

membrane. Although the cellular membrane is composed of lipids and various proteins, the 

biophysical properties of the lipid membrane itself are important in many health-related 

processes (for example, the cellular absorption of drugs, ethanol, and general anesthetics).  

While lipid models are very valuable for studying the mechanism of amyloid toxicity, 

current model membranes cannot be easily related to in vivo animal and cellular studies, due 

to the fact that very simple models are used, often involving a single or few lipids 

(Vestergaard et al, 2008; Friedman et al, 2009; Maltseva et al, 2004; Qiu et al, 2009; Chi et 

al, 2007; Fantini et al, 2010; Eckert et al, 2010; Hane et al, 2011; Matsuzaki et al, 2007; 

Vestergaard et al, 2010; Chakravarthy et al, 2007). For example, using a model membrane 

containing DOPC and DPPC, where phase separation between the two lipids occurs (akin to 

lipid raft formation), A! aggregates were found to associate more often with the gel phase 

(DPPC) regions of the membrane (Choucair et al, 2007). This result lends support to the 

claim that A! associates preferentially with raft-like structures in vitro, but does not address 

the complexity of lipid rafts in vivo. Other previous studies have investigated the interactions 

of A! in the presence of various simple model membrane systems: for example, it has been 

shown that in membranes with different charge properties created using one or two types of 

charged lipid, charge affects both the shape and growth rate of A! aggregations on the model 

membrane (Hane et al, 2011). As this study and others of simple model membranes involved 

one- or two-component lipid systems, evaluating more complex model membranes will help 

bridge our understanding of model systems and in vivo systems. Sasahara et al. have used 

optical and fluorescence microscopy, as well as QCM (quartz crystal microbalance) to 
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investigate the behaviour of A! in association with a lipid model containing DOPC, DOPS 

(1,2-dioleoyl-sn-glycero-3-phospho-L-serine), SM, and Chol as well as GM1 (Sasahara et al, 

2013). In this more complex model system, specific phase separation properties were 

observed, A! was found to associate with GM1-rich lipid rafts and restrict the mobility of 

these lipids throughout the membrane, and partial disintegration of the membrane occurred 

where A! deposits were found (Sasahara et al, 2013). 

There are no suitable models for the healthy and diseased states of neuronal membranes 

available in the literature, despite the fact that analysis of lipid compositions in healthy and 

AD human and animal brain tissues show that lipid composition changes in aging and AD 

(Ariga et al, 2008; Soderberg et al, 1991; Cunnane et al, 2012). Another study showed 

substantial changes in the amount of phosphatidylethanolamine lipids in the inner leaflet of 

the membrane in diseased brains as compared to a control brain; however, there was little to 

no change in the lipid content of the outer leaflet where amyloid species would interact with 

the cell (Soderberg et al, 1991). Gangliosides are an area of special interest, with some 

contradicting results as to what occurs to their levels as a result of AD. Reductions in the 

amount of gangliosides present in the membrane have been observed in several regions of 

AD brains compared to that of control brains (Svennerholm et al, 1994; Kalanaj et al, 1991; 

Mlinac and Bonjar 2010; Kracun et al, 1991) while other studies have suggested ganglioside 

plays a role in the formation of plaques and an increase in GM1 results in an increase of 

amyloid aggregation in vitro (Ariga et al, 2008; Yanagisawa et al, 1995; Yanagisawa et al, 

1998). GM1-containing lipid rafts also associate with amyloid aggregates in vitro, affecting 

the lipid raft distribution in the model membrane (Sasahara et al, 2013). 

The goal of this work was to build a model that included all major lipids present in the outer 

leaflet of neuronal cell membranes— phospholipids, sterols, and sphingolipids – 

corresponding to healthy and diseased states. Based on previous reports (Lingwood & 

Simons 2010; Sasahara et al, 2013, Yanagisawa 2011) we developed a membrane model that 

incorporates DPPC, POPC, sphingomyelin, cholesterol, and ganglioside GM1. These lipids 

are found in neuronal cell membranes in proportions discussed above (Soderberg et al, 1991; 

Prinetti et al, 2001; Vestergaard et al, 2008; Ariga et al, 2008). This work hypothesizes that 

the cellular membrane has different physical and structural properties, due to aging and/or 
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AD, as compared to healthy membrane. This may directly affect amyloid toxicity. Amyloid 

oligomers may be toxic to the cellular membrane in “diseased” or AD membrane states and 

not to the “healthy” membrane state. This group hypothesizes that the change from the 

healthy to the diseased membrane state may lead not only to altering the lipid membrane 

composition, but also the structure, morphology and physical properties of the membrane, 

such as fluidity and permeability, as well lipid domain (raft) formation. Lipid rafts have been 

linked to various diseases including AD (Ehehalt et al, 2003; Kim et al, 2006; Wakabayashi 

& Matsuzaki 2007; Malchiodi-Albedi et al, 2009). These changes may directly affect the 

interaction of the membrane with A! and thus its toxicity. The mechanism of A! toxicity 

may be similar to the mechanism of action of antimicrobial peptides, which recognize 

bacterial and host membranes due to the differences in their lipid compositions and physical 

properties (Kagan 2012; Caillon et al, 2013; Last & Miraker 2013).  

In order to test this hypothesis multicomponent lipid models to mimic  “healthy” and 

“diseased” states of plasma membranes were created based on studies of changes in 

membrane constituents as a result of AD, with the goal to elucidate if there are any 

significant structural and morphological differences between these models as well as the 

differences in A! binding and the damage that A! produces to the healthy vs. AD model 

membranes.  

!"#$%&'()*&+,$&-.$%('/0.,$

!"#"1$2*3*.$40+5'*0-$6)(3&)&'*0-" 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1-

palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), sphingomyelin (SM), cholesterol 

(Chol), and ganglioside monosialotetrahexosylganglioside (GM1) were purchased from 

Avanti Polar Lipids (Alabaster, AL) in powder form. Complex mixtures of these five 

constituents were made for analysis, and are outlined in Table 7.2. All other chemicals used 

were of reagent grade.  

