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ABSTRACT 

 

The formation of β-amyloid fibrils in patient’s brain tissues has been the hallmark 

of Alzheimer’s disease. However, recent evidence suggests the early oligomers of β-

amyloid peptides are the origin of neurotoxicity. While the importance of identifying the 

toxic oligomeric species is widely recognized, its realization has been challenging 

because these oligomers are metastable, occur at low concentration, and are characterized 

by a high degree of heterogeneity. 

 

This doctoral thesis focuses on the study of β-amyloid(1-40) oligomer and its 

interaction with lipid membrane through a novel single molecule approach. In the first 

part of the thesis (Chapter II & III), a single molecule methodology based on 

photobleaching is developed to identify the β-amyloid(1-40) oligomeric species. By 

directly counting the photobleaching steps in the fluorescence, we can determine the 

number of subunits in individual β-amyloid(1-40) oligomers. The results are further 

analyzed by comparison with stochastic simulations to show that the variability seen in 

the size of photobleaching steps can be explained by assuming random dipole 

orientations for the fluorophores in a given oligomer. In addition, by accounting for 

biasing the oligomer size distribution due to thresholding, the results can be made more 

quantitative, and show good agreement with the oligomer size distribution determined 



 x 
 

using HPLC gel filtration. 

 

In the second part of this thesis (Chapter IV), the interaction of β-amyloid(1-40) peptide 

with supported planar lipid membrane is investigated in detail through single molecule 

imaging techniques. The evolution of β-amyloid species on lipid membranes is monitored 

for up to a few days. The results indicate a tight, uniform binding of β-amyloid(1-40) 

peptides onto lipid membranes, followed by oligomer formation. The size of the β-

amyloid(1-40) oligomers and the rate of their formation are highly dependent on the 

peptide concentration. Our results suggest there are two different pathways of oligomer 

formation, which lead to drastically different oligomeric species formed in the membrane.
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CHAPTER I 

Introduction to Alzheimer’s disease and β-amyloid Peptides 

 

1.1 Alzheimer’s disease (AD) 

Alzheimer's disease (AD), also called Senile Dementia of the Alzheimer Type, is 

the most common form of dementia in humans. It is an irreversible, progressive 

neurodegenerative disease that gradually leads to the loss of memory, thinking skills, and 

the ability to carry out daily activities. Eventually the destruction of brain functions is 

fatal. According to recent estimates, as many as 2.4 to 4.5 million people in the U.S. (1), 

and 26.6 million people worldwide, have developed Alzheimer’s disease (2), and these 

numbers are expected to quadruple by 2050 (3). 

 

Alzheimer’s disease was first discovered in 1906 by Alois Alzheimer, a Bavarian 

psychiatrist (4). He examined the brain tissues of a woman who died of an unusual 

mental illness, and found many abnormal clumps and tangled bundles of fibers, which 

were later termed amyloid/senile plaques and neurofibrillary tangles, respectively. Since 

then, these two classical brain lesions have become the major neuropathological features 

of Alzheimer’s disease. In the 1960s, the use of electron microscopy allowed the ultra-

structures of these plaques and tangles to be studied, revealing the fine fibrillar structures 

of these brain lesions (5-8). 
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With the advances in biochemical pathology, the compositions of the plaques and 

tangles were identified in the 1980s. It was found that the amyloid plaques mainly 

contain extracellular deposits of β-amyloid peptides (9-12), while the neurofibrillary 

tangles are mainly composed of hyperphosphorylated tao proteins (13-16). Both β-

amyloid peptides and tao proteins are present in a highly ordered and aggregated form in 

the plaques and tangles. 

 

Due to the fact that amyloid plaques and neurofibrillary tangles can occur 

independently of each other, and that neurofibrillary tangles are also present in many less 

common neurodegenerative diseases in the absence of β-amyloid deposition, it has been 

suggested that the tangles are likely to occur as a secondary response to the injury of 

neuronal cells (17, 18). Therefore, Alzheimer’s disease studies have primarily focused on 

β-amyloid peptides. 

 

Indeed, with extensive research on β-amyloid peptides over the years, more 

evidence was gained in support of their direct involvement in Alzheimer’s disease: 

1. Genetic studies of the familial forms of early-onset Alzheimer’s disease have 

uncovered several point mutations in the β-amyloid peptide sequence, e.g. Arctic 

(E22G), Dutch (E22Q), Flemish (A21G), and Iowa (D23N) mutant peptides (19-

21). It has been shown that these peptides have greater propensity for 

oligomerization and aggregation, and are directly linked to the genetically 

inherited forms of the disease. 
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2. The direct incubation of β-amyloid peptides with neuronal cells, or the 

overexpression of amyloid precursor proteins (APP, whose proteolysis generates 

β-amyloid peptides), results in cell death (22-24). 

3. The direct injection of β-amyloid peptides into mice, or the overexpression of 

amyloid precursor proteins, results in significant neurodegeneration and cognitive 

deficits in mice (25, 26). 

Thus, it is clear that β-amyloid peptides play a critical role in the development of 

Alzheimer’s disease. 

 

1.2 β-amyloid peptides 

1.2.1 The origin of β-amyloid peptides 

β-amyloid is a small (~4kDa), natively unfolded peptide, which is normally 

present in both cerebrospinal fluid and blood at extremely low physiological 

concentrations (nanomolar or less). It is formed by the sequential cleavage of a 

transmembrane protein, amyloid precursor protein (APP). Although the physiological 

function of this protein remains unclear, it is known that the cleavage of amyloid 

precursor protein by β-secretase and then γ-secretase yields β-amyloid peptides and 

AICD (Amyloid Precursor Protein Intracellular Domain), whereas the cleavage by α-

secretase and γ-secretase yields two relatively benign fragments, P3 and AICD (see 

figure 1.1). The β-amyloid peptide portion of the cleaved amyloid precursor protein is 

then released extracellularly. 
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Figure 1.1:  Proteolytic processing of amyloid precursor protein (APP) by secretase. The 
cleavage of amyloid precursor protein by α-secretase followed by γ-secretase cleavage yields the 
benign P3 and AICD fragments, whereas the cleavage by β-secretase followed by γ-secretase 
yields β-amyloid peptides and AICD. 
 

 

The variability in the cleavage site of γ-secretase creates several β-amyloid 

peptide forms, with lengths varying from 39 to 43 amino acids. Among them, the 40 

residue β-amyloid(1-40) and the 42 residue β-amyloid(1-42) are the most common forms 

(see figure 1.2 for their sequences). Both β-amyloid(1-40) and β-amyloid(1-42) are 

present in amyloid plaques. While β-amyloid(1-40) is much more abundant, β-amyloid(1-

42) is much more amyloidogenic, which means it can oligomerize and fibrilize much 

more rapidly than β-amyloid(1-40). 

 

 

Figure 1.2:  Sequences of β-amyloid(1-40) and β-amyloid(1-42). 

 

β-amyloid(1-40): DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVV 
β-amyloid(1-42): DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA 
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1.2.2 Oligomerization of β-amyloid peptides 

The small intermediates formed in the aggregation process of β-amyloid peptides 

are commonly called oligomers. However, some ambiguity of this terminology exists in 

the amyloid field. To date, many types of β-amyloid oligomers have been documented 

and described in the literature, e.g. protofibrils (27-30), annular structures (31, 32), and 

Aβ-derived diffusible ligands (ADDLs) (33, 34). In general, β-amyloid oligomers are 

defined as the peptide assemblies that are still soluble in aqueous solution upon high-

speed centrifugation. 

 

The investigation of β-amyloid oligomers revealed that they are heterogeneous, 

and exist in dynamic equilibrium. This has been demonstrated by gel filtration 

chromatography (see figure 1.3, data obtained by Wong, P.). The elusion profile of β-

amyloid oligomers clearly shows the existence of multiple peaks, indicating the 

heterogeneity within the oligomers. The dynamic equilibrium of β-amyloid oligomers is 

demonstrated by an immediate re-run of the collected middle fraction (indicated by the 

arrow in the figure) through the same gel-filtration column. Instead of showing the 

original single peak, the re-run profile shows multiple peaks again (figure 1.3(b)). The 

good alignment of the peaks between the consecutive runnings suggests the same species 

exist in the oligomer mixture. The experimental detail and chromatogram analysis can be 

found in Chapter III. 
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Figure 1.3:  Heterogeneity and dynamic equilibrium revealed by gel-filtration chromatography. 
(a) The elution profile of β-amyloid oligomers through the gel-filtration column. The red arrow 
indicates the middle fraction was collected. (b) The collected middle fraction was re-run through 
the column immediately. The peaks in the elution profiles between the consecutive runnings are 
well aligned to each other, suggesting the same oligomeric species. (Data in courtesy of Wong, P.) 
 

 

1.2.3 Fibrilization of β-amyloid peptides 

β-amyloid peptides can self-assemble into extremely large and highly ordered 

fibrillar structures. Due to the existence of a lag phase in fibril formation, the fibrilization 

process of β-amyloid peptides is generally believed to be nucleation dependent. The 

nucleation process involves the association and dissociation of β-amyloid peptides in 

forming large oligomers that can nucleate fibril formation. Once the oligomers reach the 

critical size, a fast, linear elongation of the aggregates can occur via the addition of β-

amyloid peptides to the ends. Since fibrils cannot revert back to soluble oligomeric 

species, fibrilization of β-amyloid peptides is an irreversible process. 
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The typical appearance of β-amyloid fibrils under an electron microscope is of 

long, thin filaments with 6-12nm in diameter (35-37). Both X-ray diffraction and NMR 

studies have revealed the highly ordered, β-sheet rich structure of β-amyloid fibrils (38-

41). The structure contains a unique quaternary, intermolecular cross β-sheet that spans 

across more than one molecule, making the fibril a 'β-sheet of β-sheets' (see figure 1.4) 

(39). 

   

Figure 1.4:  NMR structure of β-amyloid(1-42) fibrils. The fibrillar structure consists of unique 
parallel arrangement of in-register intermolecular β-sheets.  (Figure from Luhrs T., et al. (2005) 
Proc. Natl. Acad. Sci. USA 102, 17342-17347.) 
 

 

A diverse set of peptides and proteins with the capability to form fibrillar 

structures has been identified. Surprisingly, little sequence homology has been found. 

Furthermore, several non-amyloidogenic proteins have also been shown to be able to 

form fibrils under certain conditions (42). Therefore, the fibrilization process has been 

suggested to be a rather fundamental motif of the polypeptide backbone (42, 43). 
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1.3 β-amyloid neurotoxicity hypotheses 

Although it has been shown that β-amyloid peptides are neurotoxic, and are 

directly linked to Alzheimer’s disease, the underlying mechanism remains unclear. Over 

the years, different hypotheses for β-amyloid neurotoxicity have been developed. 

 

1.3.1 Original amyloid hypothesis 

Since neuropathology studies have shown the existence of amyloid plaques in the 

brain tissues of Alzheimer’s disease patients, these amyloid plaques, which are mainly 

composed of mature β-amyloid fibrils, have been traditionally linked to the origin of 

neurotoxicity. 

 

In this amyloid hypothesis, it was proposed that β-amyloid deposits are the 

fundamental cause of the disease (44, 45). However, recent studies do not agree with the 

hypothesis. It has been found that, in transgenic animals that over-express amyloid 

precursor proteins, neuronal abnormalities and cognitive deficits start to appear well 

before amyloid plaques can be detected (46-48). Furthermore, little correlation between 

amyloid plaque density and clinical severity of dementia has been found (49, 50). In 

some cases, a significant amount of amyloid plaques were found in the brain tissues from 

patients without Alzheimer’s disease, whereas in other cases, opposite scenarios were 

observed in which few amyloid plaques were detected in the brain tissues from patients 

with severe Alzheimer’s disease. 
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Thus, research interests in amyloid plaques or fibrils have gradually faded, and 

new hypotheses involving the small oligomeric species of β-amyloid peptides have been 

developed. 

 

1.3.2 Pore formation hypothesis 

Recently, numerous studies have suggested that β-amyloid oligomers are the 

origin of neurotoxicity, potentially through membrane permeabilization (51-57).  

Therefore, a new hypothesis was developed, in which β-amyloid oligomers induce 

neurotoxicity by forming pores/channels in the cell membranes (see figure 1.5). These 

pores allow a rapid, uncontrolled influx of ions, particularly calcium ions, into the 

neuronal cells, which may directly lead to the cell death, or trigger the apoptosis signaling 

pathway (58).  

 

Several studies have provided support for the pore formation hypothesis: 

1. In a recent study, a significant increase of the calcium influx into neuronal cells 

was observed upon incubation with β-amyloid oligomers,  supporting the idea of 

small oligomers being the pore forming species in the membrane (51, 59). 

2. Membrane leakage or conductivity in lipid bilayers upon incubation with β-

amyloid oligomers was consistently observed by several groups (52, 60-63). 

3. AFM images of β-amyloid oligomers reconstituted in lipid membranes revealed 

annular structures, which consist of only a few monomeric units and resemble the 

pore formation in the membrane (56, 63). 
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Figure 1.5:  Illustration of the pore formation hypothesis. 

 

 

1.4 Single molecule study of β-amyloid oligomers 

Despite the recent emphasis on β-amyloid oligomers, the studies of these small 

oligomers have been challenging for traditional techniques, because they are metastable, 

occur at low concentration, and are characterized by a high degree of heterogeneity. 

 

Single molecule techniques hold the promise to study these oligomers at their 

physiological conditions. With the capability to detect one molecule at a time, β-amyloid 

oligomer formation and oligomer-membrane interaction can be directly monitored and 

characterized. Therefore, this thesis opens up new opportunities for Alzheimer’s disease 

to be studied at an earlier stage and at a more fundamental level. In Chapter II, a single 

molecule methodology based on photobleaching is developed. Chapter III presents a 

quantitative study of β-amyloid oligomers using the single molecule photobleaching 
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methodology. In Chapter IV, the interaction between β-amyloid peptide and lipid 

membrane is investigated in detail through single molecule imaging techniques. 

