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Abstract 

 Nanomaterials have gained interest due to their unique physical and chemical phenomena 

that is only observed for materials in this size regime. In the biohealth sector, gold nanoparticles 

are good platforms for use in curative treatments and detection of cancer and disease.  However, 

their effectiveness depends on how well they are internalized and destined to travel in cells.  One 

pathway gold nanoparticles use to travel in cells is clathrin mediated endocytosis. In this 

pathway, gold nanoparticles are encapsulated in membrane vesicles that undergo fusions and 

maturations with four intracellular vesicles (endosomes) before being directed to the lysosome 

for degradation.  There are four proteins which “mark” the pathway; Rab5 (Early Endosome), 

Rab11 (Recycling Endosome), Rab7 (Late Endosome), and LAMP-1 (Lysosome).   

In this work, we first studied the distribution and co-localization of the four proteins 

which “mark” the pathway to determine the extent to which these markers are unique for specific 

endosomes or co-exist with other markers on endosomes. This study was done for C2C12 and 

A549 cells to determine if the distribution and co-localization of markers was cell type specific. 

We determined that markers are not unique for specific endosomes and markers can co-exist in 

the same endosome, the distribution and co-localization of markers in cells is cell type specific 

and the distribution of ternary complexes varies with cell type.  

We then studied the time dependent internalization and uptake of phospholipid coated 

gold nanoparticles and the extent of co-localization of phospholipid coated gold nanoparticles 

with markers in C2C12 and A549 cells.  C2C12 and A549 cells are able to continuously 

internalize phospholipid coated gold nanoparticles with time, but to different extents. It was also 

observed that the ability for cells to withhold phospholipid coated gold nanoparticles in a 
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nanoparticle free extracellular environment depends on cell type. We also found that binary and 

ternary complex formation in A549 and C2C12 cells varied. A fraction of binary complexes 

consisting of one marker and phospholipid coated gold nanoparticles may also include ternary 

complexes in both cell types. This work was consistent with results obtained in Chapter 3.  

As we were able to effectively study the endocytic pathway and uptake of phospholipid 

coated gold nanoparticles in two different cell types, we chose to study 𝛼 −synuclein (𝛼 −syn) in 

SH-SY5Y cells. 𝛼 −syn is a protein associated with Parkinson’s disease; until recently, 

oligomeric forms of the protein are understood to be toxic and are the current focus of study for 

scientists for detection and curative methods. Thus, we applied the same logic and methods in 

Chapters 3 and 4 to study oligomeric forms of 𝛼 −synuclein. We studied the time dependent 

uptake of oligomers, distribution and extent of co-localization of markers, extent of co-

localization of oligomers, and the extent of co-localization of oligomers with markers in SH-

SY5Y cells. The oligomers chosen for this study were monomers, as well as engineered dimers 

and tetramers. We found each oligomer was able to passively enter cells and each oligomer was 

observed to also undergo clathrin mediated endocytosis. Each oligomer had shown to be 

internalized and taken up in cells in a time dependent manner; however, the degree of 

aggregation of monomers decreases the most with time.  

Real-time observation of monomers, dimers, and tetramers of 𝛼 −synuclein in SH-SY5Y 

cells was also studied. This was the first time real-time observation was to be undertaken for this 

study; we determined an experiment consisting of 50 images is sufficient to estimate the 

diffusion time, diffusion coefficient, and temporal auto correlation amplitude. We also observed 

that the diffusion time of oligomers in cells was proportional to the size of the oligomer.  
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In this work, membrane trafficking and possible roles of endocytic proteins was studied 

along with the endocytic uptake of two nanomaterial systems of interest for potential therapeutic 

and diagnostic applications. This is the first ICS analysis of endocytic marker and gold 

nanoparticle association and distribution and the first successful quantitative three color co-

localization performed in-vitro in C2C12 and A549 cells, using Image Correlation Spectroscopy 

analysis. The work presented in this thesis significantly contributes to the field of 

nanotechnology and cell biology.  

The work in this thesis was accomplished using Image Correlation Spectroscopy analysis 

of images obtained using a laser scanning confocal microscope. 
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Cells and Endocytic Marked Compartments using Image 

Correlation Spectroscopy Analysis  
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1 Motivation and Purpose for a Study of Nanomaterials and 

Endocytic Markers using Image Correlation Spectroscopy 

Analysis 

1.1 Importance of Nanotechnology 

Nanotechnology is defined as the science and study of matter at dimensions ranging between 

1-100 nanometers. The field of nanotechnology began to emerge approximately fifty years ago. 

Specifically, in 1957, Dr. Richard Feynman, an American physicist, gave a lecture titled There’s 

Plenty of Room at the Bottom at the California Institute for Technology for which the overall 

concept of nanotechnology began to emerge. Proceeding into the early 1970s, the term “Nano-

technology” was first defined by Dr. Norio Taniguchi,“‘Nano-technology’ is the production 

technology to get the extra high accuracy and ultra fine dimensions, i.e the preciseness and 

fineness of the order of 1 nm (nanometer), 10
-9

 m in length”. Ultimately, by the early 1980s, Dr. 

Eric Drexler published several works related in the field and was the first to receive a doctoral 

degree on the topic of molecular nanotechnology.
3
  

Nanotechnology has become important due to the physical and chemical phenomena that are 

only observed for materials in this size regime. Unlike at the macromolecular and bulk scale, 

nanomaterials possess properties that are actually dependent on the relative size of the material. 

Specifically, quantum effects begin to govern the behavior and properties of particles at this 

scale. Material characteristics such as the melting point, fluorescence, electrical conductivity, 

magnetic permeability and chemical reactivity change as a function of the particle size within 

this 1-100 nanometer regime.
4
 Thus, a significant amount of work has been studied in the last 

thirty years by chemists, biologists, physicists, and engineers to further understand this 

phenomenon and develop numerous devices of ranging sizes and morphologies for specific 

applications in fields of electronics, energy, agriculture and forestry, and biohealth.  

In the biohealth sector, nanomaterials have shown promise to serve as platforms for curative 

treatments and detection of cancer and disease. 
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1.2 Types of Nanomaterials 

In this thesis, two types of nanomaterial systems of interest were studied; phospholipid 

coated gold and 𝛼 −synuclein oligomer constructs. 

1.2.1 Gold 

As a means to add to current methods and alleviate associated drawbacks and unwanted 

side effects, scientists have made great efforts to develop a number of nanomaterials to serve as 

platforms for drug delivery and radiation and heat therapy. One material in particular that has 

been widely used is nanoscale gold. 

For the last thirty years, it is has been known that gold has the ability to bind with thiol 

groups.
5
 This is incredibly advantageous for the field of biohealth because scientists can modify 

a molecule of interest with a thiol group to be able to bind with a gold surface.
6,7

 As an example 

in drug delivery applications, many have functionalized gold nanoparticles with thiol-capped 

polyethylene glycol (PEG) monolayers by means of protecting gold nanoparticles from being 

directed out of circulation in the bloodstream and taken up by the reticuloendothelial system 

(RES) for degradation and excretion.
8,9,10

  

Gold nanoparticles can be functionalized with thiolated poly(ethylene glycol) but also 

with molecules currently known to treat cancer such as doxorubicin and oxaliplatin, as a means 

to increase the likelihood of drug delivery to cells without being recognized and degraded by the 

RES. 
11,12,

 
13

  

An important consideration of nanomaterials in general is that due to their size they are 

able to passively target to solid tumors. This is due to the leaky vasculature of solid tumors 

where nanoparticles can passively penetrate through these openings and reach the tumor cells. 

This process is referred to as the enhanced permeability and retention effect.
14

   

Another interesting use of gold is the potential to prepare gold nanoparticle-antibody 

hybrids; depending on the application, antibodies can be functionalized to gold to actively target 

a specific cell type that expresses the respective antigen for photothermal therapy applications.
15

 

Due to the strong electron dense nature of gold, gold can release heat to its surroundings upon 

interaction with electromagnetic radiation for heat therapy. This occurs by phonon-phonon 
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relaxation. Or, antibodies can be functionalized to gold nanoparticles with the goal of activating 

a specific immune response.
16,17

  

Like gold, deoxyribonucleic acid (DNA) molecules are nanomaterials; specifically, DNA 

is approximately 2 nanometers in diameter. DNA molecules encode specific genetic information 

responsible for the growth, development, and reproduction of living organisms and viruses. 

Thus, many people have done work towards developing gold-DNA- hybrids for enhanced drug 

delivery and thermally dependent therapeutic applications.
18,19,20,21

 

Lastly, an important feature for these nanoparticles to serve as effective platforms in 

photothermal, drug delivery, and photodynamic therapy applications is that these nanoparticles 

are not toxic. Lactate dehydrogenase (LDH) and metabolic cell activity assays (MTT) have been 

done to show gold nanoparticles are not toxic.
22

  

Gold nanoparticles with a phospholipid coating post the potential to be biocompatible 

with cells and have been previously characterized. The phospholipid coated gold nanoparticles 

have shown to internalize but there is no clear evidence for what compartments they localize to 

inside cells.
2
  

1.2.2 𝜶-Synuclein 

Parkinson’s disease is a neurodegenerative disease commonly found in somewhat older 

individuals, specifically between ages 50-93 years affecting approximately 7 million people 

worldwide. The neurodegeneration occurring is the loss of dopaminergic pigmented neurons in 

the substantia nigra.
23

 Individuals diagnosed with the disease can show a number of symptoms, 

specifically impaired dexterity, expressionless face, and monotonous quality of speech are 

among the common symptoms.
24

  A defining characteristic associated with the root source of 

Parkinson’s disease is the presence of Lewy bodies in neurons.
25

 Lewy bodies are intracellular 

composites of misfolded aggregates of a protein known as 𝛼 −synuclein.
26

 

Protein misfolding can be very problematic; when a protein is misfolded, it exposes it’s 

hydrophobic amino acid side chain to the environment thus being more prone to aggregation.
27

  

𝛼 −synuclein is a natively unfolded 140-amino acid protein that is encoded by a single gene 

consisting of seven exons located in chromosome 4. A30P, E46K, and A53T are among the three 
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known mutations or misfolded forms of -synuclein.
28

 The presence of 𝛼 −synuclein in human 

brains has been confirmed in the past twenty years via immunoblot analysis.
29

 The protein has 

proven to be quite toxic in vitro and in vivo. 
30,

 
31,

 
32,33

  The initial neuronal or cellular uptake of 

𝛼 −synuclein has shown to occur via a receptor mediated endocytic process.
34

 

It is still a bit unclear which form of 𝛼-synuclein is truly toxic. However, recently it has 

been shown that prior to fibril formation, oligomer aggregation of 𝛼 −synuclein is toxic.
35

  In 

vitro studies have shown that monomer mutations A30P and A53T are consumed more quickly 

than the Wild Type in vitro.
36

  In addition, studies have also shown pre-fibrillar mutants of 

𝛼 −synuclein are toxic in tissue culture cells, in mammalian neurons, and in Parkinson’s Disease 

model organisms.
37

  

In this work, we studied wild type (WT) monomers, engineered dimers, and engineered 

tetramers. Engineered dimers and tetramers were prepared by covalently linking 3 amino acid 

chains.  

 

Figure 1.1 Wild Type Monomer, Engineered Dimer, and Engineered tetramer 

 

Therefore, the extent to which various oligomeric forms of 𝛼 −synuclein aggregate and 

internalize in cells for potential Lewy Body formation in neurons is of high interest to further 

explore for potential detection and therapeutic applications of Parkinson’s disease.  
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1.3 Internalization and Uptake of Nanomaterials 

 Nanomaterials such as gold and 𝛼 −synuclein are known to undergo a process known as 

Endocytosis.
38,34

   

Endocytosis is broadly defined as a process in which a eukaryotic cell engulfs material from 

the extracellular environment.  Specifically, endocytosis can be classified into four different 

types; phagocytosis, pinocytosis, caveolin, and clathrin mediated endocytosis.
39

 Each 

classification of endocytosis depends primarily on the size and composition of material being 

engulfed.   

Materials on the scale of 50 microns undergo phagocytosis. Phagocytosis is a process that is 

used by phagocytes to engulf large particles, pathogens, and apoptotic cells.
40

 Phagocytosis 

means the process for devouring cells. In contrast, cell drinking is defined by pinocytosis, in 

which fluid-like substances and solutes undergo endocytosis. Caveolin endocytosis is specific to 

the internalization of material on the nanoscale and membrane invagination is dependent on the 

recruitment of caveolin from the cytoplasm to the membrane. The membrane domain of the 

internalization site is enriched with cholesterol and sphingolipids and the material endocytosed 

via a caveolin dependent pathway include folic acid, albumin, and cholesterol.
41

  Lastly, clathrin 

mediated endocytosis is also specific for nanomaterials however the membrane invagination is 

dependent on the recruitment of clathrin from the cytoplasm to the membrane. Receptors 

localized to these domains include low density lipoproteins receptors, transferrin receptors, and 

epidermal growth factor receptors.
42

 

Phagocytosis was first discovered by Elie Metchnikoff in the late 19
th

 century.
43

 However, 

more specific information in regard to fusion and maturation phenomena of endocytosis began to 

surface in the early 1960s; Werner Straus at the University of North Carolina, Chapel Hill, 

performed and observed an experiment in which blue stained phagosomes were able to fuse with 

red stained lysosomes to form purple spheres in kupfer cells.
44

 As time progressed into the mid-

1980s, the absolute definition of whether endocytosis was a maturation, fusion, or a maturation 

and fusion process still remained to be clearly defined. One hypothesized theory of endocytosis 

was the Vesicle Shuttle Model whereby endosomes are of fixed size, location, and morphology 

and transport of cargo would occur via smaller vesicles, transporting the cargo between the 
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endosomes. Another hypothesized theory of endocytosis was the Maturation Model whereby the 

endosomes and the contents move together as the organelles undergo maturation and fuse with 

the lysosome. To date, the later model appears to be the most commonly supported.
45,46,47

  The 

work presented in this thesis is based on the hypothesis that endosomes undergo maturation and 

fusion such that these compartments are not of fixed size and location in the cytoplasm of cells.  

Figure 1.2 is an illustration of the commonly proposed pathway of clathrin mediated 

endocytosis. The first step in clathrin mediated endocytosis is the localization of nanoparticles to 

the plasma membrane.  Then, clathrin is recruited to the plasma membrane to assist invagination 

of the membrane.  Clathrin, adapter proteins, and membrane bound proteins assist with pinching 

the invaginated membrane into the cytoplasm of the cell. After a few minutes, the clathrin coat 

sheds from the membrane and becomes a nanoparticle vesicle. The nanoparticle vesicle then 

fuses with an early endosome after approximately ten minutes has progressed.  Membrane bound 

receptors are then “pinched” from the early endosome to form a recycling endosome to recycle 

receptors back to the plasma membrane. Meanwhile, the early endosome proceeds to mature into 

a late endosome. The endocytic pathway culminates with the fusion of the late endosome with 

the lysosome for possible degradation of cargo or internalized nanoparticles.  On average, 

complete endocytosis has exhibited a length of time of approximately thirty to forty minutes. 

Although not shown in the figure, there are a number of key proteins that participate in the 

membrane coat nucleation and assembly, coated pit maturation, fission of coat, and the uncoating 

of the clathrin from the clathrin coated vesicle upon internalization.
48
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Figure 1.2 Clathrin Mediated Endocytosis 

Hypothesized maturation-fusion model of Clathrin Mediated Endocytosis of nanoparticles 

(NPs). Adapted from International University Receptor Mediated Endocytosis.
49

 

 

The cell contains an extremely complex network of proteins and lipids of which a fraction 

play a role in membrane trafficking, signaling, cellular adhesion, and nuclear transport, to name a 

few. Among these, the Rab-GTPase (Rab) family of proteins are associated with intracellular 

membrane trafficking.
50

 Specific Rab proteins are known to localize to specific domains on 

endocytic compartments in the clathrin mediated up take pathway that help tether, fuse, and mark 

the presence of endosomes. These Rab proteins are referred to as markers. There are also a 

number of effector molecules and SNARE proteins specific for each Rab protein that form 

platforms on the endosomes to assist the Rab protein association with endosomes, in addition to 

assisting Rabs with tethering and fusing endosomes, where necessary.
51

 Rabs in a guanosine 

triphosphate bound state (GTP) give rise to the “active” state of the Rab proteins. Few Rabs have 

been characterized to localize specifically to the lysosome, however the lysosomal associated 

membrane protein (LAMP) is among one protein or marker that associates with lysosomes, as 

the name implies. In this work, Rab5, Rab7, Rab11, and LAMP-1 are the markers used to study 

the intracellular membrane trafficking of the endocytic compartments associated with the early, 
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late, recycling, and lysosomal endocytic compartments, respectively, in Clathrin Mediated 

Endocytosis. 

In relation to Figure 1.2, Rab5 is responsible for the fusion of the nanoparticle vesicle with 

early endosomes.
52

 Rab5 appears to be the most fully understood protein in clathrin mediated 

endocytosis.  In-Vitro cell-free assays have been established in the early 1990s to confirm the 

presence and specificity of clathrin mediated endocytic markers to specific compartments, such 

as Rab5 with early endosomes and Rab7 with late endosomes. It has been shown early and late 

endosomes were unique to Rab5 and Rab7, respectively. Authors also confirmed the phenomena 

of fusion by preparing separate fractions of early and late endosomes with HRP and avidin 

internalization and mixing the fractions together. The observation of early endosome fusion with 

incoming vesicles was observed whereas and early and late endosome fusion was not observed. 

This data supports the claim that Rab5 and Rab7 are unique to each compartment, such that the 

early endosome potentially matures into a late endosome by which Rab5 is replaced with Rab7.
53

 

The same authors also confirmed the in-vivo functional role of Rab5 and observed similar 

phenomena.
54

 Studies have also been performed such that depletion of Rab5 from the cytosol 

restricted early endosome fusion in vitro.
55

 Lastly, early endosome motility has been shown to be 

dependent on Rab5.
56

 

The next step in the clathrin mediated endocytic pathway is the maturation of the Early 

Endosome into the Late Endosome. The Rab5-Rab7 transition is a maturation step whereby Rab7 

replaces Rab5 to mark the maturation stage of the early to late endosome. A combination of 

Guanine nucleotide exchange factors (GEFs) act to displace effectors associated with Rab5 and 

activate Rab7 to facilitate association with the newly matured endosome, or late endosome.
57,58

 

Studies have shown that Rab5 is displaced by Rab7; the advantages of live-cell microscopy have 

been used to visualize the dissociation of Rab5 by Rab7, and shown evidence that at some point 

in time, Rab5 and Rab7 co-exist on the same compartment before complete displacement of 

Rab5 with Rab7.
59,60

 

The final step of internalized cargo in Clathrin Mediated Endocytosis is the fusion of the late 

endosome with the lysosome. Studies have been done by similar methods of western blot 

analysis, and live-cell and electron microscopy; Hela cells were overexpressed with Enhanced 

Green Fluorescent Protein (EGFP) –tagged Rab7 wt as well as active and dominant-negative 
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mutant proteins. The extent of localization for each with other properties of late endocytic 

structures was confirmed and analyzed. Specifically, Rab7 was shown to be significant for fusion 

of late endocytic structures with lysosomal compartments.
61

 Additionally, studies have also 

shown Rab7 not only localizes to late endocytic structures, but that the function of Rab7 is 

inhibited when cells are deficient in the lysosomal membrane proteins LAMP-1 and LAMP-2.
62

 

Thus, this data appears to support the claim that Rab7 and LAMP-1 are co-dependent and 

perhaps Rab7 marked Late Endocytic compartments fuse with lysosomes marked with LAMP-1 

for delivery of cargo to the lysosome. 

Last, lysosomes are membrane compartments in a cell that are the most acidic of the 

endosomes and are responsible for the degradation of biological macromolecules, in particularly 

extracellular material internalized by endocytosis can be degraded in the lysosome. Lysosome 

associated membrane protein-1 (LAMP-1) is a type I transmembrane protein (has a single 

transmembrane helix) and one of the major protein components of identifying or marking the 

lysosomal membrane.
63

 Material has been unlikely found to be released into the extracellular 

medium nor transferred to other organelles after being delivered to the lysosome.
64

 Thus, 

lysosomes are the final destination for cargo undergoing Clathrin Mediated Endocytosis. 

In summary, uptake of cargo is into vesicles that fuse with early endosomes, which in turn 

mature into late endosomes, and ultimately fuse with lysosomes for possible degradation. 

Additionally, cells undergo recycling of receptors back to the cell membrane. Thus, the recycling 

endosome is a compartment formed from receptors and lipids that “pinch” off of the Early 

Endosome.
65

 Similar to the Rab5 to Rab7 switch, Recycling Endosomes acquire Rab11.  Studies 

have shown by live cell microscopy that Rab11 co-localizes to transferrin receptors, receptors 

within coated pits that are internalized during clathrin mediated endocytosis, and Rab11 recycles 

back to the membrane.
66

 An interesting find to keep to consideration is both Rab5 and Rab11 

have shown to localize to the same recycling endocytic compartments in A431 cells.
67

 Two color 

imaging experiments demonstrated in this work provides qualitative evidence to support this 

claim and will be discussed in this Chapter 3. 

A unique feature with each endosome in the clathrin mediated endocytic pathway is the 

acidity; the acidity of each endosome increases with progression of the endocytic pathway. 
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Studies have shown a potential source of pH acidity of endosomes is attributable to the Vacuolar 

ATPase (V-ATPase).
68

 

In conclusion, the understanding of nanomaterial processing is strongly dependent on 

membrane trafficking, and Rab and LAMP proteins are very important at assisting with this role. 

Thus, it is of high interest to understand more specifics to the Rab and LAMP protein interaction 

and trafficking in cells for nanomaterial endocytosis and intracellular protein distribution.  

1.4 Tools Available to Study Nanomaterials and Cellular Processes 

In order to study nanomaterials and clathrin mediated endocytosis, we need to have tools 

that provide good specificity, sensitivity, and resolution. Specifically, we resort to microscopy to 

study these nanomaterials and cellular processes. There are three types of microscopy; electron, 

scanning probe, and light microscopy. 

Electron microscopy is a commonly used technique to study structural information of 

nanomaterials and cellular compartments.  Electron microscopy is advantageous to obtain 

structural information due to the high resolution achieved with electron microscopes, because 

resolution improves as the wavelength decreases.
69

  In addition, electron microscopes achieve 

higher magnification. There are two main forms of electron microscopy used; Transmission 

electron microscopy (TEM) and scanning-tunneling electron microscopy (SEM)  

The beam of energy of a TEM ranges 100,000-400,000 eV. Electrons are produced from 

an electron gun and interact with atoms in a sample specimen. The electrons that are transmitted 

through the specimen are focused by an objective lens onto an image. Many studies have used 

TEM to characterize gold nanoparticles.
70,71,72

  TEM also provides two dimensional structures of 

specimens. 

A scanning electron microscope also uses electrons as the illumination source; however, as 

opposed to an image being generated from electrons transmitted through the sample, an image is 

generated based on detected backscattered and secondary electrons. Properties of the specimen 

surface, such as its topography and composition are obtained from SEM studies (Purdue 

University Radiological and Environmental Management). SEM has been used to characterize 
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and visualize many materials, in particular gold.
73,74

  In contrast to TEMs, SEMs produce three 

dimensional images of specimens.
75

  

Electron microscopy techniques are extremely useful to obtain information in regard to the 

crystal structure, topography, and composition of materials with high resolution. However, 

electron microscopy does not provide specific quantitative information of species of interest. 

Light microscopy has the disadvantage of slightly poorer resolution as excitation of light is 

in the UV range. However, light microscopy is more sensitive and specific for the use of 

antibodies, proteins, and nanomaterials in cells.
76

 In addition, light microscopy can be used for 

real-time observation of systems in cells. Laser scanning confocal microscopy allows one to 

obtain images of cells fluorescently labelled for endocytic markers and fluorescent 

nanomaterials.  

Image Correlation Spectroscopy analysis is an incredibly useful intensity fluctuation 

analysis technique for analysis of laser scanning confocal microscopy images of cells. The 

intensity of species, degree of aggregation, number of clusters, and number of clusters per square 

micron can be determined using Image Correlation Spectroscopy Analysis.
77

 

1.5 Hypothesis 

The work in this thesis focusses on three topics; the distribution and association of 

endocytic markers in cell lines, the association of nanomaterial systems with these markers in 

cell lines, and the efficiency of uptake and internalization of nanomaterial systems in a time 

dependent manner.  

Based on the hypothesized maturation and fusion model described in Chapter 1.3, we 

hypothesize that markers specific for endocytic compartments may simultaneously co-exist on 

one compartment as fusions and maturations occur. For example, one interaction known to occur 

as discussed in Chapter 1.3 is the fusion of Rab7 marked late endosomes with LAMP-1 marked 

lysosomal endosomes; these markers may simultaneously exist on the same cluster or 

compartment in the observation region of the laser beam, but Rab7 and LAMP-1 markers should 

be unique for late and lysosomal endosomes, respectively. These markers are described as 
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unique, but found to co-localize. Thus, we want to determine which extent they are unique or 

able to co-localize. 

We also hypothesize that phospholipid coated gold nanoparticles will associate with each 

endocytic marker of approximately 100% given the notion gold nanoparticles exhibit clathrin 

mediated endocytic behavior. The study of phospholipid coated gold nanoparticles with 

endocytic compartments in a three-way interaction will be studied in this work, and to the best of 

our knowledge, is the first three way color quantitative study performed to date. If successful, 

this study will present an understanding of the uptake and interaction of phospholipid coated 

gold nanoparticles with one and two markers. In addition, we hope this study will also serve as a 

model to demonstrate a technique for scientists in the field of biophysics to use to study three 

systems of interest simultaneously. If these phospholipid coated gold nanoparticles undergo 

endocytosis, the work presented will also provide insight for further use of phospholipid coated 

gold nanoparticles for drug delivery applications that rely on pH dependent drug release via 

acidic endosomes. Lastly, we hypothesize that these gold nanoparticles should be taken up in the 

same fashion, regardless of cell type. 

Once having studied the successful pairwise and three way interaction of phospholipid 

coated gold nanoparticles in cells, this technique will be applied to study another nanomaterial of 

interest, 𝛼 −synuclein. Although not a model or potential use for a drug delivery platform, it is 

of high interest to study the differences that may exist among internalized oligomeric forms of 

𝛼 −syn in neuronal cells to obtain more information of this Parkinson’s disease associated 

species. We hypothesize that each oligomeric variant of 𝛼 − syn will undergo endocytosis, with 

minor variations to be observed with oligomers upon binding. 

1.6 Thesis Statement 

The purpose of this work is to demonstrate the use of Image Correlation Spectroscopy 

analysis and laser scanning confocal microscopy to study biological systems of interest, 

specifically nanomaterials and markers for clathrin mediated endocytic compartments. The 

intracellular distribution, co-localization, and physical movements of these systems will be 

discussed to provide foundations and motive for potential therapeutic applications. 
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2 Methods & Materials 

 Cell culture, sample labelling, and characterization completed in this study were done at 

the National Institute for Nanotechnology (NINT) in Edmonton, Alberta. Fluorescent imaging 

completed in this study was done at the Cell Imaging Facility at the Cross Cancer Institute in 

Edmonton, Alberta. 

2.1 Cell Culture 

2.1.1 C2C12 Cell Culture 

Mouse muscle mybolastoma (C2C12) cells were cultured in Dulbecco’s modified eagle 

medium (DMEM), supplemented with 10 % fetal bovine serum (FBS).  Cells were grown in an 

incubator chamber maintained at 37 degrees Celsius, 5 % Carbon Dioxide (CO2).  At 80 % cell 

surface confluency, cells were washed two times with 1X Phosphate Buffered Saline (PBS) and 

passaged at a concentration of 4 % in media. Cells were passaged every five days with 0.25 % 

Trypsin-EDTA. 

2.1.2 A549 Cell Culture 

Human alveolar adenocarcinoma (A549) cells were cultured in Ham’s F-12 K medium 

(F-12 K) supplemented with 10 % FBS.  Cells were grown in an incubator chamber maintained 

37 degrees Celsius, 5% CO2. At 80 % cell surface confluence, cells were washed two times with 

1X Phosphate Buffered Saline (PBS) and passaged at a concentration of 4 % in media. Cells 

were passaged every five days with 0.25 % Trypsin-EDTA. 

2.1.3 SH-SY5Y Cell Culture 

Human bone marrow neuroblastoma (SH-SY5Y) cells were cultured in a 1:1 mixture of 

F-12K and DMEM, supplemented with 10 % FBS.  Cells were grown in an incubator chamber 

maintained at 37 degrees Celsius, 5 % CO2. At 80% cell surface confluence, cells were washed 

two times with 1X Phosphate Buffered Saline (PBS) and passaged at a concentration of 4 % in 

media. Cells were passaged every ten days days with 0.25 % Trypsin-EDTA.  
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2.1.4 Growing Cells for Experimentation 

At 80% cell surface confluence, 250 mL of cells were seeded onto 60 millimeter (mm) 

glass bottom dishes and maintained in a 37 degrees, 5 % CO2 maintained incubator until 60 % 

cell confluency was reached for experimentation. 60 % cell surface confluency was achieved two 

days after cells were seeded onto glass bottom dishes. 

2.2 Phospholipid Coated Gold Nanoparticles 

2.2.1 Synthesis 

Phospholipid coated gold nanoparticles were prepared by a “three step” seed growth 

mediated method described by Meijing Wang, MSc.
1
 The first two steps of this method 

comprised the preparation of two separate solutions; the growth solution and the seed solution.  

The resultant gold nanoparticles were then prepared in the third step of the method by which the 

growth solution and seed solution were mixed in conjunction with a weak reducing agent.  An 

example of the preparation is in the following text. 

The growth solution was prepared in a 25 milliliter (mL) round bottom flask. First, 

potassium gold (III) chloride (KAuCl4) was dissolved in water to a final concentration of 0.48 

millimolar (mM). This was stirred in the 25 mL round bottom flask for five minutes. Next, 0.114 

grams of 1-stearoyl-2-oleoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (sodium salt) (SOPG)  

phospholipid, was added to the flask. Last, a nitro-benzoxadiazol conjugated SOPG lipid (NBD-

SOPG), 1-oleoyl-2-{12-[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino]dodecanoyl}-sn-glycero-3-

[phospho-rac-(1-glycerol)] (ammonium salt), was added to the flask at a concentration of 8.8 % 

(w/w). NBD-SOPG is thus a lipid capable of fluorescence upon excitation by a 488 nm laser. 

The solution was then left to stir for an additional thirty minutes.  

The seed solution was prepared in a separate 50 mL round bottom flask. First, KAuCl4 was 

dissolved in water to a final concentration of 0.64 mM. This was stirred in the flask for five 

minutes. Second, 10 mL of a 3.8 mM solution of trisodium citrate (Na3C6H5O7) in water was 

added to the flask and stirred for an additional ten minutes.  Last, 3 mL of a 2.9 mM solution of 

sodium borohydride (NaBH4) in water was added to the flask. The solution was then stirred for 

five minutes to produce gold “seeds” between 2-3 nanometers (nm) in size.  
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As previously discussed, the phospholipid coated gold nanoparticles were prepared by 

combining both the growth and seed solutions in conjunction with a weak reducing agent. Thus, 

5 mL of growth solution was first stirred in a separate 25 mL round bottom flask. Second, 0.3 

mL of the seed solution was added to the flask and stirred for an additional ten minutes. Last, 

0.25 mL of a 9.0 mM solution of ascorbic acid (C6H8O6) in water was added to the flask to 

produce phospholipid coated gold nanoparticles (GNPs) of approximately 20 nm in size. To 

ensure monodispersity, the GNPs were stirred for one hour prior to being placed in a 4 degrees 

Celsius fridge. The GNPs were maintained in the fridge at 4 degrees Celsius prior to 

experimental use.  

2.2.2 Characterization 

Phospholipid coated gold nanoparticles prepared in this manner were fully characterized 

previously by Meijing Wang via transmission electron microscopy (TEM), scanning electron 

microscopy (SEM), dynamic light scattering, and ultraviolet/visible (UV Vis) Absorption.
2
 

For the work presented in Chapter 4, dynamic light scattering (DLS) was performed to re-

confirm the GNPs were monodisperse in solution and also of 20 nm in diameter for Clathrin 

Mediated Endocytosis.  

2.2.2.1 Dynamic Light Scattering 

 DLS is a widely used technique to determine the size and monodispersity of 

nanoparticles in solution at the nanoscale.
78

 Monodispersity is particularly important for cellular 

uptake experiments to ensure the particles are of the desired size are separated and equally 

distributed in the solution prior to cells for uptake. 

Particles in solution undergoing Brownian motion in solution will scatter light in a time 

dependent manner relative to each other within a focused laser beam. The fluctuating scattered 

light is detected at a particular angle by a photomultiplier tube as an intensity as a function of 

time 𝐼(𝑡). Larger particles scatter light to a larger extent but move more slowly so the intensity 

fluctuates less rapidly. On the contrary, smaller particles scatter less light; however cause the 

intensity to fluctuate more rapidly. 
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 The normalized auto correlation function is used to describe the persistence of the 

intensity fluctuations, where 𝐼(𝑡) is the intensity of scattered light at time 𝑡 and 𝐼(𝑡 + 𝜏) 

represents the intensity of scattered light at a later time, 𝑡 + 𝜏 , whereby 𝜏 is delay time;
79

 

 𝑔𝑛(𝜏) = 〈𝛿𝑛(𝐼(𝑡))𝛿𝑛(𝐼(𝑡 + 𝜏))〉 (1) 

 

 The decay of the auto correlation function for a diffusive system is an exponentially 

decaying function that depends on 𝑞.and 𝐷,  the diffusion coefficient of the particle; 

𝑔(𝜏) = 𝐴𝑒𝑥𝑝(−2𝑞2𝐷𝜏) 

 The hydrodynamic radius can be derived via the Stokes-Einstein Equation, where 𝑅𝐻 is 

the hydrodynamic radius, 𝑘 is the Boltzman constant, 𝑇 is the temperature of the system, ƞ is the 

refractive index of the species, and 𝐷 is the diffusion coefficient;
80

 

𝑅𝐻 =  
𝑘𝑇

6𝜋ƞ𝐷
 

 Additionally, the scattered light intensity is related to the cube of the number or 

distribution of particles, and the intensity is related to the square of the volume of the particle.  

 The number, volume, and intensity distributions of GNPs were measured through the use 

of a Malvern Nano-S Dynamic Light Scattering instrument. 1 mL of gold nanoparticles were 

placed in a cuvette and measured in the instrument, three records obtained per sample.  

2.3 Internalization of Nanomaterial Systems with Time 

2.3.1 Continuous Exposure of Nanomaterial Systems to Cells 

Four samples were required for each experiment. 

At 60% cell surface confluency, cell culture media was replaced with 1 mL of fresh media. 

Next, 100 microliters (𝜇L) of nanomaterial system was added to each sample. Samples were 

placed in a 37 degrees Celsius, 5 % CO2 maintained incubator. Each sample was removed from 

the incubator at different time points; one, two, four, or twenty-four hours after addition. 

Samples were washed at room temperature with 1X PBS, and then exposed to 1 mL of 4% 
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Paraformaldehyde (PFA) at room temperature for ten minutes to fix the cells. Samples were 

washed with 1X PBS for a final time and used for imaging.  

2.3.2 Fixed Exposure, Variable Uptake of Nanomaterial Systems in Cells 

Four samples were required for each experiment. 

At 60% cell surface confluency, cell culture media was replaced with 1 mL of fresh media. 

Next, 100 L of nanomaterial system was added to each sample. Samples were placed in a 37 

degrees Celsius, 5 % CO2 maintained incubator. Each sample was removed from the incubator 

after two hours had elapsed. Media was removed from each sample, and subsequently washed 

with 1X PBS. 1 mL of fresh media was added to samples prior to being placed back into the 37 

degree Celsius, 5% CO2 maintained incubator. Each of the samples was removed from the 

incubator at different time points; after one, two, four, or twenty-four hours elapsed, respectively. 

Samples were washed at room temperature with 1X PBS and then exposed to 1 mL of 4% PFA 

at room temperature for ten minutes for cell fixation. Samples were then washed with 1X PBS 

for a final time and used for imaging.  

2.4 Immunofluorescent Labelling of Single Endocytic Compartments 

2.4.1 Primary & Secondary Antibody labelling 

Labeling of the various endocytic compartments was accomplished through the use 

antibodies specific for Rab and LAMP-1 protein endocytic markers of endosomes in the Clathrin 

Mediated Endocytic Pathway.  Rab11, Rab5, Rab7, and LAMP-1 were used to label the 

recycling endosome (RE), early endosome (EE), late endosome (LE), and lysosome (Lys), 

respectively 
81

. The primary antibodies used were monoclonal and originated from three different 

species (mouse, rabbit, and rat) to avoid potential crosslinking in subsequent experiments. 

Polyclonal secondary antibodies labeled with different fluorescent probes were added to bind 

with primary antibodies. The fluorescent probes of the polyclonal antibodies were labelled and 

identified by the manufacture as Cy3, Alexa Fluor 488 nm, Alexa Fluor 555 nm, and Alexa Fluor 

647 nm.  

As previously discussed, samples were prepared by seeding cells onto 60 mm glass bottom 

dishes and maintained in a 37 degrees Celsius, 5% CO2 incubator until 60% cell surface 
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confluency was reached.  At 60% cell surface confluency, samples were exposed to 1mL of 4 % 

PFA at room temperature for ten minutes for cell fixation. Samples were then washed with 1X 

PBS and exposed to 1 mL of a 0.3% solution of Triton X-100 detergent in 1x PBS for fifteen 

minutes in a 37 degrees Celsius, 5% CO2 incubator to permeabilize the cell membrane so that 

antibodies can access the intracellular compartments. Samples were then removed from the 

incubator, washed with 1X PBS, and exposed to 100 𝜇L of a 3 % solution of Bovine Serum 

Albumin (BSA) in 1X PBS. BSA served to prevent non-specific intracellular binding of 

antibodies upon labelling.   

Next, samples were washed with 1X PBS and labelled with the primary antibody of 

interest. Primary antibodies used for experimentation were prepared at a concentration of 1% in 

1X PBS.  100 𝜇L of the primary antibody was added to samples, and samples were maintained 

overnight in a 4 degrees Celsius fridge.  The next day, cells were washed with 1X PBS and 

labelled with the secondary antibody for ninety minutes at room temperature. Cells were then 

washed with 1X PBS for the last time and used for imaging.  

The optimal secondary antibody concentration in 1X PBS was determined via a 

concentration dependent experiment; five samples were prepared for one endosomal marker of 

interest, each varying with secondary antibody concentration. Concentration dependent curves 

were obtained by plotting emission intensity as a function of secondary antibody concentration. 

Secondary antibodies used for further use and experimentation were identified based on the 

position in the titration curve indicating optimal binding specificity.  Optimal binding specificity 

was determined based on the point for which the maximum amount of fluorescence was 

observed for the smallest concentration of secondary antibody. 

2.4.2 Primary Antibody Labelling 

As a control for background fluorescence in cells, a separate sample was prepared as 

described in Chapter 2.4.1 without the labelling of a secondary antibody. 

2.4.3 Secondary Antibody Labelling 

As a control for non-specific binding of the secondary antibody, a separate sample was 

prepared as described in Chapter 2.4.1 without the labelling of a primary antibody. 
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2.5 Considerations for Immunofluorescent Labelling of Two or Three 

Species 

For experiments involving the labelling of two or three species, the excitation and emission 

profiles of the markers for each species were selected so that there was minimal spectral overlap. 

This experimental design was done to ensure the emission intensity from each channel when 

imaged was unique to a specific species being measured.  

An important point to keep to consideration is the actual color of images one can select for 

analysis or set-up for imaging on a computer does not matter, however the probe used in the 

experiment does matter. Thus, images in this thesis pertaining to all two color species in a double 

labelling experiment are shown in red and green. This was done because yellow is reflected 

when red and green are overlaid, thus we felt it was clearer to the eye to observe yellow to mean 

two species are interacting. However, although red and green were chosen for images, these 

colors may not pertain to the actual probe used in the experiment. For example; let’s take an 

experiment in which two species are present in cells, one fluorescent species excited with a 561 

nm laser and the other fluorescent species excited with a 633 nm laser; the image corresponding 

to the species excited by the 561 nm laser may be shown in red and the image corresponding to 

the species excited by the 633 nm laser may be shown in green. 

For three color species, images for each species will be shown in red, green, and blue; 

likewise, the actual probe used may not necessarily correspond to the color of the image shown 

in the figure in this thesis.  

2.6 Immunofluorescent Labelling of Two species 

2.6.1 Two Endocytic Compartments 

The combinations of probes used for immunofluorescent labelling of two endocytic 

compartments were the following; Cy3 and Alexa Fluor 647 nm, Cy3 and Alexa Fluor 488 nm, 

Alexa Fluor 488 nm and Alexa Fluor 647 nm, Alexa Fluor 488 nm and Alexa Fluor 555 nm, and 

Alexa Fluor 555 nm and Alexa Fluor 647 nm.  

The extent of co-localization between two markers of endocytic compartments of the 

Clathrin Mediated Endocytic pathway was studied. Specifically, the following four combinations 
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were studied, each constituting one sample; Rab5 and Rab7 markers, Rab7 and LAMP-1 

markers, Rab5 and Rab11 markers, and Rab5 and LAMP-1 markers.  

The following table summarizes the various combinations of experiments used with an 

antibody. 

For each combination studied, labelling was performed in a sequential fashion. The first 

antibody primary and secondary pair were added to samples as specified in Chapter 2.4.1. Once 

samples were labelled with one antibody primary and secondary pair, samples were washed with 

1X PBS at room temperature, and then exposed to the second antibody primary and secondary 

pair of interest as specified in Chapter 2.4.1. Samples were washed with 1X PBS and used for 

imaging. 

Rab5 Rab7 Rab11 LAMP-1 

Mouse Anti-Rab5 Rabbit Anti-Rab7 

  Goat Anti-Mouse Cy3 Goat Anti-Rabbit Alexa 

Fluor 647 
X 

 
   Mouse Anti-Rab5 

  

Rat Anti-LAMP-1 

Goat Anti-Mouse Cy3 

  

Goat Anti-Rat  Alexa 

Fluor 647 

   Mouse Anti-Rab5 

 

Rabbit Anti-Rab11 

 Goat Anti-Mouse Cy3 X Goat Anti-Rabbit Alexa 

Fluor 647  
   

 

Rabbit Anti-Rab7 

 

Rat Anti-LAMP-1 

 
Goat Anti-Rabbit Alexa 

Fluor 647  
Goat Anti-Rat Alexa 

Fluor 555 

  Mouse Anti-Rab5 Rabbit Anti-Rab7 

 

Rat Anti-LAMP-1 

Goat Anti-Mouse Cy3 Goat Anti-Rabbit Alexa 

Fluor 647  
Goat Anti-Rat Alexa 

Fluor 488     

 

Figure 2.1 Antibodies used for two and three color excitation 

Each antibody used for labelling of two or three species originated from a different animal to 

prevent cross reactivity of antibodies. In addition, each secondary antibody used in two or three 

color experiments contained different fluorescent probes to be excited by the following 

wavelengths of lasers (in nm); 488, 561, and 633. 633 nm laser excites probes identified as Alexa 

Fluor 647 nm and laser excitation of 561 nm excites probes identified as Alexa Fluor 555 nm. 

The colors red, green, and blue are not necessarily indicative of the color of the actual probe, but 

to imply that each emission profile in two and three color images is different and not 

overlapping.  
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2.6.1.1 Control Experiment for Two Endocytic Compartments  

This experiment was performed as specified in Chapter 2.6.1 without the labelling of one 

primary or secondary antibody. For example; a control experiment for Rab7 & LAMP-1 would 

be the following; Rab7 Primary and Secondary and LAMP-1 primary (without secondary). Thus, 

a total of four controls were prepared for an experiment to study the co-localization of two 

markers for endocytic compartments. 

2.6.2 Nanomaterial System with an Endocytic Compartment 

The following experiment was completed to determine the extent of co-localization between 

a nanomaterial system (GNPs or oligomers of 𝛼 − Syn) and a marker of an endocytic 

compartment of the clathrin mediated endocytic pathway. Nanomaterial systems in relation to 

the early, late, recycling, and lysosomal endosomes were studied. 

The combinations of probes used for immunofluorescent labelling of GNPs with endocytic 

marked compartments were the following; 488 nm and Alexa Fluor 647 nm, 488 nm and Cy3, 

488 nm and Alexa Fluor 555 nm.    

The combinations of probes used for immunofluorescent labelling of oligomers of 𝛼 − Syn 

with endocytic marked compartments were the following; 488 nm and Alexa Fluor 647 nm, 488 

nm and Cy3, 488 nm and Alexa Fluor 555 nm, Cy3 and Alexa Fluor 647 nm, Cy5 and Alexa 

Fluor 488 nm, Cy5 and Cy3, and Cy5 and Alexa Fluor 555 nm.    

Samples were maintained in a 37 degrees Celsius, 5% CO2 incubator with 1 mL of media 

and 100 microliters (L) of a nanomaterial system. After two hours commenced, samples were 

washed with 1X PBS and fixed with 1 mL of 4% PFA. Samples were then labelled with primary 

and secondary antibodies specific for an endocytic compartment, as discussed in Chapter 2.4.1. 

2.7 Immunofluorescent Labelling of Three Species; Extent of Ternary 

Complex Formation 

2.7.1 Three Endocytic Compartments 
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This experiment involved the labelling of one sample with the early, late, and lysosomal 

markers to determine the extent of co-localization amongst these marked compartments in the 

clathrin mediated endocytic pathway. The combination of probes used for immunofluorescent 

labelling of three endocytic compartments was Cy3 and Alexa Fluor 647 nm and Alexa Fluor 

488 nm .    

Samples were first prepared with the labelling of Rab5 and Rab7 marked compartments, as 

previously discussed in Chapter 2.6.1. The samples were then washed with 1X PBS, and labelled 

with LAMP-1 as discussed in Chapter 2.4.1. 

2.7.2 Phospholipid Coated Gold Nanoparticles with Endocytic Compartments 

The following three color experiments, each constituting one sample, were completed to 

quantify the association of gold nanoparticle vesicles with two endocytic marked compartments 

to understand the transfer of nanoparticles between two compartments; GNPs & Rab5 & Rab7 

marked compartments, GNPs & Rab5 & Rab11 marked compartments, and GNPs & Rab7 & 

LAMP-1 marked compartments.  

The combinations of probes used for immunofluorescent labelling of GNPs with two 

endocytic marked compartments were the following; 488 nm and Cy3 and Alexa Fluor 647 nm, 

488 nm and Alexa Fluor 555 nm and Alexa Fluor 647 nm.    

Samples were exposed to 100 L of GNPs and 1 mL of cell culture media and placed in a 37 

degrees Celsius, 5% CO2 maintained incubator. After two hours commenced, samples were 

washed with 1x PBS then fixed with 1 mL of 4% PFA for ten minutes at room temperature.  

Samples were then labelled with antibodies specific for two endocytic compartments as 

previously discussed in Chapter 2.6.1. 

2.8 𝜶-Synuclein Oligomers 

Each oligomer used in cellular uptake experiments were diluted in 1X PBS to a desired 

concentration. 

2.8.1 Development 
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 Oligomers of 𝛼 −synuclein genes were developed as described elsewhere.
82

 Oligomers 

were functionalized with 488 nm, Cy3, and Cy5 probes for all imaging experiments. 

2.8.2 Simultaneous Labelling of Two Oligomers 

Samples were exposed to 100 L of one oligomer of interest, 100 L of a second oligomer 

of interest, 1 mL of cell culture media and placed in a 37 degrees Celsius, 5% CO2 maintained 

incubator. After two hours commenced, samples were washed with 1x PBS then fixed with 1 mL 

of 4% PFA for ten minutes at room temperature.  Monomers, dimers, and tetramers used for 

these experiments were functionalized with Cy3 and Cy5 probes.  

2.8.3 Binding specificity and efficiency of 𝜶-Synuclein in cells 

2.8.3.1 Titration Curves of 𝜶-Synuclein; Determining the Specific Concentration of 

Oligomers for Cellular Uptake Studies 

Concentration curves were obtained for monomers, dimers, and tetramers of 𝛼 −Synuclein 

in order to determine a concentration of each oligomer to use for cell uptake that ensured specific 

binding in cells. Five concentrations for each oligomer functionalized with Cy5 probes were 

compared to identify a specific concentration. The average intensity corresponding to each 

concentration of an oligomer was plotted as a function of respective concentration of the 

oligomer.  

Five samples were prepared by seeding SH-SY5Y cells onto 60 mm glass bottom dishes and 

maintained in a 37 degrees Celsius, 5% CO2 maintained incubator until 60% cell surface 

confluency was reached.  At 60% cell surface confluency, each sample was exposed to 1 mL of 

fresh media and 100 L of a specific concentration of oligomer in 1X PBS for two hours in a 37 

degrees Celsius, 5 % CO2 maintained incubator. The concentrations used for each sample were 

1,2,4,8, and 10 M. After two hours had commenced, samples were then washed with 1X PBS, 

fixed with 1 mL of 4% PFA for ten minutes at room temperature, and then washed with 1X PBS 

a final time and ready for imaging.  

As a result, the monomer, dimer, and tetramer concentrations used for cell uptake studies 

were 8, 4, and 2 M respectively. 
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2.8.3.2 Exposure of 𝜶-Synuclein Post Cell Fixation 

This experiment was completed for the monomers and tetramers with Cy5 probes. Four 

samples were required for each oligomer in this experiment. 

SH-SY5Y cells were seeded onto 60 mm glass bottom dishes and maintained in a 37 degrees 

Celsius, 5% CO2 maintained incubator until 60% cell surface confluency was reached.  At 60% 

cell surface confluency, samples were exposed to 1 mL of 4% PFA at room temperature for ten 

minutes for cell fixation. Samples were then washed with 1X PBS, and exposed to 100 uL of a 

3% solution of Bovine Serum Albumin (BSA) in 1X PBS. BSA served to prevent non-specific 

intracellular binding of antibodies upon labelling. 

  Each sample was then exposed to an oligomer for a specific time interval; 1, 2, 4, and 24 

hours. Samples were washed with 1X PBS after the specific time had commenced, and ready to 

be imaged. 

2.8.3.3 Exposure of Pre-Aggregated 𝜶-Synuclein Post Cell Fixation 

This experiment was completed for the monomers and tetramers with Cy5 probes. Four 

samples were required for each oligomer in this experiment. 

Samples were prepared by seeding SH-SY5Y cells onto 60 mm glass bottom dishes and 

maintained in a 37 degrees Celsius, 5% CO2 maintained incubator until 60% cell surface 

confluency was reached.  At 60% cell surface confluency, samples were exposed to 1mL of PFA 

at room temperature for ten minutes for cell fixation. Samples were then washed with 1X PBS, 

and exposed to 100 𝜇L of a 3% solution of Bovine Serum Albumin (BSA) in PBS. BSA served 

to prevent non-specific intracellular binding. 

Prior to exposure of 𝛼 −Synuclein oligomers to fixed cells, 𝛼 −Synuclein oligomers were 

maintained in a temperature controlled shaking device. The concentrations of oligomers prepared 

for the shaking device were twelve-fold greater than their respective concentrations used for 

cellular uptake, to ensure aggregation in solution. Specifically, 100 𝜇L of 96 𝜇M monomer and 

24 𝜇M tetramer in 1X PBS were prepared, then placed into the temperature controlled shaking 

device overnight. The temperature controlled shaker was set to a temperature of 37 degrees 

Celsius and shaken at 150 revolutions per minute (rpm).  
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 The next day, the pre-aggregated oligomers were diluted to their appropriate concentrations 

for cellular uptake, 8 𝜇M and 2 𝜇M for the Monomer and Tetramer, respectively. Each sample 

was then exposed to pre-aggregated oligomers for a specific time interval; 1, 2, 4, and 24 hours. 

Samples were washed with 1x PBS after the specific time had commenced, and ready to be 

imaged. 

2.9 Real Time (Live Cell) Imaging 

2.9.1 Individually Labelled Oligomers 

The monomers, dimers, and tetramers with Cy5 probes were each studied individually, one 

sample required for each for experimentation.  

Samples were prepared by seeding SH-SY5Y cells onto 60 mm glass bottom dishes and 

maintained in a 37 degrees Celsius, 5% CO2 maintained incubator until 60% cell surface 

confluency was reached.  At 60% cell surface confluency, samples were exposed to 100 L of 

oligomer of interest and 1 mL of cell culture media and placed in a 37 degrees Celsius, 5% CO2 

maintained incubator. After two hours commenced, samples were washed with 1X PBS and 

replaced with 1 mL of fresh media. Samples were then imaged within thirty minutes of washing. 

2.10 Laser Scanning Confocal Microscopy 

As illustrated in Figure 2.1, the laser passes through an excitation pinhole and enters the 

excitation filter. The excited light is then reflected by a dichroic mirror and galvanometer mirror 

scan compartment to enter through the rear side of the objective lens. The specimen is then 

exposed to the scanning laser beam in an xy raster fashion. As a result, emitted light passes back 

through the objective lens and dichroic mirror. Any emitted light out of focus in the z plane for 

imaging is rejected, and the focused light is passed through the pinhole for detection.  

A laser scanning confocal microscope combines the useful features of both a scanning 

laser beam and an emission pinhole for a more resolved, in focus image compared to typical 

widefield microscopes. This scanning feature of the apparatus is advantageous to achieve both 

detection of fluorescent intensity at each pixel position, but also allows for potential 

measurements and analysis of intensity fluctuation, which will be further discussed in Chapter 

2.11. The implementation of a pinhole in this set up prevents out of focus intensity in the z plane 
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of the image from being detected. Thus, the pinhole allows for accurate sampling and precise 

measurement of intensity of species.   

 

Figure 2.2 Schematic of the Laser Scanning Confocal Microscope 

 

For all experiments completed in this study, the intensity measurements obtained from 

images was done in a fashion such that oversampling of pixels was accomplished. We define 

oversampling in which the diameter of the laser beam is greater than the size of the pixel. In this 

thesis, the laser beam diameter was at least twenty-four times larger than the pixel size (pixel 

size was approximately 20 nm, laser beam diameter approximately 480 nm). Therefore, pixels in 

the image are correlated as the large laser beam scans the sample. Figure 2.3 is an example to 

illustrate the definition of oversampling; in the figure, a laser beam (represented as a circle) scans 

a specimen from left to right. The specimen in this example consists of green squares to 

represent pixels.  
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Figure 2.3 Laser beam relative to position in cell as it scans across a specimen 

The laser beam is represented in a circle as it scans across a specimen; the diameter of the 

beam is much larger in comparison to the pixel. In all experiments in this thesis, the pixel size 

is at least 24 times less in comparison to the diameter of the laser beam. The green squares are 

representative of pixels in the image; thus, as the laser scans across the specimen, the intensity 

emitted and detected from each pixel is correlated. 

 

An intensity is recorded for each pixel in which the location of the center of the laser beam 

(maximum of its Gaussian profile) is located with respect to the pixel. However, the recorded 

intensity at that specific pixel position will be a sum of intensities from all the molecules or 

surrounding pixels within the area of the beam when the center of that beam is at that pixel 

location. Thus, intensities recorded for each pixel can be used for correlation analysis. 

More information in regard to intensity and fluctuation analysis will be discussed in 

Chapter 2.11. 

2.10.1 Lasers  

Lasers used for image acquisition were Argon for Fluorescein Isothiocyanite (FITC) 

configuration (488 nm excitation of 488 nm and Alexa Fluor 488 nm probes), Solid State for 

Cyanine-3 (Cy3) Configuration (561 nm excitation of Cy3 and Alexa Fluor 555 nm probes), and 

HeNe for Cyanine-5 (Cy5) Configuration (633 nm excitation of Cy5 and Alexa Fluor 647 nm 

probes).  
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2.10.2 Image Acquisition 

Images of the cells in a sample were obtained via a Carl Zeiss 710 Laser Scanning 

Confocal Microscope with a 63 x 1.4 Numerical Aperture Oil DIC Plan-Apochromatic lens. 

ZEN 2011 was the software used to adjust and select parameters for image acquisition. 

2.10.3 Image Acquisition for fixed samples 

2.10.3.1  Image Acquisition for Fixed Samples with One Species 

The pixel dwell time was set to 3.15 microseconds (s) with an average of 2 line scans, and 

the pinhole was set to 1 airy-unit (AU). A Zoom factor of 14 was used to achieve a pixel size of 

approximately 20 nanometers. Each image comprised a square of 512 x 512 pixels, resulting 

with a 10 x 10 micron image for image correlation spectroscopy analysis. For each experiment, 

25-40 images were obtained; each image corresponding to a different cell in the sample.  

Samples labelled with one species were illuminated with FITC (488 nm), Cy3 (561 nm), or 

Cy5 (633 nm) laser configurations, respectively, and complementary DIC for focusing. 

2.10.3.2  Image Acquisition for Fixed Samples with Two Species 

The pixel dwell time was set to 3.15 microseconds (s) with an average of 2 line scans, and 

the pinhole was set to 1 airy-unit (AU). A Zoom factor of 14 was used to achieve a pixel size of 

approximately 20 nanometers. Each image comprised a square of 512 x 512 pixels, resulting 

with a 10 x 10 micron image for image correlation spectroscopy analysis. For each experiment, 

25-40 images were obtained; each image corresponding to a different cell in the sample.  

For samples labelled with two species, each of different fluorescent emission profiles, 

samples were excited with one of the three possible configurations; FITC/Cy3, FITC/Cy5, or 

Cy3/Cy5. The detectors for each configuration were adjusted in such a way that the emission 

from each channel was unique to a specific wavelength range. In addition, as a control measure, 

samples labelled with one fluorescent probe, such as Cy3, were illuminated with the FITC 

configuration, and then with the Cy5 configuration separately, to inquire about any potential 

cross talk.  
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2.10.3.3  Image Acquisition for Fixed Samples with Three Species 

The pixel dwell time was set to 3.15 microseconds (s) with an average of 2 line scans, 

and the pinhole was set to 1 airy-unit (AU) for the Cy5 channel. A Zoom factor of 14 was used 

to achieve a pixel size of approximately 20 nanometers. Each image comprised a square of 512 x 

512 pixels, resulting with a 10 x 10 micron image for image correlation spectroscopy. For each 

experiment, 25-40 images were obtained; each image corresponding to a different cell in the 

sample. FITC/Cy3/Cy5 combination was used to excite fixed samples with three different 

fluorescent probes. 

2.10.3.4  Image Acquisition Cross-Talk Control 

As a control measure, a sample labelled with all three species of different fluorescent 

emission profiles was prepared. All detection channels were opened, but the sample was excited 

with only one laser at a time. The intensity was then quantified from each channel to determine if 

any intensity was detected in the channels not corresponding to the appropriate excitation laser. 

As with all positive controls in this thesis, the detectors were carefully set to detect wavelengths 

within a specific range; 489-564 nm for FITC (488 nm) channel, 561-620 nm for Cy3 (561 nm 

channel), and 633-697 nm for Cy5 (633 nm) channel. 

2.10.4 Image Acquisition for Samples with Live Cell Labelling 

For live cell imaging, one experiment constituted the collection of 50-100 images as a 

function of time on one region of one cell.  

2.10.4.1  Image Acquisition for Live Samples Labelled with One Species 

The pixel dwell time was set to 1.58 s with an average of 2 line scans, and the pinhole was 

set to 1 airy-unit (AU). A Zoom factor of 14 was used to achieve a pixel size of approximately 

20 nanometers. Each image comprised a square of 512 x 512 pixels, resulting with a 10 x 10 

micron image for image correlation spectroscopy analysis. For each experiment, 80-100 images 

were obtained; each image corresponding to the same region of a cell in the sample, image 

acquisition every 2-15 seconds, depending on the species of interest. Eight experiments were 

performed for each species of interest. Cy5 channel was used to excite species for real time 

experiments. 
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2.10.5 Summary and Definitions of Species based on excitation profile of LSCM 

In this work, dyes and probes identified by manufacturers as 488 nm were excited using 

the 488 nm laser in the LSCM. Dyes and probes identified by manufacturers as Cy3 and 555 nm 

were excited using the 561 nm laser in the LSCM. Dyes and probes identified by manufacturers 

as Cy5 and 647 nm were excited using the 633 nm laser in the LSCM. Thus, species (GNPs, 

markers, and oligomers) are represented in Chapters 3, 4, 5, and 6 in the following format; 

species-excitation laser wavelength (nm). For example; an image corresponding to the 

immunofluorescent labelling of Rab7 markers in cells excited by either 488 or 633 nm lasers will 

be represented in this work as Rab7-488 or Rab7-633, respectively. The following table is a 

summary of species with their respective laser used for excitation and the definition for 

reference. 
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Table 2.1 Summary of Species with laser excitation wavelength and definition 

Species-Excitation Laser 

Wavelength (nm) Definition 

GNPs
˦
 

Phospholipid coated gold nanoparticles with 488 nm 

fluorescent lipid probe. 

Rab5-561 Rab5 with a Cy3 fluorescent probe 

Rab11-633 Rab11 with an  Alexa Fluor 647 nm fluorescent probe 

Rab7-488 Rab7 with an Alexa Fluor 488 nm fluorescent probe 

Rab7-633 Rab7 with an Alexa Fluor 647 nm fluorescent probe 

LAMP-1-488 

Lysosomal Associated Membrane Protein 1 with an Alexa 

Fluor 633 nm fluorescent  probe 

LAMP-1-561 

Lysosomal Associated Membrane Protein 1 with an Alexa 

Fluor 555 nm fluorescent probe 

LAMP-1-633 

Lysosomal Associated Membrane Protein 1 with an Alexa 

Fluor 647 nm  fluorescent probe 

Ms-488 Monomers with a 488 nm fluorescent probe 

Ms-561 Monomers with a Cy3 fluorescent probe 

Ms-633 Monomers with a Cy5 fluorescent probe 

Ds-488 Dimers with a 488 nm fluorescent probe 

Ds-561 Dimers with a Cy3 fluorescent probe 

Ds-633 Dimers with a Cy5 fluorescent probe 

Ts-488 Tetramers with a 488 nm fluorescent probe 

Ts-561 Tetramers with a Cy3 fluorescent probe 

Ts-633 Tetramers with a Cy5 fluorescent probe 

˦ All GNPs used in this work were excited with a 488 nm laser. No other fluorescent lipids were 

used in this synthesis of phospholipid coated gold nanoparticles. 

 

2.11 Image Correlation Spectroscopy Family 

Image correlation spectroscopy (ICS) is a quantitative analysis method to analyze the 

fluorescent intensity fluctuations in an image obtained from a laser scanning confocal 

microscope. This analysis allows one to retrieve a number of pieces of information; average 

intensity of a species, number of clusters, number of clusters per square micron, the relative 

degree of aggregation of species, and the extent of co-localization between two or three species 

of interest.     

2.11.1 Image Correlation Spectroscopy Theory 
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As previously discussed, the laser beam in a laser scanning confocal apparatus scans 

across a specimen in a xy raster fashion. The observation volume is defined by a convolution of 

the laser beam itself and the point spread function for the image pinhole.
83

  As the beam scans 

across a specimen, an intensity measurement is recorded for each pixel with respect to the laser 

maximum in the image.  

Let the intensity detected at pixel position (𝑥, 𝑦) in an image be represented as 𝑖(𝑥, 𝑦). 

Let the intensity of the species in a pixel averaged over all pixels be represented as 

〈𝑖(𝑥, 𝑦)〉 , whereby the angular brackets denote the average over all pixel intensities. 