!"#"#$45330)'(.$ +*3*.$70-0+&8(),$ 90)$:'07*;$<0);($%*;)0,;038$ =:<%>$&-.$?(+@*-$6)0A($

<0);($ %*;)0,;038$ =?6<%>$ *7&B*-B" Phospholipid monolayers were supported on freshly 

cleaved mica (Ashville-Schoonmaker Mica Co., Newport News, VA) by the method of 

Langmuir-Blodgett (LB) deposition using a KSV-Nima LB microtrough (Biolin Scientific, 
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Stockholm, Sweden). For sample preparation, solutions of lipid dissolved in chloroform at a 

concentration of 1 mg/mL (lipid/chloroform) were spread at the surface of the subphase and 

depositions were taken at a pressure control of 35 mN/m with a dipper arm speed of 2 

mm/min. The mica slide was allowed to air-dry for 10 minutes before being placed in a 

dessicator for a 24-hour period, prior to further analysis. 

!"#"$% &'(()*+,-% ./(/-% 0/.12,*3% 14-% 152.)/-% /46'01+/)4% 7)*% 89:% /51;/4;" Hydrated 

phospholipid bilayers were supported on freshly cleaved mica via vesicle fusion, which 

utilizes uniformly sized vesicles in Nanopure water. A!1-42 (rPeptide, Bogart GA) was 

pretreated to ensure monomeric form (according to Fezoui procedure) and suspended in 

HEPES buffer (20 mM HEPES, 100 mM NaCl, pH 7.4) at a concentration of 40 mM 

(amyloid/buffer). 100 µL of the amyloid solution was added to pre-formed membranes and 

incubated for increasing time periods; at the end of the time period for each membrane, 

excess amyloid was gently rinsed away in order to stop the fibrilization process, with 

complete hydration maintained at all times. The final membrane was hydrated in Nanopure 

water. At least three separate incubation investigations were performed for each set of 

samples.  

!"#"<% 89:% 14-% =>9:% ?51;/4;% @% :)4).12,*% &15(.,3" AFM imaging was conducted of 

monolayers supported on mica affixed to a conductive plate to allow for KPFM to be 

performed simultaneously, using SmartSPM 1000 (AIST-NT) in air at room temperature and 

normal humidity using a MikroMasch gold coated cantilever (HQ:NSC14/Cr-Au, 

MikroMasch USA, Lady’s Island, SC) with a  resonance frequency of 160 kHz and a spring 

constant of 5.0 N/m. Monolayer imaging was conducted in ambient air at normal humidity.  

The AIST-NT instrument allows for simultaneous AFM-KPFM imaging to be collected 

(where each scan line is done in a two-pass technique, where the first pass scans for 

topography and the second scan for surface potential); as such, AFM and KPFM images of 

the sample correspond to the sample location. AFM imaging of hydrated membrane and 

amyloid incubated membrane samples on a mica substrate were performed using Magnetic-

Alternating-Current (MAC) mode on an Agilent AFM/SPM 5500 using Keysight Type II 

MAC mode rectangular cantilevers (force constant of 2.8 N/m and a resonance frequency in 

water of 30 kHz).  Membrane imaging was conducted at ambient room temperature in liquid 
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(Nanopure water), with hydration of the membrane maintained at all times throughout 

imaging.   

!"#"$%&'()*+'(%,-.-%+/01233456%-57%&5-89343" Data collected was processed using SPIP 

and AIST-NT image processing software. The topography images were plane corrected by 

means of global levelling and global bow removal and filtered using noise reduction caused 

while scanning with high resolution Z-scale (picometers).  KPFM images were not processed 

with any filters, to ensure the proper potential measurements; the raw data was used for 

average surface roughness analysis to investigate differences between electrical surface 

potential. Statistical analysis of AFM topography and KPFM electrical surface potential 

images and surface roughness was done using Gwyddion and AIST-NT image processing 

software. Data was collected on 2 µm by 2 µm and 5 µm by 5 µm high-resolution images of 

monolayer and membrane samples (for !h through cross-section analysis, n = 50; for !V 

through roughness analysis, n > 10). All quantitative results are presented as mean ± 

standard error, with significance determined using ANOVA tests. Any results determined to 

be significant are reported with a 95% confidence level.  

!"#":% +8-5-/% 84;47% <48-92/3% =0/% >8-1?% @4;47% (2A</-52% B>@(C% 3.D79" Planar BLM were 

formed from a 15 mg/mL lipid solution in n-decane (Aldrich). The solution bilayer was  

formed across the 200 "m aperture of a Delrin cup (Warner Instruments, Hamden, CT) by 

direct application of lipids. Both cis (voltage command side) and trans (virtual ground) 

compartments of the cup cuvette contained 150 mM NaCl, 2 mM CaCl2, 10 mM Tris-HCl 

pH 7.4. 5 "M A# was added to the cis compartment of the cuvette. All measurements were 

performed at room temperature.  

!"#"!%>@(%/210/7456%-57%7-.-%-5-89343" Currents flowing across BLM lipid bilayers were 

recorded with a Planar Lipid Bilayer Workstation (Warner Instruments, Hamden, CT). The 

cis compartment was connected to the head stage input and the trans compartment was held 

at virtual ground via a pair of matched Ag/AgCl electrodes. Signals from voltage-clamped 

BLM were high-pass-filtered at 2.1 kHz using an eight-pole Bessel filter LPF-8 (Warner 

Instruments), digitized (Data Translation digitizer) and recorded on PC after digitization 

using a homemade analog-to-digital converter acquisition software. For the statistical 
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analysis data were averaged from at least three independent experiments and analyzed using 

Origin software. Experiments were performed in three separate trials for each sample. Each 

recorded trace was analyzed to get obtain the mean value of conductance. Results are 

expressed as mean ± standard error of the mean (S.E.M.), with significance determined using 

ANOVA tests.  

!"#$%&'()*'$+,-$./'0(''/1,$

Though there have been numerous studies on the interaction of lipid monolayers and 

membranes with amyloid peptides in relation to Alzheimer’s research (Vestergaard et al, 

2008; Friedman et al, 2009; Maltseva et al, 2004; Qiu et al, 2009; Chi et al, 2007; Fantini et 

al, 2010; Eckert et al, 2010; Hane et al, 2011; Matsuzaki et al, 2007; Vestergaard et al, 2010; 

Chakravarthy et al, 2007), many studies are carried out using simpler systems, consisting of 

one or few lipids. For example, studies have been conducted looking at amyloid interactions 

with DPPC systems and DOPC systems (Hane et al 2011; Choucair et al, 2007; Sheikh et al, 

2012), DPPC-POPC systems (Kotarek & Moss 2010), and POPC-POPS systems (Dante et al, 

2011).  Studies have also looked at systems of ganglioside in combination with another lipid, 

like GM1-POPC and GM1-DPPC systems (Chi et al, 2007; Morita et al, 2012). However, 

studies involving more complex, multicomponent lipid systems are necessary to truly match 

the complexity of a neuronal cell membrane, which consists of many lipids as well as other 

components like cholesterol and proteins. Based on the lipids commonly found in the outer 

leaflet of neuronal cell membranes (discussed in the introduction), we developed more 

complex model lipid membranes, consisting of five constituents, in order to try and approach 

this complexity.  

