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ABSTRACT 

Nanoscopic Characterization of Selectin-Ligand Interactions During the Initial Step of 

The Hematopoietic Stem Cell Homing Using Microfluidics-Based 3D Super-Resolution 

Fluorescence Imaging 

Ioana Andreea Ciocănaru 

 

Nanoscopic spatial reorganization of selectin ligands, CD44 and PSGL-1, during the initial 

step of hematopoietic stem/progenitor cell (HSPC) homing, tethering and rolling of 

migrating cells over E-selectins, has been recently reported. However, the exact spatial 

distribution of these ligands and their spatial reorganization during the cell rolling on E-

selectins are still an open question. The spatiotemporal characterization at the 

nanoscale level requires high resolution imaging methods. In this study, I quantitatively 

characterize nanoscopic spatiotemporal behavior of the selectin ligands on the 

migrating cells to understanding the molecular mechanism of the cell rolling at the 

nanoscale level by means of a microfluidics-based 3D super-resolution fluorescence 

microscopy technique. The obtained results suggest that PSGL-1 on the cell shows 

significant change in the axial distribution on the cell during the cell rolling on E-selectin 

whereas the spatial distribution of CD44 along the axial direction is not affected 

significantly by the cell rolling. These findings indicate that each selectin ligand has a 

distinct contribution to the initial step of the HSPC homing because of their distinct 

spatial localizations on the cells that regulate at least partly the accessibility of these 

ligands to the surface E-selectin. 



5 
 

ACKNOWLEDGEMENTS 

 A one-week long poster competition, an internship program and a Master`s 

degree walked me through this transformational experience where I meet the right 

people to learn from and be inspired by and where I lived those experiences which 

helped me grow faster than ever expected.  

 The one thousand steps journey starts with than one step towards what you 

strive for but I would probably not have the courage to continue without knowing that 

someone was there for me.  

 I am grateful for everyone and everything that came along this way and every 

day I am expressing gratitude for it. They are equally relevant to my personal and 

professional growth and in no particular order I want to thank them. My Professor for 

always being supportive, understanding and for inspiring me to be humble in front of 

any challenges and rewards life gives me. My colleagues who were patient and helpful 

from the first day I joined the group and who gave me their time and wise advices that I 

can take further with me in many other aspects of life. My guardian angels who listened 

to me when I could not myself. My family who was and will always be there for me.  

 

 

 



6 
 

TABLE OF CONTENTS 

 

              Page 

EXAMINATION COMMITTEE PAGE  ....................................................................  2 

ABSTRACT .........................................................................................................  4 

ACKNOWLEDGEMENTS…. ..................................................................................  5 

TABLE OF CONTENTS .........................................................................................  6 

LIST OF ABBREVIATIONS ....................................................................................  8 

LIST OF ILLUSTRATIONS .....................................................................................  9 

Chapter 1: Introduction…………………………………………………………………………………….       10 

1.1. Hematopoietic stem cells…..…………………………………………………………………….       10 
1.2. Hematopoietic stem cells homing...………………………………………………………….       13 
1.3. E-selectins and their ligands as components of the homing process….…….        14 

1.3.1. CD44……………………..……..………………………………………………………………        15 
1.3.2. PSGL-1….………………………………………………………………………………………        16 

1.4. Optical considerations……………………………………………………………………………..        16 
1.5. Fluorescent labeling…………………………………………………………………………………        17 
1.6. Stochastic Optical Reconstruction Microscopy (STORM)………………………….        18 
1.7. Diffraction limit and Astigmatism…………………………………………………………….        20 
1.8.  Objectives of the study…………………………………………………………………………….       21 

 
 
Chapter 2: Materials and Methods………………………………….……………………………….       23 
 
2.1. Cover slip coating ……………………………………………………………………………………       24 

2.1.1. 1-color 3D STORM control experiment……….……………………………….       24 
2.1.2. 1-color 3D STORM rolling experiment …………………………………………       25 

2.2. Cell sample preparation ………………………………………………………………………….       26 
2.2.1. 1-color 3D STORM control experiment…..…………………………………….      26 

2.2.1.1. Fixation ……………………………………………..…………………………….     26 
2.2.1.2. Blocking …………………………………………………………………………….    27  
2.2.1.3. Immunolabeling..…………………………………..…………………………      27 

2.2.2. 1-color 3D STORM rolling experiment …………………………………………….   28 
2.3. STORM imaging experiment ………………………………………………………………………    29 



7 
 

2.3.1. Optical configuration ………………………………………………………………………….29 
2.3.2. Imaging buffer …………………………………………………………………………………….30 
2.3.3. Image acquisition..……………………………………………………………………………… 31 
2.3.4. Fluorescent imaging of TetraSpeck beads ……………………………………………31 
2.3.5. Fluorescent imaging of KG1a cells ……………………………………………………..  32 