The fluctuation in intensity is then defined in the following expression as the difference 

between the intensity at one pixel and the overall average intensity over all pixels in the image; 

 𝛿(𝑖(𝑥, 𝑦)) = 𝑖(𝑥, 𝑦) − 〈𝑖(𝑥, 𝑦)〉 (2) 

Furthermore, expression (2) can be normalized by dividing the expression by the average 

intensity, where sub constant n indicates normalization; 

 
𝛿𝑛(𝑖(𝑥, 𝑦)) =  

𝑖(𝑥, 𝑦) − 〈𝑖(𝑥, 𝑦)〉

〈𝑖(𝑥, 𝑦)〉
 

(3) 

The normalized auto correlation function can then be derived by taking the product of 

two fluctuations in intensity, whereby α and β represent spatial lags in the x and y direction, 

respectively; 

 𝑔(𝛼, 𝛽) = 〈𝛿𝑛(𝑥, 𝑦)𝛿𝑛(𝑥 + 𝛼, 𝑦 + 𝛽)〉 (4) 

In the limit α and β approach zero, the amplitude of the normalized auto correlation 

function, denoted by 𝑔(0,0), gives rise to the variance of the normalized auto correlation 

function;
77

 

 𝑔(0,0) = 𝑣𝑎𝑟(𝛿𝑛𝑖(𝑥, 𝑦)) (5) 

When the intensity is a precise measurement of the concentration of clusters containing 

species, this variance also represents an inverse relationship to the average number of fluorescent 

clusters, 𝑁𝐶 in the observation region, given in the following expression; 
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𝑔(0,0) = 𝑣𝑎𝑟(𝛿𝑛𝑖(𝑥, 𝑦)) =  

1

〈𝑁𝐶〉
 

(6) 

The area of the observation volume can be represented as 𝜋𝜔2 , where ω is the 𝑒−2 beam 

radius. Thus, the average number of fluorescent particles per square micron, defined as the 

Cluster Density (CD), can be calculated in the following expression; 

 
𝐶𝐷 =  

1

𝑔(0,0)𝜋𝜔2
=  

〈𝑁𝐶〉

𝜋𝜔2
 

(7) 

Last, the average number of fluorescent molecules is proportional to the average intensity 

of fluorescent molecules, such that 〈𝑖(𝑥, 𝑦)〉  = 𝑐〈𝑁𝑀〉, where c is a proportionality constant 

reflecting the limits of the optics such as emission collection efficiency, quantum yields, and 

molar adsorption coefficients.
83

 Thus, a degree of aggregation can be defined as follows;  

 
𝐷𝐴 = 〈𝑖(𝑥, 𝑦)〉𝑔(0,0) =  𝑐

〈𝑁𝑀〉

〈𝑁𝐶〉
 

(8) 

 

The constant c can be determined experimentally by measuring the intensity of one single 

molecule. In this this study, the constant 𝑐 was determined in some cases to determine the 

number of antibodies per cluster. However, the 𝐷𝐴 is represented and discussed as a product of 

the intensity and autocorrelation amplitude for a measure of the relative degree of aggregation. 

2.11.1.1  Laser Beam Width in Relation to Size of Cluster 

In laser scanning confocal microscopy and image correlation spectroscopy analysis, there 

are three important laser beam widths to understand; the theoretically expected laser beam width, 

the “true” fitted measured laser beam width, and the experimental fitted laser beam width.   

The theoretically expected width of the laser beam is diffraction limited. The magnitude 

of this width is expected to be measured for a single diffraction limited molecule. Thus, let a 

diffraction limited laser beam width be defined as 𝜔𝐷𝐿. This width is proportional to the 

wavelength of excitation light, λ and inversely proportional to the numerical aperture of the lens, 

𝑁. 𝐴; 

 
 𝜔𝐷𝐿 =

𝜆

2 ∗ 𝑁. 𝐴
 

(9) 
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In this thesis, we assume the “true” fitted laser beam width, 𝜔𝑂 , can be measured from a 

sample labelled with only secondary antibodies. The secondary antibodies are fluorescent and 

meant to be specific for one molecule and provide us with the actual width of the laser beam. The 

results to be shown in Chapter 3 in this work suggest that the beam measured from the secondary 

antibodies is not diffraction limited as the “true” width is usually slightly larger in magnitude in 

comparison to the theoretical diffraction limited width of the laser beam. 

The experimental fitted laser beam width, 𝜔𝐸𝑥𝑝,  corresponds to a measurement of 

endosomes, the fitted width of the laser beam measured for a sample labelled with both primary 

and secondary antibodies for one marker of an endosome. In this thesis, 𝜔𝐸𝑥𝑝 is always larger 

than  𝜔𝑂 . Thus, the greater magnitude of the experimental fitted laser beam width indicates that 

the laser beam has been convoluted with an object of finite size. If the 𝜔𝐸𝑥𝑝 arises from 

convolution of the Gaussian laser beam with a uniformly labeled fluorescent object, it is possible 

to determine the extent of the distortion of the final correlation function with which the 𝜔𝐸𝑥𝑝 can 

be determined.  

 With that in mind, assume that each endosome has a uniform labelling and is circular 

with diameter, 𝑑. When d=0, there is no convolution or distortion of the Gaussian profile of the 

laser beam. As 𝑑 increases, the distortion arising from the convolution increases as shown in 

Figure 2.4 for convolution of objects that have diameters equal to 0.75, 1.25, 1.75, and 2.25 

times the value of  𝜔𝑂. For smaller values, the functions maintain a near Gaussian shape, but for 

the larger values, the functions are broader.  
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Figure 2.4 Effect of Convolution on Function Shape 

The normal curve corresponding to the “true” fitted beam width is shown in black. For objects of 

a certain diameter, the laser beam is convoluted with an object of finite size, and as a result, the 

shape of the function is distorted. The larger the object, the greater the distortion. The “true” 

fitted laser beam width, 𝜔𝑂 is represented as w in figure. 

 

To determine how much the distortion arises from these objects or endosomes affects the 

fits, the curves in Figure 2.4 were fit as if the function were a Gaussian profile given by the 

function; 

 
𝑓(𝑥) = 𝐴𝑒𝑥𝑝

−2𝑥2

𝜔𝑐
2

 
(10) 

 

Where 𝐴 is the amplitude of the function and 𝜔𝑐 arising from the fit to the width for the 

convoluted curve. 

Figure 2.5 shows an example for a profile corresponding to a laser beam that has been 

convoluted with an object of diameter 1.25𝜔0. The experimental profile is compared to its fit to a 

Gaussian profile. 
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Figure 2.5 An Experimental Profile Arising from Convolution Plotted with Respect to 

its fit to a Gaussian Profile 

There is significant distortion of the profile for objects in which the object size, 𝑑, is greater than 

1.25 𝜔𝑂. 

 

The fit and experimental profiles are overlaid, indicating the experimentally measured 

profile of the laser beam fits to a Gaussian profile. For all work presented in this thesis, although 

the experimentally measured laser beam width arises from convolution, the profile is not 

distorted to a large extent for endosomes and nanomaterials studied. 

Figure 2.6 shows the case where  𝜔𝑂 = 240 𝑛𝑚 and the object sizes ranges from 

 𝑑 = 0 𝑛𝑚 to 𝑑 = 540 𝑛𝑚. The dotted curve corresponds to a quadratic fit to the points, 

however the choice of a quadratic is arbitrary; the quadratic fit allows for extrapolation. 
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Figure 2.6 Experimental Fitted Laser Beam Width as a Function of Object Size 

 

Curves similar to that in Figure 2.6 can then be used to estimate the average diameter of 

the objects that are distorting the value of the beam size as estimated from the correlation 

functions in the image correlation spectroscopy measurements. For example, if the average beam 

radius is found to be 600 𝑛𝑚, the average object size would be estimated to be about 780 𝑛𝑚 in 

diameter. This logic is used to estimate the various endosomes in Chapter 3. 

2.11.2 Image Cross Correlation Spectroscopy Theory 

 Image cross correlation spectroscopy (ICCS) is an extension of ICS such that it enables 

the analysis of images collected from two species labelled with two different colors.  

 Let’s assume the first image of interest is green and the second image is red.  The 

normalized cross correlation function reflects the product of the fluctuations occurring in both 

green and red channels; 

 𝑔𝑔𝑟(𝛼, 𝛽) = 〈𝛿𝑖𝑔(𝑥, 𝑦)𝛿𝑖𝑟(𝑥 + 𝛼, 𝑦 + 𝛽)〉 (11) 

By the same convention as expression (6), the normalized cross correlation function 

amplitude provides quantitative information in regard to the number of clusters containing a 
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specific species in the observation region of the laser beam. This is reflected in the following 

expression; 

 
𝑔𝑔𝑟(0,0) = lim

𝛼→0,𝛽→0
= 

〈𝑁𝑔𝑟〉

〈𝑁𝑔〉〈𝑁𝑟〉
 

(12) 

 The average number of clusters that consist of both green and red species is represented 

as  〈𝑁𝑔𝑟〉 . The average number of clusters containing only green and only red species are each 

represented as 〈𝑁𝑔〉 and 〈𝑁𝑟〉 respectively. 

 Expression (12) can be re-expressed to isolate the 〈𝑁𝑔𝑟〉 in the following expression, 

whereby 𝑔𝑔(0,0) and 𝑔𝑟(0,0) are the auto correlation amplitudes corresponding to the green and 

red channels, respectively. 

 
〈𝑁𝑔𝑟〉  =  

𝑔𝑔𝑟(0,0)

𝑔𝑔(0,0)𝑔𝑟(0,0)
 

(13) 

 The extent of co-localization can be inferred with the following two expressions; 

 
𝐹(𝑔|𝑟) =

〈𝑁𝑔𝑟〉

〈𝑁𝑔〉
=

𝑔𝑔𝑟(0,0)

𝑔𝑟(0,0)
 

(14) 

 
𝐹(𝑟|𝑔) =

〈𝑁𝑔𝑟〉

〈𝑁𝑟〉
=

𝑔𝑔𝑟(0,0)

𝑔𝑔(0,0)
 

(15) 

 Expression (14) is a representation of the fraction of clusters containing green species 

that also have red species.  Conversely, expression (15) is a representation of the fraction of 

clusters containing red species that also have green species.  

2.11.3 Triple Image Cross Correlation Spectroscopy 

 Triple Image Cross Correlation Spectroscopy (TRICCS) is an extension of ICCS such 

that it enables the analysis of images of species labeled with three colors to provide a means to 

understand the extent of formation of a ternary complex.    

    Let’s assume the first image of interest is green, the second image of interest is red, and 

the third image of interest is blue.  The normalized triple cross correlation function reflects the 

product of the fluctuations occurring in green, red, and blue channels; 
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 𝑔𝑔𝑟𝑏(𝛼, 𝛽, 𝜃, 𝜌) = 〈𝛿𝑖𝑔(𝑥, 𝑦)𝛿𝑖𝑟(𝑥 + 𝛼, 𝑦 + 𝛽)𝛿𝑖𝑏(𝑥 + 𝜃, 𝑦 + 𝜌)〉 (16) 

The spatial lag variables for x and y in the red channel is represented by α and β and 

those in the blue channel are represented by 𝜃 and 𝜌, respectively. 

 By similar convention to expression (13), the average number of clusters that consist of 

green, red, and blue species can be represented as  〈𝑁𝑔𝑟𝑏〉The average number of clusters 

containing only green, only red, and only blue species are each represented as 〈𝑁𝑔〉 and 〈𝑁𝑟〉, and 

〈𝑁𝑏〉 respectively. 

 
〈𝑁𝑔𝑟𝑏〉  =  

𝑔𝑔𝑟(0,0,0,0)

𝑔𝑔(0,0)𝑔𝑟(0,0)𝑔𝑏(0,0)
 

(17) 

 The association of one color with a binary complex of two colors can be determined with 

the following expressions; 

 
𝐹(𝑔|𝑟𝑏) =

〈𝑁𝑔𝑟𝑏〉

〈𝑁𝑔〉
=

𝑔𝑔𝑟𝑏(0,0,0,0)

𝑔𝑟(0,0)𝑔𝑏(0,0)
 

(18) 

 

 
𝐹(𝑟|𝑔𝑏) =

〈𝑁𝑔𝑟𝑏〉

〈𝑁𝑟〉
=

𝑔𝑔𝑟𝑏(0,0,0,0)

𝑔𝑔(0,0)𝑔𝑏(0,0)
 

(19) 

 
𝐹(𝑏|𝑟𝑔) =

〈𝑁𝑔𝑟𝑏〉

〈𝑁𝑏〉
=

𝑔𝑔𝑟𝑏(0,0,0,0)

𝑔𝑟(0,0)𝑔𝑔(0,0)
 

(20) 

 Likewise, the association of a binary complex of two colors with one color can also be 

determined with the following expressions; 

 
𝐹(𝑔𝑟|𝑏) =

〈𝑁𝑔𝑟𝑏〉

〈𝑁𝑔𝑟〉
=

𝑔𝑔𝑟𝑏(0,0,0,0)

𝑔𝑏(0,0)𝑔𝑔𝑟(0,0)
 

(21) 

 
𝐹(𝑔𝑏|𝑟) =

〈𝑁𝑔𝑟𝑏〉

〈𝑁𝑔𝑏〉
=

𝑔𝑔𝑟𝑏(0,0,0,0)

𝑔𝑟(0,0)𝑔𝑔𝑏(0,0)
 

(22) 

 
𝐹(𝑟𝑏|𝑔) =

〈𝑁𝑔𝑟𝑏〉

〈𝑁𝑟𝑏〉
=

𝑔𝑔𝑟𝑏(0,0,0,0)

𝑔𝑔(0,0)𝑔𝑟𝑏(0,0)
 

(23) 

  

As an example, the following figure illustrates a distribution of various complexes; 
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Figure 2.7 Exemplary Distribution of Clusters Containing One, Two, and Three 

Colored Species 

This is an example of a distribution of red, green, blue, red-green, red-blue, green-blue, and red-

green-blue complexes. Thus, there are clusters that have just one colored species, some in which 

there are clusters containing two colored species, and some clusters that contain three colored 

species.  

 The figure shows that there are clusters in which one, two, and three colors are present. 

The total number of clusters that have one color reflect individual, binary, and ternary complexes 

that contain that one color. For example, there are a total of 10 red clusters (10r) in the figure; 

there are 3 clusters with only red, 5 clusters of red with another color, and 2 clusters of red with 

two other colors. Thus, 10 clusters in this distribution are labelled with red species. Likewise, 

there are four green-red clusters (4 gr); 2 clusters contain green and red species, 2 clusters 

contain green, red, and blue species. 

The following table of fractions reflects the extent of association of one color with a 

binary complex of two colors, and vice versa; 
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Table 2.2 Exemplary Table of Fractions for TRICCS Analysis 

Association of one color with a binary 

complex 

Association of a binary complex with one 

color 

𝐹(𝑔|𝑟𝑏) = 2/5 𝐹(𝑔𝑟|𝑏) = 2/4 

𝐹(𝑟|𝑔𝑏) = 2/10 𝐹(𝑔𝑏|𝑟) = 2/3 

𝐹(𝑏|𝑟𝑔) =2/15 𝐹(𝑟𝑏|𝑔) = 2/5 

The fractions correspond to the distribution shown in Figure 2.7. As an example, 𝐹(𝑔𝑟|𝑏) = 

2/5 means that of the 5 clusters containing green species, two have red and blue species as 

well. 𝐹(𝑔𝑟|𝑏) = 2/4 means that of the 4 clusters that have green and red, 2 have blue as well. 

 

2.11.4 Temporal Image Correlation Spectroscopy Theory 

 Temporal Image Correlation Spectroscopy (TICS) is an extension of ICS in which the 

spatial fluctuation in intensity for one species of interest is determined as a function of time.  

Thus, TICS is useful to obtain information regarding the dynamics of a system of interest.
84

  

 Let’s assume an image is collected at time 𝑡 and an image of the same single species of 

interest in the same observation region is collected at a later time point, 𝑡 + 𝜏, where τ is delay 

time. The expression for the normalized auto correlation function takes the following form; 

 
𝑔(𝛼, 𝛽, 𝜏) = 〈𝛿𝑛(𝑥, 𝑦, 𝑡)𝛿𝑛(𝑥 + 𝛼, 𝑦 + 𝛽, 𝑡 + 𝜏)〉 

(24) 

 

 In TICS, the shape & rate of decay of the auto correlation function reveals specific 

dynamic processes that give rise to the fluctuation in fluorescence between the images such as 

diffusion, flow, diffusion & flow, and chemical reactions. The work completed for this study is 

in relation to clathrin mediated endocytosis, thus all experiments completed in this study assume 

a “diffusive” process. 

 The decay of the amplitude of the auto correlation function as a function of delay time, τ, 

is then fit to a three parameter hyperbolic decay expression; 

 
𝑔(0,0, 𝑡) =  

𝐴

1 +
𝜏

𝜏𝑑

+ 𝐶 
(25) 

 In expression (25), 𝐴 represents the extrapolated amplitude of the correlation function, 𝜏 

is the delay time, 𝜏𝑑 is the diffusion time, and 𝐶 is a constant added to allow for incomplete 
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decay of the correlation function. This is the characteristic time for diffusion of a particle over 

the distance of the beam.  

 Last, the diffusion coefficient can be determined with 𝜏𝑑 and  , the 1/e
2 

radius of the 

focused laser beam; 

 
𝐷 =  

𝜔2

4𝜏𝑑
 

(26) 

 Figure 2.8 shows an example of the temporal auto correlation function of monomers of 

𝛼 −syn fitted to the hyperbolic decay shown in equation (24). 

 

Figure 2.8 Exemplary Temporal Auto Correlation Function for Monomers of -

synuclein in SH-SY5Y Cells 

 

In Figure 2.8, the fit is relatively good; in this particular example, the diffusion time is 5.20 

seconds and the experimentally measured beam width is 0.33 microns. Thus, the diffusion 

coefficient can be calculated as 5.23E-3 square microns per second using equation (25) 

2.12 Image J & ICS Software for ICS Family Analysis 

  In this study, the following pieces of information were obtained from images using 

ImageJ software; the normalized auto and cross correlation function amplitudes, average image 

intensity, and laser beam width in microns. Regions of interest were selected to 256x256 of the 
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512x512 image, merely to reduce the number of dark regions of the image where there is no cell. 

This is done so intensity from regions that are not representative of the sample are collected, 

otherwise the average intensity will be affected adversely. The Image Correlation Toolkit was 

utilized. Depending on the type of action required (ICS, TICS, TICCS, etc) the following fit 

parameters were estimated to obtain the previously mentioned desired pieces of information; 

distance for fit in microns, x & y resolution in microns, beam radius, and delay time for temporal 

image correlation experimental analysis.  

For TRICCS measurements, images were analyzed using Image Correlation 

Spectroscopy software. Parameters for the range of data points, triple cross correlation 

amplitude, laser beam radius, and correlation value at infinite limits were estimated to obtain the 

auto, cross, and triple correlation functions amplitudes, and intensities for single, double, and 

triple color images, in various combinations. For analysis with Image Correlation Spectroscopy 

Software, images were converted with the help from Dr. Nick Smisdom, from .lsm to .bmp.  

To obtain hyperbolic decay fits for temporal image correlation experimental analysis, 

Igor Pro software was used. The extrapolated autocorrelation function amplitude, diffusion time, 

and the value for an incomplete correlation function decay fits were obtained, after being 

prompted to enter in estimations of said parameters.  Igor Pro was also utilized to obtain global 

fits, where necessary. 

Microsoft excel was utilized for data storage and statistical analysis. For each experiment, 

the following calculations were obtained for an entire set of images in one experiment; average, 

standard deviation, and standard error.  Distributions of various parameters were plotted and 

analyzed and to be discussed in subsequent chapters of this thesis. T-tests were also calculated 

with the use of excel for two data sets of interest. 

Data sets were reviewed for any caveats or discrepancies. The following table of values 

summarizes the criteria for which a data point for a respective image in an experiment was 

rejected from analysis; 
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Table 2.3 Criteria for Data Rejection 

Experiment Beam fit 𝝎 (𝝁𝒎) F(r|g) and F(g|r) 

One Color 𝜔 > 1.5 N.A 

Two colors 𝜔 > 1.5 𝐹(𝑟|𝑔) and 𝐹(𝑔|𝑟) ˃ 1.2 

Three colors 𝜔 > 1.5 𝐹(𝑟|𝑔) and 𝐹(𝑔|𝑟) ˃ 1.2 

   

Live cell experiments for the study of individual oligomers of α-synuclein in cells were 

analyzed in varying batches of total number of images; 20, 40, 50, 60, and 80 images. This was 

done to determine if there was a parameter dependence on the number of images in an 

experiment.  Little difference and error in measurement was observed between experiments 

analyzed in batches of 20-50 images. Thus, the results reported in this study for live cell imaging 

experiments in TICCS were based on an analysis of 50 images in one experiment; this will be 

discussed further in Chapter 6. The following graph is a representation of the distribution of 

diffusion times in various image batches for the -synuclein tetramer labelled with 633, with 

error bars reflecting standard error.  
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Figure 2.9 Diffusion Time Distribution for Tetramer 633 

2.13 Materials 

C2C12 cells were obtained from American Type Culture Collection™. Dulbecco’s 

modified eagle medium (DMEM), fetal bovine serum (FBS), and 0.25% Trypsin-EDTA were 

obtained from Invitrogen Life Technologies™.  

A549 cells were obtained from American Type Culture Collection™. DMEM, FBS, and 

0.25% Trypsin-EDTA were obtained from Invitrogen Life Technologies™.  

SH-SY5Y cells were obtained from American Type Culture Collection™.  DMEM, F-

12K, FBS, and 0.25% Trypsin-EDTA were obtained from Invitrogen Life Technologies™. 

SOPG and NBD-SOPG powders were obtained from Avanti® Polar Lipids, Inc. KAuCl4 

and Na3C6H5O7 were obtained from Sigma Aldrich®. NaBH4 was obtained from EMD 

Millipore®. C6H8O6 was obtained from EM Science®, Div EM Industries Inc®. MilliQ water 

was used for this synthesis. 

PFA was obtained from EMD®. 

Primary antibodies specific for Rab5 and LAMP-1 were obtained from Abcam®. Primary 

antibodies specific for Rab7 and Rab11 were obtained from Cell Signaling Technology®. All 

primary antibodies used were monoclonal. Secondary antibodies for Rab7, Rab11, and LAMP-1 

were obtained from Cell Signaling Technology®.  
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Chapter 3 

Study of Endocytic Marked Compartments in C2C12 and 

A549 Cells 
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3 Study of Endocytic Marked Compartments in C2C12 and A549 

Cells 

Antibodies directed for endocytic marker proteins, such as Rab5, Rab7, Rab11, and LAMP-

1 can be used to image the location of the respective endocytic compartments. Therefore, it is 

possible to determine the location of these compartments within cells. 

Specifically, presuming that the early endosomes mature into late endosomes and ultimately 

fuse with lysosomes, Rab5 and Rab7 would be expected to co-exist on the same portion of the 

endosomes during the maturation process and Rab7 and LAMP-1 would be expected to co-exist 

during the fusion process. To understand how nanoparticles interact with each of these 

compartments and are processed in cells, it is important to quantitatively know the extent to 

which these markers co-exist in various compartments.  

The purpose of the work presented in Chapter 3 is to determine the extent to which 

endocytic marker proteins co-exist in the same compartment. The distribution of each marker 

was first characterized separately. The pairwise co-localization of two markers was then 

characterized and the extent to which three markers simultaneously co-exist was determined. To 

achieve these results, image correlation spectroscopy analysis was performed on laser scanning 

confocal microscopy images of cells immunofluorescently labelled with antibodies specific for 

Rab5, Rab7, Rab11, and LAMP-1 to visualize the early, late, recycling, and lysosomal endocytic 

markers, respectively.  

To determine if marker distribution was cell type specific, this study was conducted on two 

different cell types, C2C12 and A549 cells. C2C12 cells are a mouse muscle myoblast cell line.
85

 

A549 cells are human lung carcinoma epithelial cells.
86

  

3.1 Individually Labelled Endocytic Marked Compartments in C2C12 Cells 

The data and analysis in Chapter 3.1 pertains to confocal fluorescence microscopy 

images of C2C12 cells singly labelled with primary antibodies specific for markers of clathrin 

mediated endocytic compartments and fluorescent secondary antibodies specific for the 

corresponding primary antibodies. Primary and secondary antibody pairs corresponding to Rab5, 
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Rab7, Rab11, and LAMP-1 were used to study markers specific for early, late, recycling, and 

lysosomal endocytic compartments in C2C12 cells, respectively. 

Materials and methods corresponding to labelling of markers in cells can be found in 

Chapter 2.4. Laser scanning confocal microscopy imaging of one marker can be found in 

Chapter 2.10.3.1. Image Correlation Spectroscopy can be found in Chapter 2.11.1. 

3.1.1 Rab5-561 Marked Early Endocytic Compartments in C2C12 Cells 

To study the marker associated with early endocytic compartments in C2C12 cells, cells 

were immunofluorescently labelled with primary antibodies specific for Rab5 markers and 

fluorescent secondary antibodies specific for the primary Rab5 antibodies.  

Figure 3.1 shows 10 m x10 m confocal fluorescence microscopy images of antibodies 

targeting Rab5 endocytic markers in four different cells in a sample. In each image, there are a 

number of regions corresponding to the location of individual or groups of endosomes. The four 

images show that the distributions of endosomes are heterogeneous but still similar between the 

four different cells.  

       

Figure 3.1  Images of  Rab5-561 Marked Early Endocytic Compartments in C2C12 

Cells 

Panels A, B, C and D are representative of confocal fluorescence microscopy images of four 

different cells in the same sample labelled with primary antibodies specific for Rab5-561 

markers and secondary antibodies specific for Rab5-561 primary antibodies to visualize early 

endocytic marked compartments. 

 

Figure 3.1 shows the reproducibility of the sampling of images of early endocytic marked 

compartments. Although the images represented in panels A, B, C and D are visually similar, 

they are not exactly the same due to the heterogeneity of cells. It is critical to obtain a large 

A B C D 
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number of images, specifically 30-40 images if possible, to ensure accurate sampling of the 

system of interest. Due to the fact that the distribution of fluorescence is heterogeneous, 

fluctuations in intensity across the images will occur, allowing for analysis by ICS. 

Recall that ICS will provide three important parameters; the amplitude of the auto 

correlation function, the fit for the width of the correlation function corresponding to the laser 

beam (m), and the average intensity.  Each of these parameters corresponding to the four 

images presented in Figure 3.1 is listed in Table 3.1. 

Table 3.1 ICS Paramaters for Images of Rab5-561 Marked Early Endocytic 

Compartments in C2C12 Cells 

Image A (Cell 1) B (Cell 2) C (Cell 3) D (Cell 4) 

g(0,0) 0.49 0.42 0.23 0.38 

ω (m) 0.24 0.28 0.35 0.26 

Iavg. 521 576 702 618 

The autocorrelation amplitude,𝑔(0,0), fitted laser beam width, 𝜔, and average intensity, 𝐼𝑎𝑣𝑔., 

were obtained for each image represented in Figure 3.1.  

 

The data obtained for each cell represented in Table 3.1 show the variability between 

cells among the auto correlation amplitude, fitted laser beam width, and average intensity. The 

auto correlation amplitude obtained for each cell ranges between approximately 0.23-0.49. The 

fitted value for  obtained for each cell ranges between approximately 0.24-0.35 microns. 

Lastly, the average intensity of Rab5 markers ranges from approximately 521-702. Because the 

values vary, it is important to obtain a large data set to get reliable estimates of each parameter.  

Due to the quantitative nature of this study, control experiments are critical. Thus, images 

of cells labelled with both primary and secondary antibodies corresponding to Rab5 markers 

were compared to images of control samples in which cells were labelled with only primary 

antibodies or only secondary antibodies.  

In Figure 3.2, images A and B correspond to images of two control samples; image A 

corresponds to one cell from a sample labelled with only the primary antibodies specific for 

Rab5-561 markers. Image B corresponds to one cell from a sample labelled with only the 
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secondary antibodies specific for the primary antibodies for Rab5-561 markers. Image C is 

representative of one cell from a sample labelled with primary and secondary antibodies for 

Rab5-561 markers. Image D is a contrast enhanced image of image C for clearer visualization of 

the range of labelling efficiencies.  

           

Figure 3.2 Images of Antibody Controls and Rab5 Marked Early Endocytic 

Compartments in C2C12 Cells 

Image A corresponds to a sample labelled with only the primary antibodies specific for Rab5-

561 markers. Image B corresponds to a sample labelled with only the secondary antibodies 

specific for the primary antibodies for Rab5-561 markers. Image C is representative of a cell 

sample labelled with primary and secondary antibodies for Rab5-561 markers. Image D is a 

contrast enhanced image of Image C for clearer visualization of the range of labelling 

efficiencies. 

 

Images A and B in Figure 3.2 show that there is minimal fluorescence emitted from the 

primary and secondary antibodies in the cell, respectively. Image A appears to show less 

fluorescence emitted from the primaries in the cell in comparison to Image B; the presence of the 

red regions in image B is due to the minimal fluorescence emitted from the secondary Rab5-561 

antibodies. This type of fluorescence emission arises from non-specific binding of secondary 

Rab5-561 antibodies.  Therefore, the minimal fluorescence emitted from the controls in the cell 

as shown in images A and B means that the fluorescence emitted from Rab5-561 marked 

compartments in the cell as shown in image C is specific.  

The contrast enhanced Image D is shown for comparison and to provide a better 

visualization of Rab5-561 marked compartments. However, contrast enhancement can be 

misleading and imply that Rab5-561 markers have been saturated by the laser upon illumination. 

This is not the case as shown in image C, which is the original image of Rab5-561 marked 

compartments. Therefore, ICS analysis was not completed on contrast enhanced images. 

A      B        C          D 
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Table 3.2 ICS Parameters for Images of Antibody Controls and Rab5-561 Marked 

Early Endocytic Compartments in C2C12 Cells 

Image g(0,0) ω (m) Iavg. 

A (Primary Control) 0.0007 0.39 5.70 

B (Secondary Control) 0.04 0.23 7.65 

C (Rab5-561) 0.49 0.24 521 

This table is representative of the data obtained for a set of controls, a sample labelled with 

antibodies specific for Rab5 marked endocytic compartments and the original image.   

 

 

  In Table 3.2, the average intensity corresponding to a cell labelled with primary 

antibodies is consistent with the “black” image A. Similar to a blank control, (a cell that has not 

been labelled with any antibodies), there are no fluorescent molecules added if labelling with 

only primary antibodies.  The auto correlation amplitude for the primary control is 0.0007 which 

is expected as this amplitude compares to a blank control not shown in this work.  

The intensity corresponding to Rab5-561 marked compartments in image C is 

approximately 521; this intensity measurement is approximately one-hundred-fold greater in 

comparison to the intensity of fluorescence emission from the secondary control. Additionally, 

the amplitude of the autocorrelation function is approximately 0.49, which is at least twelve-fold 

greater than the amplitude of the secondary control. Thus, the measured intensity and auto 

correlation amplitude measured for image C are a specific representation of Rab5-561 marked 

compartments in one cell.  

Recall, in Chapter 2.11.1.1, the width of the laser beam measured for secondary 

antibodies can be represented as the true fit for the laser beam width, 𝜔𝑂.  The width of the laser 

beam measured for endosomes can be represented by  𝜔𝐸𝑥𝑝.  Based on the logic presented in 

Chapter 2.11.1.1, we can ultimately determine if the experimental laser beam width has been 

convoluted with an endosome of a certain diameter. If the measured experimental width does 

arise from convolution, the diameter of the endosome can be extrapolated using Figure 2.6 when 

the true fit of the beam is approximately 240 nm.  

Thus, the true fit for the laser beam width based on this data suggests the width of the 

laser beam is approximately 0.23 microns. The fit obtained for Rab5 marked compartments is 

approximately the same, 0.24 microns. This is an implication that clusters or endosomes 

containing Rab5-561 markers have a diameter that is comparable to the size of the laser beam 
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width. 

The primary control reflects the background of the system; thus, the measurement 

obtained for the fit of laser beam width is not reliable because there is no fluorescence. 

As previously discussed, it is important to obtain a large number of images, preferably 

30-40 images if possible, in an experiment for representative sampling and better estimates of the 

parameters. Table 3.3 shows the averages of the autocorrelation amplitude, fitted laser beam 

width, and average intensity from a data set of 10 images of the primary control, 5 images of the 

secondary control, and 38 images of Rab5-561. The values for each parameter are shown with 

the standard error. 

Table 3.3 Averages of ICS Parameters for Images of Antibody Controls and Rab5-

561 Markd Early Endocytic Compartments in C2C12 Cells 

Species 𝒏𝒊𝒎𝒂𝒈𝒆𝒔 〈𝐠(𝟎, 𝟎)〉 〈𝛚 (𝛍𝐦)〉 〈𝑰𝒂𝒗𝒈.〉 

A (Primary Control) 10 0.0009 ± 0.0003
˦
 0.37 ± 0.10 5.63 ± 0.03 

B (Secondary Control) 5 0.05 ± 0.004 0.24 ± 0.01 7.76 ± 0.13 

C (Rab5) 38 0.23 ± 0.02 0.32 ± 0.01 598 ± 24 
˦
 Standard error. 

 

The average intensity of Rab5-561 markers in the observation region of the laser beam is 

approximately 598. The intensities corresponding to primary and secondary antibody controls are 

approximately one hundred-fold less in comparison to images labelled with primary and 

secondary antibodies. Thus, after obtaining several images, the measurement of the intensity of 

Rab5-561 markers in the observation area is specific, as it is far greater in magnitude in 

comparison to the controls.  

The value for the auto correlation amplitude for clusters containing Rab5-561 markers is 

approximately 0.23. The values obtained for the primary and secondary control amplitudes are at 

least four-fold less than that of the auto correlation amplitude measurement for clusters 

containing Rab5-561 markers. This difference in magnitude among the controls and the 

measurement of Rab5-561 markers indicates that the magnitude of the auto correlation amplitude 

for Rab5-561 markers is a reliable measurement.   

The fit for the laser beam width is approximately 0.32 microns.  This is an indication that 

clusters containing Rab5-561 markers are larger in comparison to the laser beam width. Using 

Figure 2.6, the extrapolated measurement for the diameter of Rab5-561 marked endosomes is 
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approximately 0.34 microns. The fit for the secondary control is approximately 0.24 microns, 

which indicates the experimentally measured fit for the laser beam (0.32 microns) arises from 

convolution. The primary control represents the background of the system and does not provide 

specific information about Rab5-561 markers.  

As previously mentioned, the intensity of fluorescence emitted from a sample labelled 

with secondary antibodies corresponds to the non-specific binding of secondary antibodies. 

Therefore, the non-specific binding of antibodies can ultimately be used to measure the number 

of individual antibodies per cluster.  

Equation 28 shows that the degree of aggregation, 〈𝐷𝐴〉, is related to the product of the 

amplitude of the correlation function and the intensity; 

 𝐷𝐴 = 𝑔(0,0) ∗ 〈𝐼𝑎𝑣𝑔.〉 = c * 〈𝑁𝑀〉 〈𝑁𝐶〉⁄  (27) 

Assuming that the secondary antibodies bind as individual molecules; 

 〈𝑁𝑚〉 =  〈𝑁𝐶〉 (28) 

The calculated value for the degree of aggregation for the secondary control yields an 

estimate of the proportionality constant,𝑐; 

 

 𝑐 = 〈𝑔𝑠𝑒𝑐(0,0)〉 ∗ [〈𝐼𝑎𝑣𝑔.(𝑠𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦)〉 − 〈𝐼𝑎𝑣𝑔.(𝑝𝑟𝑖𝑚𝑎𝑟𝑦)〉] 

=  0.05 ∗  (7.76 − 5.63) = 0.11 

 

(29) 

Since all of these experiments were conducted under identical conditions, we can use this 

estimate of the constant to calculate the average number of secondary antibodies per cluster; 

 
𝐷𝐴 =  

0.23 ∗ (598 − 7.76)

0.11
= 1,234 𝑎𝑛𝑡𝑖𝑏𝑜𝑑𝑖𝑒𝑠 

(30) 

Thus, using the intensities and auto correlation amplitudes for primary, secondary, and 

Rab5, the data suggest that there are 1,234 Rab5 antibodies per cluster. Since the secondary 

antibody is polyclonal, there may be more than one bound polyclonal antibody per Rab5, so this 

is an upper limit of the number of Rab5 antibodies per cluster. 

 

3.1.2 Rab7-633 Marked Late Endocytic Compartments in C2C12 Cells 
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Rab7-633 was used to study the distribution and location of late endocytic compartments 

in C2C12 cells. Labelling and imaging of Rab7-633 marked compartments in cells was 

accomplished by the same methods as previously shown for Rab5-561 marked compartments in 

Chapter 3.1.1. 

In Figure 3.3, image A corresponds to a sample labelled with only the primary antibodies 

specific for Rab7 markers. Image B corresponds to a sample labelled with only the secondary 

antibodies specific for the primary antibodies for Rab7 markers. Image C is representative of a 

cell sample labelled with both primary and secondary antibodies for Rab7-633 markers. Image D 

is a contrast enhanced image of image C for clearer visualization of the range of labelling 

efficiencies.  

           

Figure 3.3 Rab7-633 Marked Late Endocytic Compartments in C2C12 Cells 

Image A corresponds to a sample labelled with only the primary antibodies specific for Rab7 

markers. Image B corresponds to a sample labelled with only the secondary antibodies 

specific for the primary antibodies for Rab7 markers. Image C is representative of a cell 

sample labelled with primary and secondary antibodies for Rab7-633 markers. Image D is a 

contrast enhanced image of Image C for clearer visualization of the range of labelling 

efficiencies. 

 

As with Rab5-561 markers, images A and B in Figure 3.3 show there is very minimal 

fluorescence emitted from the primary and secondary controls in both cells, respectively. 

However, there appears to be a greater amount of fluorescence emitted by the secondary control 

in the cell as shown in image B due to the faint green regions that reflect non-specific binding of 

Rab7-633 antibodies. However, images A and B show fewer fluorescent regions in the cells in 

comparison to the Rab7-633 marked compartments shown in image C. Thus, the minimal 

fluorescence emitted from the controls in the cells as shown in images A and B imply that the 

A      B        C          D 



57 

 

fluorescence emitted from Rab7-633 markers shown in image C is specific. The contrast 

enhanced image D is shown for better visualization of Rab7-633 marked compartments.   

Table 3.4 shows the averages of the auto correlation amplitude, fitted laser beam width, 

and average intensity from a data set of 10 images of the primary, 10 images of the secondary, 

and 37 images of Rab7-633. The values for each parameter are shown with the standard error. 

Table 3.4 Averages of ICS Parameters for Images of Antibody Controls of Rab7-633 

Marked Late Endocytic Compartments in C2C12 Cells 

Species 𝒏𝒊𝒎𝒂𝒈𝒆𝒔 〈𝐠(𝟎, 𝟎)〉 〈𝛚 (𝛍𝐦)〉 〈𝑰𝒂𝒗𝒈.〉 

Primary Control 10 0.0003 ± 0.0001
˦
 0.22 ± 0.09 13.2 ± 0.03 

Secondary Control 10 0.02 ± 0.001 0.23 ± 0.01 18.1 ± 0.3 

Rab7-633 37 0.31 ± 0.03 0.48 ± 0.01 312 ± 15 
˦ 
Standard error. 

 

The averaged data in Table 3.4 correspond to cells labelled with respect to Rab7-633 

markers on late endocytic compartments. The averaged parameters each reflect a similar error 

with respect to the experiments corresponding to cells labelled with primary and secondary 

antibodies corresponding to Rab5-561 in Chapter 3.1.1. The average intensity of Rab7-633 

marked compartments is approximately 312, more than seventeen-fold larger in comparison to 

the controls. In addition, the auto correlation amplitude for clusters containing Rab7-633 markers 

is approximately 0.31. The auto correlation amplitudes corresponding to the primary and 

secondary controls are much less in magnitude than the measurement of Rab7-633 markers; the 

secondary control amplitude is at least fifteen-fold-less than the amplitude for clusters containing 

Rab7 markers.  

The fit for  corresponding to Rab7-633 marked compartments is approximately 0.48 

microns and the fit corresponding to the secondary control is approximately 0.23 microns. These 

measurements indicate the experimentally calculated fit for the laser beam (0.48 microns) arises 

from convolution.  Using Figure 2.6, the diameter of Rab7 endosomes is approximately 0.62 

microns. Similar to Rab5 marked compartments, the primary control is a representation of 

background noise. 
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As discussed and shown previously in Equation 28, one can infer and calculate the 

estimate for the average number of antibodies per cluster from the intensities and auto correlation 

amplitudes of the controls; the data for this experiment suggests that on average, there are 

approximately 930 antibodies of Rab7-633 per cluster. 

3.1.3 Rab11-633 Marked Recycling Endocytic Compartments in C2C12 Cells 

Rab11-633 was used to study the distribution and location of recycling endocytic 

compartments in C2C12 cells. Labelling and imaging of Rab11-633 marked compartments in 

cells was accomplished in the same fashion as shown in Chapters 3.1.1 and 3.1.2 with Rab5-561 

and Rab7-633 markers.  

In Figure 3.4, image A corresponds to a sample labelled with only the primary antibodies 

specific for Rab11 markers. Image B corresponds to a sample labelled with only the secondary 

antibodies specific for the primary antibodies for Rab11 markers. Image C is representative of a 

cell sample labelled with primary and secondary antibodies for Rab11-633 markers. Image D is a 

contrast enhanced image of image C for clearer visualization of the range of labelling 

efficiencies.  

         

Figure 3.4 Rab11-633 Marked Recycling Endocytic Compartments in C2C12 Cells 

Image A corresponds to a sample labelled with only the primary antibodies specific for Rab11 

markers. Image B corresponds to a sample labelled with only the secondary antibodies specific 

for the primary antibodies for Rab11 markers. Image C is representative of a cell sample 

labelled with primary and secondary antibodies for Rab11-633 markers. Image D is a contrast 

enhanced image of Image C for clearer visualization of the range of labelling efficiencies. 

 

Images A and B in Figure 3.4 shows the minimal fluorescence that is emitted from the 

primary and secondary controls in the cells, respectively. In contrast to Rab5-561 and Rab7-633 

non-specific labelling, there appears to be no fluorescence emitted by the secondary control in 

A      B        C          D 
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the cell shown in image B. Thus, judging from image B, there may be no non-specific binding of 

Rab11-633 in C2C12 cells. Images A and B show fewer fluorescent regions in the cells in 

comparison to Rab7-633 marked compartments shown in image C. Thus, the minimal 

fluorescence emitted from the controls in cells shown in images A and B indicates that the 

fluorescence in cells shown in image C is a specific representation of Rab11-633 compartments. 

The contrast enhanced image D is shown for better visualization of Rab11-633 marked 

compartments.   

Table 3.5 shows the averages of the auto correlation amplitude, fitted laser beam width, 

and average intensity from a data set of 3 images of the primary, 5 images of the secondary, and 

34 images of Rab11-633. The values for each parameter are shown with the standard error. 

Table 3.5 Averages of ICS Paramaters for Images of Antibody Controls and Rab11-

633 Marked Recycling Endocytic Compartments in C2C12 cells 

Species 𝒏𝒊𝒎𝒂𝒈𝒆𝒔 〈𝐠(𝟎, 𝟎)〉 〈𝛚 (𝛍𝐦)〉 〈𝑰𝒂𝒗𝒈.〉 

Primary Control 3 0.002 ± 0.001
 ˦
 0.28 ± 0.07 7.16 ± 0.28 

Secondary Control 5 0.003 ± 0.001 0.32 ± 0.05 7.22 ± 0.19 

Rab11 34 0.18 ± 0.01 0.44 ± 0.01 511 ± 42 
˦
Standard Error 

 

The average intensity of Rab11-633 markers in the observation area of the laser beam is 

approximately 511. The intensities for the corresponding controls are approximately seventy-fold 

less than the measurement of Rab11-633 markers. However, as previously discussed in reference 

to Figure 3.4, there appears to be little difference between the secondary and primary control. 

This is quantitatively represented in Table 3.5, as the secondary intensity is only 0.06 units of 

intensity greater in comparison to the primary intensity. Due to the lack of non-specific binding 

of Rab11-633 antibodies, a value for 𝑐 and hence the number of Rab11-633 antibodies observed 

per cluster cannot be estimated under these experimental conditions.  

The auto correlation amplitude for clusters containing Rab11-633 markers is 

approximately 0.18. The amplitudes corresponding to the primary and secondary controls are 

approximately sixty-fold less in magnitude than the auto correlation amplitude for clusters 

containing Rab11-633 markers. This difference in magnitude is promising to indicate the 

measured auto correlation amplitude for clusters containing Rab11-633 markers is specific.  
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The average fit for  is approximately 0.44 microns in comparison to the true fit for the 

laser beam measured by the secondary control, 0.32 microns. This true fit is 0.08 microns larger 

than 0.24 microns. With that in mind, the plot shown in Figure 2.6 can be slightly adjusted to 

account for this change for  to assume a true fit of the laser beam is 0.32 microns.  Therefore, 

the diameter for Rab11 markers is approximately 0.56 microns.  

3.1.4 LAMP-1 Marked Lysosomal Endocytic Compartments in C2C12 Cells 

LAMP-1 marked lysosomal endocytic compartments were studied in three separate 

experiments using three secondary antibodies with different fluorescent probes.  Different 

fluorescent probes were required for double labelling experiments to be discussed later in this 

chapter. The three LAMP-1 experiments used were Alexa Fluor 488, 555, and 633 secondary 

antibodies (labelled LAMP-1-488, LAMP-1-555, and LAMP-1-633).  

3.1.4.1 LAMP-1-488 Marked Lysosomal Endocytic Compartments in C2C12 Cells 

LAMP-1-488 was used to study the distribution and location of lysosomal endocytic 

compartments in C2C12 cells. Labelling and imaging of LAMP-1-488 marked compartments in 

cells was accomplished in the same fashion as previously shown for Rab5-561, Rab7-633, and 

Rab11-633 markers.  

In Figure 3.5, image A corresponds to a sample labelled with only the primary antibodies 

specific for LAMP-1-488 markers. Image B corresponds to a sample labelled with only the 

secondary antibodies specific for the primary antibodies for LAMP markers. Image C is 

representative of a cell sample labelled with primary and secondary antibodies for LAMP-1-488 

markers. Image D is a contrast enhanced image of image C for clearer visualization of the range 

of labelling efficiencies.  
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Figure 3.5 LAMP-1-488 Marked Lysosomal Endocytic Compartments in C2C12 

Cells 

Image A corresponds to a sample labelled with only the primary antibodies specific for LAMP-

1 markers. Image B corresponds to a sample labelled with only the secondary antibodies 

specific for the primary antibodies for LAMP-1 markers. Image C is representative of a cell 

sample labelled with primary and secondary antibodies for LAMP-1 markers. Image D is a 

contrast enhanced image of Image C for clearer visualization of the range of labelling 

efficiencies. 

 

Images A and B in Figure 3.5 show that there is minimal fluorescence emitted from the 

primary and secondary controls in the cells, respectively. This minimal fluorescence emitted 

from the controls in the cells means that the fluorescence emitted in the cell as shown in image C 

is a reliable representation of LAMP-1-488 marked lysosomal endocytic compartments that have 

not been saturated by the laser upon illumination. Image D is contrast enhanced for better 

visualization. 

The data corresponding to Figure 3.5 is represented in Table 3.6. Table 3.6 is a 

representation of the averages of the auto correlation amplitude, fitted laser beam width, and 

average intensity of LAMP-1 markers from a data set of 3 images of the primary, 2 images of the 

secondary, and 35 images of LAMP-1-488. The values for each parameter are shown with the 

standard error. 

Table 3.6 Averages of ICS Paramaters for Images of Antibody Controls of LAMP-1-

488 Marked Lysosomal Endocytic Compartments in C2C12 Cells 

Species 𝒏𝒊𝒎𝒂𝒈𝒆𝒔 〈𝐠(𝟎, 𝟎)〉 〈𝛚 (𝛍𝐦)〉 〈𝑰𝒂𝒗𝒈.〉 

Primary Control 3 0.002 ± 0.002
˦
 0.13 ± 0.07 43.2 ± 0.4 

Secondary Control 2 0.002 ± 0.001 0.06 ± 0.05 42.0 ± 0.0 

LAMP-1 488 35 0.50 ± 0.03 0.47 ± 0.01 558 ± 23 
˦ 
Standard Error

 

 

A      B        C          D 
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The average intensity of LAMP-1-488 markers in the observation region of the laser 

beam is approximately 558. The intensities for the corresponding controls are at least twelve-fold 

less than that of the intensity measurement of LAMP-1-488 markers. This difference in intensity 

among controls and markers is less in comparison to previous measured intensity controls for 

Rab5, Rab7, and Rab11 markers. Nonetheless, the intensities are a small fraction of the measured 

intensity of cells marked with LAMP-1-488 (558). The difference between the secondary and 

primary control intensities vary by 0.8 units of intensity; thus, a value for 𝑐 and the number of 

LAMP-1-488 antibodies observed per cluster cannot be estimated under these experimental 

conditions.  

The auto correlation amplitude for clusters containing LAMP-1-488 markers is 

approximately 0.50. The auto correlation amplitudes corresponding to the primary and secondary 

controls are 250 fold less in magnitude than the measurement of the auto correlation amplitude 

for LAMP-1-488 marked compartments. Thus although the measured intensities for the controls 

are large, the auto correlation amplitudes for the controls measured do not reflect specific 

LAMP-1-488 binding.  

The fit for 𝜔 is approximately 0.47 microns. In contrast to fits for 𝜔 obtained for Rab5-

561, Rab7-633, and Rab11-633 primary and secondary controls, the secondary antibody control 

corresponding to LAMP-1 markers is approximately 0.06 microns. This relatively small value of 

0.06 microns indicates that the laser beam width cannot be fit to the width of the correlation 

function and is not a reliable estimate of the beam width. Likewise, the primary control reflects 

no specific binding of LAMP-1-488 antibodies. 

3.1.4.2 LAMP-1-561 Marked Lysosomal Endocytic Compartments in C2C12 Cells 

LAMP-1-561 was used to study the distribution and location of lysosomal endocytic 

compartments in C2C12 cells. Labelling and imaging of LAMP-1-555 marked compartments in 

cells was accomplished in the same fashion as previously shown for Rab5-561, Rab7-633, 

Rab11-633, and LAMP-1 488 markers. 

In Figure 3.6, image A corresponds to a sample labelled with only the primary antibodies 

specific for LAMP-1-561 markers. Image B corresponds to a sample labelled with only the 

secondary antibodies specific for the primary antibodies for LAMP-1 markers. Image C is 
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representative of a cell sample labelled with primary and secondary antibodies for LAMP-1-561 

markers. Image D is a contrast enhanced image of image C for clearer visualization of the range 

of labelling efficiencies.  

           

Figure 3.6 LAMP-1 555 Marked Lysosomal Endocytic Compartments in C2C12 Cells 

Image A corresponds to a sample labelled with only the primary antibodies specific for LAMP-

1 markers. Image B corresponds to a sample labelled with only secondary antibodies specific 

for the primary antibodies for LAMP-1 markers. Image C is representative of a cell sample 

labelled with primary and secondary antibodies for LAMP-1 markers. Image D is a contrast 

enhanced image of image C for clearer visualization of the range of labelling efficiencies. 

 

Images A and B in Figure 3.6 shows minimal fluorescence emitted from the primary and 

secondary controls in cells, respectively. This minimal fluorescence emitted from the controls in 

cells indicates the fluorescence emitted in the cell as shown in image C is a specific 

representation of LAMP-1 marked lysosomal endocytic compartments.  

The data corresponding to Figure 3.6 is represented in Table 3.7. The averages of the auto 

correlation amplitude, fitted laser beam width, and average intensity of LAMP-1-561 markers are 

shown. 

Table 3.7 Averages of ICS Paramaters for Images of Antibody Controls of LAMP-1 

561 Marked Lysosomal Endocytic Compartments in C2C12 Cells 

Species 𝒏𝒊𝒎𝒂𝒈𝒆𝒔 〈𝐠(𝟎, 𝟎)〉 〈𝛚 (𝛍𝐦)〉 〈𝑰𝒂𝒗𝒈.〉 

Primary Control 10 0.002 ± 0.001
˦
 0.34 ± 0.06 5.45 ± 0.04 

Secondary Control 10 0.02 ± 0.004 0.24 ± 0.01 6.05 ± 0.05 

LAMP-1-561 41 0.48 ± 0.05 0.50 ± 0.01 633 ± 30 

˦ Standard error. 

 

A      B        C          D 
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This data closely resembles the data obtained for LAMP-1-488 lysosomal marked 

endocytic compartments to validate reproducible labelling of LAMP-1-555 marked 

compartments.  

Last, the intensity of LAMP-1-561 markers in the observation region of the laser beam is 

approximately 633. As with Rab5-561 markers, the intensities for the corresponding primary and 

secondary controls are approximately one hundred fold less than the true measurement of 

LAMP-1 markers. There is some minor non-specific binding occurring due to the greater 

fluorescent intensity measured for the secondary controls. Thus, the data for this experiment 

suggests that on average there are approximately 25,078 antibodies of LAMP-1-561 per cluster. 

This measurement is greater in magnitude in comparison to other markers due to the fact the 

intensity is only 10% above the background.   

The auto correlation amplitude corresponding to clusters containing LAMP-1-561 is 

approximately 0.48. The auto correlation amplitudes corresponding to the primary and secondary 

controls are at least twenty-four-fold less in magnitude than the measurement of the auto 

correlation amplitude for LAMP-1-561 marked compartments. This difference in magnitude 

between the auto correlation amplitudes for the controls and LAMP-1-561 compartments means 

0.48 is a reliable representation for the auto correlation amplitude corresponding to clusters 

containing LAMP-1-561 markers. 

The fit for 𝜔 is approximately 0.50 microns. This is one of the largest fits observed for 

clusters containing a specific marker. Additionally, this fit for the laser beam corresponding to 

LAMP-1-561 markers is approximately 2.5 fold larger in magnitude than the fits obtained for the 

secondary controls which is approximately 0.20 microns.  Using Figure 2.6, the diameter of 

LAMP-1 marked endosomes can be extrapolated to be approximately 0.64 microns.  

3.1.4.3 LAMP-1-633 Marked Lysosomal Endocytic Compartments in C2C12 Cells 

LAMP-1-633 was used to study the distribution and location of lysosomal endocytic 

compartments in C2C12 cells. Labelling and imaging of LAMP-1-647 marked compartments in 

cells was accomplished in the same fashion as previously shown for Rab5-561, Rab7-633, 

Rab11-633, LAMP-1 488, and LAMP-1 555 markers. 
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In Figure 3.7, image A corresponds to a sample labelled with only the primary antibodies 

specific for LAMP-1-633 markers. Image B corresponds to a sample labelled with only the 

secondary antibodies specific for the primary antibodies for LAMP-1 markers. Image C is 

representative of a cell sample labelled with primary and secondary antibodies for LAMP-1-633 

markers. Image D is a contrast enhanced image of image C for clearer visualization of the range 

of labelling efficiencies. 

       

Figure 3.7 LAMP-1-633 Marked Lysosomal Endocytic Compartments in C2C12 

Cells 

Image A corresponds to a sample labelled with only the primary antibodies specific for LAMP-

1-633 markers. Image B corresponds to a sample labelled with only the secondary antibodies 

specific for the primary antibodies for LAMP-1 markers. Image C is representative of a cell 

sample labelled with primary and secondary antibodies for LAMP-1 markers. Image D is a 

contrast enhanced image of image C for clearer visualization of the range of labelling 

efficiencies. 

 

Images A and B in Figure 3.7 illustrate the minimal fluorescence emitted from the 

primary and secondary controls in cells, respectively, however there is some fluorescence of 

light emitted from the secondary antibodies in cells as shown in image B due to the faint red 

spots observed. Image C is a clear representation of specific binding of LAMP-1-633 markers. 

Image D is shown for contrast enhancement and better visualization. 

The data corresponding to Figure 3.7 is represented in Table 3.8. Table 3.8 is a 

representation of the averages of the auto correlation amplitude, fitted laser beam width, and 

average intensity of LAMP-1-633 markers from a data set of 10 images of the primary, 5 images 

of the secondary, and 41 images of the LAMP-1-633 positive controls. The values for each 

parameter are shown with the standard error. 

A      B        C          D 
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Table 3.8 Averages of ICS Paramaters for Images of Antibody Controls of LAMP-1-

633 Marked Lysosomal Endocytic Compartments in C2C12 Cells 

Species 𝒏𝒊𝒎𝒂𝒈𝒆𝒔 〈𝐠(𝟎, 𝟎)〉 〈𝛚 (𝛍𝐦)〉 〈𝑰𝒂𝒗𝒈.〉 

Primary Control 10 0.0001 ± 0.0000
˦
 0.27 ± 0.08 14.4 ± 1.2 

Secondary Control 5 0.008 ± 0.001 0.34 ± 0.06 12.0 ± 0.3 

LAMP-1-633 41 0.43 ± 0.03 0.51 ± 0.01 419 ± 18 
˦
 Standard error. 

The averaged parameters each reflect a similar error with respect to the experiments 

corresponding to cells labelled with primary and secondary antibodies specific for Rab5-561, 

Rab7-633, and Rab11-633. More importantly, the data closely resemble the data obtained for 

LAMP-1-488 and LAMP-1-561 Marked Lysosomal Endocytic Marked Compartments to 

validate reproducible labelling of LAMP-1 compartments. 

The average intensity of LAMP-1-633 markers in the observation region of the laser 

beam is approximately 419. The average intensities for the corresponding controls are 

approximately thirty-fold less than the intensity measurement of LAMP-1-633 markers. The 

intensity, however, the secondary intensity is 1.6 units of intensity less than the primary 

intensity. Thus, there is no non-specific LAMP-1-633 antibody binding under these experimental 

conditions and the number of LAMP-1 antibodies per cluster cannot be estimated.  

The auto correlation amplitude corresponding to clusters containing LAMP-1-633 is 

approximately 0.43. The auto correlation amplitudes corresponding to the primary and secondary 

controls are at least fifty-three-fold less in magnitude than the measurement for the auto 

correlation amplitude for clusters containing LAMP-1-633 markers. This is a promising 

measurement to indicate a reliable representation for the auto correlation amplitude 

corresponding to clusters containing LAMP-1-633 markers. 

The fit for 𝜔 is approximately 0.51. This fit for the laser beam corresponding to LAMP-

1-633 markers is approximately 2 fold larger in magnitude than the fits obtained for the 

secondary control, which is 0.34 microns. As with Rab11 marked compartments, the true fit for 

the laser beam is slightly larger in comparison; therefore, by adjusting Figure 2.6 to have a  𝜔𝑂 

value of 0.34 microns, the diameter of Rab11 endosomes can be extrapolated to approximately 

0.60 microns.   
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3.1.5 Comparisons of Marked Endocytic Compartments in C2C12 Cells 

The purpose of this section is to quantitatively compare each species from all data 

obtained. Each of the data discussed in Chapter 3.1 is summarized below in Table 3.9 for further 

interpretation and comparison.  

Table 3.9 Summary of Averaged ICS Parameters for Cells Labelled with Markers of 

Endocytic Compartments 

Species 𝒏𝒊𝒎𝒂𝒈𝒆𝒔 〈𝐠(𝟎, 𝟎)〉 〈𝛚 (𝛍𝐦)〉 〈𝑰𝒂𝒗𝒈.〉 

Rab5-561 38 0.23 ± 0.02
˦
 0.32 ± 0.01 598 ± 24 

Rab7-633 37 0.31 ± 0.03 0.48 ± 0.06 312 ± 15 

Rab11-633 34 0.18 ± 0.01 0.44 ± 0.01 511 ± 42 

LAMP-1-488 35 0.50 ± 0.03 0.47 ± 0.01 558 ± 23 

LAMP-1-561 41 0.48 ± 0.05 0.50 ± 0.01 633 ± 30 

LAMP-1-633 41 0.43 ± 0.03 0.51 ± 0.01 419 ± 18 

This data has been previously shown; the purpose is to compare and contrast each of the 

averaged parameters obtained. 
˦ 
Standard error. 

 

In Table 3.9, the autocorrelation amplitude ranges between 0.23-0.50. Specifically, the 

auto correlation amplitude increases with the progression of endosomes in the clathrin mediated 

endocytic pathway.  

The resolution of the microscope is dependent on the wavelength of light; therefore, the 

longer the wavelength of light, a slightly larger fit for the laser beam is expected for species 

labelled with different fluorescent probes. For example; the fits for the laser beam width for each 

LAMP-1 marker increases with fluorescent probe.  

In addition, the fit for 𝜔 ranges between 0.32-0.51 microns. Based on this data, one 

would observe that the fit obtained for each associated marker increases with progression of 

endosomes in the clathrin mediated endocytic pathway. In all cases, the measured fit for each 

cluster containing markers reflects a convolution of the laser beam with the endosome. On 

average, the endosomes have a diameter ranging approximately between 0.34-0.60 microns.  

The average intensity for each species of interest ranges between 300–600.  There is no 

absolute trend with the intensity; however, it must be remembered that the intensity of 
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fluorescence emission from a species will vary with experiments and is dependent on the 

intensity of light at the sample and gain of detection of the intensity. 

As discussed in Chapter 2, one can use the data obtained to calculate the average number 

of clusters that contain a specific species, 〈𝑁𝑆𝑝𝑒𝑐𝑖𝑒𝑠〉, the number of clusters that contain a 

particular species per square micron, 〈CD〉, and the relative degree of aggregation for the number 

of species per cluster, 〈DA〉. The averaged calculations are in reference to the data obtained and 

are represented in Table 3.10. 

Table 3.10 Averages of Derived Paramaters for Cells Labelled with Markers for 

Endocytic Compartments in C2C12 Cells 

Species 〈𝑵𝑺𝒑𝒆𝒄𝒊𝒆𝒔〉 〈𝐂𝐃〉 〈𝐃𝐀〉 

Rab5-561 5.70 ± 0.45
˦
 18.0 ± 1.4 127 ± 10 

Rab7-633 4.22 ± 0.35 6.51 ± 0.67 91.3 ± 7.6 

Rab11-633 6.06 ± 0.31 10.9 ± 0.8 92.2 ± 10.0 

LAMP-1-488 2.19 ± 0.10 3.54 ± 0.29 268 ± 13 

LAMP-1-561 2.87 ± 0.23 4.22 ± 0.49 259 ± 17 

LAMP-1-633 2.61 ± 0.13 3.49 ± 0.27 175 ± 10 

Calculations are based on the data represented in Table 3.9. 
˦ 
Standard error. 

 

In Table 3.10, the number of clusters that contain a marker of an endocytic compartment 

is on the order of 2-6 clusters. Due to the increasing trend of the auto correlation amplitudes for 

each cluster containing markers, a decrease in the number of clusters that contain marker species 

is expected as the number of clusters is calculated by taking the reciprocal of the auto correlation 

amplitude. There are a greater number of clusters observed to contain either Rab5 or Rab11 

markers than there are to contain Rab7 and LAMP-1 markers. Also, there is similarity in the 

number of species containing LAMP-1 markers as measured by the differently labelled 

secondary antibody probes. 

In addition, the cluster density appears to be largest in magnitude for Rab5 and Rab11 

marked endocytic compartments than for Rab7 and LAMP-1 marked compartments. The cluster 

density depends on the number of clusters and the fit obtained for the laser beam; the number of 

clusters fluctuates to a greater extent than the average fit for the beam in these experiments. 

Therefore, the values measured for the cluster density are weighed by the number of clusters. 
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This study has provided a means to understand the distribution of markers and that there 

are in fact differences exhibited; there appear to be fewer clusters of larger size observed as the 

clathrin mediated endocytic pathway progresses.  

3.2 Co-Localization of Marked Endocytic Compartments in C2C12 Cells 

In the previous section, each marker was characterized separately. In this section, the 

pairwise co-localization of markers will be discussed.  

As discussed in the introduction, markers are replaced at the various stages of the 

endocytic pathway. Specifically, Rab7 markers have been studied and shown to replace Rab5 

markers when early endosomes mature into late endosomes. LAMP-1 markers are known to 

replace Rab7 markers when late endosomes fuse with lysosomes. Thus, there markers are known 

to co-localize at some point during these replacement stages for maturation and fusion of 

endosomes. Thus, this study was performed to explore the extent to which two markers may 

simultaneously co-exist during maturation and fusion steps.  This study will provide information 

in regard to whether each marker previously studied in Chapter 3.1 is unique for one endosomal 

compartment.  

 Recall, it is important to understand that the colors chosen for visualization for imaging 

or analysis in ImageJ is not relevant. Red and green were chosen to visualize the extent of 

interaction among two species because when overlaid, red and green reflect the color yellow. 

Thus, for a high degree of co-localization between pairwise interaction of red and green species 

in an image, one would expect to see yellow regions in the overlaid image to confirm the 

presence of two markers occupying the same cluster. Image Cross Correlation Spectroscopy is 

then important to provide the quantitative means to interpret the extent of co-localization of two 

markers and a better interpretation of how much yellow is truly observed. 

In this section, the following experimental combinations were studied; Rab5-561 & 

Rab7-633, Rab5-561 & Rab11-633, Rab5-561 & LAMP-1-633, and Rab7-633 & LAMP-1-561. 

The experimental procedure for immunofluorescent labelling of two markers in cells can be 

found in Chapter 2.6.1. Laser scanning confocal microscopy imaging of two markers can be 

found in Chapter 2.10.3.2. Image Cross Correlation Spectroscopy analysis can be found in 

Chapter 2.11.2. 
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In Chapter 3.8, data is shown to reflect no cross reactivity or cross talk with species. 

3.2.1 Rab5-561 & Rab7-633 Marked Endocytic Compartments in C2C12 Cells 

Cells were doubly labelled for Rab5-561 and Rab7-633 markers; these markers are 

specific for early and late endosomes, respectively. Figure 3.8 shows contrast enhanced images 

of Rab5-561, in red, and Rab7-633, in green, marked compartments in one cell. The Merge 

image is an overlay of the Rab5-561 and Rab7-633 contrast enhanced images. The Original 

Merge is an overlay of the Rab5-561 and Rab7-633 images that were originally obtained in the 

experiment without contrast enhancement. Thus, the Original Merge image is shown for 

comparison to that of the Merge image. 

