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Abstract

The amyloid cascade hypothesis has long directed research efforts in understanding the

pathogenesis of Alzheimer’s disease (AD), ever since it was first proposed through clinical

evidence by Hardy and Higgins in 1992. Currently, amyloid-β (Aβ) species have attracted

significant interest, particularly as they demonstrate profound cellular membrane toxic

effects. When there is no cure for AD, the current research direction shows there is a need

to develop the protective strategies. One natural molecule, melatonin, has been shown to

be protective against amyloid toxicity in animal and cellular studies, while the molecular

mechanisms are not well understood. One of the hypothesis is that melatonin can alter

the membrane structure and thus reduce amyloid toxicity to lipid membranes. In this

thesis research, how the incorporation of melatonin to the lipid membrane would change

the structure of the membranes and protect the membrane from amyloid toxicity was

examined.

This thesis focuses on investigations on the neuroprotective effects of melatonin against

Aβ toxicity were achieved using various membrane models that mimic cellular membranes

at different stages of AD. Utilizing a range of advanced nanotechnology tools including

nuclear magnetic resonance (NMR), localized surface plasmon resonance (LSPR), atomic

force microscopy (AFM), black lipid membrane (BLM) studies, complemented by neu-

tron scattering, neutron reflectivity, and molecular dynamics (MD) simulations, the study

explores the intricate molecular mechanisms behind melatonin’s interaction with Aβ pep-

tides. Different membrane models representing various disease states were employed to

assess melatonin’s multifaceted effects. The research uniquely contributes by combining

these diverse techniques to offer a comprehensive understanding of the potential therapeu-

tic role of melatonin in AD, paving the way for the development of more targeted and

effective treatments. Future exploration into melatonin’s interactions with various forms

of Aβ aggregates may further enhance therapeutic strategies.

The research employs a range of neuronal membrane models — simple model (SPM)

(DPPC/POPC/cholesterol) and complex (DPPC/POPC/cholesterol/SM/GM1) models —

to elucidate the protective role of melatonin against Aβ toxicity. Each complex model

represents a different disease state of membrane (healthy model (HM), early diseased model
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(EDM) and late diseased model (LDM)), allowing tests on multifaceted effects of melatonin

in varying biological contexts and disease states.

The studies demonstrated that melatonin changed the phase separation of lipid mem-

branes, altered the amyloid binding to the membranes, and enhanced the resilience of

membranes against amyloid-induced damage. Insights from the NMR study presented in

Chapter 2 indicated that melatonin promoted DPPC/POPC phase separation in a simple

lipid membrane model. The LSPR study, complemented with AFM in Chapter 3, showed

that melatonin altered the amyloid binding to complex lipid membrane models. Inter-

estingly, the intensity of this effect varied depending on the disease state, with the most

pronounced protective effects of melatonin observed in EDM. The BLM study in Chapter

4 further investigated melatonin’s effect on different types of amyloid-induced membrane

damages. The results clearly demonstrated melatonin’s ability to enhance the longevity of

lipid membranes and increase the membrane’s resistance to rupturing.

The advancement of knowledge on melatonin’s membrane protective effects can pave

the way for the development of new preventive strategies and potentially open doors for

innovative therapeutic approaches.
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Chapter 1

Introduction

1.1 Alzheimer’s Disease and Amyloid-β

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder that accounts for

approximately 60-80% of dementia cases worldwide, making it the most common form of

dementia for the elderlies [5, 6]. It is characterized by gradual cognitive decline, including

impairments in memory, thinking, and behaviour, that interferes with daily life and activ-

ities [6, 7, 8]. The cause of AD is complex and multifactorial, involving a combination of

genetic, environmental, and lifestyle factors. Despite its high prevalence and the significant

symptoms on patients, there is currently no cure for AD [6].

AD was first identified by German psychiatrist Alois Alzheimer in 1906, who described

the distinct neuropathological features of the disease: there were altered fibrils within

cells that lead to disintegration [9]. Later research found that neurofibrillary tangles and

neuritic plaques are commonly found in the cerebral cortex of the elderly, often due to

normal aging, while amyloid, which forms the core of the plaques, is a hallmark of AD

[9]. The neuropathological changes in AD are believed to begin decades before the onset of

clinical symptoms, with amyloid-β (Aβ) accumulation being one of the earliest pathological

changes. Amyloid cascade hypothesis postulates that the accumulation of Aβ in the brain

is the primary event driving AD pathogenesis [10]. This hypothesis has been the leading

1



theoretical framework guiding AD research and drug discovery efforts for nearly three

decades.

Aβ is a small peptide that is produced through the sequential cleavage of the amyloid

precursor protein (APP), by β-secretase and γ-secretase [11]. There are two primary

isoforms of Aβ found in the brain, Aβ (1-40) and Aβ (1-42), with the latter being more

prone to deposition and therefore more commonly found in amyloid plaques [6, 11]. Over

time, Aβ peptides aggregate to form soluble oligomers, which are believed to be the most

neurotoxic species, and further to insoluble fibrils, which deposit in the brain to form

amyloid plaques [12, 13, 14, 15]. These aggregates disrupt cellular processes, leading to

synaptic dysfunction, neuronal death, and ultimately, the clinical symptoms of AD.

Accumulating evidence suggests that the cellular membrane is a crucial site of Aβ ac-

tion. Aβ can bind to the lipid membrane and accumulate on the membrane surface, trigger-

ing a variety of damage on the lipid membrane, ultimately leading to cellular dysfunction

and death [15]. For instance, surface-adsorbed Aβ oligomers can cause lipid peroxidation

[16, 17]. They can form pore-like structures or ion channels in the membrane, allowing

uncontrolled passage of ions and small molecules across the membrane [2, 18, 19]. They

can also act as surface detergents, creating holes in lipid membranes by extracting lipid

molecules [20]. Each of these interactions can profoundly affect cell membrane integrity

and function, potentially leading to cellular dysfunction and neuronal death.

Previously in Leonenko’s lab (Drolle et al.) it has been shown that the changes in the

membrane structure are the key factor to amyloid toxicity [2]. This opens new possibilities

to investigate the role of the lipid membranes and to develop new preventive strategies to

protect cellular membrane from amyloid toxicity in AD, making it the main motivation of

my studies. In the following sections, I will provide a review of lipid membranes, investi-

gating their critical role in cellular function and their susceptibility to disruption by Aβ.

A thorough exploration of these aspects could shed light on the critical yet intricate rela-

tionship between Aβ, lipid membranes, and the devastating neurodegeneration witnessed

in AD.
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1.2 Lipid Bilayer Membranes

The cell membrane, or plasma membrane, is a biologically complex structure primarily

composed of lipids and proteins [21]. The primary constituents are phospholipids, sphin-

golipids and cholesterol [22]. The structure and biophysical properties of the lipid bilayer,

including fluidity, phase behaviour, permeability, and lateral organization, play pivotal

roles in numerous cellular processes, emphasizing its fundamental importance in cellular

biology [23]. Lipid bilayer membranes formed with lipid species possess ordering proper-

ties that are dependent on the phases of lipid molecules (shown in Figure 1.1). The lipid

membrane can stay in the gel (Lβ′) phase below the melting temperature, where the lipid

molecules are closely packed and have limited mobility. When the temperature is higher

than the melting point, the lipid membrane becomes in the fluid (Lα) phase and possesses

high mobility [1]. However, when cholesterol is incorporated into lipid membranes, it al-

ters lipid ordering properties and induces phase separation in the fluid phase. This leads

to the coexistence of liquid-ordered (ℓo) and liquid-disordered (ℓd) phases in cholesterol-

containing lipid membranes [24]. There is a large variety of lipids in cellular membranes

and each lipid has its own melting temperature, which results to a rich phase co-existence

and presence of nanoscale domains in model and cellular membranes. These nanodomains

play important role in the membrane interactions with other biomolecules, including Aβ.

With the progression of age, the neuronal cell membranes undergo significant changes in

composition and structure, a phenomenon that has been implicated in various neurodegen-

erative disorders, including AD [25, 26]. As the brain ages, alterations in lipid composition,

such as decreases in polyunsaturated fatty acids and increases in cholesterol, have been

noted [27]. Such shifts directly impact membrane fluidity and permeability, potentially im-

pairing various cellular functions. Moreover, age-related oxidative stress can lead to lipid

peroxidation [28], generating reactive lipid species that can further destabilize membranes

and promote neurotoxicity [29]. These changes in the aged neuronal cell membranes can

alter their interactions with proteins such as Aβ, which is critical to AD pathogenesis [2].

Another result from the lipid composition change is the alteration of the lipid mem-

brane physical structure, particularly the existence and dynamics of microdomains known

as lipid rafts, may influence Aβ toxicity [2, 30, 31]. These rafts, enriched in cholesterol and
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Figure 1.1: Phase Transition of Lipid Membrane. In the solid crystalline phase (Lc),

lipids are tightly ordered and closely packed. The orientation of lipid hydrocarbon chains

can vary, leading to a gel phase (Lβ′). The transition from gel to fluid phase (Lα) occurs at

phase transition temperature, also known as the melting point (Tm). Before this transition,

there is often a pre-transition phase featuring a ripple phase (Pβ′) with one-dimensional

ripples. In the fluid phase, lipids become highly disordered, losing their lattice order, and

exhibit increased lateral and rotational diffusion [1].
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sphingolipids, provide a favorable environment for the clustering of APP and secretases,

thereby promoting Aβ production [32]. They also serve as platforms for the accumulation

of Aβ, which may enhance its local toxicity [33]. Furthermore, defects within the mem-

brane induced by initial Aβ-membrane interaction, might modulate the distribution and

aggregation of Aβ, eventually leading to enhanced toxicity [19].

Therefore, since the membrane serves as the primary target for amyloid-membrane in-

teractions, there is a significant opportunity to membrane composition properties to affect

amyloid toxicity. When research focuses on the molecular details on the amyloid-membrane

interaction, model systems are widely used such that the effects from other cellular mem-

brane components in live cells or membrane extracts could be maximally eliminated. These

model lipid membrane systems can range from monocomponent to pentacomponent, in-

creasing in complexity and heterogeneity with each added component [2, 31, 34, 35, 36].

Alvarez et al. [34] has shown that the unstaturated lipid (POPC) triggers Aβ aggregation

using monocomponent lipid system, while Korshavn et al. [35] has shown that the satu-

rated lipid (DLPC) inhibits the Aβ fibrillation. While simpler lipid model systems allow

research to more easily focus on one or two lipid species, more complex multicomponent

lipid membranes offer a more suitable platform to study phenomena such as lipid phase

separation and to mimic domain structures, because the difference in lipid head group sizes

and tail lengths bring rise to surface topography diversity on the membranes. The differing

attributes of the lipid molecules within these multicomponent systems, such as their head

group size, acyl chain length, and degree of saturation, give rise to diverse structures and

behaviours that can be tailored to simulate the varying conditions in neuronal cell mem-

branes [37]. These models allow researchers to investigate the interaction of Aβ peptides

with cell membranes, which is considered a key factor in AD pathogenesis [38]. Azouz et

al. [31] have demonstrated that the Aβ preferably aggregates on lipid domains in tertiary

membrane systems composed with DPPC/DOPC/cholesterol and SM/DOPC/cholesterol.

They also showed that the presence of GM1 and cholesterol in POPC membranes favors

the binding of Aβ. Drolle et al. [2] have shown that a variation in lipid ratio alters the

aggregation of Aβ on lipid model composed with DPPC, POPC, cholesterol, SM and GM1

that mimics different diseased states. Moreover, the lipid membrane models are highly

compatible with a range of advanced biophysical techniques, such as AFM [2, 31, 36, 39],
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NMR [40, 41], neutron reflectometry and neutron scattering [41, 42], and other nanotech-

nological tools.

In my thesis research, I used the neuronal cell membrane models developed by Drolle

et al. in 2017 and its simplified form composed with DPPC, POPC and cholesterol, to

form lipid membranes. The compositions of these model systems that mimic the healthy

or diseased lipid membranes are listed in Table. A.1. These lipid membranes have distinct

surface structures and electrostatic properties, as shown in Figure 1.2, which lead to their

different interactions with Aβ. Figure 1.3 illustrates different Aβ accumulations on the

three model membranes at 1 hour and 6 hours of incubation time. From this perspective,

the structural differences in the membranes were shown to be related to the Aβ interaction.

Therefore, it is reasonable to propose that altering the structure of the membrane could

potentially affect the nature of the Aβ-membrane interaction, resulting in changes to Aβ

toxicity. Melatonin, which will be introduced in the following session, possesses the ability

to alter membrane structure. This property makes it an interesting molecule for investi-

gating its potential to modify amyloid toxicity. Therefore, I used melatonin throughout

my thesis research.

Lipid Composition in weight ratio (molar ratio)

Lipid Models DPPC POPC Cholesterol SM GM1

Healthy Model (HM) 37 (35.3) 37 (34.1) 10 (18.1) 10 (9.8) 6 (2.7)

Early Diseased Model (EDM) 39 (36.5) 39 (35.2) 10 (17.8) 10 (9.7) 2 (0.9)

Late Diseased Model (LDM) 42 (39.4) 42 (38.0) 10 (17.8) 4 (3.9) 2 (0.9)

Simple Model (SPM) 41.9 (37.5) 43.4 (37.5) 14.7 (25) 0 0

Table 1.1: Lipid Compositions of the Three Complex Lipid Models and the

Simple Model mimicking different disease states of neuronal cell membranes in AD:

healthy model (HM), early diseased model (EDM), and late diseased model (LDM). The

ratios are shown in weight. Adapted from Drolle et al. 2017 [2]. The simple model removed

SM and GM1 from the neuronal models.
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Figure 1.2: Comparison of monolayer structure and electrical characteristics

across three different models. AFM topography images (gold) and KPFM electrical

surface potential images (blue) are shown for the three model systems: healthy (A/D),

early diseased model (B/E), and late diseased model (C/F). Figure is cited from Drolle et

al. 2017 [2].
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Figure 1.3: Comparison of Aβ incubation on the three model membranes for 1

and 6 hours. AFM images in liquid show different Aβ accumulation between 1 and 6

hours of incubation time on healthy (A/D), early diseased model (B/E), and late diseased

model (C/F). Figure is cited from Drolle et al. 2017 [2].
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1.3 Melatonin

Over the years, considerable efforts have been directed towards studying the symptoms

of AD or Aβ accumulation with the aim of finding cures for AD. Melatonin, a lipophilic

hormone primarily secreted by the pineal gland, plays vital roles in regulating circadian

rhythms, seasonality, and antioxidative and immune response effects [7, 43, 44]. There

are consistent indications that melatonin can act protectively against Aβ neurotoxicity

or AD symptoms, even though the exact molecular pathways remain to be deciphered

[45, 46, 47]. Gong et al. showed that melatonin improves cognitive function on mice

models with cognitive impairment induced by Aβ (1-42) [48]. Clinical trials carried out by

Cardinali et al. demonstrated that melatonin treatments to patients benefit their cognition

significantly [49].

Studies have underscored that general melatonin levels decrease with aging and neu-

rodegeneration, and disruptions in melatonin rhythmicity often appear with these processes

[50]. Molecular studies on melatonin’s effect on model membranes have further revealed

its ability to fluidize the membrane, enhance lipid dynamics, and increase area per lipid.

Melatonin was shown to incorporate into and fluidize the lipid monolayer composed with

DPPC by Choi et al. in 2014 [3]. Research on DPPC or DOPC-containing membrane

systems reported by Drolle et al. and Kondela et al. showed that melatonin reduces the

lipid membrane thickness and increases area per lipid [24, 51]. This work from Drolle et al.

in 2013 also revealed that melatonin preferentially associates with lipid head groups using

molecular dynamics simulation, as shown in Figure 1.4 [24]. Moreover, melatonin’s demon-

strated an ability to alter lipid phase separations in model membranes in Refs. [52, 53]

suggests that it may significantly alter the surface properties of the membrane. This

alteration could potentially affect non-specific interactions between amyloid and cellular

membranes, contributing to the protective effects against amyloid toxicity. Understanding

the intricate relationship between melatonin and Aβ-membrane interactions offers an ex-

citing frontier in unraveling the mechanisms of melatonin protection and may open new

avenues for therapeutic interventions in AD.
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Figure 1.4: Molecular Dynamics Simulations of (A) DPPC and (C) DOPC bilayers 
with and without melatonin. Melatonin molecules are shown in orange, and simulation for 
the bilayers with melatonin are shown on the right. 1

1.4 Methods

1.4.1 Nuclear Magnetic Resonance

Nuclear magnetic resonance (NMR) spectroscopy is a powerful analytical technique used 
to determine the molecular structure, dynamics, and interactions of molecules [54]. It 
is an essential tool for various disciplines, including chemistry, biology, and physics. By 
harnessing the magnetic properties of atomic nuclei, particularly those with a non-zero 
magnetic moment such as 1H (proton) or 13C (carbon-13), NMR offers i nsights i nto the 
local electronic environment surrounding these nuclei and their positions within a molecule 
[55]. These nuclei resonate at specific frequencies when subjected to a magnetic fi eld. These 
frequencies are then detected and provide vital structural details.

The atomic nuclei consists of protons and neutrons bound together by the nuclear force. 
While electrons orbit the nucleus and determine an atom’s chemical properties, it is the 
nucleus that plays a pivotal role in NMR techniques. One fundamental property of certain 
atomic nuclei is their spin, which is an intrinsic form of angular momentum. Not all nuclei 
possess a nuclear spin; only those with either an odd number of protons, an odd number

   1Reprinted with permission from Elizabeth Drolle et al. Effect of melatonin and cholesterol on the 
structure of DOPC and DPPC membranes. Biochimica et Biophysica Acta (BBA) - Biomembranes, 
1828(9):2247–2254, 2013. Copyright 2013 by Elsevier.
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of neutrons, or both have non-zero nuclear spin [56]. This nuclear spin gives rise to a

magnetic moment, making these nuclei responsive to magnetic fields.

The magnetic moment (µ⃗) of a nucleus is directly proportional to its spin Î:

µ⃗ = γÎ (1.1)

Here, γ is the gyromagnetic ratio, which is specific to each type of nucleus. For instance,

the proton (1H) has a particularly high gyromagnetic ratio, making it one of the most

commonly studied nuclei in NMR [57]. Isotopes such as 1H (proton), 13C (carbon-13), and
2H (deuterium) have non-zero magnetic moments and are thus NMR active. While 1H

is abundant and gives strong NMR signals, 13C is less abundant in nature but provides

crucial structural information when employed in NMR experiments. Deuterium (2H), being

a heavy isotope of hydrogen, has its own unique applications in NMR, especially in studies

requiring isotopic labeling or in solvent suppression techniques and is widely applied in

lipid membrane research [40, 58, 59].

When atomic nuclei with non-zero magnetic moments are placed in an external mag-

netic field, they tend to align with the direction of this field. Figure 1.5 shows the energy

states of the hydrogen nucleus (I = 1/2) and the deuterium nucleus (I = 1). The mag-

netic moment associated with the nuclear spin interacts with the external magnetic field,

resulting in two main energy states: one where the moment is aligned parallel with the

field (lower energy state) and another where it is aligned anti-parallel (higher energy state)

[56].

The difference in energy between these two states is directly proportional to the strength

of the external magnetic field and is given by the equation:

∆E = γℏB0 (1.2)

Where ∆E is the energy difference, γ is the gyromagnetic ratio of the nucleus, ℏ is the

reduced Planck’s constant and B0 is the strength of the external magnetic field [60]. As

the external magnetic field strength increases, the energy difference between these states

also increases.

The total magnetic moment due to all the spins in a sample gives rise to the net

magnetization. In the absence of the external magnetic field B0, these magnetic moments
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Figure 1.5: Energy Levels for Hydrogen and Deuterium Nucleus when place in

an external magnetic field B⃗0. The gyromagnetic value of hydrogen nucleus is larger than

that of deuterium.

are randomly oriented, resulting in a net magnetization of zero. But when a strong external

magnetic field is applied, they tend to align with the field, giving rise to a net macroscopic

magnetization along the direction of the magnetic field [57].

Nuclear spins in an external magnetic field can be thought of as tiny bar magnets with

a tendency to align along the field direction. However, with the application of a perpen-

dicular radio frequency (RF) pulse, these spins can be disturbed from their equilibrium

positions. The RF radiation’s frequency should match the energy difference between the

two spin states (parallel and anti-parallel) for effective perturbation, a condition known as

the resonance condition [57, 61].

v = γB0 (1.3)

where v is the resonance frequency. When this resonance condition is met, nuclei absorb

the RF energy, causing their spins to flip from the lower energy state to the higher energy

state. Once the RF pulse is turned off, these perturbed spins tend to return to their

equilibrium states, producing an NMR signal in the process [61].

After the RF pulse is switched off, the nuclear spins do not immediately return to their

equilibrium positions. The process through which they regain their equilibrium is termed

relaxation, and it can be understood through two primary mechanisms: T1 Relaxation
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(Spin-Lattice Relaxation) and T2 Relaxation (Spin-Spin Relaxation) [57, 62]. T1 relax-

ation refers to the interaction of spins with their surrounding molecular environment or

lattice. During T1 relaxation, the spins release energy to the lattice until the net magneti-

zation of the sample returns to their initial alignment with the applied external magnetic

field. Unlike T1 relaxation, T2 relaxation does not involve an exchange of energy with the

lattice. Instead, it describes the loss of coherence among spins due to their interactions

with neighboring spins. This process results in the dephasing of spins. The associated T2

relaxation time provides a measure of how swiftly the in-phase transverse magnetization

diminishes, and this decay often transpires more rapidly than T1 relaxation.

Apart from these two primary relaxation mechanisms, quadrupolar splitting is another

parameter that provides information about the structure and orientation of the molecules

in a system. Nuclei with a spin quantum number I greater than 1/2 possess a non-spherical

charge distribution, leading to a property called quadrupole moment. When such a nucleus

is positioned in an environment with an asymmetric electronic cloud, a local electric field

gradient (EFG) exists at the location of the nucleus. Quadrupolar splitting arises from the

interaction between this quadrupole moment and the EFG. This interaction can perturb

the energy levels of the nuclear spins, leading to distinct splittings in the NMR spectra.