For this investigation, we looked at three different multicomponent lipid systems consisting 

of DPPC, POPC, sphingomyelin (SM), cholesterol (Chol), and ganglioside 

monosialotetrahexosylganglioside (GM1), in order to begin to approach this neuronal cell 

membrane complexity. The structure and some important properties of these lipids are 

shown in Table 7.1.  
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."('$ E0/IC$ J(D(;$ './49.4/&'$ E&/&$ ,;,D.&;$ 6/07$ KF,5.($ !0*,/$ J(D(;'C$ L1M&(.(5N&/$ &.$ ,*>$ 1OPOQ$
RS0N&*$&.$,*>$1OPPQ$2M/09I7,5$1OOTQ$T!,(F,$&.$,*>$RU12Q$8!/&55&/$&.$,*>$RUUVWC$!

 

 We developed models to reflect a healthy membrane, a membrane beginning to enter the 

diseased state (with a decrease in GM1 content, noted as “diseased 1”), and a membrane of 

an increasingly diseased state (with a decrease in both GM1 and SM content, noted as 

“diseased 2”), based on observations of membrane changes as the result of AD observed in 
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vivo (Ariga et al, 2008; Soderberg et al, 1991). Each model consists of differing ratios of the 

same model composition: DPPC-POPC-SM-Chol-GM1, shown in Table 7.2.  

!"#$%& '()*& +%,"-$%.& .%/01-2,-34& 35& 0362$%7& $-2-.& /8/,%6/& /,9.-%.(& 4(5(6$7(8.9/&'$ ,/&$ ,**$
:075/('&6$0;$."&$',7&$:0750<&<.'$-9.$6(;;&/$(<$."&(/$/,.(0'$=->$?&(@".A$-,'&6$0<$60:97&<.&6$
:",<@&'$(<$7&7-/,<&$:0750'(.(0<$,'$,$/&'9*.$0;$B#C&

 

The DPPC – POPC – SM – Chol – GM1 mixture with ratios of 37:37:10:10:6 is our 

proposed model for a healthy neuronal cell membrane and is the basis for comparison when 

it comes to the diseased models. As previously mentioned, these five constituents are 

commonly found in the outer leaflet of a general neuronal cell membrane, and were chosen 

for that reason. Mass/mass ratios were utilized to allow for easier comparison to our earlier 

works (Hane et al, 2011; Drolle et al, 2012) and general relative ratios were decided upon 

based on extrapolation from studies of lipid content in neuronal cells (Calderon et al, 1997). 

It is known that Chol preferentially interacts with SM over other lipids (to be specific, the 

interaction of cholesterol with phospholipids, in decreasing order of preference, is: SM > PC 

> PS > PE) so it is of interest to see if the preferential interactions of SM and Chol can be 

visualized (Ohvo-Rekila et al 2002).  

The second sample, with a ratio of 39:39:10:10:2 (i.e. a decrease in GM1) was chosen 

because of the previously mentioned study that showed that reductions in the amount of 

gangliosides present in the membrane have been observed in several regions of AD brains 

compared to that of control brains (Ariga et al, 2008). Furthermore, the above sample of 
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DPPC-POPC-SM-Chol also may serve as a hypothetical model for a neuronal membrane of 

a patient with progressed Alzheimer’s, as studies have suggested that the levels of GM1 tend 

to decrease as AD progresses until GM1 is no longer present in the membrane (Fantini et al, 

2010, Ariga et al, 2008). It should be noted that the decrease in the amount of GM1 comes at 

the expense of an increase in the relative amount of phospholipid (i.e. DPPC and POPC 

content). Though research has shown that there are changes in the phospholipid content in a 

membrane, it was shown to be primarily negatively charged lipids found on the inner 

membrane (i.e. phosphatidylserines) rather than phosphatidylcholines; despite this, we chose 

to maintain the cholesterol and sphingomyelin content as we would expect changes in their 

relative amount to have a larger impact on the system morphology, especially in relation to 

lipid rafts, than the phosphocholines.  

Lastly, the final sample has a decrease in both GM1 and SM compared to our hypothetical 

model of a healthy neuronal membrane, with a DPPC – POPC – SM – Chol – GM1 ratio of 

42:42:4:10:2   This decreased amount of SM was chosen because studies have shown that 

AD may be associated with a decrease in SM content due to increased sphingomyelinase 

activity (He et al, 2010). It is important to note that analysis on a system with an increase in 

cholesterol was also conducted; however, it did not show any significant difference, both 

qualitatively and quantitatively, from the healthy system and thus was not further studied in 

this work.   

We used both scanning probe microscopy methods and black lipid membrane studies to look 

at changes in structure and electrostatic properties between these lipid systems in monolayer 

form and to investigate changes in membrane permeability and topography upon amyloid 

binding to the membrane. Figure 7.1 depicts the changes in topography, investigated using 

atomic force microscopy (AFM), and electrical surface potential, investigated using Kelvin 

probe force microscopy (KPFM), observed between the three models. 
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The healthy model (Figure 7.1A) shows small nanodomains spread across the monolayer 

with an average differences in height (!h) of 0.986 ± 0.02 nm, likely arising due to 

preferential interactions of the lipids with one another. As pure DPPC and POPC are 

normally in separate phases at ambient room temperature – liquid crystalline (Lc) and liquid 

disordered (Ld) respectively – phase separation would also be expected to contribute to the 

nanodomain formation, creating “higher” domains (the Lc domains, or due to the presence of 

cholesterol in the sample, cholesterol-induced liquid-ordered phase domains, Lo) and “lower” 

domains (the Ld regions). The lateral dimensions of the higher domains present ranged from 

22.5 nm by 40.1 nm  (width [X] x length [Y]) up to over 200 nm by 52 nm. These higher 

domains are likely to be rich in DPPC, SM, and Chol molecules, which are in Lo phase at 

room temperature when in the presence of cholesterol (as seen in Table 7.1), as well as GM1 

molecules, known to associate with saturated phospholipids, SM, and Chol in lipid rafts. The 

lower regions (darker areas of the topography) between the higher domains for the most part 
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were very small, primarily less than 20 nm across; however, in certain few areas, larger 

lower domains between could be seen, up to 150 nm across. These lower regions are likely 

areas of high concentration of POPC molecules, which are in Ld phase at room temperature. 