        Rab5-561                         Rab7-633                          Merge                       Original Merge 

          

Figure 3.8 Rab5-561 & Rab7-633 Marked Endocytic Compartments in C2C12 Cells 

 

In Figure 3.8, very few yellow regions are observed in the overall Merge image. 

Therefore, the few yellow clusters in the Merge image imply that there is a small degree of co-

localization of Rab5-561 and Rab7-633 markers occupying the same cluster. 

Table 3.11 reflects the calculations obtained via Image Cross Correlation Spectroscopy 

analysis.  Specifically, the number of clusters containing markers, 〈𝑁𝑆𝑝𝑒𝑐𝑖𝑒𝑠〉 and the average 

fractions of co-localization of Rab5-561 and Rab7-633 markers are represented. The average 

fraction of clusters containing Rab5-561 markers that also contain Rab7-633 markers is denoted 

by 〈𝐹(𝑅𝑎𝑏5|𝑅𝑎𝑏7)〉. Likewise, the average fraction of clusters containing Rab7-633 markers 

that also contain Rab5-561 markers is denoted by 〈𝐹(𝑅𝑎𝑏7|𝑅𝑎𝑏5)〉.  
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Table 3.11 Average Number of Clusters Containing Species and Fractions of Co-

Localization of Rab5 & Rab7 Markers in C2C12 Cells 

Species 〈𝑵𝑺𝒑𝒆𝒄𝒊𝒆𝒔〉 〈𝑭(𝑹𝒂𝒃𝟓|𝑹𝒂𝒃𝟕)〉 〈𝑭(𝑹𝒂𝒃𝟕|𝑹𝒂𝒃𝟓)〉 

Rab5-561 5.39 ± 0.50
˦
 

  Rab7-633 5.49 ± 0.86 

  Rab5-561 & 

Rab7-633 2.16 ± 0.26 0.46 ± 0.05 0.53 ±0.06 
˦
 Standard error.  

 

The calculations for the average number of clusters of species represented in Table 3.11 

reflect that there are approximately 5.39 clusters that contain Rab5-561 markers and 

approximately 5.49 clusters containing Rab7-633 markers. Lastly, there are approximately 2.16 

clusters that contain both Rab5-561 and Rab7-633 markers.  

The calculations for the average fractions of co-localization represented in Table 3.11 

reflect on average approximately 46% of clusters that contain Rab5-561 markers also contain 

Rab7-633 markers and approximately 53% of the clusters containing Rab7-633 markers also 

contain Rab5-561 markers. Thus, half of the clusters containing Rab7-633 have Rab5-561, and 

half of the clusters containing Rab5-561 have Rab7-633.  

It is important to keep to consideration  the fractions shown in Table 3.11 are not a direct 

calculation of the average number of pairwise labelled clusters to the individual number of 

clusters. In addition, the fractions of co-localization are perhaps larger than one might have 

expected from the images. To ensure that this is not an artifact of the cross-correlation function 

of random or coincidental fluctuations, random images of Rab5-561 and Rab7-633 obtained 

from different cells were cross correlated. This data showed that the cross correlation amplitudes 

obtained from 55 images ranged from 0.00-0.10, with an average of 0.02.  So, the cross 

correlated values could be systematically overestimated by 16% on average. Thus, a fraction of 

0.46 may be as low as 0.40 because of coincidental cross correlation. 

Thus, this is a very important calculation to do for two color experiments in which the 

markers are quite dense in the region of observation to ensure that two species of interest being 

measured are in fact measuring the estimate of clusters and fractions of co-localization.  
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3.2.2 Rab5-561 & Rab11-633 Marked Endocytic Compartments in C2C12 Cells 

Cells were doubly labelled for Rab5 and Rab11 markers to study the pairwise co-

localization of the early and recycling endocytic markers, respectively. 

Figure 3.9 shows contrast enhanced images of Rab5-561, in red, and Rab11-633, in 

green, marked compartments in one cell. The Merge image is an overlay of the Rab5-561 and 

Rab11-633 contrast enhanced images. The Original Merge is an overlay of the Rab5-561 and 

Rab11-633 images that were originally obtained in the experiment without contrast 

enhancement. Thus, the Original Merge image is shown for comparison to that of the Merge 

image. 

         Rab5-561                         Rab11 -633                      Merge                       Original Merge 

          

Figure 3.9  Rab5-561 & Rab11-633 Marked Endocytic Compartments in C2C12 Cells 

 

The Merge image in Figure 3.9, there are few yellow regions to indicate some co-

localization among Rab5-561 and Rab11-633 markers occupying the same cluster,. 

Table 3.12 reflects the average calculations obtained using Image Cross Correlation 

Spectroscopy analysis. Specifically, the number of clusters containing markers, 〈𝑁𝑆𝑝𝑒𝑐𝑖𝑒𝑠〉 and 

the average fractions of co-localization of Rab5-561 and Rab11-633 markers are represented. 

The average fraction of clusters containing Rab5-561 markers that also contain Rab11-633 

markers is denoted by 〈𝐹(𝑅𝑎𝑏5|𝑅𝑎𝑏11)〉. Likewise, the average fraction of clusters containing 

Rab11-633 markers that also contain Rab5-561 markers is denoted by 〈𝐹(𝑅𝑎𝑏11|𝑅𝑎𝑏5)〉. 
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Table 3.12 Average Number of Clusters Containing Species and Fractions of Co-

Localization of Rab5-561 & Rab11-633 Markers in C2C12 Cells 

Species 〈𝑵𝑺𝒑𝒆𝒄𝒊𝒆𝒔〉 〈𝑭(𝑹𝒂𝒃𝟓|𝑹𝒂𝒃𝟏𝟏)〉 〈𝑭(𝑹𝒂𝒃𝟏𝟏|𝑹𝒂𝒃𝟓)〉 

Rab5-561 13.4 ± 0.8
˦
 

  Rab11-633 6.75 ± 0.38 

  Rab5-561 & 

Rab11-633 2.85 ± 0.27 0.23 ± 0.02 0.44 ± 0.04 
˦
 Standard error. 

 

The calculations for the average number of clusters of species represented in Table 3.12 

reflect that there are approximately 13.4 clusters containing Rab5-561 markers and 

approximately 6.75 clusters containing Rab11-633 markers. Lastly, there are approximately 2.86 

clusters that contain both Rab5-561 and Rab11-633 markers.  

The calculations for the average fractions of co-localization represented in Table 3.12 

reflect on average approximately 23% of clusters that contain Rab5-561 markers also contain 

Rab11-633 markers and approximately 44% of the clusters containing Rab11-633 markers also 

contain Rab5-561 markers.  

The images obtained in Figure 3.9 and the averaged values calculated in Table 3.12 are in 

agreement; visually speaking, a small fraction of clusters containing Rab5-561 also contain 

Rab11-633 markers than do clusters containing Rab5-561 also contain Rab11-633.  

3.2.3 Rab5-561 & LAMP-1-633 Marked Endocytic Compartments in C2C12 Cells 

Cells were doubly labelled for Rab5-561 and LAMP-1-633 markers to study the pairwise 

co-localization of the early and lysosomal endocytic markers, respectively. 

Figure 3.10 shows contrast enhanced images of Rab5-561, in red, and LAMP-1-633, in 

green, marked compartments in one cell. The Merge image is an overlay of the Rab5-561 and 

LAMP-1-633 contrast enhanced images. The Original Merge is an overlay of the Rab5-561 and 

LAMP-1-633 images that were originally obtained in the experiment without contrast 

enhancement. Thus, the Original Merge image is shown for comparison to that of the Merge 

image. 



74 

 

          Rab5-561                     LAMP-1-633                       Merge                     Original Merge 

          

Figure 3.10  Rab5-561 & LAMP-1-561 Marked Endocytic Compartments in C2C12 

Cells 

 

Similar to the co-localization of Rab5-561 with Rab7-633 and Rab11-633 markers, the 

Merge image in Figure 3.10 shows some presence of yellow in the Merge image thus reflecting 

co-localization among Rab5-561 and LAMP-1-633 markers.  

Table 3.13 reflects the average calculations obtained using Image Cross Correlation 

Spectroscopy analysis. Specifically, the number of clusters containing markers, 〈𝑁𝑆𝑝𝑒𝑐𝑖𝑒𝑠〉 and 

the average fractions of co-localization of Rab-5-561 and LAMP-1-633 markers are represented. 

The average fraction of clusters containing Rab5-561 markers that also contain LAMP-1-633 

markers is denoted by 〈𝐹(𝑅𝑎𝑏5|𝐿𝐴𝑀𝑃 − 1)〉. Likewise, the average fraction of clusters 

containing LAMP-1-633 markers that also contain Rab5-561 markers is denoted by 

〈𝐹(𝐿𝐴𝑀𝑃 − 1|𝑅𝑎𝑏5)〉. 

Table 3.13 Average Number of Clusters Containing Species and Fractions of Co-

Localization of Rab5-561 & LAMP-1-633 Markers in C2C12 Cells 

Species 〈𝑵𝑺𝒑𝒆𝒄𝒊𝒆𝒔〉 〈𝑭(𝑹𝒂𝒃𝟓|𝑳𝑨𝑴𝑷 − 𝟏)〉 〈𝑭(𝑳𝑨𝑴𝑷 − 𝟏|𝑹𝒂𝒃𝟓)〉 

Rab5-561 5.66 ± 0.65
˦
 

  Lamp-1-633 4.96 ± 0.51 

  Rab5-561 & 

LAMP-1-633 1.58  ±  0.31 0.32  ± 0.05 0.31  ± 0.04 
˦
 Standard error. 

 

The calculations for the average number of clusters of species represented in Table 3.13 

reflect that there are approximately 5.66 clusters containing Rab5-561 markers and 
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approximately 4.96 clusters containing LAMP-1-633 markers. Lastly, there are approximately 

1.58 clusters that contain both Rab5-561 and LAMP-1-633 markers. 

The calculations for the average fractions of co-localization represented in Table 3.13 

reflect on average approximately 32% of clusters that contain Rab5-561 markers also contain 

LAMP-1-633 markers. Additionally, approximately 31% of the clusters containing LAMP-1-633 

markers also contain Rab5-561 markers.  

The images obtained in Figure 3.10 and the averaged values calculated in Table 3.13 are 

in agreement; visually speaking, a very small fraction of each species is located on another 

cluster consisting of another species. This finding, however, is very surprising. According to the 

literature, Rab5-561 compartments are meant to be specific for early endosomes and LAMP-1-

633 compartments specific for lysosomes. Thus, the presence of Rab5 early endocytic markers 

on lysosomal endosomes was an unexpected result. 

3.2.4 Rab7-633 & LAMP-1-561 Marked Endocytic Compartments in C2C12 Cells 

Cells were doubly labelled for Rab7-633 and LAMP-1-561 markers to study the pairwise 

co-localization of the late and lysosomal endocytic markers, respectively. 

Figure 3.11  shows contrast enhanced images of Rab7-633, in red, and LAMP-1-561, in 

green, marked compartments in one cell. The Merge image is an overlay of the Rab7-633 and 

LAMP-1-561 contrast enhanced images. The Original Merge is an overlay of the Rab7-633 and 

LAMP-1-561 images that were originally obtained in the experiment without contrast 

enhancement. Thus, the Original Merge image is shown for comparison to that of the Merge 

image. 
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         Rab7-633                    LAMP-1-561                        Merge                      Original Merge 

          

Figure 3.11  Rab7-633 & LAMP-1-561 Marked Endoyctic Compartments in C2C12 

Cells 

 

There are a large number of yellow regions in the Merge image in Figure 3.11. Thus, this 

reflects a very high degree of co-localization of Rab7-633 and LAMP-1-561 markers. 

Table 3.14 reflects the average calculations obtained via Image Cross Correlation 

Spectroscopy analysis. Specifically, the number of clusters containing markers, 〈𝑁𝑆𝑝𝑒𝑐𝑖𝑒𝑠〉 and 

the average fractions of co-localization of Rab7-633 and LAMP-1-561 markers are represented. 

The average fraction of clusters containing Rab7-633 markers that also contain LAMP-1-561 

markers is denoted by 〈𝐹(𝑅𝑎𝑏7|𝐿𝐴𝑀𝑃 − 1)〉. Likewise, the average fraction of clusters 

containing LAMP-1-561 markers that also contain Rab7-633 markers is denoted by 

〈𝐹(𝐿𝐴𝑀𝑃 − 1|𝑅𝑎𝑏7)〉. 

Table 3.14 Average Number of Clusters Containing Species and Fractions of Co-

Localization of Rab7-633 & LAMP-1-561 Markers in C2C12 Cells 

Species 〈𝑵𝑺𝒑𝒆𝒄𝒊𝒆𝒔〉 〈𝑭(𝑹𝒂𝒃𝟕|𝑳𝑨𝑴𝑷 − 𝟏)〉 〈𝑭(𝑳𝑨𝑴𝑷 − 𝟏|𝑹𝒂𝒃𝟕)〉 
Rab7-633 1.95 ± 0.14

˦
  

 LAMP-1-561 1.81 ± 0.20   

Rab7-633 & 

LAMP-1-561 1.46 ± 0.14 0.74 ± 0.04 0.86 ± 0.03 
˦
 Standard error. 

 

3.2.5 Summary of Fractions & Comparison in C2C12 

Table 3.15 is a summarized table of each of the averaged fractions of co-localization 

obtained for two species in C2C12 cells previously discussed.  
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Table 3.15 Summary of fractions of co-localization with Standard Error in C2C12 

Cells 

〈𝐹(𝑅𝑒𝑑|𝐺𝑟𝑒𝑒𝑛)〉 Rab5 Rab7 Rab11 LAMP-1 

Rab5 - 0.46 ± 0.05 0.23 ± 0.02 0.32  ± 0.05 

Rab7 0.53 ± 0.06
˦
 - N.D 0.74 ± 0.04 

Rab11 0.44 ± 0.04 N.D - N.D 

LAMP-1 0.31  ± 0.04 0.86 ± 0.03 N.D - 

N.D refers to “No Data”. 
˦ 
Standard error 

 

 The results presented in Table 3.15 reflect the following; each cluster consisting of one 

marker for an endocytic compartment contains at least one other marker for another endocytic 

compartment.  

 The extent to which Rab5 markers associate with Rab7 markers is largest in magnitude in 

comparison to the association of Rab5 markers with LAMP-1 and Rab11 markers. This is a 

reasonable estimate as early endosomes mature into late endosomes thus some degree of co-

existence is expected to occur among Rab5 and Rab7 markers occupying the same cluster. 

Additionally, the co-existence of Rab11 markers on compartments marked with Rab5 is expected 

as there may be some recycling of receptors occurring from the early endosome onto the 

recycling endosome to be recycled back to the plasma membrane. However, given there is some 

degree of co-existence of Rab5 and LAMP-1 markers on the same cluster, this measurement 

implies that Rab5 markers are not fully displaced on endosomes during the maturation step of 

early to late endosomes; Rab5 markers are still present on lysosomes. 

 The extent to which Rab7 markers associate with LAMP-1 markers is greater in 

comparison to the association of Rab7 markers with Rab5 markers. Consistent with the 

hypothesized claim that late endosomes fuse with lysosomes, perhaps a higher co-localization of 

Rab7 and LAMP-1 markers than Rab7 with Rab5 markers is expected. 

 The extent to which LAMP-1 markers associate with Rab7 markers is largest in 

magnitude in comparison to the association of LAMP-1 with Rab5 markers. This is promising 

such that co-localization among lysosomes and early endosome markers is not fully expected. 
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However, as previously mentioned, there is some degree of co-existence of Rab5 and LAMP-1 

markers on the same cluster.  

In summary, these results support the hypothesis for this thesis for markers in terms of 

their maturation and fusion steps. Additionally, this study has provided additional information 

that although these markers associate with appropriate endosomes as known in the literature, it 

has been inferred that these markers are not specifically unique to one endocytic compartment, 

and that they can be simultaneously present on one endosome, or cluster.  

3.3 Co-localization of One Endocytic Marker with Two Other Endocytic 

Markers in C2C12 Cells 

The previous section discussed the extent to which two markers are simultaneously found 

in one endosome or compartment. Chapter 3.3 focusses on the co-localization of three markers to 

determine if one cluster could have three markers present. Results show the co-localization of 

markers for the early, late, and lysosomal endocytic compartments are expected to associate to a 

lesser extent than the association of two markers. 

As with the two color experiments, each of the secondary antibodies used for labelling 

their respective compartments consisted of an emission profile that did not overlap. The 

experimental procedure for immunofluorescent labelling of three markers in cells can be referred 

to Chapter 2.7.1. Laser scanning confocal microscopy imaging of two markers can be referred to 

in Chapter 2.10.3.3. Triple Image Cross Correlation Spectroscopy analysis can be referred to in 

Chapter 2.11.3. 

3.3.1 Rab5-561, Rab7-633, & LAMP-1-488 Marked Compartments in C2C12 Cells 

Figure 3.12 is a visual representation of contrast enhanced images of a cell labelled with 

Rab5 (in red), Rab7 (in green), and LAMP-1 (in blue). The Merge image is all three individual 

images merged.  
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          Rab5-561                      Rab7-633                     LAMP-1-488                    Merge 

       

Figure 3.12 Rab5-561 & Rab7-633 & LAMP-1-488 Marked Endocytic 

Compartments in C2C12 Cells 

 

 In Figure 3.12, there appear to be some “yellow” spots observed to reflect Rab5-561 and 

Rab7-633 co-localization. Additionally, the observed purple spots in the image reflect the co-

localization of Rab5-561 and LAMP-1-488 markers. Rab7-633 and LAMP-1-488 co-localize by 

the apparent “cyan” color observed due to the overlapping green and blue images. 

In a three-color labelling experiment, one would observe the color white with 100% 

overlap of red, green, and blue. This is not immediately obvious, thus triple image cross 

correlation spectroscopy (TRICCS) is done to extract a quantitative representation for the 

association of three species. 

Table 3.16 shows the number of images, 𝑛𝑖𝑚𝑎𝑔𝑒𝑠 obtained in one experiment with the 

corresponding average number of clusters observed containing markers, 〈𝑁𝑆𝑝𝑒𝑐𝑖𝑒𝑠〉. Seventeen 

images were used for analysis; thirty images were obtained for this experiment, thus thirteen 

were rejected for analysis. These images reflect that of the measurements obtained for one and 

two color experiments, for which a much greater amount of images were obtained. 
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Table 3.16 Averaged Number of Clusters Containing Markers in C2C12 cells 

Species 𝒏𝒊𝒎𝒂𝒈𝒆𝒔 〈𝑵𝑺𝒑𝒆𝒄𝒊𝒆𝒔〉 

Rab5-561 17 2.80 ± 0.33
˦
 

Rab7-633 17 3.91 ± 0.44 

LAMP-1-488 17 5.85 ± 0.43 

Rab5-561 & Rab7-633 17 0.66 ± 0.14 

Rab5-561 & LAMP-1-633 17 0.43 ± 0.09 

Rab7-633 & LAMP-1-488 17 1.56 ± 0.25 

Rab5-561 & Rab7-633 & LAMP-1-488 17 1.72 ± 0.41 
˦ 
Standard error.

 

  

 The most important observation to note is the similarities observed in comparison to one 

and two color experiments. The relative number of clusters containing individual species and 

number of clusters containing two species compare with previous results for two color 

experiments and shown in Table 3.11, Table 3.12, Table 3.13, and Table 3.14. 

Table 3.16 reflects the numbers of clusters containing one marker ranges between 2.80-

5.85. Additionally, the number of clusters in which two markers are observed simultaneously is 

also in agreement with previous experiments, such that the number of clusters of markers 

observed ranges between 0.43-1.56. There is slight variation with each individual measurement; 

however it must be remembered that this is a different sample for which these measurements 

were calculated. For further validation, the 10% standard error reflected in the measurement is in 

agreement with the 10% errors reflected in previous experiments.  

 In contrast to previous experiments, the number of clusters containing Rab5-561, Rab7-

633, and LAMP-1-488 markers is 1.72. To fully understand this value, fractions of co-

localization were calculated and are represented in Table 3.17. 

Table 3.17 Average Fractions of Co-Localization of Endocytic Markers in C2C12 

Cells 

〈𝐅(𝐑𝐚𝐛𝟓|𝐑𝐚𝐛𝟕 𝐋𝐀𝐌𝐏 − 𝟏)〉 〈𝐅(𝐑𝐚𝐛𝟕|𝐑𝐚𝐛𝟓 𝐋𝐀𝐌𝐏 − 𝟏)〉 〈𝐅(𝐋𝐀𝐌𝐏 − 𝟏|𝐑𝐚𝐛𝟓 𝐑𝐚𝐛𝟕)〉 

0.56 ± 0.06
˦
 0.42 ± 0.06 0.28 ± 0.05 

˦
 Standard error. 
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According to Table 3.17, approximately 56% of the clusters containing Rab5 markers also 

contain Rab7 and LAMP-1 markers. Approximately 42% of clusters containing Rab7 markers 

contain Rab5 and LAMP-1 markers. Lastly, approximately 28% of clusters containing LAMP-1 

markers contain Rab5 and Rab7 markers. 

In reference to Table 3.15, approximately 46% of clusters containing Rab5 markers also 

contain Rab7 markers and approximately 32% of clusters containing Rab5 markers also contain 

LAMP-1 markers. Thus, the 56% fraction of Rab5 clusters that contain Rab7 and LAMP-1 

markers is an implication that there are a large number of complexes in which three species are 

present and possibly fewer compartments in which only two markers are present. In addition, this 

finding suggests that the population measured to contain Rab5 and Rab7 also contain LAMP-1. 

In reference to Table 3.15, approximately 53% of clusters containing Rab7 markers also 

contain Rab5 markers and 74% of clusters containing Rab7 markers also contain LAMP-1 

markers. Therefore, a 42% extent of co-localization of Rab7 with two markers is 20% less in 

comparison to Rab7/LAMP-1 association. 

Lastly, as shown in Table 3.15, approximately 31% of clusters containing LAMP-1 

markers contain Rab5 markers and approximately 86% of clusters containing LAMP-1 markers 

also contain Rab7 markers. Therefore, the 28% association of Rab5 with each of the other two 

markers makes sense and a small fraction of the clusters that contain LAMP-1 and Rab5 markers 

must also contain Rab7 markers. 

This supports that compartments contain markers known to be specific for the early, late 

and lysosomal endocytic compartments in C2C12 cells.  In addition, this data suggests that not 

only can one compartment contain all three markers, but Rab5 markers are present on late and 

lysosomal endocytic compartments and not displaced at the end of the endocytic pathway.  

Pairwise and three marker clusters are potentially observed in C2C12 cells. However, the 

complexes which are marked by two markers may also take into account a complex in which one 

other marker is also present. 
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3.4 Individually Labelled Endocytic Marked Compartments in A549 Cells 

The data and analysis in Chapter 3.4 refer to confocal fluorescence microscopy images of 

A549 cells singly labelled with primary antibodies specific for markers of clathrin mediated 

endocytic compartments and fluorescent secondary antibodies specific for the corresponding 

primary antibodies. Primary and secondary antibody pairs corresponding to Rab5, Rab7, Rab11, 

and LAMP-1 were used to study markers specific for early, late, recycling, and lysosomal 

endocytic compartments in A549 cells, respectively. 

Materials and methods corresponding to labelling of markers in cells can be found in 

Chapter 2.4. Laser scanning confocal microscopy imaging of one marker can be found in 

Chapter 2.10.3.1. Image Cross Correlation Spectroscopy can be referred to in Chapter 2.11.1. 

3.4.1 Rab5-561 Marked Early Endocytic Compartments in A549 Cells 

Rab5-561 was used to study the distribution and location of early endocytic 

compartments in A549 cells. 

In Figure 3.13, images A and B correspond to images of two control samples; image A 

corresponds to one cell from a sample labelled with only the primary antibodies specific for 

Rab5 markers. Image B corresponds to one cell from a sample labelled with only the secondary 

antibodies specific for the primary antibodies for Rab5 markers. Image C is representative of one 

cell from a sample labelled with primary and secondary antibodies for Rab5-561 markers. Image 

D is a contrast enhanced image of image C for clearer visualization of the range of labelling 

efficiencies.  
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Figure 3.13 Images of Antibody Controls and Rab5-561 Marked Early Endocytic 

Compartments in A549 Cells 

Image A corresponds to a sample labelled with only the primary antibodies specific for Rab5-

561 markers. Image B corresponds to a sample labelled with only the secondary antibodies 

specific for the primary antibodies for Rab5 markers. Image C is representative of a cell 

sample labelled with primary and secondary antibodies for Rab5-561 markers. Image D is a 

contrast enhanced image of Image C for clearer visualization of the range of labelling 

efficiencies. 

 

Images A and B in Figure 3.13  show very little fluorescence emitted the primary and 

secondary controls in cells, respectively. However, image B shows few red regions to indicate 

non-specific binding of Rab5-561 secondary antibodies. Thus, the minimal fluorescence emitted 

from the controls in cells shown in images A and B, validates the fluorescence emitted from 

Rab5-561 marked compartments shown in image C. Image C is thus a specific visual 

representation of Rab5-561 marked compartments that have not been saturated by the laser upon 

illumination, unlike some of the regions that appear to be saturated in image D due to contrast 

enhancement.   

The data corresponding to Figure 3.13 is represented in Table 3.18. Table 3.18 is a 

representation of the averages of the auto correlation amplitude, fitted laser beam width, and 

average intensity of Rab5-561 markers from a data set of 10 images of the primary, 10 images of 

the secondary, and 26 images of Rab5-561. The values for each parameter are shown with the 

standard error. 

A      B        C          D 
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Table 3.18 Averages of ICS Parameters for Images of Antibody Controls and Rab5-

561 Marked Early Endocytic Compartments in A549 cells 

Species 
𝒏𝒊𝒎𝒂𝒈𝒆𝒔 

〈𝐠(𝟎, 𝟎)〉 〈𝛚 (𝛍𝐦)〉 〈𝑰𝒂𝒗𝒈.〉 

Primary Control 
10 

0.003 ± 0.001
˦
 0.33 ± 0.07 11.6 ± 0.2 

Secondary Control 
10 

0.07 ± 0.01 0.28 ± 0.02 15.2 ± 0.8 

Rab5-561 
26 

0.27 ± 0.03 0.31 ± 0.01 337 ± 12 
˦
 Standard error. 

 

The average intensity of Rab5-561 markers in the observation region of the laser beam is 

approximately 337. After obtaining several images, the measurement of the intensity of Rab5-

561 markers in the observation area is at least twenty-one-fold greater in comparison to the 

intensity of the controls. However, as shown in Figure 3.13, there is non-specific binding of the 

Rab5-561 secondary antibodies, which is based on the difference in intensity for the primary and 

secondary control. Thus, using the intensities and auto correlation amplitudes for primary, 

secondary, and positive controls for Rab5, there are approximately 345 Rab5-561 antibodies per 

cluster.  

The value for the auto correlation amplitude for clusters containing Rab5-561 markers is 

approximately 0.27. The values obtained for the primary and secondary control amplitudes are at 

least three-fold less in magnitude than that of the measurement for the auto correlation amplitude 

for clusters containing Rab5-561 markers. This difference in magnitude is promising to reflect a 

specific estimate of the auto correlation amplitude corresponding to clusters containing Rab5-

561 markers.  

The fit for the true measurement of the laser beam is approximately 0.28 microns; 

therefore, the experimentally measured width for the laser beam for Rab5-561 marked 

endosomes arises from convolution. However, the endosomes are larger than approximately 0.31 

microns in diameter.  

3.4.2 Rab7-633 Marked Late Endocytic Compartments in A549 Cells 

Rab7-633 was used to study the distribution and location of late endocytic compartments 

in A549 cells. 
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In Figure 3.14, image A corresponds to a sample labelled with only the primary 

antibodies specific for Rab7 markers. Image B corresponds to a sample labelled with only the 

secondary antibodies specific for the primary antibodies for Rab7 markers. Image C is 

representative of a cell sample labelled with primary and secondary antibodies for Rab7-633 

markers. Image D is a contrast enhanced image of Image C for clearer visualization of the range 

of labelling efficiencies. 

           

Figure 3.14  Rab7 Late Endocytic Markers in A549 Cells 

Image A corresponds to a sample labelled with only the primary antibodies specific for Rab7 

markers. Image B corresponds to a sample labelled with only the secondary antibodies specific 

for the primary antibodies for Rab7 markers. Image C is representative of a cell sample 

labelled with primary and secondary antibodies for Rab7 markers. Image D is a contrast 

enhanced image of image C for clearer visualization of the range of labelling efficiencies.  

 

Images A and B in Figure 3.14  show minimal fluorescence emitted from the primary and 

secondary controls in cells, respectively. This minimal fluorescence emitted from the controls in 

cells in comparison to the fluorescence emitted as shown in image C means that the fluorescence 

in the cell shown in image C is a specific representation of Rab7-633 marked late endocytic 

compartments. Image D is shown for contrast enhancement. 

The data corresponding to Figure 3.14 is represented in Table 3.19. In Table 3.19, the 

averages of the auto correlation amplitude, fitted laser beam width, and average intensity of 

Rab7-633 markers from a data set of primary, secondary, and Rab7-633 are shown. The values 

for each parameter are shown with the standard error. 

A      B        C          D 
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Table 3.19 Averages of ICS Parameters for Images of Antibody Controls and Rab7-

633 Marked Late Endocytic Compartments in A549 cells 

Species 𝒏𝒊𝒎𝒂𝒈𝒆𝒔 〈𝐠(𝟎, 𝟎)〉 〈𝛚 (𝛍𝐦)〉 〈𝑰𝒂𝒗𝒈.〉 

Primary Control 10 0.08 ± 0.03
˦
 0.33 ± 0.22 13.4 ± 0.1 

Secondary Control 
10 

0.06 ± 0.0006 0.26 ± 0.01 20.0 ± 0.7 

Rab7-633 26 0.80 ± 0.21 0.43 ± 0.01 344 ± 26 
 

˦ 
Standard error. 

The average intensity of Rab7-633 markers in the observation area of the laser beam is 

approximately 344. This intensity is at least ten-fold greater in comparison to the intensity 

corresponding to the primary and secondary controls. As discussed and shown previously in 

Equation 28, one can infer and calculate the estimate for the average number of antibodies per 

cluster from the intensities and auto correlation amplitudes of the controls; the data for this 

experiment suggests that there are approximately 654 antibodies of Rab7 per cluster.  

The auto correlation amplitude for clusters containing Rab7 markers is approximately 

0.80. The average auto correlation amplitudes corresponding to the primary and secondary 

controls are at least 13 fold less in magnitude than the measurement of the auto correlation 

amplitude for clusters containing Rab7 markers; which is indicative based on the low intensity of 

fluorescence emitted from primary and secondary antibodies.  

Lastly, the fit for  corresponding to Rab7-633 marked compartments is approximately 

0.43 microns and the fit corresponding to the secondary control is 0.26 microns.  Like Rab5-561 

marked compartments, this experimental value also arises from convolution. Using Figure 2.6, 

the extrapolated diameter of Rab11 marked compartments is approximately 0.52 microns.  

3.4.3 Rab11-633 Marked Recycling Endocytic Compartments in A549 Cells 

Rab11-633 was used to study the distribution and location of recycling endocytic 

compartments in A549 cells. 

In Figure 3.15, image A corresponds to a sample labelled with only the primary 

antibodies specific for Rab11 markers. Image B corresponds to a sample labelled with only the 

secondary antibodies specific for the primary antibodies for Rab11 markers. Image C is 

representative of a cell sample labelled with primary and secondary antibodies for Rab11-633 
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markers. Image D is a contrast enhanced image of Image C for clearer visualization of the range 

of labelling efficiencies.  

 

                                               

Figure 3.15  Rab11-633 Marked Recycling Endocytic Marked Compartments in 

A549 Cells. 

Image A corresponds to a sample labelled with only the primary antibodies specific for Rab11 

markers. Image B corresponds to a sample labelled with only the secondary antibodies specific 

for the primary antibodies for Rab11 markers. Image C is representative of a cell sample 

labelled with primary and secondary antibodies for Rab11-633 markers. Image D is a contrast 

enhanced image of Image C for clearer visualization of the range of labelling efficiencies.  

 

Images A and B in Figure 3.15 show the minimal fluorescence emitted from the primary 

and secondary controls in cells, respectively. However, there is non-specific binding occurring as 

shown in image B, due to the presence of faint green regions. However, image C reflects specific 

labelling of Rab11-633 compartments. This minimal fluorescence emitted from the primary and 

secondary controls in cells validates the fluorescence emitted as shown from an image labeled 

with primary antibodies specific for Rab11 markers and secondary antibodies specific for the 

primary antibodies, in image C. Image C is a specific representation of Rab11 marked recycling 

endocytic compartments that have not been saturated by the laser upon illumination. Image D is 

shown for contrast enhancement. 

Table 3.20 shows the averages of the auto correlation amplitude, fitted laser beam width, 

and average intensity from a data set for 4 images of primary, 10 images of secondary, and 31 

images of  Rab11 positive controls. The values for each parameter are shown with the standard 

error. 

A      B        C          D 
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Table 3.20 Averages of ICS Parameters for Images of Antibody Controls and Rab11-

633 Marked Recycling Endocytic Compartments in A549 cells 

Species 𝒏𝒊𝒎𝒂𝒈𝒆𝒔 〈𝐠(𝟎, 𝟎)〉 〈𝛚 (𝛍𝐦)〉 〈𝑰𝒂𝒗𝒈.〉 

Primary Control 4 0.002 ± 0.001
˦
 0.43 ± 0.11 35.9 ± 0.2 

Secondary Control 10 0.08 ± 0.01 0.33 ± 0.03 71.7 ± 4.0 

Rab11-633 31 0.34 ± 0.03 0.36 ± 0.01 499 ± 28 
˦
Standard Error 

 

The average intensity of Rab11-633 markers in the observation area of the laser beam is 

approximately 499. The intensities for the corresponding primary and secondary controls are 

approximately seven-fold less in magnitude compared to the intensity of Rab11-633 markers but 

none the less are still a fraction of the overall intensity emitted from clusters of Rab11-633 

markers. As shown in Figure 3.15, image B has some non-specific binding given the intensity is 

measured to be on average 71.7. Thus, on average, the number of Rab11 antibodies per 

fluorescent cluster is approximately 51 antibodies per cluster. This is a small number of 

antibodies observed per cluster, smallest in magnitude than what has been observed in previous 

experiments.  

The auto correlation amplitude for clusters containing Rab11-633 markers is 

approximately 0.34. The amplitudes corresponding to the primary and secondary controls are at 

least four-fold less in magnitude than the measurement of the auto correlation amplitude for 

clusters containing Rab11-633 markers. Specifically, the secondary control auto correlation 

amplitude is 0.08, which is encouraging that although there is non-specific binding occurring, 

there is little correlation of the intensity fluctuation to contribute to the true measurement of 

Rab11 clusters.  

Lastly, the fit for  is approximately 0.36 microns which is approximately the same size 

of the secondary control. However, this value reflects slight convolution, similar to Rab7 marked 

compartments.  In this case, the true  𝜔𝑂 is larger than 0.24 microns. Thus, Figure 2.6 can be 

adjusted accordingly to calculate a diameter of approximately the same size as 0.30 microns.  

3.4.4 LAMP-1 Marked Lysosomal Endocytic Compartments in A549 Cells 
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LAMP-1 Marked Lysosomal Endocytic Compartments were studied in three separate 

experiments using three secondary antibodies with different fluorescent probes.  Different 

fluorescent probes were required for double labelling experiments to be discussed later in this 

chapter. The three LAMP-1 experiments used were Alexa Fluor 488, 555, and 633 secondary 

antibodies (labelled LAMP-1-488, LAMP-1-555, and LAMP-1-633).  

3.4.4.1 LAMP-1 488 Marked Lysosomal Endocytic Compartments in A549 Cells 

LAMP-1 488 was used to study the distribution and location of lysosomal endocytic 

compartments in A549 cells.  

In Figure 3.16, image A corresponds to a sample labelled with only the primary 

antibodies specific for LAMP-1 markers. Image B corresponds to a sample labelled with only the 

secondary antibodies specific for the primary antibodies for LAMP-1 markers. Image C is 

representative of a cell sample labelled with primary and secondary antibodies for LAMP-1-488 

markers. Image D is a contrast enhanced image of image C for clearer visualization of the range 

of labelling efficiencies. 

       

Figure 3.16 LAMP-1-488 Marked Lysosomal Endocytic Compartments in A549 Cells 

Image A corresponds to a sample labelled with only the primary antibodies specific for LAMP-

1 markers. Image B corresponds to a sample labelled with only secondary antibodies specific 

for the primary antibodies for LAMP-1 markers. Image C is representative of a cell sample 

labelled with primary and secondary antibodies for LAMP-1-488 markers. Image D is a 

contrast enhanced image of Image C for clearer visualization of the range of labelling 

efficiencies. 

 

Images A and B in Figure 3.16 illustrate the minimal fluorescence emitted from the 

primary and secondary controls in cells, respectively. The minimal amount of fluorescence 

emitted from the controls in cells validates the fluorescence emitted the cell shown in image C 

A      B        C          D 
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for LAMP-1-488 markers. Image C is a clear representation of LAMP-1-488 marked lysosomal 

endocytic compartments that have not been saturated by the laser upon illumination. Image D is 

shown for better visualization. 

The data corresponding to Figure 3.16 is represented in Table 3.21. Table 3.21 is a 

representation of the averages of the auto correlation amplitude, fitted laser beam width, and 

average intensity of LAMP-1-488 markers from a data set of 4 images of  primary, 10 images of 

secondary, and 31 images of LAMP-1-488 positive controls. The values for each parameter are 

shown with standard error. 

Table 3.21 Averages of ICS Parameters for Images of Antibody Controls and LAMP-

1 488 Marked Lysosomal Endocytic Compartments in A549 Cells 

Species 𝒏𝒊𝒎𝒂𝒈𝒆𝒔 〈𝐠(𝟎, 𝟎)〉 〈𝛚 (𝛍𝐦)〉 〈𝑰𝒂𝒗𝒈.〉 

Primary Control 4 0.001 ± 0.000
˦
 0.45 ± 0.07 16.0 ± 0.18 

Secondary Control 10 0.09 ± 0.02 0.28 ± 0.02 27.9 ± 1.7 

LAMP-1 488 31 0.30 ± 0.07 0.28 ± 0.01 200 ± 6 
 

˦ 
Standard error. 

The average intensity of LAMP-1 markers in the observation region of the laser beam is 

approximately 200. The intensities for the corresponding controls are at least seven-fold less than 

the intensity measurement of LAMP-1 markers. On average, there are approximately 51 LAMP-

1-488 antibodies per cluster. 

The auto correlation amplitude for clusters containing LAMP-1-488 markers is 

approximately 0.30. The average auto correlation amplitudes corresponding to the primary and 

secondary controls are at least one-hundred-fold less in magnitude than the measurement of the 

auto correlation amplitude for clusters containing LAMP-1-488 marked compartments. This is a 

promising measurement to indicate a specific representation for the auto correlation amplitude 

corresponding to clusters containing LAMP-1-488 markers. 

The fit for 𝜔 corresponding to LAMP-1 488 marked compartments is approximately 0.28 

microns, which is the same size for the true beam width as measured by the secondary control.  

These results suggest the measurement of the beam width of LAMP-1-488 clusters does not arise 

from convolution. In addition, the approximate size of LAMP-1 marked endosomes is 0.28 

microns in diameter. 
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3.4.4.2 LAMP-1 -561 Marked Lysosomal Endocytic Compartments in A549 Cells 

LAMP-1-561 was used to study the distribution and location of lysosomal endocytic 

compartments in C2C12 cells.  

In Figure 3.17, Image A corresponds to a sample labelled with only the primary 

antibodies specific for LAMP-1 markers. Image B corresponds to a sample labelled with only the 

secondary antibodies specific for the primary antibodies for LAMP-1 markers. Image C is 

representative of a cell sample labelled with primary and secondary antibodies for LAMP-1-561 

markers. Image D is a contrast enhanced image of Image C for clearer visualization of the range 

of labelling efficiencies. 

           

Figure 3.17  LAMP-561 Marked Late Endocytic Compartments in A549 Cells 

Image A corresponds to a sample labelled with only the primary antibodies specific for LAMP-

1 markers. Image B corresponds to a sample labelled with only the secondary antibodies 

specific for the primary antibodies for LAMP-1 markers. Image C is representative of a cell 

sample labelled with primary and secondary antibodies for LAMP-1 markers. Image D is a 

contrast enhanced image of image C for clearer visualization of the range of labelling 

efficiencies.  

 

Images A and B in Figure 3.17 illustrate the minimal fluorescence emitted from the 

primary and secondary controls in cells, respectively. However, there is some fluorescence 

emitted from the secondary control in the cell, shown by the presence of faint blue regions in 

image B. Nonetheless, this minimal fluorescence emitted from the controls implies the 

fluorescence emitted from the cell as shown in image C is representative of LAMP-1-561 

markers. 

The data corresponding to Figure 3.17 is represented in Table 3.22.  Table 3.22 is a 

representation of the averages of the auto correlation amplitude, fitted laser beam width, and 

A      B        C          D 
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average intensity of LAMP-1 markers from a data set of multiple images of the primary, 

secondary, and LAMP-1 positive controls. The values for each parameter are shown along with 

the standard error. 

Table 3.22 Averages of ICS Parameters for Images of Antibody Controls and LAMP-

1-561 Marked Lysosomal Endocytic Compartments in A549 cells 

Species 𝒏𝒊𝒎𝒂𝒈𝒆𝒔 〈𝐠(𝟎, 𝟎)〉 〈𝛚 (𝛍𝐦)〉 〈𝑰𝒂𝒗𝒈.〉 

Primary Control 10 0.02 ± 0.02
˦
 0.40 ± 0.14 12.7 ± 0.22 

Secondary Control 10 0.46 ± 0.14 0.24 ± 0.01 30.0 ± 1.4 

LAMP-1-561 32 0.53 ± 0.04 0.36 ± 0.01 453 ± 32 
˦ 
Standard error. 

 

The intensity of LAMP-1-561 markers in the observation region of the laser beam is 

approximately 453. The intensities for the corresponding controls are at least fifteen-fold less 

than the intensity of LAMP-1-561 markers. The intensity of the secondary control is at least two-

fold greater than the intensity of the primary control; therefore, although the intensity due to this 

non-specific binding will impact the intensity measurement of LAMP-1-561 markers, the 

intensity measurement of LAMP-1-561 markers is specific. 

The precise estimate for the average number of antibodies per cluster from the intensities 

and auto correlation amplitudes of the controls; as such, the data for this experiment suggests that 

there are approximately 28 LAMP-1 antibodies per cluster.  

The auto correlation amplitude corresponding to clusters containing LAMP-1-561 is 

approximately 0.53. The auto correlation amplitudes corresponding to the primary controls are 

less in magnitude than the measurement of LAMP-1-561 marked compartments. However, the 

amplitude for the secondary control is only 0.07 units less than the amplitude of LAMP-1-561 

clusters. Thus, this observation also provides some indication that the non-specific binding may 

have some influence on the measurement of the auto correlation amplitude for LAMP-1 561 

marked clusters.   

The fit for  is approximately 0.36 microns and the true fit of the laser beam is 0.24 

microns. Using Figure 2.6, the extrapolated diameter for LAMP-1 marked compartments is 

approximately 0.42 microns.  
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3.4.4.3 LAMP-1 -633 Marked Lysosomal Endocytic Compartments in A549 Cells 

LAMP-1-633 was used to study the distribution and location of lysosomal endocytic 

compartments in A549 cells.  

In Figure 3.18, image A corresponds to a sample labelled with only the primary 

antibodies specific for LAMP-1 markers. Image B corresponds to a sample labelled with only the 

secondary antibodies specific for the primary antibodies for LAMP-1 markers. Image C is 

representative of a cell sample labelled with primary and secondary antibodies for LAMP-1-633 

markers. Image D is a contrast enhanced image of image C for clearer visualization of the range 

of labelling efficiencies.  

       

Figure 3.18  LAMP-1-633 Endocytic Marked Compartments in A549 Cells 

Image A corresponds to a sample labelled with only the primary antibodies specific for LAMP-

1 markers. Image B corresponds to a sample labelled with only the secondary antibodies 

specific for the primary antibodies for LAMP-1 markers. Image C is representative of a cell 

sample labelled with primary and secondary antibodies for LAMP-1 markers. Image D is a 

contrast enhanced image of Image C for clearer visualization of the range of labelling 

efficiencies.  

 

Images A and B in Figure 3.18 illustrate the minimal fluorescence emitted from the 

primary and secondary controls in cells, respectively. However, there is definitely some 

fluorescence emitted from the secondary control in the cell to indicate some non-specific binding 

as shown in image B. Nonetheless, this minimal fluorescence emitted from the controls validates 

the fluorescence emitted from a cell image labeled with primary antibodies specific for LAMP-1 

markers and secondary antibodies specific for the primary antibodies. Image C is a clear 

representation of LAMP-1-633 marked lysosomal endocytic compartments that have not been 

saturated by the laser upon illumination. Image D is shown for clear visualization.   

A      B        C          D 
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The data corresponding to Figure 3.7 is represented in Table 3.23. Table 3.23 is a 

representation of the averages of the auto correlation amplitude, fitted laser beam width, and 

average intensity of LAMP-1 markers from a data set of multiple images of the primary, 

secondary, and LAMP-1-633. The values for each parameter are shown along with the standard 

error. 

Table 3.23 Averages of ICS Parameters for Images of Antibody Controls and LAMP-

1-633 Marked Lysosomal Endocytic Compartments in A549 cells 

Species 〈𝐠(𝟎, 𝟎)〉 〈𝛚 (𝛍𝐦)〉 〈𝑰𝒂𝒗𝒈.〉 

Primary Control 0.004 ± 0.003
˦
 0.33 ± 0.04 13.3 ± 0.4 

Secondary Control 0.25 ± 0.04 0.37 ± 0.03 39.8  ± 4.6 

LAMP-1-633 0.10 ± 0.01 0.33 ± 0.01 468 ± 29 
˦
 Standard error. 

 

Last, the average intensity of LAMP-1-633 markers in the observation region of the laser 

beam is approximately 468 .The intensities for the corresponding controls are at least eleven-fold 

less in comparison to that of the measurement of LAMP-1-633 markers. This low intensity is 

promising and indicates that although there is some small degree of non-specific binding, it does 

not dominate the system and the positive LAMP-1-633 measurement is reliable. 

One can infer and calculate the estimate for the average number of antibodies per cluster 

from the intensities and auto correlation amplitudes of the controls; thus the number of LAMP-1 

antibodies per cluster as it pertains to the data obtained in this experiment is approximately 6 

antibodies per cluster.  

The auto correlation amplitude corresponding to clusters containing LAMP-1-633 is 

approximately 0.10. The auto correlation amplitudes corresponding to the primary control is at 

least sixty-two-fold less in magnitude than the measurement of LAMP-1 marked compartments. 

However, there is a relatively large auto correlation amplitude corresponding to the secondary 

antibody to potentially indicate non-specific binding, as was shown with LAMP-1-555 secondary 

non-specific binding. 
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The fit for 𝜔 is approximately 0.33 microns. The fit obtained for LAMP-1 633 marked 

compartments indicates the diameter of clusters containing LAMP-1 633 markers is 

approximately the same size of the laser beam width.  

3.4.5 Comparisons of Endocytic Marked Compartments in A549 Cells 

The purpose of this section is to quantitatively compare each species from the data 

obtained. Each of the data discussed in Chapter 3.4 is summarized below in Table 3.24 for 

further interpretation and comparison.  

Table 3.24 Summary of Averages of ICS Parameters for Cells Labelled with Markers 

of Endocytic Compartments 

Species 𝒏𝒊𝒎𝒂𝒈𝒆𝒔 〈𝐠(𝟎, 𝟎)〉 〈𝛚 (𝛍𝐦)〉 〈𝑰𝒂𝒗𝒈.〉 

Rab5-561 31 0.27 ± 0.03
˦
 0.31 ± 0.01 337 ± 12 

Rab7-633 26 0.80 ± 0.21 0.43 ± 0.01 344 ± 26 

Rab11-633 31 0.34 ± 0.03 0.36 ± 0.01 499 ± 28 

LAMP-1-488 30 0.30 ± 0.07 0.28 ± 0.01 200 ± 6 

LAMP-1-561 32 0.53 ± 0.04 0.36 ± 0.01 453 ± 32 

LAMP-1 633 26 0.10 ± 0.01 0.33 ± 0.01 468 ± 29 

This data has been previously shown; the purpose is to compare and contrast each of the 

averaged parameters obtained. 
˦ 
Standard error. 

 

In Table 3.24, the autocorrelation amplitude ranges between 0.20-0.50. The auto 

correlation amplitude does not reflect any obvious trend associated with the progression of the 

clathrin mediated endocytic pathway, as shown with C2C12 cells. One key feature one may 

observe from this data is the relatively large auto correlation amplitude observed for Rab7 

markers. 

Additionally, the fit for 𝜔 ranges between 0.31-0.43 microns. Similarly with the auto 

correlation amplitude, the fit for the laser beam is constant, reflecting no specific trend.  As 

shown, the corresponding extrapolated diameter for each endosome ranges in size of 

approximately 0.30-0.50 microns.  

The average intensity for each species of interest ranges between 300–600.There is no 

absolute trend in terms of the intensity as the intensity of fluorescence emission from a species 
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can vary with experiments and is dependent on transmittance of light to the sample and gain of 

intensity. 

As shown earlier in this Chapter corresponding to markers in C2C12 cells, one can derive 

expressions from the data obtained to calculate the average number of clusters that contain a 

specific species, , 〈𝑁𝑆𝑝𝑒𝑐𝑖𝑒𝑠〉, the number of clusters that contain species per square micron, 〈CD〉, 

and the relative degree of aggregation for the number of species per cluster, 〈DA〉. The averaged 

calculations are in reference to the data obtained and represented in Table 3.25. 

Table 3.25 Averages of Derived ICS Parameters for Cells Labelled with Markers for 

Endocytic Compartments in A549 Cells 

Species 〈𝑵𝑺𝒑𝒆𝒄𝒊𝒆𝒔〉 〈𝑪𝑫〉 〈𝑫𝑨〉 

Rab5-561 4.83 ± 0.56
˦
 17.1 ± 1.8 89.8 ± 9.7 

Rab7-633 1.94 ± 0.20 4.02 ± 0.68 227 ± 29 

Rab11-633 3.56 ± 0.65 9.09 ± 0.75 163 ± 13 

LAMP-1-488 4.88 ± 0.42 20.1 ± 1.8 57.1 ± 11 

LAMP-1-561 2.24 ± 0.16 5.57 ± 0.49 221 ± 16 

LAMP-1-633 11.1 ± 0.8 3.86 ± 0.38 43.6 ± 2.0 
 

Calculations are based on the data represented in Table 3.24. 
˦ 
Standard error. 

In Table 3.25, the average number of clusters and clusters per square micron that contain 

a marker of an endocytic compartment reveals no specific trend with the progression of the 

clathrin mediated endocytic pathway.   

3.5 Co-localization of Endocytic Marked Compartments in A549 Cells 

In this section, as with C2C12 cells, the pairwise co-localization of markers was studied in 

A549 cells. 

In this section, the following experimental combinations were studied; Rab5-561 & Rab7-

633, Rab5-561 & Rab11-633, Rab5-561 & LAMP-1-631, and Rab7-631 & LAMP-1-561. 

3.5.1 Rab5-561 & Rab7-631 Marked Endocytic Compartments in A549 Cells 

Cells were doubly labelled for Rab5-561 and Rab7-633 markers; these markers are 

known to be specific for early and late endosomes, respectively.  Figure 3.19 shows contrast 

enhanced images of Rab5-561, in red, and Rab7-633, in green, marked compartments in one cell. 
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The Merge image is an overlay of the Rab5-561 and Rab7-631 contrast enhanced images. The 

Original Merge is an overlay of the Rab5-561 and Rab7-631 images that were originally 

obtained in the experiment without contrast enhancement. Thus, the Original Merge image is 

shown for comparison to that of the Merge image. 

          Rab5-561                      Rab7-633                         Merge                     Original Merge 

       

Figure 3.19  Rab5-561 & Rab7-633 Marked Endocytic Compartments in A549 Cells 

 

The Merge image in Figure 3.8 reflects few regions of yellow clusters to imply some co-

localization of Rab5-561 and Rab7-633 markers. 

Table 3.26 reflects the average calculations obtained via Image Cross Correlation 

Spectroscopy analysis. Specifically, the number of clusters containing markers, 〈𝑁𝑆𝑝𝑒𝑐𝑖𝑒𝑠〉 and 

the average fractions of co-localization of Rab5-561 and Rab7-631 markers are represented. The 

average fraction of clusters containing Rab5-561 markers that also contain Rab7-631 markers is 

denoted by 〈𝐹(𝑅𝑎𝑏5|𝑅𝑎𝑏7)〉. Likewise, the average fraction of clusters containing Rab7-631 

markers that also contain Rab5-561 markers is denoted by 〈𝐹(𝑅𝑎𝑏7|𝑅𝑎𝑏5)〉. 

Table 3.26 Average Number of Clusters Containing Species and Fractions of Co-

Localization of Rab5-561 & Rab7-633 Marked Endocytic Compartments in A549 

Cells 

Species 〈𝑵𝑺𝒑𝒆𝒄𝒊𝒆𝒔〉 〈𝑭(𝑹𝒂𝒃𝟓|𝑹𝒂𝒃𝟕)〉 〈𝑭(𝑹𝒂𝒃𝟕|𝑹𝒂𝒃𝟓)〉 

Rab5-561 4.44 ± 0.40
˦
 

  Rab7-633 5.44 ± 0.46 

  Rab5-561 & 

Rab7-633 2.09 ± 0.21 0.50 ± 0.03 0.39 ± 0.03 

˦
 Standard error.
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The calculations for the average number of clusters of species represented in Table 3.26 

reflect that there are approximately 4.44 clusters contain Rab5-561 markers and there are 

approximately 5.44 clusters containing Rab7-633 markers. Lastly, there are approximately 2.09 

clusters of that contain both Rab5-561 and Rab7-633 markers. 

The calculations for the average fractions of co-localization represented in Table 3.26 

reflect on average approximately 50% of clusters that contain Rab5-561 markers also contain 

Rab7-633 markers and approximately 39% of the clusters containing Rab7-633 markers also 

contain Rab5-561 markers. 

3.5.2 Rab5-561 & Rab11-633 Marked Compartments in A549 Cells 

Cells were doubly labelled for Rab5-561 and Rab11-633 markers to study the pairwise 

co-localization of the early and recycling endocytic markers, respectively. 

Figure 3.20 shows contrast enhanced images of Rab5-561, in red, and Rab11-633, in 

green, marked compartments in one cell. The Merge image is an overlay of the Rab5-561 and 

Rab11-633 contrast enhanced images. The Original Merge is an overlay of the Rab5-561 and 

Rab11-633 images that were originally obtained in the experiment without contrast 

enhancement. Thus, the Original Merge image is shown for comparison to that of the Merge 

image. 

 

 

         Rab5-561                       Rab11-633                       Merge                     Original Merge 

       

Figure 3.20  Rab5-561 & Rab11-633 Marked Endocytic Compartments in A549 Cells 
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From a visual perspective, the Merge image in Figure 3.20 shows a small degree of co-

localization among Rab5-561 and Rab11-633 markers occupying the same cluster. 

 Table 3.27 reflects the average calculations obtained via Image Cross Correlation 

Spectroscopy analysis. Specifically, the number of clusters containing markers, 〈𝑁𝑆𝑝𝑒𝑐𝑖𝑒𝑠〉 and 

the average fractions of co-localization of Rab5-561 and Rab11-633 markers are represented. 

The average fraction of clusters containing Rab5-561 markers that also contain Rab11-633 

markers is denoted by 〈𝐹(𝑅𝑎𝑏5|𝑅𝑎𝑏11)〉. Likewise, the average fraction of clusters containing 

Rab11-633 markers that also contain Rab5-561 markers is denoted by 〈𝐹(𝑅𝑎𝑏11|𝑅𝑎𝑏5)〉. 

Table 3.27 Average Number of Clusters Containing Species and Fractions of Co-

Localization of Rab5-561 & Rab11-633 Markers in A549 Cells 

Species 〈𝑵𝑺𝒑𝒆𝒄𝒊𝒆𝒔〉 〈𝑭(𝑹𝒂𝒃𝟓|𝑹𝒂𝒃𝟏𝟏)〉 〈𝑭(𝑹𝒂𝒃𝟏𝟏|𝑹𝒂𝒃𝟓)〉 

Rab5-561 4.01 ± 0.43 

  Rab11-633 2.57 ± 0.32 

  Rab5-561 & 

Rab11-633 0.85 ± 0.07 0.28 ± 0.04 0.37 ± 0.03 
 

˦
 Standard error. 

The calculations for the average number of clusters of species represented in Table 3.27 

reflect that there are approximately 4.01 clusters containing Rab5-561 markers and there are 

approximately 2.57 clusters containing Rab11-633 markers. Lastly, there are approximately 0.85 

clusters that contain both Rab5-561 and Rab11-633 markers.   

The calculations for the average fractions of co-localization represented in Table 3.27 

reflect on average approximately 28% of clusters that contain Rab5-561 markers also contain 

Rab11-633 markers and approximately 37% of the clusters containing Rab11-633 markers also 

contain Rab5-561 markers.  

3.5.3 Rab5-561 & LAMP-1-633 Marked Compartments in A549 Cells 

Cells were doubly labelled for Rab5-561 and LAMP-1-633 markers to study the pairwise 

co-localization of the early and lysosomal endocytic markers, respectively. 

Figure 3.21 shows contrast enhanced images of Rab5-561, in red, and LAMP-1-633, in 

green, marked compartments in one cell. The Merge image is an overlay of the Rab5-561 and 
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LAMP-1-633 contrast enhanced images. The Original Merge is an overlay of the Rab5-561 and 

LAMP-1-633 images that were originally obtained in the experiment without contrast 

enhancement. Thus, the Original Merge image is shown for comparison to that of the Merge 

image. 

         Rab5-561                    LAMP-1-633                        Merge                     Original Merge 

         

Figure 3.21  Rab5-561 & LAMP-1-633 Marked Endocytic Compartments in A549 

Cells. 

 

From a visual perspective, the Merge image in Figure 3.21 there appears to be a large 

number of yellow clusters. Thus, there is a very high co-localization among Rab5-561 and 

LAMP-1-633 markers. 

Table 3.28 reflects the average calculations obtained via Image Cross Correlation 

Spectroscopy analysis. Specifically, the number of clusters containing markers, 〈𝑁𝑆𝑝𝑒𝑐𝑖𝑒𝑠〉 and 

the average fractions of co-localization of Rab5-561 and LAMP-1-633 markers are represented. 

The average fraction of clusters containing Rab5-561 markers that also contain LAMP-1-633 

markers is denoted by 〈𝐹(𝑅𝑎𝑏5|𝐿𝐴𝑀𝑃 − 1)〉. Likewise, the average fraction of clusters 

containing LAMP-1-633 markers that also contain Rab5-561 markers is denoted by 

〈𝐹(𝐿𝐴𝑀𝑃 − 1|𝑅𝑎𝑏5)〉. 
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Table 3.28 Average Number of Clusters Containing Species and Fractions of Co-

Localization of Rab5-561 & LAMP-1-633 Markers in A549 Cells 

Species 〈𝑵𝑺𝒑𝒆𝒄𝒊𝒆𝒔〉 〈𝑭(𝑹𝒂𝒃𝟓|𝑳𝑨𝑴𝑷 − 𝟏)〉 〈𝑭(𝑳𝑨𝑴𝑷 − 𝟏|𝑹𝒂𝒃𝟓)〉 

Rab5-561 4.59 ± 0.69
˦
 

  Lamp-1-633 4.69 ± 0.59 

  Rab5-561 & 

Lamp-1-633 3.55 ± 0.47 0.82 ± 0.04 0.80 ± 0.05 
˦
 Standard error. 

 

The calculations for the average number of clusters of species represented in Table 3.28 

reflect that there are approximately 4.59 clusters containing Rab5-561 markers and there are also 

approximately 4.69 clusters containing LAMP-1-633 markers. Lastly, there are approximately 

3.55 clusters that contain both Rab5-561 and LAMP-1-633 markers.  

The calculations for the average fractions of co-localization represented in Table 3.28 

reflect on average approximately 82% of clusters that contain Rab5-561 markers also contain 

LAMP-1-633 markers and approximately 80% of the clusters containing LAMP-1-633 markers 

also contain Rab5-561 markers.  

3.5.4 Rab7-633 & LAMP-1-561 Marked Compartments in A549 Cells 

Cells were doubly labelled for Rab7-633 and LAMP-1-561 markers to study the pairwise 

co-localization of the late and lysosomal endocytic markers, respectively. 

Figure 3.22  shows contrast enhanced images of Rab7-633, in red, and LAMP-1-561, in 

green, marked compartments in one cell. The Merge image is an overlay of the Rab7-633 and 

LAMP-1-561 contrast enhanced images. The Original Merge is an overlay of the Rab7-633 and 

LAMP-1-561 images that were originally obtained in the experiment without contrast 

enhancement. Thus, the Original Merge image is shown for comparison to that of the Merge 

image. 
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            Rab7-633                   LAMP-1-561                     Merge                     Original Merge 

       

Figure 3.22  Rab7-633 & LAMP-1-561 Marked Endocytic Compartments in A549 

Cells 

 

From a visual perspective, the Merge image in Figure 3.22 small degree of co-

localization, if any, due to few “yellow regions” one can observe in the Merge image.  

Table 3.29 reflects the average calculations obtained via Image Cross Correlation 

Spectroscopy analysis. Specifically, the number of clusters containing markers, 〈𝑁𝑆𝑝𝑒𝑐𝑖𝑒𝑠〉 and 

the average fractions of co-localization of Rab7-633 and LAMP-1-561 markers are represented. 

The average fraction of clusters containing Rab7-633 markers that also contain LAMP-1-561 

markers is denoted by 〈𝐹(𝑅𝑎𝑏7|𝐿𝐴𝑀𝑃 − 1)〉. Likewise, the average fraction of clusters 

containing LAMP-1 markers that also contain Rab7 markers is denoted by 

〈𝐹(𝐿𝐴𝑀𝑃 − 1|𝑅𝑎𝑏7)〉. 

Table 3.29 Average Number of Clusters Containing Species and Fractions of Co-

Localization of Rab7-633 & LAMP-1-561 Markers in A549 Cells 

Species 〈𝑵𝑺𝒑𝒆𝒄𝒊𝒆𝒔〉 〈𝑭(𝑹𝒂𝒃𝟕|𝑳𝑨𝑴𝑷 − 𝟏)〉 〈𝑭(𝑳𝑨𝑴𝑷 − 𝟏|𝑹𝒂𝒃𝟕)〉 

Rab7-633 3.95 ± 0.44
˦
 

  
LAMP-1-561 2.43 ± 0.24 

  Rab7-633 & 

LAMP-1-561 0.84 ± 0.15 0.26 ± 0.06 0.37 ± 0.06 
˦
 Standard error. 

 

The calculations for the average number of clusters of species represented in Table 3.29 

reflect that there are approximately 3.95 clusters containing Rab7-633 markers with and there are 
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also approximately 2.43 clusters containing LAMP-1-561 markers. Lastly, there are 

approximately 0.84 clusters that contain both Rab7-633 and LAMP-1-561 markers. 

The calculations for the average fractions of co-localization represented in Table 3.29 

reflect on average approximately 26% of clusters that contain Rab7-633 markers also contain 

LAMP-1-561 markers and approximately 37% of the clusters containing LAMP-1-561 markers 

also contain Rab7-633 markers.  

3.5.5 Summary of Fractions of Co-localization in A549 Cells 

Table 3.30 is a summary of each of the averaged fractions of co-localization obtained for 

two species in A549 cells previously discussed.  

Table 3.30 Summary of Averaged Fractions of co-localization in A549 Cells with error 

reflecting Standard Error 

〈𝐹(𝑅𝑒𝑑|𝐺𝑟𝑒𝑒𝑛)〉 Rab5 Rab7 Rab11 LAMP-1 

Rab5 - 0.50 ± 0.03 0.28 ± 0.04 0.82 ± 0.04 

Rab7 0.39 ± 0.03 - N.D 0.26 ± 0.06 

Rab11 0.37 ± 0.03 N.D - N.D 

LAMP-1 0.80 ± 0.05 0.37 ± 0.06 N.D - 

N.D refers to “No Data”. 

 

The results presented in Table 3.30 reflect the following; each cluster consisting of one 

marker for an endocytic compartment contains at least one other marker for another endocytic 

compartment. Thus, the hypothesized theory of Rab7 markers fully replacing Rab5 markers does 

not seem to be the case implied with these studies; although this process may be occurring, but 

Rab5 markers are not specifically unique to one compartment, as are Rab7 markers. 