 

In all the studies presented in this thesis, β-amyloid(1-40) is used as the model 

peptide because it is the more abundant species between the two isoforms, and its slower 

aggregation properties also facilitate the studies of oligomerization and peptide-

membrane interaction. 

 

1.5 Fluorescence labeling of β-amyloid peptide 

Since fluorescence detection is essential in our single molecule studies of β-

amyloid peptide, it is critical to confirm that the fluorescence labeling of β-amyloid(1-40) 

does not alter the properties of the peptide. 

 

1.5.1 Structural studies suggest the peptide being minimally perturbed by the labeling 

According to the 3D structure of β-amyloid peptide recently determined by NMR 

studies (39) (see figure 1.4), the N terminus where the fluorophore resides has a rather 

flexible structure, which suggests the peptide structure should not be significantly altered 

by the labeling. 

 

1.5.2 Both unlabeled and labeled β-amyloid(1-40) peptides permeabilize membranes 

Membrane permeabilization studies often use lipid vesicles as model systems. To 

measure the permeabilization ability of β-amyloid(1-40) peptides, lipid vesicles were 

made containing high concentrations of self-quenching fluorescent dyes, 5(6)-



 12 
 

carboxyfluorescein. With intact lipid vesicles, the fluorescence from carboxyfluorescein 

is largely quenched; however, upon membrane permeabilization, the carboxyfluorescein 

molecules are released from the vesicles, resulting in a large increase (3-5 folds) in 

fluorescence due to the disappearance of self-quenching. Figure 1.6 shows the membrane 

permeabilization by both unlabeled and HiLyte FluorTM 488 labeled β-amyloid(1-40) 

peptides (data obtained by Wong, P.). Very similar results, including the percentage and 

the rate of the leakage, were observed, confirming that the fluorescent labeling does not 

affect the permeabilization ability of the peptide. 

 

 

Figure 1.6:  Membrane permeabilization by both unlabeled and HiLyte FluorTM 488 labeled β-
amyloid(1-40) peptides. (Unpublished data in courtesy of Wong, P.) 
 

 

1.5.3 Both unlabeled and labeled β-amyloid(1-40) peptides form fibrils 

Imaging of fibrils by transmission electron microscopy (TEM) is a common and 

direct method to study the fibril formation of β-amyloid peptides. We used TEM to image 

the fibrils formed by both unlabeled β-amyloid(1-40) and HiLyte FluorTM 488 labeled β-
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amyloid(1-40), and compared them side by side (see figure 1.7, data obtained by Lee, E. 

L.). These images confirm that HiLyte FluorTM 488 β-amyloid(1-40) is able to form 

fibrils, and the time scale of its fibril formation as well as the morphology of the fibrils 

are similar to those of the unlabeled β-amyloid(1-40). 

 

 

Figure 1.7:  Fibril morphology comparison: unlabeled (A) vs. HiLyte FluorTM 488 labeled β-
amyloid(1-40) (B). Both unlabeled and labeled β-amyloid(1-40) peptides were incubated for six 
days and imaged with transmission electron microscope. (Unpublished data in courtesy of Lee, E. 
L.) 
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CHAPTER II 

Methodology Development of Single Molecule Photobleaching  

 

2.1 Introduction  

It has been discussed in Chapter I that the study of β-amyloid peptides and their 

early oligomer formation is very challenging for traditional techniques, because these 

peptides exist at extremely low physiological concentrations, and β-amyloid oligomers 

are very heterogeneous and dynamic. Due to these challenges, single molecule techniques 

appear to be very promising for studying the oligomerization of β-amyloid peptides. 

 

Thanks to the advances of modern microscopy, individual molecules have been 

successfully detected and studied in the past two decades. In particular, single molecule 

fluorescence measurements have undergone an explosive growth in the past twenty years, 

with the number of publications increasing exponentially (1). The ability to conduct 

experiments at the single molecule level has opened up the possibility for more detailed 

studies of many biological processes at the molecular level (2-6).  

 

In this chapter, a single molecule methodology based on photobleaching 

phenomenon is developed for the quantitative determination of the sizes of β-amyloid 

oligomers. Compared to the bulk/ensemble measurements, single molecule studies have 

the following unique advantages: 
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1. A typical single molecule experiment requires a sample concentration of 

nanomolar or even lower to maintain a good spatial separation between the 

individual molecules. This low sample concentration requirement is very 

beneficial for our research since β-amyloid peptides can be studied at their natural 

physiological concentration. 

2. Because the oligomers are studied at an individual level, the heterogeneity of the 

oligomeric species can be directly observed. Thus single molecule measurements 

are not obscured by the “ensemble averaging”. The construction of a size 

histogram based on a large quantity of measured individual oligomers can show 

the heterogeneity of the oligomeric species.  

3. The immobilization techniques used in single molecule measurements allow the 

studies of the dynamics of a single β-amyloid oligomer. When the oligomers are 

quickly immobilized, a ‘snapshot’ of the oligomeric distribution is formed. Thus 

the dynamic properties of β-amyloid oligomers can be studied in a sequence of 

snapshots. 

 

2.2 Review of single molecule measurements 

2.2.1 A brief history 

The first detection of single molecules dated back to 1989 when a single dopant 

molecule in a host crystal was spectrally isolated and detected at liquid-helium 

temperatures (7). Since then, as technology kept advancing, single molecule 

measurements have undergone a tremendous growth. It did not take long before the first 
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spatially isolated single molecules were detected at room temperatures (8). Soon after 

that, the first biological application of single molecule techniques was successfully 

demonstrated, in which individual myosin molecules in aqueous solution were imaged 

with TIRF (Total Internal Reflection Fluorescence) microscopy (9). This opened up the 

possibilities for studying biological problems at a more fundamental level, and inspired 

numerous biological applications of single molecule measurements. In fact, since then, 

biological researches have completely dominated the single molecule field. 

 

2.2.2 The major technical obstacle of single molecule measurements 

The major technical obstacle for single molecule detection is the low signal-to-

noise ratio (SNR). Therefore, the development of single molecule techniques in the past 

two decades was essentially all about improving the signal-to-noise ratio. Better 

fluorophores, which are brighter and can last longer, have been designed and synthesized 

to improve the signal levels. On the other hand, signal-to-noise ratio improvement 

through lowering the noise has also been achieved via the use of modern microscopy 

techniques. Theses microscopy techniques constrain the illumination volume so that the 

background noise can be effectively reduced. The advancements in photon-detection 

apparatus have also been crucial in the development of single molecule detection. Much 

better photon detectors with superb quantum efficiency and low noise have been 

manufactured and applied to various single molecule studies. In addition, the 

developments of high numerical aperture (NA) objectives and laser technologies have 

also contributed in the advancement of single molecule techniques. 
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2.2.3 Single molecule microscopy 

The following modern microscopy is usually used for the detection of single 

molecules fluorescence: Confocal Scanning Microscopy (10-14), Near-field Scanning 

Optical Microscopy (NSOM) (15, 16), and Total Internal Reflection Fluorescence (TIRF) 

Microscopy (9, 17-20). 

 

In a confocal scanning microscope, a laser beam is focused by an objective into a 

diffraction limited focal volume within the fluorescent specimen. The emitted fluorescent 

from the illuminated spot is collected by the same objective (in an inverted microscope), 

and then is passed through a spatial pinhole before finally reaching a photon detector (10, 

11). The spatial pinhole serves to eliminate/block any out-of-focus emission. With the use 

of the pinhole, combined with the tight illumination, the background noise from a 

confocal setup can be minimized, thus a high signal-to-noise ratio is achieved. However, 

due to its point-illumination and point-detection geometry, a scanning mechanism is 

required for the 2D/3D image generation. 

 

Near-field Scanning Optical Microscopy (NSOM) uses a similar point-

illumination and point-detection geometry, and requires a scanning mechanism as well. 

But by exploiting the near-field properties, it can break the far-field diffraction limit, 

giving a spatial resolution of less than 50nm (16). This ultra-resolution is usually 

achieved through the use a sharp probing tip, which confines the illumination volume to 

be much smaller than that of a far-field diffraction limit. 
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In Total Internal Reflection (TIR) Microscopy, the high signal-to-noise ratio is 

achieved by evanescent wave illumination. When the incident laser beam is totally 

reflected at the glass-water/air interface, an exponentially decaying electromagnetic field 

is generated. This generated field, also called evanescent wave, can penetrate across the 

media boundary into the water/air to a depth of less than 150 nm. Due to this very thin 

illumination, the background noise from the sample is again minimized, leading to a high 

signal-to-noise ratio. 

 

In addition to the optical detection of single molecules, force detection and 

mechanical manipulation have been successfully applied to single molecules as well (21, 

22). Single molecule force spectroscopy typically involves Optical Tweezers (23, 24), 

Magnetic Tweezers (25), and Atomic Force Microscopy (AFM) (26-28). In these 

experiments, the mechanical properties of the individual molecules are studied. 

 

2.3 Single Molecule Photobleaching 

In this chapter, a relatively new methodology of single molecule measurements, 

based on the photobleaching of individual fluorophores, is developed for our β-amyloid 

oligomer studies. 

 

Photobleaching is a well known phenomenon in which the fluorescence of a 

fluorophore disappears permanently even though the excitation field remains on. The 

fluorophore undergoes an irreversible photochemical destruction after it cycles through 

the ground-excitation transitions for a certain number of times (typically 105-106 for 
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organic dye molecules). The exact mechanism of photobleaching can vary, but it is 

generally assumed to proceed through the excited singlet state to the excited triplet state. 

Since the excited triplet state lasts much longer, and is chemically much more reactive, 

the fluorophore has much higher possibilities to be photo-oxidized by the diffusing 

oxygen molecules. 

 

This quantized, stochastic photobleaching behavior of a fluorophore is a very 

good measure of the sizes of β-amyloid oligomers. Since the oligomers are self-

assembled from 100% single-fluorophore-labeled β-amyloid peptides, a continuous 

excitation of the fluorophores in an individual oligomer will generate the number of 

photobleaching events that equals the number of the subunits in the oligomer (Figure 2.1). 

Thus by counting the number of photobleaching steps in the observed fluorescence 

trajectory, a direct measure of the oligomer size can be achieved. During our 

development of this photobleaching methodology, a few other research groups have been 

applying the same “photobleaching and counting” idea to their research as well (29-31). 

 

In practice, the fluorophore labeled β-amyloid oligomers are quickly deposited 

onto a clean glass surface by spin coating. And then the single molecule photobleaching 

trajectories are recorded. The duration and intensity of the fluorescence signal in the 

photobleaching trajectory is controlled by the laser power, the absorption cross-section of 

the fluorophore (a term that includes its orientation relative to the light’s electric field), 

the fluorescence quantum yield, and the photo-oxidation rate. For an accurate 

determination of the oligomer sizes, the recorded photobleaching trajectories are subject 
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to some careful analysis and a stochastic simulation. Based on a dipole orientation model, 

this stochastic simulation provides a better understanding of the observed oligomer 

photobleaching behaviors. 

 

 

Figure 2.1: Single molecule photobleaching. (a) The concept of “photobleaching and counting”. 

(b) A real photobleaching trajectory of a β-amyloid dimer. 

 

 

2.4 Microscope instrumentation 

Two different microscopes are used for our single molecule photobleaching 

experiments, a Confocal Scanning Microscope, as illustrated in Figure 2.2, and a Total 

Internal Reflection Fluorescence (TIRF) Microscope, as illustrated in Figure 2.3. 

 

2.4.1 Confocal Scanning Microscope 

The main components of the Confocal Scanning Microscope include: 
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1. Laser source: A line-tunable, air cooled argon ion laser (532RAP- AO1, Melles-

Griot, Carlsbad, CA) is used. The operating wavelength of the laser is at 457.9nm. 

The vertically polarized light becomes circularly polarized after the laser beam is 

passed through a circular polarizer. 

2. Excitation filter: An excitation filter (D457/l0x, Chroma, Brattleboro, VT) is used 

to block the plasma discharge of the laser. 

3. Dichroic mirror: A two inch dichroic mirror (470/DCLP, Chroma, Brattleboro, 

VT) is used to reflect the laser beam into the objective for fluorophore excitation, 

while letting the fluorescence emission pass through for detection.   

4. Microscope objective: A high performance objective (PLAP060XOITIRFM-SP, 

Olympus, Center Valley, PA) is used in our confocal scanning microscope for 

both focusing excitation light and collecting emission fluorescence. This infinity-

corrected oil-immersion objective has a high NA (Numerical Aperture) of 1.45, a 

magnification of 60, and a working distance of 0.17 mm. It also has the highest 

level of axial chromatic aberration correction and flat-field correction. The 

matching immersion oil (Type FF, Cargille Laboratory, Cedar Grove, NJ) for the 

objective has a refractive index of 1.479. Therefore, standard coverglasses (12-

545-102, 0.13-0.17mm, Fisher Scientific, Pittsburgh, PA) should be used with this 

objective. Since the objective is infinity-corrected, a matching tube lens (shown in 

Fig. 2.2, 180mm) purchased from Olympus as well is required in our system to 

focus the fluorescence signal to the intermediate image plane for detection. 

5. Scanning stage: The scanning stage used in our system is the XYZ piezo flexure 

nanopositioner (P-5l7.3CL, Polytech PI, Germany). It comes with a high speed 
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digital piezoelectric controller (E-7l O.4CL, Polytech PI, Germany). This 

scanning apparatus can deliver sub-nanometer precision movements within a 

limited travel range of 100x100x20 µm in the XYZ axes, respectively. 