The exact nature and magnitude of this splitting depend on several factors, including the

magnitude of the quadrupole moment, the strength and orientation of the EFG, and the

molecular dynamics. For instance, in solid-state environments where molecular motion

is restricted, the full effect of the quadrupolar interaction becomes evident, resulting in

pronounced splittings. However, in liquid-state environment where molecules rapidly tum-

ble, these interactions often average out, diminishing the observable effects. The intricate

patterns of quadrupolar splitting can be harnessed to gain insights into the local structural

environment, molecular orientations, and dynamics surrounding the nucleus. In systems

like lipid membranes, where 2H NMR is employed, understanding quadrupolar interac-

tions becomes pivotal to decipher lipid phase behaviour, orientation, and interactions at

the atomic level [40, 57]. For this reason, I conducted a study using the 2H NMR to explore

the lipid phase behaviours of a simple membrane model under the effect of melatonin. The

detailed explanation on quadrupolar splitting and its analysis are provided in Chapter 2.
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1.4.2 Surface Plasmon Resonance Techniques

Localized surface plasmon resonance (LSPR) sensing capitalizes on the unique properties

of surface plasmons in a nanoparticle (NP) to detect changes in the local refractive in-

dex, particularly in biochemical applications. Through the excitation of localized surface

plasmons and precise monitoring of resonance shifts, LSPR sensors offer highly sensitive

and selective detection in real time. LSPR occurs when the conductive electrons cloud in

metallic NPs oscillate in response to an incident electromagnetic wave. These oscillations

can be highly confined to the NP surface, leading to a significant enhancement of the elec-

tric field near the particles [63]. The principle of LSPR inherits from SPR and I am going

to introduce the basic physcis theory behind SPR first.

Total internal reflection (TIR) is a fundamental optical phenomenon that underpins

the operational principle of SPR sensors. It occurs when light travels from a medium with

a higher refractive index, n1, to a medium with a lower refractive index, n2, at an angle

greater than the critical angle, θc. The critical angle can be determined using Snell’s law:

θc = sin−1(
n2

n1

) (1.4)

Without the entirety of the energy being reflected, a small portion of the light’s energy, in

the form of an evanescent wave, penetrates a short distance into the less dense medium.

The intensity of this wave decays exponentially as it moves away from the interface. This

evanescent wave plays a crucial role in SPR as it can excite propagating plasmons, which

are referred to as surface plasmon polaritons (SPP), at the metal-dielectric interface when

conditions are right [64]. The exact depth to which the evanescent wave penetrates depends

on factors such as the wavelength of the incident light and the angle of incidence, but is

typically on the order of a few hundred nanometers [64].

SPPs are collective oscillations of conduction electrons that are localized at the inter-

face between a metal and a dielectric. The nature of SPPs arises due to the interaction

between the electric field from light and the free electrons in a metal. This interaction

confines the electromagnetic field at the interface, leading to a unique evanescent wave.

The phenomenon of SPPs can be better understood through its dispersion relationship,

wave vector, and resonance condition. Let us write the wave vector of the incident light as
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k⃗ = (kx, ky), then the following equation provides the resonance condition of the surface

plasmon.

kSP =
ω

c

√
ϵm ∗ ϵd
ϵm + ϵd

= kx (1.5)

where ω is the angular frequency of the incident light, ϵm is the dielectric constant of

the metal, ϵd is the dielectric constant of the dielectric. At the resonance condition of

SPs, the SP wave vector k⃗SP equals to the wave vector of the incident light along the

x-direction, k⃗x; in other words, surface plasmon resonance SPR occurs when the incident

light’s frequency matches the natural frequency of the surface plasmon oscillations. In an

SPR instrument, light composed of a spectrum with broadband wavelengths incidents on

the metal/water interface, as shown in Figure 1.6. The light with matched wave vector

(can be converted into wavelength by k = 2π/λ) to the SPP is absorbed and its intensity

is low on the reflection band, appearing as a dark band. When molecules bind to the

metal/water interface from the water side, the average ϵd in the vicinity of the interface

would shift, leading to a change in kSP . Therefore, the wave vector for the incident light

that matches the resonance condition is changed and a new absorbance band is observed.

By measuring the absorbance of reflected light, one can detect the binding of molecules to

the sensor site [65].
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Figure 1.6: Schematic of SPR Working Principle. Incident polychromatic light is

reflected on the metal/water interface, with partial energy transferred to SPP. The light

with the wavelength matched the resonance condition is absorbed by the SPP and therefore

appears as a dark band in the reflected spectrum. When molecules bind to the interface,

the absorbed wavelength shifts. The measurement on ∆λ indicates the binding activity

happens on the interface.

LSPR utilizes metal NP, typically sized between 10-200 nanometers, as opposed to the

flat metal films used in conventional SPR. This modification in the sensing setup leads to

an amplification of the incident light energy by 100-10,000 times, restricting the sensing

area to a proximity of 10-50 nanometers around the nanoparticles [66]. NPs exhibit optical

properties distinct from bulk materials. Metallic NPs lead to a distinct electron bands and

size-dependent plasmon resonance influenced by NP surface distribution. In contrast to

the propagating SPPs in SPR, the LSPR plasmon wave is localized. As shown in Figure.

1.7, when a small NP is exposed to a plane wave, the fluctuating electric field triggers

synchronized movement of electrons in the conduction band, resulting in the buildup of

polarization charges on the NP surface [67]. Details on the experimental measurement of

LSPR signals and equations describing the approach to extract molecule binding results

are discussed in Chapter 3.
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Figure 1.7: Schematic Diagram of LSPR. Electron cloud of the gold nanoparticles

oscillates with a static electric field, generating localized surface plasmon.

1.4.3 Atomic Force Microscopy

Atomic force microscopy (AFM) is a type of scanning probe microscopy that allows for

high-resolution imaging of surfaces at the nanoscale. Introduced by Binnig, Quate, and

Gerber in 1986 [68], this technique operates by scanning a sharp probe, typically a can-

tilever with a fine tip, over the sample surface. As illustrated in Figure. 1.8, the deflection

of the cantilever is measured as it interacts with surface features, enabling the creation

of topographical images with atomic resolution. AFM can be applied under various con-

ditions, including ambient air, vacuum, and even liquids, making it versatile for different

types of samples, from hard inorganic materials to soft biological specimens.

The key theory of AFM imaging is the application of Hooke’s Law, represented as

F = −kx. F stands for the spring force, k denotes the spring constant, and x is the

displacement of the spring from its equilibrium position. In AFM, the cantilever functions

as a spring. Figure. 1.9, shows a potential curve of the cantilever-tip interaction. When the

cantilever tip nears the sample surface, attractive forces dominate the cantilever-sample

interaction, primarily cause the cantilever to bend towards the sample. However, as the tip

gets closer, repulsive forces gradually take over, making the cantilever deflect away from
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Figure 1.8: AFM Imaging Schematic. A laser shines on the back of the cantilever and

its reflection shines on a detector. The deflection of the cantilever results in a shift on the

reflected spot on the detector.

the surface. It is this deflection that gives insights into the sample’s surface features.

Scanning in AFM primarily has three modes: contact mode, intermittent contact mode

and noncontact mode [69, 70, 71]. Schematic of these imaging modes are included in Fig-

ure. 1.9. The contact mode is in the repulsive region of the potential curve. It involves

the cantilever tip mechanically contacting the sample. While scanning the surface, a feed-

back system keeps the cantilever’s deflection constant, generating images based on voltage

adjustments to the piezoelectric actuator. However, this mode can cause damage due to

strong lateral forces and lacks a consistent zero-force reference. The intermittent contact

mode cover the repulsive and the attractive region of the potential curve. It is widely

used in ambient air and liquid settings. The cantilever oscillates near its free resonance

frequency. As the sample approaches the surface, the cantilever’s amplitude decreases to

a set value. The feedback mechanism maintains this oscillation amplitude while scanning

the surface. Unlike the contact mode AFM, which uses the static deflection of the can-

tilever as its feedback signal, the intermittent contact mode AFM utilizes the oscillation

amplitude. Noncontact AFM utilizes weak attractive forces, differing from contact mode

techniques. The method involves small oscillations of the cantilever tip, detecting small

forces. Nonetheless, it is widely used for various materials, offering advantages like minimal
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sample contact, making it suitable for soft samples.

Figure 1.9: Force Curve and Imaging Modes of AFM. In the attractive region, the

net force between the cantilever tip and the sample surface increases as the attractive force

increases. In the repulsive region, the net force increases with the increasing repulsive force.

A minimum potential point occurs at a distance of dm, where the attractive and repulsive

forces balance each other. Contact mode takes place in the repulsive region, intermittent

contact mode covers both repulsive and attractive regions, and noncontact mode occurs in

the attractive region.
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AFM is widely applied in biology field in imaging of cellular morphologies and dynamics

relevant to diseases, as well as the structure of proteins or peptides and their interactions

with cell membranes. For instance, Alsteens et al. delved into the nano-level analysis of

a hormone receptor on fixed human bladder cancer cells [72]. Additionally, the Leonenko

group explored the self-aggregation of amyloids and their interactions with model cellular

membranes, shedding light on AD [36, 73]. In this thesis, AFM was employed to visualize

lipid membranes and the damages caused by amyloids, providing insights for the LSPR

study. Chapter 3 provides an in-depth look at the experimental setup and data analysis

methodologies.

1.4.4 Black Lipid Membrane

The black lipid membrane (BLM) technique offers a versatile platform for studying the

functional properties of membrane channels and the interactions of various agents with

lipid bilayer membranes. This self-assembled membrane closely mimics the properties of

natural cell membranes, making it invaluable for physiological and biophysical studies.

First introduced in the early 1960s by Mueller and Rudin, the BLM technique involves

the formation of a lipid membrane across a small aperture in a partition that separates

two aqueous compartments [74]. Figure 1.10 shows a schematic of the BLM instrument

configuration. A membrane forms on the middle of the Teflon divider, splitting the buffer

bath into two sections. A voltage bias is introduced on the opposing side of the barrier. A

near-zero current is observed when the membrane is intact; however, if there are holes or

channels in the membrane, a detectable current can be recorded. Using the BLM setup,

one can monitor and measure ionic currents, which provides insights into channel functions,

ion transport processes, and the effects of drugs or toxins on membranes.
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Figure 1.10: Schematic of BLM. Two electrodes are placed in the buffer on the opposite

sides of the middle barrier, and an electric bias is applied. A lipid membrane is spread

over the aperture and covers it entirely. Ion current occurs when there are holes or discon-

tinuities in the membrane, and this can be recorded in the circuit. 2

The BLM technique is applied in studying lipid membrane function and its interaction

with membrane proteins or peptide, therefore research can focus on the lipid membrane

composition [75] and protein or peptide types [18], or to study the mechanisms of protein-

membrane interaction [76]. As well it can serve as the media for holding membrane ion

channels and contribute to characterizing the ion channels [77, 78]. In Chapter 4 of this

thesis, I employed the BLM approach to explore the amyloid-membrane interaction. I

investigated various membrane damages resulting from this interaction. By introducing

melatonin into the system to modify the membrane composition, I aimed to study its effect

on the amyloid-membrane interaction. Comprehensive details regarding the methodology

and data analysis are discussed in the Method section of Chapter 4.

    2Reprinted with permission from Mathias Winterhalter. Black lipid membranes. Current Opinion in 

Colloid & Interface Science, 5(3-4):250–255, 2000. Copyright 2000 by Elsevier.
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Chapter 2

Nuclear Magnetic Resonance to

Study Melatonin Effect on Lipid

Phase Behaviour of

DPPC/POPC/Cholesterol Lipid

Membranes

2.1 Overview

2.1.1 Summary of Published Work

This chapter is reproduced from the work published in Biophysical Journal:

Nanqin Mei, Morgan Robinson, James H Davis, and Zoya Leonenko. Melatonin alters

fluid phase coexistence in POPC/DPPC/cholesterol membranes. Biophysical Journal,

119(12):2391–2402, 2020.

In this 2H-NMR study, I explored melatonin’s effect on the DPPC/POPC/cholesterol

lipid membrane phase separation. We discovered that melatonin promotes ℓd : ℓo phase
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coexistence in the DPPC/POPC/cholesterol mixed membranes, with a preferential in-

teraction with the unsaturated POPC lipids. Concurrently, melatonin appears to displace

cholesterol in disordered phases, enhancing disorder and redirecting cholesterol towards the

DPPC’s ordered phase. Moreover, due to perdeuteration of lipids, melting temperature

differences between POPC-d31 and DPPC increase, while differences between DPPC-d62

and POPC decrease. In this model, melatonin boosts membrane fluid phase diversity,

shedding light on its potential protective role at the membrane level.

2.1.2 Contributions

Under the supervision of Prof. Zoya Leonenko, I designed the work and the experimental

plan for this study, and I was also responsible for sample preparation. Dr. Morgan Robin-

son contributed by providing insights into melatonin properties, assisting in determining

the optimal melatonin concentration for our experimental groups, and helping with initial

sample preparation and Introduction writing for the paper (Dr. Robinson prepared Figure

2.1). I reached out to Prof. James H. Davis from the University of Guelph (UofG) for

his expertise in NMR work related to lipid membrane models, as well as access to the

NMR facility at UofG. Prof. Davis provided training on the solid-state NMR instrument,

managed the data collection for this set of experiments, and collaborated with me on data

analysis. Together, we co-authored the Method section in the manuscript.

2.1.3 Challenge and Future Directions

In this study, I used a simple neuronal membrane model composed of ??, ?? and choles-

terol because its structure is easier to predict and understand. However, there is a lot of

potential for future research in this area. Researchers could look into more detailed and

intricate models, such as the 5-component models of neuronal cell membranes I mention

in other parts of this thesis. Other avenues to explore would be to add amyloid to the

lipid membrane and see how is changes in amyloid structure, as well as the lipid odering

parameters. It would be particularly interesting to observe how these amyloid structures

might change based on different combinations of lipids and varying levels of melatonin.
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This could provide deeper insights into the broader impacts on cell health and function in

relation to AD.

2.2 Abstract

The structure and biophysical properties of lipid membranes are important for cellular

functions in health and disease. In Alzheimer’s disease (AD) the neuronal membrane is a

target for toxic amyloid-β (Aβ). Melatonin is an important pineal gland hormone that has

been shown to protect against Aβ toxicity in cellular and animal studies, but the molecular

mechanism of this protection is not fully understood. Melatonin is a small membrane

active molecule, which has been shown to interact with model lipid membranes and alter

the membrane biophysical properties, such as membrane molecular order and dynamics.

This effect of melatonin has been previously studied in simple model bilayers with one or

two lipid components, to make it more relavant to neuronal membranes we used a more

complex ternary lipid mixture as our membrane model. In this study, we used 2H-NMR to

investigate the effect of melatonin on the phase behaviour of DPPC, POPC and cholesterol

lipid membranes. We used deuterium labelled POPC-d31 and DPPC-d62, separately, to

probe the changes in hydrocarbon chain order as a function of temperature and melatonin

concentration. We find that DPPC/POPC/cholesterol at molar proportions of 3:3:2 is

close to ℓd/ℓo phase separation and that melatonin can induce phase separation in these

ternary mixtures by preferentially incorporating into the disordered phase and increasing

its level of disorder. At 5 mol% melatonin, we observed phase separation in samples with

POPC-d31, but not with DPPC-d62, while at 10 mol% melatonin phase separation was

observed in both samples with either POPC-d31 or DPPC-d62. These results indicate that

melatonin can have a strong effect on membrane structure and physical properties, which

may provide some clues to understanding how melatonin protects against Aβ, and that

choice of chain perdeuteration is an important consideration from a technical point of view.
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2.3 Introduction

Cellular membranes are complex structures composed of phospholipid bilayers and mul-

tiple membrane proteins. In natural membranes, lipids and protein are unevenly dis-

tributed producing a heterogeneous structure of lateral domains. These membrane domains

(caveolae-enriched and lipid rafts) have been proposed to compartmentalize different cel-

lular processes [23, 79]. Model lipid membranes composed of synthetic lipids are widely

used to mimic the plasma membrane and study membrane properties [2, 24, 80]. One

such property is the phase behavior of lipid membranes which can undergo transitions de-

pending on their composition, temperature, pressure and other thermodynamic properties.

Phase separation can occur where two or more domains co-exist due to an immiscibility

of the constituent components. These properties have been studied by a variety of bio-

physical techniques including nuclear magnetic resonance (NMR) [80], scattering [81] and

fluorescence techniques [82, 80] and atomic force microscopy (AFM) [83]. The coexistence

of liquid-ordered (ℓo) and liquid-disordered (ℓd) phases has been extensively observed in

model lipid systems [80, 82, 84, 85] and there is some evidence of nanodomains in living

systems [86]. In general, domains rich in cholesterol and saturated lipids have a higher

degree of molecular order compared to the whole membrane system [80] and correspond to

the membrane domains in natural cell membranes. Because membrane domains facilitate

important cellular processes, changes to phase behavior and membrane structure that occur

in cells can have important implications for homeostasis and thus for disease pathogenesis

[87, 88].

The maintenance of membrane properties and structure is important for proper func-

tion and damage caused by free radicals and toxins, and proteins needs to be prevented,

mitigated, and/or repaired. In Alzheimer’s disease (AD), the accumulation of amyloid-β

(Aβ) on the plasma membrane leads to membrane perforation, disruption of membrane do-

mains and potential, oxidative stress and lipid peroxidation as well as a whole host of other

pathological changes that ultimately lead to cell death [89, 90, 91, 92]. Membrane damage

and toxicity caused by Aβ is lipid composition dependent [2, 93]. Small molecules, for

instance vitamin E, can associate with and protect lipid bilayers from damage or otherwise

aid in maintaining optimal structure which are important in maintaining cellular home-
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ostasis [94]. Melatonin is a tryptophan-derived pineal gland hormone that is important

for regulating circadian rhythm and in animal and cell studies has demonstrated potent

antioxidant properties and neuroprotective activity against Aβ toxicity [95, 96, 97, 98, 99].

Interestingly, the protective effect of melatonin was found to be receptor independent [100],

yet the complete molecular mechanisms are not well-understood, for this reason the effects

of melatonin on the membrane may be of specific importance.

Melatonin is a potent antioxidant that has been shown to prevent lipid peroxidation and

the subsequent increase in membrane rigidity caused by peroxidation [101]. In addition,

melatonin has also been shown to directly affect membrane properties having fluidizing

effects on phosphatidylcholine monolayers and liposomes [3, 102, 103], reducing membrane

thickness of phosphatidylcholine bilayers [24, 104] and causing an increase in membrane dis-

order in these systems. Molecular dynamics simulations predict that melatonin sits near

the interfacial headgroup region, oriented in the plane of the bilayer membrane in con-

trast to cholesterol which orients perpendicular to the membrane plane (shown in Figure

2.1). More recently, small angle neutron scattering, and fluorescence microscopy showed

that melatonin stabilized ℓd:ℓo phase transitions in DSPC/DPPC/POPC/cholesterol mem-

branes suggesting it prevented formation of the ℓd phase [105]. Previous studies in single

component lipid systems may not generalize to more complicated model and natural mem-

branes, and thus more work is needed to fully elucidate the molecular mechanisms of

melatonin’s effect on more complex lipid membranes, before exploring how it may affect

interactions with Aβ.

Solid state 2H NMR has been widely employed to study phase equilibria phenomena

in lipid membrane systems [80, 84, 106]. In this work, we use 2H NMR to measure the

influence of melatonin on the phase equilibria of tertiary model lipid membranes containing

POPC-d31/DPPC/cholesterol and DPPC/POPC-d62/cholesterol. We show that melatonin

induces ℓd:ℓo phase coexistence in both models, however phase coexistence was detected

at 50% lower concentration in POPC-d31 containing membranes compared to DPPC-d62.

These results may be attributed to a stronger interaction of melatonin with the more disor-

dered lipid membrane regions containing higher abundance of POPC (illustrated in Figure

2.1). This may have important implications for the role of melatonin as an antioxidant

since a preference for the more disordered lipid domains, which are more susceptible to
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peroxidation would expect to contribute to its membrane protective effects. How these

results might explain the direct amyloid-membrane interactions are less clear but may in-

volve domain stabilization, prevention of amyloid induced defects or membrane binding

affinities. We consider the effects caused by POPC-d31 vs DPPC-d62 chain perdeuteration

which may inform isotopic labelling effects in future lipid membrane studies.

Figure 2.1: Schematic of the Simple Model System. Lipid bilayer membrane con-

sisting of POPC, DPPC, cholesterol (yellow) and melatonin (blue), and their molecular

structures showing on the right: (A) POPC, (B) DPPC, (C) cholesterol and (D) mela-

tonin. The coexistance of ℓo and ℓd phases is represented. Liquid ordered phases have tails

that are aligned and more rigid than disordered tails. The orientation of cholesterol and

melatonin predicted from MD simulations is shown [3], with melatonin decreasing the lipid

ordering and cholesterol having opposing effects.

2.4 Materials and Methods

2.4.1 Sample Preparation

All lipids were purchased from Avanti Polar Lipids, cholesterol and melatonin were pur-

chased from Sigma-Aldrich and their molecular structures are shown in Figure 2.1. These

27



chemicals were used without further purification. Lipid stock solutions were prepared us-

ing chloroform at a concentration of 10 mg/ml and melatonin stock solution was prepared

with ethanol at 10 mg/ml. A lipid model system composed of POPC, DPPC and choles-

terol at molar proportions of 3:3:2 was used throughout. Two types of deuterium labelled

lipid mixtures, POPC-d31/DPPC/cholesterol and DPPC/POPC-d62/cholesterol, were pre-

pared. Melatonin was added to each type of lipid mixture at molar ratios of 0, 5 and 10%

to obtain a sequence of samples. Also, pure POPC-d31 and pure DPPC-d62 samples were

tested to determine the effect of perdeuteration to the lipid melting temperature.

To prepare the lipid samples, standard solutions were mixed in a round bottom flask,

according to the desired molar proportions while insuring the deuterated lipid in each

mixture was at least 5 mg. Because the quadrupolar splittings of 2H NMR are very

sensitive to the concentration of cholesterol in the liquid-crystalline phase, a heterogeneous

distribution of cholesterol will lead to a broad distribution of splittings [84]. Ethanol has

been shown to reduce the heterogeneity of lipid mixtures when compared with chloroform

[80, 84]. Thus, after lyophilization from chloroform overnight, ethanol was used to dissolve

the lipid mixtures and melatonin stock solution was added and mixed in the meantime.

The sample was then freeze-dried overnight from ethanol and scraped out from the bottom

of the flask. Each sample was transferred into a snap-cap centrifuge tube and resuspended

in 50 mM phosphate buffer (pH 7.0), at weight ratio of lipid to buffer of 4:3. The sample

was mixed with a thin glass rod and the whole mixture was centrifuged into the bottom

of the tube. This process was repeated 2-3 time to create a uniformly-distributed multi-

lamellar mixture [84]. The whole mixture was transferred into a 3 mm diameter NMR

tube by centrifugation through a small hole that was cut on the bottom of the snap-cap

tube. The NMR sample tube was sealed with silicone and was given at least 2 hours for

the silicone cap to dry out. The entire sample tube was then weighed before and after each

use to monitor any possible loss of water during the experiment.

2.4.2 2H NMR

At the beginning of each series of NMR measurements the sample was heated to an initial

set point of 324 K (actual sample temperature of 50.9 ◦C) in order to assess the sample
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homogeneity from the 2H NMR spectrum itself. Spectra were then taken as a function of

temperature, cooling the set point in 1 K steps from 324 down to 268 K (50.9 ◦C to -5.2
◦C), except for pure POPC-d31, where the temperature was lowered to 258 K (-15.2 ◦C).