2.4. Image processing …………………………………………………………………………………………… 33 
2.4.1. Peak identification and fitting……………………………………………………..34 
2.4.2. Localizer for Igor: calibration curve from TetraSpeck molecules….35 
2.4.3. Localizer for Igor: 3D coordinates from KG1a cells movies ……..…. 36 

 
Chapter 3: Results and Discussion ………………..………………………………………………………….37 
 
3.1. Surface profile of the coated coverslip…………………………………..…………………….     37 

3.1.1. AFM experiments confirmed surface flatness ……………………………..……    37 
3.2. GNPs deposition …………………………………………………………………………………………..    40 
3.3. Rolling experiment - PLO ensured cell adhesion ……………………………………………   41 
3.4. Selecting GNP as surface marker …………………………………………………………………..   42 
3.5. Contaminant data points ……………………………………………………………………………….  44 
3.6. Filtering out contaminant data points …………………………………………………………..   46 
3.7. Relative distance distribution ………………………………………………………………………..   55 

3.7.1. Before rolling (control) ………………………………………….…………………………..   55 
3.7.2. After rolling …………………………………………………………………………………..…..   57 

 
Chapter 4: Concluding Remarks …………………………………………………………………………….   62 

 
BIBLIOGRAPHY …………………………………………………………………………………………..…………   64 

 

 

 

 

 

 

 



8 
 

LIST OF ABBREVIATIONS 

 

AGM  Aorta-Gonad-Mesonephros 

BM  Bone Marrow 

CT  Computer-aided Tomography 

EM  Electron Microscopy 

FM  Fluorescent Microscopy 

FWHM   the Full Width Half Max 

HSCs  Hematopoietic Stem Cells 

ICC  Immunocytochemistry  

IHC  Immunohistochemistry 

LM  Light Microscopy 

NMR  Nuclear Magnetic Resonance 

RBC  Red Blood Cell 

SR Super-Resolution 

STORM   Stochastic Optical  

βME  Betamercaptoethanol 

 
 
 

 

 

 

 



9 
 

 
LIST OF ILLUSTRATIONS 

 
 

Figure 1.........................................................................................   13 
Figure 2.........................................................................................   32 
Figure 3.........................................................................................   36 
Figure 4.........................................................................................   40 
Figure 5.........................................................................................   42 
Figure 6.........................................................................................   43 
Figure 7.........................................................................................   44 
Figure 8.........................................................................................   45 
Figure 9.........................................................................................   47 
Figure 10.......................................................................................   48 
Figure 11........................................................................................  49 
Figure 12........................................................................................  50 
Figure 13........................................................................................  51 
Figure 14........................................................................................  52 
Figure 15......................................................................................... 54 
Figure 16......................................................................................... 56 
Figure 17......................................................................................... 58 

 

 

 

 

 

 

 

 

 



10 
 

 

Chapter 1 

Introduction 

The cellular process shown in Figure 1 is deployed by different cells, from either cancer 

cells during metastasis, lymphocytes and platelets when transitioning toward 

inflammation sites, to either hematopoietic stem cells (HSCs) after transplantation in 

leukemia treatment. HSCs are the most promising for leukemia treatment and for other 

hematological disorders, and the success of this treatment depends exclusively on their 

ability to home into the bone marrow (BM) niche and from there, repopulate the blood 

and immune cells of the patient. The current project was a more detailed exploration 

and quantification of the rolling behavior of HSCs. Therefore, the first step in stem cells 

homing, namely tethering and rolling was studied in order to better understand how 

they transition to the BM niche.  

Our approach was to use super-resolution fluorescence imaging to determine the 3D 

location of the ligands on the cell surface. In the last chapter the meaning of the spatial 

distribution of the ligands in the initial step of the homing is discussed. The overall 

design of the experiment to tackle the scientific question addressed relied on in vitro 

cell rolling assay which mimics the cell rolling during migration.  
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1.1. Hematopoietic Stem Cells 

The quality that distinguishes stem cells from other cell types is their capacity for self-

renewal and differentiation. Self-renewal refers to a cell’s ability to divide and give rise 

to at least one daughter-cell, which is able to proliferate and develop in tandem with its 

parent-cell 1. Differentiation is the ability of a cell to give rise to one or more 

developmentally-distinct mature cell types, although it is not entirely unique to stem 

cells; both HSCs and progenitor cells can give rise to all the major hematopoietic 

lineages, only that the later are limited in the number of life cycles 2. In adults, all blood 

cell types are derived from HSCs, which are found in the bone marrow. 

HSCs have different anatomical sites throughout ontogeny. They are first found in the 

embryonic yolk sac and the aorta-gonad-mesonephros (AGM) region, followed by a 

transition to the placenta, fetal liver, and spleen. Right before birth, they migrate to the 

bone marrow (BM), where blood formation is maintained throughout the lifespan. HSCs 

reside along the inner surface of the trabecular bone, and differentiating cells migrate 

toward the center of the bone marrow cavity. An increase in the number of osteoblasts 

is correlated with an increase in the number of long-term HSCs which made bone-

forming osteoblast to be considered the major component of the HSC niche. HSCs are 

detectable in the peripheral blood, spleen, and liver, and their localization, adjacent to 

the blood vessels, facilitates the mobility and migration in and out of the niche. Cellular 

adhesion molecules and chemokine receptors are involved in the recruitment of HSCs 

into the niche after migration or homing to the bone marrow; however, the effect of 
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nanoscale reorganization of membrane architecture over the entire process remains an 

open question 3.  

