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ABSTRACT 

Super-resolution fluorescence imaging of membrane nanoscale architectures of 

hematopoietic stem cell homing and migration molecules 

Karmen Fadel AbuZineh 

 

Recent development of super-resolution (SR) fluorescence microscopy techniques has 

provided a new tool for direct visualization of subcellular structures and their dynamics 

in cells. The homing of Hematopoietic stem/progenitor cells (HSPCs) to bone marrow is 

a multistep process that is initiated by tethering of HSPCs to endothelium and mediated 

by spatiotemporally organised ligand-receptor interactions of selectins expressed on 

endothelial cells to their ligands expressed on HSPCs which occurs against the shear 

stress exerted by blood flow. Although molecules and biological processes involved in 

this multi-step cellular interaction have been studied extensively, molecular 

mechanisms of the homing, in particular the nanoscale spatiotemporal behaviour of 

ligand-receptor interactions and their role in the cellular interaction, remain elusive. 

Using our new method of microfluidics-based super-resolution fluorescence imaging 

platform we can now characterize the correlation between both nanoscale ligand-

receptor interactions and tethering/rolling of cells under external shear stress. We 

found that cell rolling on E-selectin caused significant reorganization of the nanoscale 

clustering behavior of CD44 and CD43, from a patchy clusters of ~ 200 nm in size to an 

elongated network-like structures where for PSGL-1 the clustering size did not change 
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significantly as it was 85 nm and after cell rolling the PSGL-1 aggregated to one side or 

even exhibited an increase in the footprint. Furthermore, I have established the use of 

3D SR images that indicated that the patchy clusters of CD44 localize to protruding 

structures of the cell surface. On the other hand, a significant amount of the network-

like elongated CD44 clusters observed after the rolling were located in the close 

proximity to the E-selectin surface. The effect of the nanoscale reorganization of the 

clusters on the HSPC rolling over selectins is still an open question at this stage. 

Nevertheless, my results further demonstrate that this mechanical force-induced 

reorganisation is accompanied by a large structural reorganisation of actin cytoskeleton. 

Our microfluidics-based SR imaging also demonstrate an essential role of the nanoscale 

clustering of CD44 on stable rolling behaviours of cells. Our new experimental platform 

enhances understanding of the relationship between nanoscopic ligand-receptor 

interactions and macroscopic cellular interactions, providing a foundation for 

characterizing complicated HSPC homing 
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CHAPTER ONE: INTRODUCTION 

 

1.1 Stem Cells and Their Types: 

 

Stem cells research has been pursuing the top research ranks over the past 

decade, as they opened the door for many medical applications, offering great potential 

and promising results in the field of treating major diseases ((Gennero, Mortimer et al. 

2006). This is mainly due to their unique characteristics; cell duplication in which one 

cell can make identical copies of itself, and cell differentiation in which one cell can give 

rise to various differentiated mature cells with specific morphologies and functions 

(Stem Cells ,2001) (Fig. 1.1).  

 

 

 

 

 

 

 

 

 

Figure 1.1: Unique characteristics of the stem cells (Stem Cells ,2001). 

 

Based on their ability to differentiate stem cells can be classified into three broad 

categories; totipotent stem cells that are found only in early embryonic stages in which 

each cell can form a complete organism (e.g. identical twins); pluripotent stem cells that 

exist in the undifferentiated inner cell mass of the blastocyst and can form any of the 
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over 200 different cell types found in the body and multipotent stem cells located in 

fetal tissue, cord blood and in a certain tissue or organ(s) called adult stem cells 

(Mitalipov and Wolf 2009). 

Adult stem cells are undifferentiated cells with a primary role of maintaining and 

replenishing the tissue in which they reside through by giving rise to specialized mature 

cells (e.g. brain/spinal cord (neural stem cells), blood (hematopoietic stem cell), skeletal 

muscle, bones and digestive system (mesenchymal stem cell), cornea/retina (retinal 

stem cell), liver (hepatic stem cell) and pancreas (pancreatic stem cell) (Stem Cells 

,2001). 

 

1.2 Hematopoietic stem cells: 

 

Hematopoietic stem cells (HSCs) are bone marrow resident cells that are 

responsible for giving rise to all blood cells (Fig. 1.2). 

 

Figure 1.2: Hematopoietic and stromal cell differentiation (© 2001 Terese Winslow). 
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Intensive studies on hematopoietic stem cells have given the most promising 

lead to treat leukemia and other hematological disorders (Sahin and Buitenhuis 2012). 

In order to treat leukemic patient after eradication of his cancerous blood cells by 

radiation or chemotherapy, the patient requires a successful transplantation of healthy 

hematopoietic stem cells into the blood circulation from a matching donor. The 

measure of success for this treatment is solely depending on the ability of the HSCs 

provided by the donor to home and engraft into the bone marrow niche of the patient. 

In this final destination, HSCs can proliferate and repopulate patient blood cells and 

immune cells. This dynamic process consists of a multistep cascade of events outlined in 

Figure 1.3.  

Homing and migration is adopted by many cell types to fulfill different processes 

within the body including the recruitment of hematopoietic stem cells to the bone 

marrow niches (Magnon and Frenette 2008) as well as lymphocytes and platelets 

trafficking toward inflammation site of injury or infection (Springer 1994). Moreover, 

cancer cells mediate this process to metastasize through the blood to distant organs 

(Witz 2008). 

 

1.3 Multi step paradigm of cellular migration and homing: 

 

  The first crucial step in the cellular homing and migration, is the recruitment of 

HSCs to specialized post capillary microvessels in the bone marrow, this involves shear-

resistant adhesion of circulating cells to the endothelial surface. This tethering step is 

triggered by the selectins and their ligands (Fig. 1.3). Initially, the HSC moving under 

shear flow is tethered to the vessel wall that causes the cell to roll along the 

endothelium lining the inside of the vessel, this tethering is mediated by short lifetime 

interactions between selectins and their ligands. Selectin-dependent tethering and 

rolling decreases cellular velocity and brings the cell into closer physical proximity to the 

vessel wall exposing their chemokine receptors on the cell surface to their respective 
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ligands on the endothelial. 

 This direct encounter of the specific chemokine receptors of the HSCs with their 

chemokines found in the perivascular areas triggers the activation of integrins on the 

surface of HSCs causing conformational changes of integrins to a higher affinity form 

and inducing their firm adhesiveness. This adhesive engagement between the activated 

integrins on the HSCs and the counter-receptors on the endothelial cells would lead to 

cellular arrest which is represented by the firm adhesion of the HSCs to the vessel wall. 

Leading eventually the arrested HSCs to transmigrate to the extravascular space (bone 

marrow) (Magnon and Frenette 2008). This process was first described in leukocytes 

recruitment to the sites of inflammation under flow condition(Springer 1994). 

 

 

 

 

 

Figure 1.3: Molecular interactions of HSC homing to the bone marrow (McEver and Zhu 

2010). 
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1.4 Molecular components of the homing process: 

 

The homing process requires the presence of a set of molecular components in 

each of the four main steps. The primary step is initiated by the catch bond interactions 

between selectins and their ligands (Marshall, Long et al. 2003), this will cause the 

flowing cells to be tethered and roll on the endothelium blood vessel. This primary step 

of tethering and rolling is considered as a prerequisite for all the following steps of the 

homing cascade. Selectins and their ligands (that are expressed on the bone marrow 

endothelium and on the HSC membrane surface, respectively) and their molecular 

interactions have been under extensive study in order to understand the gatekeeping 

mission of this interaction in the multistep paradigm (Sackstein 2005). 

 

1.4.1 Selectins: 

 
Selectin comprise a family of three proteins categorized as follows: L-selectin 

which is expressed by most leukocytes and hematopoietic stem cells/ progenitor 

(HSPCs); P-selectin which is expressed on platelets as well as stored in Weibel-palade 

bodies and quickly expressed on the surface of inflamed endothelial cells in response to 

inflammatory mediators (McEver and Zhu 2010); and E-selectin which is constitutively 

expressed on the surface of endothelial cells in the bone marrow and skin (Schweitzer, 

Drager et al. 1996) and also on endothelial cells in response to the inflammatory 

mediators such as, tumor necrosis factor-alpha (TNF-α)  and interlukin-1 beta (IL-1β).  

As explained earlier, the initial step of cellular recruitment to its final destination 

is mostly executed by the interaction of selectins to their ligands. Interestingly, E-

selectin binds tightly to its ligand and shows higher resistance to detachment conditions 

under physiological shear stresses (Lawrence and Springer 1993). Several studies have 

reported the importance of E-selectin in mediating cell rolling on the endothelial bone 

marrow. An intravital microscopy study on wild-type mice treated with antibodies 

against E/P-selectin or mice that were deficient for these two selectins showed the 

reduced rolling of the HSPCs in bone marrow (Mazo, Gutierrez-Ramos et al. 1998). In 
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another study over lethally irradiated mice deficient for E/P-selectins showed dismissed 

cellular recruitment after transplantation of hematopoietic stem cells to the bone 

marrow compared to wild type mice also lethally irradiated (Frenette, Subbarao et al. 

1998). Also in vitro experiments showed the rolling of human HSPCs on a P- or E-selectin 

coated surface under flow conditions (Xia, McDaniel et al. 2004). These studies 

demonstrated that E-selectin is an authentic receptor on the surface of the HSPCs and 

mediates the rolling and recruitment of the HSPCs to the bone marrow.  

Selectins are type-I transmembrane glycoproteins composed of C-type 

carbohydrate (lectin) recognition domain at the amino terminus followed by a 

consensus epidermal growth factor (EGF)-like domain, a variable number of short 

consensus repeats called complement control protein (CCP) modules or sushi domains, 

a transmembrane domain (TM) and a caroboxy-terminal cytoplasmic domain (McEver 

and Zhu 2010). The types of selectin proteins are categorized based on the length of the 

CCP modules (Fig. 1.4-a). The C-type domain of each selectin mediates adhesion through 

recognition of a sialofucosylations containing an α (2,3)-linked sialic acid substitution on 

galactose and an α (1,3)-linked fucose modification on N-acetylglucosamine, creating 

the structure of sialyl lewis-X (sLex) (Fig. 1.4-b) (Cummings and McEver 2009). 

Binding of selectin to its specific carbohydrate ligand occurs in a calcium ion-

dependent manner (Koenig, NorgardSumnicht et al. 1997). However In some cases, 

additional structural modifications, such as sulfation, are required to increase the 

binding affinity of P- and L-selectin, but not E-Selectin to its ligands (Leppanen, White et 

al. 2000), (Rosen 2004). 
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Figure1.4: Structural domains of: (a) P-selectin, E-selectin and L-selectin, (b) Boxed is 

sLex present in fucose-containing core-2 O-glycan that is required for binding to 

selectins. 

 

1.4.2 E-selectin ligands: 

 

The complete characterization of E-selectin ligands on the human HSPC has not 

been achieved yet. To date there are several ligands for E-selectin including CD44, 

(Dimitroff, Lee et al. 2001), CD43 (Fuhlbrigge, King et al. 2006), (Merzaban, Burdick et al. 

2011) and P-selectin glycoprotein-1 (PSGL-1). In the following subsections I will give a 

brief overview about each one of them.  

 

 

 

 

 

a b 
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1.4.2.1 CD44: 

 

 CD44 is heterogeneous and pleiotropic protein is well known to serve as the 

hyaluronic receptor to the extracellular matrix. Due to the numerous alternatives 

splicing of nine encoding exons as well as due to the variations of post-translational 

modifications such as sulfation and glycosylation; only a specialized siafucosylated 

glycoform of CD44 that carries the carbohydrate decorations on the N-glycans located in 

the globular head of CD44s is considered a potent E-Selectin ligand on HSPCs, and 

known as Hematopoietic Cell E-L-selectin Ligand (HCELL) and serve as ‘bone marrow 

homing receptor’ (Dimitroff, Lee et al. 2000), (Dimitroff, Lee et al. 2001). 

 

The standard from of CD44 is composed of an amino terminal extracellular domain, a 

stem structure domain, a transmembrane domain, and a cytoplasmic tail (Fig. 1.5). CD44 

is a key player molecule involved in many cell-signaling pathways including cell 

migration, adhesion, survival as well as proliferation and cytokine production (Ponta, 

Sherman et al. 2003).  

 

 

 

 

 

 

 

 

 

 

 

Figure 1.5: The different variant isoforms for CD44 with respect to the standard isoform. 

(Ponta, Sherman et al. 2003). 
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1.4.2.2 CD43: 

 

 CD43 is a mucin like single chain glycoprotein expressed by all leukocytes except 

B-cells and most hematopoietic cells. Several studies showed its capability to serve as E-

selectin ligand and mediate cell rolling of transfected chinese hamster ovary cell CHO-

cells bearing E-selectin to roll on CD43 immobilized capillary surface. (Matsumoto, 

Atarashi et al. 2005). 

CD43 consists of extensively O-glycosylated extracellular domain, a transmembrane 

helix, and a small cytoplasmic region (Takai, Kitano et al. 2008). It is associated with 

many cell-signaling activities through its association with ezrin– radixin–moesin (ERM) 

linker proteins to cytoskeleton (Serrador, Nieto et al. 1998). It is also contributed to cell 

activation, proliferation, and survival (Ostberg, Barth et al. 1998). 

 

1.4.2.3 PSGL-1: 

 

PSGL-1 is a disulfide bridge linked homodimeric mucin like glycoprotein which 

serves as a ligand for all three selectins (Cummings and McEver 2009). PSGl-1 is 

extensively glycosylated with N-glycans and O-glycans, sialic acid and fucose 

modifications on (core-2 sialylated and fucosyalated O-glycan) that are necessary for 

PSGL-1 to bind to E-selectin and presented at multiple sites (Yago, Fu et al. 2010), (Patel, 

Moore et al. 1995). Whereas a tyrosine sulfation near the N-termins on PSGL-1 is 

required for binding to P/L-selectins (Xia, Ramachandran et al. 2003), (Westmuckett, 

Thacker et al. 2011). The E-selectin-ligand interactions have been well characterized 

using human stem progenitor cells (HSPCs) and human marrow enriched hematopoietic 

stem cells (CD43+) (Merzaban, Burdick et al. 2011). 
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1.4.3 The significant role of integrins and chemo-attractants: 

 

Integrins are type I glycoproteins, which play a major role in the homing and the 

migration of HSPC to the bone marrow (Sahin and Buitenhuis 2012). The engagement of 

HSPC expressing chemokine receptor CXCR4 with their appropriate chemokine (SDF-1 

(stromal cell-derived factor 1); CXCL12) found in the perivascular areas, in which cellular 

recruitment occurs, triggers the activation of integrins via inside-out signaling events 

(Peled, Grabovsky et al. 1999). This causes the cell to firmly adhere to the endothelial 

cells and the eventually transmigrate into the bone marrow niche. 

 

Typically the major integrins are expressed on the surface of HSPCs are: α4β1 

(very late antigen-4, VLA-4) binds to its ligand VCAM-1 (vascular cell adhesion molecule-

1) that is expressed constitutively on the marrow endothelium (Mazo, Gutierrez-Ramos 

et al. 1998). Homing was compromised in a wild type mice treated with antibodies 

against VCAM-1, suggesting that HSPCs homing needs sets of integrated presence of 

both selectins as well as VCAM-1 expressed on bone marrow endothelium (Frenette, 

Subbarao et al. 1998). 

The other integrin α4β7 (lymphocyte Peyer’s patch HEV adhesion molecule 1, 

LPAM-1) binds to its ligand MAdCAM1 (mucosal vascular addressin cell adhesion 

molecule-1). Also αLβ2 (lymphocyte function-associated antigen 1, LFA-1) binds to its 

ligand (Intercellular Adhesion Molecule 1, ICAM-1) (Peled, Kollet et al. 2000).  

The conformational changes and activation of the integrins are primarily 

believed to occur as a consequence of chemokines-induced activation (Mazo, Gutierrez-

Ramos et al. 1998) but has also been shown to occur independently of CXCL12/CXCR4 

signaling pathway (Mazo, Quackenbush et al. 2002). Moreover, it has been suggested 

that the selectins may even be able to substitute for the absence of chemokine receptor 

signaling events for MSCs, mesenchymal stem cells, trafficking (Thankamony and 

Sackstein 2011). Though it has been clinically approved that chemokines play a 
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significant role in the retention of the HSPCs within the bone marrow niche not in the 

peripheral blood circulation (Broxmeyer, Orschell et al. 2005). 

The above observations raised the possibility of the presence of other 

contributors in the HSPCs homing.  While the role of α4β7 integrin and its counter 

receptor, MAdCAM1, in the firm adhesion of the HSPCs is not well understood, it has 

been demonstrated that α4β7 is expressed on the HSPC and contributes to the initial 

cell rolling (Katayama, Hidalgo et al. 2004). 

 

1.5 Nanoscale membrane organization and the diffraction barrier: 
 

The cell membrane organization of the signaling molecules involved in HSPCs 

homing migration to the bone marrow is crucial. The plasma membrane nanoscale 

organization of the homing adhesion molecules could be controlled either by; 

cytoskeleton network, lipid rafts or protein complex interactions, this nanoscale 

organization of the homing molecules is elusive and in urge to investigate the exact 

location of the molecules in their native states as well as unravel their nanoscale 

remodeling or transient association upon tether and rolling “cell-cell interaction” to the 

endothelium. In this context, the signaling molecules, on either the HSPC or the 

endothelial cells, are believed to be associated with the lipid raft or anchored to the 

cytoskeleton network.  

Lipid rafts is are high ordered cholesterol rich small compartments within the 

membrane the size is between (10-200) nm, and is believed that lipid rafts regulates 

signal transduction through the spatial reorganization of signaling molecules on the cell 

membrane upon the rolling-mediated activation. Upon activation, the lipid raft clusters 

and forms a large compartment of hundreds of nanometers in diameter that contains 

signaling molecules (Simons and Toomre 2000), (Harder, Scheiffele et al. 1998). The 

clustered rafts are frequently associated with a cytoskeleton (Simons and Toomre 2000). 
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Studies have shown upon using the detergent-resistant insolubilization (TritonX-

100 extraction technique) that CD44 is associated with lipid microdomains through its 

transmembrane domain (Perschl, Lesley et al. 1995).  In another study, they have shown 

that CD44 and PSGL-1 are necessarily to be associated within the lipid raft domains to 

induce signaling pathways (Neame, Uff et al. 1995, Del Conde, Shrimpton et al. 2005, 

Miner, Xia et al. 2008) and both ligands mediated cell rolling in company with integrins 

(Yago, Shao et al. 2010). Moreover E-selectin ligands including CD43, CD44 and PSGL-1 

are pre-associated with lipid raft, however this association is not required for the three 

ligands to move to the uropod upon chemokine activation (Shao, Yago et al. 2015).  

For actin cytoskeleton, a network that maintains the shape and integrity of the 

cell plasma membrane, engagement in the nanoscale organization or clustering of the 

molecules acting as a scaffold anchored to the cytoplasmic domain of the molecules. 

Previous studies on CD43 distribution showed that CD43 is anchored to the cytoskeleton 

through ERM proteins and upon activation it moves to the uropod (Serrador, Nieto et al. 

1998).  

EM images showed that CD44 clustering is rare and associated with planar cell 

body “away from the microvilli” (von Andrian, Hasslen et al. 1995). While in a recent 

FRET study reported that CD44 are in fact forming clusters engages cytoskeleton, and 

these clusters were no longer formed in CD44 lacking its cytoplasmic tail (Wang, Yago et 

al. 2014).  

 EM imaging study on PSGL-1 is localized and clustered to the tip of microvilli 

(Moore, Patel et al. 1995) and localized to the uropod after activation (Bruehl, Moore et 

al. 1997). In another study they have shown upon deleting the cytoplasmic domain of 

PSGL-1 cells did not impair the rolling on P-selectin transfected cells, moreover CD43 

and PSGl-1 were localized normally to microvilli, uropods and lipid rafts (Miner, Xia et al. 

2008). 

Labeling and localizing adhesion ligands and investigating their spatial temporal 

organization upon their interactions at the molecular level are the major focus of this 

study. Optical microcopy, in particular fluorescence microscopy, is one of the most 
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important tools to study and visualize cellular and subcellular components. Fluorescence 

microscopy has been used widely in life science researches because of two principle 

advantages. First, fluorescence microscopy provides a non-invasive approach that allows 

monitoring of biological dynamics in real time. Second, specific molecular components 

can be observed simultaneously due to the availability of tremendous labeling strategies 

along with fluorescent probes in different colors (Davidson & Murphy, 2013). 

However the major limitation that conventional fluorescence microscopy has 

been facing is the spatial resolution as it cannot exceed the limit of 200-300 nm scale. 

While this makes the conventional fluorescence microscopy the perfect tool to observe 

any living cells and components larger than that range, but the method does not have 

the ability to resolve smaller objects such as sub-cellular components and proteins in 

the range of tens of nanometers. Therefore, the conventional fluorescence microscopy 

cannot reveal the spatial organizations of the adhesion molecules including the 

clustering, as this requires a nanoscale spatial resolution. 

Although electron microscopy provides a high spatial resolution, this method 

suffers from other limitations. For instance, electron microscopy is an invasive 

technique in which an artifact can affect the image and it cannot be applied to visualize 

live cell samples Figure 1.6. 
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Figure 1.6: Comparison between different biological imaging techniques in terms of the 

spatial resolutions achieved (Allen, Ross et al. 2013). 

 

Scientists have been trying to overcome the limit of the spatial resolution to 

have the ability to visualize nanometer scale objects. By defining the problem of light 

diffraction, the spatial resolution of optical microscopy was first described by Ernest 

Abbe in 1873, and called after him “the Abbe limit (Abbe 1873) .When a lens focuses the 

wave of light, the light is diffracted, producing an interfering pattern of the light rays. 

The light emitted from each point on the object converges into a diffraction limited spot 

at the image plane, causing a sharp point on the object into a blurred spot with a finite-

size ranging between 200-300 nm in the X- and Y-axis and 500-800 nm in the Z-axis at 

the image plane (Huang, Bates et al. 2009).The three dimensional intensity distribution 

of the fluorescence emitted by a point object is called point spread function (PSF), and 

the size of the PSF determines the resolution of the optical microscope (Fig. 1.7). When 

two small structures in a biological sample are separated by a distance shorter than the 

size of the PSF of the microscope objective lens, the structures are not spatially isolated, 
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and they appear as one object. The spatial resolution of fluorescence microscopy in the 

lateral directions (R) is described by the following formula:(Davidson & Murphy, 2013)  

R = 0.61
λ

NA
        (1) 

Where λ and NA denote the wavelength of the light and the numerical aperture of the 

objective lens, respectively. By optimizing these two parameters, researchers have been 

trying to achieve higher spatial resolution. However, it was not possible to achieve a 

spatial resolution higher than the diffraction barrier set by Equation 1 (i.e. 200 – 300 nm 

lateral resolution in the visible wavelength region with a high NA microscope objective 

lens). 