Since the sample temperature is not always exactly equal to the set point temperature,

the NMR probe temperature was calibrated using the temperature dependent frequency

shift of Pb(NO3)2 [107, 108]. Figure 2.2 shows the calibration curve. The melting points

of DPPC/water and DMPC/water were used as references for the calibration.

The temperatures used in the text of results and discussion, shown on the figures are

the corrected sample temperatures. At each cooling step the temperature was allowed to

come to equilibrium at the new set point temperature after which the sample was allowed

an additional 10 minutes to equilibrate before the spectrum was taken. Each spectrum

consisted of the accumulation of 4096 scans obtained using the quadrupolar echo sequence

[109]. At the end of each temperature series the samples were then reheated to a set point

of 300 K (26.9 ◦C) and subsequently to 324 K (50.9 ◦C) where spectra were again taken

to verify the reproducibility of the spectra and the stability of the sample. After all NMR

experiments were completed on a given sample, the sample was weighed for comparison

with the initial weight. In this fashion, we were able to ensure that little water was lost

during any of the measurements. It takes at least 18 water molecules per lipid to fully

hydrate phosphatidylcholine lipid membrane, the samples used here were prepared with

nominally 30-31 waters per lipid (including DPPC, POPC and cholesterol) [110]. Sample

weights after experiments were completed indicate, that in the worst case, water loss, of

no more than 1 mg total water, left at least 28 waters/lipid.

All NMR experiments were performed on a Bruker Avance II Plus 500 MHz spectrome-

ter operating at a 2H NMR resonance frequency of 76.72 MHz using a transverse coil. The

quadrupolar echo sequence consists of two 90o pulses, each 2.9 µs long, separated by an

echo forming delay τ of 25 µs. In order to refocus the precession due to the quadrupolar

interaction during τ , the second pulse is phase shifted relative to the first by 90o [109].

The relaxation delay between scans was 0.5 s.

Because 2H is a spin 1 nucleus, the 2H NMR spectrum is dominated by the quadrupolar

interaction between the electric quadrupolar moment of the nucleus, eQ, and the electric

field gradient at the nucleus, eq [40]. This interaction results in two peaks to the spectrum of
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Figure 2.2: Calibration Curve of Accurate Temperature VS Set Temperature

in the NMR Spectrometer. The function of the fitted curve is expressed as: TA =

A+B ∗ Tset + C ∗ Tset
2 +D ∗ Tset

3.
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a single 2H, which are separated by the quadrupolar splitting. The value of the quadrupolar

splitting depends on the orientation of the principal axis of the electric field gradient

(aligned along the C-2H bond in lipids) and the external magnetic field

∆vQ =
3

4

e2qQ

h
[(3 cos2 β − 1) + η cos 2α sin2 β] (2.1)

Where the angles α and β are Euler angles specifying the orientation of the principal

axis system of the electric field gradient tensor relative to the external magnetic field

B0 and h is Planck’s constant. This expression is significantly simplified for 2H in C-2H

bonds because the asymmetry parameter, η, is very small and can be taken to be 0. The

maximum quadrupolar splitting for 2H occurs when there is no molecular reorientation

relative to the magnetic field and is found when the C-2H bond is aligned parallel to the

field. In that case the observed splitting would be 252 kHz. In fluid lipid bilayers there is

a lot of molecular motion so that the quadrupolar splittings observed are greatly reduced.

The experimental value of the quadrupolar splitting for a 2H nucleus in a C-2H bond

provides a useful measure of the degree of molecular motion experienced by that segment

of the molecule. It can range from a value of 0, observed for rapid isotropic molecular

reorientation, to the rigid lattice limit of 252 kHz [40].

In fluid phase (ℓd or ℓo) lipid bilayers and biological membranes under physiological

conditions [40, 106], the local bilayer normal is an axis of symmetry for molecular reorien-

tation. Under these conditions, the quadrupolar Hamiltonian is projected onto the axis of

symmetry and the quadrupolar splitting is reduced to

∆vQ =
3

4

e2qQ

h
[(3 cos2 β − 1)]· < 3 cos2 θ − 1)/2 > (2.2)

where θ is now the angle between the C-2H bond and the axis of symmetry for the motion

and β is the angle between the motional symmetry axis and the external magnetic field.

The angular brackets indicate an average over molecular reorientations which occur on a

time scale shorter than the NMR time scale (in the present case the NMR time scale is in

the range of 10 µs to 1 ms).

For an oriented sample where the local bilayer normal has a single well-defined orien-

tation relative to the magnetic field one observes a simple quadrupolar doublet for each
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C-2H bond with a splitting given by the expression above. For a powder sample, where all

orientations of the local bilayer normal are equally likely, a Pake doublet (powder pattern)

spectrum is observed and the quadrupolar splitting is defined to be the separation between

the two intense peaks corresponding to the 90◦ orientation of the bilayer normal relative

to the magnetic field [106]. Since all of the samples used here are powder samples, the

quadrupolar splittings we discuss are for the 90◦ edges.

Lipid hydrocarbon chain order is much higher for lipids within a ℓo phase domain than

for lipids in a ℓd phase domain. For samples made with deuterium labelled lipids (such

as DPPC which is deuterium labelled at a single chain position), at temperatures and

compositions that are within a two phase, ℓd:ℓo, region we would expect to see two very

distinct quadrupolar splittings. If the lipid chains are labelled at all positions then, because

of the variation of C-2H bond order with chain position [40], there will be a superposition of

many quadrupolar splittings in the spectra but those lipids which are in the more ordered

ℓo phase will have much larger quadrupolar splittings than those lipids which are in the

relatively disordered ℓd phase [84, 106].

Moment and Quadrupolar Splitting Analysis

The multiple overlapping quadrupolar splittings from the chain methylene groups are fre-

quently difficult to resolve. In order to compare chain order at different temperatures and

different sample compositions, we typically calculate the first moment, M1, of the
2H spec-

trum since it is proportional to the average quadrupolar splitting [106]. The n’th moment

of the symmetric 2H spin 1 powder pattern spectrum is defined by

Mn =
1

A

∫ ∞

−∞
|ω|nf(ω)dω

where A is the area of the spectrum, f(ω) is the spectral lineshape, and the integral is

over all frequencies with the origin of the frequency axis at the centre of the spectrum. In

practice the area and the moments are calculated by summing over the discrete spectrum

(after multiplying by the n’th power of the frequency at each point of the spectrum),

starting at some lower limit frequency, -ωlim, and stopping at a symmetrically located

upper limit frequency ωlim. The limiting frequency is chosen such that there is no signal
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intensity outside of this summation limit. In order to minimize the impact of noise on the

moment calculation, the limit is chosen to be close to the outer edges of the experimental

spectrum. The uncertainty in the first moment originates from several contributions. The

quality of the spectrum is of prime importance in minimizing the uncertainty. By using

intense, short 90◦ pulses and a short inter-pulse delay to form the quadrupolar echo we

minimize the distortion of the spectrum [40, 111]. The signal to noise ratio of the spectrum

contributes an uncertainty in M1 of about 1% for the spectra reported here. The baseline

irregularities, caused primarily by probe ring-down, introduce a further uncertainty in M1

of about 1% for the results shown here. In all but one sample, the error bars for M1

correspond to 2%, for that sample (POPC-d31/DPPC/cholesterol/10% melatonin), the

signal to noise is significantly poorer and error bars of 3% are used.

Fortunately, the chain terminal methyl group splittings are always distinguishable from

those of the methylene groups so we also use their quadrupolar splittings in sample com-

parisons. The methyl group splittings were measured directly as the frequency difference

between the peaks in the methyl group powder patterns found near the center of each

spectrum.

2H NMR and Domain Size

NMR, like other spectroscopic techniques, has a characteristic time scale defined by the

lifetime of a given state or coherence. If the quadrupolar splitting depends on the orienta-

tion of a molecule in the magnetic field then changes in that orientation due to molecular

motion will result in changes in the quadrupolar splitting. If these changes are fast, the

NMR spectrum will reflect the average orientation over these motions. Similarly if the

quadrupolar splitting depends on the local environment of a molecule, for example if the

molecule can be in either of two phases (such as the ℓo and ℓd phases) where the quadrupo-

lar splittings are very different, then in the absence of any process which would lead to a

molecule sampling both of these environments, the 2H NMR spectrum would consist of two

components having different quadrupolar splittings characteristic of the two environments.

In the presence of rapid lateral diffusion or of compositional fluctuations which result in

the molecule sampling both environments during the NMR time scale the spectrum would
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consist of a single component having a motionally averaged quadrupolar splitting with a

value somewhere between those observed in the two environments in the absence of such

rapid molecular exchange. If the motions occur on an intermediate time scale (being of the

same order as the NMR time scale) a broadening of the spectrum is observed. The NMR

time scale in such cases is defined by the difference between the quadrupolar splittings of

the two environments. If the splittings differ by δ kHz then the time scale is 1/(2 ·π ·δ) ms.

If lateral molecular diffusion or compositional fluctuations within the bilayer leads to

exchange of molecules between ℓo and ℓd domains then the size of these domains plays

an important role in whether we can observe one or two distinct quadrupolar splittings

[84, 112]. In the fluid phases of membranes the lateral diffusion constant is of the order

of 2 × 10−12m2/s so that for time scales of the order of 10 to 1000 µ s the molecules can

diffuse root mean square distances of from 3 to 90 nm. If the domains are in this size range

the NMR spectrum will show broadening due to this exchange process. If the domains are

smaller the spectra would show a single average splitting while if the domains are much

larger than this the spectra will show two splittings characteristic of the two environments.

Of course, if the fraction of labelled lipid in one phase or the other is much smaller than

1 the component of the spectrum arising from that phase will be much smaller than that

from the other dominant phase. What fraction of the weaker component can be detected

depends on the signal to noise of the final averaged spectrum. For the spectra presented

here one could expect to observe components as small as 5% of the total with no difficulty.

2.5 Results and Discussion

2.5.1 2H NMR Spectra and Methyl Group Quadrupolar Splitting

Analysis

The magnitudes of the 2H quadrupolar splittings observed in 2H NMR spectra of deuterium

labelled lipid acyl chains are determined by the rapid motions which partially average

the quadrupolar Hamiltonian. The character and time scales of these motions depend on

sample temperature and composition. Because of this the 2H NMR spectra (Figure 2.3 and
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2.4) can be used to study the phase equilibria of lipid mixtures [80, 113]. Due to the large

number of overlapping 2H NMR powder patterns observed when using chain perdeuterated

samples it can be difficult to measure and to follow the changes in individual methylene

group quadrupolar splittings. However, it is quite easy to measure the splittings of the

chain terminal methyl groups as they are considerably smaller than those of the methylene

groups and their peak intensity is larger. Figure 2.5 shows expansions of the spectra to

show the methyl components for all of the samples containing cholesterol, with and without

added melatonin.

Figure 2.3: 2H NMR Spectra of Lipid Membrane without Melatonin. (A) pure

POPC-d31, (B) POPC-d31/DPPC/cholesterol, (C) pure DPPC-d62 and (D) DPPC/POPC-

d62/cholesterol. The lipid membranes in B and D are SPM.

Figure 2.3A shows the temperature dependence of the 2H NMR spectra observed in

fully hydrated POPC-d31 bilayers. These spectra are characteristic of chain perdeuterated
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Figure 2.4: 2H NMR Spectra of POPC-d31/DPPC/cholesterol Lipid Membranes

with (A) 5% melatonin and (B) 10% melatonin. 2H-NMR spectra of DPPC/POPC-

d62/cholesterol lipid mixture with (C) 5% melatonin and (D) 10% melatonin. The molar

proportions of the lipids in all of the four mixtures are 3:3:2.

phospholipid lamellar dispersions in the ‘fluid’ or ℓd typically found in bilayers with little or

no cholesterol. For POPC-d31 the sample remains in the fluid phase to quite low tempera-

tures because the chain melting transition occurs at around -4 ◦C for non-deuterated POPC

[114]. We find that the transition for this sample of POPC-d31 begins at approximately

-7.5 ◦C but is more clearly evident at the next lower temperature, -9.5 ◦C.

Figure 2.3C shows the temperature dependence of the spectra of DPPC-d62. Above

about 37.75 ◦C [84] the sample is in the fluid phase but below that temperature it enters

the gel phase where the 2H NMR spectra are much broader due to the suppression of

acyl chain gauche-trans isomerization resulting from the tighter chain packing in the gel
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phase [106, 115]. The perdeuteration of DPPC lowers its melting temperature by about

4 degrees from 314 K to 310 K (41 ◦C to 37 or 38◦C) [114]. Below this chain melting

transition temperature, the chain motions are greatly restricted and their time scales are

considerably longer. Thus, the 2H NMR quadrupolar splittings are larger (less motional

averaging) and the individual peaks in the spectrum are much broader (due to the slower

motions). The spectral line shapes illustrated in Figure 2.3C are typical of fully hydrated

phospholipid lamellar dispersions in the fluid and gel phases.

Over the range of cholesterol concentrations from 0 to at least 25%, the quadrupolar

splittings in the fluid phase increase approximately linearly with increasing cholesterol

concentration [116]. At sufficiently high cholesterol concentration, a phase separation into

an ℓd:ℓo two phase region can occur [80, 84]. The 2H spectra of chain perdeuterated lipids

in the ℓo phase are similar to those of the ℓd phase except that the quadrupolar splittings

are much larger (> 50 kHz compared to ≈ 22 kHz).

The spectra in Figure 2.3B are for a sample of POPC-d31/DPPC/cholesterol with molar

proportions of 3:3:2 while those in Figure 2.3D are for DPPC/POPC-d62/cholesterol with

the same molar proportions. For both samples the edges of the spectra have splittings

∆vQ ranging from about 35 to over 55 kHz depending on temperature. These splittings

are representative of a fluid lipid bilayer membrane at high cholesterol concentration [116].

In a ternary mixture containing a saturated chain phospholipid, an unsaturated chain

phospholipid and a high concentration of cholesterol, one might have expected to find

ℓd:ℓo phase coexistence (as for DOPC/DPPC/cholesterol mixtures [80]). The first row of

spectra in Figure 2.5 shows expansions of the methyl group components of the spectra

shown in Figure 2.3B and 2.3D. Careful inspection of this part of the spectra in Figure

2.3D reveals the inequivalence of the two hydrocarbon chains for DPPC-d62 which is a

signature of a highly ordered phase [84, 116], with the values of the splittings plotted in

Figure 2.6. Since only one chain is deuterated for POPC-d31 this feature is absent from the

spectra in Figure 2.3B and Figure 2.5, and the detailed comparison of methyl splittings of

the two sample kinds are displayed in Figure 2.6B. However, over the temperature range

studied (from -7.5 to +57.3 ◦C), there is no evidence of coexistence of ℓd and ℓo phases.

This agrees with other reports that do not detect microscale domains of similar ternary

mixtures using POPC [82, 117, 118, 119, 120], This is in contrast to ternary systems
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containing DOPC, with two unsaturated fatty acyl chains, where well-defined domains are

observed by NMR [80, 82]. DPPC, having two unsaturated hydrocarbon chains, has a lower

melting temperature, lower average hydrocarbon chain order parameter, and looser chain

packing than POPC [114, 121] which has only a single unsaturated chain. In the presence

of high concentrations of cholesterol, these factors seem to be sufficient to lead to detectable

ℓd:ℓo phase separation in DOPC/DPPC/cholesterol but not in DPPC/POPC/cholesterol

mixtures.

The addition of 5% melatonin (relative to total lipid, i.e., POPC plus DPPC plus

cholesterol was 95%) to the DPPC/POPC/cholesterol mixtures with the same proportions

used for Figure 2.4A and 2.4C has an interesting effect on the spectra. The sample with

POPC-d31 shows a clear phase separation, and a closer look at the region of methyl group

splitting on the spectra in Figure 2.5 also shows evident peak separation at 25 ◦C and

18 ◦C. By plotting the values of methyl group quadrupolar splittings as a function of

temperature, as shown in Figure 2.6C, we see that the separation occurs at temperatures

below about 28.4 ◦C. On the other hand, the sample with DPPC-d62 shows no evidence of

phase separation over the temperature range studied. Repeating the experiments with a

second set of samples having the same compositions gave identical results. Due to the looser

chain packing of unsaturated lipids such as POPC, there is more room at the interfacial

region (near the phospholipid headgroup) for melatonin to insert itself than in the more

tightly packed regions rich in DPPC and cholesterol.

The average methyl group splitting for the POPC-d31 labelled sample with 5% mela-

tonin is smaller than that of the corresponding sample with no melatonin primarily because

of the presence of the much more disordered ℓd phase at temperatures below about 27.4 ◦ C.

The addition of 5% melatonin slightly reduces the hydrocarbon chain order in this sample

suggesting that melatonin preferentially partitions into the ℓd phase (see moment analysis

below). The preferential partitioning of melatonin into regions rich in unsaturated lipids

tends to enhance the difference in hydrocarbon chain order between areas rich in POPC

and those rich in DPPC, especially since cholesterol interacts preferentially with saturated

chain lipids and dramatically increases their hydrocarbon chain order. This competitive

process between cholesterol and melatonin for the two different lipid species is supported

by FT-IR and 1H-NMR spectroscopy experiments of inverted lecithin micelles containing
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melatonin and cholesterol that indicate an overlap in the stretching modes of melatonin’s -

NH with the -OH of cholesterol, and that chemical shifts of the NH protons of melatonin are

sensitive to cholesterol content [122]. As noted above, chain perdeuteration shifts the phase

transition temperature of either POPC-d31 or DPPC-d62 downward by about 4 ◦C. This

has the effect of increasing the difference between the transition temperatures (and degrees

of hydrocabon chain order) of the two lipids in the case of POPC-d31/DPPC/cholesterol

mixtures relative to DPPC/POPC/cholesterol, but it decreases those differences for the

case of DPPC/POPC-d62/cholesterol. The simple addition of melatonin at 5%, and the

resulting decrease in chain order and transition temperature of POPC, seems to be enough

to promote domain formation in one case but not in the other.

At 10% melatonin, the spectra of both samples, whether labelled with POPC-d31 or

DPPC-d62, show a broad region of ℓd:ℓo two phase coexistence in Figure 2.4B and 2.4D. It

is also clear from the methyl group splitting in Figure 2.5, where a secondary peak with

broader splitting appears over the original splittings as the temperature reduces. As might

be expected, these spectra show that at a given temperature within the two phase region

there is more of the unsaturated POPC in the ℓd phase and more of the saturated DPPC

in the ℓo phase.

The expansions of the spectrum in Figure 2.5 showing the methyl group contributions

at 0% melatonin, show only the presence of a single powder pattern above 25 ◦C for either

POPC-d31 or DPPC-d62 labelled samples. For the DPPC-d62 sample, which has both

chains deuterated, at 27 ◦C and below, we can see two partially resolved powder patterns

indicative of the inequivalence of the two chains’ methyl groups. This is a characteristic of

a disaturated lipids in a highly ordered phase [80, 116]. In contrast, for samples containing

5% melatonin, the methyl group spectra clearly show two components for the POPC-d31

labelled sample due to ℓd:ℓo phase separation. The splitting of the ℓo phase component

is slightly larger than the splitting observed in the absence of melatonin while the ℓd

component has a significantly smaller splitting. The DPPC-d62 labelled sample shows the

same general behaviour as in the absence of melatonin except that with the added 5%

melatonin, the methyl splittings at lower temperatures are slightly larger than those in the

absence of melatonin at the same temperatures. This is likely due to increased association

of cholesterol with DPPC even though we cannot observe distinct ℓo phase domains at this
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Figure 2.5: Expansion of Methyl Group Component of the 2H NMR Spectra

of SPM. The left column shows the methyl group spectra observed on samples with

POPC-d31 and the right column shows the methyl group spectra observed on samples with

DPPC-d62. The melatonin concentration is 0%, 5%, and 10% from top to bottom.
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concentration of melatonin. The methyl splittings of DPPC-d62 are slightly more sensitive

to temperature in the presence of 5% melatonin than in the absence of melatonin. (See

discussion below of the temperature dependence of the first moments of the full spectra).

With the addition of 10% melatonin, the methyl splittings of both samples show the

phase separation in ℓo and ℓd phases. The relative intensities of the two components of

these spectra show that at temperatures where both samples are in the two phase region

(i.e., below about 26 ◦C), a larger fraction of the POPC-d31 is in the ℓd phase while more of

the DPPC-d62 is in the ℓo phase. It should be pointed out that the small peaks near ±5 kHz

in the spectra of the POPC-d31 labelled sample at 25 and 18 ◦C are due to the deuterium

labels on the C-15 methylene group (notice how these splittings decrease with decreasing

temperature), indicating that they arise from lipids in the ℓd phase while the larger methyl

group splittings (near 4 kHz) are increasing as temperature is lowered indicating that they

arise from lipid in the ℓo phase.

Figure 2.6A shows the temperature dependence of the methyl group splittings for sam-

ples of pure POPC-d31 and of pure DPPC-d62. For POPC-d31, there is only a gradual

monotonic increase in the splitting of the single deuterated methyl group as the tempera-

ture is lowered from 59.8 ◦C to -6 ◦C. For DPPC-d62, on the other hand, there are a couple

of interesting changes. Just below 37.4 ◦C, there is a sharp increase in the splittings of

both chain methyl groups as the sample is lowered through the chain melting transition

from the fluid into the gel phase. This chain melting transition temperature is about 4
◦C lower than the non-deuterated DPPC melting temperature at 41 ◦C [114]. In the gel

phase at temperatures below the pre-transition from the Lα to the Pβ′ phase but above

the transition from the Pβ′ phase to the Lβ′ phase, the two methyl groups are inequiva-

lent, one having a considerably larger splitting than the other [116]. This is because the

sn-1 chain extends farther into the hydrophobic core than the sn-2 chain which is bent

where it attaches to the phospholipid glycerol backbone. Even in the gel phase (in the

pre-transition region (Pβ′ phase)) there is significantly more chain mobility at the very

center of the bilayer. However, below the pre-transition, the degree of order appears to

have reached its maximum and the quadrupolar splittings of the two methyl groups are no

longer distinguishable. In addition, at all temperatures above -7.5 ◦C, the methyl group

splitting of POPC-d31 is smaller than those of DPPC-d62.
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The expanded portions of the spectra showing the methyl group components for the

three component mixtures are shown in Figure 2.5, with the splitting values plotted against

temperature in Figure 2.6B, 2.6C, and 2.6D. Here, at high temperatures, the POPC-d31 and

DPPC-d62 methyl splittings are very similar with both gradually increasing as temperature

is lowered. At about 27.4 ◦C we can see the development of the inequivalence of the two

DPPC-d62 chains. This characteristic behaviour is observed whenever the lipid chains are

sufficiently highly ordered [116]. We do not see any evidence of ℓd:ℓo phase separation,

presumably due to the small size of any domains which may be present in the absence of

melatonin [120].