6. Exit pinhole: An exit pinhole placed at the intermediate image plane in a confocal 

microscope can block out-of-focus light in the emission while let in-focus light 

pass through. By doing this, both signal-to-noise ratio and spatial resolution can 

be improved. Although the calculation of the pinhole size requires some elaborate 

considerations (32), it can be approximated as the product of the objective 

magnification and the size of the diffraction-limited focus at the sample plane. In 

practice, a pinhole is not required in our system, because the small active area 

(180µm in diameter) of the photon detector (avalanche photodiode) effectively 

acts as a light-restricting aperture. 

7. Emission filter: Both an edge filter (LP02-458RU-25, Semrock, Rochester, NY) 

and a band-pass emission filter (D520/60M, Chroma, Brattleboro, VT) are used in 

our system for fluorescence detection. The edge filter has an OD (optical density) 

of larger than 6 at the laser wavelength so it is mainly used for blocking the 

scattered laser light. The band-pass emission filter sets the spectral window for 

fluorescence detection, thus the selection of an appropriate emission filter is 

extremely important for single molecule detection. 

8. Photon detector: A single-photon-counting (Geiger mode) avalanche photodiode 

(SPCM-AQ 161, PerkinElmer Optoelectronics, Canada) is used as the photon 

detector in our system. The quantum efficiency of this unit at the fluorescence 
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emission wavelength (~520nm) is 50%. It has an extremely low dark current of 50 

counts per second. 

9. Data acquisition: The output signal of the APD (TTL pulses) is sent to a 

Counter/Timer card (PCI-6602, National Instruments, Austin, TX) in the 

computer. The acquisition software is written in LabVIEW (National Instruments, 

Austin, TX). 

 

 

Figure 2.2: Block diagram of a Confocal Scanning Microscope 

 

 

When the confocal scanning microscope is used for single molecule 

photobleaching experiments, the β-amyloid oligomer coated coverglass surface is raster 

scanned. Therefore, a threshold needs to be pre-set such that, when the detected 
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fluorescence signal is higher than this threshold, the scanning can be paused and the 

recording of a photobleaching trajectory can be triggered. However, due to this pre-set 

threshold, missing of oligomers with low fluorescence emission can occur during the 

scanning. Thus the collected data are subject to some careful corrections, which will be 

discussed in Chapter III. 

 

2.4.2 Total Internal Reflection Fluorescence Microscope 

The Total Internal Reflection Fluorescence (TIRF) Microscope in our lab uses a very 

similar platform (block diagram shown in Figure 2.3) to that of the confocal scanning 

microscope. The major differences are listed below: 

1. Laser source: The total internal reflection microscope is equipped with a more 

powerful, water cooled argon ion laser (I-90, Coherent, Santa Clara, CA). 

2. TIR illumination: An additional focusing lens, which sits on a translational stage 

in front of the dichroic mirror, is used to focus the collimated laser beam to an 

off-axis position in the back focal plane of the objective. After re-collimation by 

the objective, a very narrow (~120µm in diameter) and tilted beam is generated 

for the sample illumination. With the lateral movement of the focusing lens, the 

angel of the tilted illumination beam can be changed such that, once it is larger 

than the critical angel, total internal reflection will occur. 

3. No scanning stage and exit pinhole: TIR illumination covers a much larger area 

than the point-illumination in a confocal scanning microscope. Therefore, a 

scanning stage is not needed. Due to a 2D image being formed at the intermediate 

image plane in TIRF microscopy, an exit pinhole should not be used either. 
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4. Image recorder: A back-illuminated (back-thinned) Electron-Multiplying Charge 

Coupled Device (EMCCD camera, iXon DV887ACS-BV, Andor Technology, 

Allentown, NJ) is used as the image recorder in our system. The quantum 

efficiency of this camera at the fluorescence emission wavelength (~520nm) is 

90%. The camera is usually deeply cooled to -75 °C for both reducing the thermal 

noise and increasing the on-chip gain. Though the typical read-out noise of the 

unit is ~50 photoelectrons, it can be completely neglected with an appropriate 

setting of the on-chip gain, thus a high sensitivity is achieved (see Appendix A). 

 

 

Figure 2.3: Block diagram of a Total Internal Reflection Fluorescence Microscope 

 

 

With TIRF microscopy, a movie (stack of images) of the immobilized β-amyloid 
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identify and locate the individual oligomers (see Appendix B) before the photobleaching 

trajectories can be extracted from the video. 

 

2.4.3 Confocal Scanning vs. TIRF Microscopy 

Compared to TIRF microscopy, confocal scanning microscopy has better signal-

to-noise ratio and spatial resolution because of the confocal geometry, in which an exit 

pinhole is used to block much of the out-of-focus light. However, due to the raster 

scanning mechanism used in confocal scanning microscopy, the data collection efficiency 

is extremely low. 

 

Although TIRF microscopy has slightly lower signal-to-noise ratio and poorer 

spatial resolution than confocal scanning microscopy does, it has extremely high data 

collection efficiency due to the parallel (array) recording mechanism of cameras. With 

the camera technologies (for both CCD and CMOS cameras) and the computer 

technologies (for data storage and processing) rapidly advancing, real-time or even high-

speed imaging in biological applications has been gaining much popularity. 

 

2.5 Trajectory analysis 

The counting of the number of photobleaching steps in a trajectory gives a direct 

measure of the size of that particular oligomer. Therefore, an accurate identification of 

the photobleaching steps is very crucial. In general, the determination of photobleaching 

steps in the recorded trajectories employs an analysis that includes both visual inspection 

and more careful signal processing. 
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As a common feature observed in all the photobleaching trajectories, the 

photobleaching steps from bright fluorophores are typically much larger and quicker than 

those from dimmer ones. Based on this observation, our data are analyzed in the 

following way: For the “large digital jump” type photobleaching events, which usually 

correspond to bright fluorophores, visual inspection is adequate for counting the number 

of photobleaching steps. In contrast, for the photobleaching trajectories where only a 

small fluorescence change occurs (Figure 2.4 (a)), some careful analysis involving both 

noise filtering and photon counting histogramming is required for an accurate 

determination of the photobleaching steps. It can be shown that this analysis provides an 

improved differentiation of two rather close fluorescence intensity levels. 

 

2.5.1 Noise filtering 

The idea of applying a noise filtering technique to the photobleaching trajectories 

is to remove some of the noise component so that the small photobleaching steps can be 

more visible. However, the challenge lies in that both the noise and the photobleaching 

steps contain high frequency components. Therefore, low-pass digital filters, which are 

commonly used for removing high frequency noises, will cause severe edge blurring in 

the photobleaching steps. 

 

While most of the commonly used filters fail to work, one particular digital 

filtering technique, named the forward-backward non-linear digital filter, seems to be 

very suitable for our trajectory analysis. It was initially developed for extracting small 
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signals from ion channel recordings (33), and was later introduced to the single molecule 

fluorescence field (34). Based on a simple running-average algorithm, this digital 

filtering technique can adjust the size of the averaging-windows such that, when a sudden 

change occurs in the signal, the filter shrinks its averaging-window significantly to 

preserve the fast transients. Therefore, it has the unique feature of preserving sudden 

changes in the signal with minimum edge blurring, making it very suitable for our 

photobleaching trajectory analysis (Figure 2.4 (b)). It should be noted that the parameters 

of this digital filter need to be carefully chosen to avoid signal distortions. 

 

2.5.2 Photon counting histogramming 

Photon counting histogramming is the other technique we use in our trajectory 

analysis. It has been widely used in Fluorescence Correlation Spectroscopy to 

differentiate multiple fluorescence intensity levels (35, 36). This technique has also been 

used in photobleaching experiments (29-31). The number of photons detected per unit 

time from fluorophores (at excitation levels below the saturation intensity) follows a 

Poisson distribution. The construction of a photon counting histogram can help reveal 

multiple fluorescence intensities by showing the corresponding Poisson distribution for 

each intensity level. As indicated in Figure 2.4 (c), the photon counting histogram of the 

raw trajectory is well fit with two Gaussian distributions, indicating there are two close 

fluorescence intensity levels. 

 

It can be shown that the combination of the noise filtering technique and the 

photon counting histogram allows for improved resolution of different fluorescence 



 35 
 

intensities. After the implementation of the forward-backward non-linear filter to the raw 

trajectory, the two very close fluorescence intensities are clearly separated on the photon 

counting histogram (Figure 2.4(d)). 

 

Figure 2.4: Noise filtering and photon counting histogramming in trajectory analysis (a) A 
photobleaching trajectory showing two close fluorescence intensity levels; (b) The same 
trajectory after being filtered by the forward-backward non-linear filter; (c) The photon counting 
histogram of the raw trajectory. The solid curves show that this histogram is well fitted with two 
Gaussian distributions (with widths being equal to the square root of their means). (d) The photon 
counting histogram of the filtered trajectory. The two fluorescence levels have now been clearly 
separated after the noise reduction. 
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These close fluorescence intensity levels, resolved by noise reduction and photon 

counting histogram, usually correspond to dim fluorophores. Thanks to the typically long 

duration of these weak fluorescence signals, an adequate number of photons could still be 

collected to allow us to resolve these dim fluorophore photobleaching events. 

 

2.6 Stochastic simulations of single molecule photobleaching 

Further inspection of the analyzed photobleaching trajectories indicates that they 

could be characterized by two features:  

1. The photobleaching steps in fluorescence intensity in a given oligomer are not 

equal. 

2. The trajectories often have a large and fast initial fluorescence drop, which is 

often followed by a long and low fluorescence tail before photobleaching (see 

Figure 2.6 (a) and (b) for examples). 

 

In order to gain a better understanding of these photobleaching behaviors, a 

simple dipole orientation model was developed. Considering that our sample is spin 

coated onto a coverglass and that the β-amyloid oligomers are immobilized on the glass 

surface by non-specific interactions, it is reasonable to assume that the fluorophores, 

which are attached to the oligomers, do not adopt the same dipole orientation. The fact 

that the noise in the photobleaching trajectories is nearly shot noise limited indicates 

these photobleached fluorophores have relatively fixed dipole orientations. The above 

two considerations suggest that fluorophores with a less favorably oriented transition 

dipole would be excited less frequently, emit fewer photons per unit time and hence 
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photobleach more slowly (since the excitation rate is lower) (see figure 2.5 for 

illustration). 

 

 

Figure 2.5: Illustration of the dipole orientation model. 

 

 

To test this hypothesis, we simulate the photobleaching trajectories of individual 

oligomers assuming that the fluorophores have random, but fixed, dipole orientations and 

the excitation field is circularly polarized. Based on this model, it is anticipated that with 

a more parallel orientation of the fluorophore dipole relative to the coverglass surface, the 

more frequently excited that fluorophore will be, the higher the fluorescence intensity and 

the shorter the duration of the time to photobleach. (Note: in the plane parallel to the 

coverglass, the laser is circularly polarized, so there is no dependence of the excitation on 

the absorption dipole angle projected on to the coverglass plane.) 
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A program to generate simulated stochastic photobleaching trajectories was 

written in LabVIEW, and involves the following steps: 

1.  A random number generator is used to generate an integer (with a preset upper 

limit) as the number of subunits in the oligomer. 

2.  A photobleaching time is assigned to each of the fluorophores in the oligomer. 

These photobleaching times are randomly generated based on the exponential 

probability distribution )exp()1(
ττ

tp −= , τ  is the preset photobleaching 

lifetime, reflecting the photostability of the fluorophores that are maximally 

excited. 

3.  A position γ  relative to the center of the laser beam focus is assigned to the 

oligomer (we also assume that the intensity of the laser beam falls off as a 

Gaussian profile )2exp(
2γ− ). This oligomer position is generated randomly 

(with a preset upper limit) based on a uniform probability of the oligomer being 

deposited on the coverglass. 

4.  A fixed absorption dipole orientation angle θ  (relative to the coverglass surface) 

is assigned to each of the fluorophores in the oligomer by a random number 

generator. 

5.  According to the dipole orientation of each fluorophore and the position of the 

oligomer, each fluorophore’s photobleaching time is adjusted by 

12
2 )2exp()(cos

−









−γθ , and the fluorescence intensity is adjusted by 

)2exp()(cos)(cos
2

22 γϑθθ −+ , in which ϑ  is the angle between absorption 
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dipole and emission dipole. For simplicity and with no impact on the qualitative 

features of the simulation, we assume  0=ϑ  since, while the relative angle 

between the absorption and emission dipoles of the fluorophore (HiLyte FluorTM 

488) has not been determined, the strong mirror image relationship between 

absorption and emission spectra indicates that they reflect the same electronic 

transition. 

6.  The fluorescence signals of all the fluorophores within the oligomer are added to 

yield a single photobleaching trajectory. 

7.  Poisson noise is added to the trajectory. 

 

Using the stochastic simulation described above and the random dipole 

orientation model, photobleaching trajectories are produced (see Appendix C for an 

example). Typical simulation trajectories are shown in Figure 2.6 (c) and (d), and clearly 

resemble the experimental trajectories in 2.6 (a) and (b), which represent a monomer and 

a trimer respectively. 
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Figure 2.6: Stochastic simulations of single molecule photobleaching, and their comparison with 
experimental data (a) Experimental photobleaching trajectory with a large & fast initial jump. (b) 
Experimental photobleaching trajectory with a long & low tail. (c) Simulated photobleaching 
trajectory with a large & fast initial jump. (d) Simulated photobleaching trajectory with a long & 
low tail. (Photobleaching events are highlighted by the circles and arrows). 
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the fluorophore-only control experiments as that in the fluorophore-labeled β-amyloid 

experiments. 

 

It will be shown in the next chapter that, besides its likely important contribution 

to the variation in the photobleaching trajectories, the random dipole orientation model is 

also critical for an accurate construction of the size distribution of β-amyloid oligomers. 