 

 

 

 

Figure 1.7: Point spread function of a microscope 

objective lens. Spatial resolutions in the axial and the 

lateral dimensions are 520 nm and 220 nm, 

respectively (Huang, Bates et al. 2009).  
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1.6 Super-resolution imaging techniques: 

 

The idea behind super-resolution microscopy was born when researchers started 

developing methods to beat the diffraction limit by decreasing the size of the point-

spread function. 

In 1994, Hell described the theory of stimulated-emission depletion (STED) 

microscopy “who has won Nobel Prize in Chemistry 2014” scanning and rotating the 

pattern (Hell and Wichmann 1994), which relies on a negatively patterned illumination. 

Briefly, the concept of this approach is based on the introduction of a donut shaped 

second laser with zero intensity at the center, overlapped with a focused excitation laser 

beam. The donut shaped beam is created by inserting a spatial phase modulator into 

the laser beam path before it enters the microscope. The second donut shaped laser 

pushes the excited fluorophores back to the ground state through a stimulated emission 

before a spontaneous fluorescence emission occurs. The depletion of the excited state 

through the stimulated emission effectively trims the PSF of the excitation laser, 

resulting in the enhancement of the spatial resolution. Scanning these two beams 

together over the sample allows recording a super-resolution image (Fig. 1.8) (Klar, 

Jakobs et al. 2000). 
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Figure 1.8: The basic concept of stimulated emission depletion (STED) microscopy (Klar, 

Jakobs et al. 2000). 

 

Using the non-linear response of the fluorophores to the depletion laser can 

further sharpen the focal spot in STED microscopy. This can be achieved by increasing 

the intensity of the depletion laser above the saturation level of the fluorescence 

depletion due to the stimulated emission. The saturated depletion region expands as 

the intensity of the depletion laser increases above the saturation level without 

affecting the emission from the center of the focal spot. A spatial resolution of 6 nm has 

been achieved using the saturated depletion (Rittweger, Han et al. 2009). 

 A key requirement for STED microscopy is to use a photostable fluorophores 

that can stand the strong depletion laser, including Atto 647N, Atto 590, Atto 565, and 

fluorescent proteins such as enhanced yellow fluorescent protein (EYFP) and Citrine 

(Huang, Babcock et al. 2010). 
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 Many factors can influence the spatial resolution of STED microscopy: the 

aberration of the optics caused by the refractive index difference between the cover 

glass and the sample medium, the light scattering from the sample, as well as the 

photostability of the fluorophores (Huang, Babcock et al. 2010). 

Structured illumination microscopy (SIM) is another important super-resolution 

microscopy technique. SIM is based on a wide field fluorescence imaging with a 

patterned illumination, typically a sinusoidal pattern (Gustafsson 2000). The patterned 

illumination is achieved by inserting a diffractive grating in the excitation path, splitting 

the light into two paths, and mixing the two beam after emerging from the objective 

lens. The interference of the beams creates peaks and dark regions with zero intensity in 

the excitation pattern. A fluorescence image recorded under this condition displays low 

frequency patterns due to the frequency mixing of the sub-diffraction limit sample 

structure and the patterned excitation light. Scanning and rotating the beams pattern at 

the image plane; a final super-resolution image can be reconstructed computationally 

after recording multiple fluorescence images (Fig.  1.9). Due to the advancements of the 

freely available analysis interactive softwares that allow image reconstruction while 

imaging, allowing saving time as well as recording high quality images from the same 

sample (Muller, Monkemoller et al. 2016) .  The lateral spatial resolution of 100 nm and 

the axial spatial resolution of 300 nm has been achieved by SIM (Gustafsson 2000). SIM 

is completely independent from any special photophysics or photochemistry of the 

fluorophores and it only depends on the optics of the microscope. 
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Figure 1.9: (a) The basic concept of structured illumination microscopy (SIM), (b) 

Resolving sample structures with SIM and saturated structured-illumination microscopy 

(SSIM) (Gustafsson 2000, Gustafsson 2005). 

 

To further improve resolution of SIM, researchers had taken advantage of the 

saturating response of the fluorophores. In saturated structured-illumination 

microscopy (SSIM), a patterned illumination with a strong excitation laser saturates the 

fluorescence emission from the sample, while the fluorescence intensity at the dark 

regions is still zero (Gustafsson 2005). The sharp dark regions created by the saturation 

enable to record higher resolution images. A key requirement for (S)SIM is to use 

photostable fluorescent probes that can stand the strong excitation laser. SSIM has 

achieved a lateral spatial resolution of 50 nm (Gustafsson 2005). 

STED and SSIM share the same issue, which limits their usage in imaging of 

biological samples. In STED microscopy, the final image resolution is determined by the 

a 

b 
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size of the actual PSF, which can be trimmed by increasing the intensity of the depletion 

laser. In SSIM, the final image resolution is determined by the saturation level of the 

fluorescence, which is also enhanced by increasing the intensity of excitation laser. 

Therefore, higher spatial resolution is achieved at the cost of potential damage to the 

sample. 

In 2006 the field of advanced imaging field has witnessed a new chapter in the 

development of high-resolution imaging where three research groups had 

independently came up with a new concept of super-resolution fluorescence 

microscopy. The group of Zhuang used this new method to visualize DNA and DNA-

protein complexes (Rust, Bates et al. 2006). The Betzig’s group “who has won Noble 

Prize in Chemistry 2014” used this method to image proteins inside organelles and 

cellular focal adhesion (Betzig, Patterson et al. 2006). The group of Hess has 

demonstrated the ability of imaging proteins clustering in the lipid raft (Hess, Girirajan 

et al. 2006, Hess, Gould et al. 2007). They published their works at approximately the 

same time with different nomenclatures for the technique:  (fluorescence) 

photoactivated localization microscopy ((F)PALM)/ or stochastic optical reconstruction 

microscopy  (STORM), later on both techniques referred to super-resolution localization 

microscopy .  

(F)PALM or STORM depends on the single molecule imaging and the 

photoswitching or photoactivation of the fluorophores used in the experiments. The 

method is based on the activation of sparse subset of the fluorophores by laser beam 

(Fig. 1.10).  The positions of the spatially well isolated fluorophores can be localized by 

fitting these data with two dimensional (2D) Gaussian function with a few nanometer 

accuracy, while the fluorescence spot obtained from a single molecule is 200 – 300 nm 

in size (Fig. 1.10-b). These molecules are then deactivated, and another subset of the 

fluorescent molecules is then activated and localized precisely (Fig. 1.10-c). A super-

resolution image (Fig. 1.10-f) is reconstructed by mapping a large number of molecules 

(Fig. 1.10 (b-e)). 
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Figure 1.10: Schematic illustration of the principle of (F)PALM/STORM; activation of 

sparse subset of the fluorophores (a) is followed by the localization of the molecules by 

2D Gaussian fitting, (b) The fluorophores are deactivated, and another subset of the 

fluorophores is activated and localized precisely (c-e). A super-resolution image is 

reconstructed by superimposing all the localized molecules (f). The basic concept of the 

single molecule localization using 2D Gaussian fitting (g) (Allen, Ross et al. 2013). 



35 
 

In this method, a lateral resolution of 20 nm has been achieved (Rust, Bates et al. 

2006). The photophysical and photochemical properties of the fluorescent probes, 

ranging from organic dyes to fluorescent proteins, are an essential part of the 

performance of (F)PALM)/STORM. The “on-off” duty cycle, emission in the dark-state, 

spontaneous activation of the fluorophores and the number of photons detected in 

each activation or switching-on event affect the localization accuracy of each 

fluorophore. Optimizing these parameters is essential to achieve a high-resolution. 

When the position of the fluorophore is localized by fitting of the fluorescence spot with 

a PSF of the microscope, which is usually approximated by 2D Gaussian function, the 

localization error (standard deviation of the Gaussian fit, σ) is given by: 

𝜎2 =
𝑆2+

𝑎2

12

𝑁
+

8𝜋𝑆4𝑏2

𝑎2𝑁2       (2) 

Where S is the width (standard deviation) of the PSF. N and b denote the number of 

photons detected from the fluorophore and the background, respectively. a is the size 

of the pixels of the CCD camera used for the imaging experiment. 

The density of the detected fluorescent spots is also a key factor that affects the 

resolution of the reconstructed super-resolution image. An insufficient labeling of the 

target structure by the fluorophores will cause continuous structures into apparent 

discontinuous images. This effect is quantified by the Nyquist criterion (Shroff, Galbraith 

et al. 2008). According to the Nyquist criterion, structural features smaller than twice 

the distance of the adjacent fluorophores cannot be distinguished. The smallest 

resolvable feature size thus follows: 

 

∆𝑁𝑦𝑞𝑢𝑖𝑠𝑡= 2 𝑁1 𝐷⁄⁄            (3) 

Where N and D denote the density of the labeling and the dimension of the structure to 

be imaged, respectively.  
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Extremely high labeling density is also not preferred as it limits the spatial 

isolation of individual fluorophores. In some cases, this results in the overlap of the 

fluorescence spots of the multiple fluorophores, which prevents the precise localization 

of the fluorophores. 

 At early stages of using STORM/(F)PALM imaging techniques basically relied on 

the temporal control of the switching behaviour of the molecule from a state to another 

either by Photoactivation, or Photoswitching, or Photoconversion, Eventually, in all 

scenarios mapping of the exact location of the molecules with high accuracy is feasible 

and the final image is then reconstructed from the positions obtained from various 

imaging cycles (Fig. 1.11).  

Figure 1.11: Switching states used in STORM/(F)PALM imaging technique (Habuchi 

2014). 

 

Later on, another group developed STORM to direct STORM (dSTORM), 

depending on controlling the blinking behaviour of the Cyanine Cy5 fluorophores, by 

introducing two laser beams with different wavelengths simultaneously for each 

switching cycle. The Cy5 fluorophores will reversibly switch between on and off sates. 
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This will allow mapping exact location of the molecules with high accuracy. The final 

image is then reconstructed from the positions obtained from various imaging cycles. 

(Heilemann, van de Linde et al. 2008) Later on, chemically conversion of the dark state 

of the molecules were engineered using thiol compound as a triplet state reducing 

regent to induce a prolong metastable dark state (van de Linde, Kasper et al. 2008). 

All the above-described developments in the super-resolution imaging field 

enabled answering more questions asked by biologists. The current culture of the 

scientific community with the concept of seeing is believing, has made the field of 

super-resolution fluorescence imaging one of the hotspots for technology advancement. 

In order to push the technique to further frontiers of advanced imaging and achieve 

higher spatial and temporal resolutions, researchers have been developing new imaging 

schemes, new fluorophores, and new labeling technologies.   

 

1.7 Objectives: 

 

Despite the critical role of the nanoscale architectures of the selectins and their 

ligands (e.g. clustering behaviour on the cell membrane) in the HSPC homing, previous 

studies were not able to provide a clear view of the molecular mechanism of the 

complicated homing processes. This is primarily due to the lack of suitable experimental 

methods to directly visualize the spatiotemporal behaviour of individual selectins and/or 

ligands as these molecules are localized in the nanoscale regions on the cell membrane. 

In this context I will be focusing on studying the molecules that are involved in 

the first step of the homing and migration cascade events in order to understand their 

crucial molecular role that make them the gatekeepers for the homing pathway, 

understanding the organization of these membrane molecules at native and dynamic 

conditions needs further investigation and indeed will shed new insights to the 

molecular level understanding of the HSPCs homing process. 



38 
 

 

In my thesis I will demonstrate how I applied dSTROM or super-resolution 

localization microscopy to directly visualize the spatial organization and clustering 

behaviour of individual E-selectin ligand molecules, with tens of nanometer scale spatial 

resolution at the native state on KG1a; human leukemic progenitor cell line, as a 

working model of HSPCs cell model. Also I have successfully combined SR localization 

with microfluidic cell rolling assay, which mimics cellular interactions occurring in a 

blood flow and enables to characterize cell rolling behaviours mediated by selectin-

ligands interactions under the presence of external shear stress acting on the cell, 

applying SR localization microscopy enabled us to directly capture transiently appearing 

nanoscale architectures of selectin ligands on the cell surface which helped us to 

capture the remodeling behaviour of the membrane nanoscale architectures of E-

selectin ligands and discussing their exact role in the HSPC homing and migration. At the 

end I will show how I used two-color SR localization imaging to co-localize the molecules 

either to ligand-ligand or to cellular structures (ligand-lipid raft or ligand-cytoskeleton) 

at the native cell state as well as under dynamic condition, to ultimately rule out the key 

requirements for successful homing process to the bone marrow.  
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CHAPTER TWO: IN VITRO CELL-ROLLING ASSAY: 
 

2.1 Cleaning glass cover slips: 

Glass coverslips (No. 1.5, ibidi GmbH) were cleaned using (P60H, Elma 

Schmidbauer GmbH) ultrasonicator. Alternative sonication in 99 % ethanol and 1M KOH 

solution was done twice for each. After each sonication step, the cover slips were rinsed 

with Milli-Q water (Mill-Q Reference, Merck Millipore) for 7 times. Finally the coverslips 

were sonicated for 10 minutes in Milli-Q water.  

 

2.2 Deposition of E/P-selectin to the surface of microfluidic chamber: 

The cleaned coverslip was attached to the bottom of a sticky microfluidic 

chamber (channel width = 3.8 mm, channel height = 0.4 mm, sticky-slide VI0.4, ibidi 

GmbH) (Figure 2.1) and incubated with 10 μg ml-1 Protein A (Invitrogen) in Hank’s 

Balanced Salt Solution (HBSS) for overnight at room temperature. After washing 

unbound Protein A by (HBSS), the chamber was incubated with a recombinant human E-

selectin (Sino Biological) or P-selectin (R&D systems), both contained the fused C-

terminal polyhistidine-tagged Fc region of human IgG1 at the C-terminus, at 4 °C at the 

concentrations of 0.05, 0.1, 0.2, 0.3, 0.4, and 0.5 μg ml-1 E-selectin for 1 h, or 1, 2, 3, 4, 

and 5 μg ml-1 P-selectin for 1 h. The recombinant E/P-selectins were deposited to the 

surface via the specific binding of the Fc region to Protein A. This allows for the 

deposition of the recombinant E/P-selectins with a controlled orientation (i.e., the 

selectins are tethered to the surface at the C-terminus and the N-terminal lectin domain 

is exposed to the surface), which is similar to the orientation of E/P-selectins on a cell 

surface. The chambers were then washed by HBSS, and were blocked with 1 % casein in 

phosphate buffer saline (PBS, Thermo) for 30 min to 1 h at room temperature. The E/P-
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selectin-deposited chamber was used immediately for cell-rolling assay or super-

resolution fluorescence imaging experiments. 

Figure 2.1: Sticky microfluidic chamber (channel width = 3.8 mm, channel height = 0.4 

mm, sticky-slide VI0.4, ibidi GmbH). 

 

 

 

Figure 2.2: Schematic diagram illustration of the sequential deposition of Protein A and 

recombinant human E-selectin, which allows for the deposition of E-selectin with 

controlled density and orientation. 
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2.3 Determination of surface density of selectins: 

The surface densities of the recombinant E/P-selectin were determined by 

immunofluorescence imaging of the surface-deposited selectins. The recombinant E/P-

selectin was labeled by 10 μg ml-1 anti-human CD62E (E-selectin) antibody (HAE-1f 

clone, BioLegend) conjugated to Alexa Fluor (AF)-647 dye or 10 μg ml-1 anti-human 

CD62P (P-selectin) antibody (AK-4 clone, BioLegend) conjugated to Alexa Fluor (AF)-647 

dye. The microfluidic chamber with E/P-selectin coated surface was incubated with the 

antibody for 1 h at room temperature. After the incubation, free antibodies were 

washed by HBSS. 

Fluorescence images of the AF-647-conjugated antibodies were recorded using a 

custom-built wide-field fluorescence microscopy setup (described in details in Chapter 

3). The surface densities of E/P-selectin were calculated by comparing the fluorescence 

intensities obtained from the surface-deposited E/P-selectins and those obtained from 

single AF-647-conjugated antibodies. To calculate the surface densities of E/P-selectin, 

integrated fluorescence intensities of a unit area (1 μm × 1 μm) obtained from the 

surface-deposited E/P-selectins were divided by the integrated fluorescence intensity 

obtained from the single AF-647-conjugated antibodies. 
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Figure 2.3: Schematic diagram illustrating the determination of surface densities of E/P-

selectins. Integrated fluorescence intensities of a unit area obtained from AF-647-

conjugated antibodies binding to the surface-deposited E/P-selectins (left) was divided 

by the integrated fluorescence intensity obtained from a single AF-647-conjugated 

antibodies deposited on the coverslip. 
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Figure 2.4: Immunofluorescence images of the recombinant human E-selectin deposited 

on the surface of the microfluidic chamber. The E-selectin molecules were 

immunolabeled using AF-647 conjugated antibodies. The fluorescence images were 

recorded upon excitation at 638 nm with the exposure time of 30 ms. 

0.05 μg ml-1 (0.7 molecules μm-2) 0.1 μg ml-1 (1.5 molecules μm-2) 

0.2 μg ml-1 (3.5 molecules μm-2) 0.3 μg ml-1 (5 molecules μm-2) 

0.5 μg ml-1 (5.4 Molecules μm-2) 0.4 μg ml-1 (5.8 Molecules μm-2) 
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Figure 2.5: Immunofluorescence images of the recombinant human P-selectin deposited 

on the surface of the microfluidic chamber. The P-selectin molecules were 

immunolabeled using AF-647 conjugated antibodies. The fluorescence images were 

recorded upon excitation at 638 nm with the exposure time of 30 ms.. 

 

0.5 μg ml-1 (7.7 molecules μm-2) 1 μg ml-1 (8.3 molecules μm-2) 

2 μg ml-1 (9.45 molecules μm-2) 3 μg ml-1 (10.35 molecules μm-2) 

4 μg ml-1 (10.78 molecules μm-2) 5 μg ml-1 (10.86 molecules μm-2) 
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2.4 Flow-through chamber assembly: 

 The cleaned coverslip was attached to the bottom of a sticky microfluidic 

chamber (channel width = 3.8 mm, channel height = 0.4 mm, sticky-slide VI0.4, ibidi 

GmbH). An inlet and outlet of the chamber were connected to 0.8 mm silicone tubing 

(ibidi GmbH) using male luer connectors (ibidi GmbH). One end of the two outlets was 

connected to a programmable syringe pump (PHD ULTRA, Harvard Apparatus) using a 

female lure lock connector (ibidi GmbH). 

 

2.5 Shear stress calculation: 

Shear force (F) of Newtonian fluid is described by, 𝐹= 𝜇⋅d𝑈d𝑎, where μ, U, and a 

denote the viscosity of the fluid, flow rate, and z-axis position (i.e., height) (Granger 

1995). Wall shear stress (W) in a rectangular-shape channel is, therefore, described by,  

 

𝑊 = 6𝜇𝑈 𝑎⁄ = 6𝜇𝑄 𝑎2⁄ 𝑏                                                                                      (4) 

 

 Where Q, a, and b denote the volumetric flow rate of the fluid, channel height, and 

channel width, respectively. The height and width of the channel that we used in this 

study are 0.4 mm and 3.8 mm, respectively. The viscosity of the fluid (i.e., medium) at 

room temperature was 10-3 Pa s. All the shear-stress-related experiments were 

conducted at physiologically relevant conditions (W = 0.25 – 4 dyn cm-2). 
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Figure 2.6: Schematic diagram illustrating the flow profile of Newtonian fluid. 

 

Table 1: Wall shear stress (𝑊) at each volumetric flow rate (Q). 

W (dyn cm-2) W (N m-2) Q (m3 s-1) Q (ml min-1) 

0.25 0.025 0.253 × 10-8 0.152 

0.5 0.05 0.507 × 10-8 0.304 

1.0 0.10 1.01 × 10-8 0.608 

2.0 0.20 2.03 × 10-8 1.22 

4.0 0.40 4.05 × 10-8 2.43 

 

 

2.6 Cell culturing and treatments: 

 

KG1a, human acute myelogenous leukemia cells, purchased from ATCC were 

maintained in Iscove’s Modified Dulbecco’s Medium (IMDM, Gibco) supplemented with 

20 % fetal bovine serum (FBS), 100 U ml-1 penicillin, 100 μg ml-1 streptomycin at 37 °C 

humidified atmosphere containing 5 % CO2. For the disruption of actin cytoskeletons, 
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106 ml-1 cells were treated with 3 μg ml-1 Cytochalasin-D (CytD, Sigma-Aldrich) in a pre-

warmed Hank’s Balanced Salt Solution (HBSS, Gibco) for 30 min at 37 °C. CytD disrupts 

actin cytoskeleton by inhibiting actin polymerization. For the disruption of lipid rafts, 106 

ml-1 cells were treated by a pre-warmed 10 mM methyl-β-cyclodextrin (MβCD, Sigma-

Aldrich) and 10 mM HEPES buffer (Sigma-Aldrich) in a serum/antibiotic free IMDM 

medium at 37 °C for 30 min. MβCD disrupts lipid rafts by extracting cholesterol from the 

cell membrane.  The viability of the cells after the treatments was confirmed by trypan 

blue staining. 

 

2.7 In vitro celI-rolling and image acquisition:  

The inlet tube-end of the assembled flow-through chamber was placed in the 

rolling buffer (HBSS containing 1 % human serum albumin (Sigma-Aldrich) and 1 mM 

CaCl2 (Sigma-Aldrich)) and the outlet tube-end from the assembled flow-through 

chamber was connected to a programmable syringe pump (PHD ULTRA, Harvard 

Apparatus) using a female lure lock connector (ibidi GmbH). In order to equilibrate the 

flow path, the rolling buffer was flowed into the chamber for 90 s prior introducing the 

KG1a cells at the flow rate of 0.608 ml min-1. Then, 106 ml-1 KG1a cells suspended in the 

rolling buffer were auto-perfused for 20 s at the same flow rate using the syringe pump. 