For samples with 5% melatonin, Figure 2.6C shows that at higher temperatures the

POPC-d31 and DPPC-d62 methyl splittings are again very similar. For the DPPC-d62

sample, however, below about 28.4 ◦C we see the return of the inequivalence of the two

DPPC-d62 methyl groups but see no evidence of two phase coexistence. On the other hand,

we see the appearance of two POPC-d31 methyl group splittings. These are due to the

formation of the ℓd:ℓo two phase region observed in the full spectra in Figure 2.4A. An

important signature of ℓd:ℓo two phase coexistence is the fact that in the ℓo phase domains

the methyl group quadrupolar splitting (in the present case arising only from the single

deuterated chain of POPC-d31) increases as the temperature is lowered due to two factors:

the reduced motional averaging at lower temperatures and the increased cholesterol content

of the ℓo phase as the temperature is lowered. On the other hand, the methyl splitting

of the ℓd phase decreases as the temperature is lowered due to the decreasing cholesterol

content of the ℓd phase domains. This behaviour is conclusive evidence for the changing

composition of the two phases with temperature.

Finally, in Figure 2.6D, we show the methyl group splittings for the samples containing

10% melatonin. At high temperatures, the methyl splittings for POPC-d31 are slightly

smaller than those of DPPC-d62 due both to the increased chain disorder of unsaturated

lipids relative to saturated lipids and to the higher affinity of melatonin for unsaturated

lipids. Comparing the methyl group splittings with 5% melatonin (Figure 2.6C) to those

at 10% melatonin, we also see that the increased melatonin concentration has reduced the

hydrocarbon chain order and the methyl splittings.

At and below 30.9 ◦C, with 10% melatonin, the POPC-d31 methyl splitting has two com-
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Figure 2.6: Methyl Group Quadrupolar Splittings of Samples with POPC-d31

(red) and Samples with DPPC-d62 (black), shown with temperature dependence.

(A) shows the quadrupolar splitting values of pure deuterated lipid samples and (B), (C),

(D) show that of DPPC/POPC/cholesterol lipid mixture at molar proportions of 3:3:2

with 0%, 5%, and 10% melatonin, respectively. Lower values of splittings correlate with

less order of the lipid tails, while higher values of splittings indicate the opposite way.

ponents indicating that the phase separation has begun. On the other hand, for the sample

with DPPC-d62 the methyl splittings show that phase separation occurs only for tempera-

tures below about 25.9 ◦C. Recall, however, that at 5% melatonin no phase separation was

observed for the DPPC-d62 sample over the temperature range studied. As discussed above,

chain perdeuteration of POPC-d31 increases the difference between POPC-d31 and DPPC

43



Figure 2.7: First Moments of the 2H Spectra of Pure samples (blue) and lipid mixture

of DPPC/POPC/cholesterol at molar proportions of 3:3:2 with 0% (black), 5% (red), and

10% (green) melatonin, shown with temperature dependence. Samples with POPC-d31 are

shown in (A), samples with DPPC-d62 are shown in (B).

chain melting transition temperatures, while chain perdeuteration of DPPC-d62 reduces the

difference between DPPC-d62 and POPC. Evidently the DPPC/POPC/cholesterol ternary

mixture is closer to fluid-fluid phase separation when POPC-d31 is labelled as compared to

perdeuteration of the DPPC chains which pushes the system farther from the phase coex-

istence regime so that higher concentrations of melatonin (in this case 10%) are required
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to promote phase separation.

2.5.2 First Moment M1 Analysis

Figure 2.7 shows the values of the first moment, M1, of the
2H spectra of all of the samples:

Part (A) of the figure is for the spectra of samples prepared using POPC-d31 while part

(B) is for those with DPPC-d62. The blue squares are for the pure phospholipid/water

dispersions, POPC-d31 in (A) and DPPC-d62 in (B). The rapid increase in M1 of POPC-

d31 below - 7.5 ◦C is due to the transition from the fluid or liquid-disordered phase into

the gel phase. Similarly, the rapid increase at about 38 ◦C for the DPPC-d62 sample is due

to its ℓd to gel phase transition.

The first moments of spectra from ternary mixtures of POPC, DPPC and cholesterol

at molar proportions of 3:3:2, without melatonin, are shown as the black squares in the

figure. At higher temperatures (above about 28 ◦C) the values of M1 for samples with

either deuterated POPC or deuterated DPPC are very similar, indicating that both lipids

experience the same environment and have the same average hydrocarbon chain order. The

addition of melatonin to these mixtures (at the 5% level) has little impact on the average

chain order of either lipid (M1 values for these sample are shown as red squares in the

figure). Increasing the melatonin concentration to 10% results in a 10 to 15% reduction in

M1 for temperatures in the ℓd phase for both POPC and DPPC labelled samples.

Below about 26 ◦C the samples labelled with DPPC-d62 show a slightly more rapid

increase in M1 as the temperature is lowered. However, the slopes of the plots of M1 vs

temperatures for the samples labelled with POPC-d31 remain essentially unchanged at 5%

melatonin but not at 10%. This is in spite of the fact that the spectra of the POPC-

d31 samples with 5 and 10% melatonin show ℓd:ℓo phase coexistence, while the DPPC-d62

samples only show two phase coexistence for the 10% melatonin sample.

For all the samples studied these mixtures are in a single fluid phase at temperatures

above about 30 ◦C (for the pure DPPC-d62/water mixtures this is only true above about

38◦C). Over this temperature range the variation of M1 with temperature is approximately

linear and we can determine the values of dM1/dT by a linear fit of the values of M1. The
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Sample Composition dM1/dT (s
−1/◦C) ±

POPC-d31 -341 10

POPC-d31/DPPC/cholesterol/0% melatonin -689 17

POPC-d31/DPPC/cholesterol/5% melatonin -606 11

POPC-d31/DPPC/cholesterol/10% melatonin -450 24

DPPC-d62 -758 46

DPPC/POPC-d62/cholesterol/0% melatonin -698 42

DPPC/POPC-d62/cholesterol/5% melatonin -784 30

DPPC/POPC-d62/cholesterol/10% melatonin -668 42

Table 2.1: Slopes (dM1/dT ) of the Linear Regression Lines Shown in Fig 2.7 for

All the Samples.

results for all samples are shown in Table 2.1. From this table it is clear that the hydro-

carbon chain order of the DPPC-d62/water mixture is much more sensitive to temperature

(with a slope of - 758) than that of POPC-d31/water (with a slope of -341). This results

in the relatively high transition temperature from the ℓd phase to the gel phase.

For the ternary mixtures of DPPC/POPC/cholesterol the values of dM1/dT are very

similar whichever phospholipid is deuterated. The addition of melatonin has little effect

on the values of dM1/dT for the samples using DPPC-d62. However, the addition of 10%

melatonin to the sample with labelled POPC-d31 substantially reduces dM1/dT .

2.5.3 Significance and Physiological Implications

The results of the work presented here have important implications in understanding fun-

damental physical properties of model lipid membranes and effect of small molecules, such

as melatonin, on the lipid ordering in complex multicomponent bilayers, that are capable

of forming domains.

In this regard, the work presented here may provide an insight on the molecular mecha-

nism of melatonin protection in cellular membranes and thus has implications for health and

disease. It is important to note that the DPPC/POPC/cholesterol model (with/without
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melatonin) used here are completely fluid near physiological temperatures and do not ex-

hibit detectable domain formation. Moreover, the physiological levels of melatonin are

expected to be much lower than what was tested here, though local concentrations within

membranes have not been determined in vivo [123]. Previous research from Garcia et al

[124] showed that melatonin aids in maintaining membrane fluidity under oxidative stress

and reducing lipid peroxidation products. Melatonin is a well-established, potent free radi-

cal scavenger [125], however it has not been shown to have oxidative chain reaction breaking

properties in the membrane [126]. This may suggest that it is more likely to protect from

lipid peroxidation by preventing free radicals in the aqueous phase from initiating oxidation

processes, as suggested by others [122]. Our work indicates that the protective effects of

melatonin may also be influenced by an intrinsic preference for the more disordered lipid

phase with higher degree of unsaturated bonds (like POPC). A preference for disordered

domains would position melatonin closer to the sites most susceptible to the initiation of

lipid peroxidation.

The implications of this current work for direct membrane protection from Aβ toxicity

in AD are less obvious, aside from the benefits of preventing oxidative stress and lipid

peroxidation which are features of Aβ toxicity. It has been shown that Aβ accumulates

preferentially on rigid ordered membrane domains [127], thus the ability of melatonin to

induce phase separation may be expected to facilitate the binding of Aβ to ordered mem-

brane domains, however the situation is much more complicated. The level of cholesterol

within the membrane has been shown to inversely correlate with Aβ-membrane binding

and cell death [128, 129] and electrostatic domains induced by cholesterol seem too affect

membrane damage by Aβ [130], but in other studies increased cholesterol was associated

with increased susceptibility to Aβ without any increase in Aβ-membrane interactions

[93, 131]. Yet other studies have demonstrated the opposite correlation, where depletion

of cholesterol increased cytotoxicity and cholesterol enrichment was shown to be protective

[91, 132, 133]. These controversial and seemingly contradictory effects point to the fact of

how complex Aβ-membrane interactions are in AD and thus we cannot preclude the pos-

sibility that stabilizing or inducing membrane phase separation is protective against Aβ.

This controversial effect may depend on the size of the domains in the membrane. From

our results here, it appears that melatonin is increasing the difference in order between the
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domains to promote phase separation while simultaneously decreasing average fatty acid

chain order. It is not clear whether the differences in order between membrane domains or

the absolute order of the domains is more important for Aβ-membrane binding affinities

or Aβ induced membrane damage. Obviously, complete elimination of membrane domains

to protect them from Aβ toxicity is not feasible as these domains are necessary for cells

to function. The question that needs to be answered in relation to melatonin’s ability

to modify membrane properties to prevent Aβ damage directly is far more nuanced and

requires further study.

2.6 Conclusion

In this work we used 2H-NMR to study phase separation of DPPC/POPC/cholesterol

model lipid membranes to understand the effects of melatonin on phospholipid bilayers.

Melatonin induces ℓd:ℓo phase coexistence in the DPPC/POPC/cholesterol mixtures, in

both POPC-d31 and DPPC-d62 containing samples. This effect was observed in the POPC-

d31 containing lipid mixtures at half the concentration as for the DPPC-d62 containing lipid

mixtures, 5% melatonin compared to 10% melatonin, which suggests that melatonin pref-

erentially interacts with the unsaturated lipid (POPC). Based on our results and other

relevant literature we suggest that a competition between melatonin and cholesterol re-

sults in the displacement of cholesterol by melatonin in the more disordered phase, which

acts to increase the disorder in that phase, while driving more cholesterol into the DPPC

rich ordered phase and thus promoting the separation of ℓd:ℓo phases. POPC has a larger

area per molecule than DPPC, therefore there is more free space in the headgroup region

which allows more melatonin to incorporate into POPC enriched domains. This may help

to explain melatonin’s antioxidative mechanisms of action. In addition, the perdeuteration

of lipid chains lowers the melting temperature of the corresponding lipid, which increases

the difference between POPC-d31 and DPPC (from about 45 to about 47.5 ◦C), and re-

duces the difference between DPPC-d62 and POPC (from about 45 to about 41 ◦C). In

this simple DPPC/POPC/cholesterol model membrane system, melatonin clearly acts to

promote membrane fluid phase heterogeneity. Considering the importance of membrane

domains in amyloid toxicity reported in the earlier work by Drolle et al. [2, 130], this data
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will be important to guide future studies on melatonin’s protective role on a membrane

level.
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Chapter 3

Localized Surface Plasmon

Resonance and Atomic Force

Microscopy Study of Model Lipid

Membranes and Their Interactions

with Amyloid and Melatonin

3.1 Overview

3.1.1 Summary of Submitted Work

The study explored the interaction of Aβ aggregates with lipid membrane models that

represented different AD stages, using AFM and LSPR. It also aimed to study mela-

tonin’s protective effect on the model lipid membranes against amyloid toxicity. By using

LSPR, the build-ups of the amyloid layer on the model lipid membranes were measured

through changes in the effective thickness of the layer, resulting in shifts in absorbance

wavelength. The impact of these amyloid aggregates was found to vary with the lipid
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membrane composition, which was relevant to the disease state. The research discovered

that both amyloid aggregation and melatonin’s protective effect were dependent on the

disease stage of the membrane, with early-stage disease showing the most amyloid aggre-

gation and the strongest melatonin protection. The results suggested that melatonin might

have counteracted amyloid aggregation on lipid membrane in the early stages of AD.

3.1.2 Contributions

Under the supervision of Dr. Zoya Leonenko, I designed this study using neuron cell lipid

membrane models developed by Dr. Elizabeth Drolle [134] to correspond with different

disease states. I led the entire project and supervised an undergraduate student, Jingwen

Liang, for two terms. I trained her on the LSPR instrument and utilized her assistance

in data collection. Later, I completed the data analysis independently. Dr. Danielle M.

McRae assisted with manuscript preparation, contributing to the abstract writing, LSPR

theory, and discussion editing, as well as providing general proofreading. I would like to

thank them both for their contributions to this study.

3.1.3 Challenges and Future Directions

The work with LSPR proceeded smoothly in terms of data collection. Although issues with

system leakage and clogging hindered progress for a time, I managed to fix the problems

with technical support from Nicoya Lifesciences. It’s important to note that each individual

experiment required a new sensor, as a reused sensor, even when cleaned according to the

proper protocol, exhibited lower sensitivity compared to a new one. The calibration of

sensor sensitivity was found to be reliable only with new sensors. Another challenge was

that the evanescent wave decay length, a parameter tied to the sensor’s property, could

not be measured with our instruments, nor could assistance be found to overcome this

obstacle. Therefore, this parameter remained unresolved in the results and was treated as

a constant factor, considered to have no effect on the findings.

Future work on amyloid-membrane interaction, or any other peptide-membrane inter-

actions, is feasible with the LSPR technique. Utilizing the protocols developed for data

51



collection and analysis, one should encounter no difficulties in reproducing this study or

conducting new research. For example, to delve into further details concerning melatonin’s

protective effect, one might consider modifying the concentrations of melatonin in the

buffer or experimenting with different lipid membrane models.

3.2 Abstract

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder characterized by the

accumulation of amyloid plaques in the brain. The toxicity of amyloid to neuronal cell

surfaces arises from interactions between small intermediate aggregates, namely amyloid

oligomers, and the cell membrane. The nature of these interactions changes with age

and disease progression. In our previous work, we demonstrated that both membrane

composition and nanoscale structure play crucial roles in amyloid-membrane interactions.

This understanding introduces the possibility of modifying membrane properties to shield

them from amyloid-induced damage. In this study, we employed atomic force microscopy

(AFM) and localized surface plasmon resonance (LSPR) to investigate the protective effects

of melatonin. We utilized synthetic lipid membranes that mimic the neuronal cellular

membrane at various stages of AD and explored their interactions with amyloid-β (Aβ)

(1-42) in the presence of melatonin. Our findings reveal that the early diseased membrane

model is particularly vulnerable to amyloid binding and subsequent damage. However,

melatonin exerts its most potent protective effect on this early-stage membrane. These

results suggest that melatonin could act at the membrane level to alleviate amyloid toxicity,

offering the most protection during the initial stages of AD.

3.3 Introduction

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder that primarily af-

fects the elderly population [7, 10, 135, 136]. Despite extensive research, the molecular

mechanisms of AD are not well understood which delays the development of a cure and

preventive strategies. Amyloid plaques, a hallmark of AD [10] are found on neuronal cell
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surfaces and are composed of misfolded and entangled amyloid-β (Aβ) fibrils [137]. Aβ

(1-40) and Aβ (1-42) are the most common fragments which originate from the transmem-

brane amyloid precursor protein (APP) cleavage [8, 138, 139, 138, 140]. Through process of

misfolding and aggregation these monomer fragments result to formation of small soluble

amyloid oligomers and large fibrils, all of which interact with cellular membranes induc-

ing cellular damage (amyloid toxicity). Previous clinical, animal and cellular studies have

demonstrated that small soluble amyloid oligomers are more toxic to neurons than large

fibrils [141, 142].

While specific amyloid receptors are present in neuronal cells, it is known that Aβ

can also interacts with cellular membranes non-specifically, inserting into the membrane

and leading to membrane damage in the way of defects, pore and ion-channel formation

[20, 73, 138, 139, 143], which has been linked to the initiation of pathogenesis in the early

stages of AD [144].

In spite of more than hundred years of research, there is currently no cure available

for AD [145], and therefore the developments of preventive measures are in much demand

and are highly researched. Multiple cellular and animal studies have demonstrated that

melatonin can be protective against Aβ neurotoxicity but the molecular mechanisms of this

protection are not well understood [45]. Melatonin is a hormone secreted by the pineal

gland in the brain and regulates circadian rhythm, seasonality, and has antioxidative and

immune response effects [7, 43, 44]. It has been shown that the levels of melatonin decrease

with aging and neurodegeneration [50]. Previous studies on melatonin’s effect on model

membranes have revealed that it is able to fluidize the membrane while enhancing the lipid

dynamics and increasing the area per lipid [44, 51, 53]. It counteracts the ordering effect of

cholesterol [3, 146] and acts similarly to its biosynthetic precursors tryptophan, serotonin

and N-Acetylserotonin (NAS) [103]. With nuclear magnetic resonance (NMR), melatonin

was also shown to influence the phase separation in the DPPC/POPC/cholesterol mem-

brane model [52]. In order to understand the mechanisms of melatonin protection against

amyloid toxicity, it is important to study the role of melatonin in Aβ-membrane interac-

tions. Due to its ability to alter the surface properties of the membrane, melatonin may

exhibit an effect on non-specific interactions between amyloid and cellular membranes,

which may protect the membranes from amyloid toxicity.
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We and others have previously demonstrated that changes in lipid composition, con-

sequently involving different lipid charges and phases, affect membrane interactions with

amyloid peptides [2, 31, 73, 130, 147, 148, 149, 150, 151, 152, 153]. As reported earlier, the

changes in the lipid composition of the plasma membrane due to aging have been observed

in early-state AD, and such changes are closely related to the early development of AD and

affect Aβ toxicity [2, 154]. Due to the high complexity of cellular membranes, model mem-

branes composed of synthetic lipids are widely used to investigate the interaction between

Aβ and the membrane [155, 156]. Our previous study has demonstrated that changes in

the composition of model lipid membranes, mimicking the changes in neuronal membranes

in health and in AD, cause changes in the membrane nanoscale structure (nanodomains)

and dramatically alter the damaging effect of Aβ in such model membranes [2]. Therefore,

we hypothesized that protecting the membrane with membrane-active molecules, such as

melatonin, can reduceAβ toxicity. In this study, complex model lipid systems developed

by Drolle et al. [2] were employed to model neuronal cell membranes in various states of

AD (Table A.1). The interactions between amyloid and the membranes, in the presence

or absence of melatonin, were studied using localized localized surface plasmon resonance

(LSPR). Complementary atomic force microscopy (AFM) images were also utilized to vi-

sualize the membrane surfaces and Aβ-membrane interactions.

3.4 Materials and Methods

In this study, supported lipid membranes were prepared by method of vesicle fusion [157]

onto mica and sensor surface for AFM and LSPR, respectively. Once attached to the sub-

strate, individual vesicles or liposomes rupture into a single membrane and then connect to

form a continuous membrane that covers the entire substrate surface. Details of preparing

the membranes and experimental techniques are discussed in the following sections.

3.4.1 Lipid Membrane

DPPC, POPC, cholesterol, SM, GM1 and melatonin were purchased from Sigma-Aldrich

and all chemicals were used without further purification. In this study, three lipid models
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that mimic neuronal cell membranes at different disease states of AD were utilized. Com-

position details are shown in Table A.1. Stock solutions of DPPC, POPC and cholesterol

at 10 mg/mL, and SM and GM1 at 1 mg/mL were prepared with chloroform and stored

at -20 ◦C. The stock solutions were mixed and dried with a gentle flow of nitrogen and

then resuspended into a buffer to produce a homogeneous lipid vesicle solution [36].

Lipid components in weight ratio (molar ratio)

Lipid Models DPPC POPC Cholesterol SM GM1

Healthy Model (HM) 37 (35.3) 37 (34.1) 10 (18.1) 10 (9.8) 6 (2.7)

Early Diseased Model (EDM) 39 (36.5) 39 (35.2) 10 (17.8) 10 (9.7) 2 (0.9)

Late Diseased Model (LDM) 42 (39.4) 42 (38.0) 10 (17.8) 4 (3.9) 2 (0.9)

Table 3.1: Lipid Compositions of the Three Model Membranes mimicking different

disease states of neuronal cell membranes in AD: healthy model (HM), early diseased

model (EDM), and late diseased model (LDM) membranes. The ratios are shown by

weight. Adapted from Drolle et al., 2017 [2].

Melatonin is known to have high solubility in hydrophobic solvents [158], and thus

readily partitions into the lipid membranes from water-based solutions, as melatonin has

limited solubility in polar solvents. Melatonin stock solution was prepared with ethanol,

and it was dried with nitrogen flow and then resuspended in buffer. It was dissolved in

buffer at near saturation (400 µM) and the buffer was added to the supported membranes

and incubated at least 30 min to allow melatonin to partition into the membrane. Freshly

prepared buffer solutions,composed of 20 mM HEPES and 150 mM NaCl (pH=7.4), were

used.

The supported lipid bilayer (SLB) on the LSPR sensors was created within the LSPR

system, with further details discussed below in the LSPR section. After depositing the

membrane on a sensor surface, the LSPR sensor was removed from the LSPR liquid cell

and affixed to a microscope slide for AFM imaging. A Teflon ring was positioned around

the sensor to retain water during AFM imaging. For AFM imaging of amyloid binding

to the membrane, the SLB was formed on mica by vesicle fusion. Excess liquid was then

carefully removed using a pipette, followed by rinsing the surface five times with 600 µL
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of deionized (DI) water. The liquid cell was subsequently left with approximately 800 µL

of water inside for 90 minutes before collecting AFM images.

3.4.2 Aβ Solution Preparation

The Aβ (1-42) peptide was acquired from rPeptide and aliquoted using the hexafluoroiso-

propanol (HFIP) protocol [159]. A concentration of 1 mg/mL was achieved by adding

HFIP to the amyloid vial, which was then sealed and sonicated for 30 seconds to ensure

complete dissolution. The vial was subsequently left in a fume hood for incubation for

15 minutes, after which 45 µL aliquots of the Aβ-HFIP solution (0.01 µmol Aβ peptides)

were prepared and dried in the fume hood overnight. The aliquots were stored at -20 ◦C

for future use.