 

2.7 Summary 

In this chapter, the advantages of single molecule studies on β-amyloid oligomers 

are first discussed. And then following a brief review of the single molecule 

measurements in general, a new methodology based on single molecule photobleaching is 

developed, including its concept, instrumentation, and data analysis. Finally a stochastic 

simulation of single molecule photobleaching is presented. The simulation, which is 

based on the random dipole orientation model, helps us understand the photobleaching 

behaviors of the fluorophores. 
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CHAPTER III 

Quantitative Construction of β-amyloid(1-40) Oliogomer  Distribution Based on 

Single Molecule Photobleaching 

 

3.1 Introduction  

It has been shown in Chapter I that β-amyloid peptides can form both oligomers 

and fibrils, and are associated with the pathology of Alzheimer's disease (AD) (1-6). 

However, despite the intensive efforts and substantial progress made in β-amyloid studies 

in recent years, the mechanism by which these peptides gain their neurotoxic function 

upon oligomerization and aggregation remains unclear. With evidence from recent 

experiments, it has been suggested that the toxic agents at the origin of Alzheimer’s 

disease are oligomeric forms of β-amyloid peptides (7-9), contrary to the historical view 

that implicated fibrils. The toxic oligomeric form may consist of only a few monomeric 

units. Indeed, AFM (Atomic Force Microscopy) and STEM (Scanning Transmission 

Electron Microscopy) studies have shown that small annular structures, resembling the 

pores formed by bacterial toxins, are generated by β-amyloid and α-synuclein (10-13). 

 

While the identification of the toxic oligomer species has become one of the 

important topics in β-amyloid studies, understanding their role in toxicity has been 

challenging. These β-amyloid oligomers usually occur at an extremely low physiological
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concentration, often in the range of nano to sub-nano molar. Moreover, they are highly 

heterogeneous and metastable. In some cases there is evidence that the structures of the 

small oligomers are in dynamic equilibrium (14, 15). Hence, ensemble studies mask the 

details of these features. 

 

In Chapter II, we presented a new approach to the study of β-amyloid oligomers 

and their identification based on single molecule fluorescence spectroscopy. In this 

chapter we build on this work and use the developed single molecule photobleaching 

methodology to quantitatively construct the β-amyloid oligomer distribution. 

 

In this work, we focus on the study of β-amyloid(1-40), a 40 amino acid peptide 

that has been identified as the major component of the extracellular plaques found in 

Alzheimer patients’ brains (16). Due to the high sensitivity of Confocal Scanning 

Microscopy and Total Internal Reflection Fluorescence (TIRF) Microscopy, single 

oligomers made of fluorescently labeled β-amyloid(1-40) peptides can be readily 

identified and differentiated from other oligomers containing a different number of 

subunits. By counting the number of photobleaching steps, we show we can determine 

the number of monomers of each detected β-amyloid(1-40) oligomer, allowing us to 

resolve different equilibrium mixtures of β-amyloid while working at a protein 

concentration below 1nM. It has been shown that the stochastic simulations, in which β-

amyloid oligomers are modeled as structures with random dipole orientations of the 

fluorophore associated with each monomer, can account for observed variations in 

photobleaching trajectories. It will be further discussed in this chapter that these 
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simulations are also critical for correcting the bias in constructing β-amyloid(1-40) 

oligomer distributions, allowing us to improve the quantitative interpretation of the data. 

 

3.2 Methods 

3.2.1 β-amyloid(1-40) preparation 

The HiLyte FluorTM 488 β-amyloid(1-40) (AnaSpec, San Jose, CA) was kept 

frozen at -20°C. For the purpose of consistency, before the use of any samples, the 

peptide was re-dissolved in TFA (Trifluoroacetic Acid, Sigma-Aldrich, St. Louis, MO) at 

1mg/ml first, then bath sonicated for at least 30min to break apart any pre-formed 

aggregates (17). The solution was then aliquotted into small samples, and finally 

lyophilized and stored at -20°C. To make a fresh β-amyloid(1-40) sample, the lyophilized 

powder was directly dissolved into 10mM Sodium Phosphate, 100mM Sodium Chloride, 

pH7.4 buffer, followed by a 60-second bath sonication. 

 

3.2.2 Gel filtration HPLC 

An aliquot of 20µl of 5µM fresh HiLyte FluorTM 488 β-amyloid(1-40) sample was 

run through a gel filtration column (TOSOH Bioscience, South San Francisco, CA) at 

room temperature in 10mM Sodium Phosphate, 100mM Sodium Chloride, pH7.4 buffer 

with a flow rate of 1ml/min in order to get fractions of different oligomer species. The 

molecular weight calibration for this column was done by using the following 

proteins/molecules at exactly the same separation condition: thyroglobulin (669kDa), γ-

globulin (165kDa), ovalbumin (43kDa), RNase A (14kDa), ubiquitin (8.6kDa), aprotinin 

(6.5kDa) and NATA (180Da). 
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3.2.3 Sample preparation for single molecule photobleaching 

For photobleaching experiments of incubated HiLyte FluorTM 488 β-amyloid(1-40) 

samples, the dissolved peptides were diluted to 100nM concentration. For the gel 

filtration chromatography separated HiLyte FluorTM 488 β-amyloid(1-40) 

monomer/dimer fraction sample, the peptide was used directly after fractionation. A 

further dilution of either sample to a final concentration of between 1nM and 0.1nM was 

applied before the HiLyte FluorTM 488 β-amyloid(1-40) oligomers were deposited onto a 

coverglass. Two droplets of this diluted peptide solution were spin coated onto the 

coverglass at 2000RPM, until the coverglass became dry (approximately 30-40 seconds 

at room temperature). Coverglasses were pre-cleaned by rinsing with Milli-Q water and 

then baking in a kiln at ~500°C for two hours. 

 

The low spinning speed in the sample deposition process suggests the β-

amyloid(1-40) oligomers are minimally perturbed. In particular, fragmentation of the 

oligomers upon being immobilized on the glass surface is very unlikely to occur, because 

the slow spinning of the coverglass at 2000rpm only yields a rate of centrifugation of less 

than 20xg, while a typical study on subunit stoichiometry of non-covalent protein 

complexes needs an unltracentrifugation at an acceleration rate of about three orders of 

magnitude higher than this (18). 

 

3.2.4 Single molecule photobleaching microscopy 
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When a confocal scanning microscope was used for single molecule 

photobleaching, the sample coated coverglass was raster-scanned on a piezoelectric stage 

(Physik Instrumente, Auburn, MA) until a pre-set count rate threshold indicating the 

presence of a fluorescent oligomer was reached for initiating the recording of a 

photobleaching trajectory. When a total internal reflection fluorescence microscope was 

used, the sample was directly imaged by an EMCCD camera (iXon DV887ACS-BV, 

Andor Technology, Allentown, NJ). The photobleaching trajectories were recorded in 

time steps of 50ms in both microscopies. The details of the microscopy techniques and 

instrumentation can be found in Chapter II. 

 

3.2.5 Photobleaching trajectory analysis 

An accurate determination of the photobleaching steps in the trajectories is very 

crucial in this work. In general, the photobleaching trajectory analysis involved both 

visual inspection and more careful analysis, including noise filtering and photon counting 

histogramming. The details of trajectory analysis can be found in Chapter II. 

 

3.2.6 Stochastic simulations of single molecule photobleaching 

Stochastic simulations of single molecule photobleaching, which are based on the 

random dipole orientation model, were written in LabVIEW (National Instruments, 

Austin, TX). These simulations not only helped us understand the photobleaching 

behaviors of the fluorophores, but also played a critical role in improving the quantitative 

interpretation of the single molecule data. The details of the stochastic simulations can be 

found in Chapter II.  
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3.3 Results and Discussions 

3.3.1 Gel filtration HPLC of HiLyte FluorTM 488 β-amyloid(1-40) oligomers 

An aliquot of 20µl of 5µM freshly dissolved HiLyte FluorTM 488 β-amyloid(1-40) 

in 10mM Sodium Phosphate, 100mM Sodium Chloride, pH7.4 buffer was run through a 

gel filtration column and the elution profile is shown in Figure 3.1 (data obtained by 

Wong, P.). Three elution peaks centered at 11.3, 11.8 and 12.4 min are clearly visible. 

According to the molecular weight calibration curve for this column, these peaks 

correspond to molecular weights of about 14.5kDa, 9.6kDa and 5.9kDa respectively. A 

fourth, minor, peak elutes at 8.3min, corresponding to a molecular weight of about 

150kDa, representing a small amount of high oligomeric species. The gel filtration 

chromatography results clearly show that the β-amyloid(1-40) oligomers in solution are 

heterogeneous. 

 

While the gel filtration chromatography clearly demonstrates the presence of at 

least 3 elution peaks, identification of the species involved based on the molecular weight 

standards is not straightforward for two main reasons: 

1.  They do not correspond to the molecular weights of any specific oligomers, but 

rather fall between two oligomers. 

2.   The elution peaks are broader than those expected for pure single species. 
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Figure 3.1: HPLC Gel filtration of HiLyte FluorTM 488 β-amyloid(1-40) oligomers. (data in 
courtesy of Wong, P.) 
 

 

We conclude that these peaks are mixtures of two or more oligomeric species as 

indicated by the peak assignments in the figure. This may be due to interaction between 

the oligomers and the column material, as suggested by the asymmetric long tail on the 

elution profile, or due to some structural heterogeneity or some re-equilibration among 

different β-amyloid(1-40) oligomer species during the column separation. Hence, while 

the HPLC data is instructive, it appears challenging to extract a molecular level 

understanding of the sizes of the different oligomers of β-amyloid(1-40). 

 

3.3.2 Size determination of the fluorescently labeled β-amyloid(1-40) oligomers 

At 10µW laser power under the confocal scanning microscope, the HiLyte 

FluorTM 488 fluorophores that are labeled on β-amyloid(1-40) peptides would typically 

photobleach within a few seconds, occasionally extending to more than 30 seconds. 

Figure 3.2 (a) shows a typical fluorescence confocal scanning image of the coverglass 
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surface coated with HiLyte FluorTM 488 labeled β-amyloid oligomers, as well as a few 

typical photobleaching trajectories (Figure 3.2 (b)-(d)). 

 

Among all the trajectories that were collected, about 40% are “clean” trajectories 

(only shot noise present) with recognizable photobleaching events (Figure 3.2 (b) and (c) 

as examples, showing the trajectories of a dimer and a hexamer). The remaining 60% 

contain significant intensity fluctuations (much larger than shot noise) that lack any 

resolvable photobleaching features (Figure 3.2 (d) is an example). This may be due to the 

fluorophores’ dipole movement and/or interactions with the coverglass surface impurities, 

charges, etc. While we have determined that cleaning the coverglass reduces the number 

of trajectories containing these fluctuations, it has not been possible at this point to 

improve the performance beyond the current ca. 40% of “clean” trajectories. Since we 

could only reliably use the “clean” trajectories to determine the total number of 

photobleaching events and extract the oligomer size, only these were considered in our 

data analysis. 
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Figure 3.2: Confocal scanning image and photobleaching trajectories (a) A typical fluorescence 
confocal scanning image (40×40 pixels for 20×20 µm2), and (b-d) three photobleaching 
trajectories of HiLyte FluorTM 488 Aβ(1-40) oligomers: (b) a dimer, (c) a hexamer and (d) an 
example of trajectory with fluctuations that makes determining the number of photobleaching 
steps ambiguous. These trajectories are removed from the data set. 
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Dark states were also occasionally observed in the photobleaching trajectories. 

These appear as photobleaching events but recover (usually to the original fluorescence 

intensity level) after some time. The reason for this behavior is not clear but could be due 

to electron traps within the fluorophore local environment or to slow changes in the 

fluorophore dipole orientation, since the β-amyloid(1-40) oligomers were non-

specifically adsorbed onto the coverglass surface. Agarose gel was also tested as a matrix 

for immobilizing β-amyloid(1-40) oligomers for single molecule experiments. However, 

the large “pore” size in agarose gel makes it very difficult to trap peptide monomers, and 

the high viscosity also makes an even distribution of oligomers in the agarose gel very 

unlikely. 

 

3.3.3 Construction of the β-amyloid(1-40) oligomer size distribution 

Using the photobleaching trajectories of a large number of individual HiLyte 

FluorTM 488 β-amyloid(1-40) oligomers, it is possible to construct an oligomer size 

distribution by making a histogram of the number of photobleaching events in each 

trajectory, which represents the number of subunits in each photobleached oligomer. 

 

As a demonstration of the ability to differentiate different oligomer distributions 

using the single molecule spectroscopy approach, we used a sample of unresolved HiLyte 

FluorTM 488 β-amyloid(1-40) and a sample of the monomer/dimer fraction collected from 

the HPLC gel filtration (indicated in Figure 3.3 inset). The unresolved β-amyloid(1-40) 

sample is expected to be a mixture of oligomers of different sizes, while the gel filtration 

separated fraction is expected to contain only monomers and dimers. 
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Figure 3.3 compares the histograms obtained for these two different samples. This 

comparison clearly confirms the higher degree of heterogeneity of the unresolved sample 

compared to the gel filtration separated sample. More importantly, the histogram shows 

that the single molecule approach can distinguish between the two mixtures and that 

oligomers as large as hexamers are found in the unchromatographed mixture. The HPLC 

separation does not detect oligomers larger than tetramers, possibly because interactions 

with the column result in a breakup of the larger oligomers. 

 

 

Figure 3.3: Oligomer size distribution comparison between an unresolved β-amyloid(1-40) 
sample and gel filtration chromatography separated Monomer/Dimer sample (The inset presents 
the same data shown in Figure 3.1, shown here for convenience). The monomer/dimer fraction 
was deposited onto coverglass immediately after its collection from the column. The single 
molecule approach found significant contributions from larger oligomers compared to the HPLC. 
Please note that these are raw data and corrections are needed as described below. 
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3.3.4 A bias in the oligomer size distribution, and the correction for it 

It has been shown in Chapter II that though the stochastic simulation does not 

prove the proposed dipole orientation model for the origin of the variability of the 

trajectories, it supports the notion that different dipole orientations are a major 

contributor to the variations in the photobleaching trajectories. Besides its likely 

important contribution to the fluorescence variation, the random dipole orientation model 

also suggests some possible systematic errors embedded in the data. 