In terms of KPFM results, this model shows some minor fluctuations in electrical surface 

potential (V) across the surface of our system (Figure 7.1aa), though no discernable patterns 

in difference in V are observed, despite all the constituents of the membrane having differing 

dipole moments (see Table 7.2). The V average roughness (!V, variances in electrical 

surface potential) of the sample was 24.64 ± 1.10 mV (as seen in Table 7.3).  

In the diseased 1 model (Figure 7.1B), the formation of irregularly shaped higher domains 

are observed, more organized and larger in area than seen in the healthy model, reaching up 

to 525 nm across in size. This increase in organization also led to an increase in the number 

of lower regions between the higher domains (devoid of similar surface features) of between 

35 and 200 nm across, with lower domains of larger dimensions (closer to 200 nm) more 

common. The higher domains also appear slightly more ordered than those in the healthy 

model, with average !h values of 1.051 ± 0.016 nm, though they are not significantly 

different from the differences in height observed in the healthy model (0.986 nm). These 

observations may be attributed to less GM1 present in these domains saturated with Chol 

and SM, allowing for the preferential interaction of Chol and SM to be more visible in the 

higher domains in topography, causing the increased ordering. The diseased 1 sample 

(Figure 7.1bb) displayed organized, nanoscale electrostatic domains (domains less than 1000 

nm in terms of lateral dimensions) that correspond to the nanodomains seen in the 

topography for this sample. This translated into a higher overall !V of 70.47 ± 5.41 mV, 

which is the highest average difference in electrical surface potential roughness observed for 

all the samples. As this system is hypothesized to model the environment where the small 

oligomeric species of amyloid – thought to be most toxic – begin to interact with the cell 

membrane, having a larger deviation across the sample in terms of electrical surface 

potential is expected, as it would have a greater likelihood of attracting charged amyloid 

species.  

The size of lower regions are also quite interesting in terms of having larger areas of less 

organized locations in the lipid system where amyloid may be able to insert itself more 
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readily to form ion channels. According to Connelly et al., amyloid is able to directly 

interact with a DOPC lipid bilayer and insert itself to form ion-conductive pores with an 

average outer diameter of 7.8 - 8.3 nm (Connelly et al, 2012). We hypothesize that amyloid 

would most easily be able to form pores in less ordered areas of the membrane; thus, the 

lower regions seen in our monolayer systems, which are rich in disordered lipids, would 

serve as such locations. As well, the larger the disordered regions, the more potential pores 

could be formed. 

The diseased 2 model (Figure 7.1C) showed a disruption of the larger, more ordered 

domains from the diseased 1 model to a topography of similarly irregularly shaped features 

though smaller in area (in terms of lateral dimensions) and more plentiful in number. The 

domains tend to be quite narrow, with an average width of about 25 nm, and did not exceed 

180 nm in length. The size of the lower domains (between the higher domains) also 

decreased when compared to the diseased 1 system, with widths ranging from 27 to 40 nm. 

We also observe a drastic decrease in the average difference in height of the surface features 

when compared to the other samples studied. The microdomains observed in the diseased 2 

model had an average !h of 0.500 ± 0.03 nm, which is significantly different than both the 

healthy model system and the diseased 1 model system. This is likely due to the lower 

amounts of SM present in these domains, causing a decrease in order that leads to a decrease 

in difference in domain height and the larger domain lateral dimensions. For KPFM, this 

model showed notable patches across the sample of differing electrical surface potential (V) 

(Figure 7.1cc); however, these fluctuations in V  did not correlate with the  diseased 2 

model’s corresponding topography image (Figure 7.1C) and yielded an average difference in 

potential, !V, of 11.63 ± 0.59 mV, the smallest average !V observed between all the 

samples, including the healthy system. As this is the sample corresponding to a “fully” 

diseased 2 system, having even less variation in potential than the healthy system may 

contribute to alterations in the cell’s interactions with charged molecules, like the charged 

A" peptide in AD.   

Table 7.3 compares the average !h and !V values for each of the three systems studied.  
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Next, we used Black Lipid Membrane (BLM) techniques to study the effects of A! on lipid 

bilayer conductance. This method allows for the measurement of ion currents across the 

membrane and membrane permeability to ions. Two chambers that are filled with buffer 

solution are separated by a partition that has a very small aperture made in a thin layer of 

hydrophobic material; the lipid bilayer forms across this hole and an electrode is put into 

both chambers to allow for measurement of the electrical properties of this bilayer 

(Winterhalter 2000). This set up can be visualized in Figure 7.2.  
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We compared currents measured across lipid bilayers of three different compositions 

corresponding to our models studied in the monolayer portion of this experiment. These 

systems, in bilayer form, were studied in the absence and the presence of amyloid-!1-42 

peptide in order to investigate changes in membrane permeability caused by amyloid binding. 

Ion current, which corresponds to and is directly affected by pore openings, was measured 

for the membranes.  

Interestingly, we found significant conductance in the “healthy” system without the addition 

of the A! (Figure 7.3A). The addition of 5 "M A! to this model led to an increase in 
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conductance level; however, the increase was not significant  (Figure 7.3A Left panel, 

p=0.053, n=4).  

For the diseased 1 membrane model, we found that the addition of amyloid to the system 

caused a significant increase in the conductance of the membrane, which increased with time. 

This is visible in Figure 7.3B (p=5*10-6, n=11), which illustrates an increase in conductance 

after 15 minutes of amyloid incubation versus 5 minutes.  

Finally, for the diseased 2 model, we also observed that the addition of amyloid led to a 

significant increase in the conductance of the membrane over time in comparison to the 

conductance measured in this system in the absence of any peptide. This is depicted in 

Figure 7.3C (2C, p=0.003, n=8).  
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As previously mentioned, we also noticed that the current on all of the tested membrane 

models increased gradually with time as the membrane disintegrated. A comparison of the 

amyloid incubated models and their membrane conductance is shown in Figure 7.4.  