After a brief stop of the flow for 10 – 20 s in order to allow the cells to settle down and 

interact with the E-selectins on the surface, the flow of the cell suspension was resumed 

for another 20 – 30 s at the flow rate of 0.608 ml min-1. Then, the chamber was washed 

with the rolling buffer for 90 s during which we recorded a video of the cells rolling on 

the E-selectin-coated surface of the chamber. The rolling experiment was conducted at 

the wall shear stress (W) of 0.25, 0.5, 1, 2, and 4 dyn cm-2. The wall shear stresses were 

described by 𝑊 = 6𝜇𝑄 𝑎2⁄ 𝑏, where μ, Q, a, and b denote the viscosity of the fluid, 

volumetric flow rate of the fluid, channel height, and channel width, respectively. The 

same rolling assay was conducted for (Control “untreated”, CytD-treated or MβCD-
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treated) at wall shear stress (W) of 1 dyn cm-2. For EDTA control, the cells were 

suspended in HBSS containing 10 mM EDTA at 1 dyn cm-2.  

The cell-rolling behaviour was captured by recording transmitted light images of 

the cells that roll on the E/P-selectin-deposited surface of the microfluidic chamber. The 

fluidic chamber was mounted on the stage of an inverted optical microscope (CXK41, 

Olympus) that is equipped with a ×20 phase objective (LCAch N 20X, NA = 0.4 Olympus). 

The transmitted light images were obtained at video rate (30 frames per second) for 80 

s using a microscope illuminator and a CCD camera (XC10, Olympus). The cellSens 

software (Olympus) was used to record the images. 

 

 

 

 

 

 

 

Figure 2.7: Schematic illustration of the in vitro cell-rolling experimental configuration, 

where the KG1a cells in the flow interacting with the surface immobilized selectin with 

controlled orientation.  
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Figure 2.8: Transmitted light image of KG1a cells rolling on the E-selectin-deposited 

surface of the microfluidic chamber. The round-shape objects are individual cells. The 

flow rate of the rolling buffer was 0.608 ml min-1 (W = 1 dyn cm-1). 

 

2.8 Data analysis: 

Each video was analysed using TrackMate-Fiji (Tinevez, Perry et al. 2017), an 

ImageJ plugin. The cells in each frame were localised, and the rolling trajectories of each 

cell were obtained by tracking the localised cells using LAP (Linear Assignment Problem) 

tracker. The displacement trajectories of each of the selected cells over time along Y-

axis (i.e., along the direction of flow) were extracted from the tracking data. A small 

displacement of the cells along X-axis (i.e., perpendicular to the direction of flow) was 

ignored in the analysis. Velocities of individual cells were calculated by dividing the total 

displacements of the rolled cells by the total number of frames during which the cell 

showed continuous rolling behaviour. Mean cell velocities was calculated after applying 

20 um 



50 
 

high selection criteria; only the cells that were detected consecutively in more than 75 

frames (2.5 s) were considered as rolled cells on the E/P-selectin-deposited surface. The 

cells that were detected in less than 75 consecutive frames were considered as passing-

by-cells in the chamber with minimum physical interaction with the surface, and were 

excluded from the analysis. The cells that did not show any displacement (i.e., bound 

tightly to the E/P-selectin-deposited surface) were also excluded from the analysis. 
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Figure 2.9: Example of the analysis of the cell-rolling behaviour. The cells detected in 

less than 75 consecutive frames (shaded region, 23 cells out of 56 cells detected in the 

analysis of total 500 frames (15 s) of transmitted light images) were excluded from the 

analysis. 
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CHAPTER THREE: SUPER-RESOLUTION FLUORESCENCE LOCALIZATION 

MICROSCOPY 

 

3.1 Sample preparation for single-molecule fluorescence imaging 

experiment of Alexa Fluor dyes: 

Glass coverslips were cleaned (described in Chapter 2.1) the traces of water after 

the final sonication step were removed by sonicating the coverslips in acetone for 10 

minutes. The cleaned coverslips were functionalized with 2% 3-

aminopropyltriethoxysilane (Sigma-Aldrich) in acetone, which attached primary amine 

groups to the surface (Fig. 3.1).  The functionalized coverslips were baked at 70°C in an 

oven for 30 minutes, followed by incubating with the Alexa Fluor (AF)-647 NHS ester dye 

(Molecular Probes-Thermo Fisher Scientific) for 30 minutes (Fig. 3.2). The Alexa Fluor 

(AF)-647 dye-conjugated coverslips were blow-dried with air.  

The Alexa Fluor (AF)-647 NHS dye was dissolved in methanol and aliquoted and 

left to dry under vacuum in dark for 30 minutes, and then, stored at -20°C. Before the 

coupling reaction, the dye was dissolved in dimethyl sulfoxide (DMSO) to a 

concentration of 1mg/ml, and the final concentrations of the dye was adjusted to 100 

pM, 1 μM, and 10 μM by serial dilution of the dye with a 100mM bicarbonate buffer (pH 

8.0). 
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Figure 3.1: Schematic illustrations of (a) the surface property of the glass coverslip and 

the structure of 3-aminopropyltriethoxysilane, (b and c) the silanization reaction. (d) 

Shows the structure of AF-647-NHS ester. 

 

Figure 3.2: Amine coupling reaction of AF-647-NHS ester to the primary amine group on 

the functionalized surface. 

 

a b 

c d 
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3.2 Experimental setup for 2D super-resolution fluorescence localization 

microscopy experiments: 

The super-resolution localization microscopy imaging was performed in an 

imaging buffers composed of TN buffer (50 mM Tris (pH 8.0) and 10 mM NaCl), oxygen 

scavenging (OS) system of (0.5 mg ml-1 glucose oxidase (Sigma-Aldrich), 40 μg ml-1 

catalase (Sigma-Aldrich), and 10% (w/v) glucose) with 100 mM β-mercaptoethanol 

(βME) (Sigma-Aldrich) as a reducing reagent (Dempsey, Vaughan et al. 2011). The 

imaging solution was prepared immediately before the imaging experiments. The 

imaging experiments were conducted on a custom-built wide-field illumination 

fluorescence microscope on an inverted optical microscope platform (IX71, Olympus). A 

continuous wave diode laser operating at 638 nm (60 mW, MLD, Cobolt) was introduced 

into the microscope from its backside port through an achromatic convex lens (f = 300 

mm, Thorlabs) that focused the beam at the back aperture of the objective lens (UAPON 

100XOTIRF, ×100, NA = 1.49, Olympus). The samples were illuminated through an 

objective lens with highly inclined thin illumination (HILO) configuration (Tokunaga, 

Imamoto et al. 2008). The illumination depth in our HILO configuration was 

approximately 6 μm. The illumination power at the samples for the imaging experiments 

was set to 3.1 kW cm-2. The illumination area was adjusted to 10 – 15 μm in diameter 

such that only a single cell was illuminated in each image acquisition. The fluorescence 

from the sample was captured by the same objective, separated from the illumination 

light by a dichroic mirror (FF660-Di02-25x36, Semrock), passed an emission bandpass 

filter (FF01-697/58-25, Semrock), and detected by an EMCCD camera (iXon3 897, Andor 

Technology). The fluorescence images were recorded using 150 × 150 pixels region of 

the EMCCD camera with 83 nm pixel size at 10 ms exposure time and 300 EM gain. The 

fluorescence image sequences with 10,000 frames were recorded for the reconstruction 

of super-resolution localization microscopy images. The image acquisition was done 

using Andor iQ3 software. The exposure of the EMCCD camera was synchronized with 
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the sample illumination by the laser using an acousto-optic tuneable filter (AA 

Optoelectronic).  

 

Figure 3.3: Configuration of the super-resolution fluorescence localization microscopy 

imaging setup. 

 

3.3 3D super-resolution fluorescence localization microscopy experiment: 

The three-dimensional (3D) super-resolution imaging experiment was conducted 

using the illumination configuration and buffer condition in the same manner as 2D 

super-resolution imaging experiment. The astigmatism-based super-resolution 

localization microscopy was used for the 3D super-resolution imaging (Huang, Wang et 

al. 2008), (Holtzer, Meckel et al. 2007). A cylindrical lens with focal length of 200 mm 

was inserted in front of the EMCCD camera. The calibration of the z-axis positions was 

done by using TetraSpeck fluorescent microspheres (diameter = 100 nm, Invitrogen) 
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deposited on a cleaned coverslip. The calibration data was recorded at -500 – +500 nm 

with 10-nm step size (Fig. 3.11). The z-axis positions in the acquisition of the calibration 

data were controlled by a piezo nanopositioning stage (APZ-X00 Piezo Z-Stage, Andor). 

The stage drift in z-axis was less than 30 nm during each image acquisition (~ 100 s). 

 

3.4 Characterization of single-molecule fluorescence switching behaviour 

of Alexa fluor-647 dye:  

The photophysical properties of AF-647 dye are key for successful super-resolution 

localization imaging experiment. The structure of the dye is shown in Figure 3.4. A 

temporal control of its fluorescent state (i.e. controlling the on-off switching behaviour 

of the fluorophore) is the key for super-resolution localization imaging. The localization 

accuracy is determined by a number of detected photons in each on-off cycle. 

Therefore, it is important to characterize the switching behaviour of the fluorophores at 

the single-molecule level. I optimized the fluorescence switching behaviour of the AF-

647 dye at the single-molecule level, and I examined the effects of experimental 

conditions on the super-resolution localization imaging (e.g. brightness of the 

fluorescence, background level, and on-time which directly affect the image resolution 

of the SR localization microscopy experiment.  

Using the setup described in Section 3.2, I used as an imaging buffer The TN buffer 

(50 mM Tris +10 mM NaCl). A fluorescence image of individual AF-647 dyes conjugated 

to the coverslip is displayed in Figure 3.5. A typical intensity time trajectory obtained 

from a single AF-647 dye is shown in Figure 3.6. When the buffer was added to the 

sample, most of the molecules showed a fluorescence blinking. Most of the molecules 

transited into to a dark state and the bright state was not recovered (i.e. permanent 

photobleaching).  
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The fluorescence properties of the AF-647 dye are affected once reducing 

reagent added to the imaging buffer. The concentrations of the reducing reagents I used 

were 50, 100, and 143 mM for βME (Sigma-Aldrich) or 5 and 10 mM for 

mercaptoethylamine MEA (Sigma-Aldrich). For these experiments, I prepared the 

samples of AF-647 conjugated coverslips at higher density so that the density of the 

molecule is suitable for the single-molecule imaging experiment. 

 

 

 

 

 

Figure 3.4: Molecular structure of Alexa fluor-647 dye. 

 

Figure 3.5: Fluorescence image of individual AF-647 dyes attached to the glass surface in 

the TN buffer. 
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Figure 3.6: Fluorescence intensity time trajectory of a single AF-647 dye in the TN 

buffer. 

The temporal switching of a single AF-647 dye is shown in (figure 3.7) between a 

bright and a dark state. Such on-off switching of the fluorescence at the single molecule 

level is essential for the successful SR localization microscopy experiment (See chapter 1 

Figure 1.10). Exciting AF-647 into the singlet excited (S1) state, the excited state of the 

AF-647 dye is depopulated by emitting the fluorescence. The S1 state, thus, acts as an 

on-state of the fluorescence. In the presence of a suitable reducing reagent (e.g. βME β-

mercaptoethanol or MEA mercaptoethylamine), the excited state of the AF-647 dye 

transits into a non-fluorescent radical anion state through its triplet state at a certain 

probability (Fig. 3.8). Since the radical anion state is kinetically stable, this state acts as a 

dark state of the fluorescence. The radical anion state is oxidized by molecular oxygen in 

the buffer, and the ground state of the fluorophore is recovered. (Heilemann, van de 

Linde et al. 2009, van de Linde, Krstic et al. 2011). In this study, the redox switching 

shown in Figure 3.8 is used for the temporal control of the fluorescence state of the AF-

647 dye. 
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Figure 3.7: Fluorescence intensity time trajectory of a single AF-647 dye in the imaging 

buffer with the reducing reagent (βME, 100 mM). The molecule shows a reversible 

switching between a fluorescent “on”- and a non-fluorescent “off”-state. 

Figure 3.8: Photoswitching process of AF-647 dye. After the excitation of the 

fluorophore (kexc) into the singlet exited (S1) state, the fluorescence occurs at the rate 

constant of kf, or the S1 state undergoes intersystem crossing into the triplet (T) state at 

the rate constant of kISC. The T state is a short lived state that is either depopulated to 

the ground (S0) state at the rate constant of kISC’, or reduced by thiol (βME or MEA) to 
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form a long lived radical anion (T·-) state at the rate constant of kRED. The T·- state is 

reoxidized by molecular oxygen and the S0 state is recovered at the rate constant of kOX. 

Alternatively, the T·- state is converted into other non-fluorescent species (Heilemann, 

van de Linde et al. 2009). 

The most important parameters that determine the spatial resolution of the SR 

localization microscopy experiments are the fluorescence on-time, fluorescence 

brightness, signal-to-noise (S/N) ratio, and the localization accuracy. The fluorescence 

brightness corresponds to the total number of detected photons in each switching cycle. 

The localization accuracy is determined by the number of photons detected in each 

switching event and the S/N ratio, which is significantly affected by the background 

signal. These parameters can be controlled by the excitation laser power, the exposure 

time for the fluorescence imaging, and the concentration of the reducing reagents. 

The optimum experimental conditions for the SR localization microscopy 

experiments were determined based on the localization accuracy (Fig. 3.9) are; 2.9 kW 

cm-2 illumination laser power, 100 mM βME and 10 or 20 ms exposure times, or 2.9 kW 

cm-2 illumination laser power with 10 mM MEA and 10 ms exposure time. 

Figure 3.9: Frequency histogram of the localization accuracy obtained from individual 

AF-647 dyes in the presence 100 mM βME in TN buffer. Illumination laser power = 2.9 

mW cm-2. Exposure time = 10ms. 

Mean=6 nm 
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Photobleaching of the fluorophores is one of the factors, which affects the quality of 

the SR localization microscopy imaging experiments. I examined the effect of an oxygen 

scavenging (OS) system on the photostability of the AF-647 dye. I used two different OS 

systems; the mixture of glucose oxidase, catalase, and glucose (GOCAT) and the mixture 

of 6 mM protocatechuic acid (PCA) (Sigma-Aldrich), 60 nM protocatechuate-3,4-

dioxygenase (PCD) (Sigma-Aldrich), and 2 mM Trolox (vitamin E analog)  (Acros 

Organics). I added these OS systems to the imaging buffer containing the reducing 

reagent (either βME or MEA). The OS systems have been used to prolong the 

observation of the fluorescence emission signal from a single molecule while minimizing 

photobleaching (i.e. oxidation) (Aitken, Marshall et al. 2008).  

The addition of the OS systems to the imaging buffer maintained the fluorescent 

stability of AF-647 (Dempsey, Vaughan et al. 2011). Figure 3.10 shows the number of the 

fluorescence spots obtained from individual AF-647 dyes in each image. Comparing 

GOCAT to PCD/PCA systems showed insignificant difference of the photostability of the 

AF-647, one observation in the PCD/PCA system where the lower number of spots at the 

beginning of acquiring so we decided to use the best OS mixture with the highest 

observed photostability of the AF-647 dye which was in the case of GOCAT with βME. 
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Figure 3.10: Average number of the fluorescence spots obtained from individual AF-647 dyes in 

each image. 

 

 

3.5 Analysis of 2D and 3D super-resolution fluorescence localization 

microscopy images: 

 The super-resolution images were reconstructed by using either a custom-

written MATLAB (MathWorks) code or Localizer software (Dedecker, Duwe et al. 2012). 

In the 2D super-resolution imaging experiment, the xy-positions of the AF-647 

molecules were determined by 2D Gaussian fitting of the single-molecule fluorescence 

images obtained from the samples. We removed fluorescence spots whose width is 

significantly larger (> 200 nm) than the point spread function (PSF) of the optical system 

(~ 130 nm, PSF was experimentally determined by measuring fluorescence images of AF-

647 dye conjugated to coverslips and fitted the images with 2D Gaussian functions) from 

the analysis. The effect of the stage drift in xy-plane was corrected by reconstructing the 

sub-images using 5,000 localizations. In the 3D super-resolution imaging, the calibration 
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data recorded every 10 nm along the z-axis were fitted to elliptical 2D Gaussian 

functions (Fig. 3.11). The z-position-dependent spot widths along the x- and y-axes were 

fitted to polynomial functions to obtain the calibration curves (Fig. 3.11). Our 

experimental configurations allow for the determination of z-axis positions of the 

fluorescent molecules in the ±500 nm range. 

 

Figure 3.11: Calibration for the astigmatism-based 3D super-resolution localization 

microscopy. Fluorescence images of TetraSpeck fluorescent microspheres (diameter = 

100 nm) measured at the different z-axis positions (in the range of ±500 nm) (top) and 

the z-position-dependent widths (standard deviations of Gaussian along x- and y-axis) of 

the fluorescence images obtained from the TetraSpeck fluorescent microspheres 

(bottom). 
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3.6 Evaluation of the super-resolution fluorescence localization 

microscopy:  

Based on the photophysical properties of AF-647 characterized in section (3.4), I 

evaluated the image resolution of reconstructed microscopy localization images to 

visualize the microtubules filamentous network inside eukaryotic cells since the 

microtubules have a well-defined structure with the diameter of 20-25 nm, this 

structure is suitable to examine the image resolution of reconstructed SR images (Bates, 

Huang et al. 2007). The microtubules were labeled with the primary monoclonal anti-α-

tubulin antibody (Sigma-Aldrich) and AF-647 conjugated goat anti-mouse secondary 

antibody (Invitrogen). The SR localization microscopy imaging experiment was 

performed using the setup detailed in Section 3.2 in the imaging buffer containing the 

OS systems (GOCAT or PCD) and the reducing reagents (βME or MEA). Samples were 

illuminated highly inclined thin illumination (HILO) configuration, the illumination power 

at the samples for the imaging experiments was set to 2.5 kW cm-2, the fluorescence 

images were recorded with 140 × 140 pixels region of the EMCCD camera with 100 nm 

pixel size. The fluorescence image sequences with 10,000 frames were recorded with 10 

ms or 20 ms exposure times and 300 EM gain. The image acquisition was done using 

Andor iQ2 software. 

An auto-fluorescence of HeLa cells upon illumination by the 638 nm line of the 

excitation laser was examined. The autofluorescence might give a fluorescence 

background, which lowers the S/N ratio of the imaging experiment, leading to the 

decrease of the spatial resolution in the reconstructed SR localization microscopy 

images. Figure 3.12 shows a bright field and a fluorescence image of a HeLa cell. The 

background fluorescence obtained in this experimental condition was approximately 

200 counts, slightly higher than that observed for the coverslip sample 110 counts (Fig.  

3.13). The maximum image resolution than can be achieved with this experimental 

condition is 20 nm (Fig. 3.14). 
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Figure 3.12: Bright-field images of a HeLa cell. 

 

 

Figure 3.13: Examples of the fluorescence images of individual AF-647 dyes conjugated 

antibodies to the microtubules in a HeLa cell acquired during the super-resolution (SR) 

localization microscopy imaging experiment. The fluorescence images were recorded 

upon excitation at 638 nm at HILO configuration illumination. 
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Figure 3.14: Frequency histogram of the localization accuracy obtained from individual 

AF-647 dyes conjugated to the microtubules in a HeLa cell. 

 

The localization accuracy and the final image resolution in the SR localization 

microscopy imaging experiment are affected by many factors. Although 

autofluorescence from the cell was not very high, better localization accuracy was 

obtained for the AF-647 dyes conjugated to the coverslips. This is due to the higher 

background fluorescence (i.e. autofluorescnece) of the HeLa cell sample. 

The labeling density is one of the factors. If the target molecule is not efficiently 

labeled, the nanoscale structures will not be accurately observed in the reconstructed 

super-resolution image. On the other hand, too high labeling density is not desired 

because most of the fluorescent probes will not be effectively maintained in the dark 

sate.  As a result, the localization accuracy could be affected by the presence of multiple 

adjacent fluorophores in the on state. Moreover, non-specific binding of the secondary 

antibodies conjugated to the AF-647 dyes and dissociation of the antibodies into the 

Mean=20.1 nm 

(nm) 
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imaging buffer affect the localization accuracy. Therefore, the imaging conditions were 

carefully optimized so that we have high localization accuracy, faster switching rates, 

enough density of fluorescent spots, and less background from the solution phase, to 

obtain maximum image and temporal resolution in the SR localization microscopy 

imaging. 

By optimizing those parameters, I was able to obtain a super-resolution image of 

the microtubules in the HeLa cell shown in Figure 3.15. In this image, the width of the 

microtubules is approximately 60 nm in diameter. In this experiment, the microtubules 

were fluorescently labeled by immunolabeling using the combination of the primary and 

the fluorescently tagged secondary antibodies. Due to the labeling method, the 

diameter of the labeled microtubule filaments is enlarged to approximately 60 nm 

(Weber, Rathke et al. 1978). The 20 nm localization accuracy together with the accurate 

visualization of the 60 nm filamental structure suggests that the image resolution in the 

reconstructed super-resolution image is approximately 20 nm. The reconstructed 3D SR 

image of microtubules in HeLa cells also showed filamental structures with 

approximately 60 nm in diameter (Fig. 3.16). The result suggests that the spatial 

resolution of 3D SR imaging experiment is similar to that in 2D SR imaging experiment. 

 

Figure 3.15: Conventional immunofluorescence image of microtubules (left) super-

resolution (SR) localization microscopy images for the same area (right). 
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Figure 3.16: 3D super-resolution (SR) localization microscopy images of microtubules in 

HeLa cells. The color bars show the z-axis positions of microtubules. 

 

The cluster sizes of CD44, CD43 and PSGL-1 on the control, MβCD-treated, CytD-

treated cells and rolled cells were characterized by Ripley’s K function (K(r)), (Malkusch, 

Muranyi et al. 2013), (Owen, Rentero et al. 2010) 

𝐾(𝑟) =
1

𝑛
∑ ∑

𝑁𝑟(𝑑𝑖𝑗)

𝜆𝑗𝑖  , (5) 

Where n, dij, Nr, and λ denote the total number of localizations within the 

cropped area, the distance between two localizations i and j, the number of localizations 

around localization i within the distance j, and weighting factor correcting for the 

cropped area, respectively. r is the spatial scale (radius) for the Ripley’s K-function 

calculation. We selected cropped areas (typically 2 μm × 2μm) away from the edge ofthe 

images in the clustering analysis to avoid artefacts. We used a linearized form of Ripley’s 

K function (L(r)), (Malkusch, Muranyi et al. 2013), (Owen, Rentero et al. 2010): 
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𝐿(𝑟) = √
𝐾(𝑟)

𝜋
.                                                                                                             (6) 

Since L(r) = r for a random distribution, we plot a normalized function L(r) - r against r. If 

the selectin ligands distribute randomly on the cell surface, L(r) - r = 0 for all r. If they are 

spatially more clustered than would be expected for a random distribution, L(r) - r is 

positive. The maximum L(r) - r is a measure of cluster size, which lies between the radius 

and the diameter of the cluster.  