An appropriate buffer solution, with or without melatonin, was used for all solution

preparation. Aβ solution (50 µM) was prepared immediately prior to each injection by

adding 200 µL of buffer solution to one amyloid aliquot and then sonicating for 10 minutes.

This preparation of Aβ solution ensures the monomeric and oligomeric forms of the peptide

when it interacts with the membrane surface.

3.4.3 Atomic Force Microscopy

Atomic force microscopy (AFM) is a scanning probe microscopy technique involving the

scanning of a sharp probe over a sample surface to measure topography with nanoscale

resolution. AFM can operate in air or liquid environments [2, 160, 161], critical to main-

taining physiological conditions for biological studies [20, 36, 162], and for our study of

lipid membranes here. For this study, the JPK NanoWizard II AFM system was used with

qp-BioAC AFM probes from Bruker to image samples in the intermittent contact mode.

The CB1 tip (resonance frequency of 90 kHz) was utilized for unused LSPR sensor imaging

and the CB3 tip (resonance frequency of 30 kHz) was used for all other imaging purposes.

All images were processed using Gwyddion [4] software with minimal filtering and

correction steps to level the image background and eliminate noise. Surface roughness,

along with difference in height of the surface (∆h), were determined by the software.
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3.4.4 LSPR Theory and Experiments

LSPR Theory

Localized surface plasmon resonance LSPR sensing is a biosensing technique that ex-

ploits the optical properties of metal nanoparticles to measure molecular interactions

or bindings, such as DNA and RNA binding [163, 164], antibody-antigen interactions

[165, 166, 167, 168], and small-molecule detection [169], etc. In surface plasmon resonance,

an oscillation of charge density at the interface of a metal and a dielectric, such as a thin

layer of gold or silver in air or water, is excited by incident light at a certain angle, resulting

in a propagating wave along the surface [170]. Localized surface plasmon resonance further

confines this resonance to a nanoparticle smaller than the wavelength of the incident light,

resulting in the collective oscillation of free electrons of the metal nanoparticle, leading to

a highly localized and enhanced plasmon wave [64]. The resonance wavelength of LSPR is

highly dependent on the local environment of the metal nanoparticle, such that a change

in the local refractive index will correspond to a change in the resonance wavelength. This

parameter is exploited in LSPR biosensing, where the resonance wavelength is measured,

and its shift can be correlated to changes in the local dielectric environment of the metal

nanoparticle sensor, including binding events. Figure 3.2A illustrates the experimental

set-up of the ?? (??) sensor, while Figure 3.2B depicts the strong absorption peak asso-

ciated with the LSPR and its shift (∆λ) corresponding to a change in the local dielectric

environment of the GNP sensor.

The measured wavelength shifts ∆λ can be translated into changes in the thickness, d,

of the adsorbate layers building up on the LSPR sensing surface. The following expression

explains the general relationship between these two parameters [171]:

∆λ = m∆n(1− e
− 2d

ld ) (3.1)

where m represents the sensitivity factor of the sensor, ∆n denotes the change in

refractive index in the vicinity of the sensing surface due to molecular binding and ld is

the evanescent field decay length that defines the sensing distance of the GNP sensor.

When no molecules bind to the sensor, the first layer is the bulk buffer solution that has
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Figure 3.1: Schematic of the LSPR Induced by Electric Field The electric field associated

with the incident light induces the electron cloud of the gold nanoparticles to oscillate collectively

to generate a localized surface plasmon.

Figure 3.2: The LSPR Experiment Design and Measurement Principle (A) Schematic

view of an LSPR sensing surface used in the experiment. A lipid membrane assembles onto the

GNP sensor. The solution containing Aβ flows over this membrane, leading to the accumulation

of oligomers on the surface. Incident light travels through the sensing area, starting from the

GNP side, and the transmitted light is then measured on the opposite side. Simplified model

demonstrating the adsorbed layers producing LSPR signals for analysis is shown on the right.

(B) The initial absorption spectrum of the transmitted light is shown as a black curve. As layers

of molecules accumulate on the sensor, the absorption peak of the spectrum shifts, shown as the

orange curve. This shift, represented as ∆λ, is recorded for analysis.
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approximately infinite thickness (d = ∞) compared to the sensing distance of the GNPs.

Therefore, Equation (3.1) can be simplified into

∆λ = m∆n (3.2)

In this case, m can be determined as the slope of a calibration curve, where various

∆λ values are measured as a function of refractive indices for sequentially diluted standard

solutions.

Equation (3.1) is valid for LSPR responses to a single layer with a uniform thickness

(or the effective thickness of a non-uniform layer). In our experiments, this can be applied

directly to the membrane formed on the GNPs. Ultimately, a second layer of Aβ peptides

will cover the pre-formed membrane. This adsorption on the sensor is illustrated in Figure

3.2 with the membrane being the first layer and the Aβ layer being the second. The

LSPR response to the formation of the Aβ layer will be distinct from the formation of

the membrane layer, as the membrane layer dampens the response of the nanoparticle

sensor to the second binding event. To account for this, Equation (3.1) can be modified by

multiplying an additional scaling factor, e
− 2d

ld [171]. Therefore, ∆λAβ for Aβ binding can

be expressed as

∆λAβ = m∆nAβ(1− e
−

2dAβ
ld )e

− 2dmem
ld (3.3)

where dAβ is the effective thickness of the Aβ layer and dmem is the effective thickness of

the membrane. As our goal is to measure the thickness of the membrane and Aβ layers,

we can rearrange Equation (3.1) and (3.3) as expressions of dmem and dAβ, respectively:

dmem

ld
= −1

2
ln(1− ∆λmem

m∆nmem

) (3.4a)

dAβ

ld
= −1

2
ln(1− ∆λAβ

m∆nAβ(1− ∆λmem

m∆nmem
)
) (3.4b)

∆λmem and ∆λAβ are the measurable experiment responses; ∆nmem and ∆nAβ are the

differences of the refractive indices of the membrane and Aβ to the bulk buffer solution,

respectively.

The refractive index of the buffer solution was taken to be 1.334 [172], the refractive

index of the membrane was estimated to be 1.47 [173, 174, 175, 176, 177], and the refractive
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index of Aβ was calculated as 1.6 [178]. As discussed with Equation (3.1), m is the sensor’s

sensitivity factor, which can be determined as the slope of the calibration curve. We used

standard glucose solutions with a series of concentration gradients and known refractive

indices [179] to generate the calibration curve and obtain m. The parameter ld, in the

commercial LSPR sensor, has a defined range of 20-40 nm. Due to the > 50% uncertainty

of this parameter, it is kept as an unknown constant in the final calculations, expressed

as d/ld, as shown in Equation (3.4) for each layer (membrane, dmem or amyloid, dAβ).

Therefore, we define a new parameter T as the thickness profile to represent the quotient:

T =
adsorbed layer thickness (d)

ld
(3.5)

Overview of the LSPR Experiments

In this study, the OpenSPR and gold nanoparticle sensors from Nicoya Lifesciences were

used. Figure 3.2A illustrates the experimental set-up inside the fluidic chamber for the

LSPR experiment. A GNP sensor was pressed and sealed onto the fluidic chamber during

the experiment. Before conducting the experiment, the fluid chamber was thoroughly

cleaned with 80% isopropanol to eliminate any air bubbles in the loop, while maintaining

the pump speed at 150 µL/min. Then at a pump speed of 20 µL/min, two consecutive

injections of lipid solution were carried out, with a 5-minute interval in between to produce

a stable membrane covering the sensing surface through lipid fusion. Following this step,

the pump speed was maintained at 20 µL/min to allow for stabilization of the membrane.

The amyloid solution was prepared as detailed in Section 2.2 and injected immediately

afterward. After the injection of amyloid, the system was allowed to run for another 10

minutes to finish the experiment. A representative LSPR sensorgram is shown in Figure

3.3.
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Figure 3.3: LSPR Sensorgram. LSPR sensogram shows the change in wavelength of ab-

sorbance peak VS time after each injection: first is the liposome solution and formation of lipid

bilayer followed by amyloid injection and build up of amyloid layer on the top of the membrane.

Each pair of blue dashed line and circle indicates the time point of each solution injection. The

two orange arrows indicate the respective sensor responses due to each layer formation. The

responses are labeled as ∆λmem and ∆λAβ, respectively. The orange dashed lines indicate where

the baseline of each injection response is taken.

3.5 Results and Discussion

3.5.1 AFM Imaging

In this study, we employed AFM imaging for two main purposes: first, to verify membrane

formation on the LSPR sensor, thereby confirming that the amyloid interactions in LSPR

were with the membrane and not the GNPs on the sensor; second, to capture images of

the lipid membrane before and after amyloid-membrane interaction for illustration. To

demonstrate membrane formation on the LSPR sensor, we compared the image of a new

sensor with the image of an membrane-covered sensor. We also imaged pure lipid membrane
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on mica for reference.

Figure 3.4 presents AFM images of all surfaces involved in the LSPR experiments, and

Table 3.2 shows surface roughness and average height difference (∆h) between the highest

and the lowest points in each image. Figure 3.4A displays the surface structure of an LSPR

sensor covered by a layer of GNPs. The GNPs are closely packed and entirely covering

the glass chip, forming the sensing surface with a large surface roughness of 16.53 nm.

The surface is a continuous sheet of GNPs with height difference ∆h = 73.06 ± 12.23

nm. Figure 3.4B shows the AFM topography image of the healthy model (HM) membrane

supported on an atomically flat mica slide. The surface of the HM membrane is smooth,

but not completely flat, showing numerous higher and lower surface defects called domains,

which originate from phase separation of the various lipids. These domains form due to

the nature of the various lipid molecules that constitute our membranes, and which have

different chain length and head group sizes. The surface roughness of the HM membrane

on mica is 225.95 pm, with ∆h = 1.11 ± 0.12 nm, which is significantly smoother than

the surface of the GNP-covered chip. In comparison to the GNP surface, the membrane is

significantly smoother. In the LSPR experiments, a layer of membrane is formed on top

of the GNP sensor, as illustrated in Figure 3.2. The AFM image of the HM membrane

deposited on GNP is shown in Figure 3.4C. As the GNP structures are much larger in

∆h and surface roughness, the fine features of the membrane domains become invisible.

Compared to the GNP surface, the roughness of the GNP surface covered by the HM

membrane is reduced from 16.53 nm to 573 pm, and the ∆h also drops significantly to 2.52

± 0.28 nm. This indicates that a continuous stable sheet of lipid membrane has formed

over the rough GNP surface, demonstrating that the injection of liposome solution into

the LSPR fluidic cell creates a complete coverage of the membrane on the sensor.

To illustrate and confirm the amyloid binding to the membranes, Figure 3.5 shows

representative AFM topography images demonstrating amyloid binding to the membrane

in the same concentration as in LSPR experiments. The AFM topography images of the

early diseased model (EDM) membrane supported on mica were collected before and after

adding amyloid to the AFM liquid cell for a bulk concentration of 50 µM, achieving the

same amyloid level as in the LSPR experiments. The images with amyloid interacting with

the lipid membrane were collected at 60, 90, 120, and 180 minutes after adding amyloid.
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Figure 3.4: AFM Topography Images of (A) an LSPR sensor surface covered with GNPs,

(B) a supported healthy model (HM) membrane formed on mica, and (C) the HM membrane

supported on the GNP covered LSPR sensor. Each image size is 1 µm × 1 µm. The cross-section

plot below each image shows the height profile along the white line on the AFM image.

Figure 3.5 displays the sequential changes caused by amyloid interactions with the EDM

membrane over time. Before adding amyloid, as shown in Figure 3.5A, the imaged surface

is relatively flat, but with small height variations displayed as brighter or darker regions in

the image, indicating the presence of small domains distributed on the surface. The largest

height difference of the features is within the 1-2 nanometer range. Figure 3.5B shows the

image taken at the same scale after incubating the membrane with amyloid for 60 minutes.

The image reveals amyloid-induced surface indentations with a distinct height difference

(2-3 nanometers) relative to the surrounding area. Further images focusing on a smaller

area covering the apparent damage reveal evidence of amyloid accumulation over time.

Figure 3.5C (60 minutes) shows lipid loss, which produces defects (holes) in the membrane

near the bottom of the image. The darker (lower) area is not a smooth plane; it has many

clusters that stand up to the same height as the surrounding taller region. These clusters

start to grow larger and taller over time, suggesting amyloid-lipid complex clustering when

amyloid damages the membrane. Simultaneously, amyloid aggregates attached to the edge
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[A] LSPR Sensor [B] Membrane on Mica [C] Membrane on Sensor

Roughness 16.53 nm 225.95 pm 573 pm

∆h 73.06 ± 12.23 nm 1.11 ± 0.12 nm 2.52 ± 0.28 nm

Table 3.2: Roughness and Height Difference (∆h) for the AFM Images Shown in

Figure 3.4. Roughness was calculated by built-in statistical functions in Gwyddion software

[4], which is computed from the second central moment of data values. The average ∆h is

calculated from the difference between the minimum and maximum values of the image, also

using the functions from Gwyddion [4].

of the induced domains continue to grow. Figure 3.5D displays an image taken at 180

minutes when the sporadic spots of aggregates finally link together. This set of AFM

images clearly demonstrates that amyloid binds to the lipid membrane and induces visible

damage to the membrane integrity at a concentration of 50 µM.
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Figure 3.5: AFM Topography Images of Supported Early Diseased Model (EDM)

Membranes on Mica with and without Amyloid. [A] untreated EDM membrane and [B]

treated with 50 µM amyloid for 60 minutes. Images [C] to [F] are enlarged images of the black

square area shown in [B] after amyloid treatment of 60 minutes, 90 minutes, 120 minutes and 180

minutes.

3.5.2 LSPR Results

Calibration of the GNP sensor was accomplished with standard glucose solutions at concen-

trations of 5%, 10%, 15%, 20%, 30%, 40%, 50% to ensure successful recording of the SPR

shift (∆λ). The measured response ∆λ was plotted against the refractive index change

∆n between the glucose solution and the deionized water (n = 1.33). The slope of the

trend line for each plot was then extracted and averaged among the five repeats based on

Equation 3.2, giving the value of the sensitivity factor. In the end, the sensitivity factor

of the GNP sensor was determined to be m = 107.99 ± 1.95. Then m can be substituted

into Equations (3.4) to calculate for dmem

ld
and

dAβ

ld
, which are represented as Tmem and TAβ

according to Equation (3.5), respectively.

As shown in Figure 3.6 and Part 1 of Table 3.3, the thickness of the membrane varies

between models, with the thinnest membrane (Tmem = 0.068± 0.010) found in the healthy
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model (HM) and the thickest in the late diseased model (LDM) (Tmem = 0.088 ± 0.008).

The average membrane thickness for each membrane model is reduced when melatonin is

present in the buffer, with the most significant decrease observed in the LDM (Tmem =

0.071 ± 0.004). The reduction in membrane thickness caused by the incorporation of

melatonin into the HM and the early diseased model (EDM) is insignificant, indicating

limited fluidity changes of the membranes induced by melatonin. The substantial reduction

in membrane thickness due to melatonin in the LDM suggests that fluidity enhancement

is the greatest among all three lipid models.

These varying levels of thickness profile changes might be attributed to the differing

effects of melatonin on spacing lipid molecules apart, depending on the lipid species. The

average area for lipids with lipid head groups is 64 Å2 [180], while the average area of the

GM1 head group is approximately 192 Å2 [181], triple the size of the PC head groups.

Consequently, the effect of melatonin in expanding the distance between the head groups

of the PC group lipid molecules is relatively larger compared to GM1. As a result, the lipid

tails of DPPC and POPC exhibit more flexibility due to melatonin incorporation, causing

the entire membrane to reduce its thickness. The LDM, which contains the highest pro-

portion of DPPC and POPC among all three lipid models, experiences the most significant

reduction in membrane thickness.

Figure 3.7 displays the distribution of thickness profile T of the amyloid layer on the

top of three lipid models, with the corresponding values provided in Part 2 of Table 3.3.

For the control groups of all membrane models, the thickest amyloid layer build-up is

observed in the EDM membrane (TAβ = 0.014 ± 0.001), followed by the HM membrane

(TAβ = 0.008 ± 0.0005), while the LDM membrane exhibits the thinnest amyloid layer

formation (TAβ = 0.004 ± 0.0005). The presence of melatonin in the buffer decreases

the thickness of the amyloid layer on both the HM and EDM membranes, with the most

significant effect (p = 0.003) on the EDM resulting in approximately a 40% reduction

in amyloid layer thickness (TAβ = 0.008 ± 0.0009). For the HM membrane, a decrease

of amyloid layer thickness was observed, yet not significant. In contrast, the addition of

melatonin substantially increases the amyloid layer thickness on the LDM membrane (p =

0.008) resulting in approximately a 40% thickness change (TAβ = 0.006 ± 0.0004). These

observations demonstrate that the presence of melatonin reduces the binding of amyloid
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Lipid Models HM EDM LDM

Part 1. Thickness Profile Tmem - Lipid Membrane

Control 0.068± 0.010 0.080± 0.006 0.088± 0.008

W. Melatonin 0.076± 0.012 0.080± 0.008 0.071± 0.004

p-value 0.602 0.987 0.056

Part 2. Thickness Profile TAβ - Adsorbed Amyloid Layer

Control 0.008± 0.0005 0.014± 0.001 0.004± 0.0005

W. Melatonin 0.007± 0.001 0.008± 0.0009 0.006± 0.0004

p-value 0.772 ∗ 0.003 ∗ 0.008

Part 3. TAβ/Tmem

Control 0.172± 0.042 0.181± 0.0220 0.046± 0.004

W. Melatonin 0.090± 0.013 0.100± 0.007 0.084± 0.006

p-value 0.1299 ∗ 0.0036 ∗ 0.00002

∗ p-value < 0.05

Table 3.3: The Thicknesses Profiles of Lipid Membrane Models (Tmem) and Adsorbed

Amyloid Layers (TAβ) with and without Melatonin. This table shows the thicknesses of

each layer calculated from LSPR response using Equation (3.4) for each membrane model. The

thickness values are divided by the evanescent field decay length ld, denoted as a dimensionless

parameter T as the thickness profile [see Equation (3.5)], and the table is divided into three parts.

Part 1 and Part 2 show T of the membrane (Tmem) and adsorbed amyloid (TAβ) layer, respectively.

Part 3 shows the ratio of amyloid layer thickness to the membrane thickness TAβ/Tmem. The

table includes the thickness or ratio results of the control group (without melatonin) and the

melatonin group (with 400 µM melatonin).

to the HM and EDM membranes. However, for the LDM membrane, the opposite effect is

observed, with melatonin increasing the adsorbed layer thickness.

Before delving into the details of the results, it is crucial to note that amyloid interacts

with membranes in multiple ways, including attaching or inserting into the membranes

and behaving like a surface surfactant that disrupts the lipid layer and uptakes some lipid

molecules [139]. The size of Aβ oligomers, ranging from 2 to 6 nm, is comparable to the
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Figure 3.6: Lipid Membrane Thickness Profiles (Tmem) of HM, EDM, and LDMmembranes

(from left to right). The vertical axis is unitless because the membrane thickness and ld are both in

nanometer units. The red bars show the control group while the blue bars show the experimental

group treated with 400 µM melatonin.

lipid membrane thickness [182, 183]. However, because of various types of Aβ-membrane

interactions, the amyloid layer on the membrane is not continuous or uniform, thus the

thickness profile T that we are discussing is indeed dependent on the effective thickness of

the bound amyloid.

The results indicate that amyloid interacts more strongly with the EDMmembrane than

with HM or LDM membranes. This suggest thatneuronal membrane at early stages of AD

may be more suseptible to amyloid damage. As membranes progress to the late diseased

phase, the degree of amyloid insertion or membrane adsorption is reduced, resulting in

the thinnest amyloid layer on the LDM membrane. From this perspective, the amyloid-
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Figure 3.7: Adsorbed Amyloid Layer Thickness Profiles (TAβ) on HM, EDM, and LDM

membranes (from left to right). The vertical axis is unitless because the membrane thickness and

ld are both in nanometer units. The red bars show the control group while blue bars show the

experimental group treated with 400 µM melatonin.

membrane interaction depends on the diseased state of the cellular membrane, with the

EDM being most susceptible to damage, followed by the HM and LDM. This finding aligns

with an AFM study previously reported by Drolle et al. [2].

Furthermore, our results indicate that melatonin protect the EDM membrane more

efficiently than the HM and LDM membranes. This indicates that the presence of mela-

tonin in the EDM membranes significantly alters the surface structure of the membrane,

thereby reduces the affinity of Aβ to the surface, protecting this membrane most effectively.

Melatonin potentially acts as a mediator between the lipid head groups, diminishing the

roughness of the membrane. Figure 3.7 and Table 2 Part 3 demonstrate that the presence
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of melatonin leads to a decrease in the amyloid layer thickness on EDM membranes, an

increase in thickness on LDM membranes, and relatively constant thickness on HM mem-

branes. These more convergent amyloid layer thicknesses suggest that melatonin tends

to induce similar surface properties in neuronal membranes with different diseased states.

This effect of melatonin is likely due to the interaction of melatonin with the membrane

lipids and changing the membrane properties. The fluidizing properties of melatonin, which

eliminate the structural differences among all models, as discussed earlier [44, 51, 53], could

be one of the reasons. Notably, the fluidizing effect is most prominent in the EDM model.

Figure 3.8 and Table 3.3 part 3 display the results of the amyloid thickness divided

by the membrane thickness, which is equivalent to dividing the amyloid response by the

membrane response. In LSPR experiments, one GNP sensor was only used once for data

collection; however, the sensitivity factor of each sensor would differ slightly. This quotient

eliminates the small uncertainty of the results introduced by the varying sensor sensitivi-

ties. Figure 3.8 confirms that the relative distribution of amyloid layer thicknesses remains

consistent across all lipid models, as depicted in Figure 3.7. Among the three models, the

EDM membrane is most likely to be damaged by amyloid, while melatonin contributes

to the most significant reduction in amyloid layer build-up. Conversely, the presence of

melatonin leads to increased amyloid layer formation on LDM membranes, although the

amount of amyloid binding is lowest in the absence of melatonin. In the case of HM

membranes, the difference between the control group and the melatonin group is not sta-

tistically significant (p = 0.1299). Combining these results with the previously discussed

findings on Tmem and TAβ, it becomes evident that the difference in amyloid layer build-up

due to melatonin’s effect is the most significant for both diseased models, while its effect

on HM is negligible. Melatonin protects the EDM membrane from amyloid binding but

promotes the amyloid accumulation on the LDM membrane.