$
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Of the three models, we found that the highest current amplitude was observed in the 

“diseased 1” model membranes (Fig 7.4, Left: p=0.03, n=11; Right: p=0.3, n=3). . This 

observation suggests that A! has the highest pore forming activity on the membranes with 

this lipid ratio among the tested models. This is consistent with our findings from the 

monolayer study, where we saw that the diseased 1 system had larger regions of the less 

ordered, lower domains (Figure 7.1). These less ordered areas could serve as sites where 

amyloid would be able to more readily form pores than in the more ordered regions of the 

system.   

Finally, because it was observed via BLM that amyloid damage is present in two of the 

systems studied (due to the significant increase in conductance with the addition of amyloid 

observed in those two systems), we wanted to visualize what is happening in the membrane 

when amyloid is introduced and what the differences between the three systems are. It is 

thought that, similar to what was seen in the monolayer study portion of this investigation, 
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the systems in bilayer form would differ from one another in both topography and in 

electrical surface potential. Because amyloid is a charged species, with a complex charge 

distribution, we believe these fluctuations in electrical surface potential would affect the 

interaction of the amyloid species with the membrane, leading to different binding patterns 

for each. Figure 7.5 shows an example of a potential arrangement of lipids in a complex 

system and how the different regions of the membrane with their differing electrical surface 

potential can serve as preferential initial binding sites for amyloid species. 
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Membranes were formed for each of the three complex lipid systems and incubated solutions 

of amyloid in its monomeric form atop the membrane for four time periods: 1, 4, 6, and 24 

hours. We then imaged them using the AFM in liquid, in order to maintain membrane 

hydration. Through atomic force microscopy in a liquid environment, four main factors were 
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investigated: 1) how amyloid binds to the membrane; 2) the amount of amyloid binding and 

accumulating over time; 3) the morphology of the amyloid species interacting with the 

membrane; and 4) whether the presence of amyloid-induced membrane damage.  

The differences in amyloid accumulation over time, measured from surface roughness, are 

shown in Figure 7.6 and quantitatively in Table 7.4.  
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In the healthy system, we observe that the surface roughness increases over time and larger 

clusters are formed over time. This means that amyloid accumulation progressively increases 

with increasing incubation time. After 1 hour of incubation (Figure 7.6A) we see a layer of 
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aggregates randomly spread across the surface of the membrane, with a roughness of 0.2674 

± 0.05 nm. With increasing time, we still see a random accumulation of amyloid oligomers 

and aggregates on the membrane, with the roughness increasing as incubation time 

increases: after 4 hours of incubation, average surface roughness is 0.5362 ± 0.11 nm; after 6 

hours of incubation (Figure 7.6D), roughness is 0.5412 ± 0.074 nm; and after 24 hours of 

incubation, amyloid accumulation gave a surface roughness of 1.596 ± 0.19 nm. This is 

indicative of amyloid accumulated on the top of the membrane surface and an increase in the 

size of the amyloid species and clusters.  
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In the diseased 1 system, we see a change in the accumulation pattern (based on surface 

roughness) over time, in comparison to the healthy system. After 1 hour of incubation 

(Figure 7.6B), we have a higher surface roughness than the same incubation time in the 

healthy model, with an average surface roughness of 0.4873 ± 0.027 nm. This indicates more 

amyloid accumulation than in the healthy system, though there is no discernable difference 

in the size and shape of amyloid species on the surface, as in both systems, we see small, 

spherical and irregularly shaped oligomers and aggregates that are, on average, 100 nm in 

diameter. However, as time progresses the roughness actually fluctuates between decreases 

and minor increases: after 4 hours of incubation, we see a decrease in surface roughness to 

0.4249 ± 0.03 nm; after 6 hours (Figure 7.6E), the surface roughness increases slightly to 

0.5776 ± 0.11 nm; and after 24 hours of incubation time, the average roughness decreases 

again to its lowest of all the time periods, to 0.4438 ± 0.19 nm. This is indicative of amyloid 
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species actually causing deformations in the membrane; these deformations lead to amyloid 

being able to penetrate slightly into the membrane and as a result, sink down, one of the 

three proposed mechanism of amyloid interaction with the membrane (Drolle et al, 2014). It 

has been proposed that amyloid either tends to adsorb onto the surface of the lipid membrane 

(as seen in the healthy model), partially penetrate into the membrane, causing membrane 

disruption and irregular pore formation, which is likely what we see here in the diseased 1 

model, or finally, the formation of a complete ion channel in the membrane (Drolle et al, 

2014). This can be visualized in Figure 2.5 in chapter 2 of this thesis. Though not easily 

visualized in the AFM images shown here because of a uniform layer of amyloid species 

across the membrane, defects and pores may also have been formed in this diseased 1 

membrane. This also agrees with the data from the BLM studies, where the amyloid had the 

highest pore forming activity in the diseased 1 membrane.  

Finally, in the diseased 2 model, we see an initial large accumulation of amyloid species, 

indicated by an initial large increase in roughness, followed by a dramatic decrease. After 1 

hour of incubation (Figure 7.6C), the surface roughness was 0.3815 ± 0.033 nm, which 

almost quadrupled to 1.366 ± 0.12 nm after 4 hours. This indicates an initial large 

accumulation of amyloid on the surface of the membrane, without much membrane damage 

(see Figure 2.5A in chapter 2 of this thesis for a schematic interpretation of this type of 

amyloid interaction). However, after 6 hours (Figure 7.6F), we see a large decrease in 

roughness of the system, with an average roughness of 0.366 ± 0.045 nm. This indicates that 

at this point, amyloid clusters sink into the membrane and cause large deformations in the 

membrane, leading to a dramatic decrease in surface roughness, similar to what we see in 

fluid membrane reference (of the three possible amyloid interaction pathways). After 24 

hours, the roughness increased slightly to 0.5455 ± 0.026 nm, suggesting a continuation of 

accumulation atop the amyloid-disrupted and deformed membrane. Due to penetration in the 

membrane, amyloid induces defects and deformation of the membrane, which agrees well 

with the BLM data, which showed that the diseased 2 sample had a significantly higher 

conductance with the addition of amyloid than in its absence, possibly caused by this large 

membrane deformation.   
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In this investigation, summarized in Table 7.5, we studied three complex lipid models 

mimicking a healthy neuron membrane, a diseased 1 membrane, and a diseased 2 membrane. 