 

For the photobleaching experiments with the confocal scanning microscope, a 

threshold needs to be pre-set such that, when the detected fluorescence signal is higher 

than this threshold, the scanning is paused and the recording of a photobleaching 

trajectory triggered. This helps ignore background fluorescence and prevent any 

unwanted triggering by the occasionally very high local background noise from the 

coverglass. However, thresholding may also bias the data set towards brighter 

fluorophores, thus against monomers and to a less extent other small oligomers. (Note: 

with TIRF microscopy, a thresholding process is also required in the image processing 

for the identification of individual oligomers (see Appendix B). Thus the collected data 

are subject to the same bias.) 

 

In order to quantify the effect of thresholding, another stochastic simulation was 

performed. In this simulation, the same photobleaching trajectory generation program 

described in Chapter II was used. Based on the discussion above it is expected that, 

depending on the initial fluorescence intensities of these simulated trajectories, some will 
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be recorded while others will be missed being below the preset threshold. Hence, for each 

oligomer species, we let the program continuously generate photobleaching trajectories, 

until the number of the ‘observed’ (above threshold) trajectories matched that in our 

experimental single molecule data. The total number of these generated trajectories 

contains both ‘recorded’ and ‘missed’ oligomers, and thus represents the corrected 

number for those specific oligomeric species. Due to the stochastic nature of this 

simulation, it was repeated 10,000 times for each oligomer species. Figure 3.4 shows a 

comparison of the observed oligomer distribution from Figure 3.3 and the corrected 

distribution of the same data. 

 

 

Figure 3.4: Comparison of the observed oligomer distribution and the corrected oligomer 
distribution. 
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Not surprisingly, the effect of the correction decreases with the increase in 

oligomer size, since the more fluorophores an oligomer contains, the less likely it is to be 

missed due to thresholding. The simulation results confirmed this. It should also be noted 

that, in this simulation, an empirical value was used to estimate the maximum 

fluorescence emission rate from a single fluorophore under the microscope (This 

corresponds to the fluorophores that are at the center of the beam focus and whose dipole 

orientations are along the excitation field). Different values for this maximum emission 

rate yield slightly different corrected distributions, but the overall shape of the corrected 

oligomer distributions remain similar. 

 

3.3.5 A control experiment verifying the correction to the oligomer distribution 

To test the validity of our procedure for correcting the photobleaching-derived 

distribution, we did a control experiment on dye labeled parvalbumin. The mass 

spectroscopy data of this parvalbumin sample indicates a 48.6% single labeling, 44.5% 

double labeling, and 6.9% triple labeling mixture. Figure 3.5 shows the comparison of the 

corrected single molecule spectroscopy data with the mass-spec data. It clearly 

demonstrates that our single molecule approach can accurately reconstruct the correct 

distribution of the studied sample. (Note: The smaller error bars here compared to those 

in Figure 3.4 are due to an improved thresholding algorithm with an EMCCD camera 

used in the control experiment. The real errors, however, should be larger than those error 

bars because the uncertainties of the empirical estimates used in the simulation were not 

indicated in the figure.) 
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Figure 3.5: Comparison of the mass-spectroscopy distribution with the corrected single molecule 
distribution in the parvalbumin control experiment. 
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3.3.6 β-amyloid(1-40) oligomer size distribution: the comparison between single 

photobleaching and  HPLC gel filtration 

We did a further analysis on our β-amyloid(1-40) sample by comparing the single 

molecule data with the HPLC gel filtration-derived oligomer distribution of the same 

sample. This allows us to gain more insight into this heterogeneous and dynamic mixture. 

 

In order to correlate these two sets of data, a multiple Gaussian distribution fitting 

was applied to the gel filtration elution profile as shown in Figure 3.6. Depending on the 

choice of the fitting windows and on the initial parameters, this procedure yields several 

different fits with only slightly different peak heights, widths, and positions, and with 

nearly the same quality of fit. Figure 3.6 shows a typical fit with four Gaussian peaks and 

a fifth, low and broad distribution describing the slowly varying background. According 

to their elution times, these four peaks most probably represent four different oligomer 

species: monomer, dimer, trimer, and tetramer, respectively.  
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Figure 3.6: Multiple Gaussian fitting applied to the gel filtration elution profile. The 
‘experimental’ curve indicates the raw data of the elution profile; the’ fitted’ curve indicates a 
typical good fitting result, which is the summation of monomer, dimer, trimer, tetramer, and 
baseline. These two curves are well on top of each other. 
 

 

Integration of the area under each peak yields the total far UV absorption for each 

β-amyloid (1-40) oligomer species. Assuming that the average absorptivity of the peptide 

backbone does not change upon oligomerization (i.e., that the average absorptivity of a 
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10 11 12 13 14

0.00

0.02

0.04

0.06

0.08

10 11 12 13 14

0.00

0.02

0.04

0.06

0.08

10 11 12 13 14

0.00

0.02

0.04

0.06

0.08

Trimer

Dimer

Time (min)

 Experimental
 Fitted

Baseline

A
b

s
o

rb
a
n

c
e

 (
m

A
u

)

Time (min)

Monomer
Tetramer

Time (min)



 62 
 

shown in Figure 3.4. Figure 3.7 presents the comparison of these two relative 

distributions obtained from our two different methods. 

 

 

Figure 3.7: Comparison of the relative oligomer size distributions derived from different data sets: 
gel filtration profile and the corrected single molecule data. The data are normalized so that they 
give the same ratio for the monomer. 
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However, the single molecule approach has some other advantages. Single 

molecule methodologies work at nano-molar or lower sample concentration, which could 

be extremely beneficial for β-amyloid studies. The determination of oligomer size is 

more direct in a single molecule approach. In addition, there is some ambiguity on 

determining the oligomer size in the gel filtration method since the positions of the 

elution peaks do not correspond to individual oligomers very well. There is also a broad 

baseline peak indicating the existence of an interaction between some labeled peptides 

and column material. In our results, the single molecule approach has successfully 

detected oligomers larger than tetramers, while the gel filtration method missed them. 

This suggests that β-amyloid (1-40) oligomers that are larger than a tetramer might not be 

stable during gel filtration. These large oligomers might have re-equilibrated themselves 

into smaller species during the separation, contributing to the baseline peak. Importantly 

for future experiments, the single molecule approach allows to study oligomer sizes on 

membranes, which is very difficult to do using HPLC since the membrane/detergent 

interferes with the separation. 

 

3.4 Conclusions 

In this chapter, an approach based on single molecule spectroscopy was used to 

study the heterogeneity of HiLyte FluorTM 488 β-amyloid(1-40) oligomers. Fluorescently 

labeled β-amyloid(1-40) oligomer mixture was ‘frozen’ at a given time point by 

depositing it onto coverglass. The surface bound oligomers were then photobleached, and 
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the number of subunits in individual oligomers was determined by counting the 

photobleaching events. 

 

By constructing a histogram of the number of subunits in all the individual 

oligomers, an oligomer size distribution was extracted, which was then corrected 

according to our computer simulations. As an indication of heterogeneity, the oligomer 

size distribution reveals the intrinsic properties of a given β-amyloid(1-40) oligomer 

mixture at a given time point. Besides the work described above, the single molecule 

approach can also be used to extract dynamic information. Real time monitoring of 

oligomer formation is possible if the laser power is lowered and the observation time 

window extended. Hence, single molecule spectroscopy has the potential to also be used 

to reveal transient events, which might occur in such a dynamic and heterogeneous 

mixture and might be masked by any ensemble-averaging measurements. 

 

For large oligomers (we have identified oligomers as large as 8 by 

photobleaching), the photobleaching events in the fluorescence trajectory may become 

more difficult to distinguish and in some cases, self-quenching among the fluorophores 

may increase as well. However, since most of the recent evidence points to small 

oligomers, such as the pore-like annular structures which are probably made of hexamer 

units, as the pathologically relevant species in Alzheimer’s disease (10-13), the single 

molecule approach appears very promising for studies on these small oligomers. We 

anticipate that the detailed information on the early oligomers of β-amyloid peptides 
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gained through single molecule techniques will provide deeper understanding of 

Alzheimer’s disease. 
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CHAPTER IV 

Single Molecule Studies of β-amyloid(1-40) Peptide Interacting with Supported 

Anionic Lipid Membrane 

 

4.1 Introduction  

The formation of senile plaques in the brain tissue of patients has been the 

hallmark of Alzheimer’s disease (1-3). It has been found that β-amyloid peptides, which 

are 39-43 amino acid residues in length, are the major component of these plaques (4-6). 

And among all the β-amyloid isoforms, β-amyloid(1-40) peptide is the most abundant 

one. It has also been shown that β-amyloid peptides can self-assemble and form highly 

ordered fibrillar structures in aqueous solution (7, 8). 

 

Due to their presence in Alzheimer’s disease patients’ brains, these β-amyloid 

fibrils have been believed to be neurotoxic to neuronal cells and were often linked to the 

cause of the disease (9, 10). However, recent experimental evidence has indicated that the 

early β-amyloid oligomers, rather than the mature fibrils, might be the neurotoxic species 

(11-14). This led to a new hypothesis for the neurotoxicity mechanism in Alzheimer’s 

disease, namely that β-amyloid peptides form ion conducting pores in neuronal cell 

membranes, and the resulting imbalance of calcium ions across the membranes can either 

lead to direct cell death or trigger the signaling for apoptosis (15). Small oligomeric
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structures, which consist of a minimum of 4~6 monomeric units, are likely to be involved 

in the pore formation in the membrane (13, 16). Moreover, anionic membranes have been 

documented as required in the pore formation process (17-21). 

 

Despite the growing research effort on these early β-amyloid oligomers, the study 

of these potentially pore forming species is very challenging, because they are 

heterogeneous, dynamic, and exist at extremely low physiological concentrations. Single 

molecule techniques have been shown to be very promising tools for studying these small 

oligomeric structures, since individual β-amyloid oligomers can be detected and 

identified at very low peptide concentrations. 

 

In this work, we used single molecule imaging techniques to study the 

interactions between β-amyloid(1-40) peptide and supported anionic lipid membrane. The 

study of this peptide membrane interaction is essential for understanding the mechanism 

of β-amyloid neurotoxicity. In our experiments, the evolution of β-amyloid species in 

anionic lipid membranes was monitored for up to a few days. The results indicate a tight, 

uniform binding of β-amyloid(1-40) peptide to the lipid membrane, followed by oligomer 

formation in the membrane. This result is in good agreement with a two-state model 

proposed for peptide membrane interactions (22, 23). The concentration dependent 

oligomer formation observed in our single molecule experiments suggests there are two 

different pathways of oligomer formation in the membrane. The different oligomer 

species formed via the two pathways were then compared. 
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4.2 Methods 

4.2.1 β-amyloid(1-40) preparation 

The HiLyte FluorTM 488 β-amyloid(1-40) (AnaSpec, San Jose, CA) was kept 

frozen at -20°C upon being received. For the purpose of consistency, the peptide was re-

dissolved in 2% Ammonium Hydroxide (J. T. Baker Inc., Phillipsburg, NJ) at 1mg/ml, 

then aliquotted into small samples, and finally lyophilized and stored at -20°C. To make a 

fresh β-amyloid(1-40) solution, the lyophilized powder was directly dissolved into 10mM 

Sodium Phosphate, 100mM Sodium Chloride, pH7.4 buffer. In all the experiments 

conducted in this work, only freshly dissolved β-amyloid(1-40) peptide was used. 

 

4.2.2 TIRF Microscopy 

Fluorescence emission from HiLyte FluorTM 488 β-amyloid(1-40) peptide was 

collected by a custom made inverted TIRF (Total Internal Reflection Fluorescence) 

microscope. The microscope was equipped with a 1.45NA 60X oil-immersion objective 

(Olympus, Center Valley, PA). The excitation source was an Ar+-ion laser (I-90, 

Coherent, Santa Clara, CA) at 488.0 nm. The fluorescence signal was filtered by a 520/60 

nm band-pass filter (Chroma, Rockingham, VT), and recorded by an EMCCD camera 

(Electron Multiplying CCD camera, Andor, South Windsor, CT). Due to the evanescent 

wave in the TIRF geometry, only fluorophores that are very close to the glass/water 

interface (~150nm) are excited and detected. The details of the microscopy techniques 

and instrumentation can be found in Chapter II. 

 

4.2.3 Supported Anionic Lipid Membrane preparation 
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Palmitoyl-2-Oleoyl-sn-Glycero-3-Phosphocholine (POPC) and 1-Palmitoyl-2-

Oleoyl-sn-Glycero-3-[Phospho-rac-(1-glycerol)] (POPG) (both from Avanti Polar Lipids, 

Alabaster, AL) (see figure 4.1 (a) for structures) were kept at -20°C upon being received. 

In all of our experiments, a mixture of POPC (neutral/zwitterionic) and POPG (negative) 

lipids was used to form the supported anionic membranes on coverglasses (Fisher 

Scientific, Pittsburgh, PA). These coverglasses had been pre-cleaned with MilliQ 

(Millipore, Billerica, MA) water rinsing followed by kiln baking at ~500°C for two hours. 

 

In order to form an anionic lipid membrane on a coverglass, small unilamellar 

vesicles (SUVs) were first made (24). 0.5mg POPC and 0.5mg POPG were mixed in 

chloroform, and then dried under gaseous nitrogen in a fume hood. A further removal of 

the residual chloroform was achieved by vacuum drying of the sample overnight. Before 

the preparation for SUVs, the dried lipids were hydrated in buffer (10mM Sodium 

Phosphate, 100mM Sodium Chloride, pH 7.4) for 2 hours at room temperature, during 

which the sample was vortexed a few times to completely re-suspend the lipids. SUVs 

were then formed by sonication of the lipid suspension in an ice water bath for 2-5min 

until the suspension became clear. Finally the supported lipid membranes were 

spontaneously assembled during the incubation of the freshly prepared SUVs on a clean 

coverglass surface and let stand overnight (see figure 4.1 (b)) (25). After the formation of 

the supported lipid membranes, the unbound SUVs were gently washed off with buffer. 
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Figure 4.1:  POPC & POPG lipid molecules, and lipid bilayer. (a) shows the structures of POPC 
and POPG lipid molecules. (b) shows the formation of a lipid bilayer on a solid surface. 
 