 

Figure 3.17: Example of Ripley’s K function analysis. A reconstructed super-resolution 

localization microscopy image of PSGL-1 on a KG1a cell (left, see Chapter 4 section 4.2.5 

for details) was analysed by Ripley’s K function. The analysis was conducted on the 

cropped region highlighted in yellow. The calculated normalized Ripley’s K function 

(right) shows a peak at around r = 120 nm, which corresponds to the cluster size of 

PSGL-1 molecules on the cell. 
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3.7 Two-color super-resolution fluorescence localization microscopy: 

The two-color super-resolution imaging was conducted using the same wide-

field illumination fluorescence microscope described in Section 3.2. Two continuous-

wave diode lasers operating at 638 nm (60 mW, MLD, Cobolt) and 488 nm (60 mW, 

MLD, Cobolt) were coaxially introduced into the microscope from its backside port 

through an achromatic convex lens (f = 300 mm, Thorlabs) that focused the beams at 

the back aperture of the objective lens (UAPON 100XOTIRF, ×100, NA = 1.49, Olympus). 

The samples were illuminated through an objective lens with highly inclined thin 

illumination (HILO) configuration. The illumination power at the samples for the imaging 

experiments was set to 3.1 kW cm-2 for the 638-nm laser and 4.8 kW cm-2 for the 488-

nm laser. The illumination area was adjusted to 10 – 15 μm in diameter such that only a 

single cell was illuminated in each image acquisition. The fluorescence from the sample 

was captured by the same objective, separated from the illumination light by a multi 

band dichroic mirror (Di03- 405/488/561/635-t1-25x36, Semrock), passed through a 

TuCam two-camera adaptor (Andor Technology) equipped with a filter cassette 

containing a dichroic mirror (FF635-Di01-25x36, Semrock) to separate the emission 

beams into two, first emission bandpass filter (FF01-697/58-25, Semrock), and detected 

by an the first EMCCD camera (iXon3 897, Andor Technology), and second emission 

bandpass filter (FF01-540/50-25, Semrock), and detected by the second EMCDD camera 

(iXon3 897, Andor Technology) (Fig. 3.18). The fluorescence images were recorded using 

150 × 150 pixels region of the two synchronized EMCCD cameras with 83 nm pixel size 

at 10 ms exposure time. The fluorescence image sequences with 10,000, 20,000 or 

30,000 frames were recorded for the reconstruction of super-resolution localization 

microscopy images. The image acquisition was done using Andor iQ3 software. The 

exposure of the EMCCD camera was synchronized with the sample illumination by the 

laser using an acousto-optic tuneable filter (AA Optoelectronic). 
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Figure 3.18: Configuration of two-color super-resolution localization microscopy filter 

sets inside TuCam two cameras imaging adaptor. The bottom panels show UV-vis 

absorption and fluorescence spectra of AF-488 and AF-647 dyes used in the two-color 

imaging experiment. (adopted from Andor). 
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TetraSpeck microspheres (diameter = 100 nm, Invitrogen) deposited on a 

cleaned coverslip was used to calibrate the shift between the two channels. 

Fluorescence images of the TetraSpeck microspheres were recorded simultaneously on 

both cameras, using the two-color imaging configuration described above. Mapping the 

positions from the second channel was used as a reference to correct the related 

positions for each spot position in the first channel. A registration map was created, and 

then applied to correct the images of cell sample recorded in the second channel. The 

calibration of the image shift was conducted using the localizer software (Fig. 3.19). 

 

Figure 3.19: Example of the image-shift calibration using TetraSpeck microspheres. 

Fluorescence images of the TetraSpeck microspheres were recorded on the two 

cameras and localized by 2D Gaussian fitting. The localized positions on the first camera 

(Channel 2, blue crosses) were used to correct the image shift on the second camera 

(Channel 1, red crosses). The corrected localized positions of the TetraSpeck 

microspheres in Channel 1 (open circles) displays a good co-localizations to the 

corresponding positions of the microspheres in Channel 2. The registration map for this 

correction was applied to two-color images obtained from cell samples.  
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3.8 Immunolabeling of cells:  

The cleaned coverslip was attached to the bottom sticky-slide VI 0.4, then coated 

with poly-L-ornithine hydrobromide (Sigma-Aldrich) for two hours at 37 °C. 

Immunolabeling of the cells was conducted in suspension. The control or CytD-treated 

or MβCD-treated KG1a cells (106 cell ml-1) were fixed in 3 % (w/v) paraformaldehyde 

(Electron Microscopy Sciences) and 0.2 % (w/v) glutaraldehyde (Electron Microscopy 

Sciences) in HBSS for 20 min at room temperature. After blocking the with 10 % goat 

serum (Sigma-Aldrich) in HBSS buffer for 40 min at 37 °C, the fixed cells were incubated 

with either 15 μg ml-1 purified mouse anti-human CD44 antibody (clone 515, BD 

Pharmingen) diluted in 2 % bovine serum albumin (BSA, Sigma-Aldrich) or 15 μg ml-1 

purified mouse anti-human CD43 antibody (clone 1G10 , BD Pharmingen) diluted in 2 % 

bovine serum albumin (BSA, Sigma-Aldrich) or 15 μg ml-1 purified mouse anti-human 

PSGL-1 antibody (clone KPL-1, BD Pharmingen) diluted in 2 % bovine serum albumin 

(BSA, Sigma-Aldrich) in HBSS for 40 min at 37 °C, followed by 5 μg ml-1 AF-647 

conjugated goat anti-mouse secondary antibody (Invitrogen) diluted in 2 % BSA in HBSS 

for 40 min at 37 °C for each sample. Finally to prevent the antibodies from dissociation, 

the cells were fixed again in 3 % (w/v) paraformaldehyde (Electron Microscopy Sciences) 

and 0.2 % (w/v) glutaraldehyde (Electron Microscopy Sciences) in HBSS for 10 min at 

room temperature. Then the cells were mounted to the poly-L-ornithine hydrobromide 

coated microfluidic channel and incubated at 4 °C in dark for overnight (Fig. 3.20).  

 

 

Figure 3.20: Schematic figure illustrating 

mounting KG1a cells to the poly-L-ornithine 

hydrobromide coated microfluidic chamber. 
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3.9 Immunolabeling of the cells inside the flow through chamber: 

 For the immunolabeling of the KG1a cells rolled on the E-selectin surface, the 

cells were perfused into the microfluidic chamber whose surface was coated by the 

recombinant human E-selectin (surface density of E-selectin: 3.6 molecules μm-2) in a 

manner similar to the cell-rolling assay (described in detail in Chapter 2) at a constant 

wall shear stress of 1 dyn cm-2 for 90 s (Fig. 3.21). After the cell rolling, a fixation 

solution of 3 % (w/v) paraformaldehyde and 0.2 % (w/v) glutaraldehyde in HBSS was 

auto-perfused at 1 dyn cm-2 for 3 min to arrest and fix the cells inside the chamber. This 

was followed by 17-min incubation of the cells in the fixation solution to completely 

freeze the mobility of cell membranes and membrane proteins. After blocking with 10 % 

goat serum (Sigma-Aldrich) for 40 min at 37 °C, the fixed cells in the fluidic chamber 

were incubated with either 15 μg ml-1 purified mouse anti-human CD44 antibody (clone 

515, BD Pharmingen) diluted in 2 % bovine serum albumin (BSA, Sigma-Aldrich) or 15 μg 

ml-1 purified mouse anti-human CD43 antibody (clone 1G10 , BD Pharmingen) diluted in 

2 % bovine serum albumin (BSA, Sigma-Aldrich) or 15 μg ml-1 purified mouse anti-human 

PSGL-1 antibody (clone KPL-1, BD Pharmingen) diluted in 2 % bovine serum albumin 

(BSA, Sigma-Aldrich) in HBSS for 40 min at 37 °C, followed by 5 μg ml-1 AF-647 

conjugated goat anti-mouse secondary antibody (Invitrogen) diluted in 2 % BSA in HBSS 

for 40 min at 37 °C for each sample. Finally to prevent the antibodies from dissociation, 

the cells were fixed again in 3 % (w/v) paraformaldehyde (Electron Microscopy Sciences) 

and 0.2 % (w/v) glutaraldehyde (Electron Microscopy Sciences) in HBSS for 10 min at 

room temperature. The HBSS was exchanged with the imaging buffer for the super-

resolution fluorescence imaging experiment described in Section 3.2 immediately 

before image acquisition.  
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Figure 3.21: Schematic illustration of the experimental configuration for the super-

resolution fluorescence localization microscopy imaging of E-selectin ligands on KG1a 

cells rolled on E-selectins. 

 

3.10 Immunolabeling of two-color sample 

3.10.1 Immunolabeling of two selectin ligands: 

The cleaned coverslip was attached to the bottom sticky-slide VI 0.4, then coated 

with poly-L-ornithine hydrobromide (Sigma-Aldrich) for two hours at 37 °C. 

Immunolabeling of two selectin ligands (e.g. CD43 and CD44, or PSGL-1 and CD44) on 

the KG1a cells was conducted in suspension. Two tubes of KG1a cells (106 cell ml-1) in 

suspension were fixed in 3 % (w/v) paraformaldehyde (Electron Microscopy Sciences) 

and 0.2 % (w/v) glutaraldehyde (Electron Microscopy Sciences) in HBSS for 20 min at 

room temperature. After blocking with 10 % goat serum (Sigma-Aldrich) for 40 min at 37 

°C, the fixed cells were incubated with either 15 μg ml-1 purified mouse anti-human 

CD43 antibody (clone 1G10 , BD Pharmingen) diluted in 2 % bovine serum albumin (BSA, 
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Sigma-Aldrich) or 15 μg ml-1 purified mouse anti-human PSGL-1 antibody (clone KPL-1, 

BD Pharmingen) diluted in 2 % bovine serum albumin (BSA, Sigma-Aldrich) in HBSS for 

40 min at 37 °C, followed by incubation in a mixture of two antibodies; 5 μg ml-1 AF-488 

conjugated goat anti-mouse secondary antibody (Invitrogen) and 20 μg ml-1 AF-647 rat 

anti-human CD44 (clone-IM7, BioLegend) diluted in 2 % bovine serum albumin (BSA, 

Sigma-Aldrich) in HBSS for 40 min at 37 °C for each sample. Finally to prevent the 

antibodies from dissociation, the cells were fixed again in 3 % (w/v) paraformaldehyde 

(Electron Microscopy Sciences) and 0.2 % (w/v) glutaraldehyde (Electron Microscopy 

Sciences) in HBSS for 10 min at room temperature. Then the cells were mounted to the 

poly-L-ornithine hydrobromide coated microfluidic channel and incubated at 4 °C in dark 

for overnight. The two-ligands immunolabeling of the cells inside the fluidic chamber 

after the cell rolling was conducted in a manner similar to the procedure described in 

Section 3.9.  

 

3.10.2 Selectin ligand-lipid raft labeling: 

The cleaned coverslip was attached to the bottom sticky-slide VI 0.4, then coated 

with poly-L-ornithine hydrobromide (Sigma-Aldrich) for two hours at 37 °C. 

Immunolabeling of the selectin ligands (CD44, CD43, or PSGL-1) and lipid rafts on the 

KG1a cells was conducted in suspension. Three tubes of KG1a cells (106 cell mll-1) in 

suspension were fixed in 3 % (w/v) paraformaldehyde (Electron Microscopy Sciences) 

and 0.2 % (w/v) glutaraldehyde (Electron Microscopy Sciences) in HBSS for 20 min at 

room temperature. The fixed cells were labeled with AF-488 choleratoxin-B subunit (AF 

488-CtxB, Molecular Probes -Thermo Fisher Scientific), which binds to GM1 gangliosides 

localised in lipid rafts (Kuziemko, Stroh et al. 1996) on the surface of KG1a cells, at 10 μg 

ml-1 with 1 % bovine serum albumin (BSA, Sigma-Aldrich) in PBS for 1 hour at room 

temperature. After blocking with 10 % goat serum (Sigma-Aldrich) for 40 min at 37 °C, 

the cells were incubated with either 15 μg ml-1 purified mouse anti-human CD44 
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antibody (clone 515, BD Pharmingen) diluted in 2 % bovine serum albumin (BSA, Sigma-

Aldrich) or 15 μg ml-1 purified mouse anti-human CD43 antibody (clone 1G10 , BD 

Pharmingen) diluted in 2 % bovine serum albumin (BSA, Sigma-Aldrich) or 15 μg ml-1 

purified mouse anti-human PSGL-1 antibody (clone KPL-1, BD Pharmingen) diluted in 2 

% bovine serum albumin (BSA, Sigma-Aldrich) in HBSS for 40 min at 37 °C for each cell 

suspension tube, followed by 5 μg ml-1 AF-647 conjugated goat anti-mouse secondary 

antibody (Invitrogen) diluted in 2 % BSA in HBSS for 40 min at 37 °C for each sample. 

Then the cells were fixed again in 3 % (w/v) paraformaldehyde (Electron Microscopy 

Sciences) and 0.2 % (w/v) glutaraldehyde (Electron Microscopy Sciences) in HBSS for 10 

min at room temperature. Finally the cells were mounted to the poly-L-ornithine 

hydrobromide coated microfluidic chamber and incubated at 4 °C in dark for overnight. 

The two-colour ligand-lipid rafts immunolabeling of the cells inside the fluidic chamber 

after the cell rolling was conducted in a manner similar to the procedure described in 

Section 3.9.  

 

3.10.3 Selectin ligand-actin cytoskeleton labeling: 

The cleaned coverslip was attached to the bottom sticky-slide VI 0.4, then coated 

with poly-L-ornithine hydrobromide (Sigma-Aldrich) for two hours at 37 °C. 

Immunolabeling of the selectin ligands (CD44, CD43, or PSGL-1) and actin cytoskeleton 

on the KG1a cells was conducted in suspension. Three tubes of KG1a cells (106 cell ml-1) 

in suspension were fixed in 3 % (w/v) paraformaldehyde (Electron Microscopy Sciences) 

and 0.2 % (w/v) glutaraldehyde (Electron Microscopy Sciences) in HBSS for 20 min at 

room temperature. The fixed cells were blocked with 10 % goat serum (Sigma-Aldrich) 

for 40 min at 37 °C. Then the cells were incubated with either 15 μg ml-1 purified mouse 

anti-human CD44 antibody (clone 515, BD Pharmingen) diluted in 2 % bovine serum 

albumin (BSA, Sigma-Aldrich) or 15 μg ml-1 purified mouse anti-human CD43 antibody 

(clone 1G10 , BD Pharmingen) diluted in 2 % bovine serum albumin (BSA, Sigma-Aldrich) 
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or 15 μg ml-1 purified mouse anti-human PSGL-1 antibody (clone KPL-1, BD Pharmingen) 

diluted in 2 % bovine serum albumin (BSA, Sigma-Aldrich) in HBSS for 40 min at 37 °C, , 

followed by 5 μg ml-1 AF-647 conjugated goat anti-mouse secondary antibody 

(Invitrogen) diluted in 2 % BSA in HBSS for 40 min at 37 °C for each sample. The 

immunolabeled cells were fixed again in 3 % (w/v) paraformaldehyde (Electron 

Microscopy Sciences) and 0.2 % (w/v) glutaraldehyde (Electron Microscopy Sciences) in 

HBSS for 10 min at room temperature. The cells were then permeabilized in 0.1 % Triton 

X-100 (Sigma-Aldrich) in cytoskeleton buffer (10 mM MES pH 6.1, 150 mM NaCl, 5 mM 

EGTA, 5 mM glucose, and 5 mM MgCl2) for 10 min at room temperature. The 

permeabilized cells were labeled for actin cytoskeleton with freshly prepared 0.5 μM AF-

488 phalloidin (Molecular Probes-Thermo Fisher Scientific) diluted from a stock solution 

of 6.6 μM AF-488 phalloidin, with 1 % bovine serum albumin (BSA, Sigma-Aldrich) in 

cytoskeleton buffer for 1 hour at room temperature. Then the cells were fixed again in 3 

% (w/v) paraformaldehyde (Electron Microscopy Sciences) and 0.2 % (w/v) 

glutaraldehyde (Electron Microscopy Sciences) in HBSS for 10 min at room temperature. 

Finally the cells were mounted to the poly-L-ornithine hydrobromide coated microfluidic 

chamber and incubated at 4 °C in dark for overnight. The two-colour ligand-actin 

cytoskeleton immunolabeling of the cells inside the fluidic chamber after the cell rolling 

was conducted in a manner similar to the procedure described in Section 3.9. 

 

3.11 Confocal fluorescence microscopy: 

 Confocal fluorescence images of CD44 was conducted using ZEISS LSM710 

confocal microscope equipped with alpha Plan-Apochromat ×100, NA = 1.46 Oil 

objective  (ZEISS), upon excitation with 633 nm HeNe-laser, emission from sample was 

detected using photomultiplier tube PMT (Hamamatsu). Fluorescent images acquisition 

was done using ZEISS ZEN 2009 software.  
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3.12 Flow cytometry: 

 Binding specificity of the mouse anti-human CD44 antibody (IgG1κ, clone 515) and 

anti-human PSGL-1 antibody (IgG1κ, clone KPL-1), which were used for the super-

resolution imaging experiments, to CD44 and PSGL-1 on KG1a cells was evaluated by 

flow cytometry. KG1a cells (106 cells ml-1) were incubated with either 10 μg ml-1 anti-

human CD44 antibody, 10 μg ml-1 anti-human PSGL-1 antibody, or 10 μg ml-1 purified 

mouse IgG1κ isotype (BioLegend) in HBSS at 4 oC for 30 min. Subsequently, the KG1a 

cells were incubated with AF-488-conjugated goat anti-mouse antibody (IgG, 5 μg ml-1, 

Invitrogen) in HBSS at 4o C for 20 min. For the secondary antibody control, KG1a cells 

(106 cells ml-1) were incubated with 5 μg ml-1 AF-488-conjugated goat anti-mouse 

antibody in HBSS at 4o C for 20 min.  

To assess the expression level of CD44 and PSGL-1 on the surface of KG1a cells, Cyt-

D treated cells, MβCD treated cells, and control cells were fixed with 1 % 

paraformaldehyde in HBSS for 20 min at room temperature, and incubated with either 

10 μg ml-1 mouse anti-human CD44 antibody (IgG1κ, clone 515) or 10 μg ml-1 mouse 

anti-human PSGL-1 antibody (IgG1κ, clone KPL-1) in HBSS at 4o C for 30 min. The cells 

were then incubated with 5 μg ml-1 AF-488-conjugated goat anti-mouse antibody in 

HBSS at 4 o C for 20 min. The fluorescence intensity was determined using FACSCanto 

flow cytometer (Beckman Dickenson). 
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Figure 3.22: Schematic illustration of Fluorescence-activated cell sorting applied in flow 

cytometer. 
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CHAPTER FOUR: CELL-ROLLING INDUCED NANOSCALE REORGANIZATION 

OF THE CLUSTERING BEHAVIOUR OF E-SELECTIN LIGANDS 

 The recent development of super-resolution fluorescence imaging techniques 

has provided a new tool for direct visualization of extracellular membrane structures as 

well as sub-cellular structures. Often the spatial distribution of membrane proteins like 

ligands and receptors is involved in many cellular interaction and signaling that are the 

key to many biological crucial events. 

 The homing of HSPCs to the bone marrow is a multistep process that is initiated 

by the tethering and rolling of hematopoietic stem/progenitor stem cells (HSPCs) to the 

endothelium mediated by the binding of E/P-selectin expressed on the blood vessel 

endothelium to selectin ligands expressed on HSPCs. While biochemical properties of 

selectin ligands have been extensively studied, spatiotemporal behaviours of the 

selectin ligands during the tethering and rolling of HSPCs, and therefore, the detailed 

nanoscale molecular mechanisms of the selectin-ligands interaction in this step of the 

homing have not been understood well. 

 In this study, I examined the nanoscale structural organization of the well-known 

E-selectin ligands, CD44/HCELL, CD43, and PSGL-1, which are expressed on the surface 

of hematopoietic stem/progenitor stem cells. In particular, I focused on the effect of the 

tethering and rolling of HSPCs on the nanoscale clustering behaviour of the selectin 

ligands. 
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4.1 Macroscopic cell-rolling behaviour on E/P-selectins under shear force: 

4.1.1 Deposition of recombinant E/P-selectins: 

Macroscopic cell rolling behaviour on selectins was characterized by in vitro cell-

rolling assay described in Chapter 2. I deposited recombinant E/P-selectin on the surface 

of microfluidic chamber by stepwise deposition of protein A and recombinant E/P 

selectins (See Chapter 2 for detail). Figure 4.1 shows surface density of E-selectin (Fig. 

4.1-a) and P-selectin (Fig. 4.1-b) on the protein A-deposited microfluidic chamber 

plotted against the concentration of the E/P-selectins in the solution. The surface 

density of selectins increased with increasing the concentration of the selectins in the 

solution. The concentration dependent surface densities observed for both E- and P-

selectin were interpreted by a simple Langmuir adsorption model while E- and P-selectin 

exhibited distinct concentration dependent surface density. These experiments 

confirmed that appropriate ranges of the surface E/P-selectins density (0.7 - 5.8 

molecules μm-2 for E-selectin and 7.7 - 10.86 molecules μm-2 for P-selectin) required for 

cell rolling (see Fig. 4.1) can be obtained by incubating the chambers with the 

recombinant E- and P-selectin at the concentration ranges of 0.1 – 0.5 µg ml-1 for E-

selectin and 0.5 –5 µg ml-1 for P-selectin. 