Through our AFM studies, we found that, when compared to the healthy model, the diseased 

1 model revealed a more organized distribution of larger domains with larger spaces in 

between the domains and corresponding electrical surface potential domains to the 

topographical domains. For the diseased 2 membrane, the domains were smaller and more 

plentiful, which resulted in a smaller spacing between the domains. Features in electrical 

surface potential did not correspond to the topographical domains as was observed in the 

diseased 1 model; however, this system had the largest variation in electrical surface 

potential.  
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Through our BLM studies, we saw that the diseased 1 model has the highest pore forming 

activity in the presence of A! of the three systems studied. This is consistent with our 

previously mentioned hypothesis that the larger spacing between topographical domains of 

this system would give an increased area of less ordered lipids where amyloid would be able 

to form pores in the membrane. As only the two diseased systems shown significant increase 

in pore forming activity with the addition of amyloid (whereas the healthy system did not), 

supports the idea that the differences in membrane composition can have a strong effect on 
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the interaction of the amyloid peptides with the membrane and the extent to which the 

peptides can cause damage and alteration of normal cell function by changing membrane 

permeability.  

Finally, through amyloid incubation on hydrated membrane studies, we found differences in 

amyloid accumulation between the three systems investigated. In the healthy system, we saw 

an increase in roughness over time, indicating a progressive accumulation of amyloid species 

atop the membrane. However, in the diseased 1 membrane, we saw fluctuations in roughness 

over time, indicating the likelihood of the amyloid penetrating into the membrane and 

causing disruptions. This disruption of the membrane over time agrees with what was seen in 

the BLM studies, which showed that this model had the highest pore forming activity. The 

diseased 2 system showed signs of both accumulation types, with an initial accumulation 

atop the membrane with time, followed by large membrane deformations, likely caused by 

the accumulation reaching a point where it caused disruptions then sank into the membrane. 

The differences in amyloid accumulation type as well as differences in membrane disruption 

further show what an effect the lipid composition of the membrane has on its interaction 

with amyloid species.  

In summary, the diseased models are more susceptible to interaction with amyloid and their 

damaging effects than the healthy model, which may play a role in amyloid toxicity.  
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The aim of this thesis was to provide an insight into the interaction of amyloid peptides with 

the lipid membrane in relation to amyloid toxicity in Alzheimer’s disease. More specifically, 

we showed the important effects of cholesterol and lipid composition on amyloid binding to 

the membrane and developed novel systems to mimic healthy and diseased states of a 

neuronal membrane to study amyloid toxicity. 

In more detail, this thesis first gave an in depth review into Alzheimer’s disease and how 

nanotechnology-related methods of study have already been used to examine the disease and 

its molecular mechanism. While there has been abundant research in this area, there is still 

much left to be discovered, which is evident by the lack of treatment and cure for this 

disease.  

The comparative effects of cholesterol and melatonin on lipid systems were investigated 

utilizing neutron scattering techniques. Cholesterol’s effect on the membrane has been 

widely studied; however, melatonin’s effect was still unclear. In this work, we provided a 

direct comparison of cholesterol and melatonin’s effects and we showed that in contrast to 

cholesterol’s thickening effect on the membrane, melatonin has a thinning effect, causing 

disorder between the lipid molecules. This effect of melatonin may play into its suggested 

neuroprotective effect against amyloid.  

The effect of lipid head group charge and lipid phase was investigated in single lipid 

systems. It was found that there is a similar increase in amyloid accumulation on membranes 

composed of neutral lipids in gel phase and membranes made up of fluid phase lipids with 

negatively charged head groups. Differing from these results were the observations for 

membranes of lipids in fluid phase both with positively charged and neutral head groups: in 

these systems, amyloid deposits of reduced height were observed, suggesting the fusing of 

the amyloid into the lipid membrane surface. These results showed clearly that lipid phase 

and head group charge have a measureable effect on amyloid interactions with the 

membrane. The effect of cholesterol on single lipid systems was also studied. In DOPC 

membranes with cholesterol present, targeted binding of amyloid was observed, which was 

not seen in a pure DOPC membranes. By mapping the electrical surface potential of the 
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systems, cholesterol induced electrostatic domains in the lipid systems were observed; these 

domains could act as a targeted binding site for the complexly charged amyloid peptides.  

More complex systems were then investigated, from two constituent systems up to five 

constituent systems, with the goal of building up to a lipid system that would mimic the lipid 

composition in a neuronal cell membrane. First, lipid monolayer systems of increasing 

complexity in the presence and absence of cholesterol were studied to determine 

cholesterol’s effect on both the topography and surface features of the samples, as well as 

the electrical surface potential of the samples. It was found that in all the systems studied, 

cholesterol had a visible effect on the surface features of the systems as well as a 

measureable effect on the electrical surface potential, even in systems consisting of lipids 

with a charged head group. This further supports the idea that cholesterol plays an important 

role in the formation of electrostatic domains in the membrane that may be involved in the 

membrane’s interaction with charged species.  

Membrane models of the neuronal membrane were then developed and studied; the models 

were created to mimic hypothesized compositions in healthy and Alzheimer’s diseased 

states. It was first shown that the three models differed in terms of topographical features 

and electrical surface potential. It was then shown that the three models in bilayer form had 

differing membrane permeabilities when in the presence of amyloid. It was found that the 

healthy model actually has higher resistance to amyloid toxicity than the diseased models. 

Finally, amyloid interactions were directly studied on membranes of the model systems and 

it was found that the three systems all had different types and amounts of amyloid, with the 

diseased models showing evidence of amyloid disruption and deformation to the membrane 

itself. These results together show that the lipid composition of a membrane can have a very 

strong effect on the membrane’s interaction with amyloid, especially in terms of 

susceptibility to damage.  
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The findings presented in this thesis provide very interesting points from which many more 

studies can expand. It would be very desirable to continue looking at systems of increasing 

complexity so as to continue to be able to better match physiological complexity while still 

utilizing model systems. Other areas of future work and interest include the investigation of 

systems that include additional protective agents, like anti-oxidants or other biomolecules 

like melatonin and DHA.  