The extent to which Rab5 markers associate with LAMP-1 markers is largest in 

magnitude in comparison to the association of Rab5 markers with Rab7 and Rab11 markers. 

Since Rab5 compartments are meant to be specific for early endosomes and LAMP-1 

compartments specific for lysosomes, 80% co-localization among the two markers is very 

significant and unusual.  
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The extent to which Rab7 markers associate with Rab5 markers is largest in magnitude in 

comparison to the association of Rab7 markers with LAMP-1 markers. Although few clusters 

contain both markers, a much higher fraction of co-localization was expected due to the fusion 

between late endosomes and lysosomes hypothesis.  

 The extent to which LAMP-1 markers associate with Rab5 markers is largest in 

magnitude in comparison to the association of LAMP-1 with Rab7 markers. 

In summary, these results do not fully support the hypothesized claim for markers by 

means of the expected interactions meant to occur with other markers for maturation and fusion 

steps in Figure 1.2. Specifically, the larger association between early and lysosome markers 

compared to late and lysosome markers is unusual. 

This study has also provided additional information that it has been inferred that these 

markers are not specifically unique to one endocytic compartment, and that they are in fact 

simultaneously present on one endosome, or cluster.  

3.6 Co-localization of One Endocytic Marked Compartment with two other 

Endocytic Marked Compartments in A549 Cells 

The previous section discussed the extent to which two markers are simultaneously found 

on one endosome or compartment. Chapter 3.6 focusses on the co-localization of three markers 

to determine if one cluster could have three markers present. Results show the co-localization of 

markers for the early, late, and lysosomal endocytic compartments are expected to associate to a 

lesser extent than the association of two markers. 

As with the two color experiments, each of the secondary antibodies used for labelling 

their respective compartments consisted of an emission profile that did not overlap. The 

experimental procedure for immunofluorescent labelling of three markers in cells can be referred 

to Chapter 2.7.1. Laser scanning confocal microscopy imaging of two markers can be referred to 

in Chapter 2.10.3.3. Triple Image Cross Correlation Spectroscopy analysis can be referred to in 

Chapter 2.11.3. 

3.6.1 Rab5-561, Rab7-633, & LAMP-1-488 Marked Compartments in A549 Cells 
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Figure 3.23 is a visual representation of contrast enhanced images of a cell labelled with 

Rab5-561 (red), Rab7-633 (blue), and LAMP-1-488 (green). The Merge image is all three 

individual images merged.  

          Rab5-561                        Rab7-633                    LAMP-1-488                       Merge 

          

Figure 3.23  Rab5-561, Rab7-633, and LAMP-1-488 Marked Endocytic 

Compartments in A549 Cells 

 

Table 3.31 shows the number of images, 𝑛𝑖𝑚𝑎𝑔𝑒𝑠obtained in one experiment with the 

corresponding average number of fluorescent clusters of species observed, 〈𝑁𝑆𝑝𝑒𝑐𝑖𝑒𝑠〉. These 

images precisely reflected that of the measurements obtained for one and two color experiments, 

for which a much greater amount of images were obtained. 

Table 3.31 Averaged Number of Clusters Containing Markers in A549 cells 

Species 𝒏𝒊𝒎𝒂𝒈𝒆𝒔 〈𝑵𝑺𝒑𝒆𝒄𝒊𝒆𝒔〉 

LAMP-1-488 14 5.20 ± 0.31
˦
 

Rab5-561 14 2.55 ± 0.26 

Rab7-633 14 3.74 ± 0.33 

LAMP-1-488 & Rab5-561 14 0.40 ± 0.09 

LAMP-1-488 & Rab7-633 14 0.33 ± 0.08 

Rab5-561 & Rab7-633 14 0.35 ± 0.04 

LAMP-1-488 & Rab5-561 & Rab7-633 14 0.43 ± 0.14 
˦ 
Standard error. 

 

The most important observation to note is the similarities observed in comparison to one 

and two color experiments. The relative number of clusters containing individual species and 

number of clusters containing two species compare with previous results for two color 

experiments in A549 cells. 



106 

 

Table 3.31 reflects there are between 2.55-5.20 clusters containing one marker in the 

observation region defined by the laser beam point spread function. Additionally, the number of 

clusters in which two markers are observed simultaneously is also in agreement with previous 

experiments, such that the number of clusters of markers observed ranges between 0.33-0.40. 

There is slight variation with each individual measurement, however it must be kept to 

consideration that this is a different sample for which these measurements were calculated.  

 In contrast to previous experiments, the number of clusters containing Rab5-561, Rab7-

633, and LAMP-1-488 markers is 0.43. To fully understand this value, fractions of co-

localization were calculated and are represented in Table 3.32. 

Table 3.32 Averaged Fractions of Co-localization of Endocytic Marked 

Compartments in A549 Cells 

〈𝐅(𝑳𝑨𝑴𝑷 − 𝟏|𝑹𝒂𝒃𝟓 𝑹𝒂𝒃𝟕)〉 〈𝑭(𝑹𝒂𝒃𝟓|𝑳𝑨𝑴𝑷 − 𝟏 𝑹𝒂𝒃𝟕)〉 〈𝑭(𝑹𝒂𝒃𝟕|𝑳𝑨𝑴𝑷 − 𝟏 𝑹𝒂𝒃𝟓)〉 

0.08 ± 0.03
˦
 0.16 ± 0.05 0.11 ± 0.03 

˦
 Standard error. 

 

According to Table 3.32, approximately 8% of the clusters containing LAMP-1 markers 

contain Rab5 and Rab7 markers. Approximately 16% of clusters containing Rab5 markers 

contain LAMP-1 and Rab7 markers. Lastly, approximately 11% of clusters containing Rab7 

markers contain LAMP-1 and Rab5 markers. These fractions are very small, thus indicate that of 

the total clusters specific for one marker, very few clusters have two markers simultaneously 

present in a cluster. 

As shown in Table 3.30, approximately 80% of clusters containing LAMP-1 markers 

contain Rab5 markers and approximately 37% of clusters containing LAMP-1 markers also 

contain Rab7 markers. Therefore, although LAMP-1 is likely to be found on clusters containing 

either Rab5 or Rab7, very few clusters of LAMP-1 also contain the other two markers. This is 

supported by the small fraction of clusters of LAMP-1 clusters that contain Rab7 markers. 

In reference to Table 3.30, approximately 50% of clusters containing Rab5 markers also 

contain Rab7 markers and approximately 82% of clusters containing Rab5 markers also contain 
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LAMP-1 markers. Thus, this low 16% fraction of Rab5 clusters that contain Rab7 and LAMP-1 

markers is an implication that there are also very few clusters that consist of all three markers; in 

particular, the low fraction may in fact be strongly affected by the association of Rab5 markers 

with Rab7 markers.  

Also in reference to Table 3.30, approximately 39% of clusters containing Rab7 markers 

also contain Rab5 and 26% of clusters containing Rab7 markers also contain LAMP-1 markers. 

Thus, 11% co-localization among Rab7 with two other markers may also be slightly effected by 

the Rab7/LAMP-1 interaction. 

There are clusters with binary and ternary complexes; but there may be few clusters 

containing three markers out of the total distribution of complexes. In addition, the complexes 

which are marked by two markers may also take into account a complex in which one other 

marker is also present. 

3.7 Chapter Conclusions  

The purpose of this chapter was to understand the distribution of markers in endocytic 

compartments in addition to the association of two and three markers in C2C12 and A549 cells 

as a means to either support or argue previous findings of how these markers truly associate 

during clathrin mediated endocytosis. Thus, the distribution and association of Rab proteins and 

LAMP-1 markers are important for the understanding of membrane trafficking in cells. 

Contrary to the proposed hypothesis for this thesis that markers are thought to behave 

similarly in cells, this study has ultimately shown three main points; 1) markers are not unique to 

one particular endosome, 2) the distribution of markers on endosomes and sizes of endosomes 

vary with cell type, and 3) the association or interaction of multiple markers varies with cell type. 

This work has shown that on average, the lower limit for association of one marker with 

another is approximately 20%. As discussed in the introduction, this provides some additional 

information to the understanding of “marker replacement” that is supposed to occur when an 

endosome is either maturing into another endosome or fusing with another endosome. This data 

has shown that two markers can be present on one endosome and markers are not fully displaced 

on endosomes as the pathway progresses.  
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The distribution of markers between cells lines is different. Specifically, the number of 

clusters containing markers decreases and the relative size of these clusters increases with the 

progression of the clathrin mediated endocytic pathway in C2C12 cells. In contrast, there are no 

variations observed for the distribution of clusters containing markers and the relative size of 

these clusters with the progression of endocytosis in A549 cells. Therefore, this is an interesting 

finding that exhibits the truly different nature of cells and that markers specific for endocytosis 

vary with cell type. 

The association of multiple markers between both cells is different. The maturation and 

fusion steps of endosomes and the associated markers are supported based on the results obtained 

for C2C12 studies. On the contrary, the maturation and fusion steps of endosomes and the 

associated markers are not fully supported based on the results obtained for A549 studies. 

Although similarities are observed among the early/recycling and early/late endosome 

interactions, there is a difference among early/lysosome interaction between cells.  

Likewise, the extent to which three species occupy one cluster or endosome is different 

among C2C12 and A549 cells; the results obtained for C2C12 cells indicate that there are a large 

number of clusters containing three species within a distribution of markers in comparison to 

A549 cells; specifically, there are fewer three-marker complexes observed in the total 

distribution of one, two, and three marker complexes in A549 cells. These findings also suggest 

that the fraction of complexes in which three markers are present are counted in the distribution 

of binary complexes.  

Differences in the distribution and association of multiple markers may arise due to the 

origins and functions of C2C12 and A549 cells. C2C12 cells are mouse muscle myoblastoma 

cells and A549 cells are human lung adenocarcinoma cells.
85,86

 Thus, both cell lines originate 

from different tissues and mammals which explain the differences in distribution and association 

of markers presented in this work. With respect to cell function, the purpose of muscles is to 

contract to produce force.
87

 C2C12 muscle cells in particular are interesting because they can be 

differentiated from myobloasts to osteoblasts (bone cells).
88

 Studies have shown C2C12 cells to 

be effective models for studying bone morphogenetic proteins due to their importance for 

regulating skeletal formation and embryonic development, to name a few.
89

 A549 cells are type 

II lung epithelial cells, responsible for the diffusion and transport of nutrients across the alveoli 
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of the lungs in the body.
90

 In addition, type II cells are responsible for the synthesis and secretion 

of pulmonary surfactant from cells to reduce surface tension in the lungs for ease in breathing.
91

 

Therefore, both cells are very important for the proper functioning of tissues (muscles and 

lungs), but they have different origins and functions which may explain the differences observed 

for the distribution and extent of association of markers in both cell types.  

These results are interesting findings that reflect the differences (with some similarities) of 

marker localization on clusters and the extent to which markers are able to co-exist in the same 

cluster. Based on the results from this chapter, the distribution and association of proteins 

responsible for membrane trafficking varies with cell type.  This study has provided a useful, 

further understanding of membrane trafficking, and the roles for which markers are responsible 

for associating with endosomes to permit membrane trafficking in cells. This study has also 

shown the effectiveness for ICS analysis to understand intracellular behavior of endocytosis and 

inquire about the relative size of endosomes.  

3.8 Control Experiments in C2C12 Cells 

Chapter 3.8 is an analysis of the various control experiments completed to test for cross 

reactivity and cross talk of antibodies. 

3.8.1 Control for Cross Reactivity of Antibodies in C2C12 Cells 

For any study involving the use of fluorescent antibodies in multi-color experiments, 

cross reactivity experiments must be done to ensure that each antibody used is unique for one 

specific species; in this work, the primary antibody must be specific for one marker, and the 

secondary antibody must be specific for that particular primary antibody.  

To ensure cross reactivity of antibodies was avoided, primary antibodies originate from 

different hosts; for example, in these two and three color experiments as shown in table primary 

antibodies originated from a rat, mouse, or rabbit. Despite this claim, it is recommended for 

immunofluorescence studies to do a cross reactivity experiment if in the event the 

manufacturer’s claim is not reliable.  

To test for cross reactivity of antibodies in this work, C2C12 cells were labelled with 

Rab7 and LAMP-1 as discussed previously in 3.2.4 and compared to four other samples prepared 
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without the addition of one primary or secondary antibody, in various combinations. Figure 3.24 

is a representation of this experiment. 

Experiment #                    Green Species                  Red Species 
1                                             Rab7 P&S                     LAMP-1 P&S 

   
 

2                                                Rab7 P&S                    LAMP-1 P 

 
 

3                                               Rab7 P&S                      LAMP-1 S 

 
 

4                                                   Rab7 P                    LAMP-1 P&S 

 
 

5                                                 Rab7 S                       LAMP-1 P&S 
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Figure 3.24 Control for Cross Reactivity of Antibodies in C2C12 Cells 

 

 By inspection, images with only primary antibody, such as Rab7 P or LAMP1 P appear 

to be “black” in color. Similarly, images with only secondary antibody, such as Rab7 S or 

LAMP-1 S, little fluorescence is observed to be emitted from antibodies but not a significant 

amount in comparison to images in which both primary and secondary antibodies were used as 

shown with experiment 1 in Figure 3.24.  

 Image Cross Correlation Spectroscopy was then performed and the results are shown in 

Table 3.33. 
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Table 3.33 Cross Reactivity Data in C2C12 Cells 

Experiment # Experiment Species 〈𝐠(𝟎, 𝟎)〉 〈𝛚 (𝛍𝐦)〉 〈𝑰𝒂𝒗𝒈.〉 

1 

Rab7 P&S and 

LAMP-1 P&S Rab7 P&S 0.62 ± 0.07
˦
 0.58 ± 0.05 173 ± 14 

1 

Rab7 P&S and 

LAMP-1 P&S LAMP-1 P&S 0.86 ± 0.06 0.49 ± 0.03 509 ± 92 

2 

Rab7 P&S and 

LAMP-1 P Rab7 P&S 0.40 ± 0.09 0.45 ± 0.03 116 ± 11 

2 

Rab7 P&S and 

LAMP-1 P LAMP-1 P 0.03 ± 0.01 0.31 ± 0.03 9.34 ± 0.2 

3 

Rab7 P&S and 

LAMP-1 S Rab7 P&S 0.36 ± 0.09 0.44 ± 0.05 108 ± 13 

3 

Rab7 P&S and 

LAMP-1 S LAMP-1 S 0.22 ± 0.06 0.30 ± 0.02 15.4 ± 0.7 

4 

Rab7 P and 

LAMP-1 P&S Rab7 P 0.01 ± 0.01 0.41 ± 0.08 8.58 ± 0.12 

4 

Rab7 P and 

LAMP-1 P&S LAMP-1 P&S 0.46 ± 0.13 0.48 ± 0.05 563 ± 74 

5 

Rab7 S and 

LAMP-1 P&S Rab7 S 0.12 ± 0.02 0.35 ± 0.03 20.9 ± 1.5 

5 

Rab7 S and 

LAMP-1 P&S LAMP-1 P&S 0.37 ± 0.07 0.47 ± 0.03 622 ± 60 
˦
Standard error. 

 

In some cases, antibodies can cross react. This experiment was performed to ensure the 

antibodies were specific for each species of interest. The data obtained for species of single 

primary and secondary antibodies reflect auto correlation amplitudes on the order of 0.01 and the 

intensity is at most 20 which is a representation of background. One would expect to have a 

greater magnitude in secondary control intensity than primary control intensity due to non-

specific binding of secondary antibodies.   

3.8.2 Control for Cross-Talk of Antibodies in C2C12 Cells 

Another potential issue with fluorescent imaging is cross talk. Cross talk is defined as the 

onset of emission resulting from excitation of molecules in which the fluorescent emission 

profile does not match that of the emission profile range of detection expected. For example; 

cross talk would ensue if a molecule with a 488 fluorescent tag emitted light upon excitation of a 

561 nm wavelength laser. Although this is highly unlikely, it is a good control to check. 
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Additionally, simple overlap of emission profiles of two species being excited in the same 

detection volume will give rise to cross talk. 

Thus as a control measure, a sample labelled with all three species of different 

fluorescent emission profiles was prepared. All detection channels were opened, but the sample 

was excited with only one laser at a time. The intensity was then quantified from each channel to 

determine if any intensity was detected in the channels not corresponding to the appropriate 

excitation laser. As with all imaging experiments in this thesis, the detectors were carefully set to 

detect wavelengths within a specific range; 489-564 for 488 channel, 561-620 for 561 channel, 

and 633-697 for 633 channel. 

Figure 3.25 represents the images obtained for a cross talk experiment in C2C12 cells 

where by a sample was labelled with Rab5, Rab7, and LAMP-1 488 as done previously in 

Chapter 3.3.1. 
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Figure 3.25 Control for Cross Talk of Antibodies in C2C12 Cells 

C2C12 cells labelled with Rab5, Rab7, and LAMP-1 488 as previously done in subsection 

3.3.1. 

Images A-C Correspond to images obtained by excitation with only a 488 nm laser. 

Images D-F Correspond to images obtained by excitation with only a 561 nm laser. 

Images G-I Correspond to images obtained by excitation with only a 633 nm laser. 

 

 By visual inspection, Images A, E, and I are each the positive controls. All other images 

show little fluorescence which validates there is little to no-cross talk in these experiments. 

Image correlation spectroscopy was then completed on a set of images to obtain average values 

of data in Table 3.34.  

A      B        C  

D      E        F  

G      H        I  



115 

 

Table 3.34 Average Data Obtained for Cross Talk Control Experiments in C2C12 

Cells 

Panel 

Laser 

Excitation 

Detection 

Channel 〈𝐠(𝟎, 𝟎)〉 〈𝛚 (𝛍𝐦)〉 〈𝑰𝒂𝒗𝒈.〉 

A 488 488 0.10 ± 0.02
˦
 0.45 ± 0.04 940 ± 130 

B 488 561 0.001 ± 0.000 0.40 ± 0.02 13.7 ± 0.3 

C 488 633 0.002 ± 0.000 0.35 ± 0.09 10.4 ± 0.1 

D 561 488 0.001 ±  0.000 0.34 ± 0.17 8.89 ± 4.20 

E 561 561 0.31 ± 0.16 0.24 ± 0.12 191 ± 104 

F 561 633 0.001 ± 0.001 0.04 ± 0.04 7.82 ± 3.69 

G 633 488 0.01 ± 0.01 0.11 ± 0.08 12.5 ± 0.13 

H 633 561 0.01 ± 0.01 0.21 ± 0.11 12.6 ± 0.19 

I 633 633 0.41 ± 0.11 0.50 ± 0.04 439 ± 41.4 

˦ Standard error. 

 

Based on the averages of data obtained in Table 3.34, the auto correlation amplitudes for 

Images excited with a different wavelength than their respective emission profiles are at least ten 

percent less than the auto correlation amplitude obtained for species excited with wavelengths 

matching that of their emission profile. Most importantly, the intensities reflect the positive 

controls for each of the three antibodies used. These intensities are at least ten times larger than 

that of Images excited with a different wavelength then their respective emission profiles. In 

previous experiments involving image cross correlation spectroscopy, experiments involved in 

two color samples were excited individually to avoid this issue. However, based on the results 

reported in this cross talk control experiment, fluorescence corresponding to each species of 

interest measured in two and three color experiments are unique to one species. Thus, it is 

encouraged to do two and/or three color experiments and excite two species of interest 

simultaneously with care paid attention to the wavelength range at which the detector is set.  
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3.9 Control Experiments in A549 Cells 

Chapter 3.9 is an analysis of the various control experiments completed to test for cross 

reactivity and cross talk of antibodies. 

3.9.1 Cross Reactivity Control Experiment  

To test for cross reactivity of antibodies in this work, A549 cells were labelled with Rab7 

and LAMP-1 and compared to four other samples prepared without the addition of one primary 

or secondary antibody, in various combinations, as done with C2C12 cells in 3.8.1. Figure 3.26 

is a representation of this experiment.  

Experiment #                     Green Species                  Red Species 

 1                                              Rab7 P&S                   LAMP-1 P&S 

   

 2                                         Rab7 P&S                     LAMP-1 P 

   

 3                                               Rab7 P&S                   LAMP-1 S 
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4                                              Rab7 P                    LAMP-1 P&S 

   

5                                                  Rab7 S                    LAMP-1 P&S 

   

Figure 3.26 Cross Reactivity Control Experiment in A549 Cells 

 

By inspection, images with only primary antibody, such as Rab7 P or LAMP1-P, the 

images appear to be “black” in color. Similarly, images with only secondary antibody, such as 

Rab7 S or LAMP-1 S, little fluorescence is observed but not a significant amount.  

 Image Cross Correlation Spectroscopy was then performed and the results are shown in 

Table 3.35. 
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Table 3.35 Cross Reactivity Control in A549 Cells 

Experiment 

# Experiment Channel 〈𝐠(𝟎, 𝟎)〉 〈𝛚 (𝛍𝐦)〉 〈𝑰𝒂𝒗𝒈.〉 

1 

Rab7 P&S and 

LAMP-1 P&S Rab7 P&S 0.62 ± 0.07 0.58 ± 0.05 173 ± 14 

1 

Rab7 P&S and 

LAMP-1 P&S LAMP1 P&S 0.86 ± 0.06 0.49 ± 0.03 509 ± 92 

2 

Rab7 P&S and 

LAMP-1 P Rab7 P&S 0.40 ± 0.09 0.45 ± 0.03 116 ± 11 

2 

Rab7 P&S and 

LAMP-1 P LAMP1 P 0.03 ± 0.01 0.31 ± 0.03 9.34 ± 0.2 

3 

Rab7 P&S and 

LAMP-1 S Rab7 P&S 0.36 ± 0.09 0.44 ± 0.05 108 ± 13 

3 

Rab7 P&S and 

LAMP-1 S LAMP1 S 0.22 ± 0.06 0.30 ± 0.02 15.4 ± 0.7 

4 

Rab7 P and 

LAMP-1 P&S Rab7 P 0.01 ± 0.01 0.41 ± 0.08 8.58 ± 0.12 

4 

Rab7 P and 

LAMP-1 P&S LAMP1 P&S 0.46 ± 0.13 0.48 ± 0.05 563 ± 74 

5 

Rab7 S and 

LAMP-1 P&S Rab7 S 0.12 ± 0.02 0.35 ± 0.03 20.9 ± 1.5 

5 

Rab7 S and 

LAMP-1 P&S LAMP1 P&S 0.37 ± 0.07 0.47 ± 0.03 622 ± 60 
 

 

This experiment was performed as with C2C12 cells to ensure the antibodies were 

accurately specific for each species of interest. As such, the data obtained for species of single 

primary and secondary antibodies reflect auto correlation amplitudes on the order of 0.01 and the 

intensity is at most 20 which is a representation of background. One would expect to have a 

greater magnitude in secondary control intensity than primary control intensity.  

3.9.2 Cross Talk Experiment in A549 Cells 

As shown in Chapter 3.8.2, cross talk control was also studied for A549. 

A sample labelled with all three species of different fluorescent emission profiles was 

prepared. All detection channels were opened, but the sample was excited with only one laser at 

a time. As such, the intensity was then quantified from each channel to determine if any intensity 

was detected in the channels not corresponding to the appropriate excitation laser. As with all 

experiments in this thesis, the detectors were carefully set to detect wavelengths within a specific 
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range; 489-564 for 488 nm channel, 561-620 for 561 nm channel, and 633-697 for 633 nm 

channel. 

Figure 3.25 represents the images obtained for a cross talk experiment in C2C12 cells 

where by a sample was labelled with Rab5, Rab7, and LAMP-1 488 as done previously. 

 

 

 

Figure 3.27 Control for Cross Talk of Antibodies in A549 Cells 

A549 cells labelled with Rab5, Rab7, and LAMP-1 488 as previously done in subsection  

Images A-C Correspond to images obtained by excitation with only 488 laser. 

Images D-F Correspond to images obtained by excitation with only 561 laser. 

Images G-I Correspond to images obtained by excitation with only 633 laser. 

 

 By visual inspection, Images A, E, and I are each the positive controls. All other images 

show little fluorescence which validates there is little to no-cross talk in these experiments. 

Image correlation spectroscopy was then completed on a set of images to obtain average values 

of data in Table 3.36. 

A      B        C  

D      E        F  

G      H        I  
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Table 3.36 Control for Cross Talk of Antibodies in A549 Cells 

Panel 

Laser 

Excitation 

Detection 

Channel 〈𝐠(𝟎, 𝟎)〉 〈𝛚 (𝛍𝐦)〉 〈𝑰𝒂𝒗𝒈.〉 

A 488 488 0.31 ± 0.18 0.27 ± 0.16 108 ± 63 

B 488 561 0.00004 ± 0.00002 0.36 ± 0.21 30.6 ± 3.8 

C 488 633 0.001 ± 0.001 0.52 ± 0.30 6.54 ± 3.78 

D 561 488 0.004 ± 0.004 0.66 ± 0.43 15.4 ± 0.1 

E 561 561 0.10 ± 0.02 0.33 ± 0.06 328 ± 17 

F 561 633 0.001 ± 0.003 0.70 ± 0.33 6.84 ± 0.08 

G 633 488 0.00001 ± 0.00010 0.38 ± 0.01 15.7 ± 0.0 

H 633 561 0.00002 ± 0.00000 0.32 ± 0.02 30.9 ± 0.1 

I 633 633 0.40 ± 0.06 0.38 ± 0.04 392 ± 43 

˦ Standard error. 

 

Based on the averages of data obtained in Table 3.36, the auto correlation amplitudes for 

images excited with a different wavelength then their respective emission profiles are at least ten 

percent less than the auto correlation amplitude obtained for species excited with wavelengths 

matching that of their emission profile. Most importantly, the intensities reflect the positive 

controls for each of the three antibodies used. These intensities are at least ten times larger than 

that of images excited with a different wavelength then their respective emission profiles.  
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Chapter 4 

Study of Endocytic Compartments Containing 

Phospholipid Coated Gold Nanoparticles in C2C12 and 

A549 Cells  
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4 Study of Endocytic Compartments Containing Phospholipid 

Coated Gold Nanoparticles in C2C12 and A549 Cells 

In the previous chapter, we showed that imaging and ICS analysis provide a useful means 

to study three species of interest and the extent to which they co-exist in one compartment of a 

cell. As a result, we determined that; 1) markers are not unique to one particular endosome, 2) 

the distribution of markers on endosomes and sizes of endosomes vary with cell type, and 3) the 

association or interaction of multiple markers varies between cell types.  

 This understanding of marker distribution among cells allows us to study whether the 

internalization of a specific nanoparticle system undergoes clathrin mediated endocytosis. As 

discussed in the introduction, it is understood that gold nanoparticles undergo clathrin mediated 

endocytosis. Phospholipid coated gold nanoparticles are prepared in the Petersen lab, but the 

ultimate fate and pathway of these nanoparticles in cells was undetermined. Therefore, it was of 

interest to determine the extent to which phospholipid coated gold nanoparticles synthesized in 

our lab were able to undergo clathrin mediated endocytosis based on their association with 

endocytic marked compartments.
39

  

First, we studied the internalization of phospholipid coated gold nanoparticles by exposing 

cells to phospholipid coated gold nanoparticles for 1, 2, 4 and 24 hours followed by fixation. 

This experiment is called variable exposure, fixed uptake. The internalization of phospholipid 

coated gold nanoparticles was also studied by exposing cells to phospholipid coated gold 

nanoparticles, washing the cells, and allowing uptake for 1, 2, 4, and 24 hours before fixation. 

This experiment is called fixed exposure, variable uptake. In addition, pairwise interaction 

between phospholipid coated gold nanoparticles and a marker of an endosome was studied to 

quantitatively determine the extent to which phospholipid coated gold nanoparticles associate 

with one marker of an endocytic compartment. Lastly, the three-way co-localization of 

phospholipid coated gold nanoparticles and two markers were studied to determine the extent to 

which these three species simultaneously co-existed in one compartment.  

Thus, this chapter focusses on determining the extent to which compartments contain 

phospholipid coated gold nanoparticles. This chapter will also discuss and determine if 
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phospholipid coated gold nanoparticle internalization and association with endocytic markers is 

cell type specific, by using both C2C12 and A549 cells.   

4.1 Internalization of Phospholipid Coated Gold Nanoparticles in C2C12 

Cells 

The focus of Chapter 4.1 is the study of the internalization of phospholipid coated gold 

nanoparticles in C2C12 cells. Two different experiments were performed to study the 

internalization of phospholipid coated gold nanoparticles in C2C12 cells; variable exposure, 

fixed uptake and fixed exposure, variable uptake. The images were adjusted to greyscale in 

Chapter 4.1 for better contrast. The experimental procedure required for variable exposure, fixed 

uptake of phospholipid coated gold nanoparticles is discussed in Chapter 2.3.1. The experimental 

procedure required for fixed exposure, variable uptake of phospholipid coated gold nanoparticles 

is discussed in Chapter 2.3.2. Laser scanning confocal microscopy of images is discussed 

Chapter 2.11.1. For all images containing GNPs, 488 nm laser was used to excite GNPs. Lastly, 

image cross correlation spectroscopy analysis is discussed Chapter 2.11.2. 

4.1.1 Variable Exposure, Fixed Uptake of Phospholipid Coated Gold Nanoparticles 

in C2C12 Cells 

C2C12 cells were exposed to phospholipid coated gold nanoparticles by a variable 

exposure, fixed uptake experiment. 

In Figure 4.1, images A, B, C, and D each correspond to one confocal fluorescence 

microscopy image of one cell from each of the four samples prepared in the experiment in which 

the cells in each sample were exposed to phospholipid coated gold nanoparticles for 1, 2,4 and 

24 hours, respectively, prior to fixation.  
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Figure 4.1 Images of Phospholipid Coated Gold Nanoparticles after Variable 

Exposure, Fixed Uptake in C2C12 Cells 

Images A, B, C, and D each correspond to one confocal fluorescence microscopy image of one 

cell from each of the four samples prepared in the experiment in which the cells in each sample 

were exposed to phospholipid coated gold nanoparticles for 1, 2,4 and 24 hours, respectively, 

prior to fixation.  

 

The images shown in Figure 4.1 reflect differences from exposing C2C12 cells to 

phospholipid coated gold nanoparticles for different times. For example; there appear to be a 

fewer clusters containing GNPs in the cell in image D after 24 hours of exposure then one would 

observe in the cell in image A after 1 hour of GNP exposure. 

Table 4.1 shows the averages of the auto correlation amplitude, fitted laser beam width, 

and average intensity for 20-30 images of each sample of C2C12 cells exposed to phospholipid 

coated gold nanoparticles for 1, 2, 4, and 24 hours.  

Table 4.1 ICS Parameters Corresponding for Phospholipid Coated Gold Nanoparticles 

after Variable Exposure, Fixed Uptake in C2C12 Cells 

Variable Exposure 

Time (hours) 〈𝐠(𝟎, 𝟎)〉 〈𝛚 (𝛍𝐦)〉 〈𝑰𝒂𝒗𝒈.〉 

1 0.36 ± 0.05
˦
 0.40 ± 0.02 154 ± 11 

2 0.62 ± 0.11 0.47 ± 0.02 197 ± 28 

4 0.30 ± 0.08 0.42 ± 0.03 110 ± 9 

24 0.56 ± 0.05 0.43 ± 0.01 326 ± 29 
˦
 Standard error. 

 

The average intensity measured for phospholipid coated gold nanoparticles in the 

observation region of the laser beam appears to be consistent between 1-4 hours of continuous 

exposure, however there is a two to three fold increase in the average intensity after cells have 

A      B        C          D 
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been continuously exposed to phospholipid coated gold nanoparticles for 24 hours. Even by 

visual observation of image D, this is quite evident. 

The auto correlation amplitudes obtained for each time interval of variable exposure are 

between 0.30-0.60, however there is no obvious trend observed with time of exposure. In 

addition, the average fitted laser beam width for each time interval of exposure is approximately 

0.40 microns. As discussed in Chapter 3, the fitted laser beam width is a convolution of the size 

of the species in the observation region of the laser beam and the size of the laser beam itself. 

Thus, this measurement provides some indication that these gold nanoparticle compartments may 

be larger than 0.40 microns in diameter.  

Table 4.2 shows the average number of clusters containing phospholipid coated gold 

nanoparticles, the average number of clusters containing phospholipid coated gold nanoparticles 

per square micron, and the average relative degree of aggregation of phospholipid coated gold 

nanoparticles per cluster were calculated for a set of 20-30 images per sample time interval.  The 

calculations presented in Table 4.2 correspond to data shown in Table 4.1.  

Table 4.2 Derived Paramaters for Phospholipid Coated Gold Nanoparticles after 

Variable Exposure, Fixed Uptake in C2C12 Cells 

Variable Exposure 

Time (hours) 〈𝑵𝑮𝑵𝑷𝒔〉 〈𝑪𝑫〉 〈𝑫𝑨〉 

1 4.31 ± 1.09
˦
 7.99 ± 1.30 52.0 ± 6.5 

2 2.40 ± 0.42 3.76 ± 0.85 137 ± 37 

4 5.64 ± 1.57 13.3 ± 5.6 33.1 ± 10.2 

24 2.18 ± 0.19 4.15 ± 0.48 160 ± 12 
˦
 Standard error. 

 

The average number of clusters containing phospholipid coated gold 

nanoparticles, 〈𝑁𝐺𝑁𝑃𝑠〉, and average clusters per square micron, 〈𝐶𝐷〉, show no specific trend 

with varying times of continuous exposure to C2C12 cells. The cluster density fluctuates relative 

to the number of phospholipid coated gold nanoparticles because the laser beam width does not 

change with time.  

4.1.2 Fixed Exposure, Variable Uptake of GNPs in C2C12 Cells 
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C2C12 cells were exposed to GNPs by a fixed exposure, variable uptake experiment. 

In Figure 4.2, images A, B, C, and D each correspond to one confocal fluorescence 

microscopy image of one cell from each of the four samples exposed to phospholipid coated gold 

nanoparticles for 2 hours, washed, and re-incubated for 1, 2, 4, and 24 hours, respectively, then 

fixed. 

       

Figure 4.2 Images of Phospholipid Coated Gold Nanoparticles after Fixed Exposure, 

Variable Uptake in C2C12 Cells 

Images A, B, C, and D each correspond to one confocal fluorescence microscopy image of one 

cell from each of the four samples exposed to phospholipid coated gold nanoparticles for 2 

hours, washed, and re-incubated for 1, 2, 4, and 24 hours, respectively, then fixed. 

 

 

In Figure 4.2, images A and B show distinct clusters containing phospholipid coated gold 

nanoparticles in cells after 1 and 2 hours but images C and D show mostly diffuse fluorescence 

emitted in cells after 4 and 24 hours.  

Table 4.3 shows the averages of the auto correlation amplitude, fitted laser beam width, 

and average intensity for 20-30 images of each sample of C2C12 cells exposed to phospholipid 

coated gold nanoparticles for 2 hours, then re-incubated for 1, 2, 4, and 24 hours for uptake. The 

average values for each parameter is shown with standard error. 

A      B        C          D 
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Table 4.3 ICS Paramaters for Phospholipid Coated Gold Nanoparticles after Fixed 

Exposure, Variable Uptake in C2C12 Cells 

Variable Uptake 

Time (hours) 〈𝐠(𝟎, 𝟎)〉 〈𝛚 (𝛍𝐦)〉 〈𝑰𝒂𝒗𝒈.〉 

1 0.23 ± 0.05
˦
 0.53 ± 0.07 117 ± 9 

2 0.13 ± 0.03 0.48 ± 0.02 91.4 ± 4.7 

4 0.08 ± 0.01 0.46 ± 0.02 97.6 ± 3.2 

24 0.05 ± 0.01 0.43 ± 0.01 42.6 ± 1.1 
˦
 Standard error. 

 

The average intensity measured for phospholipid coated gold nanoparticles in the 

observation region of the laser beam appears to be nearly constant between 1-4 hours of uptake, 

however there is a two-fold decrease in the average intensity after phospholipid coated gold 

nanoparticles have been present in cells for 24 hours. By visual observation, this is quite evident 

as the image reflects possible background noise.  

The auto correlation amplitude obtained for 24 hours of phospholipid coated gold 

nanoparticle uptake in C2C12 cells is less than 0.10 and approaches the lower limit of 

significance of measuring any system of interest by ICS. In contrast, the auto correlation 

amplitudes obtained for 1-4 hours of gold nanoparticle uptake in C2C12 cells is greater than 

0.10, if not approximately 0.10, which is specifically measuring the presence of phospholipid 

coated gold nanoparticles in cells and not background noise.  

The fitted laser beam width for each time interval of uptake ranges between 0.40-0.50 

microns. The size of these gold nanoparticle compartments are in very good agreement with the 

fitted laser beam width obtained for each marker of a clathrin mediated endosome as discussed in 

Chapter 3; each of these compartments similarly range in diameter of 0.50-0.60 microns.  

Table 4.4 shows the average number of clusters containing phospholipid coated gold 

nanoparticles, 〈𝑁𝐺𝑁𝑃𝑠〉 , the average number of clusters containing phospholipid coated gold 

nanoparticles per square micron, 〈𝐶𝐷〉, and the average relative degree of aggregation of 

phospholipid coated gold nanoparticles per cluster, 〈𝐷𝐴〉 , corresponding to the data shown in 

Table 4.3. The average values for each parameter are represented with respect to standard error. 
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Table 4.4 Averages of Derived Parameters for Phospholipid Coated Gold 

Nanoparticles Undergoing Fixed Exposure, Variable Uptake in C2C12 Cells 

Variable Uptake 

Time (hours) 〈𝑵𝑮𝑵𝑷𝒔〉 〈𝑪𝑫〉 〈𝑫𝑨〉 

1 10.5 ± 2.0
˦
 20.9 ± 4.4 28.7 ± 7.9 

2 11.0 ± 1.7 17.5 ± 3.6 11.9 ± 2.6 

4 16.7 ± 1.8 28.5 ± 4.6 7.4 ± 1.1 

24 29.4 ± 3.0 59.2 ± 8.8 2.2 ± 0.6 
˦
 Standard error. 

 

On average, there are about 20 clusters per square micron containing phospholipid coated 

gold nanoparticles at earlier times. After 4 hours have elapsed for uptake, there are 

approximately 28.5 clusters containing phospholipid coated gold nanoparticles and then 

approximately 59.2 clusters per square micron containing phospholipid coated gold 

nanoparticles. However, the number of clusters per square micron after 24 hours of uptake 

reflects that of the background noise in the system.  

The relative degree of aggregation for phospholipid coated gold nanoparticles with the 

progression of uptake time decreases; this decrease is dependent on the intensity as the 

measurements of the derived parameters and data are representative of the background noise.  

4.2 Co-Localization of Endocytic Marked Compartments with Phospholipid 

Coated Gold Nanoparticles in C2C12 Cells 

This section focusses on the study of the co-localization of endocytic markers with 

phospholipid coated gold nanoparticles in C2C12 cells. This particular co-localization measures 

the extent to which an endocytic marked compartment contains phospholipid coated gold 

nanoparticles and the extent for which phospholipid coated gold nanoparticle clusters contain 

markers. 

The following experimental combinations were studied; Rab5-561 & GNPs, Rab11-633 & 

GNPs, Rab7-633 & GNPs, and LAMP-1-561 & GNPs. Recall, GNPs contain a 488 fluorescent 

probe, thus GNPs were excited with a 488 nm laser. GNPs are colored in green and markers for 

endocytic compartments are colored red in images, respectively. Recall, the color of the images 

does not represent the wavelength of excitation as specified in Chapter 2.5; colors of images 
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were chosen merely for analysis and visualization. The double labelling procedure of 

phospholipid coated gold nanoparticles and primary and secondary antibodies required for 

labelling of one marker can be referred in Chapter 2.6.2. 

Procedure required for obtaining images via laser scanning confocal microscopy can be 

referred to in Chapter 2.10.3.2. Lastly, Image cross correlation spectroscopy analysis can be 

referred to in Chapter 2.11.2. 

4.2.1 Rab5-561 Marked Early Endocytic Compartments Containing Phospholipid 

Coated Gold Nanoparticles in C2C12 Cells. 

The extent to which phospholipid coated gold nanoparticles associate with Rab5 marked 

early endocytic compartments was studied first.  

Figure 4.3 is shows contrast enhanced images of GNPs and Rab5-561 marked 

compartments in one cell. The Merge image is an overlay of the GNPs and Rab5-561 images. 

The Original Merge is an overlay of the GNPs and Rab5-561 images that were obtained 

originally in the experiment without contrast enhancement. Thus, the Original Merge image is 

shown for purpose of comparison to that of the Merge image. 

    

              GNPs                       Rab5-561                     Merge                    Original Merge                  

       

Figure 4.3 Rab5-561 Marked Early Endocytic Compartments Containing 

Phospholipid Coated Gold Nanoparticles in C2C12 Cells 

A visual representation of contrast enhanced confocal fluorescence microscopy images of 

GNPs and Rab5-561 marked compartments in one cell. The Merge image is an overlay of the 

GNPs-488 and Rab5-561 images. The Original Merge is an overlay of the GNPs and Rab5-561 

images that were obtained originally in the experiment without contrast enhancement. Thus, 

the Original Merge image is shown for purpose of comparison to that of the Merge image. 
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 There are few yellow regions or clusters observed in the Merge Image in Figure 4.3, 

suggesting little co-localization of among phospholipid coated gold nanoparticles and Rab5-561 

marked compartments in C2C12 cells.  

Table 4.5 shows the average number of clusters denoted by 〈𝑁𝑆𝑝𝑒𝑐𝑖𝑒𝑠〉 and the average 

fractions of co-localization of GNPs and Rab5-561 marked compartments. The average fraction 

of clusters containing phospholipid coated gold nanoparticles that contain Rab5-561 markers is 

denoted by 〈𝐹(𝐺𝑁𝑃𝑠|𝑅𝑎𝑏5)〉. Likewise, the average fraction of clusters containing Rab5 

markers that contain phospholipid coated gold nanoparticles is denoted by 〈𝐹(𝑅𝑎𝑏5|𝐺𝑁𝑃𝑠)〉. 

Table 4.5 Average Number of Clusters of Species and Fractions of Co-Localization of 

GNPs & Rab5-561 Marked Early Endocytic Compartments in C2C12 Cells 

Species 〈𝑵𝑺𝒑𝒆𝒄𝒊𝒆𝒔〉 〈𝑭(𝑮𝑵𝑷𝒔|𝑹𝒂𝒃𝟓)〉 〈𝑭(𝑹𝒂𝒃𝟓|𝑮𝑵𝑷𝒔)〉 

GNPs 1.84  ± 0.30
˦
 

  Rab5-561 1.68  ± 0.24 

  GNPs & Rab5-561 0.35 ± 0.07 0.21 ± 0.03 0.21 ± 0.03 
˦
 Standard error. 

 

In Table 4.5, the average number of clusters containing phospholipid coated gold 

nanoparticles is consistent with the number of observed clusters after 2 hours of variable 

exposure, as previously shown in Table 4.2. There are approximately 1.84 clusters containing 

phospholipid coated gold nanoparticles. In addition, there are approximately 1.68 clusters 

marked by Rab5-561 and 0.35 clusters that contain both phospholipid coated gold nanoparticles 

and Rab5 markers.  

The calculations for the average fractions of co-localization represented in Table 5.5 

reflect approximately 21% of clusters containing phospholipid coated gold nanoparticles contain 

Rab5 and approximately 21% of the clusters marked by Rab5 contain phospholipid coated gold 

nanoparticles. 

The images obtained in Figure 4.3 and the averaged values calculated in Table 4.5 are in 

agreement; a very small fraction of each species, specifically 20% of early endocytic clusters 

contain gold nanoparticles and 20% of clusters with gold nanoparticles contain Rab5-561 

markers.  
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4.2.2 Rab11-633 Marked Recycling Endocytic Compartments Containing 

Phospholipid Coated Gold Nanoparticles in C2C12 Cells 

The extent to which phospholipid coated gold nanoparticles associate with Rab11-633 

marked recycling endocytic compartments was studied.  

Figure 4.4 shows contrast enhanced images of GNPs and Rab11-633 marked 

compartments in one cell. The Merge image is an overlay of the GNPs and Rab11-633 images. 

The Original Merge is an overlay of the GNPs and Rab11-633 images that were obtained 

originally in the experiment without contrast enhancement. Thus, the Original Merge image is 

shown for purpose of comparison to that of the Merge image. 

            GNPs                        Rab11-633                  Merge                     Original Merge                  

       

Figure 4.4 Rab11-633 Marked Recycling Endocytic Compartments Containing 

Phospholipid Coated Gold Nanoparticles in C2C12 Cells 

Contrast enhanced confocal fluorescence microscopy images of GNPs and Rab11-633 marked 

compartments in one cell. The Merge image is an overlay of the GNPs and Rab11-633 images. 

The Original Merge is an overlay of the GNPs and Rab11-633 images that were obtained 

originally in the experiment without contrast enhancement. Thus, the Original Merge image is 

shown for purpose of comparison to that of the Merge image.  

 

 Similar to that of Rab5-561 and GNPs in Figure 4.3, from a visual perspective, there are 

few, if any, yellow regions in the Merge image in Figure 4.4 thus reflecting little degree of co-

localization among phospholipid coated gold nanoparticles and Rab11-633 markers.  

Table 4.6 shows the average number of clusters denoted by 〈𝑁𝑆𝑝𝑒𝑐𝑖𝑒𝑠〉 and the average 

fractions of co-localization of GNPs and Rab11-633 marked compartments. The average fraction 

of clusters containing phospholipid coated gold nanoparticles that contain Rab11-633 markers is 
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denoted by 〈𝐹(𝐺𝑁𝑃𝑠|𝑅𝑎𝑏11)〉. Likewise, the average fraction of clusters containing Rab11-633 

markers that contain phospholipid coated gold nanoparticles is denoted by 〈𝐹(𝑅𝑎𝑏11|𝐺𝑁𝑃𝑠)〉. 

Table 4.6 Average Number of Clusters and Fractions of Co-Localization of GNPs & 

Rab11-633 Marked Recycling Endocytic Compartments in C2C12 Cells 

Species 〈𝑵𝑺𝒑𝒆𝒄𝒊𝒆𝒔〉 〈𝑭(𝑮𝑵𝑷𝒔|𝑹𝒂𝒃𝟏𝟏)〉 〈𝑭(𝑹𝒂𝒃𝟏𝟏|𝑮𝑵𝑷𝒔)〉 

GNPs 2.44 ± 0.44
˦
 

  Rab11-633 2.46 ± 0.19 

  GNPs & Rab11-633 0.42 ± 0.09 0.25 ± 0.07 0.18 ± 0.04 
˦
 Standard error. 

 

In Table 4.6, the average number of clusters containing phospholipid coated gold 

nanoparticles is consistent with the number of observed clusters for 2 hours of variable exposure, 

as previously shown in Table 4.2. There are approximately 2.44 clusters containing phospholipid 

coated gold nanoparticles and approximately 2.46 clusters containing Rab11-633 markers. There 

are also approximately 0.42 clusters that contain both phospholipid coated gold nanoparticles 

and Rab11-633 markers.  

The calculations for the average fractions of co-localization represented in Table 4.6 

reflect approximately 25% of the clusters containing phospholipid coated gold nanoparticles 

associate with Rab11-633 markers and approximately 18% of the clusters containing Rab11-633 

markers contain phospholipid coated gold nanoparticles.  

The images obtained in Figure 4.4 and the averaged values calculated in Table 4.6 are in 

agreement; visually speaking, a very small fraction of each species associate with one another in 

an observation area which suggests that very few clusters labelled to be recycling endosomes 

have phospholipid coated gold nanoparticles. Meanwhile, a slightly higher percentage of clusters 

containing gold nanoparticles have some recycling markers on them.  

4.2.3 Rab7-633 Marked Late Endocytic Compartments Containing Phospholipid 

Coated Gold Nanoparticles in C2C12 Cells. 

The extent to which phospholipid coated gold nanoparticles associate with Rab7-633 

marked late endocytic compartments was studied.  
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Figure 4.5 shows contrast enhanced images of GNPs and Rab7-633 marked 

compartments in one cell. The Merge image is an overlay of the GNPs and Rab7-633 images. 

The Original Merge is an overlay of the GNPs and Rab7-633 images that were obtained 

originally in the experiment without contrast enhancement. Thus, the Original Merge image is 

shown for purpose of comparison to that of the Merge image. 

             GNPs                       Rab7-633                      Merge                    Original Merge                  

         

Figure 4.5 Rab7-633 Marked Late Endocytic Compartments Containing 

Phospholipid Coated Gold Nanoparticles in C2C12 Cells 

Contrast enhanced confocal fluorescence microscopy images of GNPs and Rab7-633 marked 

compartments in one cell. The Merge image is an overlay of the GNPs and Rab7-633 images. 

The Original Merge is an overlay of the GNPs and Rab7-633 images that were obtained 

originally in the experiment without contrast enhancement. Thus, the Original Merge image is 

shown for purpose of comparison to that of the Merge image.  

 

Similar to that of Rab5-561 and GNPs and Rab11-633 and GNPs in Figure 4.3 and Figure 

4.4, the Merge Image in Figure 4.5 reflects little if any degree of co-localization among 

phospholipid coated gold nanoparticles and Rab7 marked late endocytic compartments in C2C12 

cells.  

Table 4.7 shows the average number of clusters denoted by 〈𝑁𝑆𝑝𝑒𝑐𝑖𝑒𝑠〉 and the average 

fractions of co-localization of GNPs and Rab7 marked compartments. The average fraction of 

clusters containing phospholipid coated gold nanoparticles that contain Rab7-633 markers is 

denoted by 〈𝐹(𝐺𝑁𝑃𝑠|𝑅𝑎𝑏7)〉. Likewise, the average fraction of clusters containing Rab7-633 

markers that contain phospholipid coated gold nanoparticles is denoted by 〈𝐹(𝑅𝑎𝑏7|𝐺𝑁𝑃𝑠)〉. 
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Table 4.7 Average Number of Clusters and Fractions of Co-Localization of GNPs & 

Rab7-633 Marked Late Endocytic Compartments in C2C12 Cells 

Species 〈𝑵𝑺𝒑𝒆𝒄𝒊𝒆𝒔〉 〈𝑭(𝑮𝑵𝑷𝒔|𝑹𝒂𝒃𝟕)〉 〈𝑭(𝑹𝒂𝒃𝟕|𝑮𝑵𝑷𝒔)〉 

GNPs 1.20 ± 0.13
˦
 

  Rab7-633 2.13 ± 0.14 

  GNPs & Rab7 0.34 ± 0.03 0.33 ± 0.04 0.17 ± 0.02 

˦
 Standard error. 

 

In Table 4.7, the average number of clusters of phospholipid coated gold nanoparticles is 

consistent with the number of observed clusters for 2 hours of variable exposure, as previously 

shown in Table 4.2. There are approximately 1.20 clusters containing phospholipid coated gold 

nanoparticles and approximately 2.13 clusters marked by Rab7. Lastly, there are approximately 

0.34 clusters that contain both phospholipid coated gold nanoparticles and Rab7-633 markers. 

The calculations for the average fractions of co-localization represented in Table 4.7 

reflect approximately 33% of the clusters of phospholipid coated gold nanoparticles contain 

Rab7-633 markers and approximately 17% of the clusters marked by Rab7 contain phospholipid 

coated gold nanoparticles. 

The images obtained in Figure 4.5 and the averaged values calculated in Table 4.7 are in 

agreement; visually speaking, a very small fraction of each species associate with one another in 

an observation area. Specifically, there are a greater fraction of clusters of GNPs associate with 

Rab7-633 markers than do clusters marked with Rab7-633 contain GNPs.  

4.2.4 LAMP-1-633 Marked Lysosomal Endocytic Compartments Containing 

Phospholipid Coated Gold Nanoparticles in C2C12 Cells. 

The extent to which phospholipid coated gold nanoparticles associate with LAMP-1-633 

marked lysosomal endocytic compartments was studied.  

Figure 4.5 shows contrast enhanced images of GNPs and LAMP-1-633 marked 

compartments in one cell. The Merge image is an overlay of the GNPs and LAMP-1-633 images. 

The Original Merge is an overlay of the GNPs and LAMP-1-633 images that were obtained 
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originally in the experiment without contrast enhancement. Thus, the Original Merge image is 

shown for purpose of comparison to that of the Merge image. 

           GNPs                        LAMP-1-633                  Merge                 Original Merge                  

       

Figure 4.6  LAMP-1 Marked Lysosomal Endocytic Compartments Containing 

Phospholipid Coated Gold Nanoparticles in C2C12 Cells. 

Contrast enhanced fluorescence microscopy images of GNPs-633 and LAMP-1 marked 

compartments in one cell. The Merge image is an overlay of the GNPs-633 and LAMP-1 

images. The Original Merge is an overlay of the GNPs-633 and LAMP-1 images that were 

obtained originally in the experiment without contrast enhancement. Thus, the Original Merge 

image is shown for purpose of comparison to that of the Merge image.  

 

Similar to that of Figure 4.3, Figure 4.4, and Figure 4.5, from a visual perspective, the 

Merge image Figure 4.6 reflects little degree of co-localization among phospholipid coated gold 

nanoparticle and LAMP-1-633 marked compartments in C2C12 cells.  

Table 4.8 reflects the average number of clusters denoted by 〈𝑁𝑆𝑝𝑒𝑐𝑖𝑒𝑠〉 and the average 

fractions of co-localization of GNPs and LAMP-1-633 marked compartments. The average 

fraction of clusters containing phospholipid coated gold nanoparticles that contain LAMP-1-633 

markers is denoted by 〈𝐹(𝐺𝑁𝑃𝑠|𝐿𝐴𝑀𝑃 − 1)〉. Likewise, the average fraction of clusters 

containing LAMP-1 markers that contain phospholipid coated gold nanoparticles is denoted by 

〈𝐹(𝐿𝐴𝑀𝑃 − 1|𝐺𝑁𝑃𝑠)〉. 
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Table 4.8 Average Number of Clusters and Fractions of Co-Localization of GNPs & 

LAMP-1-633 Marked Lysosomal Endocytic Compartments in C2C12 Cells 

Species 〈𝑵𝑺𝒑𝒆𝒄𝒊𝒆𝒔〉 〈𝑭(𝑮𝑵𝑷𝒔|𝑳𝑨𝑴𝑷 − 𝟏)〉 〈𝑭(𝑳𝑨𝑴𝑷 − 𝟏|𝑮𝑵𝑷𝒔)〉 

GNPs 1.66 ± 0.38
˦
 

  LAMP-1-633 1.71 ± 0.21 

  GNPs & 

LAMP-1-633 0.29 ± 0.05 0.25 ± 0.04 0.22 ± 0.04 

˦
 Standard error. 

 

In Table 4.8, the average number of clusters of phospholipid coated gold nanoparticles is 

consistent with the number of observed clusters for 2 hours of variable exposure, as previously 

shown in Table 4.2. There are approximately 1.66 clusters of phospholipid coated gold 

nanoparticles. There are also approximately 1.71 clusters marked with LAMP-1-633 and 

approximately 0.29 clusters that contain both phospholipid coated gold nanoparticles and 

LAMP-1-633 markers. 

The calculations for the average fractions of co-localization represented in Table 4.8 

reflect approximately 25% of the clusters containing phospholipid coated gold nanoparticles 

contain LAMP-1 markers and approximately 22% of the clusters marked with LAMP-1contain 

phospholipid coated gold nanoparticles.  

The images obtained in Figure 4.5 and the averaged values calculated in Table 4.8 are in 

agreement; visually speaking, a very small fraction of each species associate with one another in 

an observation area.  

4.3 Summary of Fractions of Co-localization in C2C12 Cells 

Table 4.9 and Table 4.10 are summarized tables of each of the averaged fractions of co-

localization of phospholipid coated gold nanoparticles with an endocytic compartment.  

 

Table 4.9 Extent of co-localization of GNPs with Endocytic Marked Compartments 

in C2C12 Cells 
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〈𝐹(𝐺𝑟𝑒𝑒𝑛|𝑅𝑒𝑑)〉 Rab5 Rab7 Rab11 LAMP1 

GNPs 0.21 ± 0.03
˦
 0.33 ± 0.04 0.25 ± 0.07 0.25 ± 0.04 

˦
 Standard error. 

 

Table 4.10 Extent of co-localization of Endocytic Marked Compartments with GNPs 

in C2C12 Cells 

〈𝐹(𝑅𝑒𝑑|𝐺𝑟𝑒𝑒𝑛)〉 GNPs 

Rab5 0.21 ± 0.03
˦
 

Rab7 0.17 ± 0.02 

Rab11 0.18 ± 0.04 

LAMP1 0.22 ± 0.04 
˦
 Standard error. 

 

The fractions of co-localization in Table 4.9 reflect the following; on average, between 

20-30% of clusters containing phospholipid coated gold nanoparticles also contain markers 

associated with one endocytic compartment. The results indicate that although a low fraction of 

clusters containing gold nanoparticles also contain a marker, this is a significant interaction. 

Thus, clathrin mediated endocytosis of this nanomaterial system is occurring. 

Table 4.10 reflects the following; on average, approximately 20% of clusters containing 

one marker also contain phospholipid coated gold nanoparticles. Likewise, although this is a 

small fraction, on average, 20% of clusters containing a marker of an endocytic compartment 

contain phospholipid coated gold nanoparticles, thus endocytosis of phospholipid coated gold 

nanoparticles is occurring.  

4.4 Co-Localization of Phospholipid Coated Gold Nanoparticles with Two 

Other Endocytic Compartments in C2C12 Cells 

The previous section discussed the co-localization of phospholipid coated gold 

nanoparticles with markers specific for endocytic compartments. Chapter 4.4 discusses the extent 

to which phospholipid coated gold nanoparticles associate with two markers and the extent to 

which one marker associates with another marker and phospholipid coated gold nanoparticles. 

This tells us the co-existence of phospholipid coated gold nanoparticles with two endocytic 
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markers for further inquiry of the transfer of gold nanoparticles between two endocytic marked 

compartments. 

In this section, the following experimental combinations were studied; GNPs & Rab5-561 

& Rab11-633, GNPs & Rab5-561, & Rab7-633, GNPs & Rab5-561 & LAMP-1-633, and GNPs 

& Rab7-633 & LAMP-1-633. As with one and two color studies, GNPs are always excited with 

a 488 nm laser. GNPs are colored green in images, markers colored in red and blue. Recall, the 

coloring of the images does not represent the wavelength of excitation; the colors green, red, and 

blue were chosen for image analysis to visualize pairwise and three-way interaction, as 

mentioned in Chapter 2.5. The triple labelling procedure of phospholipid coated gold 

nanoparticles and primary and secondary antibodies required for labelling of two markers can be 

referred in Chapter 2.7.2.  Procedure required for obtaining images via laser scanning confocal 

microscopy can be referred to in Chapter 2.10.3.3. Lastly, triple image cross correlation 

spectroscopy analysis can be referred to in Chapter 2.11.3. 

4.4.1 GNPs & Rab5-561 & Rab11-633 in C2C12 Cells 

The association of phospholipid coated gold nanoparticles with Rab5-561 and Rab11-633 

markers was studied in C2C12 cells. 

Figure 4.7 shows contrast enhanced images of a cell labelled with phospholipid coated 

gold nanoparticles, Rab5-561, and Rab11-633.  

              GNPs                       Rab5-561                  Rab11-633                     Merge 

       

Figure 4.7 GNPs & Rab5-561 & Rab11-633 in C2C12 Cells 

 

In Figure 4.7, the observed purple spots in the image reflect the co-localization of Rab5-

561 and Rab11-631.  
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In a three-color labelling experiment, one would observe the color white with 100% 

overlap of red, green, and blue. This is not immediately obvious, thus triple image cross 

correlation spectroscopy (TRICCS) is implemented to extract a quantitative representation of 

three color co-localization. 

Table 4.11 shows the number of images, 𝑛𝑖𝑚𝑎𝑔𝑒𝑠 obtained in one experiment with the 

corresponding average number of clusters containing one, two, or three species, 〈𝑁𝑆𝑝𝑒𝑐𝑖𝑒𝑠〉. 

Table 4.11 Average Number of One, Two, and Three Labelled Clusters of GNPs, 

Rab5-561, and Rab11-633 Marked Endocytic Compartments in C2C12 Cells 

Species 𝒏𝒊𝒎𝒂𝒈𝒆𝒔 〈𝑵𝑺𝒑𝒆𝒄𝒊𝒆𝒔〉 

GNPs 9 3.81 ± 1.39
˦
 

Rab5-561 9 1.79 ± 0.48 

Rab11-633 9 1.83 ± 0.35 

GNPs & Rab5-561 9 0.41 ± 0.18 

GNPs & Rab11-633 9 0.20 ± 0.08 

Rab-5615 & Rab11-633 9 0.41 ± 0.10 

GNPs & Rab5-561 & Rab11-633 9 0.47 ± 0.15 
˦
 Standard error. 

  

The most important observation to take from these experiments is the similarities 

observed in a two color and one color experiments. Table 4.11 reflects the averages of the 

numbers of clusters of species observed containing one specific marker and phospholipid coated 

gold nanoparticles ranges between 1.83-3.81 clusters. Additionally, the number of clusters in 

which two markers are observed simultaneously is also in agreement with previous experiments, 

such that the number of clusters containing markers ranges between 0.20-0.41. There is some 

variation with each individual measurement; however it must be considered that this is a 

different experiment for which these measurements were calculated.  

 In contrast to previous experiments, the average number of clusters containing GNPs, 

Rab5-561, and Rab11-633 were observed and calculated to be approximately 0.47. To fully 

understand this value, fractions of co-localization were calculated and represented in Table 4.12. 
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Table 4.12 Average Fractions of Co-Localization in a GNPs, Rab5-561, and Rab11-

633 Experiment in C2C12 Cells 

〈𝐅(𝐆𝐍𝐏𝐬|𝐑𝐚𝐛𝟓  𝐑𝐚𝐛𝟏𝟏)〉 〈𝐅(𝐑𝐚𝐛𝟓 | 𝐆𝐍𝐏𝐬 𝐑𝐚𝐛𝟏𝟏)〉 〈𝐅(𝐑𝐚𝐛𝟏𝟏| 𝐆𝐍𝐏𝐬 𝐑𝐚𝐛𝟓)〉 

0.18 ± 0.05
˦
 0.31 ± 0.12 0.23 ± 0.07 

˦
 Standard error. 

 

In Table 4.12, approximately 18% of clusters containing GNPs contain Rab5-561 and 

Rab11-633 markers. In reference to Table 4.9, this calculation compares to that of the association 

GNPs and Rab5 markers and GNPs and Rab11 markers, such that all pairwise associations likely 

have a third marker.  

Approximately 31% of clusters containing Rab5 markers contain Rab11 markers and 

GNPs with a standard error of 0.12 that of the measured value.  In reference to Table 4.9, this 

calculation compares to that of the association of Rab5 markers and GNPs. This calculation also 

compares to that of the association of Rab5 clusters with Rab11 clusters, although about 10% 

greater, in reference to.  

Approximately 23% of clusters containing Rab11 markers contain Rab5 markers and 

GNPs with a standard error of 0.07 that of the measured value. In Table 4.10, this calculation 

compares to that of the association of Rab11 markers and GNPs. This calculation is 

approximately 20% less in comparison to that of the association of Rab11 and Rab5 markers. 

Granted there is an approximate 20% co-localization for pairwise interactions between 

GNPs and markers in addition to markers and GNPs, this fraction implies that the binary 

fractions also take into account some clusters that have three species.  

4.4.2 GNPs & Rab5-561 & Rab7-633 in C2C12 Cells 

The association of phospholipid coated gold nanoparticles with Rab5 and Rab7 markers 

was studied in C2C12 cells. 

Figure 4.8 shows contrast enhanced images of a cell labelled with phospholipid coated 

gold nanoparticles, Rab5-561, and Rab7-633.  

      



141 

 

             GNPs                        Rab5-561                       Rab7-633                             Merge 

       

Figure 4.8 GNPs & Rab5-561 & Rab7-633 in C2C12 Cells 

 

In Figure 4.8, the observed purple spots in the image reflect the co-localization of Rab5-

561 and Rab7-633. GNPs and Rab7-633 co-localize by the apparent “cyan” color observed due 

to the overlapping green and blue images. 

Table 4.13 shows the number of images, 𝑛𝑖𝑚𝑎𝑔𝑒𝑠obtained in one experiment with the 

corresponding average number of clusters of species observed, 〈𝑁𝑆𝑝𝑒𝑐𝑖𝑒𝑠〉. 

Table 4.13 Average Number of One, Two, and Three Labelled Clusters of GNPs, 

Rab5-561, and Rab7-633 Marked Endocytic Compartments in C2C12 Cells 

Species 𝒏𝒊𝒎𝒂𝒈𝒆𝒔 〈𝑵𝑺𝒑𝒆𝒄𝒊𝒆𝒔〉 

GNPs 14 2.77 ± 0.93
˦
 

Rab5-561 14 1.92  ± 0.18 

Rab7-633 14 1.52 ± 0.16 

GNPs & Rab5-561 14 0.33 ± 0.10 

GNPs & Rab7-633 14 0.46 ± 0.14 

Rab5 & Rab7-633 14 0.27 ± 0.13 

GNPs & Rab5-561 & Rab7-633 14 0.30 ± 0.09 
˦
 Standard error. 