The method used in this study allows the deposition of the recombinant E/P-

selectins with a controlled orientation (i.e., the selectins are tethered to the surface at 

the C-terminus and the N-terminal lectin domain is exposed to the surface), which is 

similar to the orientation of E/P-selectins on a cell surface. This is in contrast to previous 

in vitro cell-rolling studies using surface-deposited selectins that were often conducted 

by the direct deposition of recombinant selectins to a substrate. Since the large 

distances between the C-terminus transmembrane domain and the N-terminus lectin 

domain (that binds to selectin ligands) in selectins are believed to play an important role 

in their efficient binding to selectin ligands, the deposition of E/P-selectins on the 

surface with the controlled orientation should be one of the important prerequisites to 

mimic in vivo cell-rolling behaviours that are mediated by selectin-ligands interactions.  
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Figure 4.1 suggests that the surface density of E/P-selectins can be modified 

while their orientation on the surface is maintained.  

Figure 4.1: Surface density of (a) E-selectin and (b) P-selectin on the protein A-deposited 

microfluidic chamber determined by immunofluorescence imaging. The surface 

densities are plotted against the concentration of E/P-selectins in the solution. The red 

lines show the fitting of the data with Langmuir adsorption model, where the surface 

density (Q) is described by the concentration of the molecule in the solution ([C]) and 

b 

E-selectin Concentration (μg ml-

1) 

a 
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the adsorption constant (Kad), 𝑄 ∝ 𝐾𝑎𝑑 ⋅ [𝐶] (1 + 𝐾𝑎𝑑 ⋅ [𝐶])⁄ . The error bars represent 

standard deviation of five independent experiments. 

 

4.1.2 Characterization of cell-rolling behaviour on E/P-selectins: 

In this study, I used KG1a cells; human leukemic progenitor cell line, as a working 

model of HSPCs. To examine the rolling behaviour of KG1a cell on the selectin-deposited 

surface, I perfused KG1a cells at physiologically relevant shear stresses (0.25 – 4 dyn cm-

2) over the deposited E-selectins while the surface density of E-selectin was fixed to 3.5 

molecules μm-2. I calculated number of cells bound to the surface (Fig. 4.2) and velocity 

of cell rolling on the surface (Fig. 4.3) from the raw video. Figure 4.2 shows that the 

number of KG1a cells bound and rolled on the E-selectin surface decreases with 

increasing the shear stress acting on the KG1a cells. Figure 4.3 shows that the rolling 

velocity of the KG1a cells increased with increasing the shear stress exerted on the cells. 

The shear stress dependent rolling behaviours are summarized in Figure 4.4. The binding 

of the KG1a cells to the surface E-selectins was completely eliminated when 10 mM 

EDTA was added to the buffer to deplete Ca2+ and block the E-selectin-ligands 

interaction. The rolling behaviours of KG1a cells on selectin surface were also 

investigated at a constant shear stress with different surface density of selectins. I 

perfused KG1a cells at physiologically relevant shear stresses (1 dyn cm-2) over the 

deposited E/P-selectins while controlling the surface density of selectins between 2 - 6 

molecules μm-2 for E-selectin and 7 - 11 molecules μm-2 for P-selectin (Fig. 4.5). The 

KG1a cells displayed selectin density dependent rolling behaviour (i.e., slower rolling 

velocity and larger number of the surface-bound cells at higher density of selectins). 

Although both E-selectin and P-selectin support the tethering and rolling of KG1a cells, 

the KG1a cells showed faster rolling velocity and lower binding efficiency (i.e., smaller 

number of bound cells). These results are consistent with previous observations (i.e., P-

selectin supports faster rolling of the cells and E-selectin supports slower rolling of the 
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cells) (Lawrence and Springer 1993). Overall, these observations were consistent with 

studies documenting the in vitro rolling behaviour of hematopoietic progenitor and 

leukocyte cells and confirmed that our microfluidics-based in vitro cell-rolling assay can 

mimic the cell rolling behaviour under physiologically relevant conditions. 

 

Figure 4.2: Transmitted microscopy images of KG1a cells rolling on the E-selectin 

surface. The cells were perfused into the flow-through chamber at wall shear stress of 

(a) 0.25, (b) 0.5, (c) 1.0, (d) 2.0, and (e) 4.0 dyn cm-2. The surface density of the 

recombinant E-selectin was fixed to 3.5 molecules µm-2 for all the experiments. (f) 

Transmitted microscopy images of KG1a cells perfused into the flow-through chamber 
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at the wall shear stress of 1 dyn cm-2 and at the surface density of E-selectin of 3.5 

molecules µm-2. 10 mM EDTA was added to the buffer. All the cells in these images gave 

a streaked appearance due to fast velocity, confirming negligible tethering and rolling of 

the cells happening in the presence of EDTA. 

 

Figure 4.3: Transmitted microscopy stack of 500 images of KG1a cells rolling on the E-

selectin surface, videos were acquired for 15 s. The surface density of E-selectin was 3.5 

molecules µm-2 for all the experiments.  

 

Figure 4.4: Wall-shear-stress-dependent rolling velocity of KG1a cell (blue) and number 

of the bound cells to the E-selectin surface (red). Error bars indicate standard deviations 

of six different fields of view. 
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Figure 4.5: Selectin-density-dependent rolling velocity of KG1a cell (blue) and number of 

the bound cells to the selectin surface (red); (a) E-selectin and (b) P-selectin surface. 

Error bars indicate standard deviations of six different field of views for E-selectin and 

four different fields of view for P-selectin. 

b

a 
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4.2 Nanoscale reorganization of the clustering behaviour of selectin 

ligands during the cell rolling on selectins: 

 Here I used a combination of the microfluidics-based in vitro cell-rolling assay 

and SR localization microscopy to directly visualize and characterize the nanoscopic 

distribution of the homing molecules on a cell membrane that governs the cellular 

interaction between endothelium expressing E-selectin and HSPC expressing selectin 

ligands. Especially I focused on the effect of the cell rolling on the selectin surface on 

nanoscopic structural reorganization of selectin ligands.  

Previous studies using confocal fluorescence imaging indicated that the E-selectin ligand 

CD44/HCELL, CD43, and PSGL-1 move upon chemokine activation to the uropod. (Shao, 

Yago et al. 2015) or in another study an increase of the footprint of cell rolling was 

observed after rolling on selectin (Sundd, Gutierrez et al. 2010).  The relationship 

between the nanoscopic ligand-receptor interactions and the macroscopic cell rolling 

behaviours remains elusive. (For more details about the in vitro cell-rolling assay 

combined with SR localization see chapter 3). In this study I characterized nanoscale 

spatial distributions of three well-known selectin ligands expressed on KG1a cells, CD44, 

CD43 and PSGL-1.   

  

4.2.1 Depth of the field in the SR localization microscopy experiments: 

 The SR images were reconstructed using CD43, CD44, and PSGL-1 molecules 

located within one micrometre from the surface. The thickness of the beam with our 

HILO configuration (NA of the objective = 1.49, illumination area = 10 – 15 μm in 

diameter) is estimated to be approximately 6 μm. Therefore, we detected the 

fluorescence spots of single AF-647 dyes located at different positions along the axial 

axis in the 2D super-resolution localization microscopy imaging experiments. However, 

we filtered out the localizations whose spot size (i.e., standard deviation of the 2D 

Gaussian function used for the fitting of the spots) was larger than 200 nm during the 

reconstruction of the super-resolution images. The threshold corresponds to the axial 
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range of approximately ±500 nm (Fig. 4.6). Thus, the effective depth of the field in the 

2D super-resolution images obtained in this study is approximately 1 μm, which is much 

larger than that in the quantitative dynamic footprinting method (up to 200 nm). 

 

 

Figure 4.6: Standard deviations of the 2D Gaussian function along X (red) and Y (blue) 

axis used for fitting the fluorescent spots obtained from TetraSpeck fluorescent 

microspheres deposited on a clean coverslip. The images were recorded at the axial 

positions between -700 and 1000 nm upon excitation at 638 nm. 

 

4.2.2 Flow cytometric analysis of the binding specificity of the antibodies to selectin 

ligands: 

 The binding specificity of the antibodies to selectin ligands is one of the critical 

factors to reconstruct SR fluorescence images. The binding specificity of the CD44 

antibodies to CD44 and the PSGL-1 antibodies to PSGL-1 on KG1a cells were, thus, 

examined by flow cytometric analysis (Fig. 4.7). Isotype control labeled cells (Fig. 4.2 red 

lines) and secondary alone-labeled cells (Fig. 4.7 blue lines) showed fluorescence 

intensity distributions similar to that obtained from unstained KG1a cells (Fig. 4.7 black 



91 
 

lines). These results confirmed negligible level of nonspecific binding of the antibodies 

to KG1a cells. Confocal fluorescence microscopy experiments on the isotype control 

labeled cells and secondary alone-labeled cells also confirmed negligible level of 

nonspecific binding of the antibodies to KG1a cells (data not shown). In contrast, KG1a 

cells labeled with either a combination of CD44 antibodies and AF-488-conjugated 

secondary antibodies against the CD44 antibodies or a combination of PSGL-1 

antibodies and AF-488-conjugated secondary antibodies against the PSGL-1antibodies 

displayed much brighter fluorescence. The results confirmed the binding specificity of 

the CD44 antibodies to CD44 and the PSGL-1 antibodies to PSGL-1 on KG1a cells. In 

addition, each AF-647-conjugated secondary antibody used for the SR localization 

fluorescence microscopy experiments is conjugated with on average 2-8 AF-647 dyes. 

Taken together, these results suggest that the selectin ligands on KG1a cells can be 

efficiently localized to produce high quality reconstructed images under appropriate 

imaging conditions. 
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Figure 4.7: Flow cytometric analysis to determine the binding specificity of ligand 

specific antibodies to CD44 and to PSGL-1 on KG1a cells. (a) KG1a cells were labeled 

with CD44 antibodies (515) and AF-488-conjuagated secondary antibodies against the 

CD44 antibodies (goat anti-mouse IgG, green). Unstained KG1a cells (black), isotype 

control labeled cells (red), and secondary alone-labeled cells (blue) were added as 

controls, (b) KG1a cells were labeled with PSGL-1 antibodies (KPL-1) and AF-488-

conjuagated secondary antibodies against the PSGL-1 antibodies (goat anti-mouse IgG, 

green). Black, red, and blue lines show the results on the unstained cells, isotype 

control, and secondary control, respectively. The data confirmed the binding specificity 

of the CD44 antibodies to CD44 and the PSGL-1 antibodies to PSGL-1 on KG1a cells. 
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4.2.3 Confocal fluorescence microscopy of CD44: 

 Confocal fluorescence images of CD44/HCELL were recorded using Zeiss LSM710 

confocal fluorescence microscope (see Chapter 3, section 3.11 for details). I prepared 

two immunolabeled samples using the protocols described in Chapter 3, sections 3.8, 

3.9: a control sample that was fixed and stained in a cell suspension (Fig. 4.8-a) and a 

sample of cells that had bound and rolled on the E-selectin surface before fixing and 

labeling (Fig. 4.8-b). To eliminate any artificial clustering of the ligands induced by 

nonspecific stimulation of cell membrane molecules attached to the coverslip, I fixed 

and immunolabeled the cells in suspension. Transient behaviours caused by selectin-

ligand interactions under shear stress can be captured by fixing and immunolabeling the 

cells inside the fluidic chamber during the cells bound and rolled on the E-selectins. 

 The cross-section images show bright fluorescence from the surface of the cells 

that correspond to the CD44 molecules distributed on the cell-surface (Fig. 4.8). The 

comparison of the control and rolled cells indicate that the control and rolled cells may 

have distinct morphology of the cell surface although a limited spatial resolution of 

confocal microscopy (≈ 300 nm in these experiments) does not allow for quantitative 

characterization. Confocal fluorescence microscopy images of CD44 obtained at the 

bottom surface of the KG1a cells show inhomogeneous distribution of CD44 on the 

surface of KG1a cells (Fig. 4.9). The images also indicate that the control (Fig. 4.9-a) and 

rolled cells (Fig. 4.9-b) display distinct spatial distributions of CD44. However, due to the 

limited spatial resolution, the confocal microscopy images do not allow us to capture 

nanoscale spatial organization of CD44. 

 

. 
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Figure 4.8: Confocal fluorescence images of CD44 on KG1a cells. KG1a cells were labeled 

with CD44 antibodies (515) and AF-647-conjuagated secondary antibodies against the 

CD44. The images were recorded every 4 µm from the bottom (left) to the top (right) of 

the cells. (a) A control sample that was fixed and stained in a cell suspension, (b) A 

sample of cells that had bound and rolled on the E-selectin surface before fixing and 

labeling.  

  

 

Figure 4.9: (a) Confocal fluorescence image of CD44 on a KG1a cell that was fixed and 

immunolabeled for CD44 using the 515 antibody followed by AF-647-conjugated 

secondary antibodies, (b) Confocal fluorescence image of CD44 on a KG1a cell that was 

fixed and immunolabeled by AF-647 dye in the microfluidic chamber after the rolling of 

the cell on E-selectin. The images were recorded at the bottom surface of the cells. 
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4.2.4 Nanoscale architectures and structural reorganization of CD44 and CD43 clusters 

upon the cell rolling on E-selectins: 

 SR fluorescence images of the two immunolabeled samples, the control and 

rolled cells, were recorded using the procedures detailed in Chapter 3. The precision of 

localization was similar in both samples (Fig. 4.10), confirming that we were able to 

obtained SR images of the bound and rolled cells on the E-selectin surface. 

 In contrast to the confocal fluorescence microscopy data, SR images of CD44 

clearly revealed nanoscale architectures of CD44 on KG1a cells. A comparison of the 

images obtained from the control (Fig. 4.11) and rolled cells (Fig. 4.12) demonstrated an 

increased footprint of CD44 after rolling, indicating morphology changes on the cell 

surface caused by the E-selectin-ligands interactions. These results are consistent with 

the increased footprint of the cell membrane in neutrophils captured by total internal 

reflection fluorescence microscopy with a depth of the field up to 200 nm.  

 The SR images of the control cells showed patchy nanoscale clusters of CD44 (~ 

160 nm in size, Fig. 4.11, Fig. 4.17). Although the clustering of CD44 on a cell surface in 

the length scale of several nanometres have been reported using Förster resonance 

energy transfer (FRET) (Wang, Yago et al. 2014), our SR imaging experiment revealed the 

CD44 clustering in the range of hundred nanometres. Three-dimensional (3D) SR 

localization microscopy imaging revealed the 3D profile of CD44 on the surface of KG1a 

cells (Fig. 4.13). The 3D SR images illustrated that the patchy clusters of CD44 on the cell 

were located at different axial positions, even for the adjacent clusters (Fig. 4.13 

enlarged insets). Also, the axial positions of the CD44 molecules within single clusters 

differed (Fig. 4.13 enlarged insets). Only some of the CD44 molecules in the clusters 

were in close proximity to the cell surface. While a previous immunoelectron 

microscopy (von Andrian, Hasslen et al. 1995) and confocal fluorescence microscopy 

(Gal, Lesley et al. 2003) indicated that CD44 distributes to the planar cell body, our 

findings clearly suggests that CD44 localizes to protruding structures of the cell surface. 

The observed cluster size is consistent with the size length of microvilli on neutrophils (~ 
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0.3 μm). Taken together, our results suggest that CD44 is distributed on the microvillus 

of KG1a cells. 

 

 

Figure 4.10: Localization precisions of the super-resolution localization microscopy 

experiments of CD44 on KG1a cells. Localization precisions were determined for KG1a 

cells that had either rolled over E-selectin or not (control) as well as for methyl-β-

cyclodextrin (MβCD)-treated, and cytochalasin D (CytD)-treated KG1a cells. Slight 

differences in the localization precision were observed in each cell sample, mainly 

attributed to different background fluorescence from out-of-plane molecules in each 

cell sample. 
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Figure 4.11: Examples of the super-resolution (SR) localization microscopy images of 

CD44 on KG1a cells (left). The cells were fixed and immunolabeled in suspension for 

CD44 using the 515 antibody followed by AF-647-conjugated secondary antibodies. The 

center panels show enlarged views of the yellow regions. The right panel shows Ripley’s 

K function obtained from the SR reconstructed images of CD44 displayed in the left 

panels. The cluster sizes of 158, 191, 166, and 191 nm were obtained for each 

reconstructed image. The mean cluster size and the standard deviation are shown in 

Figure 4.16. 
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Figure 4.12: Examples of the super-resolution (SR) localization microscopy imaging of 

CD44 on KG1a cells rolled on E-selectins (top). The cells were fixed and immunolabeled 

a b

c d 



100 
 

by AF-647 dye in the microfluidic chamber after the rolling of the cells on E-selectin. The 

bottom panels show Ripley’s K function obtained from the SR reconstructed images of 

CD44 displayed in the top panels. The cluster sizes of 166, 166, 174, and 183 nm were 

obtained for each reconstructed image. The mean cluster size and the standard 

deviation are shown in Figure 4.16. 

     

Figure 4.13: Examples of the 3D super-resolution (SR) localization microscopy images of 

CD44 on KG1a cells. The cells were fixed and immunolabeled in suspension for CD44 

using the 515 antibody followed by AF-647-conjugated secondary antibodies. The color 

bars show the z-axis positions of CD44. The insets show enlarged views of the blue 

regions. 
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 Importantly, the rolling caused significant reorganization of the clustering 

behaviour of CD44, from patchy to elongated network-like structures (Fig. 4.12). Such 

nanoscale reorganization of CD44 clusters were not observed when KG1a cells were 

incubated with recombinant E-selectin in suspension (Fig. 4.14). This result suggests that 

the binding of E-selectin to its ligands does not induce the structural reorganization of 

CD44 clusters on KG1a cells. The result rather indicates that shear stress exerted on the 

cell due to the binding of surface-deposited E-selectins and CD44 molecules on the cell 

surface is essential for the reorganization of CD44 during the cell rolling. Interestingly, 

the width of the clusters remained constant after the rolling (Fig. 4.15, Fig. 4.16). The 

cell that rolled on E-selectin also exhibited 3D distribution of CD44 molecules in the 

elongated clusters (Fig. 4.17). However, many of these network-like elongated clusters 

were located in close proximity to the surface (Fig. 4.17 inset). This finding suggests that 

the reorganization of the clusters is a result of the binding of CD44 to the surface E-

selectin under the presence of the shear force. Such nanoscale reorganization of the 

clustering behaviour of the selectin ligands has not been previously reported. Although 

the formation of tethers and slings in the length scale of several micrometres up to tens 

of micrometres has been observed during neutrophils rolling on selectin surfaces, the 

formation of the elongated clusters of CD44 are distinct from the previously reported 

tethers and slings (see Chapter 4, section 4.4). 

 The SR fluorescence microscopy imaging experiment of CD43 on KG1a cells 

demonstrated that CD43 also showed clustering behaviour of the cell surface similar to 

CD44 (Fig. 4.18). The patchy clusters of CD43 have the mean size of approximately 180 

nm (Fig. 4.20). Both the size and shape of the CD43 clusters are very similar to those 

observed for CD44. Furthermore, the rolling of KG1a cells on E-selectins induced the 

reorganization of the CD43 clusters from the patchy to elongated shape (Fig. 4.19). The 

slight increase of the cluster size after the rolling, which was determined by the Ripley’s 

K function analysis, is also very similar to the response of CD44 to the cell rolling (Fig. 

4.20).  The increase in the footprint was observed upon the rolling of the cells (Fig. 4.19). 
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All these findings suggest that CD44 and CD43 are co-localized on the surface of KG1a 

cells, probably through subcellular structures on the cell surface (see Sections 4.4.1, 

4.4.2 for details). 

Figure 4.14: Example of the super-resolution (SR) localization microscopy images of 

CD44 on KG1a cells. The cells were incubated with the recombinant E-selectin (10 μg ml-

1) for 30 min before fixation and immunolabeling in suspension for CD44 using the 515 

antibody followed by AF-647-conjugated secondary antibodies.  

Figure 4.15: Frequency histogram of the width of the CD44 clusters observed in the 

rolled KG1a cells. The widths of the patchy clusters of CD44 observed in the control cells 

were determined by manually measuring the widths of the clusters along their short 

axes. The widths of the elongated network-like clusters of CD44 observed in the rolled 

cells were determined by manually measuring the widths of the clusters at their centre 

positions along the long axes. 
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Figure 4.16: Frequency histograms of the cluster sizes of CD44 on the control and rolled 

KG1a cell calculated using Ripley’s K function. Error bars indicate standard deviations of 

the cluster sizes. The slight increase in the cluster size after the rolling is attributed to 

the elongation of the patchy clusters. 

 

Figure 4.17: Example of the 3D super-resolution (SR) localization microscopy images of 

CD44 on KG1a cell that was fixed and immunolabeled for CD44 using the 515 antibody 

followed by AF-647-conjugated secondary antibodies in the microfluidic chamber after 

the rolling of the cell on E-selectins. The color bars show the z-axis positions of CD44. 

The insets show enlarged views of the blue region. 
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Figure 4.18: Examples of the super-resolution (SR) localization microscopy images of 

CD43 on KG1a cells (left). The cells were fixed and immunolabeled in suspension for 

CD43 using the 1G10 antibody followed by AF-647-conjugated secondary antibodies. 

The center panels show enlarged views of the yellow regions. The right panels show 

Ripley’s K function obtained from the SR reconstructed images of CD43 displayed in the 

left panels. The cluster sizes of 141, 125, 250, and 183 nm were obtained for each 

reconstructed image. The mean cluster size and the standard deviation are shown in 

Figure 4.20. 
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Figure 4.19: Examples of the super-resolution (SR) localization microscopy imaging of 

CD43 on KG1a cells rolled on E-selectins (top). The cells were fixed and immunolabeled 

by AF-647 dye in the microfluidic chamber after the rolling of the cells on E-selectin. The 

a b 

c d 
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bottom panels show Ripley’s K function obtained from the SR reconstructed images of 

CD43 displayed in the top panels. The cluster sizes of 216, 216, 216, and 224 nm were 

obtained for each reconstructed image. The mean cluster size and the standard 

deviation are shown in Figure 4.20. 

Figure 4.20: Frequency histograms of the cluster sizes of CD43 on the control and rolled 

KG1a cell calculated using Ripley’s K function. Error bars indicate standard deviations of 

the cluster sizes. The slight increase in the cluster size after the rolling is attributed to 

the elongation of the patchy clusters. 