For a currently incurable disease like Alzheimer’s, any insight into areas that can potentially 

protect against negative amyloid effects are of great interest. The developed models also 

provide a new avenue for Alzheimer’s research in terms of the ultimate goal of find 

prospective treatments or preventative measures by illustrating that changes in membrane 

lipid composition can have a great effect on biomolecular-membrane interactions. These 

models show the need for further research in what causes these changes in membrane 

composition and, more importantly, how these alterations may be avoided.  
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1. Fully clean off the trough and the barriers using chloroform and Kimwipes 

• Kimwipes are used because they do not release any particles that could contaminate 

the surface of your trough rather than cleaning it 

• When cleaning the trough, make sure that no droplets of chloroform are left – if this 

happens, the chloroform will evaporate and any contaminants that were in the droplet 

will be left on the trough 

2. Fill the trough with “clean” water 

• Water used should either be distilled (such as Ultrapure or Nanopure water, in which 

virtually all impurities are removed from the water) or deionized (removes minerals 

from water quickly, giving water that is quite similar to distilled water, however 

normal deionizing process do not necessarily remove uncharged organic molecules) 

3. Use a new Wilhelmy paper plate (for the pressure sensor) and submerge it in the 

subphase, allowing it to absorb the water and equilibrate 

• It is best to use a new plate every time you switch to a new sample  

• The plate is fully equilibrated with the subphase when the pressure reading stabilizes 

(wait time typically ~ 10 minutes) 

4. After pressure equilibration, raise the pressure sensor so that the plate is completely out of 

the water and zero the pressure sensor 

5. Re-submerge the plate and then slowly raise the pedestal so that the plate leaves the water 

again 

• The subphase will exert forces on the plate, essentially pulling down on the plate as it 

is being raised out of the water 

• Just as the plate leaves the subphase, the forces on the plate are at the ideal surface 

pressure and the optimal surface tension can be measured 

6. According to the value the pressure sensor is reading, clean off the surface of the subphase 

using the aspirator or continue on with adding your sample to the surface 
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• The ideal surface tension for pure water at a temperature of 20°C is 72.8 mN/m; at 

25°C, it is 72.0 mN/m; and at 37°C (healthy body temperature), it is 70.0 mN/m 

o Please note that the previously mentioned surface tension values are for ideal 

conditions, therefore it is very unlikely to achieve these exact values in 

practice  

• It is also good practice to check that the surface pressure of the clean subphase does 

not change when the trough is compressed and when it is open; therefore, close the 

trough barriers and watch to see if the pressure changes; it is best for the pressure to 

not alter more than 0.1 mN/m 

• To ensure that your surface does not get contaminated after you have already cleaned 

it, it is best to have the trough in a protective enclosure, like the protective cabinet 

7. Taking your solid substrate, attach it to the dipping mechanism, ensuring that it is clean 

and contaminant free. Lower the dipping arm so that the mica is almost fully submerged in 

the subphase of the trough; the only portion of the mica not submerged is that portion that is 

attached to the clamp 

• By freshly cleaving the mica, untouched and unspoiled layers of the substrate are 

revealed, while are atomically flat (necessary for AFM studies) 

8. Add desired amount of lipid (mixture) solution to subphase of trough and allow for 

equilibration (~ 10 minutes for a microtrough)  

• To ensure that the lipids spread across the surface of the subphase, add drops very 

slowly to the surface and without touching the subphase at all 

• The pressure will spike as soon as the sample is added and then go back down; 

dependent on the amount added to the trough, the pressure reading may not return to 

0 – this is normal 

• Never re-zero the pressure sensor once sample has been added to the surface of the 

trough 

9. Using the applicable pressure (i.e. for membrane comparisons, the pressure is typically 35 

mN/m), set up a pressure control for the trough (the barrier arms will close, causing a 

decrease in surface area that will translate in an increase in pressure for the sample until the 

desired pressure is reached, at which time the barrier arms will hold that pressure steady) 

10. Using the dipper menu of the trough, choose the creep up option 
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• This will slowly raise the sample at a constant speed; the substrate will travel through 

the monolayer of lipid atop the trough subphase and collect a sample of the 

monolayer at the desired specific pressure 

• Speed of the dipper can be altered but typically the dipper is set at 2 mm/min for a 

crawl up 

11. After deposition is completed (i.e. the dipper has fully raised the solid substrate out of 

the trough), allow the substrate to air dry (within the confines of the trough’s protective 

enclosure) for ten minutes 

• You can also use a very gentle stream of N2 gas to dry off the sample; however, the 

substrate tends to be very fragile and anything more than a very gentle stream of gas 

can cause damage to the sample 

12. Store in a dessicator for at least 24 hours prior to further analysis (i.e. with the AFM) 

!454E(F0+<;G(H-#,$&$;(30+B#%<0#@(

1. When first using the trough, you first want to clean the PTFE surface using HPLC 

chloroform that is in the chloroform wash bottle 

• Do not use the chloroform that is form sample preparation – this will cause 

contaminations and it will no longer be suitable for sample use 

• Moisten a Kimwipe with chloroform and clean off the base of the trough as well as 

the barriers (make sure that the wipe is saturated enough so that it will not dry while 

you are wiping down the trough 

• As you are cleaning, wipe with different portions of the Kimwipe (so that you are 

cleaning with “fresh” areas and not just relocating contaminants) 

2. Fill the trough with Nanopure water outside the barrier contained area (so that no 

contaminants are poured directly 

• If you are concerned about the cleanliness of the trough (i.e. if you are unsure of 

what sample was experimented with on the trough previously), this water can be 

removed by completely closing the barriers and vacuuming off the water at the 

surface in the contained area until all the water is removed ! then, refill the trough 

with Nanopure water 
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3. Syringes used must be rinsed three times with chloroform before use but also immediately 

after use 

• After using the syringe, the chloroform portion of the sample will evaporate quickly, 

leaving only sample on the walls of the syringe, which is very hard to remove! 

4. After using the trough, you MUST close the barriers completely and remove the water by 

vacuuming off the surface of the liquid 

• This ensures that any lipids or sample on the surface of the trough is removed first 

• If this is not done (i.e. water is removed from the bulk phase), the sample of the 

surface will contaminate the surface of the PTFE, and is then very hard to clean off 

!454I(J#-9&$(H+1",*&C-#(2,1"-#@(

In order to conduct Kelvin probe force microscopy studies on the monolayer samples in air, 

a solid-supported mica sample must be attached to a conductive plate to allow for 

conductivity of the sample and an electric current to flow between the sample and 

conducting tip. 

After 24 hours of drying time in a dessicator, carefully take mica sample (always wearing 

gloves to prevent contamination) and attach a conductive substrate to the bottom of the mica 

(ideally using conductive tape). These may be circular conductive plates (can be purchased 

from Sigma-Aldrich) or as simple as a piece of aluminum foil with dimensions slightly 

larger than that of the piece of mica. In the case of the foil, the mica should be attached to 

the very centre of the piece of foil with pieces of conductive tape. The excess foil on each 

side can then be folder over and secured in each corner with an additional piece of 

conductive tape.  