 

Table 4.13 reflects the number of clusters of species observed for each individual marked 

compartment and phospholipid coated gold nanoparticles ranges between 1.52-2.77. 

Additionally, the number of clusters in which two markers are observed simultaneously is also in 

agreement with previous experiments, such that the number of clusters of containing two species 

ranges between approximately 0.27-0.46. There is slight variation with each individual 
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measurement, however it must be kept to consideration that this is a different sample for which 

these measurements were calculated.  

 In contrast to previous experiments, the number of clusters containing GNPs, Rab5-561, 

and Rab7-633 markers were observed and calculated to be approximately 0.30. To fully 

understand this value, fractions of co-localization were calculated and represented in Table 4.14. 

Table 4.14 Average Fractions of Co-Localization in a GNPs, Rab5, and Rab7 

Experiment in C2C12 Cells 

〈𝐅(𝐆𝐍𝐏𝐬|𝐑𝐚𝐛𝟓  𝐑𝐚𝐛𝟕)〉 〈𝐅(𝐑𝐚𝐛𝟓 | 𝐆𝐍𝐏𝐬 𝐑𝐚𝐛𝟕)〉 〈𝐅(𝐑𝐚𝐛𝟕| 𝐆𝐍𝐏𝐬 𝐑𝐚𝐛𝟓)〉 

0.16 ± 0.05
˦
 0.13 ± 0.03 0.20 ± 0.07 

˦
 Standard error. 

 

In Table 4.14, approximately 16% of clusters containing GNPs contain Rab5-561 and 

Rab11 markers with a standard error of ± 0.05 that of the measured value. As presented in Table 

4.9, this calculation compares to that of the association of GNPs with Rab5-561 markers and the 

association of GNPs and Rab7 markers.  

Approximately 13% of clusters containing Rab5 markers contain Rab7 markers and 

GNPs with a standard error of ± 0.03 that of the measured value.  As shown in Table 4.10, this 

calculation is approximately 10% less in comparison to that of the association of Rab5-561 with 

GNPs. Additionally, this calculation is approximately 40% less in comparison to that of the 

association of Rab5-561 markers with Rab7-633 markers, in reference to Table 3.17. 

Approximately 20% of clusters containing Rab7-633 markers contain Rab5-561 markers 

and GNPs with a standard error of 0.07 that of the measured value. As shown in Table 4.10, this 

calculation compares to that of the association of Rab7-633 markers and GNPs. Additionally, 

this calculation is 30% less in comparison to that of the association of Rab7-633 markers with 

Rab5-561 markers, in reference to Table 3.17. 

Granted there is an approximate 20% co-localization for pairwise interactions between 

GNPs and markers in addition to markers and GNPs, this fraction implies that the extent of 

pairwise co-localization takes also take into account some clusters that have three species, 
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similarly to the experiment involving the association GNP, Rab5-561, and Rab11-561 

compartments.  

4.4.3 GNPs & Rab5-561 & LAMP-1-633 in C2C12 Cells 

The association of phospholipid coated gold nanoparticles with Rab5-561 and LAMP-1-

633 markers was studied in C2C12 cells. 

Figure 4.9 shows contrast enhanced images of a cell labelled with phospholipid coated 

gold nanoparticles, Rab5-561, and LAMP-1-633.  

             GNPs                       Rab5-561                 LAMP-1-633                   Merge 

       

Figure 4.9 GNPs & Rab5-561 & LAMP-1-633 in C2C12 Cells 

 

In Figure 4.9, the observed purple spots in the image reflect the co-localization of Rab5-

561 and LAMP-1-633. GNPs and LAMP-1-633 co-localize by the apparent “cyan” color 

observed due to the overlapping green and blue images. 

Table 4.15 shows the number of images, 𝑛𝑖𝑚𝑎𝑔𝑒𝑠obtained in one experiment with the 

corresponding average number of clusters of species observed, 〈𝑁𝑆𝑝𝑒𝑐𝑖𝑒𝑠〉. 
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Table 4.15 Average Number of One, Two, and Three Labelled Clusters of GNPs, 

Rab5-561, and LAMP-1-633 Marked Endocytic Compartments in C2C12 Cells 

Species 𝒏𝒊𝒎𝒂𝒈𝒆𝒔 〈𝑵𝑺𝒑𝒆𝒄𝒊𝒆𝒔〉 

GNPs 10 3.71 ± 0.67
˦
 

Rab5-561 10 2.14 ± 0.42 

LAMP-1 10 2.31 ± 0.45 

GNPs & Rab5-561 10 0.21 ± 0.07 

GNPs & LAMP-1-633 10 0.67 ± 0.32 

Rab5-561 & LAMP-1-633 10 0.29 ± 0.07 

GNPs & Rab5-561 & LAMP-1-633 10 0.28 ± 0.07 
 

˦
 Standard error. 

Table 4.15 reflects the numbers of clusters of species observed for each individual 

marked compartment and phospholipid coated gold nanoparticles ranges between 2.14-3.71. 

Additionally, the number of clusters in which two markers are observed simultaneously is also in 

agreement with previous experiments, such that the number of clusters of species observed 

ranges between 0.21-0.67. There is slight variation with each individual measurement, however 

it must be remembered that this is a different sample for which these measurements were 

calculated.  

 In contrast to previous experiments, the number of clusters containing GNPs, Rab5-561, 

and LAMP-1-633 were observed and calculated to be approximately 0.28. To fully understand 

this value, fractions of co-localization were calculated and represented in Table 4.16. 

Table 4.16 Averaged Fractions of co-localization of GNPs, Rab5, and LAMP-1 

〈𝐅(𝐆𝐍𝐏𝐬|𝐑𝐚𝐛𝟓 𝐋𝐀𝐌𝐏 − 𝟏)〉 〈𝐅(𝐑𝐚𝐛𝟓|𝐆𝐍𝐏𝐬 𝐋𝐀𝐌𝐏 − 𝟏)〉 〈𝐅(𝐋𝐀𝐌𝐏 − 𝟏|𝐆𝐍𝐏𝐬𝐑𝐚𝐛𝟓)〉 

0.08 ± 0.02
˦
 0.14 ± 0.03 0.12 ± 0.01 

˦
 Standard error. 

 

In Table 4.16, approximately 8% of clusters containing GNPs contain Rab5-561 and 

LAMP-1-633 markers. As presented in Table 4.9, this calculation is 10% less than that of the 

association of clusters of GNPs with Rab5-561 markers. This calculation is also 10% less than 

that of the association of clusters of GNPs with LAMP-1-561 markers.  
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Approximately 14% of clusters containing Rab5-561 contain GNPs and LAMP-1-633 

markers. As shown in Table 4.10, this calculation is 10% less than that of the association of Rab5 

markers with GNPs. Additionally, this calculation is approximately 20% less in comparison to 

that of the association of Rab5 markers with LAMP-1 markers, in reference to Table 3.17.  

Approximately 12% of clusters containing LAMP-1-633 markers contain Rab5-561 

markers and GNPs. As shown in Table 4.10,  this calculation is 10% less in comparison to that of 

association LAMP-1-633 markers with GNPs. Additionally, this calculation is 20% less in 

comparison to that of the association of LAMP-1-633 clusters with Rab5-561 clusters, in 

reference to Table 3.17. 

This data strongly imply that although each species has a 20% probability of residing on 

the same cluster or endosome as one other marker or phospholipid coated gold nanoparticles, 

fewer clusters have phospholipid coated gold nanoparticles, Rab5 markers, and LAMP-1 

markers residing on the same endosome.  

4.4.4 GNPs & Rab7-633 & LAMP-1-561 in C2C12 Cells 

The association of phospholipid coated gold nanoparticles with Rab7-633 and LAMP-1-

561 markers was studied in C2C12 cells. 

Figure 4.10 is a visual representation of contrast enhanced images of a cell labelled with 

phospholipid coated gold nanoparticles, Rab7-633, and LAMP-1-561.  

            GNPs                         Rab7-633                     LAMP-1-561                    Merge 

       

Figure 4.10 GNPs & Rab7-633 & LAMP1-561 in C2C12 Cells 
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In Figure 4.10, there are purple regions observed in the image to reflect the co-

localization of Rab7-633 and LAMP-1-561. GNPs and LAMP-1 co-localize by the apparent 

“cyan” color observed due to the overlapping green and blue images. 

Table 4.17 shows the number of images, 𝑛𝑖𝑚𝑎𝑔𝑒𝑠obtained in one experiment with the 

corresponding average number of clusters of species observed, 〈𝑁𝑆𝑝𝑒𝑐𝑖𝑒𝑠〉. 

Table 4.17 Averaged Number of One, Two, and Three Clusters of GNPs, Rab7, and 

LAMP-1 Endocytic Marked Compartments in C2C12 Cells 

Species 𝒏𝒊𝒎𝒂𝒈𝒆𝒔 〈𝑵𝑺𝒑𝒆𝒄𝒊𝒆𝒔〉 

GNPs 5 1.35 ± 0.09
˦
 

Rab7 5 0.95 ± 0.21 

LAMP-1 5 1.30 ± 0.15 

GNPs & Rab7 5 0.18 ± 0.11 

GNPs & LAMP1 5 0.17 ± 0.05 

Rab7 & LAMP1 5 0.74 ± 0.08 

GNPs & Rab7 & LAMP1 5 0.54 ± 0.11 
˦
 Standard error. 

 

Table 4.17 reflects the numbers of clusters of species observed for each individual 

marked compartment and phospholipid coated gold nanoparticle cluster ranges between 0.95-

1.35. Additionally, the number of clusters by which two markers are observed simultaneously is 

also in agreement with previous experiments, such that the number of clusters of markers species 

observed ranges between 0.17-0.74. There is slight variation with each individual measurement, 

however it must be kept to consideration that this is a different experiment for which these 

measurements were calculated.  

 In contrast to previous experiments, the number of clusters containing GNPs, Rab7-633, 

and LAMP-1-561 markers were observed and calculated to be approximately 0.54. To fully 

understand this value, fractions of co-localization were calculated and represented in Table 4.18. 
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Table 4.18 Averaged Fractions of Co-localization of GNPs with Late and Lysosomal 

Endocytic Marked Compartments in C2C12 Cells 

〈𝐅(𝐆𝐍𝐏𝐬|𝐑𝐚𝐛𝟕  𝐋𝐀𝐌𝐏 − 𝟏)〉 〈𝐅(𝐑𝐚𝐛𝟕 | 𝐆𝐍𝐏𝐬 𝐋𝐀𝐌𝐏 − 𝟏)〉 〈𝐅(𝐋𝐀𝐌𝐏 − 𝟏| 𝐆𝐍𝐏𝐬 𝐑𝐚𝐛𝟕)〉 

0.40 ± 0.08
˦
 0.65 ± 0.17 0.45 ± 0.23 

˦
 Standard error. 

 

In Table 4.18, approximately 40% of clusters containing GNPs also contain Rab7-633 

and LAMP-1 markers. As presented in Table 4.9, this calculation is 20% greater than that of the 

association of GNPs with Rab7 markers. This calculation is also 20% greater than that of the 

association of GNPs with LAMP-1 markers, which is a bit unusual.  

Approximately 65% of clusters containing Rab7 markers contain LAMP-1-561 markers 

and GNPs.  As shown in Table 4.10, this calculation is 50% greater than that of the association 

of Rab7-633 markers with GNPs. Additionally, this calculation is in comparison to that of the 

association of Rab7-633 markers with LAMP-1-561 markers, in reference to Table 3.17. 

Approximately 50% of clusters containing LAMP-1-561 markers contain Rab7-633 

markers and GNPs. As shown in Table 4.10, this calculation is 30% greater in comparison to that 

of association LAMP-1-561 markers with GNPs. Additionally, this calculation is 40% less in 

comparison to that of the association of LAMP-1-561 markers with Rab7-633 markers, in 

reference to Table 3.17.  

As previously shown in this section, the fraction of complexes containing two markers 

may also contain one other marker. 

4.5 Internalization of Phospholipid Coated Gold Nanoparticles in A549 Cells 

The internalization of GNPs and the association of GNPs with clathrin mediated endocytic 

compartments in A549 cells will be discussed as previously shown in Chapters 4.1, 4.2, and 4.4. 

4.5.1 Variable Exposure, Fixed Uptake of Phospholipid Coated Gold Nanoparticles 

in A549 Cells 
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A549 cells were exposed to phospholipid coated gold nanoparticles via a variable 

exposure, fixed uptake experiment.  

In Figure 4.11, images A, B, C, and D each correspond to one confocal fluorescence 

microscopy image of one cell from each of the four samples prepared in the experiment in which 

the cells in each sample were exposed to phospholipid coated gold nanoparticles for times of 1, 

2, 4 and 24 hours, respectively, prior to fixation.  

       

Figure 4.11 Images of Phospholipid Coated Gold Nanoparticles after Variable 

Exposure, Fixed uptake in A549 Cells 

Images A, B, C, and D each correspond to one confocal fluorescence microscopy image of one 

cell from each of the four samples prepared in the experiment in which the cells in each sample 

were exposed to phospholipid coated gold nanoparticles for 1, 2,4 and 24 hours, respectively, 

prior to fixation. 

 

The images shown in Figure 4.11 show that there appear to be fewer clusters of 

phospholipid coated gold nanoparticles in larger compartments with the progression of time in 

A549 cells.  

Table 4.19 is a reflection of the averages of the auto correlation amplitude, average fitted 

laser beam width, and average intensity from a data set of 20-30 images of A549 cells exposed to 

phospholipid coated gold nanoparticles for 1, 2, 4, and 24 hours.  

A      B        C          D 
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Table 4.19 Averages of ICS Paramaters for Phospholipid Coated Gold Nanoparticles 

after Variable Exposure, Fixed Uptake in A549 Cells 

Time (hours) 〈𝐠(𝟎, 𝟎)〉 〈𝛚 (𝛍𝐦)〉 〈𝑰𝒂𝒗𝒈.〉 

1 0.21 ± 0.04
˦
 0.41 ± 0.01 82.8 ± 8.3 

2 0.27 ± 0.07 0.39 ± 0.02 131 ± 15 

4 0.65 ± 0.17 0.38 ± 0.01 138 ± 10 

24 1.61 ± 0.18 0.48 ± 0.01 527  ± 43 
˦
 Standard error. 

 

The data obtained as represented in Table 4.19 reflects an increasing trend of the auto 

correlation amplitude with time. The fit for the laser beam width ranges between 0.38-0.41 

microns, which is quite similar in magnitude to the fits of the laser beam width corresponding to 

for markers observed in the observation area in A549 cells in Chapter 3. The fitted laser beam 

width corresponding to the measurement of markers of clathrin mediated endosomes is also 

approximately 0.40 microns. Thus, simply from this observation, one can assume phospholipid 

coated gold nanoparticles may be contained in endocytic compartments as shown in Chapter 3, 

or are at the very least undergoing clathrin mediated endocytosis. Additionally, the average 

intensity of phospholipid coated gold nanoparticles increases with time of phospholipid coated 

gold nanoparticle exposure to A549 cells.  

Table 4.20 shows the derived parameters corresponding to the average number of clusters 

containing phospholipid coated gold nanoparticles, the average number of clusters containing 

phospholipid coated gold nanoparticles per square micron, and the average relative degree of 

aggregation for phospholipid coated gold nanoparticles per cluster; calculated for a set of 20-30 

images per sample. The calculations presented in Table 4.20 are in reference to the data obtained 

in Table 4.19. The average values for each parameter are represented with respect to standard 

error. 
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Table 4.20 Averages of Derived Parameters for Phospholipid Coated Gold 

Nanoparticles Undergoing Variable Exposure, Fixed Uptake in A549 Cells 

Variable Exposure 

Time (hours) 〈𝑵𝑮𝑵𝑷𝒔〉 〈𝑪𝑫〉 〈𝑫𝑨〉 

1 11.4 ± 2.1
˦
 21.4 ± 3.6 16.4 ± 4.6 

2 6.96 ± 1.33 14.8 ± 2.5 40.2 ± 15.8 

4 3.73 ± 0.62 8.91 ± 1.70 71.2 ± 15.8 

24 0.93 ± 0.16 1.49 ± 0.38 700 ± 49 
˦
 Standard error. 

 

The data presented in Table 4.20 implies the number of clusters containing phospholipid 

coated gold nanoparticles in the observation region of the beam decreases with time but a larger 

relative degree of aggregation of these phospholipid coated gold nanoparticles per cluster is 

observed with the progression of exposure time in A549 cells. Likewise, the number of clusters 

containing phospholipid coated gold nanoparticles observed per square micron also decreases 

with time. Thus, phospholipid coated gold nanoparticles aggregate in fewer clusters but to a 

larger extent of aggregation within clusters when continuously exposed to A549 cells. 

4.5.2 Fixed Exposure, Variable Uptake of GNPs in A549 Cells 

A549 cells were exposed to phospholipid coated gold nanoparticles by a fixed exposure, 

variable uptake experiment. 

In Figure 4.12, images A, B, C, and D each correspond to one confocal fluorescence 

microscopy image of one cell from each of the four samples exposed to phospholipid coated gold 

nanoparticles for 2 hours, washed, and re-incubated for 1,2,4,and 24 hours, respectively, then 

fixed. 
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Figure 4.12 Images of Phospholipid Coated Gold Nanoparticles after Fixed Exposure, 

Variable Uptake in A549 Cells 

Images A, B, C, and D each correspond to one confocal fluorescence microscopy image of one 

cell from each of the four samples exposed to phospholipid coated gold nanoparticles for 2 

hours, washed, and re-incubated for 1,2,4,and 24 hours, respectively, then fixed. 

 

 

Based on the images shown in Figure 4.12, the phospholipid coated gold nanoparticles 

appear to be taken up similarly over time in A549 cells.  

Table 4.21 shows the averages of the auto correlation amplitude, fitted laser beam width, 

and average intensity for 20-30 images of each sample of A549 cells exposed to phospholipid 

coated gold nanoparticles for 2 hours, then re-incubated for 1, 2, 4, and 24 hours for uptake. The 

average values for each parameter are represented with respect to standard error. 

Table 4.21 Averages of ICS Parameters for Phospholipid Coated Gold Nanoparticles 

after Fixed Exposure, Variable Uptake in A549 Cells 

Variable Uptake 

Time (hours) 〈𝐠(𝟎, 𝟎)〉 〈𝛚 (𝛍𝐦)〉 〈𝑰𝒂𝒗𝒈.〉 

1 2.98 ± 0.38
˦
 0.36 ± 0.01 78.8 ± 6.9 

2 1.24 ± 0.12 0.38 ± 0.01 65.3 ± 6.1 

4 0.85 ± 0.10 0.37 ± 0.01 97.3 ± 9.9 

24 0.31 ± 0.05 0.39 ± 0.01 29.8 ± 2.1 
˦
 Standard error. 

 

The average intensity of phospholipid coated gold nanoparticles is more or less constant 

within the first four hours of uptake, however one can argue the intensity decreases after 24 

hours of variable uptake has progressed.  

A      B        C          D 
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The obtained fit for the laser beam width is consistent and on average approximately 0.40 

microns. Therefore, the size of the compartments is also in very good agreement with the 

averaged fitted laser beam width obtained for markers in Chapter 3. 

The auto correlation amplitude decreases with time based on the data shown in Table 

4.21. Given that all auto correlation amplitudes for each time interval of variable uptake are 

greater than 0.10, the measured values of the auto correlation amplitude reflect specific uptake of 

phospholipid coated gold nanoparticles, such that there is no reflection of fluorescence arising 

from diffusion.   

Table 4.22 is a representation of the average values of the calculations corresponding to 

phospholipid coated gold nanoparticles after fixed exposure, variable uptake in C2C12 cells. The 

average number of clusters containing phospholipid coated gold nanoparticles, 〈𝑁𝐺𝑁𝑃𝑠〉 , the 

number of clusters containing phospholipid coated gold nanoparticles per square micron, 〈𝐶𝐷〉, 

and the relative degree of aggregation of phospholipid coated gold nanoparticles per cluster, 

〈𝐷𝐴〉 , were calculated for 20-30 images per sample. The calculations presented in Table 4.22 are 

in reference to the data obtained in Table 4.21. The average values for each parameter are shown 

with standard error. 

Table 4.22 Derived Parameters for Phospholipid Coated Gold Nanoparticles in A549 

Cells after Fixed Exposure, Variable Uptake 

Variable Uptake 

Time (hours) 〈𝑵𝑮𝑵𝑷𝒔〉 〈𝑪𝑫〉 〈𝑫𝑨〉 

1 0.68  ± 0.08
˦
 1.76 ± 0.23 201 ± 51 

2 1.01 ± 0.12 2.26 ± 0.24 85.5 ± 14.5 

4 1.60 ± 0.21 3.77 ± 0.47 77.3 ± 10.2 

24 4.48 ± 0.62 10.3 ± 1.78 10.1 ± 2.3 
 

˦
 Standard error. 

The number of clusters containing phospholipid coated gold nanoparticles increases with 

the progression of time allowed for A549 cells to uptake nanoparticles. Likewise, in Table 4.22, 

due to the minor change in magnitude corresponding to the fit for the laser beam width, the 

cluster density of phospholipid coated gold nanoparticles increases with time of uptake. The 

relative degree of aggregation decreases with the progression of time.  
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These calculations indicate that one would observe a greater number of clusters 

containing phospholipid coated gold nanoparticles with the progression of time but with a lesser 

relative degree of aggregation with time. This is a complete opposite trend in comparison to 

phospholipid coated gold nanoparticles after continuous exposure, variable uptake in A549 cells.  

4.6 Co-Localization of Endocytic Compartments Containing Phospholipid 

Coated Gold Nanoparticles in A549 Cells 

This section focusses on the study of the co-localization of endocytic markers with 

phospholipid coated gold nanoparticles in A549 cells. This particular co-localization measures 

the extent to which an endocytic marked compartment contains phospholipid coated gold 

nanoparticles and the extent for which phospholipid coated gold nanoparticle clusters contain 

markers. 

In this section, the following experimental combinations were studied; Rab5-561 & GNPs, 

Rab11-633 & GNPs, Rab7-633 & GNPs, and LAMP-1-561 & GNPs. Recall, GNPs contain a 

488 fluorescent probe, thus GNPs were excited with a 488 nm laser. GNPs are colored in green 

and markers for endocytic compartments are colored red in images, respectively. Recall, the 

color of the images does not represent the wavelength of excitation as specified in Chapter 2.5; 

colors of images were chosen merely for analysis and visualization. The double labelling 

procedure of phospholipid coated gold nanoparticles and primary and secondary antibodies 

required for labelling of one marker can be referred in Chapter 2.7.2. 

Procedure required for obtaining images via laser scanning confocal microscopy can be 

referred to in Chapter 2.10.3.2. Lastly, Image cross correlation spectroscopy analysis can be 

referred to in Chapter 2.11.2. 

4.6.1 Rab5-561 Marked Early Endocytic Compartments Containing Phospholipid 

Coated Gold Nanoparticles in A549 Cells 

The extent to which phospholipid coated gold nanoparticles associate with Rab5-561 

markers was studied.  
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Figure 4.13 is a visual representation of contrast enhanced images of GNPs and Rab5-561 

marked compartments in one cell. The Merge image is an overlay of the GNPs and Rab5-561 

images. The Original Merge is an overlay of the GNPs and Rab5-561 images that were obtained 

originally in the experiment without contrast enhancement. Thus, the Original Merge image is 

shown for purpose of comparison to that of the Merge image. 

             GNPs                         Rab5-561                    Merge                    Original Merge                            

       

Figure 4.13 Rab5-561 Marked Early Endocytic Compartments Containing 

Phospholipid Coated Gold Nanoparticles in A549 Cells 

A visual representation of contrast enhanced confocal fluorescence microscopy images of 

GNPs and Rab5-561 marked compartments in one cell. The Merge image is an overlay of the 

GNPs and Rab5-561 images. The Original Merge is an overlay of the GNPs and Rab5-561 

images that were obtained originally in the experiment without contrast enhancement. Thus, 

the Original Merge image is shown for purpose of comparison to that of the Merge image.  

 

The Merge image in Figure 4.13 shows no clear yellow regions to represent interaction 

between gold nanoparticles and Rab5 markers. Thus, there is little degree of co-localization 

among phospholipid coated gold nanoparticles Rab5 marked early endocytic compartments in 

A549 cells. 

Table 4.23 reflects the average number of clusters denoted by 〈𝑁𝑆𝑝𝑒𝑐𝑖𝑒𝑠〉 and the average 

fractions of co-localization of GNPs and Rab5-561 marked compartments. The average fraction 

of clusters containing phospholipid coated gold nanoparticles that contain Rab5-561 markers is 

denoted by 〈𝐹(𝐺𝑁𝑃𝑠|𝑅𝑎𝑏5)〉. Likewise, the average fraction of clusters containing Rab5 

markers that contain phospholipid coated gold nanoparticles is denoted by 〈𝐹(𝑅𝑎𝑏5|𝐺𝑁𝑃𝑠)〉. 
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Table 4.23 Average Number of Clusters Containing Species and Fractions of Co-

Localization of GNPs & Rab5-561 Marked Early Endocytic Compartments in A549 

Cells 

Species 〈𝑵𝑺𝒑𝒆𝒄𝒊𝒆𝒔〉 〈𝑭(𝑮𝑵𝑷𝒔|𝑹𝒂𝒃𝟓)〉 〈𝑭(𝑹𝒂𝒃𝟓|𝑮𝑵𝑷𝒔)〉 

GNPs 0.54 ± 0.09
˦
 

  Rab5-561 5.03 ± 0.32 

  GNPs & Rab5-561 0.31 ± 0.05 0.64 ± 0.05 0.06 ± 0.01 
˦
 Standard error. 

 

In Table 4.23, the average number of clusters containing phospholipid coated gold 

nanoparticles is less than the number of observed clusters after 2 hours of variable exposure, as 

previously shown in Table 4.20. There are approximately 0.54 clusters containing phospholipid 

coated gold and there are also approximately 5.03 clusters marked by Rab5-561. Lastly, there is 

approximately 0.31 cluster that contains both phospholipid coated gold nanoparticles and Rab5 

markers. 

The calculations for the average fractions of co-localization represented in Table 4.23 

reflect approximately 64% of the clusters of phospholipid coated gold nanoparticles contain 

Rab5-561 markers and approximately 6% of the clusters marked by Rab5 contain phospholipid 

coated gold nanoparticles. 

The images obtained in Figure 4.13 and the averaged values calculated in Table 4.23 are 

in agreement in terms of the small fraction of clusters marked with endosomal markers contain 

phospholipid coated gold nanoparticles; however, 60% co-localization of gold nanoparticles with 

Rab5-561 is quite high given the small amount of yellow color observed in the merge image of 

Figure 4.13.  

4.6.2 Rab11-633 Marked Recycling Endocytic Compartments Containing 

Phospholipid Coated Gold Nanoparticles in A549 Cells 

The extent to which phospholipid coated gold nanoparticles associate with Rab11-633 

marked recycling endocytic compartments was studied.  
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Figure 4.14 shows contrast enhanced images of GNPs and Rab11-633 marked 

compartments in one cell. The Merge image is an overlay of the GNPs and Rab11-633 images. 

The Original Merge is an overlay of the GNPs and Rab11-633 images that were obtained 

originally in the experiment without contrast enhancement. Thus, the Original Merge image is 

shown for purpose of comparison to that of the Merge image. 

           GNPs                         Rab11-633                    Merge                    Original Merge                  

       

Figure 4.14 Rab11 Marked Recycling Endocytic Compartments Containing 

Phospholipid Coated Gold Nanoparticles in A549 Cells 

Contrast enhanced confocal fluorescence microscopy images of GNPs and Rab11 marked 

compartments in one cell. The Merge image is an overlay of the GNPs and Rab11 images. The 

Original Merge is an overlay of the GNPs and Rab11 images that were obtained originally in 

the experiment without contrast enhancement. Thus, the Original Merge image is shown for 

comparison purposes to that of the Merge image.  

 

Similar to that of Rab5-561 and GNPs in Figure 4.13, from a visual perspective, the 

Merge image in Figure 4.14 reflects little degree of co-localization of among phospholipid 

coated gold nanoparticles and Rab11 marked compartments in C2C12 cells.  

Table 4.24 reflects the average number of clusters denoted by 〈𝑁𝑆𝑝𝑒𝑐𝑖𝑒𝑠〉 and the average 

fractions of co-localization of GNPs and Rab11 marked compartments. The average fraction of 

clusters containing phospholipid coated gold nanoparticles that contain Rab11 markers is 

denoted by 〈𝐹(𝐺𝑁𝑃𝑠|𝑅𝑎𝑏11)〉. Likewise, the average fraction of clusters containing Rab11 

markers that contain phospholipid coated gold nanoparticles is denoted by 〈𝐹(𝑅𝑎𝑏11|𝐺𝑁𝑃𝑠)〉. 
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Table 4.24 Average Number of Clusters and Fractions of Co-Localization of GNPs & 

Rab11-633 Marked Recycling Endocytic Compartments in A549 Cells 

Species 〈𝑵𝑺𝒑𝒆𝒄𝒊𝒆𝒔〉 〈𝑭(𝑮𝑵𝑷𝒔|𝑹𝒂𝒃𝟏𝟏)〉 〈𝑭(𝑹𝒂𝒃𝟏𝟏|𝑮𝑵𝑷𝒔)〉 

GNPs 0.53 ± 0.07
˦
 

  Rab11-633 3.44 ± 0.40 

  GNPs & Rab11-633 0.22 ± 0.03 0.49 ± 0.04 0.08 ± 0.01 

˦
 Standard error. 

 

In Table 4.24, As such, there are approximately 0.53 clusters that contain phospholipid 

coated gold nanoparticles and there are approximately 3.44 of clusters marked with Rab11-633. 

Lastly, there is approximately 0.22 cluster that contains both phospholipid coated gold 

nanoparticles and Rab11-633 markers. 

The calculations for the average fractions of co-localization represented in Table 4.24 

reflect approximately 49% of the clusters of phospholipid coated gold nanoparticles contain 

Rab11-633 markers and approximately 8% of the Rab11-633 marked endocytic compartments 

contain phospholipid coated gold nanoparticles. 

The images obtained in Figure 4.4 and the averaged values calculated in Table 5.24 are in 

agreement; visually speaking, a very small fraction of each species associate with one another in 

an observation region of the laser beam. Thus, although a fairly high fraction of clusters 

containing phospholipid coated gold nanoparticles contain recycling endocytic markers, fewer 

clusters of recycling markers contain phospholipid coated gold nanoparticles.  

4.6.3 Rab7-633 Marked Late Endocytic Compartments Containing Phospholipid 

Coated Gold Nanoparticles in A549 Cells. 

The extent to which phospholipid coated gold nanoparticles associate with Rab7-633 

markers was studied.  

Figure 4.15 shows contrast enhanced images of GNPs and Rab7-633 marked 

compartments in one cell. The Merge image is an overlay of the GNPs and Rab7-633 images. 

The Original Merge is an overlay of the GNPs and Rab7-633 images that were obtained 



158 

 

originally in the experiment without contrast enhancement. Thus, the Original Merge image is 

shown for purpose of comparison to that of the Merge image. 

           GNPs                         Rab7-633                     Merge                     Original Merge                  

       

Figure 4.15 Rab7-633 Marked Late Endocytic Compartments Containing 

Phospholipid Coated Gold Nanoparticles in A549 Cells 

Contrast enhanced fluorescence confocal microscopy images of GNPs and Rab7-633 marked 

compartments in one cell. The Merge image is an overlay of the GNPs and Rab7-633 images. 

The Original Merge is an overlay of the GNPs and Rab7-633 images that were obtained 

originally in the experiment without contrast enhancement. Thus, the Original Merge image is 

shown for purpose of comparison to that of the Merge image.  

 

Similar to that of Rab5-561 and GNPs and Rab11-633 and GNPs in Figure 4.13 and 

Figure 4.14, from a visual perspective, the Merge image Figure 4.15 reflects little degree of co-

localization among phospholipid coated gold nanoparticles and Rab7-633 marked late endocytic 

compartments in C2C12 cells.  

Table 4.25 reflects the average number of clusters denoted by 〈𝑁𝑆𝑝𝑒𝑐𝑖𝑒𝑠〉 and the average 

fractions of co-localization of GNPs and Rab7-633 marked compartments. The average fraction 

of clusters containing phospholipid coated gold nanoparticles that contain Rab7-633 markers is 

denoted by 〈𝐹(𝐺𝑁𝑃𝑠|𝑅𝑎𝑏7)〉. Likewise, the average fraction of clusters containing Rab7 

markers that contain phospholipid coated gold nanoparticles is denoted by 〈𝐹(𝑅𝑎𝑏7|𝐺𝑁𝑃𝑠)〉. 
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Table 4.25 Average Number of Clusters and Fractions of Co-Localization of GNPs & 

Rab7-633 Marked Late Endocytic Compartments in A549 Cells 

Species 〈𝑵𝑺𝒑𝒆𝒄𝒊𝒆𝒔〉 〈𝑭(𝑮𝑵𝑷𝒔|𝑹𝒂𝒃𝟕)〉 〈𝑭(𝑹𝒂𝒃𝟕|𝑮𝑵𝑷𝒔)〉 

GNPs 0.75 ± 0.15
˦
 

  Rab7-633 1.49 ± 0.25 

  GNPs & Rab7 0.22 ± 0.04 0.38 ± 0.08 0.19 ± 0.04 

˦
 Standard error. 

 

In Table 4.25, there are approximately 0.74 clusters containing phospholipid coated gold 

nanoparticles and there are also approximately 1.49 clusters containing Rab7-633 markers. 

Lastly, there are approximately 0.22 clusters that contain both phospholipid coated gold 

nanoparticles and Rab7-633 markers. 

The calculations for the average fractions of co-localization represented in Table 4.25 

reflect approximately 38% of the clusters of phospholipid coated gold nanoparticles contain 

Rab7-633 markers and approximately 19% of the clusters of Rab7-633 markers contain 

phospholipid coated gold nanoparticles with standard error ± 0.04 the average value.  

The images obtained in Figure 4.15 and the averaged values calculated in Table 4.25 are 

in agreement; visually speaking, a very small fraction of each species associates with one another 

in an observation area. 

4.6.4 LAMP-1-633 Marked Lysosomal Endocytic Compartments Containing 

Phospholipid Coated Gold Nanoparticles in A549 Cells 

The extent to which phospholipid coated gold nanoparticles associate with LAMP-1-633 

markers was studied.  

Figure 4.16 is a visual representation of contrast enhanced images of GNPs and LAMP-1-

633 marked compartments in one cell. The Merge image is an overlay of the GNPs and LAMP-

1-633 images. The Original Merge is an overlay of the GNPs and LAMP-1-633 images that were 

obtained originally in the experiment without contrast enhancement. Thus, the Original Merge 

image is shown for purpose of comparison to that of the Merge image. 
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             GNPs                     LAMP-1-633                  Merge                     Original Merge                  

       

Figure 4.16 LAMP-1 Marked Lysosomal Endocytic Compartments Containing 

Phospholipid Coated Gold Nanoparticles in A549 Cells 

Contrast enhanced fluorescence confocal microscopy images of GNPs and LAMP-1 marked 

compartments in one cell. The Merge image is an overlay of the GNPs and LAMP-1 images. 

The Original Merge is an overlay of the GNPs and LAMP-1 images that were obtained 

originally in the experiment without contrast enhancement. Thus, the Original Merge image is 

shown for purpose of comparison to that of the Merge image.  

 

Similar to that of Figure 4.13, Figure 4.14, and Figure 4.15, from a visual perspective, the 

Merge image Figure 4.16 reflects little degree of co-localization among phospholipid coated gold 

nanoparticles and LAMP-1 marked late endocytic compartments in A549 cells.  

Table 4.26  reflects the average number of clusters denoted by 〈𝑁𝑆𝑝𝑒𝑐𝑖𝑒𝑠〉 and the average 

fractions of co-localization of GNPs and LAMP-1 marked compartments. The average fraction 

of clusters containing phospholipid coated gold nanoparticles that contain LAMP-1-633 markers 

is denoted by 〈𝐹(𝐺𝑁𝑃𝑠|𝐿𝐴𝑀𝑃 − 1)〉. Likewise, the average fraction of clusters containing 

LAMP-1-633 markers that contain phospholipid coated gold nanoparticles is denoted by 

〈𝐹(𝐿𝐴𝑀𝑃 − 1|𝐺𝑁𝑃𝑠)〉. 

Table 4.26 Average Number of Clusters and Fractions of Co-Localization of GNPs & 

LAMP-1-633 Marked Lysosomal Endocytic Compartments in A549 Cells 

Species 〈𝑵𝑺𝒑𝒆𝒄𝒊𝒆𝒔〉 〈𝑭(𝑮𝑵𝑷𝒔|𝑳𝑨𝑴𝑷 − 𝟏)〉 〈𝑭(𝑳𝑨𝑴𝑷 − 𝟏|𝑮𝑵𝑷𝒔)〉 

GNPs 0.46 ± 0.09
˦
 

  LAMP-1-633 9.67 ± 1.10 

  GNPs & 

LAMP-1-633 0.25 ± 0.06 0.57 ± 0.08 0.03 ± 0.01 
˦
 Standard error. 
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In Table 4.26, there are approximately 0.46 clusters of phospholipid coated gold 

nanoparticles and there are also approximately 9.67 clusters marked with LAMP-1-633. Lastly, 

there are approximately 0.25 clusters that contains both phospholipid coated gold nanoparticles 

and LAMP-1 markers. 

The calculations for the average fractions of co-localization represented in Table 4.26 

reflect approximately 57% of the clusters that contain phospholipid coated gold nanoparticles 

contain LAMP-1 markers and approximately 3% of the clusters marked with LAMP-1 contain 

phospholipid coated gold nanoparticles. 

The images obtained in Figure 4.16 and the averaged values calculated in Table 4.26 are 

in agreement; although a large percentage of gold nanoparticle containing clusters have LAMP-

1-633 markers, few markers contain phospholipid coated gold nanoparticles. The high density of 

LAMP-1 markers may explain this low fraction.  

4.7 Summary of Fractions of Co-localization in A549 Cells 

Table 4.27 and Table 5.28 are summarized tables of each of the averaged fractions of co-

localization of phospholipid coated gold nanoparticles with an endocytic compartment, and vice 

versa, in A549 cells previously discussed.  
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Table 4.27 Extent of co-localization of GNPs with Endocytic Marked Compartments in 

A549 Cells 

〈𝐹(𝐺𝑟𝑒𝑒𝑛|𝑅𝑒𝑑)〉 Rab5 Rab7 Rab11 LAMP-1 

GNPs 0.64 ± 0.05
˦
 0.38 ± 0.08 0.49 ± 0.04 0.57 ± 0.08 

˦
 Standard error. 

 

Table 4.28 Extent of co-localization of Endocytic Marked Compartments with GNPs in 

A549 Cells 

〈𝐹(𝑅𝑒𝑑|𝐺𝑟𝑒𝑒𝑛)〉 GNPs 

Rab5 0.06 ± 0.01
˦
 

Rab7 0.19 ± 0.04 

Rab11 0.08 ± 0.01 

LAMP-1 0.03 ± 0.01 
˦
 Standard error. 

 

The fractions of co-localization in Table 4.27 reflect the following; on average, between 

40-60% of clusters containing phospholipid coated gold nanoparticles contain markers associated 

with one endocytic compartment. 

The fractions of co-localization in Table 4.28 reflect the following; on average, 

approximately 10-20% of clusters marked by one endocytic marker contain phospholipid coated 

gold nanoparticles. 

4.8 Co-Localization of Phospholipid Coated Gold Nanoparticles with Two 

Endocytic Compartments in A549 Cells 

The previous section discussed the co-localization of phospholipid coated gold 

nanoparticles with markers specific for endocytic compartments. Chapter 4.8 discusses the extent 

to which phospholipid coated gold nanoparticles associate with two markers and the extent to 

which one marker associates with another marker and phospholipid coated gold nanoparticles. 

In this section, the following experimental combinations were studied; GNPs & Rab5-561 

& Rab11-633, GNPs & Rab5-561, & Rab7-633, GNPs & Rab5-561 & LAMP-1-633, and GNPs 

& Rab7-633 & LAMP-1-633. As with one and two color studies, GNPs are always excited with 
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a 488 nm laser. GNPs are colored green in images, markers colored in red and blue. Recall, the 

coloring of the images does not represent the wavelength of excitation; the colors green, red, and 

blue were chosen for image analysis to visualize pairwise and three-way interaction, as 

mentioned in Chapter 2.5. The triple labelling procedure of phospholipid coated gold 

nanoparticles and primary and secondary antibodies required for labelling of two markers can be 

referred in Chapter 2.7.2.  Procedure required for obtaining images via laser scanning confocal 

microscopy can be referred to in Chapter 2.10.3.3. Lastly, triple image cross correlation 

spectroscopy analysis can be referred to in Chapter 2.11.3. 

4.8.1 GNPs & Rab5-561 & Rab11-633 in A549 Cells 

The association of phospholipid coated gold nanoparticles with Rab5-561 and Rab11-633 

markers was studied in A549 cells. 

Figure 4.17 shows contrast enhanced images of a cell labelled with phospholipid coated 

gold nanoparticles, Rab5, and Rab11.  

              GNPs                       Rab5-561                 Rab11-633                      Merge 

       

Figure 4.17 GNPs & Rab5-561 & Rab11-633 in A549 Cells 

 

In Figure 4.17, there appear to be no yellow regions observed to reflect GNPs and Rab5 

co-localization. Additionally, the observed purple regions in the image reflect the co-localization 

of Rab5-561 and Rab11-633. GNPs and Rab11-633 co-localize by the apparent “cyan” color 

observed due to the overlapping green and blue images. 

Table 5.29 shows the number of images, 𝑛𝑖𝑚𝑎𝑔𝑒𝑠 obtained in one experiment with the 

corresponding average number of clusters of species observed, 〈𝑁𝑆𝑝𝑒𝑐𝑖𝑒𝑠〉. 
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Table 4.29 Average Number of One, Two, and Three Labelled Clusters of GNPs, 

Rab5-561, and Rab11-633 Marked Endocytic Compartments in C2C12 Cells 

Species 𝒏𝒊𝒎𝒂𝒈𝒆𝒔 〈𝑵𝑺𝒑𝒆𝒄𝒊𝒆𝒔〉 

GNPs 14 0.38 ± 0.06
˦
 

Rab5-561 14 4.52 ± 0.37 

Rab11-633 14 2.64 ± 0.32 

GNPs & Rab5-561 14 0.10 ± 0.02 

GNPs & Rab11-633 14 0.09 ± 0.03 

Rab5-561 & Rab11-633 14 0.80 ± 0.08 

GNPs & Rab5-561 & Rab11-633 14 0.11 ± 0.04 
˦
 Standard error. 

 

Table 4.29 reflects the numbers of clusters of species observed for each individual 

marked compartment and phospholipid coated gold nanoparticles ranges between 0.38-5.00. 

Additionally, the number of clusters in which two markers are observed simultaneously is also in 

agreement with previous experiments, such that the number of clusters containing two markers 

ranges between 0.09-0.80. There is slight variation with each individual measurement, however 

it must be remembered that this is a different sample for which these measurements were 

calculated.  

 In contrast to previous experiments, the number of clusters of species of GNPs, Rab5-

561, and Rab11-633 were observed and calculated to be approximately 0.11. To fully understand 

this value, fractions of co-localization were calculated and represented in Table 4.30. 

Table 4.30 Average Fractions of Co-Localization in a GNPs, Rab5, and Rab11 

Experiment in A549 Cells 

〈𝐅(𝐆𝐍𝐏𝐬|𝐑𝐚𝐛𝟓  𝐑𝐚𝐛𝟏𝟏)〉 〈𝐅(𝐑𝐚𝐛𝟓 | 𝐆𝐍𝐏𝐬 𝐑𝐚𝐛𝟏𝟏)〉 〈𝐅(𝐑𝐚𝐛𝟏𝟏| 𝐆𝐍𝐏𝐬 𝐑𝐚𝐛𝟓)〉 

0.33 ± 0.07
˦
 0.03 ± 0.01 0.04 ± 0.01 

˦
 Standard error. 

In Table 4.30, approximately 33% of clusters containing GNPs contain Rab5-561 and 

Rab11-633 markers. As presented in Table 4.27, this calculation is approximately 30% less in 

comparison to that of the association of GNPs with Rab5-561 markers. This calculation is about 

20% less than that of the association of GNPs with Rab11-633 markers.  
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Approximately 3% of clusters containing Rab5-561 markers contain GNPs and Rab11-

633 markers. As presented in Table 4.28, this calculation compares to that of the association of 

Rab5-561 markers with GNPs. On the contrary, this fraction is approximately 30% less than the 

calculation in Rab5-561 with Rab11-633 markers, as shown in Table 3.30. 

Approximately 4% of clusters containing Rab11-633 markers contain GNPs and Rab5-

561 markers. As presented Table 4.28 this calculation compares to that of the association of 

Rab11-633 markers with GNPs. On the contrary, this calculation is approximately 40% less in 

comparison to the association of Rab11-633 markers with Rab5-561 markers, in reference to 

Table 3.30.  

Thus, although phospholipid coated gold nanoparticles contain Rab5-561 and Rab11-633 

markers, very few clusters that contain one marker have gold nanoparticles and another marker. 

In addition, the pairwise interaction of phospholipid coated gold nanoparticles with either Rab5 

or Rab11 markers may also take into account the second marker. 

4.8.2 GNP & Rab5-561 & Rab7-633 in A549 Cells 

The association of phospholipid coated gold nanoparticles with Rab5-561 and Rab7-633 

markers was studied in A549 cells. 

Figure 4.18 shows contrast enhanced images of a cell labelled with phospholipid coated 

gold nanoparticles, Rab5-561, and Rab7-633.  

              GNPs                       Rab5-561                  Rab7-633                        Merge 

       

Figure 4.18 GNPs & Rab5 & Rab7 in A549 Cells 

 

In Figure 4.18, there appear to be few yellow regions observed to reflect GNPs and Rab5-

561 co-localization. Additionally, the observed purple spots in the image reflect the co-
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localization of Rab5-561 and Rab7-633. GNPs and Rab7-633 co-localize by the apparent “cyan” 

color observed due to the overlapping green and blue images. 

Table 5.31 shows the number of images, 𝑛𝑖𝑚𝑎𝑔𝑒𝑠obtained in one experiment with the 

corresponding average number of fluorescent clusters of species observed, 〈𝑁𝑆𝑝𝑒𝑐𝑖𝑒𝑠〉. 

Table 4.31 Average Number of One, Two, and Three Labelled Clusters of GNPs, 

Rab5-561, and Rab7-633 Marked Endocytic Compartments in A549 Cells 

Species 𝒏𝒊𝒎𝒂𝒈𝒆𝒔 〈𝑵𝑺𝒑𝒆𝒄𝒊𝒆𝒔〉 

GNPs 20 0.42 ± 0.08
˦
 

Rab5-561 20 4.15 ± 0.35 

Rab7-633 20 1.59 ± 0.13 

GNPs & Rab5-561 20 0.11 ± 0.04 

GNPs & Rab7-633 20 0.63 ± 0.40 

Rab5-561 & Rab7-633 20 0.51 ± 0.05 

GNPs & Rab5-561 & Rab7-633 20 0.09 ± 0.02 
˦
 Standard error. 

 

Table 4.31 reflects the numbers of clusters of species marked with a specific marker or 

containing phospholipid coated gold nanoparticles to range between 0.42-4.15. Additionally, the 

number of clusters in which two markers are observed simultaneously is also in agreement with 

previous experiments, such that the number of clusters containing two markers ranges between 

0.11-0.63. There is slight variation with each individual measurement; however it must be kept 

to consideration that this is a different sample for which these measurements were calculated.  

 In contrast to previous experiments, the number of clusters containing GNPs, Rab5-561, 

and Rab7-633 were observed and calculated to be approximately 0.09. To fully understand this 

value, fractions of co-localization were calculated and represented in Table 4.32. 

Table 4.32 Averaged Fractions of Co-localization of GNPs with Early and Late 

Endocytic Marked Compartments in A549 Cells 

〈𝐅(𝐆𝐍𝐏𝐬|𝐑𝐚𝐛𝟓  𝐑𝐚𝐛𝟕)〉 〈𝐅(𝐑𝐚𝐛𝟓 | 𝐆𝐍𝐏𝐬 𝐑𝐚𝐛𝟕)〉 〈𝐅(𝐑𝐚𝐛𝟕| 𝐆𝐍𝐏𝐬 𝐑𝐚𝐛𝟓)〉 

0.25 ± 0.04
˦
 0.02 ± 0.00 0.05 ± 0.01 

˦
 Standard error. 

 



167 

 

In Table 4.32, approximately 25% of clusters containing GNPs contain Rab5-561 and 

Rab7-633 markers. As presented in Table 4.27 this calculation compares to that of the 

association of GNPs with Rab5-561 markers and the association of GNPs with Rab7-633 

markers.  

Approximately 2% of clusters containing Rab5-561 markers contain GNPs and Rab7-633 

markers.  As presented in Table 4.28 this calculation is approximately 18% less in comparison to 

that of the association of Rab5 markers with GNPs. Additionally, this calculation is 

approximately 48% less in comparison to that of the association of Rab5 markers with Rab7 

markers, in reference to Table 3.30. 

Approximately 5% of clusters containing Rab7-633 contain Rab5-561 markers. As 

presented in Table 4.28, this calculation 15% less in comparison to that of the association of 

Rab7-633 markers with GNPs. Additionally, this calculation is 38% less in comparison to that of 

the association of Rab7-633 markers with Rab5-561 markers, in reference to Table 3.30. 

Likewise with the binary association of phospholipid coated gold nanoparticles with 

either Rab5 or Rab7 markers, very few clusters that contain one marker have gold nanoparticles 

and another marker. In addition, the pairwise interaction of phospholipid coated gold 

nanoparticles with either Rab5 or Rab7 markers may also take into account the other marker. 

4.8.3 GNPs & Rab5-561 & LAMP-1-633 in A549 Cells 

The association of phospholipid coated gold nanoparticles with Rab5-561 and LAMP-1-

633 markers was studied in A549 cells. 

Figure 4.19 is a visual representation of contrast enhanced images of a cell labelled with 

phospholipid coated gold nanoparticles and primary and secondary antibodies specific for Rab5 

and LAMP-1.  
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              GNPs                      Rab5-561                 LAMP-1-633                   Merge 

       

Figure 4.19 GNPs & Rab5 & LAMP-1 in A549 Cells. 

 

In Figure 4.19, there appear to be few yellow regions observed to reflect GNPs and Rab5-

561 co-localization. Additionally, the observed purple spots in the image reflect the co-

localization of Rab5-561 and LAMP-1-633. GNPs and LAMP-1-633 co-localize by the apparent 

“cyan” color observed due to the overlapping green and blue images. 

Table 4.33 shows the number of images, 𝑛𝑖𝑚𝑎𝑔𝑒𝑠obtained in one experiment with the 

corresponding average number of fluorescent clusters of species observed, 〈𝑁𝑆𝑝𝑒𝑐𝑖𝑒𝑠〉. 

Table 4.33 Average Number of One, Two, and Three Labelled Clusters of GNPs, 

Rab5-561, and LAMP-1-633 Marked Endocytic Compartments in A549 Cells 

Species 𝒏𝒊𝒎𝒂𝒈𝒆𝒔 〈𝑵𝑺𝒑𝒆𝒄𝒊𝒆𝒔〉 

GNPs 13 0.41 ± 0.06
˦
 

Rab5-561 13 3.41 ± 0.40 

LAMP-1-633 13 10.0 ± 1.00 

GNPs & Rab5-561 13 0.08 ± 0.02 

GNPs & LAMP-1-633 13 0.35 ± 0.09 

Rab5 & LAMP-1-633 13 1.76 ± 0.17 

GNPs & Rab5-561 & LAMP-1-633 13 0.14 ± 0.03 
˦
 Standard error. 

 

Table 4.33 reflects the numbers of clusters of species observed for each individual 

marked compartment and phospholipid coated gold clusters ranges between 0.41-10.00. 

Additionally, the number of fluorescent clusters by which two markers are observed 

simultaneously is also in agreement with previous experiments, such that the number of clusters 
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of species observed ranges between 0.14-1.76. There is slight variation with each individual 

measurement, however it must be kept to consideration that this is a different sample for which 

these measurements were calculated.  

 In contrast to previous experiments, the number of clusters containing GNPs, Rab5-561, 

and LAMP-1-633 were observed and calculated to be approximately 0.14. To fully understand 

this value, fractions of co-localization were calculated and represented in Table 4.34. 

Table 4.34 Averaged Fractions of co-localization of GNPs with Early and Lysosomal 

Endocytic Marked Compartments in A549 Cells 

〈𝐅(𝐆𝐍𝐏𝐬|𝐑𝐚𝐛𝟓 𝐋𝐀𝐌𝐏 − 𝟏)〉 〈𝐅(𝐑𝐚𝐛𝟓|𝐆𝐍𝐏𝐬 𝐋𝐀𝐌𝐏 − 𝟏)〉 〈𝐅(𝐋𝐀𝐌𝐏 − 𝟏|𝐆𝐍𝐏𝐬𝐑𝐚𝐛𝟓)〉 

0.39 ± 0.08
˦
 0.05 ± 0.01 0.02 ± 0.00 

˦
 Standard error. 

 

In Table 4.34, approximately 39% of clusters containing GNPs contain Rab5-561 and 

LAMP-1-633 markers. In reference to Table 4.27, this calculation is 20% less than that of the 

association of GNPs with Rab5-561 markers. This calculation is also 10% less than that of the 

association of GNPs with LAMP-1-633 markers, in reference to Table 4.27.  

Approximately 5% of clusters containing Rab5 markers contain LAMP-1-633 markers 

and GNPs. In reference to Table 4.28, this calculation matches that of the association of Rab5-

561 markers with GNPs. Additionally, this calculation is approximately 75% less in comparison 

to that of the association of Rab5 markers with LAMP-1 markers, in reference to Table 3.30. 

Approximately 2% of clusters containing LAMP-1-633 markers contain GNPs and Rab5-

561 markers. In reference to Table 4.28, this calculation matches in comparison to that of the 

association of clusters of LAMP-1-633 markers and GNPs. Additionally, this calculation is 75% 

less in comparison to that of the association of LAMP-1-633 markers with Rab5-561 markers, in 

reference to Table 3.30. 

This data strongly suggest that although there are very few clusters in which all three 

species are observed, the pairwise interaction of GNPs with either LAMP-1 or Rab7 reflect the 

some fraction of GNP clusters that also contain both LAMP-1 and Rab7.  
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4.8.4 GNPs & Rab7-633 & LAMP-1-561 in A549 Cells 

The association of phospholipid coated gold nanoparticles with Rab7-633 and LAMP-1-

561 markers was studied in A549 cells. 

Figure 4.20 shows contrast enhanced images of a cell labelled with phospholipid coated 

gold nanoparticles, Rab7-633, and LAMP-1-561.  

              GNPs                      Rab7-633                  LAMP-1-561                   Merge 

       

Figure 4.20 GNPs & Rab7-633 & LAMP-1-561 in A549 Cells 

 

In Figure 4.20, there appear to be few yellow regions observed to reflect GNPs and Rab7-

633 co-localization. Additionally, the observed purple spots in the image reflect the co-

localization of Rab7-633 and LAMP-1-561. GNPs and LAMP-1-633 co-localize by the apparent 

“cyan” color observed due to the overlapping green and blue images. 

Table 4.35 shows the number of images, 𝑛𝑖𝑚𝑎𝑔𝑒𝑠obtained in one experiment with the 

corresponding average number of clusters of species observed, 〈𝑁𝑆𝑝𝑒𝑐𝑖𝑒𝑠〉. 
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Table 4.35 Averaged Number of One, Two, and Three Clusters of GNPs, Rab7-633, 

and LAMP-1-561 Endocytic Marked Compartments in A549 Cells 

Species 𝒏𝒊𝒎𝒂𝒈𝒆𝒔 〈𝑵𝑺𝒑𝒆𝒄𝒊𝒆𝒔〉 

GNPs 20 0.50 ± 0.18
˦
 

Rab7-633 20 1.33 ± 0.16 

LAMP-1-561 20 7.77 ± 0.54 

GNPs & Rab7-633 20 0.14 ± 0.10 

GNPs & LAMP-1-561 20 0.23 ± 0.10 

Rab7-633 & LAMP-1-561 20 0.59 ± 0.24 

GNPs & Rab7-633 & LAMP-1-561 20 0.07 ± 0.01 
˦
 Standard error. 

 

Table 4.35  reflects the numbers of clusters containing one species ranges between 0.50-

7.77. Additionally, the number of clusters in which two markers are observed simultaneously is 

also in agreement with previous experiments, such that the number of clusters of species 

observed is approximately 0.14-0.59 cluster. There is slight variation with each individual 

measurement, however it must be remembered that this is a different sample for which these 

measurements were calculated.  

 In contrast to previous experiments, the number of clusters containing GNPs, Rab7-633, 

and LAMP-1-561 were observed and calculated to be approximately 0.07. To fully understand 

this value, fractions of co-localization were calculated and represented in Table 4.36. 

Table 4.36 Averaged Fractions of Co-localization of GNPs with Late and Lysosomal 

Endocytic Marked Compartments in A549 Cells 

〈𝐅(𝐆𝐍𝐏𝐬|𝐑𝐚𝐛𝟕  𝐋𝐀𝐌𝐏 − 𝟏)〉 〈𝐅(𝐑𝐚𝐛𝟕 | 𝐆𝐍𝐏𝐬 𝐋𝐀𝐌𝐏 − 𝟏)〉 〈𝐅(𝐋𝐀𝐌𝐏 − 𝟏| 𝐆𝐍𝐏𝐬 𝐑𝐚𝐛𝟕)〉 

0.24 ± 0.05
˦
 0.01 ± 0.00 0.06 ± 0.01 

˦
 Standard error. 

 

In Table 4.36, approximately 24% of clusters containing GNPs contain Rab7-633 and 

LAMP-1 markers. In reference to Table 4.27, this calculation is 20% less than that of the 

association of GNPs with Rab7-633 markers. This calculation is also 40% less than that of the 

association of GNPs with LAMP-1 markers. 
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Approximately 1% of clusters containing Rab7 markers contain GNPs and LAMP-1 

markers.  In reference to Table 4.28Table 4.27, this calculation is 20% greater than that of the 

association of Rab7 markers with GNPs. Additionally, this calculation is 30% less in comparison 

to that of the association of Rab7 markers with LAMP-1 markers, as indicated in Table 3.30.  

Approximately 6% of clusters containing LAMP-1 markers contain GNPs and Rab7 

markers. In reference to Table 4.28, this calculation matches in comparison to that of association 

LAMP-1 markers with GNPs. Additionally, this calculation is 30% less in comparison to that of 

the association LAMP-1 markers with Rab7 markers.  

Pairwise interaction of GNPs with Rab7 and LAMP-1 compare with the ternary complex 

formation; thus, these pairwise fractions may also take into account the third marker, Rab7 or 

LAMP-1. 

4.9 Chapter Conclusions 

The purpose of this chapter was to explore the extent to which phospholipid coated gold 

nanoparticles associate with markers of endosomes. This information was used to conclude 

whether or not the phospholipid coated gold nanoparticles undergo clathrin mediated endocytosis 

in C2C12 and A549 cells. Based on the results of this study, nanoparticles do undergo 

endocytosis. More specifically, three main conclusions can be drawn; 1) the internalization 

phenomena of phospholipid coated gold nanoparticles varies between cells, 2) pairwise 

interaction between phospholipid coated gold nanoparticles and endocytic markers varies 

between cells, and 3) three-way interaction between phospholipid coated gold nanoparticles and 

two endocytic markers also varies between cells.  

Chapters 4.1 and 4.5 focused on the internalization of phospholipid coated gold 

nanoparticles in C2C12 and A549 cells, respectively. Phospholipid coated gold nanoparticles 

were always observed as C2C12 cells were continuously exposed to phospholipid coated gold 

nanoparticles in culture media; the number of clusters and degree of aggregation fluctuated with 

time. However, when phospholipid coated gold nanoparticles were no longer present in culture 

media after 24 hours progressed for uptake, phospholipid coated gold nanoparticles were no 

longer present in cells. Thus, C2C12 cells can be continuously exposed to nanoparticles for 

uptake; however there is a fixed amount of time in which these cells can withhold nanoparticles 
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in a gold nanoparticle free extracellular environment. On the contrary, A549 cells exhibit 

different behavior for gold nanoparticle internalization; fewer phospholipid coated gold 

nanoparticles with an increased relative degree of aggregation is observed with the progression 

of time of continuous exposure. When phospholipid coated gold nanoparticles are no longer 

present in the extracellular environment, a greater number of clusters (with a decrease in relative 

degree of aggregation) are observed. Thus, the internalization of phospholipid coated gold 

nanoparticles in a time dependent manner varies with cell type, specifically for A549 and C2C12 

cells.    

For binary complex formation in C2C12 cells; approximately 20-30% of each cluster 

containing phospholipid coated gold nanoparticles contains a marker for an endocytic 

compartment. Likewise, approximately 20% of each cluster containing a marker for an endocytic 

compartment also contains phospholipid coated gold nanoparticles. This approximate 20% 

pairwise co-localization between phospholipid coated gold nanoparticles with markers is 

promising to imply that the gold nanoparticles are present in endocytic marked compartments. In 

relation to the results obtained in Chapter 3, pairwise interaction among two markers was 

consistent with the proposed hypothesized theory of maturation and fusion of specific endosomes 

in C2C12 cells.  

 In regard to A549 cells, slightly different phenomena are observed for the binary complex 

formation; specifically, approximately 40-60% of clusters containing phospholipid coated gold 

nanoparticles also contain a marker for an endocytic compartment. Thus, gold nanoparticles are 

present in compartments.  However, 3-8% of clusters containing one marker also contain 

phospholipid coated gold nanoparticles. Thus, very few clusters marked by a marker have 

phospholipid coated gold nanoparticles. These differences when compared to C2C12 cells are 

somewhat expected; in Chapter 3, it was shown that differences among pairwise interaction were 

observed and are somewhat inconsistent with the hypothesized maturation and fusion steps 

required of endocytosis. Thus, the extent to which phospholipid coated gold nanoparticles 

associate with markers in A549 cells is expected due to the extent of association of endocytic 

markers.  

The extent of ternary complex formation of phospholipid coated gold nanoparticles with 

two markers is somewhat similar in C2C12 and A549 cells. Specifically, approximately 10-40% 
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of phospholipid coated gold nanoparticles associate with two markers in C2C12 cells and 

approximately 25-30% association is observed in A549 cells. In addition, these fractions for 

representing three-way interaction are slightly less in magnitude if not the same in comparison to 

pair-wise interactions which supports the analysis technique of ICS. These ternary fractions of 

gold nanoparticle association with two markers provide some indication that a fraction of the 

binary complexes in which there are phospholipid coated gold nanoparticles and one marker 

present may also consist of ternary complexes as well. For example; the total number of clusters 

observed that contain GNPs and Rab5 markers may account for clusters that have GNPs, Rab5, 

and Rab7 markers as well. 

The extent of ternary interaction of markers associating with phospholipid coated gold 

nanoparticles and another marker varies with cell type. Approximately 12-65% of markers in 

C2C12 associate with GNPs and markers, whereas only 1-6% of markers in A549 cells associate 

with GNPs and markers, which implies few, perhaps one cluster in A549 cells containing a 

marker has GNPs and markers. The extent of binary complex formation in A549 cells also takes 

into account the extent of three species interacting, but fewer three-marker complexes are present 

out of the total distribution of complexes in A549 cells, compared to C2C12 cells. This 

observation is also consistent with the observed distribution of complexes containing three 

markers in C2C12 and A549 cells discussed in Chapter 3.    

In addition, the average fit of the laser beam width for each time interval of exposure is 

consistent with average fit of the laser beam width corresponding to each marker of a clathrin 

mediated endosome as discussed in Chapter 3. Thus, simply from this observation, these gold 

nanoparticles possibly reside in endocytic compartments. To further inquire about the 

localization of phospholipid coated gold nanoparticles with endocytic compartments, 

coincidental fluorescence fluctuation analysis may be required for further analysis. 