 

4.2.5 Nanoscale architectures and structural reorganization of PSGL-1 clusters upon 

the cell rolling on E/P-selectins: 

 PSGL-1 is one of the well-known selectin ligands. While CD44 is the ligand for E-

selectin, PSGL-1 is the ligand for both E- and P-selectins. Previous studies suggested that 

P-selectin interacts primarily with P-selectin. Therefore, the nanoscale clustering 

behaviour of PSGL-1 and structural reorganization upon the cell rolling on E- and P-

selectin could be distinct from those of CD44. In this section, the clustering behaviour of 

PSGL-1 on KG1a cells was captured directly using SR localization fluorescence 
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microscopy and the effect of the cell rolling on E- and P-selectins on the reorganization 

of clusters was characterized using the microfluidics-based SR microscopy platform. 

The SR images obtained from PSGL-1 on KG1a cells displayed inhomogeneous 

spatial distribution of PSGL-1 molecules on the cell surface (Fig. 4.21). Although the 

clustering of PSGL-1 on the KG1a cells is evident from the SR images, the size of the 

clusters observed for PSGL-1 is much smaller than that observed for CD44 and CD43 

(Fig. 4.11, 4.18). The mean cluster size of 85 ± 36 nm calculated using Ripley’s K function 

is twice as small as that of CD44 (160 ± 36 nm) and CD43 (180 ± 36 nm) (Fig. 4.22), 

suggesting different locations of PSGL-1 and CD44/CD43 ligands on KGa1 cells.  Three-

dimensional (3D) SR localization microscopy imaging of PSGL-1 revealed the 3D profile 

of the molecules (Fig. 4.23). The 3D SR images showed similar clustering behaviour of 

the PSGL-1 molecules to the 2D SR localization images (Fig. 4.23). The PSGL-1 clusters 

are located at different axial positions on the cell membrane, even for the adjacent 

clusters, which is similar to CD44. However, the PSGL-1 molecules in each cluster are 

located at similar z-axis position. This is distinct from the CD44 clusters that show 

different axial positions of the CD44 molecules within single clusters. A previous 

immunoelectron microscopy study indicated that PSGL-1 distributes only to the tip of 

microvilli (Bruehl, Moore et al. 1997), which could help increasing the probability of 

PSGL-1 binding to selectins. The SR microscopy data are, in principle, consistent with the 

previous observations and indicate that PSGL-1 molecules are localized to ≈ 80 nm 

region at the tip of microvilli. 
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Figure 4.21: Examples of the super-resolution (SR) localization microscopy images of 

PSGL-1 on KG1a cells (left). The cells were fixed and immunolabeled in suspension for 

PSGL-1 using the KPL-1 antibody followed by AF-647-conjugated secondary antibodies. 

The center panels show enlarged views of the yellow regions. The right panels show 

Ripley’s K function obtained from the SR reconstructed images of PSGL-1 displayed in 

the left panels. The cluster sizes of 100, 83, 50, and 158 nm were obtained for each 

reconstructed image. The mean cluster size and the standard deviation are shown in 

Figure 4.22. 

Figure 4.22: Frequency histograms of the cluster sizes of PSGL-1 on the control KG1a 

cells, rolled KG1a cells on P-selectins, and rolled KG1a cells on E-selectins calculated 

using Ripley’s K function. Error bars indicate standard deviations of the cluster sizes. 
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Figure 4.23: Examples of 3D Super-resolution (SR) localization microscopy images of 

PSGL-1 on KG1a cells. The cells were fixed and labeled in suspension for PSGL-1 using 

the KPL-1 antibody followed by AF-647-conjugated secondary antibodies. The color bars 

show the z-axis positions of PSGL-1.  

 

The SR images of PSGL-1 on KG1a cells after the cell rolling on E-selectins showed 

increased footprint of PSGL-1 after the cell rolling. Although the KG1a cells undergo the 

morphology change of the cell surface during the rolling, this does not affect 

significantly to the clustering behaviour of PSGL-1 (Fig. 4.24). The mean cluster size of 

PSGL-1 on KG1a cells after the rolling (56 ± 20 nm) is only slightly smaller than that 

observed in the control cells (Fig. 4.25). The result may suggest that PSGL-1 molecules 

remain localized at the tip of microvilli after the cell rolling. The slight change of the 
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cluster size could be due to the partial disruption of the interaction between PSGL-1 and 

actin cytoskeleton during the cell rolling since previous studies indicated localization of 

PSGL-1 to the tip of microvilli through this interaction (see section 4.3.2 for details). 

The 3D SR images of PSGL-1 on KG1a cells after the cell rolling of E-selectins 

revealed that many of the PSGL-1 clusters were located in close proximity to the 

surface. This is similar to the observation for CD44 and CD43 and suggests the efficient 

interaction of KG1a cells and the E-selectin surface during the cell rolling through E-

selectin-ligands interaction. At the moment, the experimental results do not allow for 

the identification of which selectin ligands (e.g. CD44, CD43, and PSGL-1) contribute the 

most to the binding to the surface E-selectin and therefore the morphology change of 

the cell surface. The 3D SR images after the cell rolling could be interpreted by the 

efficient binding of all the selectin ligands to the surface E-selectins. Alternatively, the 

results may suggest the efficient binding of CD44/CD43 to the surface E-selectins during 

the cell rolling that brings PSGL-1 close to the E-selectin surface to promote efficient 

interaction of PSGL-1 and selectins. 

To investigate the effects of P-selectin – PSGL-1 interaction on the clustering 

behaviour and structural reorganization of the clusters of PSGL-1, the SR imaging 

experiments were conducted after the KG1a cells rolled on P-selectins. The obtained 

images demonstrated the increased footprint of PSGL-1 after the rolling (Fig. 4.26). The 

cluster analysis of the images also demonstrated that the cluster size of PSGL-1 after 

rolling on P-selectin is slightly smaller (61 ± 36 nm) than that in the control cells (Fig. 

4.22). These are very similar to the observations for PSGL-1 rolled on E-selectins 

although E- and P-selectins have different affinity to PSGL-1. All these results suggest 

that our platform provides effective tool to characterize different functions of selectin 

ligands in the tethering and rolling of the cells on selectins. 

Interestingly, in some KG1a cells, the PSGL-1 molecules appeared to be clustered 

and more condensed to one side of the cell after rolling on E-selectin or P-selectin 
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surfaces. Previous studies indicated that cells after activation of chemokine or even 

after cell rolling, the PSGL-1 molecules appeared to form cap-like structures and 

condensed to one region on the cell membrane (Bruehl, Moore et al. 1997), (Green, 

Pearson et al. 2004). Here I was able to reveal for the first time the small clusters of 

PSGL-1 molecules on the cell surface and examine in details cell to cell difference. The 

clustering of E-selectin ligands appeared as a result of the cell rolling and sometimes 

appeared as an arrest of the cells after tethering and rolling on E-selectin surface. In 

contrast, the KG1a cells rolling on P-selectin where the tethering and rolling is mediated 

only by P-selectin PSGL-1 interaction showed continuous cell rolling behaviour (Xia, 

Sperandio et al. 2002).  

 The effect of the nanoscale reorganization of the clusters on the HSPCs rolling 

over selectins remains an open question at this stage. Nevertheless, the results 

demonstrate that the microfluidics-based SR imaging platform can quantify both 

macroscopic cell rolling and nanoscopic selectin ligand clustering behaviours. The 

findings also suggest that the microfluidics-based SR imaging platform provides a unique 

tool to directly capture transient nanoscale reorganization of membrane-embedded 

molecules caused by ligand-receptor interaction under the presence of external force 

exerted on cells. 
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Figure 4.24: Examples of the super-resolution (SR) localization microscopy imaging of 

PSGL-1 on KG1a cells rolled on E-selectins (top). The cells were fixed and immunolabeled 

by AF-647 dye in the microfluidic chamber after the rolling of the cells on E-selectin. The 

bottom panels show Ripley’s K function obtained from the SR reconstructed images of 

a b 

c d 
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PSGL-1 displayed in the top panels. The cluster sizes of 33, 42, 116, and 50 nm were 

obtained for each reconstructed image. The mean cluster size and the standard 

deviation are shown in Figure 4.22. 

 

 

 

Figure 4.25: Examples of 3D super-resolution images of PSGL-1 on KG1a cells that was 

fixed and immunolabeled for PSGL-1 using the KPL-1 antibody followed by AF-647-

conjugated secondary antibodies in the microfluidic chamber after the rolling of the cell 

on E-selectins. The color bars show the z-axis positions of PSGL-1. 
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Figure 4.26: Examples of the super-resolution (SR) localization microscopy imaging of 

PSGL-1 on KG1a cells rolled on P-selectins (top). The cells were fixed and immunolabeled 

by AF-647 dye in the microfluidic chamber after the rolling of the cells on P-selectin. The 

bottom panels show Ripley’s K function obtained from the SR reconstructed images of 
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PSGL-1 displayed in the top panels. The cluster sizes of 124, 50, 50, and 42 nm were 

obtained for each reconstructed image. The mean cluster size and the standard 

deviation are shown in Figure 4.22. 

 

4.3 Co-localization of E-selectin ligands on KG1a cells captured by two-

color super-resolution imaging: 

The results in Chapter 4 (section 4.2.4) demonstrated that CD44 and CD43 tend 

to display similar nanoscale clustering behaviour on the control cells (Fig. 4.11 and 4.18). 

The cluster analysis quantitatively demonstrated that CD44 and CD43 form the clusters 

in similar size (160 and 180 nm for CD44 and CD43, respectively, Fig. 4.16 and 4.20). This 

clustering behaviour was not observed for PSGL-1. PSGL-1 on the control KG1a cells 

showed the much smaller cluster sizes (85 nm, Fig. 4.21 and 4.22). Furthermore, the 

rolling of the KG1a cells on the E-selectin surface caused significant reorganization of the 

clustering behaviour of CD44 and CD43, from patchy structures to elongated network-

like structures (Fig. 4.12 and 4.19). Such dramatic nanoscale reorganization of the 

clusters was not observed for PSGL-1 (Fig. 4.24). These observations raised the 

possibility that CD44 and CD43 may be co-localized on the surface of KG1a cells whereas 

PSGL-1 and CD44/CD43 are not co-localized. The distinct clustering behaviours of 

CD44/CD43 and PSGL-1 may also suggest that the clustering of CD44/CD43 and PSGL-1 is 

regulated by different subcellular structures. Therefore, in this section, the co-

localization of the selectin ligands (CD44, CD43, and PSGL-1) was investigated by two-

color SR fluorescence localization microscopy (see Chapter 3, section 3.7 for details) on 

KG1a cells labeled for two E-selectin ligands. Two samples were prepared for the 

experiment: control cells that were immunolabeled in suspension and a cell sample that 

were immunolabeled after the cells rolled on the E-selectin surface (see Chapter 3, 

section 3.10.1 for details).  
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4.3.1 Co-localization of CD44 and CD43: 

 The two-color SR fluorescence images of CD44 and CD43 are displayed in Figure 

4.27. The quality of the reconstructed two-color SR images is not as good as the single-

color images (i.e., the numbers of localization in each reconstructed two-color SR image 

was less than those in the single-color SR images) probably due to the labeling 

conditions and the detection configuration of the fluorescence signal. Nevertheless, the 

obtained two-color SR images of CD44 (red) and CD43 (green) showed patchy clusters 

with the size of approximately 200 nm, similar to those observed in the single-color SR 

images. The two-color SR images clearly suggest that CD44 mostly co-localizes with 

CD43 (appear in yellow). In particular, the patchy clusters of CD44 and CD43 are nearly 

perfectly co-localized on the surface of KG1a cells. 

  

Figure 4.27: Examples of the two-color super-resolution (SR) localization microscopy 

imaging of CD44 (red) and CD43 (green) on KG1a cells (left). The cells were fixed and 

immunolabeled for CD44 and CD43 using the IM7 antibodies conjugated to AF-647 dyes 
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and the 1G10 antibodies followed by AF-488-conjugated secondary antibodies, 

respectively. The cells were fixed and immunolabeled in suspension. The right panels 

show enlarged views of the white rectangle regions.   

 

4.3.2 Co-localization of PSGL-1 and CD44: 

Next, the co-localization of CD44/CD43 and PSGL-1 was examined. The 

reconstructed two-color SR images (Fig. 4.28) showed that PSGL-1 (Fig. 4.28 green) co-

localizes only weakly with CD44 (Fig. 4.28 red), which is evident from a few yellow 

region that correspond to the co-localized regions of CD44 and PSGL-1 (Fig. 4.28). This is 

in contrast to the nearly perfect co-localization of CD44 and CD43. The single-color 3D 

SR images of CD44 (Fig. 4.13) and PSGL-1 (Fig. 4.23) indicate that the CD44 molecules 

are distributed on the microvilli on the cell surface, whereas the PSGL-1 molecules are 

localized to the tip of the microvilli. The two-color SR images of CD44 and PSGL-1, which 

revealed the lower level of the co-localization of the two ligands, support this 

hypothesis.  
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Figure 4.28: Examples of the two-color super-resolution (SR) localization microscopy 

imaging of CD44 (red) and PSGL-1 (green) on KG1a cells (left). The cells were fixed and 

immunolabeled for CD44 and PSGL-1 using the IM7 antibodies conjugated to AF-647 

dyes and the KPL-1 antibodies followed by AF-488-conjugated secondary antibodies, 

respectively. The cells were fixed and immunolabeled in suspension. The right panels 

show enlarged views of the white rectangle regions.   
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4.3.3 Co-localization of CD44 and CD43 after cell rolling on E-selectin: 

 The microfluidics-based single-color SR imaging experiments demonstrated that 

the rolling of KG1a cells on E-selectins caused the reorganization of both the CD44 and 

CD43 clusters from the patchy structure to elongated network-like structure (Fig. 4.12, 

4.19). The observations may suggest the co-localization of CD44 and CD43 during and 

after the rolling on E-selectins. Thus, the co-localization of the two ligands were 

investigated directly by the two-color SR imaging combined with the in vitro cell-rolling 

assay (see Chapter 3, section 3.7, 3.9, and 3.10.1 for details). Figure 4.29 shows two-

color SR images of CD44 (red) and CD43 (green) on the KG1a cells rolled on E-selectins. 

The images demonstrated that the co-localization of CD44 and CD43 remained 

conserved in the rolled KG1a cells on E-selectins in the presence of external shear force. 

Given the large reorganization of the clusters during the rolling, the clustering of CD44 

and CD43 may be regulated by a same cellular structure on KG1a cells both in the 

control and the rolled cells.  
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Figure 4.29: Examples of the two-color super-resolution (SR) localization microscopy 

imaging of CD44 (red) and CD43 (green) on KG1a cells. The cells were fixed and 

immunolabeled for CD44 and CD43 using the IM7 antibodies conjugated to AF-647 dyes 

and the 1G10 antibodies followed by AF-488-conjugated secondary antibodies, 

respectively. The cells were fixed and immunolabeled in the microfluidic chamber after 

the rolling of the cells on E-selectins.  

 

4.3.4 Co-localization of PSGL-1 and CD44 after the cell rolling on E-selectins: 

 The two-color SR imaging of PSGL-1 and CD44 in the control cells demonstrated 

the low level of co-localization of these ligands (Fig. 4.28), which is most probably due to 

the localizations of these ligands to different locations on the microvilli. The 

reorganization of the CD44 clusters during the cell rolling of E-selectins suggests that a 

major structural change occurs to microvilli during the selectin ligands interacting with 

the surface E-selectins. This may affect the co-localization of PSGL-1 and CD44. Thus, 

two-color SR imaging experiment of PSGL-1 and CD44 was conducted after the cells 

rolled on the E-selectin surface.  

The obtained two-color SR images showed that PSGL-1 molecules (Fig. 4.30 

green) are in close association with the elongated clusters of CD44 (Fig. 4.30 red). 

Particularly, the majority of the PSGL-1 clusters are located on the network-like 

elongated clusters of CD44. Although the cluster size of PSGL-1 does not change 

significantly upon the cell rolling (85 nm and 56 nm for the control and rolled cells, 

respectively, Fig. 4.22), the fine clusters of PSGL-1 tend to form discontinues network-

like structures after the rolling (Fig. 4.24), which is consistent with the observation in 

Figure 4.30. The two-color SR imaging experiment on PSGL-1 and CD44 indicates that 

the overall spatial organization of PSGL-1 after the cell rolling is regulated by the spatial 
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distribution of the CD44 clusters (i.e., elongated network-like structures). A previous 

study suggested that PSGL-1 and CD44 might be controlled in a similar pathway after 

the cells interacting with E-selectin (Yago, Shao et al. 2010). 

 

 

Figure 4.30: Examples of the two-color super-resolution (SR) localization microscopy 

imaging of CD44 (red) and PSGL-1 (green) on KG1a cells. The cells were fixed and 

immunolabeled for CD44 and PSGL-1 using the IM7 antibodies conjugated to AF-647 

dyes and the KPL-1 antibodies followed by AF-488-conjugated secondary antibodies, 

respectively. The cells were fixed and immunolabeled in the microfluidic chamber after 

the rolling of the cells on E-selectins. 
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4.4 Reorganization of actin cytoskeleton during the cell rolling: 

The co-localization of CD44 and CD43 clusters on both the control and rolled 

KG1a cells on E-selectins points to the involvement of subcellular structures in their 

organization of the cell surface. The close association of the PSGL-1 clusters and the 

elongated CD44 clusters after the cell rolling also indicate the contribution of subcellular 

structures to the spatial organization of selectin ligands during the cell rolling. To 

directly capture the involvement of subcellular structures to the nanoscale spatial 

organizations of the selectin ligands, the co-localization/association of the selectin 

ligands (CD44, CD43, and PSGL-1) and subcellular structures was directly visualized by 

the two-color SR fluorescence localization microscopy (see Chapter 3, section 3.7 for 

details). I focused on two subcellular structures, actin cytoskeleton and lipid rafts, as 

previous studies indicated physical association of these structural components and 

selectin ligands (Yonemura, Hirao et al. 1998, Alonso-Lebrero, Serrador et al. 2000, 

Shao, Yago et al. 2015). Two samples were prepared for the experiment: control cells 

that were labeled in suspension and a cell sample that were labeled after the cells rolled 

on the E-selectin surface (see Chapter 3, section 3.10.3 for details). 

 

4.4.1 Co-localization of CD44 and CD43 with cytoskeleton: 

 CD44 and CD43 were immunolabeled using AF-647 dyes whereas actin 

cytoskeleton was labeled by AF-488-conjugated phalloidin (see Chapter 3, section 3.10.3 

for details). The two-color SR images of the control cells clearly showed a co-localization 

of CD44 and actin cytoskeleton (Fig. 4.31). The observation is consistent with the 

previous study using FRET and fluorescence after photobleaching (FRAP) techniques that 

indicated the association of CD44 and actin cytoskeleton (Wang, Yago et al. 2014) 

mediated by actin-associated proteins (Legg and Isacke 1998, Yonemura, Hirao et al. 

1998, Thorne, Legg et al. 2004). The two-color SR images of CD44 and actin cytoskeleton 

directly demonstrate complete physical co-localization of CD44 with actin cytoskeleton 
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on the cell surface. The result is also consistent with the 3D SR image of CD44 that 

suggests the distribution of CD44 on microvillus (Chapter 4, section 4.2.4) whose 

structure is supported by actin cytoskeleton. The two-color SR images of CD43 and actin 

cytoskeleton exhibited the co-localization very similar to CD44/actin cytoskeleton (Fig. 

4.32), suggesting that the spatial organization of both CD44 and CD43 on the cell surface 

is regulated by actin cytoskeleton. 

 

Figure 4.31: Examples of the two-color super-resolution (SR) localization microscopy 

imaging of CD44 (red) and actin cytoskeleton (green) on KG1a cells (left). The cells were 

fixed and labeled for actin cytoskeleton and CD44 using the AF-488-conjugated 

phalloidin and the 515 antibodies followed by AF-647-conjugated secondary antibodies, 

respectively. The cells were fixed and labeled in suspension. The right panels show 

enlarged views of the white rectangle regions. 
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Figure 4.32: Examples of the two-color super-resolution (SR) localization microscopy 

imaging of CD43 (red) and actin cytoskeleton (green) on KG1a cells (left). The cells were 

fixed and labeled for actin cytoskeleton and CD43 using the AF-488-conjugated 

phalloidin and the 1G10 antibodies followed by AF-647-conjugated secondary 

antibodies, respectively. The cells were fixed and labeled in suspension. The right panels 

show enlarged views of the white rectangle regions. 
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4.4.2 Co-localization of CD44 and CD43 with cytoskeleton after rolling on E-selectin: 

The two-color SR fluorescence imaging experiment on CD44/CD43 and actin 

cytoskeleton was conducted after the KG1a cells rolled on E-selectins to investigate the 

effect of the cell rolling mediated by the E-selectin – ligands interactions under the 

external shear force on the spatial reorganization of actin cytoskeleton. The two-color 

SR images demonstrated that the elongated network-like clusters of CD44 and actin 

cytoskeleton remain co-localized on the rolled cells (Fig. 4.33 and 4.34). The actin 

cytoskeleton formed thin fibrous structures upon rolling on E-selectin, which displayed 

complete physical co-localization with the elongated CD44 clusters. Since the width of 

the fibrous actin cytoskeleton (~ 45 nm, Fig. 4.34 inset) is close to the image resolution 

of our SR microscopy experiments, we cannot distinguish if they are single actin 

filaments or bundle of the fibers. The elongated CD44 clusters that appeared during the 

cell rolling on E-selectins could be related to the membrane tethers and slings since they 

are believed to be formed by extending microvillus. However, the formation of the 

tethers requires membrane separation from the cytoskeleton (Evans, Heinrich et al. 

2005), which is in stark contrast to the complete co-localization of the membrane-

embedded CD44 with cytoskeleton. Previous studies demonstrated an extension of 

microvilli due the selectin-ligands binding under external force, which could be 

responsible for the observed elongated CD44 clusters. However, the maximum length of 

elongated microvillus (~ 1 μm) (Shao, Ting-Beall et al. 1998, Park, Smith et al. 2002) is 

much shorter than the observed elongated clusters of CD44. Also, extended microvillus 

and membrane tethers exhibit a retraction upon detachment from selectins (Park, Smith 

et al. 2002, Ramachandran, Williams et al. 2004). The elongated clusters of CD44, 

therefore, cannot be attributed to any previously observed membrane protrusion 

structures. 