3.6 Conclusion

We studied interaction of Aβ (1-42) with model membranes mimicking neuronal membranes

in healthy (HM), early diseased (EDM) and late diseased (LDM) states and determined the
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Figure 3.8: Tmem/TAβ of HM, EDM, and LDM membranes (from left to right). Red

bars show the control group, and blue bars show the experimental group treated with 400 µM

melatonin.

effect of melatonin on these non-specific interactions utilizing AFM and LSPR. The study

demonstrated that amyloid interactions with membrane models depend on the disease

states of the models, with the EDM membrane being affected the most significantly. It also

revealed that melatonin inhibits amyloid-membrane interactions of the three lipid models,

but this protective effect was the most pronounced in the EDM membranes. Interestingly,

melatonin has an opposite effect on the LDM, slightly promoting amyloid-membrane inter-

action in the LDM. The results suggest that melatonin may inhibit amyloid toxicity in the

early stages of AD, but this effect diminishes in the late stages as the disease advances.
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Chapter 4

Melatonin Affects Membrane

Permeability Changes Caused by

Amyloid-Membrane Interaction: A

Black Lipid Membrane Study

4.1 Overview

4.1.1 Summary of the Work

Building upon knowledge from the LSPR Chapter 3 where amyloid was shown to interact

with model lipid membranes by accumulating layers and increasing the effective thickness,

the effect of melatonin in reducing lipid bilayer thickness and preventing amyloid buildup

was also noted. While LSPR could only observe the build-up of amyloid layers on the

membrane surface, details on amyloid damage behaviours were not fully revealed.

For the work reported in this chapter, I used the BLM technique to examine the

amyloid-membrane interaction more closely. The focus of this study was two parts: 1.

To identify the various forms of damage that amyloid species do on the lipid membrane,
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and 2. To classify how melatonin influences each type of amyloid-induced damage.

The experimental design consisted of three groups: 1. a control group without mela-

tonin, 2. a group with 50µM melatonin, and 3. a group with 100µM melatonin. The

expectation was that distinct ion current signals would be discernible among these three

groups. A simple neuronal model composed of DPPC, POPC, and cholesterol served as

the lipid system, chosen for its suitability in forming a complete lipid membrane on the

BLM instrument and its prior characterization in NMR studies discussed in Chapter 2.

From this study, I learned that melatonin’s presence introduce greater fluctuations in

current measurements, increases membrane conductance and ion permeability, and de-

creases rupture likelihood, all indicative of its ability to fluidize the membrane. Melatonin-

enriched membranes exhibits stable pore formation, maintaining integrity despite amy-

loid damage. My findings reveal that melatonin does not significantly affect the overall

quantity of amyloid interaction events, but alters their nature, reducing insertions from

small oligomers while promoting stable pore/channel formation from larger aggregates.

Moreover, melatonin appears to extend membrane lifespan under amyloid interaction and

minimize rupture risk.

4.1.2 Contributions

This work was fully developed and designed by me. My colleagues Carina Filice and Yue

Xu offered instrument training and provided insights on data analysis. The undergraduate

student, Gexu Liu, assisted with initial data collection and preliminary data analysis. I

independently accomplished the major data collection and statistical analysis, as well as

the writing of this chapter.

4.1.3 Challenges and Future Directions

The experimental process and subsequent data analysis presented several inevitable chal-

lenges. Firstly, the success of forming a membrane was not guaranteed in each individual

experiment. Numerous attempts at crafting the lipid membrane were often necessary, and
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the experiment would be stopped if success was not achieved within five tries. Secondly,

the introduction of the amyloid solution into the bath required precise and gentle handling;

any abrupt movement or vigorous liquid flow could lead to membrane rupture. A third

challenge arose from the study’s original design, which included melatonin buffer with con-

centration of 400 µM (saturated). Unfortunately, all attempts with this concentration pro-

duced extremely noisy signals, leading to the group’s abandonment. This problem could

have stemmed from the melatonin interacting too actively with the membrane, causing

fluctuations. Alternatively, the melatonin might have excessively fluidized the membrane,

resulting in inherent instability. Either situation could produce substantial noise in the

current recordings, rendering the amyloid interaction undetectable. Lastly, data analysis

was labor-intensive in order to count and distinguish different amyloid-membrane inter-

action events. Extracting these occurrences individually proved to be a time-consuming

task, adding to the complexity of the study.

The experimental protocol for BLM is well-defined. Before selecting the lipid membrane

model for use in BLM, it is necessary to check the stability of the assembled membranes.

If the membrane is challenging to paint onto the hole, or if it cannot endure the length

of an experiment, alternative solutions must be explored. This could be achieved either

by modifying the membrane composition or changing the solvent of the lipid solutions.

For future research involving melatonin, it would be advisable to keep the concentration

in the bath unsaturated to prevent noisy signals. One potential direction for a follow-up

study could involve varying the amyloid concentration in the bath, allowing researchers

to understand how amyloid concentration might influence the type of damage to the lipid

membrane.
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4.2 Introduction

Alzheimer’s disease (AD) is a multifactorial progressive neurodegenerative disorder affect-

ing neuron cells in the brain, ultimately leading to cell degeneration and death [8, 145].

Common symptoms of AD include progressive cognitive impairment and memory loss

through aging. It is characterized by the accumulation of extracellular amyloid-β (Aβ)

plaques, intracellular neurofibrillary tangles, and chronic inflammation, which collectively

contribute to synaptic disfunction and neuronal death [11, 184]. A prominent hypothesis

regarding AD’s pathogenesis is the Amyloid Hypothesis, which posits that the neurode-

generation observed in AD is primarily triggered by the abnormal accumulation of Aβ

peptides in the brain [10, 185]. Numerous clinical and cellular studies have been done in

order to find prevention or cures to AD by targeting the amyloid species [45]. Aβ peptides

were shown to be able to interact with the lipid membranes non-specifically, resulting in

the formation of pores and ion-channels upon the peptides’ integration into the membrane,

or alternatively, they can induce the removal of lipid molecules from the surface of the

membrane[186, 187]. The intricate nature of amyloid-membrane interaction has given rise

to various models to articulate the resultant membrane damage. These models span a

spectrum of phenomena, ranging from random membrane disruption to the formation of

stable, barrel-structured ion channels [188]. Building on these models, all types of interac-

tions play a significant role in shaping the results observed in the presented study. They

are carefully analyzed and evaluated to deepen our understanding of the membrane dam-

age instigated by amyloid toxicity, providing a comprehensive perspective on this complex

biological phenomenon.

As the amyloid toxicity to the membrane is achieved via structural damage, alternating

the properties of membrane may have potential benefits in reducing the toxic effect. The

lipid membrane, an essential component of all human cells, functions as both a crucial

barrier and a communication interface between the cell and its surrounding environment

[189]. Comprising a bilayer structure, the membrane consists of lipid molecules with hy-

drophilic headgroups oriented outward and hydrophobic tailgroups embedded within the

bilayer. The preservation of this membrane’s integrity is vital for the proper functioning

of the cell, and any disruption in its structure can have serious consequences, including
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cell death [23]. This insight into the membrane’s complex structure highlights its essential

role in cellular health and provides a basis for exploring therapeutic approaches that focus

on maintaining membrane stability, especially in response to the toxic effects of amyloid

species.

Melatonin is a small hormone molecule that easily partitions into the head group region

of lipid membranes [146]. Despite the instances of melatonin’s protective role against AD

symptoms [49, 190] as well as amyloid toxicity [47, 48], the molecular mechanisms underly-

ing this property remains unclear. In the present study, we propose a mechanism through

which melatonin may guard against amyloid’s toxicity to lipid membranes. This mecha-

nism involves melatonin’s ability to modify the physical properties of the bilayer, thereby

inhibiting amyloid damage resulting from non-specific interaction. Previous research on

melatonin’s interaction with dipalmitoyl phospholipid and models incorporating such lipids

has demonstrated a fluidizing effect on the lipid membrane. Specifically, melatonin has been

shown to enhance membrane dynamics and expand the area of lipids [3, 51, 146].

It has been shown that melatonin alters the membrane physical properties by flu-

idizing the membrane or altering phase separation in model membranes, with the effect

is more complex in multi-component membrane as compared to single component mem-

brane [53, 52]. These properties of membrane are important to consider in studying Aβ-

membrane interactions. In the current study, we explored the effect of melatonin partition

into DPPC/POPC/cholesterol and its interaction with Aβ (1-42).

In order to investigate the changes in membrane permeability resulting from amyloid-

membrane interaction and melatonin’s effect towards it, we employed the BLM experimen-

tal technique. The BLM method is a well-established approach for studying membrane

dynamics, owing to its ability to mimic biological membranes closely [191]. BLM struc-

ture has been extensively used for its electrical properties and has been widely applied in

biosensing field, including protein-membrane interaction and ion channel measurements.

The BLM is not only capable of acting as a media to immobilize proteins of interest, but

also can be used as a study object when its composition changes. Drolle et al. reported

a BLM study carried out on a complex neuronal membrane models mimicking different

AD disease states, and found the average current induced by amyloid-membrane interac-

tion was higher in the diseased models compared to the healthy model (HM) [2]. Further,
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Lee et al. reported that Aβ (1-42) was able to form ion channels on membranes formed

with brain total lipid extracts, and the ion channel behaviour differed from the synthetic

model membranes composed with DOPS and POPE [192]. In this study, I specifically

utilized BLMs to simulate the conditions of cellular membranes under the influence of

both melatonin and amyloid. This approach allowed me to monitor and measure the alter-

ations in the permeability of these simulated membranes. The results of my investigation

have the potential to offer significant insights into the role of melatonin in mitigating the

neurotoxic effects of amyloid, thereby contributing to our understanding of AD, where

amyloid-induced neurotoxicity is a major factor.

4.3 Materials and Method

4.3.1 Lipid Membrane and Amyloid

The chemicals used in this study, including DPPC, POPC, cholesterol, and melatonin, were

purchased from Sigma-Aldrich and were utilized as received without any further purifica-

tion. Stock solutions of DPPC, POPC, and cholesterol were prepared at a concentration of

10 mg/mL using chloroform and were stored at -20 ◦C. The model lipid was prepared at

a molar ratio of DPPC:POPC:cholesterol = 3:3:2. The stock solutions were mixed, dried

under a gentle flow of nitrogen, and subsequently resuspended in a mixture of N-decane

and butylalcohol (ratio 50:1) to achieve a final lipid concentration of 10 mg/mL.

For all BLM experiments, a buffer containing 150 mM KCl and 20 mM HEPES was

used. Melatonin solutions at concentrations of 50 µM and 100 µM were prepared by

dissolving melatonin film in the buffer and sonicating for 30 minutes. The melatonin film

was obtained by evaporating a melatonin-ethanol stock solution. After sonication, the

melatonin buffers were filtered and stored in the fridge.

The Aβ (1-42) peptide was purchased from rPeptide and aliquoted following the HFIP

protocol [159]. Before use, the Aβ aliquot was thawed and resuspended in the buffer, either

with or without melatonin, following 10 minutes of sonication. The prepared amyloid

solution was then directly added to the BLM system to achieve a final concentration of 5

77



µM in the bath.

4.3.2 Black Lipid Membrane

BLMs are useful in characterizing the electrical properties of lipid membranes due to the

high sensitivity to changes on their conductivity, dielectric constant or surface charges

[74, 191, 193]. BLM originally describes an invisibly thin, stable and electrically isolated

lipid membrane that is formed in aqueous environment. This layer of lipid membrane

appears grey-dark in monochromatic light due to the destructive interference of the re-

flected light from the water/lipid and lipid/water interfaces. As shown in Figure 4.1, the

membrane serves as an insulating barrier between two electrolyte solutions, and the mem-

brane integrity can be monitored through electrical measurements. Therefore, the BLM

technique enables the investigation of membrane permeability by tracking ion transport

across the membrane. By applying a voltage bias across the membrane and monitoring

the resulting current, one can gain insight into the transport of charged particles through

the membrane.

In BLM experiments conducted for the current study, both sides of the Teflon barrier

are filled with 1 mL of buffer solution to ensure equal liquid height. A voltage bias of 50

mV is then applied to the bath via two electrodes inserted on each side of the barrier. The

vertical lipid membrane spreading across the hole on Teflon barrier is created by directly

applying the organic solution of the lipid mixture to the hole with a pipette tip. Painting

the lipid-containing organic solvent onto the hole results in a thin film with a colorful

reflection observable through a microscope. This color gradually fades, giving way to a

dark spot in the center, until a single layer lipid membrane is formed in the center.

Figure 4.2 shows a representative BLM trial. Upon successful formation of the lipid

membrane at 50 mV, the system is allowed to run for 15 minutes to stabilize the membrane.

Then, the amyloid solution is injected into the bath on one side of the Teflon barrier to

achieve a final concentration of 5 µM. Recordings from this point are then utilized for data

analysis. The system is subsequently left to incubate for 15 minutes with the amyloid

at 50 mV. After incubation, the applied bias is increased to 90 mV for an additional 15

minutes. The voltages are then sequentially adjusted to 100 mV, 110 mV, and 120 mV,
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with a recording duration of 5 minutes at each voltage level. Details of the analysis on the

current signal are discussed in Section .

The study involved three groups: a control group with no melatonin in the buffer, and

two experimental groups with 50 µM and 100 µM melatonin dissolved in the buffer. Each

group underwent at least 20 individual experiments.

Figure 4.1: An Illustration of the BLM Experiment Setup. The same amount of

solution was added to both side of the Teflon barrier. A pair of electrodes, connected to

a voltage bias, was placed inside the solution on each side of the barrier. Amyloid was

injected on only one side of the barrier and interact with the lipid membrane that spreads

across the central hole on the Teflon barrier. A closer view of this interaction is shown on

the right of the figure. The ammeter records the current throughout an experiment.

4.3.3 BLM Signal Category

Figure 4.3 illustrates the complex interaction between Aβ oligomers/aggregates and the

lipid membrane, outlining a progressive sequence of events leading to membrane disruption.

Initially, individual Aβ oligomers penetrate the tail region of the membrane, followed by

small aggregates that accumulate on the surface, creating indentations. As the aggregates

grow, they disrupt the membrane’s continuity, forming either stable ion channels or less
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Figure 4.2: Representative BLM Trial Plot. The recorded current and the applied

voltage are plotted versus time (min). Amyloid was introduced to the bath at 50 mV,

incubated for 15 minutes, and then measured for 15 minutes at 90 mV. This was followed

by measurements at incremented voltages of 100, 110, and 120 mV, each for 5 minutes.

There are multiple types of signals included in this example, and the detailed explanations

are provided in the BLM Signal Category section.

stable pores. This leads to advanced damage characterized by increased lipid loss, culmi-

nating in hole formation and, ultimately, membrane rupture. Given the various potential

pathways for amyloid-membrane interaction, multiple signal patterns may appear during a

BLM trial. Consequently, these signals need to be categorized according to their structural

characteristics, which represent distinct types of amyloid-membrane interaction. We clas-

sified the amyloid event signals observed in the BLM recordings according to the models

proposed by Saigo et al., including step signals, multilevel signals, erratic signals, and spike

signals [188]. We introduced one more type as instability signals where the overlapping of

multiple signals occurs. The subsequent list and figures provide a detailed description of

these signal models, which served as a guide throughout our data analysis process.

Spike signal As shown in Figure 4.4, spike events are short-lived, pronounced peaks

on the positive current side of a trial, lasting shorter than 10 milliseconds. Simultaneous

positive and negative signals are classified as noise instead of spikes. The origin of a spike

signal may arise from either the membrane insertion of individual oligomers or membrane
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Figure 4.3: Schematic of the Interaction between Aβ Oligomers/Aggregates and

the Lipid membrane: Individual oligomers can penetrate into the tail region of the

membrane (C), while small aggregates may accumulate on the membrane surface (A), cre-

ating indentations (B). As the aggregates grow to larger sizes, they can disrupt membrane

continuity, forming either stable ion channels with cylindrical structure (F)) or less stable

pores (E). This process can lead to increased lipid loss, contributing to further damage.

Over time, this can result in hole formation (D) and, ultimately, membrane rupture.

indentation caused by larger amyloid aggregates. Such interactions manifest as rapid fluc-

tuations on the membrane. Following these interactions, amyloid oligomers or aggregates

may either remain affixed to the lipid membrane or reintegrate into the buffer solution.

Importantly, these spikes do not signify structural membrane damage and are therefore

not factored into average current calculations for an experimental trial. When counting

spikes, clusters of adjacent peaks, whether of similar or varied height, are considered a

single event as long as the duration does not exceed three seconds.

Instability signal When multiple amyloid-membrane interactions, specifically the in-

sertion and indentation events described in the previous section, occur simultaneously, they

can generate concurrent or overlapping spike events. As illustrated in Figure 4.5, these si-

multaneous occurrences can be challenging to distinguish and characterize. Therefore,

those accumulated events are classified as instabilities. Another key feature of instability

is observable baseline fluctuations during a trial. The presence of instabilities signifies

persistent amyloid interaction with the membrane surface, increasing the probability of re-
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Figure 4.4: A Sample Spike Signal. The

spike signal occurs at time (t) = 0.7 s and

lasts for approximately 6 ms, with a peak

current at 30 pA.

Figure 4.5: Sample Instability Signals.

Signals between time (t) = 0 s to 8 s and

between 17 s to 25 s are the major instabil-

ities where numerous spike signals overlap.

The signal between these two major insta-

bilities has an unstable baseline.

sultant structural damage. Hence, instabilities often persist for extended periods or recur

multiple times without clear start or end points, possibly spanning the entire trial. When

counting for instabilities, the presence of at least one instability event in a trial is denoted

by “1”, while an absence of instabilities is represented by “0”.

Step signal When there is a sharp, distinct elevation from the baseline in the current,

it manifests as a step structure in the signal, typically persisting for more than 10 seconds.

This suggests the formation of a stable, circular pore, as a consequence of amyloid self-

aggregation (see Figure 4.3). Occasionally, the step can persist throughout the entire trace

without returning to the baseline, indicating a stable ion-channel formation. In contrast,

the step signal may return to the original baseline in some instances, indicating closure of

the ion channel, most likely due to pore clogging from further amyloid aggregation. When

multiple pores or channels are present, their closures might not occur simultaneously. The

signal may exhibit a partial decline, reaching an intermediary plateau positioned between

the step signal and the original baseline. In terms of event quantification, these step

structures are individually calculated for separate average currents. It is important to note

that other events may occur concurrently within a step, and these are also accounted for

as separate events in the event count. Figure 4.6 shows a representative step signal that
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has multiple other events including spikes and instabilities. The step appears at t = 3 s,

where the current elevates from close to 0 pA to approximately 80 pA. At t = 12 s, the

signal recedes to around 50 pA without entirely reverting to the original baseline. Hence,

this particular step signal signifies the formation of multiple pores and channels at t = 3

s and a partial closure of the channels at t = 12 s.

Figure 4.6: A Sample Step Signal. Cur-

rent elevates at t = 3 s. Then the current

reduces at t = 12 s to a new baseline which

is higher than the original baseline before

the step occurs.

Figure 4.7: Sample Multilevel Signals.

There are three consecutive multilevel sig-

nals that occur, during t = 2 s to 2.8 s, 2.8

s to 3.5 s and 3.5 s to 4.5 s.

Multilevel signal Multilevel signals are shown in Figure 4.7. They have the same

sharp edge structure as the step signals but they are shorter than 10 seconds. These

signals can either be isolated incidents or occur as part of a closely connected sequence.

This pattern suggests that the amyloid peptide has successfully combined with the lipid,

but not in sufficient quantities to form channels with a stable structure. An illustration of

this structure is present in Figure 4.3, where multiple amyloid aggregates attach to the tail

region of the lipids and create a transmembrane pore. These pores or amyloid-lipid clusters

are highly dynamic, with the ability to actively modify their structure. Consequently, ions

in the buffer can only travel through the pore when the structure is compatible, creating a

temporary current above the baseline until the pore undergoes another fluctuation. Each

multilevel event is individually counted, but they are not differentiated when calculating

the average current for each voltage level.
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Figure 4.8: A Sample Erratic Signal. The current is over 1 nA and keep increasing

without a stable baseline.

Erratic signal Figure 4.8 shows the BLM trial of an erratic signal. These signals do not

have a clear baseline. Their strength fluctuates unpredictably, displaying a non-uniform

shape, and the signal structures undergo varying changes over time. Such erratic behavior

is often associated with significant lipid loss, as illustrated in Figure 4.3, where membrane

discontinuity appears on a previously continuous membrane structure. Usually the currents

associated with the erratic signals are in nanoampere range and would continue to increase

from the first occurrence of the signal. In very rare cases the erratic signals would vanish

and the current reduces to picroampere range and regain a stable baseline. However,

most frequently, these instances indicate membrane disintegration and are followed by a

complete membrane rupture. With an increase in voltage, the probability of such signal

occurrences also amplifies. Once the erratic signal appears, it will be counted as one event.

4.3.4 Data Analysis

Amyloid-membrane interaction were not observed in all experiments conducted. The initial

step in data analysis involves distinguishing between the trials with and without events, and

analyzing them separately. The number of experiments with amyloid-membrane interaction

events and those without such events are determined for further analysis. The event count

and activity duration analysis are exclusively applied to the experiments with amyloid-

membrane interaction events. On the other hand, the voltage-current curve analysis is
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performed on all experiments in the control group, the group with 50 µM melatonin and

the group with 100 µM melatonin.

Evaluating Trial Activity

In our study, amyloid solution was injected in the bath on one side of the Teflon barrier,

resulting in a final concentration of 5 µM in the bath, contributing to a concentration

gradient across the barrier. Driven by the concentration gradient, the amyloid molecules

then moved toward the painted membrane. If any types of event appears in the BLM

trial, it implies that a substantial quantity of amyloid has come into contact with the

membrane. Consequently, any subsequent measurements can be assumed to involve a

membrane that has interacted with amyloid. However, there are instances where no signs

of events are evident throughout the entire trial. This could occur because the amyloid

has not adequately contacted the membrane, or because the event signals are too weak

to distinguish from the baseline noise. In either of these cases, such trials are classified

as inactive. In contrast, trials that exhibit at least one event are considered as active.

The presence or absence of events in each trial can be readily determined through direct

observation of the recorded trials. Trials without and with events are counted separately

for each group either without melatonin or with 50 µM or 100 µM melatonin. These counts

are then compared to assess amyloid activity within each group.

Event Count on Active Trials

An event count analysis was conducted on the identified active trials within each group for

a more detailed investigation. The observed activities in each experimental trial were dif-

ferentiated and classified according to the event category mentioned in the previous section.

Subsequently, each event type was summarized for their total times of occurrence within

each group. This allowed for a thorough comparative analysis, providing an insightful

overview of event distribution and frequency.
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Voltage-current Curve Analysis

The ClampFit software was utilized to calculate the average current of the trials. During

an experiment, K+ ions in the buffer can travel across the membrane through the defects

and result in current change. For inactive trials, an average current was computed for each

voltage level over the recorded time span (50 mV, 90 mV, 100 mV, 110 mV and 120 mV).