The ultimate fate of the phospholipid coated gold nanoparticles in these cell lines can be 

described by four different phenomena based on the results presented in this chapter; 1) the 

fluorescence of the NBD dye in the lipids has been quenched, 2) the gold nanoparticles 

potentially reside in compartments different from endosomes, 3) the cells eliminate the 

nanoparticles back into the extracellular environment via exocytosis, and/or 4) the cells degrade 

the nanoparticles. Quenching of NBD is a possibility and common quenchers of NBD include 
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molecular oxygen, iodide, acrylamide, and diothionite in solution.
92

 However, previous studies in 

the Petersen lab have shown that the phospholipid bilayer surrounding the gold nanoparticles 

remains intact upon interaction with other membranes in cells.
2
 Thus, the fluorescence arising 

from the gold nanoparticles after interaction with other membranes implies the bilayer membrane 

surrounding the gold is intact and quenching from other molecules (if any) is low. The second 

phenomena may also occur such that a small fraction of gold nanoparticles reside in 

compartments not studied; for this to be the case, live cell imaging would be useful but also 

deduction of pairwise fractions presented in Chapter 4 to determine if a small fraction of gold 

nanoparticles reside in other compartments. Preliminary work in the Petersen lab has also 

demonstrated that chemicals used to inhibit endocytosis prevented the internalization of these 

phospholipid coated gold nanoparticles. Thus, the location of phospholipid coated gold 

nanoparticles in compartments other than endosomes is perhaps unlikely. The third and fourth 

described phenomena are the most probable from these studies as the gold nanoparticles 

ultimately co-localize with lysosomes, which are acidic in nature for digestion, but at certain 

time points, the number of clusters of gold nanoparticles are low. Whether the gold nanoparticles 

re-enter cells after exocytosis (probable for A549 cells based on the time dependent increase in 

degree of aggregation with time) is a possible occurrence and real time imaging would be useful 

to address this question. In summary, results from this chapter suggest that the gold nanoparticles 

reside in acidic lysosomes for possible digestion but may be cleared from cells if not fully 

digested by the lysosomes.  

 Phospholipid coated gold nanoparticles are effectively taken up in C2C12 and A549 cells 

via clathrin mediated endocytosis, but associate with endocytic markers to various extents. This 

chapter has provided a useful means to show variability that exists among two cell types and to 

also provide additional information for how a particular type of gold nanoparticle material is 

processed and taken up in two different cell types. These phospholipid coated gold nanoparticles 

are an effective model to study in cells and based on their high degree of association with 

endocytic markers, they are a useful platform for pH sensitive drug delivery platforms. They are 

also biocompatible due the phospholipid bilayer coating and a useful system to study using 

fluorescence based techniques.  

 



176 

 

 

 

 

 

 

 

 

 

Chapter 5 
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5 𝜶-Synuclein and Markers of Endocytic Compartments in Fixed 

SH-SY5Y Cells 

Alpha Synuclein (𝛼 −Syn) aggregation of fibrils in neurons is one of the causes of 

neurodegeneration in Parkinson’s disease. In recent years, scientists have made great efforts to 

also study various oligomeric forms of the protein as the oligomers themselves have shown to be 

toxic prior to forming fibrils, thus may be a more accurate species to target for detection and 

diagnosis as opposed to fibrils.
93

Thus, an understanding of the aggregation and behavior of 

oligomers of 𝛼 −Syn is critical for the development of additional detection and treatment 

methods for Parkinson’s disease. 

The goal and motive for this study was to obtain quantitative information specific to the 

intracellular behavior of different oligomeric forms of 𝛼 −Syn as a means to compare and 

contrast the different oligomers. It is desired that the information specific to oligomers studied 

will provide scientists in the field with foundations to lead to the development of more effective 

detection and treatment methods for Parkinson’s disease. 

Oligomers of 𝛼 −Syn studied were monomers, engineered dimers, and engineered tetramers 

of the protein. 
82

 Monomers, dimers, and tetramers are abbreviated in tables and figures as Ms, 

Ds, and Ts, respectively. 

In this work, first, the internalization of oligomeric forms of 𝛼 −Syn was studied by variable 

exposure, post cell fixation experiments in addition to a fixed exposure, variable uptake 

experiment, similar to the work completed for phospholipid coated gold nanoparticle studies in 

Chapter 4. Different from the work presented in Chapter 4, the passive diffusion of oligomers 

into cells was also studied to determine if passive transport was a possible mechanism of 

internalization. Based on the understanding of internalization, the pairwise interaction of 

oligomers was then studied to determine the extent to which two oligomers exist in the same 

cluster. The third study for this chapter focused on the association of oligomers with markers of 

endocytic compartments to determine if these oligomers do in fact undergo endocytosis.   
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5.1 Internalization of Oligomers of 𝜶 −Syn  

Chapter 5.1 focusses on the internalization of oligomers 𝛼 −Syn in SH-SY5Y cells. 

5.1.1 Internalization of oligomers of 𝜶 −Syn after Variable Exposure, Post SH-

SY5Y Cell Fixation 

Cells were fixed first, blocked with BSA, and then exposed to monomers, dimers, and 

tetramers for 1, 2, 4, and 24 hours.  Oligomers were able to diffuse through the fixed cell 

membranes of cells and internalize in SH-SY5Y cells. Therefore, the data and results obtained 

for this study is based on the passive diffusion of oligomers into cells and not endocytosis. 

The experimental procedure can be found in Chapter 2.8.3.2. Laser scanning confocal 

microscopy imaging of one marker can be found in Chapter 2.10.3.1. Image Correlation 

Spectroscopy can be found in Chapter 2.11.1. 

5.1.1.1 Internalization of Monomers after Variable Exposure, Post SH-SY5Y Cell 

Fixation 

Monomers of 𝛼 −syn were exposed to fixed SH-SY5Y cells to study the passive 

diffusion of monomers into cells.  

Figure 5.1 shows original confocal fluorescence microscopy images of pre-fixed cells 

after being exposed to monomers. Images A, B, C, and D each correspond to one image of one 

SH-SY5Y cell with internalized monomers. Images vary based on exposure time of monomers to 

cells in a sample; 1, 2, 4, and 24 hours, respectively. 
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Figure 5.1 Images of Internalized Monomers after Variable Exposure to Pre-Fixed 

SH-SY5Y Cells 

Confocal fluorescence microscopy images of pre-fixed cells after being exposed to monomers. 

Images A, B, C, and D each correspond to one image of one SH-SY5Y cell with internalized 

monomers. Images vary based on exposure time of monomers to cells in a sample; 1, 2, 4, and 

24 hours, respectively. 

 

 In each image shown in Figure 5.1, monomers distribute over the entire cytoplasmic 

region in the image; this is different to experiments in which phospholipid coated gold 

nanoparticles were studied based on an assumed active transport pathway; with nanoparticles, 

clustering was observed as opposed to homogenously distributed species over the entire region 

of the cell.  

 Table 5.1 shows the averages of the auto correlation amplitude, fitted laser beam width, 

and average intensity of monomers after exposure to pre-fixed cells. Approximately 20-30 

images were obtained for each exposure time of monomers to pre-fixed cells. The values are 

shown with standard error. 

Table 5.1 Averages of ICS Parameters for Images of Monomers after Variable 

Exposure, Post SH-SY5Y Cell Fixation 

Post Fix Variable Exposure 

Time (hours) 〈𝐠(𝟎, 𝟎)〉 〈𝛚 (𝛍𝐦)〉 〈𝑰𝒂𝒗𝒈.〉 

1 0.09 ± 0.02
˦
 0.57 ± 0.02 723 ± 48 

2 0.07 ± 0.01 0.53 ± 0.02 710 ± 33 

4 0.09 ± 0.01 0.52 ± 0.01 880 ± 44 

24 0.07 ± 0.01 0.51 ± 0.02 1224 ± 75 

˦ Standard error. 

 

A      B        C          D 
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The average intensity of monomers ranges between 700-800 within the first four hours of 

exposure. The intensity of monomers then increases to 1224 after 24 hours has progressed.  

 The auto correlation amplitude for each time interval of post fixation exposure is constant 

for 1-24 hours, specifically 0.07 or 0.09. This autocorrelation amplitude is small in comparison 

to previous auto correlation amplitudes obtained for phospholipid coated gold nanoparticles and 

markers of endosomes in C2C12 and A549 cells. However, based on Figure 5.1, the monomers 

are fluorescent and the small auto correlation amplitude values do not reflect background noise. 

Because the monomers distribute over the majority of the entire cell, the small auto correlation 

amplitudes reflect this distribution of species. 

The average fitted laser beam width ranges between 0.51-0.57 microns within 1-24 hours. 

As mentioned in previous chapters, the experimental average fitted laser beam width is a 

convolution of the laser beam width and the size of the species of interest being imaged. In 

Figure 5.1, there are a few presences of circular black spots that may give rise to in-

homogeneities in the fluorescence distributions. Thus, this may be a reason for the larger width 

of the laser beam in comparison to previous studies (on average shown to be approximately 0.40 

microns with markers and phospholipid coated gold nanoparticles).  The magnitude of the 

measurement for the fit of the laser beam width arises from convolution.  

 Table 5.2 shows the averages of the number of clusters containing monomers, the 

average number of clusters containing monomers per square micron, and the average relative 

degree of aggregation of monomers per cluster after exposure to pre-fixed cells. The values are 

shown with standard error. 

Table 5.2 Averages of Derived ICS Parameters for  Images of Monomers after 

Variable Exposure, Post SH-SY5Y Cell Fixation 

Post Fix Variable 

Exposure 

Time (hours) 〈𝑵𝑴𝒔〉 〈𝑪𝑫〉 〈𝑫𝑨〉 

1 25.6 ± 5.1
˦
 22.6 ± 5.1 59.4 ± 9.7 

2 19.6 ± 2.3 24.8 ± 3.4 49.0 ± 5.1 

4 22.0 ± 3.3 38.2 ± 9.2 67.7 ± 9.3 

24 18.0 ± 2.2 23.4 ± 3.2 91.1 ± 10.3 
 

˦ Standard error. 
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 The number of clusters containing monomers in the region of the laser beam ranges 

between 18-25 clusters after 1-24 hours of exposure to pre-fixed cells. The cluster density ranges 

between 22-38 clusters of monomers per square micron. This is a very large cluster density 

observed in this thesis, almost two fold greater than previous findings with phospholipid coated 

gold nanoparticles. Lastly, the relative degree of aggregation is on the order of 49-91 monomers 

per cluster. Given the number of clusters fluctuates with exposure time, the relative degree of 

aggregation is weighted more heavily on the intensity; thus, an increase in the relative degree of 

aggregation of monomers after 24 hours of exposure is expected because the intensity of 

monomers increased after 24 hours of exposure. 

These results indicate that the number of clusters containing monomers is constant with 

exposure time, however the relative degree of aggregation of monomers in clusters increases 

with time.  

5.1.1.2 Internalization of Dimers after Variable Exposure, Post SH-SY5Y Cell 

Fixation 

Dimers of 𝛼 −syn were exposed to fixed SH-SY5Y cells to study the passive diffusion of 

dimers into cells.  

Figure 5.2 shows the original confocal fluorescence microscopy images of pre-fixed cells 

after being exposed to dimers. Images A, B, C, and D each correspond to one image of one SH-

SY5Y cell with internalized dimers. Images vary based on exposure time of dimers to cells in a 

sample; 1, 2, 4, and 24 hours, respectively. 
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Figure 5.2 Images of Internalized Dimers after Variable Exposure, Post SH-SY5Y 

Cell Fixation 

Confocal fluorescence microscopy images of pre-fixed after being exposed to dimers. Images 

A, B, C, and D each correspond to one image of one SH-SY5Y cell with internalized dimers. 

Images vary based on exposure time of dimers to cells in a sample; 1, 2, 4, and 24 hours, 

respectively. 

 

As with the monomers in Figure 5.1, the dimers distribute homogenously throughout the 

cytoplasm.  

 Table 5.3 shows the averages of the auto correlation amplitude, fitted laser beam width, 

and intensity of dimers after exposure to pre-fixed cells. Data is shown with standard error. 

Approximately 20-30 images were obtained for each variable exposure time interval. 

Table 5.3 Averages of ICS Parameters for Images of Dimers after Variable Exposure, 

Post SH-SY5Y Cell Fixation 

Post Fix Variable 

Exposure 

Time (hours) 〈𝐠(𝟎, 𝟎)〉 〈𝛚 (𝛍𝐦)〉 〈𝑰𝒂𝒗𝒈.〉 

1 0.06 ± 0.01
˦
 0.55 ± 0.01 177 ± 12 

2 0.06 ± 0.01 0.58 ± 0.01 219 ± 12 

4 0.09 ± 0.01 0.56 ± 0.02 158 ± 14 

24 0.12 ± 0.02 0.63 ± 0.02 623 ± 44 
 

˦ Standard error. 

 Similar to monomers, there is an increase with the average intensity of dimers after 24 

hours of exposure to pre-fixed cells. The auto correlation amplitude obtained for dimers ranges 

in magnitude of 0.06-0.12 with the progression of time. Additionally, the fit obtained for the 

width of the laser beam is between 0.55-0.63 microns. As with monomers upon exposure post 

SH-SY5Y cell fixation, the experimental fitted laser beam width arises from convolution.  

A      B        C          D 
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Table 5.4 shows the average values of the calculations corresponding to dimers after 

variable exposure, post SH-SY5Y cell fixation. The average number of clusters containing 

dimers, the average number of clusters containing dimers per square micron, and the average 

relative degree of aggregation of dimers per cluster was calculated for 20-30 images per sample. 

The calculations correspond to data obtained in Table 5.3 and are shown with standard error. 

Table 5.4 Averages of Derived ICS Parameters for Images of Dimers after Variable 

Exposure, Post SH-SY5Y Cell Fixation 

Post Fix Variable 

Exposure 

Time (hours) 〈𝑵𝑫𝒔〉 〈𝑪𝑫〉 〈𝑫𝑨〉 

1 16.8 ± 2.8
˦
 18.0 ± 4.0 10.5 ± 1.2 

2 24.9 ± 3.1 27.0 ± 4.4 12.3 ± 1.5 

4 20.1 ± 3.0 25.6 ± 4.9 15.3 ± 3.1 

24 18.7 ± 2.9 19.7 ± 4.2 76.7 ± 14.7 

˦ Standard error. 

 

 The number of clusters containing dimers in the observation region of the laser beam 

ranges between 16-24 clusters. Similarly, the number of clusters containing dimers observed per 

square micron ranges between18-27. In reference to Table 5.3, the increase in the degree of 

aggregation after 24 hours has elapsed is dependent on the increase in intensity, as the auto 

correlation amplitude is constant with time of exposure. Thus, these results indicate that the 

number of clusters containing dimers is constant with exposure time, however the relative degree 

of aggregation of dimers per cluster increases with exposure time. As with monomers, cells are 

able to continuously internalize dimers for long progressions of time.  

5.1.1.3 Internalization of Tetramers after Variable Exposure, Post SH-SY5Y Cell 

Fixation 

Tetramers of 𝛼 −syn were exposed to fixed SH-SY5Y cells to study the passive diffusion 

of tetramers into cells.  

Figure 5.3 shows confocal fluorescence microscopy images of pre-fixed cells after being 

exposed to tetramers. Images A, B, C, and D each correspond to one image of one SH-SY5Y cell 
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with internalized tetramers. Images vary based on exposure time of tetramers to cells in a 

sample; 1, 2, 4, and 24 hours, respectively. 

       

Figure 5.3 Images of Internalized Tetramers after Variable Exposure, Post SH-SY5Y 

Cell Fixation 

Confocal fluorescence microscopy images of pre-fixed cells after being exposed to tetramers. 

Images A, B, C, and D each correspond to one image of one SH-SY5Y cell with internalized 

tetramers. Images vary based on exposure time of tetramers to cells in a sample; 1, 2, 4, and 24 

hours, respectively. 

 

Similar to the monomers and dimers, tetramers distribute amongst the surface of the cell 

to a very large extent. However, image D appears to be less bright in comparison to images A, B, 

and C. 

 Table 5.5 shows the averages of the auto correlation amplitude, fitted laser beam width, 

and average intensity of tetramers exposed to pre-fixed cells. Approximately 20-30 images were 

obtained for each variable exposure time interval. Data is shown with standard error. 

Table 5.5 Averages of ICS Parameters for Images of Tetramers after Variable 

Exposure, Post SH-SY5Y Cell Fixation 

Post Fix Variable 

Exposure 

Time (hours) 〈𝐠(𝟎, 𝟎)〉 〈𝛚 (𝛍𝐦)〉 〈𝑰𝒂𝒗𝒈.〉 

1 0.13 ± 0.02
˦
 0.62 ± 0.02 830 ± 81 

2 0.10 ± 0.02 0.57 ± 0.02 1108 ± 63 

4 0.11 ± 0.02 0.61 ± 0.02 815 ± 64 

24 0.17 ± 0.03 0.65 ± 0.02 599 ± 71 
 

˦ Standard error. 

A      B        C          D 
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 The average intensity of tetramers for each time interval of exposure to pre-fixed cells 

ranges between 500-1100. However, as shown with image D in Figure 5.3, the intensity is 

slightly lower in comparison to the intensities measured for 1-4 hours of post fix variable 

exposure. The auto correlation amplitude ranges between 0.10-0.17 for 1-24 hours of variable 

exposure to SH-SY5Y cells, which is greater in comparison to the monomers and dimers. The fit 

for the laser beam width ranges between 0.57-0.62 microns. Similar to monomers and dimers, 

the measured experimental fit for the laser beam width for tetramers arises from convolution. 

Table 5.6 shows the average values of the calculations corresponding to tetramers after 

variable exposure, post SH-SY5Y cell fixation. The average number of clusters containing 

tetramers, the average number of clusters containing tetramers per square micron, and the 

average relative degree of aggregation of tetramers per cluster was calculated for 20-30 images 

per sample. The calculations correspond to the data obtained in Table 5.5 and are shown with 

standard error. 

Table 5.6 Averages of Derived ICS Parameters for Images of Tetramers after 

Variable Exposure, Post SH-SY5Y Cell Fixation 

Post Fix Variable 

Exposure 

Time (hours) 〈𝑵𝑻𝒔〉 〈𝑪𝑫〉 〈𝑫𝑨〉 

1 14.3 ± 2.8
˦
 15.6 ± 3.7 104 ± 16 

2 19.9 ± 3.3 26.1 ± 6.3 108 ± 19 

4 13.7 ± 1.8 14.0 ± 2.4 88.2 ± 10.6 

24 9.92 ± 2.09 8.18 ± 1.74 95.6 ± 20.8 
 

˦ Standard error. 

 The number of clusters, number clusters per square micron, and relative degree of 

aggregation of tetramers fluctuates with time of exposure to pre-fixed SH-SY5Y cells. Each 

derived parameter does not depend on time of exposure of tetramers to pre-fixed cells.  

5.1.1.4 Comparisons for Variable Exposure of Oligomers of 𝜶 −Syn Post SH-SY5Y 

Cell Fixation 

The purpose of this section is to compare the average number of clusters, average number 

of clusters per square micron, average intensity, and average relative degree of aggregation of 
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monomers, dimers, and tetramers in SH-SY5Y cells with the use of bar graphs. Bar graphs are 

based on data and calculations previously presented in Chapter 5.1.1. 

Figure 5.4 is a bar graph for the average intensity of oligomers of 𝛼 −syn after variable 

exposure, post SH-SY5Y cell fixation. 

 

Figure 5.4 Bar graph of Average of Oligomers of 𝜶 −Syn after Variable Exposure, Post 

SH-SY5Y Cell Fixation 

The average intensity of each oligomer of 𝛼 −syn after variable exposure, post SH-SY5Y cell 

fixation is plotted as a function of variable exposure time to SH-SY5Y cells. 

  

 The intensity of monomers and dimers is constant within 1-4 hours of exposure. The 

intensity of monomers and dimers then increases after 24 hours has progressed, more for dimers 

than monomers. The intensity for tetramers fluctuates within 1-4 hours of exposure, but 

decreases after 24 hours has progressed.  

Figure 5.5 is a bar graph of the average number of clusters containing oligomers of 

𝛼 −Syn after variable exposure, post SH-SY5Y cell fixation. 
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Figure 5.5 Bar graph of Average Number of Clusters Oligomers of 𝜶 −Syn after 

Variable Exposure, Post SH-SY5Y Cell Fixation 

The average number of clusters containing each oligomer of 𝛼 −Syn per square micron after 

variable exposure, post SH-SY5Y cell fixation is plotted as a function of variable exposure 

time to SH-SY5Y cells. 

  

 This bar graph shows that the magnitude for the number of clusters containing oligomers 

does not depend on the size of the oligomer; the number of clusters containing oligomers 

observed at various times does not change. In addition, there are no specific trends for the 

number of clusters with time of exposure for each oligomer studied. 

Figure 5.6 is a bar graph for the average cluster density of oligomers of 𝛼 −Syn after 

variable exposure, post SH-SY5Y cell fixation. 
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Figure 5.6 Bar graph of Average Number of Clusters of Oligomers of 𝜶 −syn per 

square micron after Variable Exposure, Post SH-SY5Y Cell Fixation 

The average number of clusters of oligomers of 𝛼 −syn per square micron after variable 

exposure, post SH-SY5Y cell fixation is plotted as a function of variable exposure time to SH-

SY5Y cells. 

 

 Because the experimentally fitted with of the laser beam does not change with time or 

oligomer, Figure 5.5 and Figure 5.6 are similar.  

Figure 5.7 is a bar graph of the relative degree of aggregation of oligomers of 𝛼 −Syn 

after variable exposure, post SH-SY5Y cell fixation. 
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Figure 5.7 Bar graph of Average Relative Degree of Aggregation of Oligomers of 

𝜶 −Syn after Variable Exposure, Post SH-SY5Y Cell Fixation 

The average relative degree of aggregation of oligomers of 𝛼 −Syn per square micron after 

variable exposure, post SH-SY5Y cell fixation is plotted as a function of exposure time to SH-

SY5Y cells. 

 

 In Figure 5.7, the relative degree of aggregation of monomers and dimers increases after 

24 hours has progressed; this is expected because the relative degree of aggregation is weighted 

more heavily on the intensity of species at each time, as the auto correlation amplitudes do not 

change with exposure time.  The relative degree of aggregation of tetramers is more or less 

constant with exposure time. However, after 24 hours has progressed, the relative degree of 

aggregation magnitude for each oligomer is similar. Thus, although monomers and dimers share 

a similar trend that the relative degree of aggregation increases after 24 hours has progressed and 

the relative degree of aggregation for tetramers does not change with time, each oligomer 

appears to aggregate to the same extent after 24 hours of exposure to pre-fixed cells. 

5.1.2 Internalization of Pre-Aggregated Oligomers of 𝜶 −Syn post SH-SY5Y Cell 

Fixation 

We wanted to determine if enforced aggregation of oligomers prior to exposure to fixed 

cells would affect the degree of aggregation of oligomers in cells, in comparison to the work 

shown in Chapter 5.1.1. Thus, cells were first fixed and blocked with BSA as previously shown. 
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However, prior to exposure to fixed SH-SY5Y cells, monomers and tetramers were maintained 

in a temperature controlled shaking device overnight.   

The concentrations of monomers and tetramers prepared for the temperature controlled 

shaking device were twelve-fold greater than their respective concentrations used for cellular 

uptake. After remaining in the temperature controlled shaker overnight, oligomers were diluted 

to their appropriate concentrations for cell uptake, then exposed to pre-fixed cells. Pre-

aggregated monomers and tetramers were exposed to pre-fixed cells for 1, 2, 4, and 24 hours. 

Pre-aggregated oligomers were able to passively diffuse through fixed cell membranes into the 

cytoplasm of SH-SY5Y cells. The experimental procedure can be found in Chapter 2.8.3.3.  

Laser scanning confocal microscopy imaging of one oligomer can be found in Chapter 2.10.3.1 

Image Correlation Spectroscopy can be found Chapter 2.11.1. 

5.1.2.1 Internalization of Pre-Aggregated Monomers after Variable Exposure, Post 

SH-SY5Y Cell Fixation 

Pre-Aggregated monomers were exposed to fixed SH-SY5Y cells to study the passive 

diffusion of pre-aggregated monomers into cells.  

Figure 5.8 shows confocal fluorescence microscopy images of pre-fixed cells after being 

exposed to pre-aggregated monomers. Images A, B, C, and D each correspond to one image of 

one SH-SY5Y cell with internalized pre-aggregated monomers. Images vary based on exposure 

time of pre-aggregated monomers to cells in a sample; 1, 2, 4, and 24 hours, respectively. 
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Figure 5.8 Images of Internalized Pre-Aggregated Monomers after Variable 

Exposure, Post SH-SY5Y Cell Fixation 

Confocal fluorescence microscopy images of pre-fixed cells after being exposed to pre-

aggregated monomers. Images A, B, C, and D each correspond to one image of one SH-SY5Y 

cell with internalized pre-aggregated monomers. Images vary based on exposure time of pre-

aggregated monomers to cells in a sample; 1, 2, 4, and 24 hours, respectively. 

 

 

The pre-aggregated monomers distribute to a very large extent, as shown similarly in 

Figure 5.1.  

 Table 5.7 shows the averages of the auto correlation amplitude, fitted laser beam width, 

and average intensity of pre-aggregated monomers. Approximately 20-30 images were obtained 

for each variable exposure time interval. 

Table 5.7 Averages of ICS Parameters for Images of Pre-Aggregated Monomers after 

Variable Exposure, Post SH-SY5Y Cell Fixation 

Pre-Aggregated 

Post Fix Exposure 

Variable Time 

(hours) 〈𝐠(𝟎, 𝟎)〉 〈𝛚 (𝛍𝐦)〉 〈𝑰𝒂𝒗𝒈.〉 

1 0.06 ± 0.01
˦
 0.49 ± 0.02 164 ± 6 

2 0.09 ± 0.01 0.53 ± 0.02 287 ± 12 

4 0.14 ± 0.02 0.58 ± 0.02 336 ± 15 

24 0.10 ± 0.01 0.53 ± 0.02 660 ± 27 
 

˦ Standard error. 

 There is a slight trend observed with average intensity as there is a gradual increase with 

average intensity of pre-aggregated monomers with time. The auto correlation amplitude 

obtained for pre-aggregated monomers ranges between 0.06-0.14 with the progression of time. 

The values for the auto correlation amplitudes are similar to the observed auto correlation 

amplitudes previously shown for non-pre-aggregated monomers in Table 5.1. Additionally, the 

A      B        C          D 



192 

 

fit obtained for the width of the laser beam is between 0.49-0.58 microns. These values are 

similar to the observed fit for the laser beam width for non pre-aggregated monomers.  

Table 5.8 shows the average values of the calculations corresponding to pre-aggregated 

monomers after variable exposure, post SH-SY5Y cell fixation. The average number of clusters 

containing pre-aggregated monomers, the average number of clusters containing pre-aggregated 

monomers per square micron, and the average relative degree of aggregation of pre-aggregated 

monomers per cluster were calculated for 20-30 images per sample. The calculations correspond 

to data obtained in Table 5.7. 

Table 5.8 Averages of Derived ICS Parameters for Images of Pre-Aggregated 

Monomers after Variable Exposure, Post SH-SY5Y Cell Fixation 

Pre-Aggregated 

Post Fix Exposure 

Variable Time 

(hours) 〈𝑵𝑴𝒔〉 〈𝑪𝑫〉 〈𝑫𝑨〉 
1 22.6 ± 2.4

˦
 39.0 ± 6.4 9.8 ± 1.0 

2 20.2 ± 2.9 32.8 ± 7.3 23.1 ± 3.1 

4 10.9 ± 1.5 15.1 ± 3.6 43.9 ± 4.2 

24 15.7 ± 2.1 24.9 ± 4.9 65.0 ± 9.5 
 

˦ Standard error. 

The number of clusters containing pre-aggregated monomers in the observation region of 

the laser beam is between 15-23 clusters. Similarly, the number of clusters containing pre-

aggregated monomers observed per square micron is between 15-40 clusters per square micron. 

The relative degree of aggregation of pre-aggregated monomers increases gradually with 

exposure time. The source of this increase is due to the increase in intensity of pre-aggregated 

monomers with exposure time, as the auto correlation amplitude does not change with time of 

exposure.  

These results indicate that the average number of clusters observed per square micron is 

somewhat constant, but the extent to which these pre-aggregated monomers aggregate within 

clusters increases with time. The same trends were observed for non-pre-aggregated monomers. 
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5.1.2.2 Internalization of Pre-Aggregated Tetramers after Variable Exposure, Post 

SH-SY5Y Cell Fixation 

Pre-Aggregated tetramers of 𝛼 −syn were exposed to fixed SH-SY5Y cells to study the 

passive diffusion of pre-aggregated tetramers into cells.  

Figure 5.9 shows confocal fluorescence microscopy images of pre-fixed cells after being 

exposed to pre-aggregated tetramers. Images A, B, C, and D each correspond to one image of 

one SH-SY5Y cell with internalized pre-aggregated tetramers. Images vary based on exposure 

time of pre-aggregated tetramers to cells in a sample; 1, 2, 4, and 24 hours, respectively. 

       

Figure 5.9 Images of Internalized Pre-Aggregated Tetramers after Variable 

Exposure, Post SH-SY5Y Cell Fixation 

Confocal fluorescence microscopy images of pre-fixed cells after being exposed to pre-

aggregated tetramers. Images A, B, C, and D each correspond to one image of one SH-SY5Y 

cell with internalized pre-aggregated tetramers. Images vary based on exposure time of pre-

aggregated tetramers to cells in a sample; 1, 2, 4, and 24 hours, respectively. 

 

The pre-aggregated tetramers distribute amongst the cytoplasm of the cell to a very large 

extent. However, the “brightness” of images A and C is less in comparison to the brightness of 

images B and D.  

 Table 5.9 shows the averages of the auto correlation amplitude, fitted laser beam width, 

and average intensity of pre-aggregated tetramers after being exposed to pre-fixed cells. 

Approximately 20-30 images were obtained for each variable exposure time interval. 
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Table 5.9 Averages of  ICS Parameters for Images of Pre-Aggregated Tetramers 

after Variable Exposure, Post SH-SY5Y Cell Fixation 

Pre-Aggregated 

Post Fix Exposure 

Variable Time 

(hours) 〈𝐠(𝟎, 𝟎)〉 〈𝛚 (𝛍𝐦)〉 〈𝑰𝒂𝒗𝒈.〉 

1 0.06 ± 0.01
˦
 0.50 ± 0.02 27.4 ± 1.0 

2 0.10 ± 0.02 0.58 ± 0.03 226 ± 12 

4 0.07 ± 0.01 0.51 ± 0.02 45.2 ± 2.0 

24 0.10 ± 0.02 0.59 ± 0.01 190 ± 12 
 

˦ Standard error. 

 The intensities of pre-aggregated tetramers after 1 and 4 hours of exposure is low in 

comparison to the intensities of tetramers at 1 and 4 hours in Table 5.5. The average auto 

correlation amplitudes obtained for each exposure time are relatively constant, ranging between 

0.06-0.10.  In addition, the values obtained for the fitted laser beam width for each time of 

exposure ranges between 0.50-0.59 microns. The measured fit arises from convolution. 

Table 5.10 shows the average values of the calculations corresponding to pre-aggregated 

tetramers after variable exposure, post SH-SY5Y cell fixation. The average number of clusters 

containing pre-aggregated tetramers, the average number of clusters containing pre-aggregated 

tetramers per square micron, and the average relative degree of aggregation of pre-aggregated 

tetramers per cluster was calculated for 20-30 images per sample. The calculations correspond to 

data obtained in Table 5.9. 

Table 5.10 Averages of Derived ICS Parameters for Images of Pre-Aggregated 

Tetramers after Variable Exposure, Post SH-SY5Y Cell Fixation 

Pre-Aggregated 

Post Fix Exposure 

Variable Time 

(hours) 〈𝑵𝑻𝒔〉 〈𝑪𝑫〉 〈𝑫𝑨〉 

1 28.9 ± 3.0
˦
 50.8 ± 8.8 1.68 ± 0.36 

2 23.0 ± 4.7 32.2 ± 8.4 20.2 ± 3.3 

4 23.0 ± 2.6 35.4 ± 6.4 2.70 ± 0.35 

24 14.7 ± 1.5 14.8 ± 2.0 18.8 ± 3.5 
 

˦ Standard error. 
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 The number of clusters containing pre-aggregated tetramers ranges between 23-30 for the 

initial four hours of exposure to pre-fixed cells. After 24 hours have progressed, approximately 

14.7 clusters contain pre-aggregated tetramers. The number of clusters containing pre-aggregated 

tetramers per square micron fluctuates with time, but decreases after 24 hours has elapsed. 

However, as shown in Table 5.9 with low intensity at 1 and 4 hours, it is expected the 

aggregation of pre-aggregated tetramers per cluster would also be small in magnitude.  

5.1.3 Comparisons for Binding of Pre-Aggregated Oligomers of 𝜶 −Syn post SH-

SY5Y Cell Fixation 

The purpose of this section is to compare pre-aggregated monomers and tetramers in SH-

SY5Y cells with the use of bar graphs. 

 Figure 5.10 is a bar graph of the average intensity of pre-aggregated oligomers plotted as 

a function of exposure time.  

 

Figure 5.10 Bar Graph of Average Intensity of Pre-Aggregated Oligomers of -syn 

after Variable Exposure, Post SH-SY5Y Cell Fixation 

The average intensity of pre-aggregated oligomers of -syn after variable exposure, post SH-

SY5Y cell fixation is plotted as a function of variable exposure time. 

 

 In Figure 5.10, the intensity of pre-aggregated monomers increases with exposure time to 

pre-fixed cells whereas the intensity of pre-aggregated tetramers fluctuates with exposure time. 
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Generally speaking, the average intensity of pre-aggregated monomers is greater in comparison 

to the intensity of pre-aggregated tetramers.  

Figure 5.11 is a bar graph for the average number of clusters containing pre-aggregated 

oligomers after variable exposure, post SH-SY5Y cell fixation. 

 

Figure 5.11 Bar Graph for Average Number of Clusters of Pre-Aggregated  

Oligomers of -Syn After Variable Exposure, Post SH-SY5Y Cell Fixation 

The average number of clusters of pre-aggregated oligomers of -syn after variable exposure, 

post SH-SY5Y cell fixation is plotted as a function of variable exposure time. 

 

 The number of clusters of pre-aggregated monomers and tetramers are of the same 

magnitude. Generally speaking, the number of clusters containing pre-aggregated monomers is 

constant within 24 hours. However, for pre-aggregated tetramers, the number of clusters 

containing pre-aggregated tetramers decreases after 24 hours has elapsed. An interesting feature 

to this bar graph is the relative similarity of the number of clusters of monomers and tetramers 

after 24 hours has elapsed.  

 Figure 5.12 is a bar graph of the average number of clusters containing pre-aggregated 

oligomers per square micron after variable exposure, post SH-SY5Y cell fixation.  
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Figure 5.12 Bar Graph of Average Number of Clusters of Pre-Aggregated Oligomers 

of -Syn per square micron after Variable Exposure, Post SH-SY5Y Cell Fixation 

The average number of clusters of pre-aggregated oligomers of -syn per square micron after 

Variable Exposure, Post SH-SY5Y Cell Fixation is plotted as a function of variable exposure 

time. 

 

 Based on the bar graph presented in Figure 5.12, there is no absolute trend with the 

number of monomeric clusters observed per square micron. However, after 24 hours has elapsed, 

the number of clusters observed per square micron that contain pre-aggregated tetramers is 

constant within the first four hours of exposure and then decreases after 24 hours has elapsed. In 

addition, the magnitude for each oligomer is similar. 

 Figure 5.13 is a bar graph for the average relative degree of aggregation of pre-

aggregated oligomers of 𝛼 −Syn after variable exposure, post SH-SY5Y cell fixation.  
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Figure 5.13 Bar Graph for Average Degree of Aggregation of Pre-Aggregated 

Oligomers of -Syn after Variable Exposure, Post SH-SY5Y Cell Fixation 

The average degree of aggregation of pre-aggregated oligomers of -Syn after Variable 

Exposure, Post SH-SY5Y Cell Fixation is plotted as a function of variable exposure time. 

 

 As expected with the proportionality to intensity, the average relative degree of 

aggregation of monomers per cluster increases with time. In addition, the tetramers fluctuate 

with time; a greater degree of aggregation of tetramers is observed after 2 and 24 hours of 

exposure. An interesting trend is the similarity of the data after 2 hours has progressed, contrary 

to the plot shown in Figure 5.7 when a similarity was observed after 24 hours had progressed. In 

addition, this plot is similar to the plot of intensities as a function of exposure time shown Figure 

5.10 because the relative degree of aggregation is weighted heavily on the intensity as the 

experimental fitted laser beam width is constant.  

5.1.4 Fixed Exposure, Variable Uptake of Oligomers of 𝜶 −Syn in SH-SY5Y Cells 

Oligomers were exposed to living cells for 2 hours. Samples were then washed, replaced 

with fresh media, and placed back in the incubator for 1, 2, 4, and 24 hours prior to cell fixation. 

Recall, this experiment was also done for phospholipid coated gold nanoparticle uptake in 

Chapters 4.1.2 and 4.5.2  

0

10

20

30

40

50

60

70

80

1 2 4 24

A
v
er

a
g
e 

R
el

a
ti

v
e 

D
eg

re
e 

o
f 

A
g
g
re

g
a
ti

o
n

 

Time (hours) 

Average Relative Degree of Aggregation of Pre-Aggregated Oligomers 

of -Syn after Variable Exposure, Post SH-SY5Y Cell Fixation 

Ms

Ts



199 

 

Thus, SH-SY5Y cells were exposed to monomeric, dimeric, and tetrameric forms 𝛼 −syn 

by a fixed exposure, variable uptake experiment as discussed in Chapter 2.3.2.  Laser scanning 

confocal microscopy can be found in 2.10.3.1. Image Correlation Spectroscopy can be found in 

Chapter 2.11.1 

5.1.4.1 Fixed Exposure, Variable Uptake of Monomers in SH-SY5Y Cells 

This section is based on the study of the internalization of monomers in SH-SY5Y cells 

by a fixed exposure, variable uptake experiment. 

In Figure 5.14, Images A, B, C, and D each correspond to one confocal fluorescence 

microscopy image of one SH-SY5Y cell with internalized monomers. Each image corresponds to 

a cell from a different sample, varying based on time of sample re-incubation after washing; 1, 2, 

4, and 24 hours. 

       

Figure 5.14 Images of Monomers after Fixed Exposure, Variable Uptake in SH-SY5Y 

Cells 

Images A, B, C, and D each correspond to one confocal fluorescence microscopy image of one 

SH-SY5Y cell with internalized monomers. Each image corresponds to a cell from a different 

sample, varying based on time of sample re-incubation after washing; 1, 2, 4, and 24 hours. 

 

 In contrast to passive diffusion, the monomers cluster in fewer red regions in the cell as 

opposed to homogeneously distributing within the entire cytoplasm of the cell; the red circular 

regions represent compartments that contain monomers after uptake via endocytosis. 

Table 5.11 shows the average auto correlation amplitude, average fitted laser beam width, 

and average intensity for 20-30 images of each sample of monomers after fixed exposure, 

variable uptake in SH-SY5Y cells. 
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Table 5.11 Averages of ICS Parameters Corresponding to Images of Monomers after 

Fixed Exposure, Variable Uptake in SH-SY5Y Cells 

Variable Uptake 

Time (hours) 〈𝐠(𝟎, 𝟎)〉 〈𝛚 (𝛍𝐦)〉 〈𝑰𝒂𝒗𝒈.〉 

1 1.70 ± 0.18
˦
 0.40 ± 0.01 141. ± 9 

2 1.76 ± 0.23 0.38 ± 0.01 146 ± 10 

4 1.54 ± 0.19 0.39 ± 0.02 144 ± 13 

24 1.19 ± 0.28 0.39 ± 0.02 69.2 ± 7.8 
 

˦ Standard error. 

 The average intensity pertaining to experiments of varying uptake time reveal that the 

intensity of monomers is constant within the first four hours, and then reduces to approximately 

half after 24 hours of uptake has progressed. The average auto correlation function obtained for 

each variable uptake time is relatively consistent within the first four hours of uptake, ranging in 

magnitude between 1.54-1.76. The average auto correlation amplitude obtained at 24 hours is 

approximately 1.19, which is less in magnitude compared to 1-4 hours of uptake. Additionally, 

the average values obtained for the fitted laser beam width ranges between 0.38-0.40, which 

indicates this measurement arises from convolution.  

Table 5.12 shows the average values of the calculations corresponding to monomers after 

fixed exposure, variable uptake in SH-SY5Y cells. The average number of clusters monomers, 

the average number of clusters of monomers per square micron, and the average relative degree 

of aggregation of monomers per cluster was calculated for 20-30 images per sample. The 

calculations presented are in reference to the data obtained in Table 5.11. The average values for 

each parameter are shown with standard error.  

Table 5.12 Averages of Derived ICS Parameters for Images of Monomers after Fixed 

Exposure, Variable Uptake in SH-SY5Y Cells 

Variable Uptake 

Time (hours) 〈𝑵𝑴𝒔〉 〈𝑪𝑫〉 〈𝑫𝑨〉 

1 0.83 ± 0.09
˦
 1.72 ± 0.21 225 ± 23 

2 0.82 ± 0.10 1.94 ± 0.25 234 ± 24 

4 0.89 ± 0.08 2.05 ± 0.22 190 ± 17 

24 1.73 ± 0.48 3.57 ± 0.71 85 ± 24 

˦ Standard error. 
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 The calculations presented in Table 5.12 reflect that the number of monomers observed in 

the observation region of the laser beam is approximately 0.82-0.89 within the initial four hours 

of uptake. After 24 hours of uptake has progressed, there are a greater number of clusters 

containing monomers in the observation region of the laser beam. The observed average number 

of clusters containing monomers per square micron is also relatively consistent, ranging between 

1.72-2.05 clusters per square micron. After 24 hours has progressed, there are a greater number 

of clusters containing monomers per square micron, specifically 3.57 clusters per square micron. 

Lastly, the relative degree of aggregation is constant for the first four hours of uptake, then 

decreases to approximately 85 monomers per cluster. 

Monomers aggregate to a large extent in clusters within four hours of uptake. After 24 

hours have progressed for uptake, monomers are observed in more clusters per square micron, 

but aggregate to a lesser extent in these clusters. To argue a time interval in which aggregates of 

these oligomers are observed, between 1-4 hours, even as early as 1 hour of uptake, is enough 

time for efficient aggregation of this oligomer in one cell.  

5.1.4.2 Fixed Exposure, Variable Uptake of Dimers in SH-SY5Y Cells 

This section is based on the study of the internalization of dimers in SH-SY5Y cells by a 

fixed exposure, variable uptake experiment. 

In Figure 5.15, images A, B, C, and D each correspond to one confocal fluorescence 

microscopy image of one SH-SY5Y cell with internalized dimers. Each image corresponds to a 

cell from a different sample, varying based on time of sample re-incubation after washing; 1, 2, 

4, and 24 hours. 
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Figure 5.15 Images of Dimers after Fixed Exposure, Variable Uptake in SH-SY5Y 

Cells 

Images A, B, C, and D each correspond to one confocal fluorescence microscopy image of one 

SH-SY5Y cell with internalized dimers. Each image corresponds to a cell from a different 

sample, varying based on time of sample re-incubation after washing; 1, 2, 4, and 24 hours. 

 

 

 Similar to the uptake of monomers, there is very little difference between Images A, B, 

C, and D; the dimers appear to cluster to the same extent amongst images. 

Table 5.13 shows the average of the auto correlation amplitude, average fitted laser beam 

width, and average intensity for 20-30 images of each sample of dimers after fixed exposure, 

variable uptake in SH-SY5Y cells. 

Table 5.13 Averages of Derived ICS Parameters for Images of Dimer after Fixed 

Exposure, Variable Uptake in SH-SY5Y Cells 

Variable Uptake 

Time (hours) 〈𝐠(𝟎, 𝟎)〉 〈𝛚 (𝛍𝐦)〉 〈𝑰𝒂𝒗𝒈.〉 

1 2.10 ± 0.23
˦
 0.39 ± 0.01 76.8 ± 6.4 

2 2.18 ± 0.25 0.38 ± 0.01 81.3 ± 6.4 

4 2.98 ± 0.38 0.38 ± 0.01 74.0 ± 12.1 

24 1.78 ± 0.54 0.39 ± 0.02 49.1 ± 5.1 
 

˦ Standard error. 

The average intensity is constant within the first four hours of uptake and decreases after 

24 hours have progressed, similar to monomers in Table 5.11. The average auto correlation 

function obtained for each variable uptake time is relatively consistent within the first four hours 

of uptake, ranging between 2.10-2.98. The average auto correlation function obtained at 24 hours 

is less in magnitude, approximately 1.78. Additionally, the average values obtained for the fitted 

laser beam width ranges between 0.38-0.39. The values obtained from the fit of the laser beam 

reflect the measurement arises from convolution.  

A      B        C          D 
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Table 5.14 shows the average values of the calculations corresponding dimers after fixed 

exposure, variable uptake in SH-SY5Y cells. The average number of clusters containing dimers, 

the average number of clusters containing dimers per square micron, and the average relative 

degree of aggregation of dimers per cluster was calculated for 20-30 images per sample. The 

calculations presented are in reference to the data obtained in Table 5.14. The average values for 

each parameter are shown with standard error.  

Table 5.14 Averages of Calculations Corresponding to Data for Images of Dimers 

after Fixed Exposure, Variable Uptake in SH-SY5Y Cells 

Variable Uptake 

Time (hours) 〈𝑵𝑫𝒔〉 〈𝑪𝑫〉 〈𝑫𝑨〉 

1 0.63 ± 0.06
˦
 1.39 ± 0.14 145 ± 13 

2 0.71 ± 0.10 1.65 ± 0.24 168 ± 23 

4 0.46 ± 0.07 1.06 ± 0.21 208 ± 42 

24 1.05 ± 0.17 2.68 ± 0.59 100 ± 35 
 

˦ Standard error. 

The calculations presented in Table 5.14 reflect the number of dimers observed in the 

observation area of the laser beam is approximately 0.46-0.71 within the first four hours of 

uptake. After 24 hours of uptake has progressed, there are a greater number of clusters 

containing dimers in the observation region of the laser beam. As one would expect, the 

observed average number of clusters containing dimers per square micron is also relatively 

consistent, ranging between 1.06-1.65 clusters per square micron. After 24 hours has progressed, 

there are a greater number of clusters containing dimers per square micron, specifically 2.68 

clusters per square micron. Lastly, the relative degree of aggregation is again constant for the 

first four hours of uptake, then decreases to approximately 100 dimers per fluorescent cluster. 

 In conclusion, dimers aggregate to a large extent in clusters within four hours of uptake. 

After 24 hours have elapsed for uptake, dimers are observed in more clusters per square micron, 

but aggregate to a lesser extent in these clusters. To argue a time interval in which aggregates of 

these oligomers are observed, between 1-4 hours, even as early as 1 hour of uptake, is enough 

time for efficient aggregation of this oligomer in one cell.  
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5.1.4.3 Fixed Exposure, Variable Uptake of Tetramers in SH-SY5Y Cells 

This section is based on the study of the internalization of tetramers in SH-SY5Y cells 

via a fixed exposure, variable uptake experiment. 

In Figure 5.16, images A, B, C, and D each correspond to one confocal fluorescence 

microscopy image of one SH-SY5Y cell with internalized tetramers. Each image corresponds to 

a cell from a different sample, varying based on time of re-incubation after washing; 1, 2, 4, and 

24 hours. 

       

Figure 5.16 Images of Tetramers after Fixed Exposure, Variable Uptake  in SH-

SY5Y Cells 

Images A, B, C, and D each correspond to one confocal fluorescence microscopy image of one 

SH-SY5Y cell with internalized tetramers. Each image corresponds to a cell from a different 

sample, varying based on time of re-incubation after washing; 1, 2, 4, and 24 hours. 

 

 There is little difference between images A, B, C, and D shown in the figure.  

Table 5.15 shows the average of the auto correlation amplitude, average fitted laser beam 

width, and average intensity for 20-30 images of each sample of SH-SY5Y cells with 

internalized tetramers. 

Table 5.15 Averages of ICS Parameters for Images of Tetramers after Fixed 

Exposure, Variable Uptake in SH-SY5Y Cells 

Variable Uptake 

Time (hours) 〈𝐠(𝟎, 𝟎)〉 〈𝛚 (𝛍𝐦)〉 〈𝑰𝒂𝒗𝒈.〉 

1 3.53 ± 0.69
˦
 0.44 ± 0.02 77.1 ± 7.2 

2 3.65 ± 0.64 0.47 ± 0.04 83.9 ± 6.7 

4 3.61 ± 0.77 0.41 ± 0.02 98.3 ± 11.6 

24 2.54 ± 0.35 0.38 ± 0.01 95.0 ± 12.1 
 

˦ Standard error. 
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The average intensity pertaining to experiments of varying uptake time reveal that the 

intensity is constant within 24 hours of uptake. The average auto correlation amplitude obtained 

for each variable uptake time is relatively consistent within the first four hours of uptake, ranging 

in magnitude between 3.53-3.61. The average auto correlation function obtained at 24 hours is 

less in magnitude, approximately 2.54. Additionally, the average values obtained for the fitted 

laser beam width ranges between 0.38-0.47. As discussed in Chapter 4, the fitted ω value is a 

convolution of the size of the beam and the system of interest imaged in the observation area of 

the laser beam. These values reflect that the measured width arises from convolution.  

Table 5.16 shows the average values of the calculations corresponding tetramers after 

fixed exposure, variable uptake in SH-SY5Y cells. The average number of clusters containing 

tetramers, the average number of clusters containing tetramers per square micron, and the 

average relative degree of aggregation of tetramers per cluster was calculated for 20-30 images 

per sample. The calculations presented in Table 5.16 are in reference to the data obtained in 

Table 5.15.  

Table 5.16 Averages of Derived ICS Parameters for Images of Tetramers after Fixed 

Exposure, Variable Uptake in SH-SY5Y Cells 

Variable Uptake 

Time (hours) 〈𝑵𝑻𝒔〉 〈𝑪𝑫〉 〈𝑫𝑨〉 

1 0.72 ± 0.14
˦
 1.23 ± 0.27 239 ± 39 

2 0.59 ± 0.12 0.94 ± 0.20 309 ± 65 

4 0.68 ± 0.13 1.41 ± 0.24 337 ± 68 

24 0.55 ± 0.07 1.25 ± 0.17 230 ± 39 
 

˦ Standard error. 

 Based on the calculations presented in Table 5.16, there is no specific trend, apart from 

each measured parameter being constant with time. 

5.1.4.4 Comparisons for Fixed Exposure, Variable Uptake of Oligomers of 𝜶-Syn in 

SH-SY5Y Cells 

The purpose of this section is to compare the number of clusters, number of clusters per 

square micron, intensity, and degree of aggregation of monomers, dimers, and tetramers in SH-

SY5Y cells.  
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Figure 5.17 is a bar graph of the average intensity of oligomers of -Syn after fixed 

exposure, variable uptake in SH-SY5Y cells. 

 

Figure 5.17 Bar Graph of Average Intensity of Oligomers of -Syn after fixed 

Exposure, Variable Uptake in SH-SY5Y Cells 

The average Intensity of each oligomer of -Syn after Fixed Exposure, Variable Uptake is 

plotted as a function of Variable Uptake time in SH-SY5Y cells. 

 

 The average intensity of each oligomer observed is within magnitude. However, 

monomeric intensity after 24 hours has elapsed is much less in comparison to that of the intensity 

observed within 4 hours. The dimers also exhibit a decrease in intensity, but a larger decrease in 

intensity between 4 and 24 hours is observed for monomers. 

Figure 5.18 is a bar graph of the average number of clusters of oligomers of -Syn after 

fixed exposure, variable uptake in SH-SY5Y cells. 
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Figure 5.18 Bar Graph of Average Number of Clusters of Oligomers of -Syn 

after fixed Exposure, Variable Uptake in SH-SY5Y Cells 

The average number of clusters of each oligomer of 𝛼 −Syn after fixed exposure, variable 

uptake is plotted as a function of variable uptake time in SH-SY5Y cells.  

 

 Generally speaking, the number of clusters observed for each oligomer is of similar 

magnitude. Differences observed include the following; the number of clusters containing 

monomers and number of clusters containing dimers increases with the progression of uptake 

time, but to a larger extent with monomers. The number of tetramers observed remains 

unchanged with the progression of time.   

Figure 5.19 is a bar graph of the average number of clusters containing oligomers of 

𝛼 −Syn after fixed exposure, variable uptake in SH-SY5Y cells. 
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Figure 5.19 Bar Graph of Average Number of Clusters of Oligomers of -Syn per 

square micron after fixed exposure, variable uptake in SH-SY5Y Cells 

The average number of clusters of each oligomer of 𝛼 −Syn per square micron after fixed 

exposure, variable uptake is plotted as a function of Variable Uptake time in SH-SY5Y cells. 

 

 As expected, the magnitude corresponding to each cluster containing an oligomer 

compares; however the monomer is of slightly larger magnitude. By observation, the number of 

clusters per square micron containing monomers and dimers increases after 24 hours has 

progressed, and the number of clusters of tetramers is constant within 24 hours of uptake.  

Figure 5.20 is a bar graph of the average relative degree of aggregation of oligomers of 

𝛼 −Syn observed per cluster after fixed exposure, variable uptake in SH-SY5Y cells. 
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Figure 5.20 Bar Graph of Average Degree of Aggregation of Oligomer of -Syn after 

Fixed Exposure, Variable Uptake in SH-SY5Y Cells 

The average degree of aggregation of each oligomer of 𝛼 −Syn after fixed exposure, variable 

uptake is plotted as a function of Variable Uptake time in SH-SY5Y cells. 

 

 The average relative degree of aggregation for monomers and dimers decreases after 24 

hours has elapsed; tetramers remain consistent.  

5.1.5 Data & Calculations for Exposure and Fixed Uptake of Oligomers of α-Syn to 

SH-SY5Y Cells 

The data and calculations presented in this section pertain to images of monomers, 

dimers, and tetramer by a variable exposure, fixed uptake experiment however the uptake is 

referred to as time zero; each of these images were obtained separately from the experiments 

previously presented for variable exposure, fixed uptake in Chapter 5.1.4 for which they are not 

plotted with respect to other uptake times.  

Figure 5.21 shows images of three individual cells singly exposed to monomers, dimers, 

and tetramers for two hours and then fixed. 
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                                     Ms                                Ds                                 Ts 

     

Figure 5.21 Images of Two hours of Exposure, Fixed Uptake of Oligomers of -Syn to 

SH-SY5Y Cells 

 

 The images in Figure 5.21 show each oligomer appears to be similarly distributed over 

the entire image, with no major differences. 

 Table 5.17 shows the averages of the auto correlation amplitude, fitted laser beam width, 

and average intensity corresponding to 20-30 images of monomers, dimers, and tetramers. 

Table 5.17 ICS Parameters for Images of Two hours of Exposure, Fixed Uptake of 

Oligomers of -Syn to SH-SY5Y Cells 

Species 〈𝐠(𝟎, 𝟎)〉 〈𝛚 (𝛍𝐦)〉 〈𝑰𝒂𝒗𝒈.〉 

Monomers 2.41 ± 0.32
˦
 0.38 ± 0.01 186 ± 17 

Dimers 2.28 ± 0.30 0.41 ± 0.01 167 ± 14 

Tetramers 3.87 ± 0.55 0.47 ± 0.02 181 ± 28 
 

˦ Standard error. 

 The average intensity for each species is similar in magnitude, specifically ranging 

between 167-186. The auto correlation amplitude for each oligomer ranges between 2.28-3.87. 

The value obtained for the fitted beam width is slightly increasing with size of oligomer, but is 

more or less constant and approximately 0.40 microns.  

Table 5.18 shows the average number of clusters, average number of clusters per square 

micron, and the average relative degree of aggregation of oligomers, corresponding to data 

obtained in Table 5.17. 
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Table 5.18 Average Calculations Corresponding to Data for Images of Two hours of 

Exposure, Fixed Uptake of Oligomers of 𝜶 −Syn to SH-SY5Y Cells 

Species 〈𝑵𝑺𝒑𝒆𝒄𝒊𝒆𝒔〉 〈𝑪𝑫〉 〈𝑫𝑨〉 

Monomers 0.50 ± 0.04
˦
 1.15 ± 0.10 393 ± 31 

Dimers 0.60 ± 0.06 1.22 ± 0.13 325 ± 29 

Tetramers 0.45 ± 0.07 0.76 ± 0.12 521 ± 58 

˦ Standard error. 

 

 The number of clusters containing each species ranges between 0.45-0.60. Lastly, the 

number of clusters observed of monomers and tetramers are similar in magnitude, approximately 

1cluster per square micron. Lastly, the degree of aggregation of monomers and dimers are 

similar, approximately 300 oligomers observed per fluorescent cluster. The relative degree of 

aggregation of tetramers in a cluster is approximately 521 tetramers per cluster. 

 Although complete direct comparison cannot be made with the previous variable 

exposure, fixed uptake experiments in Chapter 5.1.4 as the intensity of light emitted is dependent 

on the amount of light at the sample and detector gain on the day of the experiment; however, the 

average number of clusters containing each of these oligomers per square micron in Table 5.18 

are of the same magnitude as the values obtained for the cluster density plotted in Figure 5.19. At 

this time zero, there are slightly fewer clusters; this is somewhat expected and a good measure 

such that immediately after exposure to cells, there would be fewer clusters containing oligomers 

in cells then there would be after 1 hour has progressed for uptake.   

5.2 Co-localization of Two Oligomers of 𝜶 −Syn in SH-SY5Y Cells 

Chapter 5.2 is based on the study of the co-localization of two oligomers in SH-SY5Y 

cells.  SH-SY5Y cells were simultaneously exposed to two oligomers for two hours and fixed 

prior to imaging to determine the extent to which two oligomers exist in the same cluster, such 

that they follow the same pathway once internalized in cells.  

The experimental protocol corresponding to simultaneously labelling cells with two 

oligomers can be found in Chapter 2.8.2. The protocol required for laser scanning confocal 
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imaging of two species can be found in 2.10.3.2. Last, image cross correlation spectroscopy 

analysis methods can also be referred to in Chapter 2.11.2.  

5.2.1 Co-localization of Monomers (Ms-561) & Dimers (Ds-633) in SH-SY5Y Cells 

Figure 5.22 shows original (not contrast enhanced) confocal fluorescence microscopy 

images of one cell exposed to monomers and dimers for two hours prior to immediate fixation. 

The monomers and dimers are shown in green and red, respectively. The merge image is the 

overlay of the green and red images.  

                               Ms-561                       Ds-633                        Merge 

     

Figure 5.22 Images of Monomers & Dimers in SH-SY5Y Cells  

Confocal fluorescence microscopy images of monomers and tetramers, shown in green and 

red, respectively, in one cell. The Merge image is an overlay of the green and red images. 

 

 Due to the copious amount of yellow color in the Merge image, Figure 5.22 shows the 

monomers and dimers are in the same compartments. 

Table 5.19 shows the average number of clusters denoted by 〈𝑁𝑆𝑝𝑒𝑐𝑖𝑒𝑠〉 and the average 

fractions of co-localization of monomers and dimers. The average fraction of clusters containing 

monomers that also contain dimers is denoted by 〈𝐹(𝑀𝑠|𝐷𝑠)〉.  Likewise, the average fraction of 

clusters containing dimers that also contain monomers is denoted by 〈𝐹(𝐷𝑠|𝑀𝑠)〉. 
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Table 5.19 Average Number of Clusters and Fractions of Co-Localization of Ms & Ds 

in SH-SY5Y Cells 

Species 〈𝑵𝑺𝒑𝒆𝒄𝒊𝒆𝒔〉 〈𝑭(𝑴𝒔|𝑫𝒔)〉 〈𝑭(𝑫𝒔|𝑴𝒔)〉 

Ms-561 0.59 ± 0.21
˦
 

  Ds-633 0.33 ± 0.09 

  Ms-561 & Ds-633 0.38 ± 0.11 0.79 ± 0.07 1.09 ± 0.04 
 

˦Standard error. 

 There are approximately 0.59 clusters containing monomers and approximately 0.33 

clusters containing dimers. Lastly, there are approximately 0.38 clusters that contain both 

monomers and dimers. The similarity in clusters consisting of two oligomers with clusters of one 

oligomer is in good agreement with the images presented in Figure 5.22. 

 The calculations presented in Table 5.19 reflect that approximately 79% of clusters 

containing monomers also contain dimers and approximately 109% of clusters containing dimers 

also contain monomers. Recall the lower limit of data rejection was data for fractions of co-

localization were greater than 1.20; therefore, a majority of the samples measured consisted of 

data with fractions greater than 1.00. 

5.2.2 Co-localization of Monomers (Ms-561) & Tetramers (Ts-561) in SH-SY5Y 

Cells 

Figure 5.23 shows the original (not contrast enhanced) confocal fluorescence microscopy 

images of one cell after being exposed to monomers and tetramers for two hours prior to 

fixation. The monomers and dimers are shown in green and red, respectively. The merge image 

is the overlay of the green and red images.  
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                                Ms-561                      Ts-633                         Merge                

     

Figure 5.23 Images of Monomers & Tetramers in SH-SY5Y Cells 

Original confocal fluorescence microscopy images of monomers and tetramers, shown in green 

and red, respectively, in one cell. The Merge image is an overlay of the green and red images.  

 

 Visually speaking, there is a very high degree of co-localization as shown with the 

copious amount of yellow color in the Merge image. 

Table 5.20 reflects the average number of clusters denoted by 〈𝑁𝑆𝑝𝑒𝑐𝑖𝑒𝑠〉 and the average 

fractions of co-localization of monomers and tetramers. The average fraction of clusters 

containing monomers that also contain tetramers is denoted by 〈𝐹(𝑀𝑠|𝑇𝑠)〉. Likewise, the 

average fraction of clusters containing tetramers that also contain monomers is denoted by 

〈𝐹(𝑇𝑠|𝑀𝑠)〉. 

Table 5.20 Average Number of Clusters and Fractions of Co-Localization of 

Monomers & Tetramers in SH-SY5Y Cells 

Species 〈𝑵𝑺𝒑𝒆𝒄𝒊𝒆𝒔〉 〈𝑭(𝑴𝒔|𝑻𝒔)〉 〈𝑭(𝑻𝒔|𝑴𝒔)〉 

Ms-561 0.21 ± 0.02
˦
 

  Ts-633 0.21 ± 0.03 

  Ms-561 & Ts-633 0.20 ± 0.02 0.93 ± 0.03 0.98 ± 0.04 
 

 

There are approximately 0.21 clusters containing monomers and approximately 0.21 

clusters containing tetramers. Lastly, there are approximately 0.20 clusters that contain both 

monomers and tetramers. The similarity in clusters consisting of two oligomers with clusters of 

one oligomer is in good agreement with the images presented in Figure 5.23. 
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 The calculations presented in Table 5.20 show that approximately 93% of clusters 

containing monomers also contain dimers and 98% of clusters containing tetramers also contain 

monomers. 

5.2.3 Co-localization of Dimers (Ds-561) & Tetramers (Ts-633) in SH-SY5Y Cells 

Figure 5.24 shows confocal fluorescence microscopy images of one cell after being 

exposed to dimers and tetramers for two hours prior to immediate fixation. The monomers and 

dimers are shown in green and red, respectively.  

                               Ds-561                      Ts-633                          Merge                

     

Figure 5.24 Images of Ds-561 & Ts-561 in SH-SY5Y Cells 

 

The copious amount of yellow color in the Merge image indicates dimers and tetramers 

are located in the same clusters.  

Table 5.21 reflects the average number of clusters denoted by 〈𝑁𝑆𝑝𝑒𝑐𝑖𝑒𝑠〉 and the average 

fractions of co-localization of dimers and tetramers. The average fraction of clusters containing 

dimers that also contain tetramers is denoted by 〈𝐹(𝐷𝑠|𝑇𝑠)〉. Likewise, the average fraction of 

clusters containing tetramers that contain dimers is denoted by 〈𝐹(𝑇𝑠|𝐷𝑠)〉. 

Table 5.21 Average Number of Clusters and Fractions of Co-Localization of Dimers 

& Tetramers in SH-SY5Y Cells 

Species 〈𝑵𝑺𝒑𝒆𝒄𝒊𝒆𝒔〉 〈𝑭(𝑫𝒔|𝑻𝒔)〉 〈𝑭(𝑻𝒔|𝑫𝒔)〉 

Ds-561 0.29 ± 0.05
˦
 

  Ts-633 0.22 ± 0.03 

  Ds-561 & Ts-633 0.23 ± 0.04 1.00 ± 0.01 1.05 ± 0.01 
 

˦ Standard error. 
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There are approximately 0.29 clusters containing dimers and there are approximately 

0.22 clusters containing tetramers. Lastly, there are approximately 0.23 clusters that contain both 

dimers and tetramers. The similarity in clusters consisting of two oligomers with clusters of one 

oligomer is in good agreement with the images presented in Figure 5.24. 

 The calculations presented in Table 5.21 reflect that approximately 100% of clusters 

containing dimers also contain tetramers and approximately 105% of clusters containing 

tetramers also contain dimers with an error of ± 0.01 that of the measured value.  

5.3 Distribution of Endocytic Marked Compartments in SH-SY5Y Cells 

Chapter 5.3 focusses on the distribution and co-localization of markers for endocytic 

compartments in SH-SY5Y cells. 