 

4.2.4 Application of FRAP to determine membrane fluidity 

FRAP (Fluorescence Recovery After Photobleaching) experiments (26, 27) were 

used to measure the mobility of the lipid molecules (or the membrane bound β-

amyloid(1-40) peptide) in the membranes. In a typical FRAP experiment, a circular area 

of about 45µm in diameter in the membrane was photobleached by high intensity laser 

illumination for a very short duration (5sec). Then the fluorescence recovery in the 

photobleached region was recorded with much weaker illumination intensity (1/2500 of 

the photobleaching power). Since all the free lipid molecules (or β-amyloid(1-40) peptide) 

in solution had been washed off extensively, the fluorescence recovery was purely due to 

the lateral diffusion of the lipid molecules (or the membrane bound β-amyloid(1-40) 

peptide) in the membrane. 

 

In order to extract the diffusion coefficient and recovery percentage from the 

FRAP experiments, the fluorescence recovery curves were fit to the following equation 

(27) using Mathematica: )]/2()/2()[/2exp()( 10 tItIttf DDD τττ +−= . In this equation, 

(b) 
POPC 

POPG 

(a) 
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)(tf  is the integrated fluorescence intensity over the photobleached region: 0I and 1I  are 

the modified Bessel functions of the first kind ( ∫
−−+= dtte

i
zI nttz

n

1)/1)(2/(

2
1

)(
π

). And 

DwD 4/2=τ  is the characteristic diffusion time, with w  being the radius of the 

photobleached region, and D  being the diffusion coefficient. 

 

4.3 Results 

All the experiments presented in this chapter started with the formation of a 

supported anionic membrane on a clean coverglass, followed by the addition of HiLyte 

FluorTM 488 β-amyloid(1-40) peptide to the membrane. A TIRF microscope was then 

used to monitor the interactions between the peptide and the membrane. Depending on 

the concentration of the added β-amyloid(1-40), the peptide-membrane interactions were 

monitored for a period of a few hours (with high peptide concentration in solution, 

~100nM) to over six days (with low peptide concentration in solution, ~nM). 

 

Based on the results observed under the TIRF microscope, the interactions 

between β-amyloid(1-40) peptide and anionic membrane can be divided into two stages, 

uniform binding and oligomer formation. During these two stages, a tight and uniform 

binding of β-amyloid(1-40) peptide to the anionic membrane, and the formation of β-

amyloid(1-40) oligomers in the membrane were observed, respectively. 

 

4.3.1 Uniform binding 

After the addition of freshly dissolved HiLyte FluorTM 488 β-amyloid(1-40) to the 

anionic membrane, a uniform binding of the peptide to the membrane was observed (see 
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figure 4.2 (a), revealed by an elevated fluorescence background, the variation in the 

background intensity corresponds to the TIR illumination pattern). The duration of the 

uniform binding ranges from less than two hours (for high peptide concentration in 

solution, ~100nM) to a few days (for low peptide concentration in solution, ~2nM). 

 

4.3.1.1 Binding Kinetics 

During the period of uniform binding, the observed fluorescence intensity from 

the membrane bound β-amyloid(1-40) continued to increase, indicating the solution 

peptide continued to bind to the membrane (see figure 4.2 (b), the fluorescence intensity 

in the binding plot represents the mean value of the field of view shown in figure 4.2 (a)). 

The binding plot is well fit by a single exponential, suggesting the binding process obeys 

first order kinetics. 

 

The following model was proposed for the binding process: 

[ ] [ ] [ ]ββ ABoundMembraneAFreeSitesBindingMembrane
on

off

k

k
→←+ . We can further 

simplify this model based on the following two observations in our experiments. 
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Figure 4.2: The uniform binding, and the binding kinetics of β-amyloid(1-40) peptide to anionic 
membrane. (a) shows a typical TIRF image of HiLyte FluorTM 488 β-amyloid(1-40) peptide 
bound to POPC:POPG (50%:50%) lipid membranes. (b) shows the kinetics of the β-amyloid(1-40) 
peptide binding to the same membrane. The data could be well fit to a single exponential, 
indicating a first order binding kinetics. 
 

 

The first observation is that koff is extremely small. In our experiment, after the 

unbound β-amyloid(1-40) was washed off extensively, the fluorescence intensity of the 

membrane bound peptide did not show any noticeable decrease over our longest 

observation period of 130 hours. This set the upper limit of koff to be less than 2×10
-6

s
-1. 

 

The second observation is that small amount of membrane bound peptide 

saturates the binding of β-amyloid(1-40) to the membrane. We found that the 

concentration of the free β-amyloid(1-40) in solution, as measured by its fluorescence 

intensity, did not measurably decrease over the entire binding process. This indicates that 

the fraction of peptide that bound to the membrane was extremely small ([Free Aβ] ≈ 
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[Free Aβ]0 >> [Membrane Bound Aβ]). The density of the membrane bound β-amyloid(1-

40) peptide will be further discussed in the discussion session. 

 

Combining the above two observations, the model for β-amyloid(1-40) peptide 

binding to lipid membranes can be simplified as: 

[ ] [ ] [ ]ββ ABoundMembraneAFreeSitesBindingMembrane onk→+ 0 . Therefore, the 

binding process shown in figure 4.2 (b) is described by a single exponential curve A1(1-

Exp(-kon[FreeAβ]0×t))+A2.  kon= (4.3±0.4)×10
3
s

-1
M

-1 was extracted from the curve 

fitting. With the estimated upper limit for koff (< 2×10
-6

s
-1), the dissociation constant for 

the peptide from the membrane can be calculated: Kd = koff / kon <470pM. This extremely 

low Kd indicates a very tight binding of β-amyloid(1-40) peptide to the anionic membrane. 

 

4.3.1.2 The membrane bound β-amyloid(1-40) is very mobile 

The mobility of lipid molecules or of the membrane bound β-amyloid(1-40) 

peptide was measured by FRAP (Fluorescence Recovery After Photobleaching) 

experiments. A circular region in the membrane was photobleached, and the recovery 

process due to lateral diffusion was then recorded (Figure 4.3 (a)-(d) show four typical 

images in a FRAP experiment. In order to measure the mobility of the lipid molecules, 

the membrane was made using lipids containing 0.5% NBD-POPC (Avanti Polar Lipids, 

Alabaster, AL) for the purpose of fluorescence imaging). The diffusion coefficient can be 

extracted from the mathematical fitting of the recovery curve to the model above (Figure 

4.3 (e) shows the recovery curve of the membrane bound β-amyloid(1-40) peptide and 

the corresponding curve fitting). 
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Figure 4.3: FRAP images and recovery curve. (a)-(d) show the snapshot images of the FRAP 
(Fluorescence Recovery After Photobleaching) experiment. (e) shows the fluorescence recovery 
curve which was fit to the equation )]/2()/2()[/2exp()( 10 tItIttf DDD τττ +−=  to extract 

the diffusion coefficient and the recovery percentage. 
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The diffusion coefficients of both the lipid molecules and the membrane bound β-

amyloid(1-40) measured in our FRAP experiments are compared in Table 4.1. These 

results indicate that the membrane bound β-amyloid(1-40) is very mobile, showing a 

diffusion coefficient similar to that of the lipid molecules. 

 

 Diffusion Coefficient 

(µm2/sec or x10-8cm2/sec) 

Recovery Percentage 

(%) 

POPC :POPG lipids 1.6±0.1 91±1 

Membrane bound β-amyloid 2.3±0.2 60±1 

 
Table 4.1: The diffusion coefficient and recover percentage comparison between the 
POPC:POPG lipid molecules and the membrane bound β-amyloid(1-40) peptide 
 

 

4.3.2 Oligomer formation 

After β-amyloid(1-40) peptide bound to the membrane uniformly (Fig. 3(1)), 

continuing incubation of the sample led to oligomer formation. These oligomers appeared 

as bright spots in the fluorescence images (see Figure 4.4 (b)-(d)). It was also shown in 

these images that, the previously bound peptide was still attached to the membrane during 

oligomer formation, as indicated by the presence of elevated fluorescence backgrounds in 

all the images. Contrary to those uniformly bound peptide which showed good mobility 

in the membrane, the oligomers appeared to be stationary. 
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Figure 4.4: Concentration dependent oligomer formation. (a) shows the image before oligomer 
formation in the membrane. (b)-(d) show that further incubations with different concentrations of 
β-amyloid(1-40) yielded different degrees of oligomer formation in the membrane: (b) further 
incubation with NO β-amyloid(1-40) in solution for 130 hours; (c) further incubation with 2nM 
β-amyloid(1-40) in solution for 130 hours; (d) further incubation with 100nM β-amyloid(1-40) in 
solution for 3 hours. 
 

 

4.3.2.1 Concentration dependence of oligomer formation 

Our experiments reveal that the rate of oligomer formation in the membrane 

depends on the concentration of the β-amyloid(1-40) peptide in solution. Therefore, three 

sets of experiments of oligomer formation with different peptide concentrations were 

a) 

c) d) 

b) 
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conducted. All the anionic membranes used in these experiments were pre-incubated with 

β-amyloid(1-40) (for 20 hours with 2nM peptide concentration, or 25 minutes with 

100nM peptide concentration), since oligomer formation occurs after a uniform binding 

of β-amyloid(1-40) to the membrane. The three concentrations used in the experiments 

were: no peptide (peptide being washed off after the 20 hour pre-incubation), 2nM 

peptide, and 100nM peptide in solution. 

 

A. Oligomer formation with no peptide in solution 

Despite the absence of any β-amyloid(1-40) in solution, monitoring the pre-

incubated membrane for 130 hours led to oligomer formation in the membrane (see 

figure 4.4 (b)). There were 34±4.4 oligomers observed per field of view (~120µm in 

diameter) after the 130 hour incubation. 

 

Since there was no β-amyloid(1-40) available in solution, these oligomers must 

have formed within the membrane, and from the β-amyloid(1-40) peptide that bound to 

the membrane during the pre-incubation. 

 

B. Oligomer formation with low concentration (2nM) of peptide in solution 

When the pre-incubated membrane with 2nM β-amyloid(1-40) peptide in solution 

was followed for 130 hours, a very similar oligomer formation was seen (see figure 4.4 

(c)). The number of the observed oligomers per field of view was 41±6.9 in this case, 

only slightly higher than that observed with no peptide in solution. The fluorescence 

intensities of the oligomers in both experiments were very similar as well. 
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Though the large amount of free β-amyloid(1-40) in solution served as a reservoir 

for oligomer formation, the number of oligomers formed in the membrane was not much 

different from that without free peptide. This suggests a similar mechanism of oligomer 

formation in both experiments. 

 

C. Oligomer formation with high concentration (100nM) of peptide in solution 

Monitoring the pre-incubated membrane with 100nM β-amyloid(1-40) in solution 

for only 2.5 hours led to drastically increased oligomer formation (see figure 4.4 (d)). 

Though the incubation time was much shorter, the density and the fluorescence 

intensities of the oligomers formed in the membrane were much higher than that in the 

previous two scenarios. With 100nM peptide in solution, 150±16 oligomers per field of 

view were observed after the short incubation. 

 

This much faster oligomer formation suggests that these oligomers were formed 

via a different mechanism. This will be further discussed in the Discussion section. 

 

4.3.2.2 Comparison of oligomer species 

In Chapter II, we have developed a methodology based on single molecule 

photobleaching to quantitatively determine the β-amyloid oligomer sizes. However, when 

these oligomers were formed in the membrane, the photobleaching of the oligomers 

yielded much more complicated trajectories, which is believed to be due to the presence 

of the membrane bound peptide that diffuses in the membrane. Since these membrane 
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bound β-amyloid(1-40) are mobile, they are diffusing around the immobilized oligomers 

during photobleaching, making the photobleaching trajectories appear quasi-ensemble. 

This complication hinders the application of the photobleaching technique to characterize 

the β-amyloid oligomers in the membrane. 

 

Therefore, here we used fluorescence intensity as the indicator of oligomer size in 

the membrane. However, due to the illumination gradient caused by both the Gaussian 

profile of the laser beam and the TIRF geometry, the absolute intensities of the 

oligomers’ fluorescence may not always faithfully reflect their sizes. Thus a relative 

intensity method was developed. 

 

Based on the rationale that smaller regions, such as 9x9 pixels in our images, are 

more likely to have approximately uniform illumination, a comparison of the oligomer 

fluorescence relative to that of its local environment can more correctly reflect its size. 

Mathematically, the relative fluorescence intensity is calculated as the ratio of the 

intensity of a pixel over the average intensity of the small surrounding region. Thus in 

these relative fluorescence intensity images, the background pixels, which represent the 

mobile peptide that bound to the membrane uniformly, have relative fluorescence 

intensities of around unity, while the oligomers have relative fluorescence intensities well 

above unity. 

 

Using the relative fluorescence intensity method, the sizes of the oligomers in an 

image can be correctly compared. Due to the very similar fluorescence intensities in the 
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background pixels in figure 4.4 (c) & (d) (the background in (d) appears to be much 

darker due to the different contrast setting for image display and gain setting for data 

acquisition), the sizes of the oligomers in different images can also be compared. From 

the comparison of the data in figure 4.5 (a) & (b), it was concluded that with a low 

concentration of peptide in solution small oligomers were formed, since they had much 

lower brightness and appeared to be diffraction limited objects. In contrast, with a high 

concentration of peptide in solution, much larger oligomers, which showed much higher 

brightness and occupied much larger pixel areas, were formed. The sizes of the oligomers 

will be further analyzed in the Discussion section. 