The average current of each voltage was then plotted on an I-V graph, and a linear linear

fit was created to determine the slope. The conductance of each trial could be determined

using the equation G = I/V , where G is the slope of the linear fit.

For active trials, there could be multiple average currents within each voltage level. As

mentioned earlier, step and erratic signals were considered separately and accounted for in

their own average current calculation. All other events were regarded as part of the mem-

brane activity. Therefore, I-V curves focusing on measuring the membrane permeability

were generated using the average current data that exclude the step and erratic signals.

These curves aimed to represent the conductance of the membrane rather than the amyloid

pores or channels.

Activity Duration Analysis

As well as determining the count of events, which reflects the frequency of amyloid activities

on the membrane, the duration of these events is important as it provides insight into the

strength of the amyloid-membrane interaction. Longer events indicate a more persistent

interaction, suggesting a higher level of damage inflicted by the amyloid on the membrane.

Therefore, the duration of the events serves as an indicator of the extent to which the

amyloid exerts its harmful effects on the membrane.

However, it is important to note that each type of event behaves differently. Spikes and

multilevel events occur sporadically, instabilities vary in duration extensively, and steps

and erratics are often integrated with other events and can last until the end of the trial in

many cases. This variation in behaviour makes it challenging to count the separate event

periods accurately.

As a result, the period of active membrane damage caused by amyloid interaction

86



should be considered from the first occurrence of any events, excluding spikes, until the

last occurrence of any of those events. By focusing on the overall duration of amyloid

activity, a more comprehensive understanding of the impact on the membrane can be

achieved.

Finally, the durations of amyloid activity for each experiment of all three groups are

plotted on the same graph and compared to assess the level of amyloid activity under each

melatonin condition. This comparison allows for the evaluation of the impact of melatonin

on amyloid-membrane interaction.

4.4 Results and Discussion

4.4.1 Evaluating Trial Activity

Table 4.1 presents the count of trials gathered for this study. The objective of the data

collection was to achieve 20 repetitions per group, while maintaining the same active group

count across all groups. Trials demonstrating prominent events are classified as active,

whereas those devoid of event behaviours are considered inactive.

Of the 24 trials conducted in the control group without the presence of melatonin,

9 trials were found to be active, accounting for an activity of 37.5%. In contrast, the

two melatonin-inclusive groups exhibited a comparable level of activity in their respective

trials, with 45% of the 20 repetitions being active. Concurrently, the count of incomplete

trials, i.e., those instances where the membrane ruptured during data collection due to

amyloid interaction, was also counted and shown in the brackets in Table 4.1. The control

group has 3 instances of incomplete repetitions out of all 9 active trials, whereas the groups

incorporating melatonin included fewer incomplete repetitions. Specifically, all trials in the

50 µM Melatonin group were complete, while only one trial in the 100 µM Melatonin group

was incomplete.

These findings suggest that membranes with melatonin exhibited increased amyloid

activity, with the concentration of melatonin not influencing the count of amyloid-active

trials. However, upon the observation of amyloid activity, melatonin-containing membranes
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Groups Total Trials Active Trials Inactive Trials ActiveTrials
TotalTrials

Control 24 9 (3) 11 37.5%

With 50 µM

Melatonin

20 9 (0) 11 45%

With 100 µM

Melatonin

20 9 (1) 11 45%

Table 4.1: Active/Inactive Trial Count. Active trials with events and inactive trials

without events were counted and the percentages of the active trials are included in the

last column. The number of incomplete trials due to membrane rupture are shown in the

brackets in the active trials column.

demonstrated a more extended lifespan compared to those without melatonin. A membrane

incorporating melatonin was able to endure the entire duration of data collection, while

the control group exhibited less stability.

Prior research has demonstrated that melatonin is capable to fluidize the lipid mem-

brane by penetrating the lipid head group region. This fluidization property of melatonin

may provide an explanation for the observed increased amyloid activity in the melatonin

groups. Due to the enhanced fluidity of the membrane, it experiences greater fluctuations

within the Teflon barrier hole, thereby increasing the likelihood of amyloid contact and

interaction. On the other hand, despite the higher activity levels in the melatonin group,

their active trials demonstrated a longer lifespan, suggesting that melatonin potentially

protected the membrane from disintegration due to amyloid damage.

4.4.2 Event Count

Upon the determination of active trials in each group, an examination of the behaviour

of individual trials can provide more insight on the nature of amyloid damages on the

membrane in each instance. Deture et al. [7] previously introduced the primary event cat-

egories as spikes, steps, multilevels, and erratics. For this specific study, we supplemented

the existing event types with an additional category, instabilities.
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Control With 50 µM

Melatonin

With 100 µM

Melatonin

Total Trials 6 9 8

Total Events 55 83 110

Event Frequency 9.17 10.33 13.75

Spikes 44 21 37

Instabilities 8 15 18

Steps 1 31 35

Multilevels 2 9 12

Erratics 0 7 8

Table 4.2: Event Count for Complete Active Trials. Trials analyzed are all the

complete active trials of each group. Event frequency is calculated as total events divided

by total trials.

The number of all events from the active trials are listed in Table 4.2. Six active trials

from the control group were contrasted with nine trials containing 50 µM melatonin and

eight trials with 100 µM melatonin. We divided the event count over total trial count

to calculate the frequency of the events. The control group exhibited an average of 9.17

events/trial, while the melatonin groups displayed 10.33 and 13.75 events per trial for 50

µM and 100 µM melatonin, respectively. Evidently, the presence of melatonin increased

the average event count per trial, with the higher concentration leading to a more obviously

enhanced event frequency.

Figure 4.9 summarizes the frequency of each event in each group. The control trials

did not display any erratic signal; rather, they were dominated by spike events (80%),

followed by instability events (15%). The rest of the events are composed of 1% steps,

and 4% multilevel signals. Both melatonin groups exhibited similar event frequencies for

instabilities, multilevels, and erratics. The primary difference lies in spike events. The

group with 50 µM melatonin had 25% spike events and 37% steps, whereas the group

with 100 µM melatonin had 37% spikes and 32% steps.The frequency of step signals was

notably lower in the control group at a mere 1%, compared to 37% in the group with 50

89



µM melatonin and 32% in the group with 100 µM melatonin.

Figure 4.9: Event Distributions for the control, with 50 µM melatonin and with 100

µM melatonin groups.

Spike signals occur when amyloid molecules contact the membrane, causing abrupt

fluctuations. The higher frequency of spike signals in the control group suggests that the

membrane engages with amyloid without succumbing to the formation of pores or channels.

The similar frequency of instability events across all three groups implies that the persistent

amyloid-membrane interaction preceding any substantive damage is consistent, which does

not depend on the presence of melatonin.

The frequency of step events is markedly higher in the melatonin groups, indicating

that interaction between amyloid and the melatonin-enriched membrane are more likely

to precipitate the formation of channels or pores, thereby facilitating a stable ion current

flux. Moreover, the multilevel signal frequency in the melatonin groups was approximately
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three times higher than that in the control group, suggesting a higher incidence of pore or

channel formation in the melatonin group, with some demonstrating active opening and

closing behavior. This also agrees with the spike events behaviour discussed in the previous

paragraph.

Another interesting observation is the absence of erratic signals in the control group,

while the 50 µM melatonin group displayed 8% and the 100 µM melatonin group showed

7%. When this finding is combined with the active trial count results, it can be inferred

that melatonin is capable of maintaining the lipid membrane’s integrity even under severe

membrane damage, whereas in the control group devoid of melatonin, the membrane would

be likely to rupture.

4.4.3 Voltage-current Curve Analysis

Figures 4.10 to 4.12 include I-V plots of the inactive trials of the three experimental groups.

The linear regression analysis was applied to each plot to generate a linear fit and find it’s

slope, which represent the conductance for each trial according to the definition equation

G = I/V . Only the linear fits with coefficient of determination (R2) above 90% are

considered as reliable results.
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Figure 4.10: I-V Curves of the Inactive Trials in the Control Group. The voltages

are 50 mV, 90 mV, 100 mV, 110 mV and 120 mV. Linear fit for each plot is shown in blue,

and the slope is labeled in each plot.

Figure 4.11: I-V Curves of the Inactive Trials in the Group with 50 µM Mela-

tonin. The voltages are 50 mV, 90 mV, 100 mV, 110 mV and 120 mV. Linear fit for each

plot is shown in blue, and the slope is labeled in each plot.

For the active trials, average current for each voltage level of the trial is taken when

excluding step and erratic events because those represents the amyloid pore or channel
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Figure 4.12: I-V Curves of the Inactive Trials in the Group with 100 µM Mela-

tonin. The voltages are 50 mV, 90 mV, 100 mV, 110 mV and 120 mV. Linear fit for each

plot is shown in blue, and the slope is labeled in each plot.

behaviours instead of the membrane itself. A separate analysis is done on the step and

erratics signals and is discussed in the next paragraph. Figures 4.13 to 4.15 include the

I-V plots on the active trials of the three groups. Fitting lines are generated with linear

regression and only the curves with R2 > 90% are used as final results.

Figure 4.13: I-V Curves of the Active Trials in the Control Group. The voltages

are 50 mV, 90 mV, 100 mV, 110 mV and 120 mV. Linear fit for each plot is shown in red,

and the slope is labeled in each plot.
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Figure 4.14: I-V Curves of the Active Trials in the Group with 50 µM Melatonin.

The voltages are 50 mV, 90 mV, 100 mV, 110 mV and 120 mV. Linear fit for each plot is

shown in red, and the slope is labeled in each plot.

Figure 4.15: I-V Curves of the Active Trials in the Group with 100 µM Melatonin.

The voltages are 50 mV, 90 mV, 100 mV, 110 mV and 120 mV. Linear fit for each plot is

shown in red, and the slope is labeled in each plot.

Figure 4.16 and Table 4.3 summarize the membrane conductance values for the inactive

trials and the active trials according to their slopes. For the inactive trials, the conductance
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for the control group is 11.72 ± 2.62 pS; that for the group with 50 µM melatonin is 17.55

± 2.14 pS; and that for the group with 100 µM melatonin is 29.27 ± 7.35 pS. The presence

of melatonin in the lipid membrane and the bath increased the average conductance for

inactive trials. In other words melatonin appears to increase the membrane permeability

towards potassium and chloride ions when amyloid is present, without any interaction, in

the system. 50 µM melatonin does not shown significant effect on the conductance change

from the control group because the p-value between these two groups are 0.11 > 0.05. As

well, the difference between two melatonin groups is not significant with a p-value equal to

0.12 > 0.05, yet higher melatonin concentration does show a higher average conductance

of the membrane in Figure 4.16a. The most well-pronounced increase in the membrane

conductance appears between the control group and the group with 100 µM melatonin,

with p-value equal to 0.02 < 0.05. For this reason, one could tell that melatonin has a

moderate capability in increasing the membrane permeability when amyloid is present in

the bath, and the effect is more obvious with more concentrated melatonin. However, this

set of analysis for inactive trials are for the experiments without observable events; whether

this means no amyloid interaction with the membrane or very weak amyloid interaction,

with events embedded in noise is undetermined. Therefore, we need to look into the active

trials for more information on the degree of amyloid interaction and the level of damage

to the membrane.

Groups Inactive Trials Active Trials

Control 11.72 ± 2.62 2.29 ± 0.86

With 50 µM

Melatonin

17.55 ± 2.14 39.97 ± 10.17

With 100 µM

Melatonin

29.27 ± 7.35 206.26 ± 155.85

Table 4.3: Mean Values of the Conductance of the Inactive and Active Trials.

The values are represented as average ± standard error.

For the active trials, the conductance for control group is 2.29 ± 0.86 pS; that for the

group with 50 µM melatonin is 39.97 ± 10.17 pS; and that for the group with 100 µM
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(a) Inactive trials (b) Active trials

Figure 4.16: Inactive and Active Trial Conductances. The unit of conductance is

10−12 S (pS). The distribution of the data are shown in box plots with the mean value

represented by a half filled square. The violin curve associated with each box plot shows

the data point density. Each data point is shown as a black diamond.

melatonin is 206.26 ± 155.85 pS. Though the conductance in the 100 µM melatonin group

appears to be greater than that of the control and 50 µM melatonin groups, the large

standard error of the 100 µM melatonin group leads to a p-value greater than 0.05 when

comparing with the other groups, resulting in an insignificant difference. The conductance

difference between the control group and the group with 50 µM melatonin has a p-value

equal to 0.039 < 0.05, indicating that the melatonin-containing membrane has an increased

permeability to buffer ions when the membrane is interacting with amyloid.

Now let’s look at the inactive and active trials within each individual group. For the

control group, the average conductance value for the active trials appears to be lower than

that of the inactive trials, but the difference is not significant (p-value = 0.073 > 0.05). The

melatonin groups show an increased membrane average conductance and a larger variance

for the active trials. For the group with 50 µM melatonin, the active conductance is

significantly higher than the inactive conductance (p-value = 0.029 < 0.05). For the group

with 100 µM melatonin, the active conductance is larger than the inactive conductance but

the difference is not significant (p-value = 0.096 > 0.05) due to the large standard error
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for the active trials. Once again the large standard error lead to insufficient comparison,

therefore the effect of melatonin concentration to membrane permeability was not well

determined. However, it indicates that higher melatonin concentration would destabilize

the membrane and this effect is more obvious when the membrane has active amyloid

interaction.

4.4.4 Activity Duration

Figure 4.17: Amyloid Activity Duration. The distribution of the data were shown

in box plots with the mean value represented by a half filled square. The violin curve

associated with each box plot shows the data point density. Each data point is shown as

a black diamond.

The activity durations for the active trials of the three models are summarized into

Figure 4.17. The duration of amyloid interaction with the membrane has an increasing

trend from no melatonin to higher concentration of melatonin. For the control group,

amyloid activity lasts 10.03 ± 3.14 minutes; for the group with 50 µM melatonin, amyloid

activity lasts 18.38 ± 4.06 minutes; and for the group with 100 µM melatonin, amyloid

activity lasts 26.77 ± 4.87 minutes. Although any pair of the groups does not have a
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significant difference in the duration of amyloid interaction, there is a trend that longer

activities happens with increasing melatonin concentration. This indicates that in the

group with more concentrated melatonin, amyloid tends to interact with the membrane

earlier and at lower applied voltage in the recorded period. This finding is in agreement

with the active trials determination analysis, where membranes with melatonin exhibited

increased amyloid activity.

4.5 Conclusion

In this study, we explored amyloid interaction with lipid membranes prepared without

melatonin, as well as with 50 µM and 100 µM concentrations of melatonin, utilizing the

BLM technique. BLM successfully captured complex amyloid-membrane interactions by

measuring event-specific current signals. Melatonin’s presence induced more uncertainty

in current measurements, suggesting its ability to fluidize the membrane and produce more

fluctuations. Along with promoting more active amyloid trials and elevating the average

membrane conductance and ion permeability, melatonin also decreased the likelihood of

membrane rupture. While melatonin-enriched membranes initially show the formation of

small pores, melatonin overall enhances the membrane’s resistance to destructive amyloid

damage, thereby maintaining membrane integrity. Our findings suggest that melatonin

minimally impacts the overall amount of amyloid interaction events, but alters their nature,

leading to fewer insertion or attaching onto the membrane surface from small oligomers

but more stable pore/channel formation from lager aggregates. Importantly, melatonin

appears to prolong membrane lifespan under amyloid interaction and decrease the risk of

complete rupture. Future research should delve into the molecular dynamics of melatonin’s

interaction with the membrane and its effects at varied concentrations.
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Chapter 5

Thesis Conclusions

This thesis delved into the effects of melatonin on model membrane systems that mimic

neural cell membranes in the human brain. I selected a simple model (SPM) composed of

DPPC, POPC, and cholesterol for both NMR and BLM investigations. The NMR study,

detailed in Chapter 2, studied the phase behaviour of the lipid membrane when exposed

to different melatonin concentrations. In Chapter 4, the BLM research evaluated various

kinds of membrane damage resulting from the interaction between amyloid and membrane,

and how melatonin influences these damages. The LSPR study in Chapter 3 employed a

more intricate neuronal membrane model made up of DPPC, POPC, cholesterol, SM,

and GM1. This model mimics various disease states, and the study shed light on how

melatonin impacts the accumulation of amyloid layers on these model membranes. Below

are the detailed conclusions for each investigation.

5.1 Melatonin’s Effect in Simple Model Membrane

Phase Behaviour

Using 2H NMR, I investigated the impact of melatonin on the phase behaviour of DPPC,

POPC, and cholesterol lipid membranes. My results suggest that melatonin can change

phase separation in these mixtures by primarily incorporating into the disordered phase,
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amplifying its level of disorder. The effect of melatonin was more prominent in POPC-d31

than DPPC-d62 mixtures, hinting at its preferential interaction with unsaturated lipids like

POPC. This work sheds light on melatonin’s antioxidative mechanisms and the significance

of membrane domains in amyloid toxicity. The findings are pivotal for further studies on

melatonin’s membrane-level protective roles against Aβ.

5.2 Melatonin Affects Binding of Amyloid to the Model

Membranes

Utilizing AFM and LSPR, the study was conducted to investigate amyloid interactions with

model membranes mimicking the neuronal structure in various Alzheimer’s disease stages,

as well as the role of melatonin, an antioxidative hormone. The findings indicate that

amyloid interactions with these membranes are disease-state-dependent, with the early dis-

eased model (EDM) being particularly vulnerable. Furthermore, melatonin demonstrated

a protective effect, notably inhibiting amyloid interactions within the EDM, suggesting its

potential role in countering Alzheimer’s progression in the early stages. However, as the

disease progresses, this beneficial impact of melatonin appears to diminish, emphasizing

the need for more comprehensive research into its molecular mechanisms and effects on

membrane properties.

5.3 Melatonin’s Effect on Amyloid Induced Membrane

Damage to Simple Model Membrane

Using the BLM technique, I studied amyloid interactions with lipid membranes in the pres-

ence and absence of melatonin (50 µM and 100 µM). BLM revealed complex ion current

patterns which correlates with varies suggested pathways of amyloid-membrane interac-

tions, including insertion, accumulation, and pore formation. Melatonin increased mem-

brane permeability, suggesting it fluidizes membranes. While increasing membrane current

activity and ion permeability, melatonin reduced the probability of membrane rupture due
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to amyloid damage over time. Melatonin’s presence altered membrane physcial properties,

leading to fewer attachments from small oligomers but more stable channels from larger

aggregates. Importantly, melatonin enhanced membrane durability and longer resistance

to amyloid induced damage. Further studies should probe melatonin’s molecular effects on

membranes at varying concentrations.

5.4 Conclusion

In conclusion, melatonin modifies physical properties of lipid membranes, which, in turn,

alters the amyloid-membrane interactions, the amount of amyloid binding to the mem-

brane, and also influences the types of damage inflicted on the membrane due to amyloid

binding. Melatonin reduces the thickness of buildup layer of amyloids on the membrane,

and its effects vary depending on the state of the lipid model membrane, most effectively

in the early diseased model. Additionally, melatonin modulates the type of damage that

amyloids inflict on simple lipid model membranes. Importantly, the presence of melatonin

prolongs the membrane’s lifespan, even in the face of amyloid-induced damage. These

findings illuminate melatonin’s protective effects on membranes via non-specific membrane

incorporation, providing insights into its capability to prevent membrane rupture due to

amyloid toxicity and to reduce amyloid binding and accumulation. These findings indicate

the potential of melatonin to benefit AD patients, most importantly at the early stages

of AD, and may eventually guide the development of therapeutic approaches for early

prevention of this disease

5.5 Future Works

Future research, stemming from the foundations laid out in this thesis, can branch out in

various directions. A paramount area of investigation is the impact of melatonin on lipid

phase behaviour in increasingly intricate models, with NMR as a potential investigative

tool. Particularly, the interactions between amyloid and lipid membranes can be probed

more deeply. Utilizing solid-state 2H NMR, as outlined in this thesis, offers an approach
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to study the structural characteristics of the lipid membrane. Meanwhile, when explor-

ing interactions between the amyloid and membrane, liquid-state NMR is typically more

appropriate. In 2016, Korshavn et al. [194] employed 1H-NMR to probe the aggregation

of amyloid in the context of large unilamellar vesicle (LUV)s with single lipid component.

Subsequent research could elevate the complexity of these vesicles. Future research should

start with the simple model from this thesis and then progress to the 5-component neuronal

cell models.

Furthermore, results from both LSPR and BLM studies have affirmed that combining

these methods can offer a comprehensive insight into the interactions between amyloid

and the membrane, as well as melatonin’s protective role against membrane damage. As

such, these paired techniques can be employed in future research on various lipid models,

cellular membrane extracts, or different amyloid species, such as Aβ(1-40). By broadening

the scope to include diverse lipid membrane compositions and multiple amyloid species,

the protective properties of melatonin against amyloid-membrane damage could be more

thoroughly understood.

In addition to the general interactions between amyloid and lipid membranes, it’s cru-

cial to recognize the role of Aβ oligomer receptors in the toxicity that amyloid oligomers

impart on lipid membranes [195]. The LSPR technique, already widely applied in studying

ligand-receptor binding by immobilizing receptors on the lipid membrane and introducing

the ligand solution, can be uniquely leveraged. Future research could employ LSPR to

scrutinize binding kinetics and seek potential inhibitors. Concurrently, BLM could serve

as an adjunct method, helping determine the nature of membrane damage resulting from

amyloid-receptor interactions.

In summary, this thesis paves the way for diversified future explorations into the lipid

phase behaviour and amyloid interactions, with NMR techniques offering invaluable in-

sights. With the successful integration of LSPR and BLM methodologies, researchers

have a well-established frameword for uncovering melatonin’s protective capacities against

amyloid-induced membrane damage. As we delve deeper into the roles of Aβ oligomer

receptors and expand on current models, we’re moving closer to discovering potential ther-

apeutic approaches for Alzheimer’s disease.

102



Letter of Copyright Permission

103



Copyright Letter for Figure 1.4

104



11/21/23, 3:26 AM RightsLink Printable License

ELSEVIER LICENSE
TERMS AND CONDITIONS

Nov 21, 2023

This Agreement between Dr. Nanqin Mei ("You") and Elsevier ("Elsevier") consists of
your license details and the terms and conditions provided by Elsevier and Copyright
Clearance Center.