Methods corresponding to labelling of markers in cells can be found in Chapter 2.4. Laser 

scanning confocal microscopy imaging of one marker can be found in Chapter 2.10.3.1. Image 

Correlation Spectroscopy can be found in Chapter 2.11.1. 

Figure 5.25 shows the original fluorescence microscopy images of three different cells. 

Approximately 20-30 images were obtained for each single label experiment. Rab5, Rab7, and 

LAMP-1 markers were studied. 

                               Rab5                           Rab7                         LAMP-1 

     

Figure 5.25 Images of Rab5, Rab7, and LAMP-1 Endocytic Marked Compartments 

in SH-SY5Y Cells 

 

The images shown in Figure 5.25 show that the bright regions of clusters of Rab7 are 

larger than the bright regions labelled with Rab5 and LAMP-1 markers. 
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Table 5.22 shows the average auto correlation amplitude, average fitted laser beam width, 

and average intensity corresponding to 20-30 images of markers for endocytic compartments in 

SH-SY5Y cells. 

Table 5.22 ICS Parameters for Images of Endocytic Marked Compartments in SH-

SY5Y Cells 

Species 〈𝐠(𝟎, 𝟎)〉 〈𝛚 (𝛍𝐦)〉 〈𝑰𝒂𝒗𝒈.〉 

Rab5 0.51 ± 0.05
˦
 0.35 ± 0.02 370 ± 24 

Rab7 0.22 ± 0.02 0.51 ± 0.01 692 ± 39 

LAMP-1 0.58 ± 0.11 0.31 ± 0.01 251 ± 12 

˦ Standard error. 

 

 The average intensities for each species ranges between 251-692. The average auto 

correlation amplitudes obtained for Rab5 and LAMP-1 are similar, approximately 0.51 and 0.58 

respectively. The auto correlation amplitude obtained for Rab7 is 0.22, approximately two-fold 

less in comparison. The fit obtained for the laser beam width is in agreement for Rab5 and 

LAMP-1 markers. This is expected due to the fluorescent probe of the secondary antibodies used 

for Rab5 and LAMP-1 were the same wavelength, 561 nm. The average fit for the laser beam 

width corresponding to images of Rab5 marked endocytic compartments is 0.35 microns and the 

average fit for the laser beam width for LAMP-1 marked compartments is 0.31 microns.  Rab7 is 

somewhat larger in comparison, approximately 0.51 microns.  

Table 5.23 shows the average values corresponding to the number of clusters, the number 

of clusters per square micron, and the relative degree of aggregation of markers per cluster.  

Table 5.23 Averaged Calculations Corresponding to Data of Images of Endocytic 

Marked Compartments in SH-SY5Y Cells 

Species 〈𝑵𝑺𝒑𝒆𝒄𝒊𝒆𝒔〉 〈𝑪𝑫〉 〈𝑫𝑨〉 

Rab5 2.70 ± 0.37
˦
 7.87 ± 1.15 175 ± 15 

Rab7 1.29 ± 0.07 7.29 ± 0.84 143 ± 10 

LAMP-1 2.26 ± 0.21 7.46 ± 0.73 133 ± 17 
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 On average there are approximately 2.70 clusters containing Rab5 markers and there are 

approximately 1.29 clusters containing Rab7 markers.  Lastly, there are approximately 2.26 

clusters containing LAMP-1 markers.  An interesting feature to these calculations is the relative 

similarity among the number of clusters per square micron that contain each of these markers. 

Specifically, 7.87 clusters contain Rab5 markers, 7.29 clusters contain Rab7, and 7.46 clusters 

contain LAMP-1. The relative degree of aggregation is also similar for each marker; there are 

175 Rab5 markers per cluster, 143 Rab7 markers per cluster, and 133 LAMP-1 markers per 

cluster. 

5.4 Co-localization of Two Endocytic Markers in SH-SY5Y Cells 

Chapter 5.4 is based on the study of the co-localization of two markers specific for two 

endocytic compartments in SH-SY5Y cells. 

In this section, the following experimental combinations were studied; Rab5-561 & 

Rab7-633, Rab5-561 & LAMP-1-633, and Rab7-633 & LAMP-1-561. The experimental 

procedure for immunofluorescent labelling of two markers in cells can be found in Chapter 2.6.1. 

Laser scanning confocal microscopy imaging of two markers can be found 2.10.3.2. Image Cross 

Correlation Spectroscopy analysis can be found in Chapter 2.11.2. 

5.4.1 Rab5-561 & Rab7-633 Endocytic Marked Compartments in SH-SY5Y Cells 

Figure 5.26 shows the original confocal fluorescence microscopy images of one cell 

marked with Rab5-561 and Rab7-633. The Merge image is an overlay of the Rab5-561 and 

Rab7-633 images.  

                            Rab5-561                    Rab7-633                       Merge 

     

Figure 5.26 Images of Rab5-561 & Rab7-633 Endocytic Marked Compartments in 

SH-SY5Y Cells 
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 Due to the presence of yellow regions in the Merge image in Figure 5.26, Rab5-561 and 

Rab7-633 markers appear to be located in the same clusters.  

Table 5.24 reflects the average number of clusters denoted by 〈𝑁𝑆𝑝𝑒𝑐𝑖𝑒𝑠〉 and the average 

fractions of co-localization of Rab5 and Rab7. The average fraction of clusters containing Rab5 

that also contain Rab7 markers is denoted by 〈𝐹(𝑅𝑎𝑏5|𝑅𝑎𝑏7)〉. Likewise, the average fraction of 

clusters containing Rab7 markers that also contain Rab5 markers is denoted by 

〈𝐹(𝑅𝑎𝑏7|𝑅𝑎𝑏5)〉. 

Table 5.24 Average Number of Clusters and Fractions of Co-Localization of Rab5-

561 & Rab7-633 Markers in SH-SY5Y Cells 

Species 〈𝑵𝑺𝒑𝒆𝒄𝒊𝒆𝒔〉 〈𝑭(𝑹𝒂𝒃𝟓|𝑹𝒂𝒃𝟕)〉 〈𝑭(𝑹𝒂𝒃𝟕|𝑹𝒂𝒃𝟓)〉 

Rab5-561 1.73 ± 0.43
˦
 

  Rab7-633 3.55 ± 0.66 

  Rab5-561 & Rab7-633 1.73 ± 0.35 1.04 ± 0.04 0.57 ± 0.12 
 

˦ Standard error. 

The calculations for the average number of clusters in Table 5.24 reflect that there are 

approximately 1.73 clusters containing Rab5-561 markers and there are also approximately 3.55 

clusters containing Rab7-633 markers. Lastly, there are approximately 1.73 clusters containing 

both Rab5-561 and Rab7-633 markers. 

The calculations for the average fractions of co-localization represented in Table 5.24 

reflect approximately 104% of  clusters containing Rab5-561 markers also contain Rab7-633 

markers and approximately 57% of the clusters containing Rab7 -633 markers also contain 

Rab5-561 markers. 

5.4.2 Rab5-561 & LAMP-1-633 Endocytic Marked Compartments in SH-SY5Y 

Cells 

Figure 5.27 shows the original confocal fluorescence microscopy images of one cell 

marked with Rab5-561 and LAMP-1-633. The Merge image is an overlay of the Rab5-561 and 

LAMP-1-633 images.  
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                            Rab5-561                  LAMP-1-633                   Merge 

     

Figure 5.27 Images of Rab5-561 & LAMP-1-633 Endocytic Marked Compartments 

in SH-SY5Y Cells 

 

Similar to the association of Rab5 with Rab7, the Merge image in Figure 5.27 shows 

Rab5 and LAMP-1 markers occupy the same clusters. 

Table 5.25 reflects the average number of clusters denoted by 〈𝑁𝑆𝑝𝑒𝑐𝑖𝑒𝑠〉 and the average 

fractions of co-localization of Rab5-561 and LAMP-1-633. The average fraction of clusters 

containing Rab5-561 that also contain LAMP-1-633 markers is denoted 

by 〈𝐹(𝑅𝑎𝑏5|𝐿𝐴𝑀𝑃 − 1)〉. Likewise, the average fraction of clusters containing LAMP-1-633 

markers that also contain Rab5-561 markers is denoted by 〈𝐹(𝐿𝐴𝑀𝑃 − 1|𝑅𝑎𝑏5)〉. 

Table 5.25 Average Number of Clusters and Fractions of Co-Localization of Rab5-

561 & LAMP-1-633 Markers in SH-SY5Y Cells 

Species 〈𝑵𝑺𝒑𝒆𝒄𝒊𝒆𝒔〉 〈𝑭(𝑹𝒂𝒃𝟓|𝑳𝑨𝑴𝑷 − 𝟏)〉 〈𝑭(𝑳𝑨𝑴𝑷 − 𝟏|𝑹𝒂𝒃𝟓)〉 

Rab5-561 4.46 ± 0.54
˦
 

  Lamp-1-633 4.73 ± 0.47 

  Rab5-561 & 

Lamp-1-633 3.44 ± 0.37 0.82 ± 0.04 0.74 ± 0.03 
 

˦ Standard error. 

The calculations for the average number of clusters in Table 5.25 reflect that there are 

approximately 4.46 clusters containing Rab5-561 markers and there are also approximately 4.73 

clusters containing LAMP-1-633 markers. Lastly, there are approximately 3.44 clusters 

containing both Rab5-561 and LAMP-1-633 markers. 

The calculations for the average fractions of co-localization represented in Table 5.25 

reflect approximately 82% of  clusters containing Rab5-561 markers also contain LAMP-1-633 
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markers and approximately 74% of the clusters containing LAMP-1-633 markers also contain 

Rab5-561 markers. 

5.4.3 Rab7-633 & LAMP-1-561 Endocytic Marked Compartments in SH-SY5Y 

Cells 

Figure 5.28 shows original (not contrast enhanced) confocal fluorescence microscopy 

images of one cell marked with Rab7-633 and LAMP-1-561. The Merge image is the overlay of 

the Rab7-633 and LAMP-1-561 images.  

                                Rab7-633                   LAMP-1-561                     Merge 

     

Figure 5.28 Images of Rab7-633 & LAMP-1-561 Endocytic Marked Compartments 

in SH-SY5Y Cells 

 

From a visual perspective, the Merge image in Figure 5.27 reflects very little degree of 

co-localization of Rab7-633 and LAMP-1-561 marked compartments, judging by the merge 

image. 

Table 5.26 reflects the average number of clusters denoted by 〈𝑁𝑆𝑝𝑒𝑐𝑖𝑒𝑠〉 and the average 

fractions of co-localization of Rab7-633 and LAMP-1-561. The average fraction of clusters 

containing Rab7-633 that also contain LAMP-1-561 markers is denoted 

by 〈𝐹(𝑅𝑎𝑏7|𝐿𝐴𝑀𝑃 − 1)〉. Likewise, the average fraction of clusters containing LAMP-1-561 

markers that also contain Rab7-633 markers is denoted by 〈𝐹(𝑅𝑎𝑏7|𝐿𝐴𝑀𝑃 − 1)〉. 
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Table 5.26 Average Number of Clusters and Fractions of Co-Localization of Rab7-633 

& LAMP-1-561 Marked Endocytic Compartments in SH-SY5Y Cells 

Species 〈𝑵𝑺𝒑𝒆𝒄𝒊𝒆𝒔〉 〈𝑭(𝑹𝒂𝒃𝟕|𝑳𝑨𝑴𝑷 − 𝟏)〉 〈𝑭(𝑳𝑨𝑴𝑷 − 𝟏|𝑹𝒂𝒃𝟕)〉 

Rab7-633 3.65 ± 0.38
 ˦
 

  LAMP-1-561 1.43 ± 0.18 

  Rab7-633 & 

LAMP-1-561 0.63 ± 0.09 0.19 ± 0.03 0.46 ± 0.05 
 

˦ Standard error. 

The calculations for the average number of clusters in Table 5.26 reflect that there are 

approximately 3.65 clusters containing Rab7-633 markers and there are also approximately 1.43 

clusters containing LAMP-1-561 markers with standard error ± 0.18 the average value. Lastly, 

there are approximately 0.63 clusters containing both Rab7-633 and LAMP-1-561 markers with 

standard error ± 0.09. 

The calculations for the average fractions of co-localization represented in Table 5.26 

reflect approximately 19% of  clusters containing Rab7-633 markers also contain LAMP-1-633 

markers and approximately 46% of the clusters containing LAMP-1 markers also contain Rab7 

markers. 

5.5 Co-localization of a Labelled Endocytic Compartment Containing 

Oligomers of 𝜶 −Syn in SH-SY5Y Cells 

Chapter 5.5 focusses on the study of the extent to which endocytic compartments contain 

oligomers of 𝛼 −syn. In addition, the extent to which clusters of oligomers of 𝛼 −syn contain 

markers for endocytic compartments was also studied. Each oligomer was studied in relation to 

Rab5, Rab7, and LAMP-1 markers of endocytic compartments.  

The double labelling procedure of oligomers and primary and secondary antibodies 

required for labelling of one marker can be found in Chapter 2.6.2.  Procedure required for 

obtaining images via laser scanning confocal microscopy can be found in Chapter 2.10.3.2. 

Lastly, Image cross correlation spectroscopy analysis can be found in Chapter 2.11.2. 

5.5.1 Co-localization Endocytic Compartments containing Monomers in SH-SY5Y 

Cells 
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The extent to which monomers (Ms) associate with Rab5, Rab7, and LAMP-1 marked 

compartments was studied.  

Figure 5.29 shows the original confocal fluorescence microscopy images of one cell of 

Ms-488 and Rab5-561 marked compartments in one cell. The Merge image is an overlay of the 

Ms-488 and Rab5-561 images.  

                                 Ms-488                        Rab5-561                        Merge 

     

Figure 5.29 Images of Ms-488 and Rab5-561 Endocytic Marked Compartments in 

SH-SY5Y Cells 

 

The lack of yellow regions in the Merge image in Figure 5.29 reflects very little degree of 

co-localization of Ms-488 and Rab5-561 marked compartments. 

Table 5.27 reflects the average number of clusters denoted by 〈𝑁𝑆𝑝𝑒𝑐𝑖𝑒𝑠〉 and the average 

fractions of co-localization of Ms-488 and Rab5-561. The average fraction of clusters containing 

Ms-488 that also contain Rab5-561 markers is denoted by 〈𝐹(𝑀𝑠|𝑅𝑎𝑏5)〉. Likewise, the average 

fraction of clusters containing Ms-488 that also contain Rab5 markers is denoted by 

〈𝐹(𝑅𝑎𝑏5|𝑀𝑠)〉. 

Table 5.27 Average Number of Clusters and Fractions of Co-Localization of Ms-488 

& Rab5-561 Marked Endocytic Compartments in SH-SY5Y Cells 

Species 〈𝑵𝑺𝒑𝒆𝒄𝒊𝒆𝒔〉 〈𝑭(𝑴𝒔|𝑹𝒂𝒃𝟓)〉 〈𝑭(𝑹𝒂𝒃𝟓|𝑴𝒔)〉 

Ms-488 0.66 ± 0.15
˦
 

  Rab5-561 4.82 ± 0.76 

  Ms-488 & 

Rab5-561 0.32 ± 0.11 0.58 ± 0.09 0.08 ± 0.02 
 

˦ Standard error. 
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The calculations for the average number of clusters in Table 5.27 reflect that there are 

approximately 0.66 clusters containing Ms-488 and there are also approximately 4.82 clusters 

containing Rab5 markers. Lastly, there are approximately 0.32 clusters containing both Ms-488 

and Rab5 markers. 

The calculations for the average fractions of co-localization represented in Table 5.27 

reflect approximately 58% of  clusters containing Ms-488 also contain Rab5 markers and 

approximately 8% of the clusters containing Rab5 markers also contain Ms-488. 

Figure 5.30 shows the original confocal fluorescence microscopy images of one cell of 

Ms-488 and Rab7 marked compartments in one cell. The Merge image is the overlay of the Ms-

488 and Rab7 images.  

                                 Ms-488                        Rab7-633                         Merge 

     

Figure 5.30 Images of Ms-488 and Rab7-633 Endocytic Marked Compartments in 

SH-SY5Y Cells 

 

There are some faint yellow regions in the Merge image in Figure 5.30 to reflect some 

degree of co-localization of Ms-488 and Rab7 marked compartments. 

Table 5.28 reflects the average number of clusters denoted by 〈𝑁𝑆𝑝𝑒𝑐𝑖𝑒𝑠〉 and the average 

fractions of co-localization of Ms-488 and Rab7-633. The average fraction of clusters containing 

Ms-488 that also contain Rab7-633 markers is denoted by 〈𝐹(𝑀𝑠|𝑅𝑎𝑏7)〉. Likewise, the average 

fraction of clusters containing Rab7-633 markers that also contain Ms-488 is denoted by 

〈𝐹(𝑅𝑎𝑏7|𝑀𝑠)〉. 
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Table 5.28 Average Number of Clusters and Fractions of Co-Localization of Ms-488 

& Rab7-633 Marked Endocytic Compartments in SH-SY5Y Cells 

Species 〈𝑵𝑺𝒑𝒆𝒄𝒊𝒆𝒔〉 〈𝑭(𝑴𝒔|𝑹𝒂𝒃𝟕)〉 〈𝑭(𝑹𝒂𝒃𝟕|𝑴𝒔)〉 
Ms-488 0.56 ± 0.12

˦
 

  Rab7-633 3.19 ± 0.58 

  Ms-488 & 

Rab7-633 0.35 ± 0.07 0.64 ± 0.11 0.16 ± 0.05 
 

˦ Standard error. 

The calculations for the average number of clusters in Table 5.28 reflect that there are 

approximately 0.56 clusters containing Ms-488 and there are also approximately 3.19 clusters 

containing Rab7 markers and there are approximately 0.35 clusters containing both Ms-488 and 

Rab7 markers. 

The calculations for the average fractions of co-localization represented in Table 5.28 

reflect approximately 64% of  clusters containing Ms-488 also contain Rab7-633 markers and 

approximately 16% of the clusters containing Rab7-633 markers also contain Ms-488. 

Figure 5.30 is a visual representation of original confocal fluorescence microscopy 

images of one cell of Ms-488 and LAMP-1-561 marked compartments in one cell. The Merge 

image is an overlay of the monomers and LAMP-1-561 images.  

 

 

                                  Ms-488                     LAMP-1-561                    Merge 

     

Figure 5.31 Images of Ms-488 and LAMP-1-561 Endocytic Marked Compartments in 

SH-SY5Y Cells 
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The Merge image in Figure 5.31 shows no yellow regions, thus there is likely no degree 

of co-localization of Ms-488 and LAMP-1-561 marked compartments. 

Table 5.29 reflects the average number of clusters denoted by 〈𝑁𝑆𝑝𝑒𝑐𝑖𝑒𝑠〉 and the average 

fractions of co-localization of Ms-488 and LAMP-1-561. The average fraction of clusters 

containing Ms-488 that also contain LAMP-1-561 markers is denoted by 〈𝐹(𝑀𝑠|𝐿𝐴𝑀𝑃 − 1)〉. 

Likewise, the average fraction of clusters containing LAMP-1-561 markers that also contain Ms-

488 is denoted by 〈𝐹(𝐿𝐴𝑀𝑃 − 1|𝑀𝑠)〉. 

Table 5.29 Average Number of Clusters and Fractions of Co-Localization of Ms-488 

& LAMP-1-561 Marked Endocytic Compartments in SH-SY5Y Cells 

Species 〈𝑵𝑺𝒑𝒆𝒄𝒊𝒆𝒔〉 〈𝑭(𝑴𝒔|𝑳𝑨𝑴𝑷 − 𝟏)〉 〈𝑭(𝑳𝑨𝑴𝑷 − 𝟏|𝑴𝒔)〉 

Ms-488 0.51 ± 0.15
˦
 

  LAMP-1-561 1.87 ± 0.41 

  Ms-488 & 

LAMP-1-561 0.13 ± 0.03 0.35 ± 0.07 0.10 ± 0.02 
 

˦ Standard error. 

The calculations for the average number of clusters in Table 5.29 reflect that there are 

approximately 0.51 clusters containing Ms-488 and there are also approximately 1.87 clusters 

containing LAMP-1-561 markers. There are approximately 0.13 clusters containing both Ms-488 

and LAMP-1-561 markers with standard error ± 0.03. 

The calculations for the average fractions of co-localization represented in Table 5.29 

reflect approximately 35% of  clusters containing Ms-488 also contain LAMP-1-561 markers 

and there are approximately 10% of the clusters containing LAMP-1-561 markers also contain 

Ms-488. 

5.5.2 Co-localization Endocytic Compartments containing Dimers in SH-SY5Y 

Cells 

The extent to which dimers (Ds) associate with Rab5, Rab7, and LAMP-1 marked 

compartments was studied.  
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Figure 5.32 shows original confocal fluorescence microscopy images of one cell of Ds-

633 and Rab5-561 marked compartments in one cell. The Merge image is an overlay of the 

dimers and Rab5 images.  

                                 Ds-633                        Rab5-561                         Merge 

     

Figure 5.32 Images of Ds-633 & Rab5 Endocytic Marked Compartments in SH-SY5Y 

Cells 

 

From a visual perspective, the Merge image in Figure 5.32 reflects no degree of co-

localization of Ds-633 and Rab5-561 marked compartments, judging by the merge image. 

Table 5.30 reflects the average number of clusters denoted by 〈𝑁𝑆𝑝𝑒𝑐𝑖𝑒𝑠〉 and the average 

fractions of co-localization of Ds-633 and Rab5-561. The average fraction of clusters containing 

Ds-633 that also contain Rab5-561 markers is denoted by 〈𝐹(𝐷𝑠|𝑅𝑎𝑏5)〉. Likewise, the average 

fraction of clusters containing Rab5-561 markers that also contain Ds-633 is denoted by 

〈𝐹(𝑅𝑎𝑏5|𝐷𝑠)〉. 

Table 5.30 Average Number of Clusters and Fractions of Co-Localization of Ds-633 

& Rab5-561 Marked Endocytic Compartments in SH-SY5Y Cells 

Species 〈𝑵𝑺𝒑𝒆𝒄𝒊𝒆𝒔〉 〈𝑭(𝑫𝒔|𝑹𝒂𝒃𝟓)〉 〈𝑭(𝑹𝒂𝒃𝟓|𝑫𝒔)〉 

Ds-633 1.23 ± 0.33
˦
 

  Rab5-561 5.58 ± 0.50 

  Ds-633 & Rab5-561 0.35 ± 0.07 0.41 ± 0.07 0.06 ± 0.01 
 

˦ Standard error. 

The calculations for the average number of clusters in Table 5.30 reflect that there are 

approximately 1.23 clusters containing Ds-633 and there are also approximately 5.58 clusters 

containing Rab5-561. Lastly, there are approximately 0.35 clusters containing both Ds-633 and 

Rab5-561 markers. 
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The calculations for the average fractions of co-localization represented in Table 5.30 

reflect approximately 41% of clusters containing Ds-633 also contain Rab5-561 markers and 

approximately 6% of the clusters containing Rab5-561 markers also contain Ds-633. 

Figure 5.33 shows original confocal fluorescence microscopy images of one cell of Ds-

633 and Rab7-488 marked compartments in one cell. The Merge image is an overlay of the Ds-

633 and Rab7-488 images.  

                                  Ds-633                        Rab7-488                         Merge 

     

Figure 5.33 Images of Ds-633 & Rab7-488 Endocytic Marked Compartments in SH-

SY5Y Cells 

 

From a visual perspective, the Merge image in Figure 5.33 reflects some degree of co-

localization of Ds-633 and Rab7-488 marked compartments, judging by the merge image. 

Table 5.31 reflects the average number of clusters denoted by 〈𝑁𝑆𝑝𝑒𝑐𝑖𝑒𝑠〉 and the average 

fractions of co-localization of Ds-633 and Rab7-488. The average fraction of clusters containing 

Ds-633 that also contain Rab7-488 markers is denoted by 〈𝐹(𝐷𝑠|𝑅𝑎𝑏7)〉. Likewise, the average 

fraction of clusters containing Rab7-488 markers that also contain Ds-633 is denoted 

by〈𝐹(𝑅𝑎𝑏7|𝐷𝑠)〉. 

Table 5.31 Average Number of Clusters and Fractions of Co-Localization of Ds-633 

& Rab7-488 Marked Endocytic Compartments in SH-SY5Y Cells 

Species 〈𝑵𝑺𝒑𝒆𝒄𝒊𝒆𝒔〉 〈𝑭(𝑫𝒔|𝑹𝒂𝒃𝟕)〉 〈𝑭(𝑹𝒂𝒃𝟕|𝑫𝒔)〉 

Ds-633 3.94 ± 1.09
˦
 

  Rab7-488 3.09 ± 0.44 

  Ds-633 & Rab7-488 1.48 ± 0.28 0.49 ± 0.06 0.47 ± 0.08 
 

˦ Standard error. 
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The calculations for the average number of clusters in Table 5.31 reflect that there are 

approximately 4.31 clusters containing Ds-633 and there are approximately 3.06 clusters 

containing Rab7-488 markers with standard error ± 0.39 the average value. Lastly, there are 

approximately 1.84 clusters containing both Ds-633 and Rab7-488 markers. 

The calculations for the average fractions of co-localization represented in Table 5.31 

reflect approximately 62% of clusters containing Ds-633 also contain Rab7-488 markers with 

and approximately 62% of the clusters containing Rab7-488 markers also contain Ds-633. 

Figure 5.34 shows the original confocal fluorescence microscopy images of one cell of 

Ds-633 and LAMP-1-561 marked compartments in one cell. The Merge image is an overlay of 

the Ds-633 and LAMP-1-561 images.  

                                   Ds-633                    LAMP-1-561                    Merge 

     

Figure 5.34 Images of Ds-633& LAMP-1-561 Endocytic Marked Compartments in 

SH-SY5Y Cells 

 

From a visual perspective, the Merge image in Figure 5.34 reflects no degree of co-

localization of Ds-633 and LAMP-1-561 marked compartments, judging by the merge image. 

Table 5.32 reflects the average number of clusters denoted by 〈𝑁𝑆𝑝𝑒𝑐𝑖𝑒𝑠〉 and the average 

fractions of co-localization of DS-633 and LAMP-1-561. The average fraction of clusters 

containing Ds-633 that also contain LAMP-1-561 markers is denoted by 〈𝐹(𝐷𝑠|𝐿𝐴𝑀𝑃 − 1)〉. 

Likewise, the average fraction of clusters containing LAMP-1-561 markers that also contain Ds-

633 is denoted by 〈𝐹(𝐿𝐴𝑀𝑃 − 1|𝐷𝑠)〉. 



230 

 

Table 5.32 Average Number of Clusters and Fractions of Co-Localization of DS-633 

& LAMP-1-561 Marked Endocytic Compartments in SH-SY5Y Cells 

Species 〈𝑵𝑺𝒑𝒆𝒄𝒊𝒆𝒔〉 〈𝑭(𝑫𝒔|𝑳𝑨𝑴𝑷 − 𝟏)〉 〈𝑭(𝑳𝑨𝑴𝑷 − 𝟏|𝑫𝒔)〉 

Ds-633 0.32 ± 0.06
˦
 

  LAMP-1-561 1.48 ± 0.18 

  Ds-633 & LAMP-1-561 0.12 ± 0.03 0.42 ± 0.08 0.07 ± 0.01 
 

˦ Standard error. 

The calculations for the average number of clusters in Table 5.32 reflect that there are 

approximately 0.32 clusters containing Ds-633 and there are also approximately 1.48 clusters 

containing LAMP-1-561 markers. Lastly, there are approximately 0.12 clusters containing both 

Ds-633 and LAMP-1-561 markers. 

The calculations for the average fractions of co-localization represented in Table 5.32 

reflect approximately 42% of  clusters containing Ds-633 also contain LAMP-1-561 markers and 

approximately 7% of the clusters containing LAMP-1-561 markers also contain Ds-633. 

5.5.3 Co-localization Endocytic Compartments containing Tetramers in SH-SY5Y 

Cells 

The extent to which tetramers (Ts) associate with Rab5, Rab7, and LAMP-1 marked 

compartments was studied.  

Figure 5.35  is a visual representation of original confocal fluorescence microscopy 

images of one cell of Ts-633 and Rab5-561 marked compartments in one cell. The Merge image 

is an overlay of the Ts-633 and Rab5-561 images.  

                                 Ts-633                         Rab5-561                         Merge 

     

Figure 5.35 Images of Ts-633 & Rab5-561 Endocytic Marked Compartments in SH-

SY5Y Cells 
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From a visual perspective, the Merge image in Figure 5.35 reflects no degree of co-

localization of Ts-633 and Rab5-561 marked compartments, judging by the merge image. 

Table 5.33 reflects the average number of clusters denoted by 〈𝑁𝑆𝑝𝑒𝑐𝑖𝑒𝑠〉 and the average 

fractions of co-localization of Ts-633 and Rab5-561. The average fraction of clusters containing 

Ts-633 that also contain Rab5-561 markers is denoted by 〈𝐹(𝑇𝑠|𝑅𝑎𝑏5)〉. Likewise, the average 

fraction of clusters containing Rab5-561 markers that also contain Ts-633 is denoted by 

〈𝐹(𝑅𝑎𝑏5|𝑇𝑠)〉. 

Table 5.33 Average Number of Clusters and Fractions of Co-Localization of Ts-633 

& Rab5-561 Marked Endocytic Compartments in SH-SY5Y Cells 

Species 〈𝑵𝑺𝒑𝒆𝒄𝒊𝒆𝒔〉 〈𝑭(𝑻𝒔|𝑹𝒂𝒃𝟓)〉 〈𝑭(𝑹𝒂𝒃𝟓|𝑻𝒔)〉 

Ts-633 0.73 ± 0.09
˦
 

  Rab5-561 4.67 ± 0.58 

  Ts-633 & Rab5-561 0.31 ± 0.05 0.45 ± 0.07 0.07 ± 0.01 
 

˦ Standard error. 

The calculations for the average number of clusters in Table 5.33 reflect that there are 

approximately 0.73 clusters containing tetramers and there are also approximately 4.67 clusters 

containing Rab5-561 markers. Lastly, there are approximately 0.31 clusters containing both Ts-

633 and Rab5-561 markers. 

The calculations for the average fractions of co-localization represented in Table 5.33 

reflect approximately 45% of  clusters containing Ts-633 also contain Rab5-561 markers and 

approximately 7% of the clusters containing Rab5-561 markers also contain Ts-633. 

Figure 5.36 is a visual representation of original confocal fluorescence microscopy 

images of one cell of Ts-633 and Rab7-488 marked compartments in one cell. The Merge image 

is an overlay of the dimers and Rab7 images.  

                                Ts-633                          Rab7-488                         Merge 
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Figure 5.36 Images of Ts-633 & Rab7-488  Endocytic Marked Compartments in SH-

SY5Y Cells 

 

From a visual perspective, the Merge image in Figure 5.36 reflects some degree of co-

localization of Ts-633 and Rab7-488 marked compartments, judging by the merge image. 

Table 5.34 reflects the average number of clusters denoted by 〈𝑁𝑆𝑝𝑒𝑐𝑖𝑒𝑠〉 and the average 

fractions of co-localization of Ts-633 and Rab7-488. The average fraction of clusters containing 

Ts-633 that also contain Rab7-488 markers is denoted by 〈𝐹(𝑇𝑠|𝑅𝑎𝑏7)〉. Likewise, the average 

fraction of clusters containing Ts-633 that also contain Rab7 markers is denoted 

by 〈𝐹(𝑅𝑎𝑏7|𝑇𝑠)〉. 

Table 5.34 Average Number of Clusters and Fractions of Co-Localization of Ts-633  

& Rab7-488 Marked Endocytic Compartments in SH-SY5Y Cells 

Species 〈𝑵𝑺𝒑𝒆𝒄𝒊𝒆𝒔〉 〈𝑭(𝑻𝒔|𝑹𝒂𝒃𝟕)〉 〈𝑭(𝑹𝒂𝒃𝟕|𝑻𝒔)〉 

Ts-633 2.33 ± 0.72
˦
 

  Rab7-488 2.81 ± 0.22 

  Ts-633 & Rab7-488 1.14 ± 0.14 0.74 ± 0.07 0.43 ± 0.05 
 

˦ Standard error. 

The calculations for the average number of clusters in Table 5.34 reflect that there are 

approximately2.33 clusters containing Ts-633 and there are also approximately 2.81 clusters 

containing Rab7-488 markers. Lastly, there are approximately 1.14 clusters containing both Ts-

633 and Rab7-488 markers. 
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The calculations for the average fractions of co-localization represented in Table 5.34 

reflect approximately 74% of  clusters containing Ts-633 also contain Rab7-488 markers and 

approximately 43% of the clusters containing Rab7-488 markers also contain Ts-633. 

Figure 5.37 is a visual representation of original confocal fluorescence microscopy 

images of one cell of Ts-633 and LAMP-1-561 marked compartments in one cell. The Merge 

image is an overlay of the Ts-633 and LAMP-1-561 images.  

                                 Ts-633                      LAMP-1-561                      Merge 

     

Figure 5.37 Images of Ts-633 & LAMP-1-561  Endocytic Marked Compartments in 

SH-SY5Y Cells 

 

The Merge image in Figure 5.37 reflects no degree of co-localization of Ts-633 and 

LAMP-1-561 marked compartments. 

Table 5.35 reflects the average number of clusters denoted by 〈𝑁𝑆𝑝𝑒𝑐𝑖𝑒𝑠〉 and the average 

fractions of co-localization of Ts-633 and LAMP-1-561. The average fraction of clusters 

containing Ts-633 that also contain LAMP-1-561 markers is denoted by 〈𝐹(𝑇𝑠|𝐿𝐴𝑀𝑃 − 1)〉. 

Likewise, the average fraction of clusters containing LAMP-1-561 markers that also contain Ts-

633 is denoted by 〈𝐹(𝐿𝐴𝑀𝑃 − 1|𝑇𝑠)〉. 

Table 5.35 Average Number of Clusters and Fractions of Co-Localization of Ts-633 

& LAMP-1-561 Marked Endocytic Compartments in SH-SY5Y Cells 

Species 〈𝑵𝑺𝒑𝒆𝒄𝒊𝒆𝒔〉 〈𝑭(𝑻𝒔|𝑳𝑨𝑴𝑷 − 𝟏)〉 〈𝑭(𝑳𝑨𝑴𝑷 − 𝟏|𝑻𝒔)〉 

Ts-633 0.73 ± 0.13
˦
 

  LAMP-1-561 1.66 ± 0.14 

  Ts-633 & LAMP-1-561 0.24 ± 0.03 0.45 ± 0.07 0.17 ± 0.03 
 

˦ Standard error. 
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The calculations for the average number of clusters in Table 5.35 reflect that there are 

approximately 0.73 clusters containing Ts-633 and there are approximately 1.66 clusters 

containing LAMP-1-561 markers. Lastly, there are approximately 0.24 clusters containing both 

Ts-633 and LAMP-1-561 markers. 

The calculations for the average fractions of co-localization represented in Table 5.35 

reflect approximately 45% of clusters containing Ts-633 also contain LAMP-1-561 markers with 

and approximately 17% of the clusters containing LAMP-1-561 markers also contain Ts-633. 

5.6 Chapter Conclusions 

The work presented in this chapter was performed as a means to further inquire about the 

various oligomeric forms of 𝛼 −Syn to determine if any similarities or differences exist with 

oligomers. Based on these findings, this information will be useful for creating better detection 

methods and lead to the development of more therapeutic applications due to the varying nature 

of each oligomer studied. 

There were seven findings made from this work; 1) these oligomers are able to passively 

internalized in cells, 2) the passive entry of enforced pre-aggregated oligomers does not affect 

the amount of internalized oligomers, 3) there are differences observed in regard to the amount 

of time cells are able to withhold oligomers internally after fixed exposure, variable uptake, 4) 

there is almost 100% interaction observed between two oligomers, 5) oligomers are located in 

the same compartment and the distributions of each endocytic marker in cells are similar, 6) the 

pairwise interaction of markers is somewhat unexpected and different from the fusion/maturation 

model, and 7) the extent to which oligomers associate with markers in one compartment are 

similar between oligomers. 

The use of PFA was used to fix cells and observe if potential binding of oligomers to the 

membrane would occur; however, to our surprise, the oligomers were able to internalize into 

cells despite this fixation. PFA was used for fixation because it cross links cytosolic proteins and 

molecules in the cell.
94

 Thus, the cytosolic proteins required to assist with active transport and 

uptake of materials via endocytosis are effected and unable to perform their specific functions for 

endocytosis to occur. From simple observation of monomers, dimers, and tetramers within the 
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cytoplasm after cells were fixed prior to exposure of oligomers, it was concluded that these 

oligomers were able to passively enter cells, meaning they enter cells without active transport.  

Upon passive entry, there was a relative increase in intensity with time of exposure in 

monomers and dimers. Therefore, these oligomers are indeed able to passively diffuse into cells 

but actually accumulate in the same relative number of clusters with time, on average about 20 

clusters per square micron. In contrast, tetramers actually reflect a decrease in intensity after 

exposure to fixed cells and there is some fluctuation with the intensity within 24 hours. Thus, 

these findings imply that these oligomers can enter cells without the influence of intracellular 

proteins to enable active transport; in addition, the monomers and dimers passively enter cells to 

a larger extent than do tetramers. 

It was also determined that there was no clear differences in terms of time dependent 

trends observed for monomers nor tetramers by enforcing aggregation from simple agitation and 

heating of oligomers prior to exposing said oligomers to pre-fixed cells, as opposed to exposing 

these oligomers to cells without this agitation and heating.   

In addition to passive entry into cells, the internalization of oligomers by an assumed 

active transport pathway was studied; one can observe the major differences between images 

such that passive diffusion of these oligomers distribute to quite an extent unlike oligomers taken 

up actively, which appear in bright circular regions, or endosomes. In this work, the key 

oligomer of interest exhibiting differences in uptake was the monomer; after 24 hours progressed 

for uptake, although the number of clusters remains somewhat constant, if not slightly more, the 

intensity of the species decreases after 24 hours reflecting a decrease in the degree of aggregation 

of monomers in clusters. The dimers behave in a similar fashion, but not to the same extent as 

monomers. The uptake of tetramers revealed no trend; the relative number of clusters and degree 

of aggregation remains constant with time. Therefore, this data suggests that monomers are 

perhaps either cleared from cells or may begin to be degraded in some fashion when cells contain 

monomers for times longer than 24 hours.  

After studying the internalization of each oligomer, it was desired to study the extent to 

which two oligomers simultaneously exist in the same cluster. Despite differences observed in 

uptake, each experiment conducted showed that each cluster for which one oligomer was present 
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also contained one other oligomer. Specifically, approximately 100% co-existence between 

monomers and dimers, monomers and tetramers, and dimers and tetramers was observed. These 

reported fractions are greatest in magnitude compared to the previous fractions reported in 

Chapters 3 and 4.  Based on the significant amount of yellow regions in the Merge images, these 

fractions reflect specific co-localization.  

As with previous chapters, the distribution of endocytic markers was also studied; contrary 

to previous findings in this work, the distribution of Rab5, Rab7, and LAMP-1 markers are 

distributed equally in images, however Rab7 markers are somewhat larger in comparison to the 

similar size of Rab5 and LAMP-1 marked compartments.  

In addition to the individual distribution of these markers for endocytic compartments, the 

pairwise interaction of markers was also studied. As a result, these fractions of co-localization 

reflect findings that two markers are able to simultaneously exist on one cluster but are not 

unique for one endocytic compartment. In addition, these co-localizations are somewhat 

unexpected; specifically, there is a relatively high co-existence of Rab5 and LAMP-1 markers in 

comparison to Rab7 and LAMP-1 markers. The associations of two markers in SH-SY5Y cells 

are very similar in comparison to the associations observed for A549 cells in Chapter 3.  

Lastly, the association of each oligomer with one endocytic marker was studied. 

Similarities were observed between each oligomer. Between 40-60% of each cluster containing 

one type of oligomer also contained Rab5 markers, approximately 60-70% of each cluster 

containing one type of marker also contained Rab7 markers, and approximately 30-40% of each 

cluster containing one oligomer also contained LAMP-1 markers. Lastly, the association of Rab5 

and LAMP1 markers with one type of oligomer ranged between 10-17% however the association 

of Rab7 markers with one oligomer was a greater, ranging between 16-62%. 

This chapter provided a wealth of information; each oligomer studied was effectively 

internalized by cells, by endocytosis and passive transport. In addition, although each oligomer 

associates with endocytic compartments in the same fashion, the relative amount of time of 

uptake and internalization varies, in large part with the monomer.   
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6 The Intracellular Dynamics of Oligomers of 𝜶 −synuclein in Live 

SH-SY5Y Cells 

In Chapter 5, we determined that oligomers of 𝛼 −synuclein were able to undergo both 

passive and active transport for internalization into SH-SY5Y cells. In addition, differences in 

uptake were observed, such that monomers and dimers can passively diffuse to greater extents 

than tetramers into cells. However, monomers are less frequently observed in cells after 24 hours 

of uptake via endocytosis. Despite differences with internalization over time, each oligomer 

associated similarly with an endocytic marker and we observed the pairwise association of two 

oligomers to be almost 100% in cells. 

The motivation for the work presented in this chapter was to observe oligomers in SH-SY5Y 

cells in real time to inquire about 𝛼 −synuclein dynamics. Data corresponding to monomers, 

dimers, and tetramers will be discussed.  

The dynamics of oligomers of 𝛼 −synuclin were studied via laser scanning confocal 

microscopy and temporal image correlation spectroscopy analysis of images of live SH-SY5Y 

cells. In contrast to previous work in this thesis, 80-100 images were obtained, but of the same 

cell to study the diffusion of oligomers in one cell. 

Materials and methods corresponding to labelling of oligomers of 𝛼 −synuclein in cells can 

be found in 2.9.1. Laser scanning confocal microscopy imaging of one oligomer can be found in 

Chapter 2.10.4.1. Temporal Image Correlation Spectroscopy can be found in Chapter 2.11.4. 

6.1 Monomers 

Chapter 6.1 focusses on the dynamics of monomers of 𝛼 −synuclein in SH-SY5Y cells. 

Figure 6.1 shows nine images, each image corresponding to the same cell, taken over a 

series of 244.51 seconds (the microscope has the ability to acquire images in milliseconds). Cells 

in the sample were exposed to monomers for two hours and imaged immediately after washing. 

Image A is the first image of one cell exposed to monomers in the series, collected at 𝜏 = 0 

seconds. Images B, C, D, E, F, G, H, and I each correspond to an image of the cell at times 𝜏 =
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4.99, 𝜏 = 19.96, 𝜏 = 34.93 𝜏 = 44.91,𝜏 = 94.81, 𝜏 = 144.71, 𝜏 = 194.61, and 𝜏 = 244.51 

seconds, respectively. Each image presented in Figure 6.1 has not been contrast enhanced. 

 

 

        
  

     
 

     

Figure 6.1 Monomers in Real Time 

Images A, B, C, D, E, F, G, H, and I each correspond to an image of the cell with monomers at 

times  𝜏 = 0, 𝜏 = 4.99, 𝜏 = 19.96, 𝜏 = 34.93 𝜏 = 44.91,𝜏 = 94.81, 𝜏 = 144.71, 𝜏 = 194.61, 

and 𝜏 = 244.51 seconds. 

 

Similar to the images presented in Chapter 4 for monomers internalized in cells by a fixed 

exposure, variable uptake experiment, each red region represents a cluster or aggregation of 

monomers. The images shown in Figure 6.1 show Images A, B, and C are similar. However with 

the progression of time, specifically for images G, H, and I, the red regions are not quite as bright 

as a result of photobleaching. Photobleaching is a phenomena defined as the photochemical 

modification of a dye that results in an irreversible loss of the species’ ability to fluoresce
95

. 

             D                                  E                                    F 

             G                                  H                                    I 

             A                                  B                                    C 
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Photobleaching is very common with fluorescent imaging in which the fluorescence of a species 

fades as it is under observation.    

 To extract quantitative information in regard to photobleaching from the images, Figure 

6.2 is a scatter plot of the intensity corresponding to each image in the series of 50 images 

collected as a function of the image in the series.  

 

Figure 6.2 Scatter Plot of Intensity of Monomers in SH-SY5Y cells as a Function of 

Image in Time Series 

  

In relation to Figure 6.1, the intensity is somewhat consistent for the first 20 images 

obtained in the series. However, the intensity begins to decrease two fold within the last ten 

images in the series, which is consistent with the relative faint brightness of images G, H, and I. 

Since the same region is now being constantly illuminated by the laser beam, photo bleaching is 

occurring. Constant intensity is expected for a system that has not been photobleached.  

 Figure 6.3 is a scatter plot of the auto correlation amplitude plotted with respect to the 

image in the time series.  
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Figure 6.3 Scatter Plot of Auto Correlation Amplitude of Monomers in SH-SY5Y 

cells as a Function of Image in Time Series 

 

As with intensity, the auto correlation amplitude decreases with time. As the number of 

clusters in the observation area is inversely proportional to the auto correlation amplitude, a 

greater number of clusters could be observed as the monomers diffuse in the region defined by 

the laser beam as time progresses.  However, the decrease in auto correlation amplitude is more 

likely explained by the photobleaching as the background noise becomes more prominent.  

 To better visualize the diffusion of monomers with time, Figure 6.4 shows the same 

images as presented in Figure 6.1 that have been overlaid with the image at 𝜏 = 0 seconds. 

ImageJ software was used to merge the image obtained at 𝜏 = 0 seconds in red with an image 

collected at a later time in green. Thus, Image A in Figure 6.4 is yellow as it is the merge of the 

same image.  
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Figure 6.4 Images of Monomers in Real Time Merged with Image at  𝝉 = 𝟎 

Images A, B, C, D, E, F, G, H, and I each correspond to a merge of monomers at 𝜏 = 0 in red 

with monomers at times 𝜏 = 0,  𝜏 = 4.99, 𝜏 = 19.96, 𝜏 = 34.93 𝜏 = 44.91,𝜏 = 94.81, 𝜏 =
144.71, 𝜏 = 194.61, and 𝜏 = 244.51 seconds, respectively in green.  

Overlaying two images in a time series is useful for visualizing the intracellular 

movement of these monomers in a cell. Thus, Image A reflects only yellow regions because it is 

the overlay of the same image. Image B shows several yellow regions, however there are faint 

green and red regions present in the image; the presence of red and green indicate the monomers 

are moving from their initial position at 𝜏 = 0, however the remaining yellow regions indicate 

that the monomers in that specific position in the cell have not moved. Thus, the relative number 

of yellow regions observed in the image disappears with image F, after 94.81 seconds has 

progressed.  An interesting feature with images H and I is that the monomers appear to be 

diffusing back into the center to their original position, as shown by the blue circles in Images G 

(for comparison), H, and I. 

 Table 6.1 corresponds to the temporal image correlation spectroscopy (TICS) data 

corresponding to the amplitude of the auto correlation function, 𝑔(0,0,0), delay time between 

images, 𝛥𝜏 , and the fit obtained for the laser beam width, 𝜔. 

             D                                  E                                    F 

             G                                  H                                    I 



243 

 

Table 6.1 Raw Data Corresponding to first Image of Monomers in Real Time Series 

𝒈(𝟎, 𝟎, 𝟎) 4.04 

𝜟𝝉 4.99 𝑠𝑒𝑐 

𝝎 0.43 𝜇𝑚 
 

 

 The data presented in Table 6.1 indicate that the amplitude for the temporal auto 

correlation amplitude is 4.04. In addition, the value for 𝛥𝜏 indicates that each image in the series 

was obtained with an approximate 4.99 second lag between images. The fit for the laser beam 

was approximately 0.43. As shown in previous chapters, this measured beam radius arises from 

convolution. 

Recall, for temporal image correlation spectroscopy analysis, the decay of the amplitude 

of the auto correlation function as a function of time, τ, is fit to a three parameter hyperbolic 

decay expression; 

 
𝑔(0,0, 𝜏) =  

𝐴

1 +
𝜏

𝜏𝑑

+ 𝐶 
(31) 

 Figure 6.5 is a scatter plot for the temporal auto correlation function for monomers (Data) 

compared to the three parameter hyperbolic decay fit (Fit). 
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Figure 6.5 Temporal Auto Correlation Function for Monomers in Real Time in SH-

SY5Y Cells 

 The three parameter hyperbolic fit is in agreement with the data. The curve corresponding 

to the data decays at a constant rate until about 150 seconds has progressed. At a τ value of 150 

seconds, the value for the temporal auto correlation begins to increase; recall, the monomers 

appear to be diffusing back to their original position in the center of the image as shown with 

Image G in Figure 6.4.  This phenomena could explain the increase in the temporal auto 

correlation. Likewise, the decrease in the temporal auto correlation at a tau value of 250 seconds 

decreases due to the bleaching of the image and also due to the fact that the monomers are no 

longer correlated as they have moved from their initial position.  

 Table 6.2 shows the fit parameters corresponding to the fitted function in Figure 6.5. The 

values are shown with standard deviation. Goodness of fit can be represented by a small value 

(less than 1) for chi square, 𝜒2. 

Table 6.2 Fit parameters obtained for One Monomer Experiment of 50 Images in 

Real Time in SH-SY5Y Cells 

𝐴 0.40 ± 0.04
˦
 

𝜏𝑑 13.8 ± 3.5 𝑠𝑒𝑐 

𝐶 (-0.100) ± 0.007 
 

˦
 Standard deviation. 𝜒2 = 0.02. 
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The global fit produces a chi square value of 0.02. This value indicates the fit of the data 

consisting of 50 images is reasonable, and the measured parameters are specific to the 

monomers.   

The diffusion coefficient can be calculated using the fitted diffusion time, 𝜏𝑑 and fit for 

the experimental laser beam width, 𝜔; 

 
𝐷 =  

4𝜏𝑑

𝜔2
 

(32) 

Thus, the diffusion coefficient can be calculated; 

 𝐷 =  3.35 𝑥 10−11 𝑐𝑚2 𝑠𝑒𝑐⁄  (33) 

  

Since this was the first time live cell analysis was performed in this thesis, it was unclear 

for how many images should be collected from one cell to accurately sample and obtain precise 

estimates of parameters of species in live time. To address this question, eight different cells 

were imaged, 100 images pertaining to each cell. Imaging of one cell defined one experiment.  

For each experiment, the data was analyzed in batches, such that a batch was defined by 

data consisting of 20, 40, 50, 60, 80, or 100 images. Temporal image correlation spectroscopy 

was completed for all data sets within each batch.  Each data set in a batch was then fit with the 

three parameter hyperbolic decay function and parameters were obtained.  

All batches consisting of the same number of images for all experiments were then 

compared by averaging the measured parameters and performing global fits. Table 6.3 is a 

representation of the average temporal auto correlation amplitude, average fitted auto correlation 

amplitude, average temporal auto correlation constant to account for incomplete decay of the 

correlation function, average diffusion time, and average diffusion coefficient calculated for the 

data sets from each experiment in a specific batch consisting of 𝑛𝑖𝑚𝑎𝑔𝑒𝑠. The average values are 

shown with standard error.  
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Table 6.3 Average Auto Correlation Amplitude, Fitted Auto Correlation Amplitude, 

Diffusion Time, and Average Diffusion Coefficient for Monomers in Batches 

〈𝒏𝒊𝒎𝒂𝒈𝒆𝒔〉 〈𝒈(𝟎, 𝟎, 𝟎)〉 〈𝑨〉 〈𝑪〉 〈𝝉𝒅 (𝒔𝒆𝒄〉 〈𝑫(𝐜𝐦^𝟐/𝐬𝐞𝐜)〉 

20 2.76 ± 0.83˦ 0.41 ± 0.05 (-0.11) ± 0.04 9.71 ± 1.44 4.81E-11 ± 1.30E-11 

40 2.36 ± 0.71 0.52 ± 0.08 (-0.14) ± 0.01 18.3 ± 6.2 3.46E-11 ± 8.32E-12 

50 3.31 ± 0.94 0.51 ± 0.11 (-0.13) ± 0.03 16.7 ± 2.4 3.15E-11 ± 9.28E-12 

60 2.63 ± 0.70 0.78 ± 0.27 (-0.12) ± 0.03 12.4 ± 4.3 7.32E-11 ± 4.52E-11 

80 1.99 ± 0.38 0.82 ± 0.29 (-0.11) ± 0.03 9.17 ± 1.67 3.34E-11 ± 1.18E-12 

100 2.16 ± 0.14 1.19 ± 0.30 (-0.13) ± 0.10 10.8 ± 12.0 7.74E-11 ± 9.09E-11 
 

˦ 
Standard error. 

 The average auto correlation amplitudes for data within each defined batch ranges 

between 1.99-3.31. The average auto correlation amplitude obtained from the fit, 〈𝐴〉, is 

approximately 10% less, specifically with values ranging between 0.41-1.19. The parameter to 

account for incomplete decay of the correlation function ranges between -0.14-(-0.11). The 

incomplete decay of the auto correlation function has been accounted for in the fit. The average 

diffusion time for monomers in each defined batch ranges between approximately 9.71-18.3 

seconds. Lastly, the diffusion coefficient on average is on the scale of 10−11 square centimeters 

per second. 

 Figure 6.6 is a bar graph of the average auto correlation amplitude for monomers in 

reference to Table 6.3. The average auto correlation amplitude is plotted as a function of the 

batch. 
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Figure 6.6 Bar Graph of Average Auto Correlation Amplitude as a Function of the Batch 

for Monomers 

 

 The auto correlation amplitude does not change or depend on the number of images in a 

data set. 

 Figure 6.7 is a bar graph of the average fitted auto correlation amplitude as a function of 

the batch. 
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Figure 6.7 Bar Graph of the Average Fitted Auto Correlation Amplitude as a Function of 

Batch for Monomers  

  

The fitted auto correlation amplitude is relatively consistent for analyses of batches 

defined by 20-50 images. The fitted auto correlation amplitude increases for batches defined by 

60-100 images. Thus, there is a slight dependency on the number of images to calculate the fitted 

auto correlation amplitude, such that larger magnitudes for the fitted auto correlation amplitude 

will be observed for batches defined by 60 images or more.  

Figure 6.8 is a bar graph of the average fitted auto correlation amplitude as a function of 

the batch. 

 

Figure 6.8 Bar Graph of Average Diffusion Time as a Function of Batch for 

Monomers 
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 The diffusion time corresponding to monomers fluctuates however the standard error 

with respect to the batch defined by data containing 100 images is quite large in comparison to a 

batch defined by fewer images in a data set.  

 Figure 6.9 is a bar graph of the average diffusion coefficient as a function of the batch. 

 

Figure 6.9 Bar Graph of the Average Diffusion Coefficient as a Function of Batch for 

Monomers 

 

 The average diffusion coefficient is relatively consistent depending on the analysis of 

batches defined by data containing 20-50 images. However, batches consisting of data with 60-

100 images start to reflect a significant amount of error for the measured average diffusion 

coefficient.  

 This data confirms that the appropriate number of images to analyze the monomer in real 

time is 50 images. This is based on the standard error corresponding to the average fit of the auto 

correlation amplitude, average diffusion time, and average diffusion coefficient is low. In 

addition, the average values of parameters of data consisting of 50 images compares to that of 

batches defined by either 20 or 40 images.  

An important point to understand is the temporal auto correlation function never fully 

decays to zero. For temporal image correlation spectroscopy, the auto correlation should decay to 

approximately 10% of the temporal auto correlation amplitude, 𝑔(0,0,0). For this monomeric 

diffusion data, the correlation function in Figure 6.5 decays to approximately 5% after 244 
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seconds has progressed for 50 images obtained approximately every 5 seconds. However, the 

temporal correlation function decays to approximately 9% after only 150 seconds have elapsed 

for 30 images of the monomers. Thus, it can be argued 30 images is a useful number of images 

to analyze monomers. However, 50 images has been chosen for analysis because the standard 

error for parameters measured from 50 images is about the same as the averages of parameters 

measured for batches consisting of 20 and 40 images. Also, a greater number of images in an 

experiment is important for ICS analysis.   

 A global fit was then obtained for the data consisting of 50 images to determine the 

goodness of the fit and determine if each data set within this batch for all experiments followed 

the same distribution. Table 6.4 shows the fit parameters obtained for the global fit. 

Table 6.4 Global Fit of Data Sets within Batches Defined by 50 Images of Monomers 

𝐴 0.51 ± 0.03 

𝜏𝑑 15.5 ± 2.4 𝑠𝑒𝑐 

𝐶 (-0.13) ± 0.01 
 

˦
Standard error.  𝜒2 = 0.48. 

 The global fit indicates that the temporal auto correlation amplitude is approximately 

0.51. The diffusion time for monomers is approximately 15.5 seconds and the constant to allow 

for incomplete decay of the auto correlation amplitude was (-0.13).  The chi square value is 

approximately 0.48. As this value is small, and more specifically less than 1.0, the fit is 

reasonably good. In addition, the parameters strongly compare with the average of the fit 

parameters of the experiments consisting of 50 images (bolded in Table 6.3).  

6.2 Dimers 

Chapter 6.2 focusses on the dynamics of dimers of 𝛼 −synuclein in SH-SY5Y cells. 

Figure 6.10 shows nine images, each image corresponding to the same cell, taken over a 

series of 245.49 seconds. Cells in the sample were exposed to dimers for two hours and imaged 

immediately after washing. Image A is the first image of one cell exposed to dimers in the series, 

collected at 𝜏 = 0 𝑠𝑒𝑐𝑜𝑛𝑑𝑠. Images B, C, D, E, F, G, H, and I each correspond to an image of 

the cell at 𝜏 = 5.01, 𝜏 = 20.04, 𝜏 = 35.07 𝜏 = 45.09,𝜏 = 95.19, 𝜏 = 145.29, 𝜏 = 195.39, and 
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𝜏 = 245.49 seconds,  respectively. Each image presented in Figure 6.10 has been contrast 

enhanced for better visualization of dimers. 

     

 

     

 

     

Figure 6.10 Dimers in Real Time 

Images A, B, C, D, E, F, G, H, and I each correspond to an image of the cell with dimers at 

times  𝜏 = 0,  𝜏 = 5.01, 𝜏 = 20.04, 𝜏 = 35.07 𝜏 = 45.09,𝜏 = 95.19, 𝜏 = 145.29, 𝜏 = 195.39, 

and 𝜏 = 245.49 seconds, respectively in green merged with Image A at 𝜏 = 0 in red. 

 

These images are similar to the images presented in Chapter 4 for dimers internalized in 

cells via a fixed exposure, variable uptake experiment; each red region in the image is expected 

to be a cluster or aggregation of dimers. The images shown in Figure 6.10  reflect minor changes 

between Images A and B; however the brightness of the images is relatively consistent with time. 

             A                                  B                                    C 

             D                                  E                                    F 

             G                                  H                                    I 
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 To extract quantitative information from the images, Figure 6.11 is a scatter plot of the 

intensity corresponding to each image in the series of 50 images collected as a function of the 

image number.  

 

Figure 6.11 Scatter Plot of Intensity of Dimers in SH-SY5Y cells as a Function of Image 

in Time Series 

  

The intensity of dimers as shown in Figure 6.11 shows the intensity of each image is 

approximately 40 but decreases to approximately 30 for the remaining twenty images in the 

series. Therefore, there is some degree of photobleaching occurring but not to the same extent as 

with monomers. 

 Figure 6.12 is a scatter plot of the auto correlation amplitude plotted with respect to the 

image number in the time series.  
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Figure 6.12 Scatter Plot of Auto Correlation Amplitude of Dimers Relative to Image in 

Time Series 

  

Similar to the intensity, the auto correlation amplitude decreases to approximately half its 

initial value with the progression of time. As the number of clusters in the observation area is 

inversely proportional to the auto correlation amplitude, a greater number of clusters would be 

observed as the dimers diffuse in the region defined by the laser beam as time progresses.  

However, as a result of photobleaching, the decrease in the auto correlation amplitude is more 

likely due to the background noise that comes into effect. 

Table 6.5 corresponds to the temporal image correlation spectroscopy (TICS) data 

corresponding to the amplitude of the auto correlation function, 𝑔(0,0,0), delay time between 

images, 𝛥𝜏 , and the fit obtained for the laser beam width, 𝜔. 

Table 6.5 Data Corresponding to Images of Dimers in Real Time 

𝒈(𝟎, 𝟎, 𝟎) 0.67 

𝜟𝝉 5.01 𝑠𝑒𝑐 

𝝎 0.42 𝜇𝑚 
 

  

 The auto correlation amplitude for dimers is approximately 0.67, which is quite a bit less 

than the auto correlation amplitude observed for monomers. The delay time between images is 
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approximately 5.01 seconds. Lastly, the fit obtained for the laser beam width is approximately 

0.42 which is similar to the fit for monomers and reflects the sizes of clusters containing either 

monomers or dimers are the same. In addition, the measurement of the fitted laser beam width 

arises from convolution.  

Figure 6.13 is a scatter plot of the temporal auto correlation amplitude plotted with 

respect to time, 𝜏. 

 

Figure 6.13 Temporal Auto Correlation Function for Dimers in SH-SY5Y Cells 

 

In contrast to the monomers, the fit for the decay of the temporal auto correlation is not 

quite as good for this particular experiment. This may be a result of molecules diffusing back 

into the region of observation which is why the correlation function is increasing after 150 

seconds.  

Table 6.6 shows the fit parameters corresponding to the fitted function in Figure 6.13. 

The values are shown with standard deviation. 
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Table 6.6 Fit parameters obtained for One Dimer Experiment of 50 Images in Real 

Time in SH-SY5Y Cells 

𝐴 0.36 ± 0.15
˦
 

𝜏𝑑 5.09 ± 3.67 𝑠𝑒𝑐 

𝐶 (-0.049) ± 0.006 
 

˦
 Standard deviation. 𝜒2 = 0.03. 

 

The fit calculated for the auto correlation amplitude is 0.36. The diffusion time of dimers 

is 5.09, which is a third of the time of monomers. In addition, the calculated constant to allow for 

incomplete decay of the temporal correlation function is -0.049. The chi square value is only 

0.03 which reflects the goodness of the fitted curve to the data. 

To obtain a visual representation for the diffusive behavior of dimers with time, Figure 

6.14 shows the same images as presented in Figure 6.10 that have been overlaid with the image 

at 𝜏 = 0 seconds . ImageJ software was used to merge the image obtained at 𝜏 = 0 seconds in 

red with an image collected at a later time, τ, in green. Thus, image A in Figure 6.14 is yellow as 

it is the merge of the same image. 
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Figure 6.14 Images of Dimers in Real Time Merged with Image at 𝝉 = 𝟎 

Images A, B, C, D, E, F, G, H, and I each correspond to an overlay of dimers imaged at 𝜏 = 0  

in red with 𝜏 = 0,  𝜏 = 5.01, 𝜏 = 20.04, 𝜏 = 35.07 𝜏 = 45.09,𝜏 = 95.19, 𝜏 = 145.29, 

𝜏 = 195.39, and 𝜏 = 245.49 seconds, respectively in green. 

 

Table 6.7 is a representation of the average temporal auto correlation amplitude, average 

fitted auto correlation amplitude, average incomplete decay constant, average diffusion time, and 

average diffusion coefficient for data sets consisting of 𝑛𝑖𝑚𝑎𝑔𝑒𝑠 defining a batch. The average 

values are shown with standard error. 

Table 6.7 Average Auto Correlation Amplitude, Average Fitted Auto Correlation Average 

Amplitude, Average Diffusion Time, and Diffusion Coefficient for Dimers in Batches 

〈𝒏𝒊𝒎𝒂𝒈𝒆𝒔〉 〈𝒈(𝟎, 𝟎, 𝟎)〉 〈𝑨〉 〈𝑪〉 〈𝝉𝒅 (𝒔𝒆𝒄)〉 〈𝑫(𝐜𝐦𝟐/𝐬𝐞𝐜)〉 

20 0.64 ± 0.21
˦
 0.18 ± 0.03 

(-0.13) ± 

0.02 16.4 ± 7.2 7.77E-11 ± 2.40E-11 

40 0.86 ± 0.29 0.32 ± 0.12 

(-0.10) ± 

0.01 14.8 ± 9.4 5.32E-11 ± 1.91E-11 

50 0.82 ± 0.11 0.30 ± 0.05 

(-0.07) ± 

0.01 10.9 ± 5.0 6.25E-11 ± 1.93E-11 

60 0.82 ± 0.30 0.38 ± 0.08 

(-0.08) ± 

0.01 7.69 ± 1.36 6.22E-11 ± 9.07E-12 

80 0.97 ± 0.36 0.45 ± 0.09 

(-0.07) ± 

0.02 7.93 ± 2.21 7.05E-11 ± 1.58E-11 
 

˦
 Standard error. 