 

 

Figure 4.5: Comparison of the oligomers formed at (a) low concentration of β-amyloid(1-40) 
peptide in solution (2nM), and (b) high concentration of β-amyloid(1-40) peptide in solution 
(100nM). A relative intensity method (see the text) is used to correct the illumination gradient. 
 

 

 

 

a) b) 



 84 

4.4 Discussions 

Though there is strong evidence to support the pore formation hypothesis in 

Alzheimer’s disease (11-14), the molecular mechanism of this process remains poorly 

understood. Thus studies of peptide membrane interactions are critical for understanding 

the underling mechanism. Since β-amyloid peptides exist at extremely low physiological 

concentration and can form heterogeneous and dynamic oligomeric species, these studies 

appear to be very challenging for traditional techniques. In our research, single molecule 

fluorescence imaging techniques were used to study the peptide membrane interactions. 

 

Our results show that the interactions between β-amyloid(1-40) and anionic 

membrane start with a very tight and uniform binding of the peptide to the membrane 

(see figure 4.2 (a)), followed by the formation of different oligomer species in the 

membrane (see figure 4.4 (b)-(d)). These two different behaviors (uniform binding vs. 

oligomer formation) of peptide membrane interactions suggest that there are two 

molecular states for the β-amyloid(1-40) peptide in the membrane. 

 

4.4.1 A two-state model for peptide membrane interaction 

A two-state model has been proposed for peptide membrane interaction (see 

figure 4.6) (22, 23). Though the authors originally developed the model specifically for 

antimicrobial peptides, they have observed that the model would be general and 

applicable for all peptide membrane interaction. 
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Figure 4.6: Illustration of the two state model. 

 

 

In this model, membrane interacting peptides exist in two different states: the 

membrane bound monomeric state and the oligomeric state. It has been shown that these 

two states are directly related to the peptide/lipid ratio (the number of membrane bound 

peptide over the number of lipid molecules). At low peptide/lipid ratio, the membrane 

bound peptide is in the monomeric state, and is at the interface between the hydrophilic 

head groups and hydrophobic regions, with an orientation parallel to the membrane 

surface. When the peptide/lipid ratio is above a critical value, the peptide in the 

membrane is in the oligomeric state, with a perpendicular orientation relative to the 

membrane surface. 

 

Our results for β-amyloid(1-40) interacting with anionic membranes showed good 

agreement with the two state model. During the initial incubation of β-amyloid with the 

membrane (typically corresponding to a lower peptide/lipid ratio), all the membrane 

bound peptide is in the mobile state and is evenly distributed in the membrane with a high 

binding affinity. Since the peptide was freshly dissolved for all the experiments, it was 

highly likely to be a monomer upon binding to the membrane. When β-amyloid(1-40) 

was further incubated with the membrane (typically corresponding a higher peptide/lipid 
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ratio), the appearance of the oligomers in the membrane indicated these peptides were in 

a second state, the oligomeric state. According to the two-state model, the peptide in the 

oligomeric state is oriented perpendicularly to the membrane. This perpendicular 

orientation may explain the lack of mobility of these oligomers in the membrane. Since 

the length of the oligomeric peptide is larger than the thickness of the membrane, 

oligomers spanning through the membrane are likely to be anchored by the underneath 

glass substrate. 

 

4.4.2 Surface density of the membrane bound mobile peptide 

Our results show that for uniform binding of β-amyloid(1-40) to the membrane, 

membrane saturation occurs at extremely low peptide/lipid ratio. Thus, the fraction of the 

peptide in solution that binds to the membrane is small. Since the membrane-bound 

peptide molecules are mobile and are evenly distributed, they are seen as elevated 

fluorescence backgrounds in the image (see figure 4.4 (a)). Thus by comparing the 

intensity of the fluorescence background with a standard, the surface density of the 

mobile peptide in the membrane can be estimated. The standard we used in this work is 

HiLyte FluorTM 488, the same fluorophore which was labeled on β-amyloid(1-40) peptide. 

 

In order to get the fluorescence intensity of the standard, we immobilized HiLyte 

FluorTM 488 fluorophores on the coverglass surface (see figure 4.7 (a)). Due to the 

uneven illumination in the imaging, the fluorescence intensities of the 124 collected 

fluorophores were adjusted according to the illumination gradient. The same adjustments 

were done for the fluorescence from the background pixels representing the membrane 
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bound β-amyloid(1-40). Since the labeling of the peptide by the fluorophore does not 

change the absorption and emission properties of the fluorophores, the ratio of the 

background fluorescence intensities over the average fluorescence intensities of the 

individual fluorophores yields the surface density (monomeric units/pixel) of the mobile 

β-amyloid(1-40) peptide in the membrane. The histogram of the membrane bound mobile 

peptide density is shown in figure 4.7 (b). 

 

 

Figure 4.7: Calibration of the fluorescence intensity and estimation of the peptide surface density. 
(a) shows the image of the immobilized individual HiLyte FluorTM 488 fluorophores. The 
fluorescence intensities of these fluorophores were used for surface density estimation of the 
membrane bound mobile peptide. (b) shows the histogram of the estimated surface density 
(monomeric units per background pixel). 
 

 

The estimated density of the membrane bound β-amyloid(1-40) peptide is 2.3±0.4 

monomeric units per pixel, which translates to 8.1±1.4 monomeric units/µm2. The 

average surface area of a lipid molecule in the membrane is about 70Å2 (28, 29), making 

for ca 1.43×106 lipid molecules/µm2. Thus the estimated peptide density indicates an 
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extremely low peptide/lipid ratio of about 10-5~10-6. This low peptide/lipid ratio also 

supports our experimental observation that the fraction of β-amyloid(1-40) that binds to 

the membrane is extremely small. It could be calculated from this low peptide/lipid ratio 

that, even with low peptide concentration (e.g. 2nM) in solution, the majority of the 

peptide (99.8%) was still in solution after the membrane binding sites were saturated.  

Murphy et. al. have observed a similar low peptide/lipid ratio and tight binding of β-

amyloid(1-40) peptide to anionic membrane in surface plasmon resonance experiments 

(30). Isothermal titration calorimetry experiments conducted in our group also suggest a 

very tight binding of the peptide to the membrane at low peptide/lipid ratio conditions 

(31). 

 

4.4.3 Pathways of oligomer formation 

It was shown in Results that oligomer formation in the membrane did not start 

until a uniform binding of β-amyloid(1-40) peptide to the anionic membrane was 

observed. The concentration dependent oligomer formation suggests there are at least two 

different pathways for oligomer formation. 

 

In the absence of β-amyloid(1-40) in solution, oligomer formation in the 

membrane was still observed. This indicates the membrane bound peptide undergoes an 

internal conversion from the mobile state to the oligomeric state. It was also shown in 

Results that, with low peptide concentration being present in solution, the internal 

conversion pathway still dominates the oligomer formation. 
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Based on the surface density and the diffusion coefficient of the membrane bound 

mobile peptide (assuming they are monomers), we calculated the two dimensional 

collision frequency of these mobile peptide in the membrane via the following equation 

]/)ln[(4 2/12 aCDC −=Φ ππ  (32, 33), in which Φ is the collision frequency, C is the 

density of the peptide (8.1×108/cm2), D is the diffusion coefficient (2.3×10-8cm2/sec), and 

a is the distance between adjacent peptide within β-amyloid(1-40) oligomers. From the 

sizes of the oligomeric pore reported in the literature (13, 16), this distance a should be 

on the order of nanometer. This theoretical calculation on collision frequency yields 

about 4×1010 collisions/cm2/sec for the monomers diffusing in the membrane, which 

translates to about 50 collisions/sec for each monomer. It is thus indicated that the 

internal conversion pathway of oligomer formation is unlikely to be a diffusion controlled 

process, since the collision frequency between the mobile peptide is much higher than the 

rate of oligomer formation. 

 

In the presence of a high peptide concentration in solution, however, the rate of 

oligomer formation in the membrane was found to be much higher. Due to the same 

surface density of the membrane bound mobile peptide being observed for both high and 

low peptide concentrations in solution (see figure 4.4 (c) & (d)), the rate of oligomer 

formation via the internal conversion pathway should be the same as well. This suggests 

that the internal conversion pathway alone cannot account for the much faster oligomer 

formation in the membrane. Therefore, a different pathway of oligomer formation must 

exist, in which a direct insertion of solution peptide into the membrane must be involved. 

This direct insertion mechanism is highly dependent on the concentration of β-amyloid(1-
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40) peptide in solution. Oligomer formation with a low concentration of 2nM solution 

peptide did not show any contribution from the direct insertion pathway, while with a 

high concentration of 100nM solution peptide, it was dominated by the direct insertion 

pathway. 

 

4.4.4 Oligomer size analysis 

In the previous discussion we used the fluorescence intensities of HiLyte FluorTM 

488 fluorophores to estimate the surface density of the membrane bound mobile β-

amyloid(1-40) peptide. We can further use the estimated surface density to analyze the 

oligomer sizes via their relative fluorescence intensities (see figure 4.5 (a) & (b)). Since a 

relative intensity of unity represents 2.3±0.4 monomeric peptide, the size of an oligomer 

can be estimated as “(relative intensity – 1) × 2.3” monomeric units. Figure 4.8 (a) plots 

the size histogram of the oligomers formed via the internal conversion pathway (also 

corresponding to low concentration of β-amyloid(1-40) peptide in solution), and 4.8 (b) 

plots the size histogram of the oligomers formed via the direct insertion pathway (also 

corresponding to high concentration of β-amyloid(1-40) peptide in solution). It should be 

noted that, due to a possible fluorophore self-quenching, the sizes of these oligomers 

might be underestimated, especially for those large ones created via the direct insertion 

pathway. 

 

A comparison of the histograms in figure 4.8 not only shows the huge size 

differences between the oligomers formed via different pathways, but also indicated that 

even via the same pathway, there is a wide range of oligomer species formed in the 
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membrane, especially in the case of the direct insertion pathway. However, among the 

oligomers formed via the internal conversion pathway, a significant fraction (34.5%) 

contains smaller species, as highlighted in figure 4.8 (a). These smaller species are 

estimated to be trimers or tetramers. In fact, high resolution AFM imaging has revealed 

similar small oligomer species in the membranes as well (13, 16). This suggests that they 

might be the smallest stable pore structures in the membrane. 

 

 

Figure 4.8: Histograms of the oligomers formed in the membrane via (a) the internal conversion 
pathway, and (b) the direct insertion pathway. A significant fraction (34.5%) of the oligomers, as 
highlighted in histogram (a), are smaller species (trimers/tetramers). 
 

 

4.5 Conclusions 

While the pore formation hypothesis for β-amyloid peptides has been supported 

by recent evidence, there is a lack of understanding of the underlying mechanism at the 

molecular level. In this work, we used single molecule studies to follow the interactions 

between β-amyloid(1-40) and anionic membrane, and the subsequent oligomer formation. 
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Our results show that the interaction between β-amyloid(1-40) and anionic membrane 

starts with an extremely tight binding, and the membrane-bound peptide is diffusing in 

the membrane. A further incubation of the peptide with the membrane leads to oligomer 

formation in the membrane, which is concentration dependent. At low concentrations 

(less than few nM) of β-amyloid(1-40) in solution, a slow conversion pathway from the 

membrane bound mobile state to the oligomeric state dominates the oligomer formation; 

while at high peptide concentrations (greater than a few tens of nM), a fast insertion 

pathway, in which the peptide in solution go directly into the membrane bound 

oligomeric state, is the major pathway for oligomer formation. It was found that both 

pathways generate wide ranges of oligomer species in the membrane. However, in the 

slow conversion pathway, a large fraction of those oligomers exists as small species 

(trimer/tetramer). Our single molecule studies of β-amyloid(1-40) peptide interacting 

with supported anionic membranes revealed the details of the peptide-membrane 

interaction at the molecular level, which are also in good agreement with the two-state 

model proposed by Huang et. al. 
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CHAPTER V 

Conclusions 

 

5.1 Introduction 

Alzheimer's disease (AD) is an irreversible, progressive, and fatal brain disease 

that affects millions of people worldwide (1, 2). The formation of amyloid plaques in 

brain tissues has been the hallmark of the disease (3-5). Since the discovery of β-amyloid 

peptides as the major components of amyloid plaques in the 1980s (6, 7), numerous 

studies have confirmed that these peptides are directly involved in the development of 

Alzheimer’s disease (8-10). 

 

Although β-amyloid peptides are neurotoxic, the underlining mechanism remains 

unclear. Initially, β-amyloid fibrils are believed to be the fundamental cause of 

Alzheimer’s disease (11). However, more recent evidence suggests β-amyloid oligomers 

are the origin of neurotoxicity, potentially through membrane permeabilization (12-14). 

Despite the shift of emphasis to β-amyloid oligomers recently, the studies of these small 

oligomers have been challenging, because they are metastable, occur at low concentration, 

and are characterized by a high degree of heterogeneity. 

 

In this thesis, we presented a novel single molecule approach to the study of β-

amyloid(1-40) oligomers and their interaction with lipid membranes. This single 
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molecule capability provides us a direct and quantitative method to address the 

heterogeneous and dynamic nature of β-amyloid(1-40) oligomers at their extremely low 

physiological concentration. 

 

5.2 Thesis summaries 

In Chapter II, the advantages of single molecule studies of β-amyloid oligomers 

are discussed. Following a brief review of the single molecule measurements in general, a 

new methodology based on single molecule photobleaching is presented. Through this 

photobleaching method, a direct measure of the oligomer size can be achieved by 

counting the number of photobleaching steps in the observed fluorescence trajectory. 

Therefore, in order to have an accurate determination of the photobleaching steps, the 

recorded photobleaching trajectories are subject to careful analysis. It was shown that the 

combination of the forward-backward non-linear noise filtering and the photon counting 

histogram allows for an improved identification of the photobleaching steps. 