License Number 5673510006882

License date Nov 21, 2023

Licensed Content Publisher Elsevier

Licensed Content Publication Biochimica et Biophysica Acta (BBA) -
Biomembranes

Licensed Content Title Effect of melatonin and cholesterol on the
structure of DOPC and DPPC membranes

Licensed Content Author E. Drolle,N. Kučerka,M.I. Hoopes,Y. Choi,J.
Katsaras,M. Karttunen,Z. Leonenko

Licensed Content Date Sep 1, 2013

Licensed Content Volume 1828

Licensed Content Issue 9

Licensed Content Pages 8

Start Page 2247

End Page 2254

105



11/21/23, 3:26 AM RightsLink Printable License

Type of Use reuse in a thesis/dissertation

Portion figures/tables/illustrations

Number of figures/tables/illustrations 1

electronic

No

No

The Role of Melatonin in Amyloid Interactions
with the Model Neuronal Membranes

University of Waterloo

Nov 2023

Figure 7

Dr. Nanqin Mei
200 University Avenue West

Waterloo, ON N2L 3G1
Canada
Attn: Dr. Nanqin Mei

GB 494 6272 12

0.00 CAD

Format

Are you the author of this Elsevier 
article?

Will you be translating?

Title of new work

Institution name

Expected presentation date 

Portions

Requestor Location

Publisher Tax ID

Total

106



Copyright Letter for Figure 1.10

107



11/21/23, 3:31 AM RightsLink Printable License

ELSEVIER LICENSE
TERMS AND CONDITIONS

Nov 21, 2023

This Agreement between Dr. Nanqin Mei ("You") and Elsevier ("Elsevier") consists of
your license details and the terms and conditions provided by Elsevier and Copyright
Clearance Center.

5673510378022

Nov 21, 2023

Elsevier

Current Opinion in Colloid & Interface Science

Black lipid membranes

Mathias Winterhalter

Jul 1, 2000

5

3-4

6

250

255

License Number

License date

Licensed Content Publisher

Licensed Content Publication

Licensed Content Title

Licensed Content Author

Licensed Content Date

Licensed Content Volume

Licensed Content Issue

Licensed Content Pages Start

Page

End Page

Type of Use reuse in a thesis/dissertation

108



11/21/23, 3:31 AM RightsLink Printable License

Portion figures/tables/illustrations

Number of figures/tables/illustrations 1

electronic

No

No

The Role of Melatonin in Amyloid Interactions
with the Model Neuronal Membranes

University of Waterloo

Nov 2023

Figure 1

Dr. Nanqin Mei
200 University Avenue West

Waterloo, ON N2L 3G1
Canada
Attn: Dr. Nanqin Mei

GB 494 6272 12

0.00 CAD

Format

Are you the author of this Elsevier 
article?

Will you be translating?

Title of new work

Institution name

Expected presentation date 

Portions

Requestor Location

Publisher Tax ID

Total

109





References

[1] Justyna B Startek, Brett Boonen, Karel Talavera, and Victor Meseguer. Trp channels

as sensors of chemically-induced changes in cell membrane mechanical properties.

International Journal of Molecular Sciences, 20(2):371, 2019.

[2] Elizabeth Drolle, Alexander Negoda, Keely Hammond, Evgeny Pavlov, and Zoya

Leonenko. Changes in lipid membranes may trigger amyloid toxicity in Alzheimer’s

disease. PloS One, 12(8):e0182194, 2017.

[3] Youngjik Choi, Simon J. Attwood, Matthew I. Hoopes, Elizabeth Drolle, Mikko Kart-

tunen, and Zoya Leonenko. Melatonin directly interacts with cholesterol and allevi-

ates cholesterol effects in dipalmitoylphosphatidylcholine monolayers. Soft Matter,

10(1):206–213, 2014.
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supported lipid bilayers using atomic force microscopy. Biochimica et Biophysica

Acta (BBA) - Biomembranes, 1798(4):750–765, 2010.

[163] Attila Bonyár. Label-free nucleic acid biosensing using nanomaterial-based local-

ized surface plasmon resonance imaging: A review. ACS Applied Nano Materials,

3(9):8506–8521, 2020.

[164] Andrea Miti, Sophie Thamm, Philipp Müller, Andrea Csáki, Wolfgang Fritzsche,
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Appendix A

Neutron Scattering and Molecular

Dynamics to Study Complex Lipid

Model Membranes

A.1 Overview

This project comprises two studies conducted in collaboration with two research groups:

the John Katsaras Group at Oak Ridge National Laboratory and the Maikel C. Rhe-

instädter Group at McMaster University. The objective of this project is to explore lipid

dynamics and membrane domain formations in complex neuronal model membranes that

mimic both the healthy and early diseased states of Alzheimer’s disease.

For the neutron scattering study, the design was formulated in collaboration with Dr.

Morgan Robinson (who was a PhD student at the time) from our home lab and Dr. John

Katsaras. Dr. Katsaras’ Postdoc Fellow, Dr. Dmitry Bolmatov, trained M. Robinson in

the experimental methods, and M. Robinson proceeded with data collection. While I led

the experimental design, I could not participate in the data collection due to visa issues.

M. Robinson achieved preliminary data analysis, and both he and I will continue to refine

the analysis.
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For the molecular dynamics simulation study, it was conceived in collaboration with

Dr. Maikel C. Rheinstädter and his student Dr. Sebastian Himbert (a PhD student at

that time). The same lipid membrane systems used in the neutron scattering study were

employed here. I utilized CHARMM-GUI to design the model, while S. Himbert executed

the simulation using Gromacs. Data collection has been completed, and data analysis

is currently underway. Preliminary results, analyzed by S. Himbert, are available and

presented in the subsequent sections.

A.2 Introduction to Neutron Scattering

Neutron scattering is a powerful experimental technique employed in the study of a vast

range of materials, spanning from liquids to solids [196]. When neutrons are directed at

a material, they scatter off nuclei and unpaired electrons, producing a scattering pattern

that provides crucial information about the atomic and molecular structures, as well as

the dynamics within the material [197].

Among the various techniques of neutron scattering, Small Angle Neutron Scattering

(SANS) is particularly significant. SANS investigates structures at the nanoscale, typically

ranging from 5 to 100 nanometers [199]. This method is especially suited to studying large

molecular structures, inhomogeneities, and aggregates in various biological materials. By

analyzing the scattering patterns at small angles, researchers can extract a wealth of in-

formation about size, shape, and orientation of these nanostructures. The non-destructive

nature of neutrons and their deep penetration into matter makes SANS an invaluable tool

in the world of nanoscale science and research. For example, Drolle et al. used SANS to

successfully study the bilayer thickness change induced by cholesterol and melatonin of the

pure DPPC or DOPC unilamellar vesicles in 2013 [24].

In the realm of neutron scattering, particularly when studying lipid domain structures

in liposome solutions composed with more than one lipid species, scattering length density

(SLD) and contrast matching play pivotal roles [197]. The SLD is a measure of how

neutrons are scattered by a particular volume of a material. For liposomes, which are

essentially lipid bilayer vesicles encapsulating a water-based core, the SLD provides crucial

139



information about the distribution and arrangement of the lipid molecules in the bilayer.

Different components of the liposome, such as the lipid head groups, tails, and the aqueous

core, have distinct SLDs. As a result, they would appear as different contrast against the

background solvent. Contrast matching is employed to make the sample ”invisible” to

neutron scattering by matching the scattering length density (SLD) of the component to

that of the surrounding solvent [198, 196].

When studying liposome solutions, this principle is often applied to make the entire

liposome match the SLD of the background solvent, which could be a mixture of water

and D2O [199]. At high temperatures, where lipids are in a fully mixed state, the liposome

can be matched in contrast to the solvent, essentially making it invisible in the SANS

measurement. This is achieved by adjusting the ratio of deuterated lipids versus the non-

deuterated lipids, as well as adjusting the ratio of H2O to D2O, making the SLDs of the

liposomes to match that of the solvent. However, as the solution is cooled, different lipid

species undergo phase transitions at different temperatures. As a result, lipid domains,

representing regions of different lipid phases, begin to form within the liposome. Given

that these domains have distinct SLDs from the rest of the liposome and the solvent, the

previously achieved contrast matching condition is disrupted.

The emergence of these lipid domains that no longer match the surrounding solvent in

terms of SLD leads to an increase in scattering intensity. This change is manifested as a

peak in the SANS spectrum, indicating the formation of structures (domains) within the

liposomes. The position, width, and intensity of this peak can provide valuable insights

into the size, shape, and distribution of these lipid domains [199].

Using the unique contrast matching technique, Nickles et al. successfully identified the

formation of ≈ 13 nm domains within a unilamellar vesicle system, with vesicle diameter

of 60 nm. This system was designed to mimic the mammalian plasma membrane using

a lipid model composed of POPC, DSPC, and cholesterol [200]. Apart from the model

lipid systems, SANS can also be applied to study cell membranes in vivo [201]. The same

research group managed to measure the domain structure on B. subtilis cell membrane by

carefully adjusting contrast conditions, as well they managed to measure the hydrophobic

thickness of the cell membrane.
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These applications of SANS on biological membranes studies provide well-developed

approaches in measuring the phase behaviour of unilamellar system. My collaborative re-

search with Dr. Morgan Robinson was designed using the well-established contrast match-

ing method to investigate the phase separation that results in domain formation on the

complex neuronal cell membrane models: HM and EDM. The experiments were conducted

in collaboration with the John Katsaras group at Oak Ridge National Laboratory located

in USA. Details on experiment set up and outcomes will be discussed later.

A.3 Introduction to Molecular Dynamics

In conjunction with the SANS technique to study the membrane phase behaviour of the

complex models, molecular dynamic (MD) simulation was utilized to provide details on

the composition of the membrane domains.

MD simulations have emerged as indispensable tools in the detailed exploration of a

myriad of biological systems at the molecular level, one of the most notable being lipid

membranes. MD simulates the physical movements of atoms and molecules in a system

over time, abiding by the laws of classical mechanics. By using force fields – mathematical

functions that describe the interactions and energy between atoms – the simulations provide

a temporal evolution of the system, offering insights into molecular trajectories, structural

shifts, and dynamic interactions [202].

In the application for lipid membrane studies, MD simulations have been utilized to in-

vestigate lipid bilayer organization, dynamics, and function [203]. By varying temperature

and lipid composition in simulations, researchers can explore phase transitions, domain for-

mations, and the emergence of ordered and disordered phases in lipid bilayer membranes

[204]. MD can also provide details about membrane thickness, area per lipid [161], and

the lateral pressure of lipid molecules [205], which are vital parameters defining membrane

fluidity.
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A.4 Experiments

Both the NS and the MD simulation experiments used the same lipid model membranes

that mimic the healthy (HM) and the early diseased (EDM) state of AD as shown in Table

A.1 [2]. Two temperatures: 22 ◦C and 54 ◦C were involved in these studies.

Lipid components (weight ratio)

Lipid Models DPPC POPC Cholesterol SM GM1

Healthy Model (HM) 37 37 10 10 6

Early Diseased Model (EDM) 39 39 10 10 2

Table A.1: Lipid Compositions of the Lipid Model Membranes mimicking different

disease states of neuronal cell membranes in AD: HM, and EDM membranes. The ratios

are shown by weight. Adapted from Drolle et al., 2017 [2].

A.4.1 Neutron Scattering

** This section is fully rewritten from the experiment details provided by M. Robinson. **

Lipids were combined in chloroform according to the ratios specified in Table A.1. The

chloroform was allowed to evaporate under dry nitrogen for 2 hours and was subsequently

placed in a vacuum chamber overnight to eliminate any remaining chloroform, resulting in

a dry lipid film. This film was then rehydrated in a D2O/H2O mixture at an approximate

ratio of 61:39, ensuring the vesicle’s contrast matched the background.

Neutron beam data, both transmitted and scattered, were collected for each sample

condition and controls using the EQ-SANS Diffractometer at the Spallation Neutron Source

(SNS) in the Oak Ridge National Laboratory. Data for the Porasil B calibration standard

and background banjo cells (cuvettes) for calibration were also collected. Low Q data was

obtained using detector settings at 8m 8A in pure D2O for both membrane models. High

Q data were captured with detector settings at 2.5m 2.5A in approximately 60.5% and

61.8% D2O for EDM and HM, respectively.
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A.4.2 Molecular Dynamics Simulation

Lipid membrane models, as detailed in Table A.1, were employed to create models using

CHARMM-GUI. In each lipid model, DPG1 substituted for GM1, and DPSM replaced SM

during the simulation model construction. Each leaflet of the bilayer incorporated 1,000

lipid molecules. The simulations were executed using Gromacs.

A.5 Preliminary Results

** The preliminary results of MD simulation were provided by S. Himbert. **

The NS data require further processing to accurately display the results. What follows

are representative preliminary results from the MD simulation. Since the analysis is not

yet complete, only the results on simulations for HM and EDM membranes at 54 ◦C are

shown here.

Figures A.1 and A.2 show the rendering results for the healthy and the early diseased

model membranes, respectively. Figures A.3 and A.4 show the side view of the membrane

renderings.

Figure A.5 include the density profiles of the two model membranes. For both of the

HM and EDM membranes, the difference in membrane thickness between DPG1 and other

lipids is ≈1.5 nm.

Figures A.6 and A.7 show the thickness maps of upper and lower leaflets for both HM

and EDM membranes. This thickness profile was interpolated using the griddata function.

The height profile was averaged over 1 microsecond. The HM membrane shows larger

and more frequent thickness variations of both leaflet, while the EDM membrane shows a

flatter surface with only few thicker areas.
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Figure A.1: Rendering of the HM mem-

brane that gives lateral arrangements of

lipid molecules.

Figure A.2: Rendering of the EDM mem-

brane that gives lateral arrangements of

lipid molecules.

Figure A.3: A side view on the rendering of

the HM membrane.

Figure A.4: A side view on the rendering of

the EDM membrane.

A.6 Next Steps

Data analysis for the NS experiment needs to continue, as does the MD simulation for both

HM and EDM membranes at 22 ◦C. We expect that the outcomes will provide insights

into membrane phase separation/domain formation as the temperature decreases for both

lipid model membranes, as evidenced by the NS data. Additionally, the MD data should

reveal information about the composition of the domain structure and the organization of
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Figure A.5: An illustration of the normalized mass density profile for the each composite

lipid for (Left) HM, and (Right) EDM. The symmetric peaks indicate the location of the

PO4 groups (DPPC, POPC and DPSM) as well as the GM1 bead from DPG1. The location

of the peaks can be considered to be a measure of the lipid dependent membrane thickness.

lipids within the membrane system.
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Figure A.6: Thickness maps for the membrane patch of HM. The upper and lower leaflet

were separated at each time-step. The highest and lowest point was determined for each

lipid and the membrane thickness at every point was calculated by subtracting both values.
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Figure A.7: Thickness maps for the membrane patch of EDM. The upper and lower leaflet

were separated at each time-step. The highest and lowest point was determined for each

lipid and the membrane thickness at every point was calculated by subtracting both values
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Appendix B

Neutron Reflectivity to Study Simple

Model Lipid Membranes

B.1 Overview

This project was developed in collaboration with Dr. Giovanna Fragneto and her PhD

student, Giacomo Corruci, at the Institut Laue-Langevin (ILL) in France. The goal was to

study the interaction of amyloid with a lipid membrane model composed of DPPC, POPC,

and cholesterol. We conducted experiments at two temperatures: 22 ◦C and 37 ◦C. Data

collection was completed by G. Corruci at the ILL, and the analysis was carried out by

both G. Corruci and myself. Preliminary results are available and have been included in

the text here.

B.2 Introduction to Neutron Reflectivity

While both neutron scattering (NS) and neutron reflectivity (NR) techniques utilize the

unique properties of neutrons to study materials, neutron reflectivity examines the neu-

trons reflected from the sample, rather than the scattered neutrons as detailed in the
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neutron scattering section. For the successful detection of reflected neutrons from a sam-

ple, it typically needs to be supported on a solid substrate. Silicon-based substrates are

commonly used because of their advanced surface coating techniques [207]. However, while

the vertical sensitivity of the NR technique is exceptional, reaching detection limits of 5 Å

[206], its lateral sensitivity is not as pronounced. As a result, NR is particularly sensitive

to depth-related changes in lipid membrane systems, such as changes in membrane thick-

ness, molecule binding to the membrane surface, molecule transport across the membrane,

and lipid rearrangements in asymmetric membranes, among others [207, 206]. Luchini

et al. recently reported a study on the interaction of SARS-CoV-2 spike proteins with a

synthetic lipid membrane (POPS:POPC) and a mixture of extracted lipids from the yeast

Picha pastoris combined with cholesterol (PC:PS:PE:chol), which resulted in a reduction

of membrane coverage [208]. Additionally, Dante et al. conducted a study on Aβ peptide

interactions with membranes formed from pure POPC or a mixture of POPC/POPS (with

one deuterated acyl chain on all lipids) and observed membrane penetration by the peptide

[209].

Similar to NS, the contrast between the sample membrane and the background plays a

pivotal role in detecting the signal. In NR, three components of the experimental system

contribute to this contrast: the buffer, the sample (or membrane), and the substrate.

Achieving contrast match follows a process analogous to that described in the NS section.

A unique aspect of the NR system is that both the buffer solution and the substrate

must have matched contrasts to obtain a reflectivity profile solely from the membrane.

This approach facilitates the determination of a layer’s composition based on its scattering

length density (SLD). As articulated by Fragneto-Cusani (2001), adjusting the H and D

ratio in the buffer alters its SLD. Typically, an NR study incorporates four contrasts, as

elucidated by Fragneto-Cusani and summarized in Table B.1 [207].

B.3 Experiment

Figure B.1 displays a schematic of the experimental setup. The incident neutron beam

illuminates the silicon/membrane interface from the silicon side and is reflected twice at
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Contrast Group SLD (10−6Å−2) H2O D2O

H2O (Pure H2O) -0.56 100% 0%

SMW (Silicon Match Water) 2.07 62% 38%

4MW 4 33% 67%

D2O (Pure D2O) 6.35 0% 100%

Table B.1: List of Four Contrasts of Liquid Buffers and Their Composition.

Figure B.1: Illustration of reflections of an incident beam on silicon/membrane and mem-

brane/water interfaces.

two interfaces. In an actual experiment, there are typically more than just these two

interfaces. Because the lipid tails and head groups have different SLD values in response

to the neutron beam, each interface between two differing SLD values is considered a

new reflection plane. When more molecules, such as the Aβ peptide, are introduced into

the system, they create additional reflection interfaces depending on the location of the

molecular layer buildup. Reflections at different interfaces yield distinct peaks on the

spectrum, which can then be analyzed to deduce the distribution of substances in the

z-direction.

In the NR study, we used simple model (SPM) as the model lipid membrane to study

its interaction with Aβ peptide. We used 4 contrasts: H2O, D2O, 4WM and SWM in this
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study. Preliminary results show that amyloid could interact with the supported membrane

and penetrate into the membrane to create a new reflectivity profile on the opposite side

of the membrane (between the membrane and the silicon substrate).

B.4 Preliminary Results

Data presented in Figure B.2 were fitted using the error function model approach, in which

each part of the sample along the z-axis is described using error functions. From this model,

the SLD profile is calculated and processed using the Parrat formalism (slab method). The

fitting process relies on the minimization of χ2, based initially on the simulated annealing

algorithm and subsequently on the steepest descent method. Figures B.2 and B.3 display

the reflectivity profiles and the layer distribution of the SPM before the addition of amyloid.

A multilamellar formation is evident (indicated by black arrows) and can be fitted using

a second layer with a coverage of 3% and a distance of around 80 Å as seen in Figure B.2.

Figure B.3 presents the volume fraction distribution model obtained from the fit. The lipid

head group is not directly connected to the substrate; instead, there is a hydration layer

between the two layers.

Figures B.4 and B.5 show the reflectivity profiles and the layer distribution of the SPM

after the addition of amyloid.In Figure B.4, the fit of the three contrasts after the addition

of the peptide. The arrows indicate the presence of bragg peaks from the multilamellar

contribution (that persists even after the peptide addition). In this model the multilamel-

larity is not considered, to avoid the over parametrization of the model. The position of

the error function describing the Aβ was left free to move along the z-axis, giving at the

end the best position that gave the best chi square. The final model is shown in Figure

B.5. There is amyloid distribution between the silicon substrate and the lipid membrane,

indicating its ability in penetrating through the membrane, which is in agreement with

previous research findings on other membrane models [209].
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Figure B.2: Neutron reflectivity profiles and fitted curves of the SPM lipid membrane

before adding Aβ.
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Figure B.3: Density profiles of each layer from fitted curves before adding Aβ.
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Figure B.4: Neutron reflectivity profiles and fitted curves of the SPM lipid membrane after

adding Aβ.
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Figure B.5: Density profiles of each layer from fitted curves after adding Aβ.

B.5 Next Steps

While all experiments for this project have been accomplished, data analysis is still ongoing.

Apart from the preliminary results shown here, further careful analysis is needed. We

expect the outcome of this research to show that the membrane thickness (both head

groups and tail groups) varies at different temperatures. Amyloid penetration, resulting in

the formation of an amyloid layer on the opposite side of the membrane, would also impact

the membrane structure.

155



Appendix C

High-Speed Atomic Force

Microscopy to Study the Dynamics

of the Membrane-Amyloid

Interaction in the Presence and

Absence of Melatonin

C.1 Overview

The high-speed AFM study was funded through a research fellowship by the Nano Life

Science Institute (NanoLSI) at Kanazawa University in Japan, hosted by Professor Takeshi

Fukuma. Assistant Professors Ayumi Sumino and Ayhan Yurtsever, as well as lab manager

Dr. Weilin Wei, collaborated with us on the experimental design and provided invaluable

assistance during data acquisition.

The overall goal of this project is to verify that melatonin associates with lipid bilayers

so that it changes the lipid surface domain structure, and to determine if the presence of

melatonin affects amyloid interaction with the lipid bilayers.
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C.2 High-Speed Atomic Force Microscopy

The principle of atomic force microscopy (AFM) has been discussed in the method intro-

duction section. High-speed (HS) AFM inherits all physical principles involved AFM. The

HS-AFM a derived AFM technique that allows repeated imaging on the same area of the

sample surface. In AFM for biological samples, a sharp-tipped micro-cantilever oscillates

and intermittently contacts the sample. This movement is detected using an optical sys-

tem and converted into a topographical image. Traditional AFM systems face limitations

in scan speed, affecting the feedback control that maintains constant interaction between

the tip and the sample. HS-AFM was developed to overcome these limitations, employing

various techniques and devices, including shorter cantilevers and advanced feedback con-

trols. Established in 2008, HS-AFM can achieve speeds of up to 15 frames per second for

imaging individual protein molecules without disrupting their function [210].

Casuso et al. used HS-AFM to investigate the movement, dynamics, and arrangement

of unlabelled outer membrane protein F (OmpF) in E. coli lipid membranes. They managed

to collected videos on frame rate of 477 ms in a 750 Å area [211].

In our study with HS-AFM, lipid membrane models SPM, HM and EDM were studied.

Amyloid interactions with the supported lipid membranes were recorded over a 2-hour

video range. 400 µM melatonin was added to the experimental group to observe any effect

on amyloid-membrane interaction.

Data acquisition for this study has been completed, but data analysis has not yet

started. I will continue to analyze the data after submitting this thesis.
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