The average auto correlation amplitudes for each image batch ranges between 

approximately 0.64-0.97. The average auto correlation amplitude obtained from the fit, 〈𝐴〉, is 

approximately 10% less, values ranging between 0.18-0.45, specifically. The average fit of the 

auto correlation amplitude is expected to be less. The parameter to account for incomplete decay 

of the correlation function ranges between -0.13-(-0.07). The incomplete decay of the auto 

correlation function has been accounted for in the fit. The average diffusion time for monomers 
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for each defined batch ranges between approximately 7.69-16.4 seconds. Lastly, the diffusion 

coefficient on average is on the scale of 10−11 square centimeters per second. 

Figure 6.15 is a bar graph of the average auto correlation amplitude for dimers in 

reference to Figure 6.7. The average auto correlation amplitude is plotted as a function of the 

number of images in a batch.  

 

Figure 6.15 Bar Graph for Average Auto Correlation Amplitude as a Function of Batch for 

Dimers 

 

 Similar to monomers, the average auto correlation amplitude is relatively consistent, thus 

does not depend on the number of images in a data set. However, the standard error 

corresponding to data consisting of 50 images is quite a bit less in comparison to the average 

auto correlation amplitude measured for other batches. 

 Figure 6.16 is a bar graph for the fitted auto correlation amplitude as a function of image 

batch. 
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Figure 6.16 Bar Graph of Average Fitted Auto Correlation Amplitude as a Function of 

Batch for Dimers 

 

 The average fitted auto correlation amplitude for each image batch defined by data 

consisting of 20- 50 images is within the same magnitude then increases almost two fold for 

batches of data containing 60 and 80 images. Similar behavior was also exhibited with the case 

of the monomers.  

 Figure 6.17 is a bar graph of the average diffusion time as a function of the batch. 

 

Figure 6.17 Average Diffusion Time of Dimers as a Function of Number of Images in 

Batch  
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 The average diffusion time for batches containing data of a certain number of images 

decreases depending on the number of images within the batch. However, the standard error with 

respect to the diffusion time for batches defined by data consisting of 20 and 40 images is high 

and thus not a precise measurement of the diffusion time.  

 Figure 6.18 is a bar graph for the average diffusion coefficient for dimers as a function of 

batch.  

 

Figure 6.18 Average Diffusion Coefficient of Dimers as a Function of Number of 

Images in Batch 

 

 The average diffusion coefficient is somewhat consistent with image batch. 

 Similar to the case with the monomers, analysis of dimers was based on data sets within a 

batch consisting of 50 images. Therefore, a global fit of data consisting of 50 images was 

calculated for the dimers in Table 6.8; 

Table 6.8 Global Fit for Data Sets for Batches Defined by 50 Images of Dimers 

𝐴 0.28 ± (-0.04)
˦
 

𝜏𝑑 8.56 ± (-2.24) 𝑠𝑒𝑐 

𝐶 (-0.059) ± (-0.003) 

˦
 Standard error. 𝜒2 = 0.05. 
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 The global fit indicates that the temporal auto correlation amplitude is approximately 

0.28. The diffusion time for dimers is approximately 8.56 seconds and the constant to allow for 

incomplete decay of the auto correlation amplitude was (-0.059). The chi square value is 

approximately 0.05 to reflect a good fit for all sets of data corresponding to 50 images of dimers. 

However, the diffusion time obtained in the global fit strongly compares with the average of the 

fit parameters of the experiments consisting of 50 images (bolded in Table 6.7).  

6.3 Tetramers  

Chapter 6.3 focusses on the dynamics of tetramers of 𝛼 −synuclein in SH-SY5Y cells. 

Figure 6.19 shows nine images, each image corresponding to the same cell, taken over a 

series of 100 seconds. Cells in the sample were exposed to tetramers for two hours and imaged 

immediately after washing. Image A is the first image of one cell exposed to tetramers in the 

series, collected at 𝜏 = 0 𝑠𝑒𝑐𝑜𝑛𝑑𝑠. Images B, C, D, E, F, G, H, and I each correspond to an 

image of the cell at times 𝜏 = 1.97, 𝜏 = 7.98, 𝜏 = 14.0 𝜏 = 18, = 38, 𝜏 = 58, 𝜏 = 78, and 

𝜏 = 98 seconds, respectively.  

     
 

     
 

             A                                    B                                    C 
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Figure 6.19 Tetramers in Real Time 

Each image corresponds to the same cell with internalized monomers, each varying based on 

delta time, t, from time zero. Images A, B, C, D, E, F, G, H, and I each correspond to an image 

of the cell at times  𝜏 = 0, 𝜏 = 1.97, 𝜏 = 7.98, 𝜏 = 14.0 𝜏 = 18, 𝜏 = 38, 𝜏 = 58, 𝜏 = 78, and 

𝜏 = 98 seconds, respectively. 

 

These images are similar to the images in Chapter 4 for tetramers internalized in cells via 

a fixed exposure, variable uptake experiment, each red region represents a cluster or aggregation 

of tetramers. The images shown in Figure 6.19 show that there are differences observed in the 

image as early as 1.97 seconds in Image B, due to the variation in red regions, circled in blue in 

Images A and B.  

 To extract quantitative information from the images, Figure 6.20 is a scatter plot of the 

intensity corresponding to each image in the series of 50 images collected as a function of the 

image in the series.  

             F                                    G                                   H 
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Figure 6.20 Scatter Plot of Intensity of Tetramers in SH-SY5Y cells as a Function of 

Image in Time Series 

The average intensity of the tetramers is relatively consistent for the first 20 images 

obtained in the time series followed by some photobleaching for the remaining 30 images. 

However, the intensity is somewhat consistent, on average approximately 30 for 20-50 images. 

 Figure 6.21 is a scatter plot of the auto correlation amplitude plotted with respect to the 

image number in the time series.  

 

Figure 6.21 Scatter Plot of Average Auto Correlation Amplitude for Tetramers 
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 Contrary to previous findings, the auto correlation amplitude fluctuates over the course of 

fifty images obtained for the time series.  

 Table 6.9  corresponds to the temporal image correlation spectroscopy (TICS) data 

corresponding to the amplitude of the auto correlation function, 𝑔(0,0,0), delay time between 

images, 𝛥𝜏 , and the fit obtained for the laser beam width, 𝜔. 

Table 6.9 Raw Data Corresponding to Images of Tetramers in Real Time 

𝒈(𝟎, 𝟎, 𝟎) 1.02 

𝜟𝝉 1.97 𝑠𝑒𝑐 

𝝎 0.46 𝜇𝑚 
 

 

The auto correlation amplitude for dimers is approximately 1.02. The delay time between 

images is approximately 1.97 seconds. Lastly, the fit obtained for the laser beam width is 

approximately 0.46 which is similar to the fit for monomers and dimers and reflects these 

clusters are larger than the laser beam itself. 

 Figure 6.22 is the temporal auto correlation function in comparison to the three parameter 

hyperbolic decay fit for tetramers in SH-SY5Y cells.  

 

Figure 6.22 Temporal Auto Correlation Function for Tetramers in Real Time in SH-

SY5Y Cells 
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 The hyperbolic decay fits well with the data shown in Figure 6.22. 

 Table 6.10 shows the parameters corresponding to the fit in Figure 6.22. 

Table 6.10 Fit parameters obtained for One Tetramer Experiment of 50 Images in 

Live Time in SH-SY5Y Cells 

𝐴 0.41 ± 0.03
˦
 

𝜏𝑑 6.69 ± 1.23 𝑠𝑒𝑐 

𝐶 (-0.119) ± 0.006 
 

˦
 Standard deviation. 𝜒2 = 0.01 

 

The fitted auto correlation amplitude is approximately 0.41. The diffusion time of 

tetramers is 6.69. In addition, the calculated constant to allow for incomplete decay of the 

temporal correlation function is -0.119. The chi square value is only 0.01 which reflects the 

goodness of the fitted curve to the data. 

To obtain a visual representation for the diffusive behavior of dimers with time, Figure 

6.23 shows the same images as presented in Figure 6.19 that have been overlaid with the image 

at 𝜏 = 0 seconds . ImageJ software was used to merge the image obtained at 𝜏 = 0 seconds with 

an image collected at a later time in green. Thus, Image A in Figure 6.23 is yellow as it is the 

merge of the same image. 
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Figure 6.23 Images of Tetramers in Real Time Merged with Image at 𝝉 = 𝟎 

Images A, B, C, D, E, F, G, H, and I each correspond to a merge of the tetramers at 𝜏 = 0 in red 

with tetramers at times  𝜏 = 0, 𝜏 = 1.97, 𝜏 = 7.98, 𝜏 = 14.0 𝜏 = 18, 𝜏 = 38, 𝜏 = 58, 𝜏 = 78, 

and 𝜏 = 98 seconds, respectively. 

 Red and green regions are visualized as early as early as in image B, after approximately 

1.97seconds have elapsed. Thus, contrary to the monomer and dimer, these tetramers diffuse 

even more quickly. 

Table 6.11 is a representation of the average temporal auto correlation amplitude, fitted 

auto correlation amplitude, incomplete decay constant, diffusion time, and diffusion coefficient 

for data sets in a batch consisting of 𝑛𝑖𝑚𝑎𝑔𝑒𝑠. The average values are shown with standard error. 

             D                                    E                                    F 
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Table 6.11 Average Auto Correlation Amplitude, Average Fitted Auto Correlation 

Amplitude, Average Diffusion Time, and Average Diffusion Coefficient for Tetramers 

〈𝒏𝒊𝒎𝒂𝒈𝒆𝒔〉 〈𝒈(𝟎, 𝟎, 𝟎)〉 〈𝑨〉 〈𝑪〉 〈𝝉𝒅(𝒔𝒆𝒄)〉 〈𝑫(𝐜𝐦^𝟐/𝐬𝐞𝐜)〉 
20 1.53 ± 0.21

˦
 0.23 ± 0.04 (-0.10) ± 0.01 4.78 ± 0.73 1.03E-10 ± 1.34E-11 

40 2.01 ± 0.27 0.49 ± 0.08 (-0.14) ± 0.02 6.49 ± 1.56 9.33E-11 ± 3.83E-11 

50 1.77 ± 0.39 0.51 ± 0.08 (-0.13) ± 0.02 5.66 ± 0.65 8.04E-11 ± 1.07E-11 

60 1.97 ± 0.28 0.57 ± 0.06 (-0.15) ± 0.04 9.16 ± 4.31 6.63E-11 ± 1.99E-11 

80 1.84 ± 0.20 0.69 ± 0.06 (-0.18) ± 0.08 11.6 ± 9.2 4.66E-11 ± 3.62E-11 
˦
Standard error. 

The average auto correlation amplitudes for each image batch ranges between 

approximately 1.53-2.01. The average auto correlation amplitude obtained from the fit, 〈𝐴〉, is 

approximately 50%  less, values ranging between 0.23-0.69, specifically. The average fit of the 

auto correlation amplitude is expected to be less. The parameter to account for incomplete decay 

of the correlation function ranges between -0.18-(-0.10). The incomplete decay of the auto 

correlation function has been accounted for in the fit. The average diffusion time for tetramers in 

each batch ranges between approximately 4.78-11.6 seconds. Lastly, the diffusion coefficient on 

average is on the scale of 10−11 square centimeters per second. 

Figure 6.24 is a distribution of the average auto correlation amplitude for tetramers in 

reference to Figure 6.9. The average auto correlation amplitude is plotted as a function of the 

number of images defining a batch  
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Figure 6.24 Bar Graph of the Average Auto Correlation Amplitude as a Function of 

Batch for Tetramers 

 

 The average auto correlation amplitude is relatively consistent between batches; there are 

no outliers or specific trends. 

 Figure 6.24 is bar graph for the average fitted auto correlation amplitude as a function of 

batch. 

 

Figure 6.25 Bar Graph of Average Fitted Auto Correlation Amplitude as a Function 

of Batch for Tetramers 
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 The fitted auto correlation amplitude for data sets in a batch of 20 images is much less in 

comparison to batches consisting of data with 40 images or more.  

 Figure 6.26 is a bar graph of the average diffusion time of tetramers as a function of 

images within a batch. 

 

Figure 6.26 Bar Graph of Average Diffusion Time as a Function of Batches for 

Tetramers 

 

 The average diffusion time is consistent for batches containing data consisting of 20-50 

images. However, the diffusion time for tetramers in batches of data containing 60 and 80 

images is somewhat larger, but also reflecting a relatively high standard error. 

 Figure 6.27 is a plot of the average diffusion coefficient of tetramers as a function of 

images in a batch. 
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Figure 6.27 Bar Graph of Average Diffusion Coefficient as a Function of Batch for 

Tetramers 

 

 There is a steady decrease in magnitude for the average diffusion coefficient of tetramers 

dependent on the number of images in the batch. However, the diffusion coefficient represented 

for batches of 50 images reflects a low standard error, thus is a reasonable measurement for the 

diffusion coefficient of tetramers. 

 As with monomers and dimers, analysis of tetramers was based on data consisting of 50 

images. Therefore, a global fit of data was obtained for the data sets in the 50 image batch. 

Table 6.12 represents the parameters obtained for the global fit of data sets consisting of 

50 images. 

Table 6.12 Global Fit for Data Sets within a Defined Batch of 50 Images of Tetramers 

𝐴 0.50 ± -0.02
˦
 

𝜏𝑑 5.58 ± -0.65 𝑠𝑒𝑐 

𝐶 -0.129 ± -0.004 
 

˦
 Standard error. 𝜒2 = 0.17 
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The global fit indicates that the temporal auto correlation amplitude is approximately 

0.50. The diffusion time for tetramers is approximately 5.58 seconds and the constant to allow 

for incomplete decay of the auto correlation amplitude was (-0.129). The chi square value to 

assess goodness of fit is approximately 0.17, which reflects a good fit.  In addition, the diffusion 

time obtained in the global fit strongly compares with the average of the fit parameters of the 

experiments consisting of 50 images (bolded in Table 6.11).  

6.4 Summary 

The purpose of section Figure 6.4 is to summarize the results obtained for each oligomer as 

represented in Table 6.3, and Table 6.7, and Table 6.11. 

Figure 6.28 is a bar graph of both the fitted auto correlation amplitude and the auto 

correlation amplitude from the raw data for each oligomer. 

 

Figure 6.28 Bar Graph of Fitted and Raw Auto Correlation Amplitude of Oligomers 

Based on batch defined by data consisting of 50 images.  

 

 The most notable feature of Figure 6.28 is the greater difference in magnitude between 

the auto correlation amplitude for the raw data and the fitted auto correlation amplitude. This is 

somewhat unexpected as this implies the total number of oligomers in the observation area is 

greater than the number of oligomers that the beam is able to illuminate. Thus, this requires 

further analysis. Second, the fitted auto correlation amplitudes for the monomers and tetramers 

are both approximately 0.50 whereas the dimer has an auto correlation amplitude of 0.25. In 
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addition, there is a striking difference between the fitted auto correlation amplitude and the raw 

auto correlation amplitude for monomers then there are in comparison for tetramers and dimers. 

 Figure 6.29 is a bar graph of the average diffusion time for each oligomer. 

 

Figure 6.29 Bar Graph of Average Diffusion Time for Oligomers 

Based on batch defined by data consisting of 50 images. 

 

 This plot reflects that the monomers have the greater diffusion time in comparison to 

dimers and tetramers. 

 Figure 6.30 is a plot of the average diffusion coefficient for each oligomer. 

 

Figure 6.30 Average Diffusion Coefficient for Oligomers 

Based on batch defined by data consisting of 50 images. 
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 As there is no change observed for the fit for the laser beam, 𝜔, the diffusion coefficient 

for each oligomer is weighed heavily upon the inverse relationship to the diffusion time. Thus, 

the diffusion coefficient increases with the size of the oligomer. 

6.5 Chapter Conclusions 

The purpose of this chapter was to demonstrate the process and expectations for studying 

the dynamics of a system via temporal image correlation spectroscopy analysis of live cells. The 

dynamics of oligomeric forms of 𝛼 −syn were studied. The following conclusions can be made; 

1.)  A total of 50 images for one experiment is sufficient for estimation of parameters, 2) 

photobleaching is expected to occur but to a minor extent, and 3) the diffusion time decreases 

with oligomeric size and thus the diffusion coefficient increases with oligomeric size. Lastly, 

there is a large difference between the fitted auto correlation amplitude and auto correlation 

amplitude from the raw data; this was unexpected and requires some further interpretation. 

The increased diffusion coefficient with oligomeric size is somewhat unusual; however, it 

must be interpreted as the diffusion coefficient of endosomes which contain the oligomers. 

However, the question as to why endosomes containing oligomers have a larger diffusion 

coefficient than endosomes containing monomers is a bit unclear. Recall, the aggregation of 

oligomers leads to the eventual formation of larger oligomers and fibrils. For example, in 

Chapter 6.1, the study of monomers with a 633 fluorescent probe in real time is useful but from 

this experiment alone, it is impossible to isolate which species may also be dimers and tetramers, 

since it is likely the monomers are aggregating and larger oligomers or even fibrils are forming.
35

 

To address this, real time imaging of two oligomers in cells was completed for this thesis 

however the analysis and understanding of this data has yet to be completed. Results from this 

study may provide some further insight as to why this phenomenon is occurring; given that 

oligomers aggregate to form fibrils, the aggregation of one type of oligomer in the presence of 

another may be effected. 

Temporal Image Correlation Spectroscopy analysis has been widely used to study 

dynamics of biological systems of interest. It has been shown that membrane lipids and proteins 

diffuse on average between 10
-12

 to 10
-10

 square centimeters per second inside cells or within the 
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cell membrane. This slower rate of diffusion can be explained by the viscous nature of the cell 

membrane.
96

   

In addition, small molecules, cytosolic proteins, transmembrane proteins, and large protein 

aggregates all vary with diffusion time, specifically ranging in time from microseconds to 

seconds. As an example, studies have used TICS to calculate the diffusion coefficient of -

actinin and 5-integrin to assess the roles of these proteins in cell migration.
97

 Studies have also 

used TICS to calculate the lateral diffusion of GPI-anchored proteins across cell membranes.
98

   

On average, the movement of these oligomers in cells is much slower, on the order of 

seconds, in comparison to the diffusion of species in solution, which is generally on the order of 

milliseconds.
99

 This study has demonstrated a useful technique for analyzing species in real time. 

Specifically, parameters calculated from an experiment consisting of 50 images will be most 

precise and specific to your system of interest. More importantly, the rate at which oligomers 

diffuse in cells varies; this study has shown that the larger the oligomer of 𝛼 −synuclein, the 

more quickly it will diffuse in cells.   
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7 Conclusion 

7.1 Thesis Summary 

The work performed for this thesis provided insight into the relative distribution and 

association of markers in C2C12, A549 and SH-SY5Y cells. It was determined that the 

distribution of each of these markers and association of two and three markers is cell type 

specific, contrary to the proposed hypothesis in Chapter 1.5 in the introduction that the 

distribution is not cell type specific. While C2C12 cells reflect the expected association of two 

markers in reference to the commonly understood maturation/fusion model, A549 and SH-SY5Y 

cells share similarities in association but somewhat different to that of the understood pathway. 

These markers have been shown to localize to specific compartments, but to the best of our 

knowledge, this is the first study performed to determine the extent to which these markers exist 

on multiple compartments and that the markers are not unique to one endosomal compartment.  

In addition, it has been demonstrated that two different nanomaterial systems, 

phospholipid coated gold nanoparticles and oligomeric forms of 𝛼 −synuclein associate with 

Rab5, Rab7, Rab11 (only studied for phospholipid coated gold nanoparticles), and LAMP-1 

markers in various combinations to undergo clathrin mediated endocytosis. These results are also 

contrary to the proposed hypotheses in the introduction of this thesis that although phospholipid 

coated gold nanoparticles and 𝛼 −synuclein associate with endocytic markers, the association is 

not one hundred percent. An important point to consider is the phospholipid coated gold 

nanoparticles in endocytic compartments were studied first prior to the association of 

𝛼 −synuclein with markers. This was done for two purposes; to study the uptake of this 

particular type of gold nanoparticle system in mammalian cells and to also serve as a model and 

ensure the pair wise and three color co-localization study was reliable for studying other 

nanomaterial systems of interest, like 𝛼 −synuclein. 

In addition to the endocytic uptake pathway taken by phospholipid coated gold 

nanoparticles and oligomeric forms of 𝛼 −synuclein, these systems were studied individually to 

determine the extent of uptake in a time dependent manner. The extent of uptake of phospholipid 

coated gold nanoparticles in C2C12 and A549 cells varies from the standpoint that C2C12 cells 

appear to have a maximum amount of time in which they can withhold phospholipid coated gold 
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nanoparticles in a nanoparticle free media extracellular environment, whereas phospholipid 

coated gold nanoparticles were still observed in cells within a full 24 hours with continuous 

exposure. In the case of the 𝛼 −synuclein studies, the relative uptake of 𝛼 −synuclein varied 

with the three different oligomers chosen for this study; specifically, no obvious trends were 

reflected for dimers and tetramers, such that the relative degree of aggregation was relatively 

constant but decreased with time for tetramers to a minor extent. However, the relative degree of 

aggregation of monomeric forms of 𝛼 −synuclein decreased after 24 hours of being retained in 

cells.  

Experiments were also performed to assess other non-receptor mediated dependent 

cellular uptake pathways; it was determined that oligomers of 𝛼 −synuclein can enter cells 

passively, more so for monomers and dimers than observed with tetramers with time. 

Additionally, enforced pre-aggregation of oligomers prior to their exposure to cells reflected no 

differences in the trend of uptake in cells.  

In real time studies, the relative diffusion time of each of these species varies in cells, 

which was unexpected. The diffusion coefficient was greatest for the tetramer in comparison to 

the monomers and dimers of 𝛼 −synuclein.  

Collectively, all of these results reflect there exist a cell specific distribution of endocytic 

markers. In reference to GNPs, there is a cell specific uptake of phospholipid coated gold 

nanoparticles and association with endocytic compartments. Lastly, there are variations in uptake 

and dynamics for different oligomers of 𝛼 −synuclein in neuroblastoma cells. 

All of the results in this thesis were obtained using image correlation spectroscopy 

analysis of laser scanning confocal fluorescence microscopy images. The experimental and 

imaging procedures can be performed with relative ease, but care and caution must be taken into 

consideration for analysis and that a large number of images need to be obtained to reflect 

reliable estimates of parameters. Additionally, control samples are critical for comparison in 

experiments to ensure accurate sampling of systems of interest.  
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7.2 Significance and Contribution to the field of Nanotechnology and Cell 

Biology 

In this work, membrane trafficking and possible roles of endocytic proteins was studied 

along with the endocytic uptake of two nanomaterial systems of interest for potential therpuetic 

and diagnostic applications. This is the first ICS analysis of endocytic marker and gold 

nanoparticle association and distribution. Additionally, this is the first time a successful 

quantitative three color co-localization was performed in-vitro in mammalian cells, C2C12 and 

A549 cells using Image Correlation Spectroscopy analysis.   

7.3 Future Work 

There are a few studies that must be performed to complete the understanding of the 

distribution and association of endocytic markers in cell lines, the association of nanomaterial 

systems with these markers in cell lines, and the efficiency of uptake and internalization of 

nanomaterial systems in a time dependent manner. This work has also provided motivation to 

explore potential platforms for therapeutic applications for Parkinson’s disease. 

From a technical standpoint, further cross correlations of random sets of images is required 

to address the question of coincidental fluorescence. Although shown for one instance that the 

cross correlation of random images only implies an approximate 16% over-estimate of fractions, 

additional calculations for all of these systems should also be calculated to inquire about 

potential coincidental fluorescence, especially for publication purposes.  

Also, the question of anticorrelation requires attention. Some co-localizations may not 

quite appear as "yellow" as expected for green and red overlay; in particular for phospholipid 

coated gold nanoparticle and marker association in Chapter 4; however ICCS calculations show 

there is a high degree of co-localization. Although this may be true, the calculations may be a 

slight over estimate and there may be some anticorrelation. Thus, for publication purposes in the 

future, anticorrelation analysis should be addressed. 

Real-time analysis study of markers of endocytosis is needed. This work has shown that 

these markers are not unique and exist on multiple compartments. However, work for the future 

requires real time analysis of these markers to determine the actual times for which these 

markers begin to associate with one another, in addition to the times for which they co-localize. 
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Specifically, the number of clusters in the observation area and the extent to which markers co-

localize can also be determined as a function of time.  

There have been many studies performed, specifically at the Rockafeller University in 

New York in the Simon laboratory to determine the dynamics specific for clathrin recruitment to 

the cell membrane to localize with specific receptors,
100,101

  the dynamics specific for adapter 

proteins to recruit to the plasma membrane and subsequently get removed from vesicles,
102

 and 

the amount of time required for dynamin to assist with pinching of the invaginated pit. 
103

  Thus, 

work has been done to understand the timing of endocytosis in its initial stages. However, few 

studies have been done to determine the temporal dependence on the extent of co-localization 

and clustering of Rab5, Rab7, Rab11, and LAMP-1 markers in cells. Figure 7.1 is an illustration 

to demonstrate the work to be determined for understanding association of markers in a time 

dependent manner; 

 

Figure 7.1 Timing for Marker Association with Compartments Still to be Determined 

 

 

As cells are always in a steady state, it may be a challenge, or perhaps even impossible, to 

measure the clathrin mediated endocytic proteins individually, thus it may be useful to study 

these systems in relation to phospholipid coated gold nanoparticles. 
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Phospholipid coated gold nanoparticles have been fully characterized via scanning electron 

microscopy, UV Vis Spectroscopy, and transmission electron microscopy in previous studies.
2
 In 

this thesis, the association with endocytic compartments and the internalization of phospholipid 

coated gold nanoparticles in fixed cells was determined to assess the internalization and clathrin 

mediated endocytic behavior in two cell types. However, quantitative information in relation to 

the dynamics of this material has yet to be unveiled. Thus, real time analysis of the phospholipid 

coated gold nanoparticles is still required. In doing so, parameters such as the diffusion 

coefficient and time of diffusion will ultimately be determined. The motive to study this 

particular nanomaterial system was to assess the potential as a platform for drug delivery 

applications. Thus, an important question to address is how quickly these gold nanoparticles 

progress from early endosomes to lysosomes. In addition, live cell imaging will also answer the 

question of the ultimate fate of these gold nanoparticles; are they degraded or eventually cleared 

by exocytosis. 

In order to determine if phospholipid coated gold nanoparticles could be used for drug 

delivery purposes, experiments need to be performed to determine the toxicity of phospholipid 

coated gold nanoparticles. Due to the phospholipid bilayer coating, these nanoparticles are 

already more biocompatible than gold nanoparticles that lack any coating.
104,105

  However, there 

are many toxicity studies one can perform to measure oxidative stress, mitochondrial damage, 

and presence of lactate dehydrogenase. In addition, pharmacokinetic studies of gold are also 

required to assess if these particular phospholipid coated gold nanoparticles can be disposed 

from the body. 

Last, if the phospholipid coated gold nanoparticles show to be non-toxic in-vitro and tested 

in-vivo, the work provided in this thesis has provided motivation to develop a phospholipid 

coated gold nanoparticle bi-functionalized with tyrosine kinase (can also use Epidermal Growth 

factor receptors that are expressed on breast cancer cells). In doing so, these nanoparticles can be 

directed to specific cell types such as SH-SY5Y cells or other neuroblastoma cells which express 

tyrosine kinase receptors.
106

 Thus, phospholipid coated gold nanoparticles can serve as a 

platform and specifically target various cell types. For example, cisplatin and doxorubicin 

(DOX) are commonly used drugs to treat cancer; gold nanoparticles have been loaded with DOX 

and cisplatin as a means to increase efficiency of uptake and drug delivery.
107,108
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 As discussed in Chapter 6, the real time analysis of two oligomers in cells is underway 

and to be completed for further understanding of 𝛼 −synuclein oligomer dynamics.  
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Appendix A  

 The purpose of this appendix is meant to serve as a guide to understand ICS parameters 

for C2C12 and A549 Cells as discussed in Chapter 3. 

A.1 Statistical Analysis: Histograms of ICS Parameters in C2C12 Cells 

This section is meant to serve as a guide to understand the distribution of markers of 

endocytic marked compartments in C2C12 cells as in reference to Chapter 3.1. 

A.1.1 Number of Clusters Containing Markers of Endocytic Compartments in 

C2C12 cells 

Recall in Chapter 3.1, approximately 30-40 images of C2C12 cells were obtained for 

each marker. Figure A.1 is a histogram for the number of clusters containing markers that are 

observed in one imaging experiment for each marker.  

 

Figure A.1 Histogram for the Nspecies of each Cluster Containing Markers of Endocytic 

Compartments in C2C12 Cells 

Histogram is a reflection of values between n and n-2. For example; the frequency at bin 2 is a 

reflection of values of 𝐶𝐷 of Rab5 that lie between 0.00-2.00. 

 

In Figure A.1 on average, the most frequently observed number of clusters consisting of a 

marker in C2C12 cells is 2.01-4.00 clusters. In addition, the distribution of clusters containing 
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LAMP-1-488, LAMP-1-555, and LAMP-1-633 are in agreement; therefore, this observation is 

proof that the labelling of LAMP-1 marked endocytic compartments is consistent between 

experiments and the efficiency of labelling has no dependence on fluorophore. 

A.1.2 Number of Clusters Containing Markers of Endocytic Compartments per 

square micron in C2C12 Cells 

Figure A.2 represents a histogram for the number of clusters containing markers of 

endocytic compartments per square micron that were observed for each marker as discussed in 

Chapter 3.1. 

 

 

Figure A.2 Histogram for the CD of each Endocytic Marked Compartment in C2C12 

Cells 

 

In Figure A.2, the most frequent number of clusters per square micron containing a 

marker is between 0.00-5.00 clusters per square micron. The number of LAMP-1 clusters per 

square micron experimented using different fluorescent secondary antibodies are also in 

agreement. Thus, the labelling of LAMP-1 marked endocytic compartments is consistent 

between experiments and the efficiency of labelling has no dependence on fluorophore. 
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A.1.3 Intensity of Markers in C2C12 Cells 

Figure A.3 is a histogram for the intensity of markers observed for each marker as 

discussed in Chapter 3.1. 

 

 

Figure A.3 Histogram for the Intensity of Species in C2C12 Cells 

 

In Figure A.3, the distribution of intensities Rab5, Rab7, Rab11, and LAMP-1 markers 

follows a normal distribution. In addition, the most frequently observed magnitude of intensities 

of markers ranges between 400.01-500.00. As shown with the number of clusters and number of 

clusters per square micron, the distributions of intensities for each LAMP-1 marker labelled with 

a different secondary antibody of LAMP-1 are similar.  

A.1.4 Relative Degree of Aggregation of Endocytic Markers in C2C12 Cells 

Figure A.4 shows a histogram for the relative degree of aggregation for each marker 

discussed in Chapter 3.1.  
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Figure A.4 Histogram for the Relative DA of each Endocytic Marked Compartment 

in C2C12 Cells 

 

In Figure A.4, the relative degree of aggregation of Rab5, Rab7, Rab11, and LAMP-1 

markers per cluster from one experiment follows a normal distribution. In addition, the most 

frequently observed magnitude for the relative degree of aggregation for each marker ranges 

between 50.01-100.00.  

A.2 Statistical Analysis of Parameters in A549 Cells  

This section is meant to serve as a guide to understand the overall distribution of markers 

for endocytic compartments in A549 cells as shown in Chapter 3.4. 

A.2.1 Number of Clusters Containing Markers of Endocytic Compartments in 

A549 cells 

Figure A.5 is a histogram for the number of clusters containing markers for each marker 

experiment as shown in Chapter 3.4. 
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Figure A.5 Histogram for the Number of Fluorescent Endocytic Marked 

Compartment in A549 Cells 

 

In Figure A.5, the number of clusters containing Rab5, Rab7, Rab11, and LAMP-1 

markers of endocytic compartments calculated from one experiment corresponding to each 

marker does not follow a normal distribution. The most frequently observed number of clusters 

for each marker ranges between 2.01-4.00 clusters.  However, approximately 0.00-2.00 clusters 

of each marker are also frequently observed. 

A.2.2 Number of Clusters Containing Markers per Square micron in A549 Cells 

Figure A.6. represents a histogram for the number of clusters containing markers per 

square micron for each marker studied in Chapter 3.4. 
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Figure A.6 Histogram for the CD Endocytic Marked Compartment in A549 Cells 

 

 

 Based on the histogram plotted in Figure A.6, the distribution of clusters per square 

micron does not follow a normal distribution. The most frequently observed number of clusters 

per square micron ranges between 0.00-5.00 clusters per square micron.  

A.2.3 Intensity of Markers in A549 Cells 

Figure A.7 is a histogram of intensities for each endocytic marker discussed in Chapter 

3.4.  
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Figure A.7 Histogram for the Intensity of Species in A549 Cells 

 

In Figure A.7, the distribution of intensities follows a normal distribution. The most 

frequently observed magnitude of intensities observed for markers ranges between 200.01-

300.00. However, there are also a large number of intensities observed that range between 

300.00-500.00.  

A.2.4 Relative Degree of Aggregation of Markers in A549 Cells 

Figure A.8 represents a histogram for the relative degree of aggregation for each marker 

discussed in Chapter 3.4. 
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Figure A.8 Histogram for the Degree of Aggregation of Markers in A549 Cells 

 

The most frequently observed magnitude for the relative degree of aggregation ranges 

between 0.00-50.00. However, intensities between 50.01-100.00 are also frequently observed for 

markers. 
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Appendix B  

The purpose of this appendix is to provide additional material for the claims and 

observations discussed in Chapter 4.1. DLS spectra is shown for phospholipid coated gold 

nanoparticles to be approximately 20 nm. In addition, Student’s T-tests were performed to assess 

the similarity in magnitude for a measured or calculated parameter between two sets of data.  

Three types of t-tests were calculated; 1) t-tests for two different time intervals within one 

phospholipid coated gold nanoparticle internalization experiment of the same cell type 2) t-tests 

for the same time interval for different phospholipid coated gold nanoparticle internalization 

experiments for the same cell type, and 3) t-tests for data of the same experiment, same time 

interval, for two different cell types.  

P-values calculated that were greater than 0.05 imply that the measured values for each 

parameter in both sets of data are similar. P-values greater than 0.20 were used as a lower limit to 

indicate that the measured values for a parameter compared between two sets of data are similar.  

B.1 Dynamic Light Scattering 

Figure B.1 is a dynamic light scattering spectrum for the size of phospholipid coated gold 

nanoparticles.  

 

Figure B.1 DLS Spectra for Phospholipid Coated Gold Nanoparticles 

Phospholipid coated gold nanoparticles are approximately 21.13 nanometers in diameter. 

 

Gold nanoparticles are approximately 20 nm. 
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B.2 Student’s T-Tests for Variable Exposure, Fixed Uptake Experiment in 

C2C12 Cells 

Table B-1 is a representation of the p-values calculated from Student’s T-test analysis for 

two different time intervals within a variable exposure, fixed uptake experiment in C2C12 cells. 

Table B-1 Student’s T-Test p-values for Two different Time Intervals Within a Variable 

Exposure, Fixed Uptake Experiment in C2C12 cells 

ttest  𝑵𝑮𝑵𝑷𝒔  Iavg.  𝑪𝑫 𝑫𝑨 

1 hour with 2 hour 0.09 0.07 0.01 0.01 

1 hour with 4 hour 0.23 0.00 0.13 0.05 

1 hour with 24 hour 0.01 0.00 0.00 0.00 

2 hour with 4 hour 0.03 0.01 0.03 0.01 

2 hour with 24 hour 0.30 0.01 0.34 0.24 

4 hour with 24 hour 0.00 0.00 0.01 0.00 
 

Values presented in the table refer to the 𝑝 − 𝑣𝑎𝑙𝑢𝑒 calculated from a t-test of two independent 

samples of data of equal variance. 

 

The bold faced values are a reflection of the measurements of calculations corresponding 

for two similar data sets. For a variable exposure, fixed uptake experiment in C2C12 cells, the 

number of clusters containing gold nanoparticles in the observation area appears to be similar at 

1 and 4 hours, as indicated with a bold face p-value of 0.23. In addition, the average number of 

clusters in the observation area appears to also be similar at 2 and 24 hours, as indicated with a 

bold face p-value of 0.30. 

In addition, the average number of clusters containing phospholipid coated gold 

nanoparticles for a variable exposure; fixed uptake experiment is in agreement with p-values of 

0.34 and 0.24 respectively.  

These t-tests suggest that the data obtained for phospholipid coated gold nanoparticles 

continuously exposed to cells for either 2 or 24 hours are similar. 
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B.3 Student’s T-Tests for Fixed Exposure, Variable Uptake Experiment in 

C2C12 Cells 

Table B-2 is a representation of the p-values calculated from Student’s T-test analysis for 

two time intervals for data obtained for the fixed exposure, variable uptake experiment in C2C12 

cells. 

Table B-2 Student’s T-Test p-values for Time Intervals within a Fixed Exposure, 

Variable Uptake Experiment of Phospholipid Coated Gold Nanoparticles in C2C12 cells 

ttest  𝑵𝑮𝑵𝑷𝒔  Iavg.  𝑪𝑫 𝑫𝑨 

1 hour with 2 hour 0.42 0.01 0.32 0.05 

1 hour with 4 hour 0.01 0.02 0.14 0.00 

1 hour with 24 hour 0.00 0.00 0.00 0.00 

2 hour with 4 hour 0.02 0.13 0.04 0.03 

2 hour with 24 hour 0.00 0.00 0.00 0.00 

4 hour with 24 hour 0.00 0.00 0.00 0.00 
 

Values presented in the table refer to the 𝑝 − 𝑣𝑎𝑙𝑢𝑒 calculated from a t-test of two independent 

samples of data of equal variance. 

 

The only similarities observed between data occur at 1 and 2 hours; p-values 

corresponding to the number of clusters containing phospholipid coated gold nanoparticles and 

number of clusters per square micron is 0.42 and 0.32, respectively. This is expected because at 

earlier times, C2C12 cells are more likely to withhold phospholipid coated gold nanoparticles 

when nanoparticles are no longer present in the extracellular environment (cell culture media).  

B.4 Student’s T-Tests for Variable Exposure, Fixed Uptake Experiment in 

A549 Cells 

Table B-3 is a representation of the p-values calculated from Student’s T-test analysis for 

two sets of data from a variable exposure, fixed uptake experiment in A549 cells. 
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Table B-3 Student’s T-Test p-values for time points within a Variable Exposure, Fixed 

Uptake Experiment in A549 cells 

ttest  𝑵𝑮𝑵𝑷𝒔  Iavg.  𝑪𝑫 𝑫𝑨 

1 hour with 2 hour 0.08 0.00 0.11 0.03 

1 hour with 4 hour 0.00 0.00 0.01 0.00 

1 hour with 24 hour 0.00 0.00 0.00 0.00 

2 hour with 4 hour 0.01 0.33 0.02 0.08 

2 hour with 24 hour 0.00 0.00 0.00 0.00 

4 hour with 24 hour 0.00 0.00 0.00 0.00 
 

Values presented in the table refer to the 𝑝 − 𝑣𝑎𝑙𝑢𝑒 calculated from a t-test of two independent 

samples of data of equal variance. 

 

 These t-tests reflect the variation in values between each time point for a continuous 

exposure fixed chase experiment. Thus, each time point is unique. The p-value of 0.33 for 2-4 

hour intensities reflects that the data obtained for the intensities are in agreement. In addition, the 

magnitudes of the cluster density measurements calculated at time points 1 and 2 hour in a 

continuous exposure, fixed chase experiment in A549 cells are also in agreement. 

 These t-tests don’t reflect any similarities, apart from the intensities of species observed 

at 2 and 4 hours.  

B.5 Student’s T-Tests for Fixed Exposure, Variable Uptake Experiment in 

A549 Cells. 

Table B-4 is a representation of the p-values calculated from Student’s T-test analysis for 

sets of data obtained for a variable exposure, fixed uptake experiment. 

Table B-4 Student’s T-Test p-values for time points within a Fixed Exposure, Variable 

Uptake Experiment in A549 cells 

ttest  𝑵𝑮𝑵𝑷𝒔  Iavg.  𝑪𝑫 𝑫𝑨 

1 hour with 2 hour 0.01 0.07 0.07 0.02 

1 hour with 4 hour 0.00 0.06 0.00 0.02 

1 hour with 24 hour 0.00 0.00 0.00 0.00 

2 hour with 4 hour 0.01 0.00 0.00 0.32 

2 hour with 24 hour 0.00 0.00 0.00 0.00 

4 hour with 24 hour 0.00 0.00 0.00 0.00 
 

Values presented in the table refer to the 𝑝 − 𝑣𝑎𝑙𝑢𝑒 calculated from a t-test of two independent 

samples of data of equal variance. 
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In reference to Table B-4, the relative degree of aggregation values calculated for 2 and 4 

hours are in agreement. This observation is expected due to the strong correlation among data 

sets for the measured intensities at 2 and 4 hours, as previously shown in Table B-3. 

Similar to Chapter B.4, the only similarity between two data sets is in reference to the 

calculated degree of aggregation after 2 and 24 hours of variable uptake in cells. 

B.6 Statistical Analysis Comparison of Phospholipid Coated Gold 

Nanoparticles in C2C12 and A549 Cells 

The final section of this chapter focusses on the Student’s T-tests results obtained to 

compare phospholipid coated gold nanoparticle internalization in C2C12 and A549 cells. 

Table B-5 is a representation of the p-values calculated from Student’s T-test analysis for 

the sets of data obtained for the variable exposure, fixed uptake experiment between C2C12 and 

A549 cells undergoing variable exposure, fixed uptake of phospholipid coated gold 

nanoparticles. 

Table B-5 Student’s T-Test p-values for C2C12 and A549 Cells in Continuous Exposure, 

Fixed Uptake Experiment 

ttest  𝑵𝑮𝑵𝑷𝒔  Iavg.  𝑪𝑫 𝑫𝑨 

1 hour 0.01 0.00 0.01 0.00 

2 hour 0.01 0.02 0.00 0.01 

4 hour 0.09 0.03 0.00 0.05 

24 hour 0.00 0.00 0.00 0.00 
 

Values presented in the table refer to the 𝑝 − 𝑣𝑎𝑙𝑢𝑒 calculated from a t-test of two independent 

samples of data of equal variance. 

 

As a result, there is no similarity among the values obtained for the data between C2C12 

and A549 cells, granted there are no p-values greater than 0.05 in Table B-5. This is expected as 

complete opposite trends were observed and discussed in Chapter 4. 

Table B-6 is a representation of the p-values calculated from Student’s T-test analysis for 

the sets of data obtained for the Fixed Exposure, Variable Uptake experiment between C2C12 
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and A549 cells undergoing Fixed Exposure, Variable Uptake of phospholipid coated gold 

nanoparticles. 

Table B-6 Student’s T-Test p-values for C2C12 and A549 Cells in a Fixed Exposure, 

Variable Uptake Experiment. 

ttest  𝑵𝑮𝑵𝑷𝒔  Iavg.  𝑪𝑫 𝑫𝑨 

1 hour 0.00 0.00 0.00 0.00 

2 hour 0.00 0.00 0.00 0.00 

4 hour 0.00 0.49 0.00 0.00 

24 hour 0.00 0.00 0.00 0.00 
 

Values presented in the table refer to the 𝑝 − 𝑣𝑎𝑙𝑢𝑒 calculated from a t-test of two independent 

samples of data of equal variance. 

The bold face p-values in Table B-6 refer to sets of data that are similar, as previously 

done in this chapter.  The only similarity observed for A549 and C2C12 cells in a fixed 

exposure, variable uptake experiment is occurred in which both cell types were exposed to 

phospholipid coated gold nanoparticles for 2 hours and proceeded to uptake nanoparticles for an 

additional 4 hours. This similarity is indicated by the bold face p-value of 0.49 for the intensity at 

4 hours. Although an interesting find, comparison of intensity between two separate experiments 

is important. One can conclude these p-values are expected for this particular experiment, as both 

cell lines have exhibited completely different phenomena for phospholipid coated gold 

nanoparticle internalization.  
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Appendix C  

 The purpose of this appendix is to compare and contrast data sets from Chapter 5. 

C.1 Student’s T-tests for Binding of Pre-Aggregated Oligomers of α-syn post 

SH-SY5Y Cell Fixation 

The purpose of this section is to compare and contrast data sets for pre-aggregated 

oligomers of α-syn exposed to pre-fixed cells. This was accomplished through the use of t-tests. 

Bold face pvalues represent similarities in data. 

Table C-1 shows student’s t-tests for data obtained for pre-aggregated monomers post 

SH-SY5Y cell fixation. Calculated p-values were performed for two time points within an 

experiment. 

Table C-1 Student’s T-Tests for Binding of Pre-Aggregated Monomers post SH-

SY5Y Cell Fixation 

ttest  𝑵𝑴𝒔  Iavg.  𝑪𝑫 𝑫𝑨 

1 hour with 2 hour 0.26 0.00 0.26 0.00 

1 hour with 4 hour 0.00 0.00 0.00 0.00 

1 hour with 24 hour 0.02 0.00 0.04 0.00 

2 hour with 4 hour 0.00 0.01 0.01 0.00 

2 hour with 24 hour 0.11 0.00 0.18 0.00 

4 hour with 24 hour 0.03 0.00 0.05 0.02 

Values presented in the table refer to the 𝑝 − 𝑣𝑎𝑙𝑢𝑒 calculated from a t-test of two independent 

samples of data of equal variance. 

 

 Table C-1 reflects that average number of clusters of monomers observed after 1 hour 

and 2 hours of exposure are in agreement, such that a p-value of 0.26 was obtained. There are no 

similarities in relation to intensity for any two time intervals of monomeric exposure. The 

number of clusters observed per square micron for 1 and 2 hours of exposure and 4 and 24 hours 

of exposure are in agreement; p-values calculated for each test were 0.26 and 0.18. Lastly, there 

are no similarities observed for the degree of aggregation.  
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Table C-2 shows students t-tests for data obtained for pre-aggregated tetramers, post SH-

SY5Y cell fixation. Calculated p-values were performed for two time points within an 

experiment. 

Table C-2 Student’s T-Tests p-values for Binding of Pre-Aggregated Tetramers post 

SH-SY5Y Cell Fixation 

ttest  𝑵𝑫𝒔  Iavg.  𝑪𝑫 𝑫𝑨 

1 hour with 2 hour 0.15 0.00 0.06 0.00 

1 hour with 4 hour 0.07 0.00 0.08 0.02 

1 hour with 24 hour 0.00 0.00 0.00 0.00 

2 hour with 4 hour 0.50 0.00 0.39 0.00 

2 hour with 24 hour 0.05 0.02 0.03 0.39 

4 hour with 24 hour 0.00 0.00 0.00 0.00 

Values presented in the table refer to the 𝑝 − 𝑣𝑎𝑙𝑢𝑒 calculated from a t-test of two independent 

samples of data of equal variance. 

 

 The calculations corresponding to the average number of clusters of tetramers observed 

after 2 and 4 hours of exposure to pre-fixed cells are in agreement, reflecting a p-value of 

approximately 0.50.  In addition, the average number of clusters observed per square micron 

after 2 and 4 hours have elapsed are also in agreement, reflecting a p-value of 0.39. The degree 

of aggregation after 2 and 24 hours is in agreement reflecting a p-value of 0.39. 

Table C-3 is a representation of students t-tests for data obtained for pre-aggregated 

monomers and tetramers, post SH-SY5Y cell fixation. Calculated p-values were performed for 

the same time interval of exposure between both oligomers. 

Table C-3 Student’s T-Tests p-values for Binding of Pre-Aggregated Monomers and 

Tetramers at same time interval post SH-SY5Y Cell Fixation 

ttest  𝑵𝑺𝒑𝒆𝒄𝒊𝒆𝒔  Iavg.  𝑪𝑫 𝑫𝑨 

1 hour 0.06 0.00 0.14 0.00 

2 hour 0.31 0.00 0.48 0.26 

4 hour 0.00 0.00 0.00 0.00 

24 hour 0.35 0.00 0.03 0.00 

Values presented in the table refer to the 𝑝 − 𝑣𝑎𝑙𝑢𝑒 calculated from a t-test of two independent 

samples of data of equal variance. 
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 The number of clusters of oligomers after 2 and 24 hours of exposure are in agreement, 

reflecting p-values of 0.31 and 0.35, respectively. In addition, the number of clusters observed 

per square micron after 2 hours of exposure is in agreement, reflecting a p-value of 

approximately 0.48. Lastly, the degree of aggregation of oligomers observed after 2 hours is 

approximately 0.26.  

These t-tests suggest that the data corresponding to the presence of monomers and 

tetramers after 2 hours of exposure to pre-fixed cells are similar.  

C.2 Student’s T-Tests for Variable Exposure, Fixed Uptake of Oligomers of 

α-syn post SH-SY5Y Cell Fixation 

Student’s T-tests were performed to assess similarities in the data for oligomers of -syn 

variously exposed to pre-fixed cells.  

Table C- 4 is a representation of p-values obtained for t-tests  comparing two sets of data 

from two different exposure times of monomers to pre-fixed cells. Bold face values indicate 

similarity in data sets. 

Table C- 4 Student’s T-Test p-values for Variable Exposure of Monomers post SH-

SY5Y Cell Fixation 

ttest  𝑵𝑴𝒔  Iavg.  𝑪𝑫 𝑫𝑨 

1 hour with 2 hour 0.14 0.41 0.36 0.17 

1 hour with 4 hour 0.28 0.01 0.07 0.27 

1 hour with 24 hour 0.09 0.00 0.45 0.01 

2 hour with 4 hour 0.26 0.00 0.08 0.04 

2 hour with 24 hour 0.31 0.00 0.38 0.00 

4 hour with 24 hour 0.16 0.00 0.07 0.05 

Values presented in the table refer to the 𝑝 − 𝑣𝑎𝑙𝑢𝑒 calculated from a t-test of two independent 

samples of data of equal variance. 

 

 The average number of clusters containing monomers is similar for data at 1 and 4 hours, 

2 and 4 hours, and 2 and 24 hours. The average intensity of monomers is only similar for data 

obtained at 1 hour and 2 hours. The cluster density of monomers is in agreement at 1 and 2 

hours, 1 and 24 hours, and 2 and 24 hours. Lastly, the degree of aggregation shows similarities 
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among data obtained at 1 hour and 4 hours.  Similarities were expected for comparing any two 

data sets as there was no trend or differences observed in the experiment. 

Table C-5 is a representation of p-values obtained for t-tests  comparing two sets of data 

corresponding to two different exposure times of dimers to pre-fixed cells. Bold face values 

indicate similarity in data sets.  

Table C-5 Student’s T-Test p-values for Variable Exposure of Dimers post SH-SY5Y 

Cell Fixation 

ttest  𝑵𝑫𝒔  Iavg.  𝑪𝑫 𝑫𝑨 

1 hour with 2 hour 0.36 0.01 0.41 0.16 

1 hour with 4 hour 0.21 0.16 0.34 0.06 

1 hour with 24 hour 0.12 0.00 0.07 0.00 

2 hour with 4 hour 0.14 0.00 0.42 0.18 

2 hour with 24 hour 0.07 0.00 0.11 0.00 

4 hour with 24 hour 0.36 0.00 0.17 0.00 

Values presented in the table refer to the 𝑝 − 𝑣𝑎𝑙𝑢𝑒 calculated from a t-test of two independent 

samples of data of equal variance. 

 

 The average number of clusters containing dimers is similar among data obtained at 1 and 

2 hours, 1 and 4 hours, and 4 and 24 hours. There are no observed similarities for the average 

intensity of species for two data sets. Lastly, the density of clusters of dimers is similar between 

1 and 2 hours, 1 and 4 hours, and 2 and 4 hours. There are no observed similarities in the degree 

of aggregation of dimers for two sets of data. 

Table C-6 is a representation of p-values obtained for t-tests  comparing two sets of data 

corresponding to two different exposure times of tetramers to pre-fixed cells. Bold face values 

indicate similarity in data sets. 
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Table C-6 Student’s T-Tests p-values for Variable Exposure of Tetramers post SH-

SY5Y Cell Fixation 

ttest  𝑵𝑻𝒔  Iavg.  𝑪𝑫 𝑫𝑨 

1 hour with 2 hour 0.09 0.00 0.08 0.42 

1 hour with 4 hour 0.43 0.44 0.36 0.20 

1 hour with 24 hour 0.14 0.03 0.08 0.37 

2 hour with 4 hour 0.05 0.00 0.03 0.16 

2 hour with 24 hour 0.02 0.00 0.02 0.33 

4 hour with 24 hour 0.10 0.02 0.06 0.36 

The 𝑝 − 𝑣𝑎𝑙𝑢𝑒 calculated from a t-test of two independent samples of data of equal variance. 

 

 The only similarities observed for two time points of data for the number of clusters of 

tetramers is at 1 and 4 hours. Similarities in the average intensity for tetramer at two time 

intervals is observed at 1 and 4 hours. The average cluster density of tetramers is in agreement at 

1 and 4 hours. Lastly, the average degree of aggregation of tetramers is in agreement at 1 and 2 

hours, 1 and 24 hours, 2 and 24 hours, and 4 and 24 hours. 

Table C-7 is a representation of p-values obtained for t-tests comparing exposure of 

monomers and dimers to pre-fixed cells. Bold face values indicate similarity in data sets. 

Table C-7 Student’s T-Tests p-values for Variable Exposure of Monomers & Dimers 

at same time post SH-SY5Y Cell Fixation 

ttest 𝑵𝑺𝒑𝒆𝒄𝒊𝒆𝒔 Iavg. 𝑪𝑫 𝑫𝑨 

1 hour 0.35 0.00 0.19 0.00 

2 hour 0.08 0.00 0.35 0.00 

4 hour 0.33 0.00 0.12 0.00 

24 hour 0.43 0.00 0.24 0.21 

Values presented in the table refer to the 𝑝 − 𝑣𝑎𝑙𝑢𝑒 calculated from a t-test of two independent 

samples of data of equal variance. 

 

 After 1 hour of exposure, the number of clusters containing monomers and clusters 

containing dimers are in agreement at 1, 4, and 24 hours. Lastly, average number of clusters 

observed per square micron is in agreement at 2 and 24 hours. Lastly, the average degree of 

aggregation of monomers and dimers is similar for 24 hours of exposure. 
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Table C-8 is a representation of p-values obtained for t-tests comparing exposure of 

monomers and tetramers to pre-fixed cells. Bold face values indicate similarity in data sets. 

Table C-8 Student’s T-Tests p-values for Variable Exposure of Monomers & 

Tetramers at same time post SH-SY5Y Cell Fixation 

ttest  𝑵𝑺𝒑𝒆𝒄𝒊𝒆𝒔  Iavg.  𝑪𝑫 𝑫𝑨 

1 hour 0.04 0.12 0.13 0.01 

2 hour 0.46 0.00 0.42 0.00 

4 hour 0.01 0.20 0.01 0.07 

24 hour 0.01 0.00 0.00 0.41 

Values presented in the table refer to the 𝑝 − 𝑣𝑎𝑙𝑢𝑒 calculated from a t-test of two independent 

samples of data of equal variance. 

 

 The average number of clusters of monomers and clusters of tetramers are similar for 

data sets obtained after 2 hours of post cell fixation exposure. Additionally, the average cluster 

density of monomers and cluster density of tetramers are similar for data sets obtained after 2 

hours of post cell fixation exposure.  

Table C-9 is a representation of p-values obtained for t-tests comparing exposure of 

dimers and tetramers to pre-fixed cells. Bold face values indicate similarity in data sets. 

Table C-9 Student’s T-Tests p-values for Variable Exposure of Dimers & Tetramers 

at same time post SH-SY5Y Cell Fixation 

ttest  𝑵𝑺𝒑𝒆𝒄𝒊𝒆𝒔  Iavg.  𝑪𝑫 𝑫𝑨 

1 hour 0.01 0.00 0.01 0.00 

2 hour 0.14 0.00 0.46 0.00 

4 hour 0.03 0.00 0.01 0.00 

24 hour 0.02 0.38 0.03 0.23 

Values presented in the table refer to the 𝑝 − 𝑣𝑎𝑙𝑢𝑒 calculated from a t-test of two independent 

samples of data of equal variance. 

 

 The cluster density at 2 hours and degree of aggregation after 24 hours are in agreement 

for dimers and tetramers.  
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C.3 Student’s T-Tests for Fixed Exposure, Variable Uptake of Oligomers of 

𝜶 −syn in SH-SY5Y Cells 

Student’s T-tests were performed to assess similarities in magnitude for data and 

calculations. T-tests are deemed useful to provide further support or to argue interpretation of 

results. 

Table C- 10 contains student’s t-tests to assess the similarity for the number of clusters 

containing monomers, average intensity, cluster density, and degree of aggregation of monomers 

in the observation area for two different times of cell uptake. Bold face numbers indicate the 

magnitude of the data and calculations are similar.  

Table C- 10 Student’s T-Tests p-values for Two Times of Variable Exposure of 

Monomers after Fixed Exposure, Variable Uptake of Monomers SH-SY5Y Cells 

ttest  𝑵𝑴𝒔  Iavg.  𝑪𝑫 𝑫𝑨 

1 hour with 2 hour 0.48 0.36 0.24 0.40 

1 hour with 4 hour 0.31 0.44 0.13 0.12 

1 hour with 24 hour 0.01 0.00 0.00 0.00 

2 hour with 4 hour 0.30 0.44 0.37 0.07 

2 hour with 24 hour 0.01 1.27E-06 5.89E-03 5.72E-05 

4 hour with 24 hour 0.01 6.09E-05 7.23E-03 2.87E-04 

Values presented in the table refer to the 𝑝 − 𝑣𝑎𝑙𝑢𝑒 calculated from a t-test of two independent 

samples of data of equal variance. 

 

 As expected, there is similarity in magnitude for the observed number of clusters of 

intensity, cluster density, and degree of aggregation of monomers for each time of variable 

uptake compared for times between 1 and 4 hours. Thus, due to the variability at 24 hours in 

comparison to uptake between 1-4 hours, p-values calculated in reference to 24 hours are less 

than 0.05 to indicate that the data is not similar. 

Table C-11 shows student’s t-tests to assess the similarity for the number of clusters 

containing dimers, average intensity, cluster density, and degree of aggregation of dimers in the 

observation area for two different times of cell uptake. Bold face numbers indicate the magnitude 

of the data and calculations are similar.  
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Table C-11 Student’s T-Tests p-values for Two Times of Variable Exposure of 

Dimers after Fixed Exposure, Variable Uptake of Dimers in SH-SY5Y Cells 

ttest  𝑵𝑫𝒔  Iavg.  𝑪𝑫 𝑫𝑨 

1 hour with 2 hour 0.24 0.31 0.18 0.19 

1 hour with 4 hour 0.03 0.41 0.09 0.04 

1 hour with 24 hour 0.00 0.00 0.00 0.07 

2 hour with 4 hour 0.04 0.28 0.05 0.18 

2 hour with 24 hour 0.03 0.00 0.03 0.04 

4 hour with 24 hour 0.00 0.03 0.01 0.02 

Values presented in the table refer to the 𝑝 − 𝑣𝑎𝑙𝑢𝑒 calculated from a t-test of two independent 

samples of data of equal variance. 

 

 Between 1 and 2 hours of variable uptake, the number of clusters and intensity of dimers 

are similar in magnitude. Additionally, the intensities of dimers are similar in magnitude between 

1 and 4 hours of uptake. In addition, there are also similarities in the data between 2 and 4 hours 

in terms of intensity.  

Table C-12 shows student’s t-tests to assess the similarity for the number of clusters 

containing tetramers, average intensity, cluster density, and degree of aggregation of tetramers in 

the observation area for two different times of cell uptake. Bold face numbers indicate the 

magnitude of the data and calculations are similar.  

Table C-12 Student’s T-Tests p-values for Two Times of Variable Exposure of 

Tetramers after Fixed Exposure, Variable Uptake of Tetramers SH-SY5Y Cells 

ttest  𝑵𝑻𝒔  Iavg.  𝑪𝑫 𝑫𝑨 

1 hour with 2 hour 0.24 0.24 0.19 0.17 

1 hour with 4 hour 0.43 0.05 0.30 0.10 

1 hour with 24 hour 0.17 0.09 0.48 0.43 

2 hour with 4 hour 0.28 0.14 0.06 0.38 

2 hour with 24 hour 0.40 0.20 0.12 0.15 

4 hour with 24 hour 0.19 0.39 0.29 0.10 

Values presented in the table refer to the 𝑝 − 𝑣𝑎𝑙𝑢𝑒 calculated from a t-test of two independent 

samples of data of equal variance. 
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 The data obtained exhibits similarities for almost every parameter and calculation at 

different times of variable uptake of tetramers. Thus, this data suggest that the relative uptake of 

tetramers does not vary with time. 

 Table C-13 is a representation of student’s t-tests performed for monomers and dimers 

observed at same times of variable uptake. 

Table C-13 Student’s T-Tests p-values for Monomers & Dimers at same time 

intervals after Fixed Exposure, Variable Uptake in SH-SY5Y Cells 

ttest  𝑵𝑺𝒑𝒆𝒄𝒊𝒆𝒔  Iavg.  𝑪𝑫 𝑫𝑨 

1 hour 0.03 0.00 0.10 0.00 

2 hour 0.22 0.00 0.20 0.02 

4 hour 0.00 0.00 0.00 0.33 

24 hour 0.09 0.02 0.16 0.36 

Values presented in the table refer to the 𝑝 − 𝑣𝑎𝑙𝑢𝑒 calculated from a t-test of two independent 

samples of data of equal variance. 

 

 After 2 hours of uptake, both oligomers have similar values obtained in the data 

corresponding to the number of clusters and number of clusters per square micron. In addition, 

the degree of aggregation pertaining to monomers and dimers at 4 and 24 hours is also similar. 

This is expected as the relative number of monomers and dimers present in cells after longer 

times is less, more so for monomers.  

Table C-14 is a representation of student’s t-tests performed for monomers and tetramers 

observed at same times of variable uptake. 

Table C-14 Student’s T-Tests p-values for Monomers & Tetramers at same time 

intervals after Fixed Exposure, Variable Uptake in SH-SY5Y Cells 

ttest  𝑵𝑺𝒑𝒆𝒄𝒊𝒆𝒔  Iavg.  𝑪𝑫 𝑫𝑨 

1 hour 0.25 0.00 0.07 0.38 

2 hour 0.07 0.00 0.00 0.12 

4 hour 0.09 0.01 0.03 0.01 

24 hour 0.00 0.05 0.00 0.00 

Values presented in the table refer to the 𝑝 − 𝑣𝑎𝑙𝑢𝑒 calculated from a t-test of two independent 

samples of data of equal variance. 
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 Similarities in the data are observed for monomers and tetramers after 1 hour; the number 

of clusters of these oligomers and the degree of aggregation of these oligomers observed are 

similar after 1 hour of uptake.  This is expected as the number of monomers present in cells 

would not be in agreement with the magnitude corresponding to the number of tetramers in cells 

at longer times. 

Table C-15 is a representation of student’s t-tests performed for dimers and tetramers 

observed at same times of variable uptake. 

Table C-15 Student’s T-Tests p-values for Dimers & Tetramers at same time 

intervals after Fixed Exposure, Variable Uptake in SH-SY5Y Cells 

ttest  𝑵𝑺𝒑𝒆𝒄𝒊𝒆𝒔  Iavg.  𝑪𝑫 𝑫𝑨 

1 hour 0.27 0.49 0.30 0.01 

2 hour 0.21 0.39 0.02 0.01 

4 hour 0.08 0.08 0.14 0.07 

24 hour 0.00 0.00 0.01 0.01 

Values presented in the table refer to the 𝑝 − 𝑣𝑎𝑙𝑢𝑒 calculated from a t-test of two independent 

samples of data of equal variance. 

 

 As with monomers and tetramers, there is similarities observed at 1 hour; however, the 

intensity is also similar in magnitude after 1 and 2 hours of uptake have progressed. 

C.4 Student’s T-tests for Fixed Exposure and Uptake of Oligomers of 𝜶 −syn 

to SH-SY5Y Cells 

Student’s T-tests were calculated between two sets of oligomers for a statistical 

representation for similarities among data and calculations corresponding to each oligomer. 

Table C- 16 is a representation of the p-values obtained for t-tests. 

Table C- 16 Student’s T-Tests p-values for Fixed Exposure and Uptake of Oligomers 

of a-syn to SH-SY5Y Cells 

t-test  𝑵𝑺𝒑𝒆𝒄𝒊𝒆𝒔  Iavg.  𝑪𝑫 𝑫𝑨 

Monomers & Dimers 0.08 0.20 0.35 0.06 

Monomers & Tetramers 0.29 0.45 0.01 0.05 

Dimers & Tetramers 0.04 0.33 0.01 0.00 
 

Values presented in the table refer to the 𝑝 − 𝑣𝑎𝑙𝑢𝑒 calculated from a t-test of two independent 

samples of data of equal variance. 
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 The average numbers of species are in similar magnitude for monomers and tetramers. 

The average intensity compared between two oligomers for each of the three oligomers all 

similar. Lastly, the average number of clusters per square micron is similar for monomers and 

dimers.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