!4E(6#1C0,$#(8+01,*&+$(9&,(K#@&B-#(8<@&+$(

!4E45(30#",0&$;(,(K#@&B-#(2+-<*&+$(

! the mixed lipid vesicle solutions are each made at a concentration of 0.5 mg/mL 
 
!"#$%&#'()")(%*+,+(%

1a) The appropriate amount of powdered lipids are measured into small vials 

• An appropriate amount is typically ~ 2 mg 
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• Measure by first weighing the empty storage bottle, zero the balance and then add 

powdered lipid into the bottle 

o If using weigh paper / weigh boats, tend to lose material when transferring in 

to bottle 

!"#$%*+,+(-%./-,)0()(%+0%123#"#4#"$%

1b) Make lipid stock solutions in chloroform (usually go with a 1 mg/mL concentration – 

measure powdered lipid into an empty storage bottle, as in step 1a and add in the appropriate 

amount of chloroform to make the concentration 1 mg/mL) 

• Evaporate off the chloroform  

• Store lipid solutions in chloroform in -20*C freezer when not in use 

! using this method makes mixed lipid vesicle solutions MUCH easier to prepare 

-the following is an example of how to make a complex mixture from single lipid stock 

solutions: 

Lipids Ratio 

DPPC – POPC – SM – Chol – GM1 37 : 37 : 10 : 10 : 6 

-these sample ratios are based on weight 

-for typical sample preparation, we make stock solutions of lipids at a 

concentration of 1 mg/mL in chloroform and then combine specific amounts to 

make the mixtures 

• For example, for the “healthy” neuron mixture, to make it, I would 

combine from their stock solutions: 

o 370 µL DPPC  

o 370 µL POPC 

o 100 µL SM 

o 100 µL Chol 

o 60 µL GM1 

2. Add Nanopure water / buffer to make concentration of solution 0.5 mg/mL 

• i.e. if have 3 mg of  lipid, add 6 mL of solvent 

! This initial combination results in the formation of vesicles of varying sizes and 

multilamelllar bodies, causing the solution to appear cloudy 
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• add in a freshly cleaned (rinsed three times in ethanol and three times in whatever 

solvent is being used – water or buffer) 

3. In order to create a solution of vesicles of uniform size, the lipid solution is sonicated for 

10-minute intervals 

4. Between these periods of sonication the solution is stirred at room temperature for 15 

minutes 

! This cycle is repeated until the solution became clear indicating the presence of uniform 

vesicles.  

5. Optional Step: The solution is then filtered using 0.2 !m filter caps on syringes.  

• This step is not always necessary – if after 24+ hours of vesicle solution prep time 

the solution is still cloudy, then filtering may be the only option for getting uniformly 

sized vesicles 

6. Store in fridge 

!4E4E(6#1C0,$#(30#",0,*&+$(<@&$;(K#@&B-#(2+-<*&+$(

1. Obtain hydrophilic substrate or thiol modified substrate that will allow for lipid binding 

• Excellent substrate is freshly cleaved mica (atomically flat and hydrophilic) 

• For membrane analysis, because it must be kept in constant hydration, liquid imaging 

on the AFM must be used; typically AFMs have their own liquid cell (to prevent 

leakage) so ideally the substrate would be modified to fit the liquid cell perfectly (i.e. 

for Agilent AFM – mica can be cut in a circular shape to exactly fit the cell) 

2. Add aliquot of vesicle solution to surface of substrate and allow it to incubate for 10 

minutes 

• typically 100 µL for 10 minutes – if surface coverage does not look adequate or if 

after 10 minutes, evaporation seems to be an issue, can alter amount and time of 

incubation (i.e. 300 µL for 10 minutes) 

• if using a vesicle solution that has been stored in the fridge overnight, sonicate it for 

10 minutes prior to using it 

3. After the incubation time period, gently rinse away the excess vesicle solution with 

solvent at least three times 

• avoid too much force or a direct harsh stream of solvent on the membrane – this can 

cause holes 
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• Can fill a syringe with the solvent and use that to direct the stream at the side of the 

liquid cell and let the solvent seep into the cell and run over 

• Need to maintain hydration at all times  

o Typically cannot be stored for longer than 48 hours (all the while in constant 

hydration) 

!4I(!17-+&%(30#",0,*&+$(

1. The peptide is treated according to the Fezoui procedure to ensure it is in a monomeric 

form (essential for studies looking at effects on fibrilization)  

2. Add HEPES buffer to a 0.5 mg vial of A"1-42  

• Amount of buffer added depends on desired final concentration of the amyloid 

• i.e. for amyloid incubations on healthy vs diseased membranes (chapter 7), a 40 mM 

solution of A"1-42 was used: 

o 0.5 mg A"1-42 + 2.77 mL HEPES buffer yielded the desired concentration 

3. The solution is sonicated for 1 minute 

4. Amyloid should be immediately used 

• incubation time starts as soon as buffer is added and sonicated 

• if doing membrane studies, the amyloid must be added to the pre-made membranes 

immediately  

o typically, 100 µL of amyloid solution is added to the membrane (must add 

same amount to every membrane being studied for consistency and control of 

variables)  
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!4L(><//#0(30#",0,*&+$(

The major buffer used for amyloid experiments in this thesis is HEPES (4-(2-hydroxyethyl)-

1-piperazineethanesulfonic acid) buffer. The following is a preparation outline for making 

1L of the buffer at a concentration of 20 mM HEPES and 100 mM NaCl, pH 7.4: 

1. Dissolve 4.766 g HEPES in 800 mL distilled water  

2. Add in 5.844 g NaCl to solution 

3. Mix well (using magnetic plate stirrer and stir-bar) 

4. Adjust pH to 7.4 using NaOH 

5. Add distilled water to bring total volume up to 1.00 L 

n = m / M 
 
C = n/V 
 
V = 1.00L 

HEPES: M = 238.3 g/mol 
m = 4.766 g 
n = 0.02 mol 
C = 0.02 mol/L 
    = 20 mM 

NaCl: M = 58.44 g/mol 
m = 5.844 g 
n = 0.10 mol 
C = 0.10 mol/L 
    = 100 mM 

 