 

Chapter II also discusses a dipole orientation model for explaining the observed 

variability in the size of photobleaching steps. To test this model, a stochastic simulation 

for generating photobleaching trajectories of individual oligomers was developed. The 

simulated trajectories clearly resemble the experimental ones by showing very similar 

photobleaching behaviors. Though the simulation does not prove the proposed model for 

the origin of the variability in the trajectories, it supports the notion that different dipole 

orientations are a major contributor to the variations in the photobleaching trajectories. 
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In Chapter III, we built on the work presented in Chapter II and studied the 

heterogeneity of β-amyloid(1-40) oligomers. By comparing the oligomer distributions of 

the unresolved β-amyloid(1-40) mixture and the monomer/dimer fraction from HPLC gel 

filtration, the ability to differentiate different oligomer distributions using the single 

molecule approach is demonstrated. Furthermore, a more quantitative and accurate 

construction of the β-amyloid(1-40) oligomer distribution can be achieved by correcting 

the bias in the collected single molecule data. Due to the thresholding in data acquisition 

or image processing, smaller oligomers with less number of fluorophores have a greater 

tendency to be missed, thus are under-represented in the distribution. The correction to 

this bias is carried out by the same stochastic simulation described in Chapter II. 

 

The correction via the computer simulation is verified by a control experiment, in 

which the corrected single molecule distribution of parvalbumin is in good agreement 

with the mass-spectroscopy distribution. A further analysis of β-amyloid(1-40) oligomers 

is shown at the end of Chapter III by comparing the corrected single molecule data with 

the HPLC gel filtration-derived oligomer distribution. The results show good agreement 

on the oligomer size distribution between the single molecule approach and the gel 

filtration chromatography approach. Finally, the advantages of the single molecule 

approach over the conventional gel-filtration chromatography are also discussed. 

 

In Chapter IV, the interaction between β-amyloid(1-40) peptides and supported 

anionic lipid membranes is studied using the single molecule approach. It was shown that 

an extremely tight binding between β-amyloid(1-40) peptides and anionic membranes is 
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first observed, followed by the appearance of oligomers in the membrane. While the 

tightly bound peptides show good mobility in the membrane, the oligomers appear to be 

stationary. The observation of the two different states, the membrane bound mobile state 

and the oligomeric state, of β-amyloid(1-40) peptides interacting with anionic membrane 

suggests good agreement with the two-state model proposed by Huang et al. (15, 16). 

 

A further study of the β-amyloid(1-40) oligomer formation in the membrane 

shows a strong concentration dependence. At low concentrations (less than few nM) of β-

amyloid(1-40) peptides in solution, a slow conversion pathway from the membrane 

bound mobile state to the oligomeric state dominates the oligomer formation; while at 

high peptide concentrations (greater than a few tens of nM), a fast insertion pathway, in 

which the free peptides in solution go directly into the membrane bound oligomeric state, 

is the major pathway for oligomer formation. It was found that both pathways generate 

wide ranges of oligomer species in the membrane. However, in the slow conversion 

pathway, a large fraction of those oligomers exists as small species (trimer/tetramer), 

which is in agreement with the AFM studies of β-amyloid oligomers (14, 17). Therefore, 

our single molecule studies reveal the molecular details of how β-amyloid(1-40) peptides 

interact with supported anionic lipid membranes. 

 

5.3 Future directions 

5.3.1 Identification of toxic oligomeric species 

Although the single molecule fluorescence microscopy provides a unique 

approach to the study of β-amyloid oligomer formation in lipid membranes, the 
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identification of the membrane-permeabilizing species remains challenging. Since 

membrane conductivity has been readily measured by patch clamping or similar 

techniques, and membrane permeabilization by β-amyloid oligomers has been 

consistently confirmed by different groups (17-19), the combination of optical detection 

and conductivity measurement will be able to provide a more complete understanding of 

β-amyloid neurotoxicity (20). 

 

Figure 5.1 presents the preliminary results of the combined optical detection and 

conductivity measurements (data obtained by Schauerte, J. A.). In figure 5.1 (a), three 

consecutive scans of the fluorescently labeled β-amyloid(1-40) oligomers indicate some 

progression of the oligomers in the membrane. Figure 5.1 (b) shows the corresponding 

evolution of the membrane conductivity, in which a significant increase in conductance 

was observed during the third scan. 

 

Figure 5.1: Preliminary results of the combined optical detection and conductivity measurements. 
(a) shows three consecutive scans of the fluorescently labeled β-amyloid(1-40) oligomers in the 
membrane. (b) shows the corresponding evolution of the membrane conductivity. (data in 
courtesy of Schauerte, J. A.) 

(a) (b) 
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5.3.2 In vivo studies of β-amyloid oligomers 

In the work presented in this thesis, artificial membranes (e.g. POPC and POPG) 

were used in the study of peptide-membrane interaction. While model membranes 

simplify the system and provide the freedom to manipulate the lipid composition, in vivo 

studies give a more biologically relevant approach for the study of β-amyloid 

neurotoxicity. Figure 5.2 shows the preliminary results of single molecule studies of β-

amyloid(1-40) peptides binding to live cells (SH-SY5Y neuroblastoma cells, data 

obtained by Johnson, R.). 

 

Figure 5.2: Preliminary results of single molecule studies of β-amyloid(1-40) peptides binding to 
live cells. (a) shows the phase contrast image of the cell. (b) shows the fluorescence image of β-
amyloid(1-40) oligomers binding to the cell. (data in courtesy of Johnson, R.) 
 

 

5.3.3 Closing 

In closing, this thesis has opened up new opportunities for the study of 

Alzheimer’s disease at the molecular level. It has been shown in this thesis that, single 

(a) 

(b) 
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molecule technique is a useful new tool for detecting, monitoring, and characterizing β-

amyloid oligomers at their physiological concentration. The methods developed and 

utilized in this thesis hold promise for the fundamental insights into the early stage of 

Alzheimer’s disease, and pave the way for further studies on amyloid diseases. 
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APPENDIX A 

 
Noise of Photon Detectors 

 

A.1 Ideal detector 

For an ideal detector, shot noise is the only noise source. Shot noise reflects the 

stochastic nature of photon flux, and follows a Poisson distribution. 

If Npi represents the received photon counts in the ith unit time (i =1, 2, …, I), 
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A.2 Single-photon-counting (Geiger mode) avalanche photodiode 

For a single-photon-counting (Geiger mode) avalanche photodiode, besides the 

shot nose, there is one additional noise source, dark noise. Dark noise is the noise from 

the detector in the absence of light, and is typically thermally induced. The avalanche 

photodiode (SPCM-AQ 161, PerkinElmer Optoelectronics, Canada) used in our 

experiments has an extremely low dark current of 50 counts per second. 
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A.3 CCD camera 

For a Charge-Coupled Device (CCD), the read-out noise dominates the noise 

source. Since most scientific grade CCD cameras are deeply cooled (<-70℃), the dark 

noise (thermal noise) is typically very low. Therefore, the sensitivity of a CCD camera is 

mostly determined by the read-out noise (~10 photoelectrons per reading).  

If Npi represents the received counts in photoelectrons, and Nci represents the 

received counts in camera units, in the ith unit time (i =1, 2, …, I),  

G

N
N pi

ci = , in which G is the pre-amplification gain, representing the number of 

photoelectrons needed to register one count in camera units. G is determined by the A/D 

converter of the camera. 
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A.4 Electron-Multiplying CCD camera 

In order to increase sensitivity (which is limited by the read-out noise in a 

conventional CCD camera), Electron-Multiplying CCD cameras amplify the signal 

before the read-out takes place, so that the read-out noise can be effectively suppressed. 

This is a new type of camera which allows high sensitivity measurements to be taken at 

relatively high frame rates. However, the amplification process also brings additional 

noise, which is characterized by a multiplicative noise factor F. 

pici N
G

M
N = , in which M is the amplification to the signal, and G is the pre-

amplification gain. 
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The Electron-Multiplying CCD camera (iXon DV887ACS-BV, Andor 

Technology, Allentown, NJ) used in our lab has a read-out noise of 53.6 photoelectrons 

per reading, a pre-amplification of 15.4 photoelectrons per camera count, and a noise 

factor of 1.56 (all the parameters were measured in the lab). 

 

A.5 Signal/Noise Comparison 

Figure A.1 shows the theoretical Signal/Noise ratio comparison of the different 

detectors described above. It clearly shows that, for weak light detection (such as for 

single molecule fluorescence measurements, the signal is often <50 detected photons per 

unit time), both single-photon-counting APD and Electron-Multiplying CCD camera 

have fairly good signal/noise ratios. However, it should be noted that, only the primary 

sources of noise are included in the above Signal/Noise analysis. In reality, most 

detectors have much more complicated noise sources, such as CCD cameras are subject 

to various kinds of internally and externally generated noise and other spurious signals as 

well. Furthermore, beside photon detectors, there are other critical components that can 

affect the signal and/or noise in the measurements, such as objective, fluorophore, ect. 
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Figure A.1: Theoretical Signal/Noise ratio comparison of different detectors. A unit time of 25ms, 
which is a typical exposure time in single molecule fluorescence measurements, is used in the 
plot. 
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APPENDIX B 

 
Image Processing for Single Molecule Identification 

 
B.1 Thresholding 

Thresholding, as a method of image processing, is to segment an image into two 

groups, object and background. During the thresholding process, each pixel in the image 

is marked as either “object” (e.g. when the pixel value is greater than the threshold) or 

“background” (e.g. when the pixel value is less than or equal to the threshold). 

 

For single molecule detection, thresholding is one of the most commonly used 

methods for fluorophore identification in images/videos. However, due to the presence of 

an illumination gradient in our images, which is caused by both the Gaussian profile of 

the laser beam and the TIRF geometry, the conventional thresholding, in which a global 

threshold is used for all the pixels, does not perform well (see figure B.1). 

 

 

Figure B.1: Conventional thresholding fails due to the presence of an illumination gradient. (a) 
shows the raw image (the first frame in a photobleaching video). The bright dots in the image are 
individual β-amyloid(1-40) oligomers. (b) shows the image after thresholding.  

(a) (b) 
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B.2 Adaptive thresholding 

Based on the rational that smaller regions, such as 9x9 pixels regions in our 

images, are more likely to have approximately uniform illumination, an adaptive 

thresholding technique (also called dynamic thresholding) is used in our data analysis. 

 

During the adaptive thresholding process, a “local S/B (signal to background)” 

ratio for each pixel in the image is first calculated. This “local S/B” indicates how a pixel 

is compared to its local surrounding, and is calculated as the ratio of the pixel value over 

the surrounding (e.g. 9x9 pixels) average. This removes the signal variations in the image 

due to the illumination gradient, and generates a “Local S/B image” (see figure B.2 (b)). 

The histogram of this “Local S/B image” is shown in figure B.2 (c), which contains a 

normal distribution around unity, with a few outliers on the right. The unity corresponds 

to the background pixels and the outliers correspond to the β-amyloid(1-40) oligomers. 

Then a conventional thresholding is applied to this “Local S/B image”, with the selection 

of the threshold based on the histogram (e.g. a selection of 4σ (σ is the standard deviation 

of the normal distribution) can reject 99.9937% of the background pixels). After the 

thresholding, the identified β-amyloid(1-40) oligomer are shown in figure B.2 (d). 
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Figure B.2: Adaptive thresholding for identifying and locating the individual β-amyloid(1-40) 
oligomers. (a) shows the raw image. (b) show the Local S/B image. (c) shows the histogram of 
image (b). (d) shows the thresholded image. 
 

 

B. 3 Photobleaching trajectory extraction 

Once the β-amyloid(1-40) oligomers are identified in the image, their 

photobleaching trajectories can be readily extracted from the photobleaching video. 
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Figure B.3: Photobleaching trajectories are extracted from the photobleaching video. 
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APPENDIX C 

 
Stochastic Simulation of Single Molecule Photobleaching: An Example 

 

As an example of the stochastic simulation, the photobleaching trajectory of a 

trimer is randomly generated and illustrated below. For each step in the simulation, the 

generated photobleaching trajectory is updated in figure C.4. 

 

C.1 The random generation of the photobleaching times 

Photobleaching times are randomly assigned to the three fluorophores in the 

trimer based on the exponential probability distribution )exp()1(
ττ

tp −= , in which τ  

is the preset photobleaching lifetime, reflecting the photostability of the fluorophores that 

are maximally excited. The three fluorophores are indicated as a, b, and c in figure C.1. 

 

Figure C.1: The exponential probability distribution of the photobleaching time. 
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C.2 The random generation of the position of the trimer 

A random position γ  relative to the center of the Gaussian beam/focus is assigned 

to the trimer. This random generation of the position (with a preset upper limit) is based 

on a uniform probability of the oligomers being deposited on the coverglass. Therefore, 

both the photobleaching times and the fluorescence intensities of the fluorophores in the 

trimer are adjusted according to the excitation intensity )2exp(
2γ−  (see figure C.2). 

 

Figure C.2: The position of the trimer in the Gaussian beam/focus. 

 

C.3 The random generation of the dipole orientations of the fluorophores 

A fixed dipole orientation angle θ  (relative to the coverglass surface) is randomly 

assigned to each fluorophore in the trimer (based on a flat distribution) (see figure C.3). 

According to the different dipole orientations of the fluorophores, each fluorophore’s 

photobleaching time is adjusted by [ ] 12 )(cos
−

θ , and the fluorescence intensity is adjusted 

by [ ] 14 )(cos
−

θ . 
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Figure C.3: The dipole orientations of the three fluorophores in the trimer. 

 

C.4 Addition of Poisson noise to the trajectory 

Figure C.4 shows the generated photobleaching trajectory after each step. 

 

Figure C.4: The generated or adjusted photobleaching trajectory after each step. 
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