An exact reason for the nanoscale reorganization of CD44 and CD43 clusters 

during the rolling and its relationship with a membrane-structure change remain 
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unclear. Nevertheless, our observation demonstrated for the first time that the 

nanoscale reorganization of CD44 clusters occurring during the cell rolling on E-selectins 

is accompanied by the reorganization of actin cytoskeleton. Given the physical 

interaction and spatial co-localization of CD44 with actin cytoskeleton in the control 

cells (Fig. 4.31) together with the shear-stress-dependent reorganization of CD44 

clusters on the rolled cells (Fig. 4.12 and 4.14), the reorganization of actin cytoskeleton 

is likely to be due to the mechanical force exerted on the cell that causes the 

reorganization of CD44 through its binding to the surface E-selectins.  

The two-color SR images of CD43 and actin cytoskeleton on the rolled KG1a cells 

(Fig. 4.35) exhibited the co-localization very similar to CD44/actin cytoskeleton on the 

rolled cells (Fig. 4.33), suggesting that the reorganization of both the CD44 and CD43 

clusters in the rolled cells is regulated by the same molecular mechanism through the 

interaction with actin cytoskeleton. 
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Figure 4.33: Examples of the two-color super-resolution (SR) localization microscopy 

imaging of CD44 (red) and actin cytoskeleton (green) on KG1a cells (left). The cells were 

fixed and labeled for actin cytoskeleton and CD44 using the AF-488-conjugated 

phalloidin and the 515 antibodies followed by AF-647-conjugated secondary antibodies, 

respectively. The cells were fixed and labeled in the microfluidic chamber after the 

rolling of the cells on E-selectins.  The right panels show enlarged views of the white 

rectangle regions. 

 

 

Figure 4.34: Example of the two-color super-resolution (SR) localization microscopy 

imaging of CD44 (cyan) and actin cytoskeleton (yellow) on KG1a cells. The cells were 

fixed and labeled for actin cytoskeleton and CD44 using the AF-488-conjugated 

phalloidin and the 515 antibodies followed by AF-647-conjugated secondary antibodies, 

respectively. The cells were fixed and labeled in the microfluidic chamber after the 

rolling of the cells on E-selectins.  The inset shows enlarged view of the yellow rectangle 

region. 



130 
 

 

 

Figure 4.35: Examples of the two-color super-resolution (SR) localization microscopy 

imaging of CD43 (red) and actin cytoskeleton (green) on KG1a cells (left). The cells were 

fixed and labeled for actin cytoskeleton and CD43 using the AF-488-conjugated 

phalloidin and the 1G10 antibodies followed by AF-647-conjugated secondary 

antibodies, respectively. The cells were fixed and labeled in the microfluidic chamber 

after the rolling of the cells on E-selectins. The right panels show enlarged views of the 

white rectangle regions. 

 

4.4.3 Co-localization of PSGL-1 with cytoskeleton: 

 PSGL-1 was immunolabeled using AF-647 dyes whereas actin cytoskeleton was 

labeled by AF-488-conjugated phalloidin (see Chapter 3, section 3.10.3 for details). The 

two-color SR images of the control cells exhibited very weak co-localization of PSGL-1 
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and actin cytoskeleton (Fig. 4.36). This behaviour is completely different from CD44 and 

CD43 that co-localize perfectly with actin cytoskeleton (Fig. 4.31 and 4.32). The two-

color SR imaging experiment also suggests that PSGL-1 clusters tend to distribute closely 

to actin cytoskeleton (Fig. 4.36). Some previous studies indicated that both PSGL-1 and 

CD44/CD43 interact with actin cytoskeleton.  The findings of my two-color SR imaging 

experiments suggest that PSGL-1 and CD44/CD43 interact with actin cytoskeleton 

through different molecular mechanisms. 

 

 

 

Figure 4.36: Examples of the two-color super-resolution (SR) localization microscopy 

imaging of PSGL-1 (red) and actin cytoskeleton (green) on KG1a cells (left). The cells 

were fixed and labeled for actin cytoskeleton and PSGL-1 using the AF-488-conjugated 

phalloidin and the KPL-1 antibodies followed by AF-647-conjugated secondary 

antibodies, respectively. The cells were fixed and labeled in suspension. The right panels 

show enlarged views of the white rectangle regions. 
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4.4.4 Co-localization of PSGL-1 with cytoskeleton after rolling on E-selectin: 

PSGL-1 and actin cytoskeleton showed a weak co-localization after the KG1a cells 

rolled on E-selectins (Fig. 4.37). However, when examined closely, the PSGL-1 clusters 

observed after the cell rolling, PSGL-1 were distributed along the fibrous structure of 

actin cytoskeleton (Fig. 4.37 inset). Although the origin of this apparent association 

between PSGL-1 and actin cytoskeleton needs future investigation, this is in an 

agreement with previous studies where they suggested that PSGL-1 undergo 

cytoskeletal-dependent redistribution to the uropods upon cell rolling (Bruehl, Moore et 

al. 1997) mediated by cytoskeletal proteins. This may explain the distinct co-localization 

behaviours of CD44/CD43 and actin cytoskeleton (perfect co-localization) and PSGL-1 

and actin cytoskeleton (weak co-localization, but they are closely associated).  

 

 

Figure 4.37: Examples of the two-color super-resolution (SR) localization microscopy 

imaging of PSGL-1 (red) and actin cytoskeleton (green) on KG1a cells (left). The cells 
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were fixed and labeled for actin cytoskeleton and PSGL-1 using the AF-488-conjugated 

phalloidin and the KPL-1 antibodies followed by AF-647-conjugated secondary 

antibodies, respectively. The cells were fixed and labeled in the microfluidic chamber 

after the rolling of the cells on E-selectins. The right panels show enlarged views of the 

white rectangle regions. 

 

4.5 Two-color super-resolution imaging of E-selectin ligands and lipid 

rafts: 

 Previous studies suggested that CD44, CD43 and PSGL-1 are associated with lipid 

raft where they transduce signaling upon their binding to E-selectin (Shao, Yago et al. 

2015). It is believed that lipid rafts regulates signal transduction through the spatial 

reorganization of signaling molecules on the cell membrane. According to the previous 

confocal fluorescence microscopy studies on lipid rafts, upon cell activation, the lipid 

rafts cluster and form larger compartments (Harder, Scheiffele et al. 1998). Previous 

studies indicated that lipid rafts are anchored to actin cytoskeleton (Simons and Toomre 

2000). Since the cell-rolling-induced reorganization of the clustering behaviours of the 

selectin ligands (CD44 and CD43) is accompanied by the large rearrangement of actin 

cytoskeleton, spatial organizations of lipid rafts may also be altered during the cell 

rolling on E-selectins. Therefore, the co-localization behaviour of the selectin ligands and 

lipid rafts and the effect of the cell rolling on the spatial organizations of lipid rafts were 

investigated directly by the two-color SR fluorescence imaging of selectin ligands (CD44, 

CD43, and PSGL-1) and lipid rafts. Two samples were prepared for the experiment: 

control cells that were labeled in suspension and a cell sample that were labeled after 

the cells rolled on the E-selectin surface (see Chapter 3, section 3.10.2 for details).  

 The selectin ligands (CD44, CD43, and PSGL-1) were immunolabeled using AF-

647 dyes whereas lipid rafts were labeled by AF-488-conjugated cholera toxin B subunit 
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(see Chapter 3, section 3.10.2 for details).  The two-color SR images of the selectin 

ligands (CD44, CD43 and PSGL-1) and lipid rafts on the control KG1a cells showed some 

degree of co-localization for CD44 and CD43 while weaker degree of co-localization of 

PSGL-1 to the lipid raft (Fig. 4.38, 4.39, 4.40, 4.44-a). Comparing these findings with the 

previously two-color SR images of strong co-localization for the selectin ligands (CD44 

and CD43) with actin cytoskeleton (Fig. 4.31 and 4.32) and based on the results 

described in (Shao, Yago et al. 2015). I would suggest that this lower degree of co-

localization between the selectin ligands and the lipid raft was acquired due to partial 

contribution of lipid raft to their nanoscale clustering (further details in the section 4.6) 

and this association is required to initiate signaling events inside the activated cells. 

Nevertheless, the lipid raft might be co-existing closely to the selectin ligands due to its 

anchoring interaction with the cytoskeleton of the cellular membrane. The two-color SR 

imaging experiments suggest that the spatial organization of the selectin ligands and 

lipid rafts is regulated by lipid raft and cytoskeleton.  

The two-color SR images of the selectin ligands (CD43, CD44) and lipid rafts on the KG1a 

cells after the rolling on E-selectins demonstrated that the degree of co-localization 

appeared to be sometimes apparent but not all along the elongated CD44 and CD43 

network-like structures (Fig. 4.41, 4.42, 4.44-b) in contrast to two-color SR images of 

CD44/CD43 to actin cytoskeleton after the rolling of KG1a cell on E-selectin (Fig. 4.33, 

4.35). While for PSGL-1 the co-localization to the lipid rafts appeared to be weak or even 

eliminated in some cells.  

Although the significant reorganization of the membrane morphology occurred 

during the rolling, cluster analyses revealed that the size of the lipid raft microdomains 

does not change during the rolling (95 and 99 nm for control and rolled cells, 

respectively, (Fig. 4.45). A previous study pointed the clustering of small lipid rafts into 

large domains (Shao, Yago et al. 2015), which could result in the increase of the 

numbers of selectin ligands including CD44/CD43 in the domains and thus could trigger 

outside-in signalling (Yago, Shao et al. 2010, Shao, Yago et al. 2015). However, our result 
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suggests the absence of merged large lipid rafts domains, indicating that the CD44/CD43 

dependent signalling may not require the formation of large lipid raft domains. We 

cannot rule out the contribution of spatial reorganisation of lipid rafts to the signalling 

since overall spatial pattern of lipid rafts is modified during the cell rolling on E-selectin 

(Fig. 4.44) because they partially co-localised with CD44 whose spatial pattern changes 

significantly from the patchy to elongated shape during the rolling. 

 

 
 

 

Figure 4.38: Examples of the two-color super-resolution (SR) localization microscopy 

imaging of CD44 (red) and lipid rafts (green) on KG1a cells (left). The cells were fixed and 

labeled for lipid rafts and CD44 using the AF-488-conjugated cholera toxin B subunit and 

the 515 antibodies followed by AF-647-conjugated secondary antibodies, respectively. 

The cells were fixed and labeled in suspension. The right panels show enlarged views of 

the white rectangle regions. 
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Figure 4.39: Examples of the two-color super-resolution (SR) localization microscopy 

imaging of CD43 (red) and lipid rafts (green) on KG1a cells (left). The cells were fixed and 

labeled for lipid rafts and CD43 using the AF-488-conjugated cholera toxin B subunit and 

the 1G10 antibodies followed by AF-647-conjugated secondary antibodies, respectively. 

The cells were fixed and labeled in suspension. The right panels show enlarged views of 

the white rectangle regions. 
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Figure 4.40: Examples of the two-color super-resolution (SR) localization microscopy 

imaging of PSGL-1 (red) and lipid rafts (green) on KG1a cells (left). The cells were fixed 

and labeled for lipid rafts and PSGL-1 using the AF-488-conjugated cholera toxin B 

subunit and the KPL-1 antibodies followed by AF-647-conjugated secondary antibodies, 

respectively. The cells were fixed and labeled in suspension. The right panels show 

enlarged views of the white rectangle regions. 
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Figure 4.41: Examples of the two-color super-resolution (SR) localization microscopy 

imaging of CD44 (red) and lipid rafts (green) on KG1a cells (left). The cells were fixed and 

labeled for lipid rafts and CD44 using the AF-488-conjugated cholera toxin B subunit and 

the 515 antibodies followed by AF-647-conjugated secondary antibodies, respectively. 

The cells were fixed and labeled in the microfluidic chamber after the rolling of the cells 

on E-selectins. The right panels show enlarged views of the white rectangle regions. 
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Figure 4.42: Examples of the two-color super-resolution (SR) localization microscopy 

imaging of CD43 (red) and lipid rafts (green) on KG1a cells (left). The cells were fixed and 

labeled for lipid rafts and CD43 using the AF-488-conjugated cholera toxin B subunit and 

the 1G10 antibodies followed by AF-647-conjugated secondary antibodies, respectively. 

The cells were fixed and labeled in the microfluidic chamber after the rolling of the cells 

on E-selectins. The right panels show enlarged views of the white rectangle regions.  
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Figure 4.43: Examples of the two-color super-resolution (SR) localization microscopy 

imaging of PSGL-1 (red) and lipid rafts (green) on KG1a cells (left). The cells were fixed 

and labeled for lipid rafts and PSGL-1 using the AF-488-conjugated cholera toxin B 

subunit and the KPL-1 antibodies followed by AF-647-conjugated secondary antibodies, 

respectively. The cells were fixed and labeled in the microfluidic chamber after the 

rolling of the cells on E-selectins. The right panels show enlarged views of the white 

rectangle regions. 
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Figure 4.44: Example of the two-color super-resolution (SR) localization microscopy 

imaging of CD44 (cyan) and lipid raft (yellow) on KG1a cells. The cells were fixed and 

labeled for lipid raft and CD44 using the AF-488-conjugated cholera toxin B subunit and 

the 515 antibodies followed by AF-647-conjugated secondary antibodies, respectively. 

The cells were fixed and labeled is suspension (a) or inside the microfluidic chamber 

after the rolling of the cells on E-selectins (b).  The inset shows enlarged view of the 

yellow rectangle region. 
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Figure 4.45: Frequency histograms of the cluster sizes of lipid raft on control KG1a cells 

and rolled KG1a cells on E-selectins calculated using Ripley’s K function. Error bars 

indicate standard deviation of the cluster sizes. 
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4.6 Effect of the disruption of subcellular structures on the cell-rolling 

behaviour and the nanoscale clustering of the E-selectin ligands: 

 The results obtained in the previous sections suggested that the spatial 

organization of selectin ligands on KG1a cells is regulated by subcellular structures. 

Especially, actin cytoskeleton was suggested to play a key role in both the clustering of 

selectin ligands (Fig. 4.31, 4.32) and the cell rolling induced reorganization of the 

clusters of the selectin ligands (Fig. 4.33, 4.34, 4.35). While the involvement of lipid rafts 

to these structural organizations of the selectin ligands was rather ambiguous in 

particular after cell rolling, the association of the selectin ligands and lipid rafts was 

indicated (Fig. 4.38, 4.39, 4.41, 4.42, 4.44-a). To further investigate the role of these 

subcellular structures on both the spatial organization of the selectin ligands and the 

rolling behaviours of the cells on E-selectins, I disrupted actin cytoskeleton and lipid 

rafts of KG1a cells and characterized the cell rolling behaviours using in vitro cell-rolling 

assay and the clustering behaviours of the selectin ligands (CD44, CD43, and PSGL-1) 

using SR fluorescence localization microscopy. Two cell samples were prepared for the 

experiment: actin-cytoskeleton-disrupted KG1a cells and lipid-rafts-disrupted KG1a cells 

(see Chapter 2, section 2.6 for details). 

 

4.6.1 Effect of the disruption of subcellular structures on overall morphology of the 

KG1a cells: 

 First I examined the effect of the disruption of actin cytoskeleton and lipid rafts 

on the expression level of the selectin ligands (CD44 and PSGL-1). The actin cytoskeleton 

of KG1a cells was disrupted by treating the cells with cytochalasin D (CytD) that inhibits 

actin polymerization (Snapp, Heitzig et al. 2002) (see Chapter 2, section 2.6 for details). 

The lipid rafts of KG1a cells was disrupted by treating the cells with methyl-β-

cyclodextrin (MβCD) that extracts cholesterol from cell membranes (Abbal, Lambelet et 



144 
 

al. 2006), (Setiadi and McEver 2008) (see Chapter 2, section 2.6 for details). The flow 

cytometry experiments demonstrated that the fluorescence intensities obtained from 

the CytD-treated (Fig. 4.46 blue) and MβCD-treated cells (Fig. 4.46 red) are slightly lower 

than that obtained from the untreated control cells (Fig. 4.46 black) for both CD44 and 

PSGL-1. The observations suggest that the expression level for CD44 and PSGL-1 is not 

affected significantly by the CytD and MβCD treatments (Fig. 4.46). 

 The CytD treatment of the KG1a cells caused a significant deformation of the 

cells (Fig. 4.47-c) compared with the untreated control cells (Fig. 4.47-a). This is due to 

changes in the elastic properties of the cytoskeleton-supported cell membrane by actin 

depolymerization. On the other hand, the MβCD treatment of the KG1a cells caused 

only a minor change in the morphology of the cells (Fig. 4.47-b), indicating that the 

effect of cholesterol extraction from the cell membrane by MβCD on the overall 

membrane integrity is relatively small. 
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Figure 4.46: Expression of CD44 and PSGL-1 on untreated, MβCD-treated, and CytD-

treated KG1a cells was determined by flow cytometry. Untreated control (black), MβCD-

treated (red), and CytD-treated (blue) KG1a cells were labeled with CD44 antibodies 

(515) (a) or PSGL-1 antibodies (KPL-1), (b) followed by AF-488-conjuagated secondary 

antibodies. The green lines show the result on unstained KG1a cells. The data confirmed 

that the MβCD and CytD treatments did not affect the expression of CD44 and PSGL-1 

molecules on the KG1a cells. 
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Figure 4.47: Transmitted optical microscopy images of (a) control, (b) MβCD-treated 

cells, and (c) CytD-treated KG1a cells. The CytD treatment caused the deformation of 

the KG1a cells. Scale bar 10 μm. 
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4.6.2 Effect of the disruption of actin cytoskeleton and lipid rafts on the clustering 

behaviour of CD44 and CD43:  

Next I examined the effect of the disruption of actin cytoskeleton and lipid rafts 

on the clustering behaviour of the selectin ligands (CD44, CD43, and PSGL-1). The SR 

images of CD44 on the CytD-treated KG1a cells showed an ill-defined distorted footprint 

(Fig. 4.48), which is in contrast to the well-defined footprint obtained for the untreated 

control cells (Fig. 4.11). The result is consistent with the transmitted optical microscopy 

images obtained from the CytD-treated KG1a cells that shows the deformation of the 

cells (Fig. 4.47-c). 3D SR images of CD44 on the CytD-treated KG1a cells demonstrated 

that the majority of the CD44 molecules are located close to the surface (Fig. 4.49), 

whereas the untreated control cells showed the 3D distribution of CD44 molecules on 

the surface of the untreated control cells (Fig. 4.13). These observations suggest that the 

surface morphology of the KG1a cells is modified significantly when actin cytoskeleton is 

depolymerized. The change in the CD44 footprint may affect the interaction between 

the surface E-selectin and CD44 and thus may alter the rolling behaviours of the cells 

(see Chapter 4, section 4.6.4). 

Importantly, the CytD treatment also significantly altered the clustering 

behaviours of CD44. The SR images of CD44 on the CytD-treated KG1a cells showed only 

a weak clustering of CD44 molecules on the cell surface (Fig. 4.48). The cluster size of 72 

nm was obtained by the cluster analysis (Fig. 4.48, 4.52). The value is much smaller than 

the cluster size calculated for the untreated control cells (146 nm, Fig. 4.52). Given the 

localization precision of the SR localization microscopy experiment of approximately 30 

nm for the CytD-treated cells (Fig. 4.10), the results suggested very low level of 

clustering of CD44 on the CytD-treated KG1a cells. The SR imaging experiment on the 

CytD-treated cells unambiguously demonstrated that actin cytoskeleton is the 

component that regulates the nanoscale spatial organization of CD44 on the KG1a cells. 



148 
 

In contrast to the CytD-treated cells, the SR images of CD44 on the MβCD-

treated KG1a cells displayed some well-defined footprint (Fig. 4.50) similar to the 

untreated control cells (Fig. 4.11). The MβCD-treated cells also showed partial 

disruption of the patchy clusters (Fig. 4.50). The cluster analysis demonstrated that 

while the size of the patchy clusters (132 nm, Fig. 4.52) is similar to that observed in the 

untreated control cells (146 nm, Fig. 4.52), the cluster size obtained from the disrupted 

region (47 nm, Fig. 4.52) is close to the localization precision of the SR localization 

microscopy experiment for the MβCD-treated cells (approximately 25 nm, Fig. 4.10). The 

3D SR imaging experiment demonstrated that the CD44 molecules in the patchy clusters 

show 3D distribution (Fig. 4.51), similar to the untreated control cells (Fig. 4.13). These 

results strongly suggest that the morphology of the cell membrane in the MβCD-treated 

KG1a cells is intact and the CD44 molecules remain localized to microvilli through the 

interaction with actin cytoskeleton. The partial disruption of the CD44 clusters upon the 

MβCD treatment may indicate the involvement of lipid rafts to the spatial organization 

of CD44 at a certain level. (Fig. 4.38) is, in principle, consistent with this hypothesis. 

The SR images of CD43 on the CytD-treated KG1a cells exhibited the ill-defined 

footprint and the weak clustering of CD43 molecules on the cell surface (cluster size of 

68 nm) (Fig. 4.53, 4.55) similar to CD44. The two-color SR imaging experiment of CD44 

and CD43 on the CytD-treated KG1a cells showed almost no co-localization of the two 

ligands on the cell surface (Fig. 4.56). The observations suggest that CD44 and CD43 on 

the CytD-treated KG1a cells have random spatial distribution with very low level of 

molecular clustering. The perfect co-localization of CD44 and CD43 were observed in the 

untreated control cells, which have intact actin cytoskeleton that mechanically supports 

the cell membrane (Fig. 4.27). Taken together, both the spatial organization and the co-

localization of CD44 and CD43 on KG1a cells are regulated mainly by actin cytoskeleton. 
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The SR images of CD43 on the MβCD -treated KG1a cells exhibited the well-

defined footprint and the partial disruption of the patchy clusters (Fig. 4.54, 4.55) similar 

to CD44. The two-color SR imaging experiment of CD44 and CD43 on the MβCD-treated 

KG1a cells showed nearly perfect co-localization of the two ligands in the preserved 

patchy clusters whereas almost no co-localization of CD44 and CD43 were observed in 

the disrupted regions (Fig. 4.57). Since the perfect co-localization of CD44 and CD43 was 

observed in the untreated control cells (Fig. 4.27), the finding strongly suggest that the 

overall structural integrity of the cell membrane remain intact in the regions of the 

patchy clusters. Almost no co-localization of CD44 and CD43 in the disrupted regions 

suggest that the structural integrity of the cell membrane is lost in these regions. 
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Figure 4.48: Examples of super-resolution (SR) localization microscopy imaging of CD44 

on CytD-treated KG1a cells (top). The cells were fixed and immunolabeled in suspension 

for CD44 using the 515 antibodies followed by AF-647-conjugated secondary antibodies. 

The bottom panels show Ripley’s K function obtained from the SR reconstructed images 

b a 

d c 
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of CD44 displayed in the top panels. The cluster sizes of 42, 42, 33, and 33 nm were 

obtained for each reconstructed image. The mean cluster size and the standard 

deviation are shown in Figure 4.52. 

 

 

Figure 4.49: Examples of the 3D super-resolution (SR) localization microscopy images of 

CD44 on CytD-treated KG1a cells. The cells were fixed and immunolabeled in suspension 

for CD44 using the 515 antibody followed by AF-647-conjugated secondary antibodies. 

The color bars show the z-axis positions of CD44. 
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Figure 4.50: Examples of super-resolution (SR) localization microscopy imaging of CD44 

on MβCD treated KG1a cells (top). The cells were fixed and immunolabeled in 

suspension for CD44 using 515 antibodies followed by AF-647-conjugated secondary 

antibodies. The bottom panels show Ripley’s K function obtained from the SR 

b a 

d c 
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reconstructed images of CD44 displayed in the top panels. The cluster sizes of 174, 166, 

166, and 141 nm were obtained for each reconstructed image. The mean cluster size 

and the standard deviation are shown in Figure 4.52. 

 

 

 

 

 

 

 

 

Figure 4.51: Examples of the 3D super-resolution (SR) localization microscopy images of 

CD44 on MβCD-treated KG1a cells. The cells were fixed and immunolabeled in 

suspension for CD44 using the 515 antibody followed by AF-647-conjugated secondary 

antibodies. The color bars show the z-axis positions of CD44. 

 

Figure 4.52: Frequency histograms of the cluster sizes of CD44 on control, MβCD-

treated, and CytD-treated cells calculated using Ripley’s K function. Error bars indicate 

standard deviation of the cluster sizes. 
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Figure 4.53: Examples of super-resolution (SR) localization microscopy imaging of CD43 

on CytD-treated KG1a cells (top). The cells were fixed and immunolabeled in suspension 

for CD43 using 1G10 antibodies followed by AF-647-conjugated secondary antibodies. 

a b 

c d 
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The bottom panels show Ripley’s K function obtained from the SR reconstructed images 

of CD43 displayed in the top panels. The cluster sizes of 42, 108, 42, and 50 nm were 

obtained for each reconstructed image. The mean cluster size and the standard 

deviation are shown in Figure 4.55. 
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Figure 4.54: Examples of super-resolution (SR) localization microscopy imaging of CD43 

on MβCD-treated KG1a cells (top). The cells were fixed and immunolabeled in 

suspension for CD43 using 1G10 antibodies followed by AF-647-conjugated secondary 

antibodies. The bottom panels show Ripley’s K function obtained from the SR 

reconstructed images of CD43 displayed in the top panels. The cluster sizes of 108, 158, 

a b 

c d 
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83, and 141 nm were obtained for each reconstructed image. The mean cluster size and 

the standard deviation are shown in Figure 4.55. 

 

 

 

 

 

 

 

 

 

Figure 4.55:  Frequency histograms of the cluster sizes of CD43 on control, MβCD-

treated, and CytD-treated cells. Error bars indicate standard deviations of the cluster 

sizes. 
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Figure 4.56: Examples of the two-color super-resolution (SR) localization microscopy 

imaging of CD44 (red) and CD43 (green) on CytD-treated KG1a cells. The cells were fixed 

and immunolabeled in a suspension for CD44 and CD43 using the IM7 antibodies 

conjugated to AF-647 dyes and the 1G10 antibodies followed by AF-488-conjugated 

secondary antibodies, respectively. 
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Figure 4.57: Examples of the two-color super-resolution (SR) localization microscopy 

imaging of CD44 (red) and CD43 (green) on MβCD-treated KG1a cells. The cells were 

fixed and immunolabeled in a suspension for CD44 and CD43 using the IM7 antibodies 

conjugated to AF-647 dyes and the 1G10 antibodies followed by AF-488-conjugated 

secondary antibodies, respectively. 
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4.6.3 Effect of the disruption of actin cytoskeleton and lipid raft on the clustering 

behaviour of PSGL-1: 

The SR imaging experiment of CD44 and CD43 on CytD-treated KG1a cells 

suggested that actin depolymerization disrupts the surface morphology of the cell 

including microvilli (Fig. 4.47, 4.48, 4.49). Since the results obtained in Chapter 4, section 

4.2.5 suggested the localization of PSGL-1 to the tip of microvilli, the disruption of actin 

cytoskeleton may also affect the clustering behaviour of PSGL-1. The SR images of PSGL-

1 on CytD-treated KG1a cells displayed the mean cluster size of 65 nm (Fig. 4.58, 4.62). 

While both 2D (Fig. 4.58) and 3D (Fig. 4.59) SR images of PSGL-1 on CytD-treated KG1a 

cells appear to be similar to the untreated control cells (Fig. 4.21), the cluster size 

calculated using Ripley’s K function is slightly smaller than that in the untreated control 

cells (80 nm, Fig. 4.62). Given the similar cluster sizes for CD44 (72 nm, Fig. 4.52) and 

PSGL-1 (65 nm, Fig. 4.62) together with very low level of co-localization of the two 

ligands in the CytD-treated KG1a cells (Fig. 4.63), PSGL-1 molecules and clusters 

distribute randomly on the CytD-treated KG1a cells. At the moment, it is unclear 

whether the 65-nm cluster size corresponds to the actual clustering of PSGL-1 or 

suggests randomly distributed molecules on the cell surface. In the former case, PSGL-1 

most probably forms clusters by self-association. 

The SR images of PSGL-1 on MβCD-treated KG1a cells (Fig. 4.60, 4.62) displayed 

spatial distribution similar to the untreated control cells (Fig. 4.21) with the mean 

cluster size of 77 nm. The 3D SR images of PSGL-1 on MβCD-treated KG1a cells (Fig. 

4.61) also displayed 3D spatial distribution of PSGL-1 very similar to the untreated 

control cells (Fig. 4.23). The two-color SR images of PSGL-1 and CD44 on MβCD-treated 

KG1a cells (Fig. 4.64) demonstrated the low level co-localization of the two ligands. 

While almost no co-localization was observed between the small clusters of CD44 and 

PSGL-1, the patchy clusters of CD44 tend to locate closely to the PSGL-1 clusters. The 

similar trend was also observed for the untreated control cells (Fig. 4.28). Since the 

morphology of the cell membrane in the MβCD-treated KG1a cells is intact and the 
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patchy CD44 clusters remain localized to microvilli through the interaction with actin 

cytoskeleton (see Chapter 4, section 4.6.2), these observations indicate that the spatial 

cell rolling reorganization of PSGL-1 is regulated mainly by actin cytoskeleton, but 

through a molecular mechanism distinct from that for CD44. This is consistent with the 

results obtained from the two-color SR imaging experiment of the selectin ligands and 

actin cytoskeleton (Chapter 4, section 4.4.3). 
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Figure 4.58:  Examples of super-resolution (SR) localization microscopy imaging of PSGL-

1 on CytD-treated KG1a cells. The cells were fixed and immunolabeled in suspension for 

PSGL-1 using KPL-1 antibodies followed by AF-647-conjugated secondary antibodies. 

The bottom panel shows Ripley’s K function obtained from the SR reconstructed images 

b a 

d c 



163 
 

of PSGL-1 displayed in the top panels. The cluster sizes 50, 100, 67, and 58 nm were 

obtained for each reconstructed image. The mean cluster size and the standard 

deviation are shown in Figure 4.62. 

 

 

 

Figure 4.59: Examples of the 3D super-resolution (SR) localization microscopy images of 

PSGL-1 on CytD-treated KG1a cells. The cells were fixed and immunolabeled in 

suspension for PSGL-1 using the KPL-1 antibody followed by AF-647-conjugated 

secondary antibodies. The color bars show the z-axis positions of PSGL-1. 
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Figure 4.60: Examples of super-resolution (SR) localization microscopy imaging of PSGL-

1 on MβCD-treated KG1a cells. The cells were fixed and immunolabeled in suspension 

for PSGL-1 using KPL-1 antibodies followed by AF-647-conjugated secondary antibodies. 

The bottom panels show Ripley’s K function obtained from the SR reconstructed images 

of PSGL-1 displayed in the top panels. The cluster sizes 91, 66, 100, and 66 nm were 

b a 

d c 
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obtained for each reconstructed image. The mean cluster size and the standard 

deviation are shown in Figure 4.62. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.61: Examples of the 3D super-resolution (SR) localization microscopy images of 

PSGL-1 on MβCD-treated KG1a cells. The cells were fixed and immunolabeled in 

suspension for PSGL-1 using the KPL-1 antibody followed by AF-647-conjugated 

secondary antibodies. The color bars show the z-axis positions of PSGL-1. 

 

Figure 4.62: Frequency histograms of the cluster sizes of PSGL-1 on control, MβCD-

treated, and CytD-treated cells. Error bars indicate standard deviation of the cluster 

sizes. 
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Figure 4.63: Examples of the two-color super-resolution (SR) localization microscopy 

imaging of CD44 (red) and PSGL-1 (green) on CytD-treated KG1a cells. The cells were 

fixed and immunolabeled in a suspension for CD44 and PSGL-1 using the IM7 antibodies 

conjugated to AF-647 dyes and the KPL-1 antibodies followed by AF-488-conjugated 

secondary antibodies, respectively. 
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Figure 4.64: Examples of the two-color super-resolution (SR) localization microscopy 

imaging of CD44 (red) and PSGL-1 (green) on MβCD-treated KG1a cells. The cells were 

fixed and immunolabeled in a suspension for CD44 and PSGL-1 using the IM7 antibodies 

conjugated to AF-647 dyes and the KPL-1 antibodies followed by AF-488-conjugated 

secondary antibodies, respectively. 

 

4.6.4 Effect of the nanoscale clustering of the E-selectin ligands on the cell-rolling 

behaviours: 

The SR imaging experiment of the selectin ligands on the CytD- and MβCD-

treated KG1a cells demonstrated the effect of the disruption of subcellular structures 

(i.e., actin cytoskeleton and lipid rafts) on the clustering behaviours of the selectin 

ligands (Chapter 4, section 4.6.2 and section 4.6.3). Previous studies indicated a role 
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played by the clustering of selectin ligands and their localizations to subcellular 

structures in the rolling of the cell on selectins. Thus, I examined how nanoscale 

clustering of E-selectin ligands affects the rolling behaviours of the cells on E-selectins 

through the characterization of the rolling behaviours of the CytD- and MβCD-treated 

KG1a cells using the in vitro cell-rolling assay. The MβCD-treated cells showed the rolling 

velocity (5.7 ± 2.1 μm s-1, Fig. 4.65-b, 4.65-d) much faster than that of the control cells 

(0.94 ± 0.39 μm s-1, Fig. 4.65-a, 4.65-d). The expression level of CD44 and PSGL-1 in each 

cell did not change significantly following MβCD treatment (Fig. 4.46). Also, all the cell 

rolling experiments were conducted at the identical flow velocity (i.e., shear stress) with 

the same surface density of E-selectin, which are the factors that control the rolling 

behaviours of the cells in the microfluidic chamber. Therefore, these results suggest that 

the clustering of CD44 affects the binding properties (i.e., binding and dissociation rate 

constants) of E-selectin and its ligands and promotes slower and stable rolling of the 

KG1a cells on E-selectin. 

The disruption of the actin cytoskeletons by the CytD treatment caused a slight 

increase in the rolling velocity (1.4 ± 1.2 μm s-1, Fig. 4.65-c, 4.65-d). However, the effects 

of the CytD treatment were relatively minor compared with the effects of the MβCD 

treatment. The depolymerisation of the actin cytoskeleton caused deformation of the 

cells (Fig. 4.47) due to changes in the elastic properties of the cytoskeleton-supported 

cell membrane; hence this may affect the number of CD44 molecules that interact with 

the deposited E-selectin as well as the strength of the E-selectin-ligand binding. The 

deformed cell membrane may also be responsible for the marked increase of the 

standard deviation of the rolling velocity (i.e., irregular rolling) observed in the CytD-

treated cells (Fig. 4.65-d). Our microfluidics-based SR imaging revealed that macroscopic 

cell rolling behaviours are at least partly governed by the nanoscopic spatial clustering 

of selectin ligands. 
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Figure 4.65: Transmitted light microscopy images of (a) control, (b) MβCD-treated, and 

(c) CytD-treated KG1a cells rolling on E-selectin. Surface density of E-selectin was 2.7 

molecules μm-2. Scale bar, 100 μm, (d) Frequency histograms of the rolling velocities of 

control, MβCD-treated, and CytD-treated cells. Error bars indicate standard deviation of 

six different field of views. 
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In this Chapter, using microfluidics-based SR localization microscopy platform, I 

showed for the first time the morphology changes of CD44/CD43 protruding structures 

caused by the E-selectin-ligand interactions, which resulted in the significant cell 

membrane reorganization of CD44/CD43 to form the elongated network-like structures 

appeared as an increase in the cell footprint with a range of hundreds of nanometre. 

The 3D profile of CD44 showed that these molecules are distributed at different axial 

positions, even for clusters at a close distance. Moreover, CD44 molecules within single 

clusters exhibited a different distribution along axial positions. These observations 

suggest that CD44 molecules are distributed on microvilli structures. The 3D SR 

fluorescence localization microscopy revealed that after rolling these elongated 

network-like structures of CD44 were extended over the surface of the microfluidic 

chamber due to the interaction between CD44 on the cell surface and E-selectin inside 

the chamber. Due to the characteristics of these structures (i.e. length of the elongated 

clusters in the range of several micrometres and the non-retraction behaviour of the 

elongated clusters after detaching from the surface), the elongated clusters of CD44 

could not be attributed to any previously reported structures (e.g. slings with a length 

reaching up to 30 μm, tethers reaching up to 3 μm where the disassociation from 

cytoskeleton occurs, or even microvilli which are shorter than our observed structures). 

 PSGL-1 clusters were smaller in cluster size compared to CD44/CD43. The 3D 

profile of PSGL-1 showed clusters at different axial positions, similar to the distribution 

to CD44. However, the PSGL-1 molecules in single clusters showed similar z-axis 

positions, which is different from the CD44 molecules in singe cluster. These 

observations are consistent with the previous studies suggested the localization of 

PSGL-1 to the tip of microvilli.  

After the cell rolling, PSGL-1 showed an increase in the footprint, but no 

significant change in the clustering behaviours was observed, including the cluster size. 

After we examined the 3D SR images of PSGL-1 after the cell rolling the 3D images 

revealed that the PSGL-1 molecules were distributed over the cell surface, whereas in 
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some cells the clusters were condensed on one side of the cell membrane, suggesting 

the formation of cap-like structures and this in a well agreement to previous reported 

studies over chemokine- activated cells. 

The two-colour SR images of CD44 and CD43 exhibited strong co-localization of 

the two ligands in both the cells labeled in suspension and cells rolled on E-selectin. In 

contrast, CD44 and PSGL-1 exhibited distinct co-localization behaviours (i.e., weak co-

localization in the control cells and while we observed some kind of an association of 

the elongated network-like clusters of CD44 with PSGL-1 clusters after the cell rolling).  

Co-localization of the CD44/CD43 to cytoskeleton demonstrated in the two-

colour SR imaging of the selectin ligands and actin cytoskeleton, the nearly perfect co-

localization of CD44/CD43 and actin cytoskeleton in both control and rolled cells as 

indicated in the yellow regions. On the other hand, PSGL-1 clusters tend to distribute 

closely to actin cytoskeleton. These results suggested that clusters of CD44 and CD43 

are spatially organized by the direct association to actin cytoskeleton, whereas the 

spatial organization of PSGL-1 clusters is regulated by different mechanisms of 

interacting with actin cytoskeleton. These findings also suggest that actin cytoskeleton is 

structurally undergo dramatic reorganization during the cell rolling on E-selectins, 

probably by the mechanical force exerted on the cells. 

The two-colour SR localization images of CD44/CD43 and lipid rafts 

demonstrated certain level of co-localization of these ligands to lipid rafts on the control 

cells. Only weak co-localization of the ligands and lipid rafts was observed on the cells 

rolled on E-selectins. The contribution of the lipid rafts to the clustering behaviour of the 

ligands was not clear and needs more investigation.  

All the previous observations suggested that CD44 and CD43 are the key players 

in both the tethering and slow rolling of the cells on E-selectins. Some studies also 

pointed the involvement of these ligands to the firm attachment (arrest) of the HSCs to 

E-selectin and the efficient binding of PSGL-1 to selectins. The microfluidics-based SR 
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fluorescence microscopy platform developed in this study allowed for the first time the 

characterization of the relationship between the nanoscopic clustering of the selectin 

ligands and the macroscopic cell rolling behaviours. The SR imaging of CD44/CD43 on 

the lipid raft disrupted cells and cytoskeleton disrupted cells demonstrated their 

involvement in the clustering of these ligands. The disruption of the lipid raft and 

cytoskeleton also caused irregular rolling behaviour of the cells on E-selectins. The 

results suggest that the nanoscopic clustering of these ligands contributes to the stable 

rolling of the cells on E-selectins. 
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CHAPTER FIVE: CONCLUSIONS 

 

The ccurrent trend in the development of the super-resolution fluorescence 

microscopy techniques is targeting two major aspects; time resolution and depth by 

establishing faster imaging speed and the 3D imaging capabilities. Both are, in principle, 

aiming for capturing dynamic intracellular structures and/or processes. On another 

front, characterizing behaviours of individual cells at subcellular level under different 

conditions while they are interacting with other cells or extracellular components. In 

particular, studying cellular interactions and their behaviour in the presence of external 

shear forces is widely used model that mimic the intravenous blood flow, which 

influence the flow of different types of blood cells in the human body. This allowed for 

the study of different crucial molecular and cellular processes in the fields of cellular 

transmigration, inflammation response pathways and bone marrow cell homing.  

Often, spatial distributions of ligands and receptors on the cell surface govern 

cellular interactions and intracellular signalling pathways (i.e., regulation of macroscopic 

cellular interactions by nanoscopic molecular interactions). Thus, super-resolution 

microscopy should be able to provide a tool for the direct characterization of 

nanoscopic mechanisms of cellular interactions under dynamic conditions or in their 

native state. However, due to the lack of an appropriate experimental approach, the 

capability of super-resolution microscopy as a direct tool to be used in the studies of 

cellular interactions has not yet been explored. 

In this study I have investigated the nanoscale clustering of different E-selectin 

ligands, I have quantitatively characterized their nanoscale clustering for the first time 

and I have investigated their exact location and pointed out their association to the 

actin cytoskeleton and lipid raft; those findings were controversial in previous studies 

and many contradicting observations were reported so far, due too using the 

conventional biochemical techniques to address such issues. Applying SR localization 
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microscopy enabled us for the first time to provide clear answers to these questions and 

closely examine such unique details.  

We have observed such clustering behaviour of CD44 and CD43 is required to 

support slow and stable tethering/rolling of the KG1a cells to E-selectin, where I 

characterized the nanoscopic interplay between CD44, CD43, and PSGL-1 ligands 

clustering and macroscopic cell-rolling behaviours, where we observed a change in the 

cell rolling velocity/behaviour after treating the cells of pharmacological agents 

targeting either cytoskeleton or lipid raft. My introduced platform of microfluidics-based 

SR localization microscopy enabled the capture and quantification of the nanoscale 

spatial reorganization of selectin ligands that results from the rolling of the cells on E-

selectin, using two-colour SR localization microscopy based microfluidics I have directly 

visualized for the first time the exact contribution of subcellular structures to the overall 

cell rolling behaviour, as well as I have captured the morphology changes of the 

clustering behaviour of the ligands and their reorganization upon cell rolling. Although 

the role of lipid raft still unclear at this point, the observed morphology reorganization 

of lipid rafts, but not the increase in the cluster size and the partial pre-association of 

the ligands to lipid raft, could be the driver for initiating the signalling cascades that 

results in the reorganization of the E-selectin ligands and actin cytoskeleton under 

mechanical shear force. 

While KG1a cell rolling of P-selectin exhibited continues rolling velocity over time 

where PSGL-1 is the only contributor to support the rolling, while during the rolling on E-

selectin CD44/CD43 are contributing and the significant increase of the footprint of 

CD44/CD43 take place and the elongated network-like structures start to appear. Such 

behaviour could be related to the distribution of PSGL-1 along slings and tethers such 

spatiotemporal distribution is required at high cell velocity during the very initial stage 

of cell tethering/rolling to the vessel wall, while after a short period of time CD44/CD43 

take a major role to further slowdown the cells in order to the following events of 

homing cascades to occur. Further investigation is needed to rule out such possibility.  
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All the mentioned findings would contribute to building up the urge for a 

revision of the detailed molecular mechanisms used by HSPCs during their migration, as 

this study demonstrated that the nanoscopic spatiotemporal behaviour of selectin-

ligands interactions is far more dynamic than previously thought and the initial step of 

cell tethering/rolling is far more a simple receptor-ligand interaction.  We also note that 

the force-dependant reorganization of the actin cytoskeleton found in here have a 

particularly important implication for the latest finding in the field that stiffness of 

HSPCs is modified during the homing probably to facilitate efficient transportation of 

the cells to target (i.e. bone marrow).  

Microfluidics-based SR localization microscopy can also be extended into time-

dependent microfluidics-based SR microscopy experiments, which can be conducted by 

fixing the rolling cells at different time points of cell rolling over selectin, and will help to 

further unravel the kinetics of the nanoscale reorganization of the selectin ligands over 

time and thus will contribute to a more detailed nanoscopic and molecular-level 

understanding of HSPC homing process development over time.  

Future work may also help tease out the contributions of other ligands (i.e. E-

selectin ligand 1, CD34, etc.) or even integrin proteins, that are engaged in the 

subsequent steps of cell rolling and adhesion by depositing ICAMs to the glass surface of 

the microfluidic chamber to examine cell rolling and arrest under the presence of 

exerted shear force. Including knock out experiments is also possible on the either E-

selectin ligands or integrin to dissect their contribution to the cell homing process with 

further details.  All the above would also be a great opportunity to reach the ultimate 

goal of increasing the efficiency of bone marrow transplantation in treating 

haematological disorders. The platform that I presented in this thesis is, in principle, 

compatible with selective plane illumination microscopy, and thereby can be envisioned 

to expand the applicability of the method towards studying interactions between HSPCs 

and endothelium. 
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