The differentiation of a multi-potential HSC into a mature erythrocyte or red blood cell 

(RBC) undergoes the highly regulated multi-step process called erythropoiesis, or 

erythroid uni-lineage. The functional importance of erythroid lineage in early 

development is also supported by its appearance in the blood island of the yolk sac, 

during ontogeny.  

Therefore, HSC treatment (HSCT) proved its ability to establish a healthy blood system in 

patients who followed a transplant of healthy stem cells for the treatment of blood 

system disorders such as myelofibrosis (MF) 4. Specific therapeutic roles of adult stem 

cells become evident in the clinical HSC transplantation, and their proliferation dictates 

part of their efficiency. In the context of successful stem cell therapy, the behavior of 

HSC after transplantation, as well as the homing process need to be better understood. 

The homing process relies on the ability of the HSCs to interact with the endothelial 

cells, which, at a basic level, resides on the interaction of the HSCs microvilli with the 

endothelial cells. Microvilli are protruding structures on the HSCs membrane surface 

and are populated with cell adhesion molecules, which interact with their receptors on 

the endothelial surface.  
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1.2. Hematopoietic stem cells homing  

The homing of hematopoietic stem cells refers to a four-step process: from interactions 

between endothelial receptors and their ligands on HSC membrane, tethering and 

rolling, firm adhesion, to finally transmigration to the BM niche.  

 

 

Figure 1. Multistep paradigm of hematopoietic stem cells homing. (©AbuZineh, K., 2018) 

Figure 1 depicts two main molecular components of the first step of HSCs homing: the 

selectins expressed on the endothelial cells and the ligands located on the HSCs 

microvilli. E selectin mediates cell rolling, which has a high resistance to detachment 

conditions under shear stress of the blood flow. Two ligands are involved in essential 

steps such as cell migration, adhesion, survival, proliferation. PSGL-1 interacts with all 

three selectins while CD44 is considered to be the “bone marrow homing receptor”. The 
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Selectin-dependent tethering and rolling is a transient interaction, which decreases 

cellular velocity and brings the cell into closer proximity to the vessel wall. E-selectin and 

the two ligands will be further described in the next section. 

 

1.3. E-selectin and their ligands as components of the homing process 

The current research uses HSCs as a model system to study cell-cell interactions during 

cell rolling on E-selectin, which requires selectins expressed on the blood vessel 

endothelium to interact with the corresponding ligands expressed on the HSCs 

membrane. The in vitro experiments further described in the next chapters use KG1a 

cells instead of HSCs, and recombinant human E-selectin deposited on a flat surface as a 

substitute of endothelial cells.  

Among cadherins, integrins, and syndecans, selectins are one of the four main family 

members of adhesion molecules that share similar structure and functions. The family of 

adhesion molecules are glycoproteins expressed on the membrane surface, with large 

extracellular domains, a transmembrane domain, and a cytoplasmic functional domain. 

Selectins have been shown to play a role in the inflammatory response processes, hence 

studies have been extensively conducted on the three types: E-selectin (CD62E), L-

selectin (CD62L), and P-selectin (CD62P). Their corresponding ligands are preferentially 

expressed on different type of cells — E-selectin, mainly on endothelial cells; L-selectin 
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on leucocytes; and, P-selectin on endothelial cells. The latter exhibits a limited 

interaction and has a preference for leucocyte PSGL-1 5. 

The importance of the selectins in the rolling process has been proven by both in vivo 

and in vitro studies. Extravasation is part of the immune response, and it represents the 

transition of leucocytes from the circulatory system to the targeted tissue. Additionally, 

it highlights the importance of the white blood cells and their ability to interact and 

traverse the endothelium. Extravasationis a multistep process, based on multiple 

molecular interactions, followed by tethering and rolling of the leucocytes under flow in 

an attempt to sense the local environment, activate integrins, adhere, and, lastly, 

transmigrate to the tissue. 

1.3.1. CD44 

CD44 is part of a family of adhesion molecules with a primary physiological role in the 

cell-cell and cell-matrix interaction. However, the molecule’s multiple isoforms are 

involved in several other processes such as lymphocytes activation and homing. Their 

structure is comprised of a single chain with an N-terminal extracellular domain, a 

membrane region, a transmembrane domain, and a cytoplasmic tail. Its principal ligand 

is hyaluronic acid (HA), a component of the extracellular matrix, which has multiple 

binding sites to the CD44 molecule. CD44 exists in multiple isoforms apart from the 

standard form (CD44s/haematopoietic CD44/CD44H), resulted by insertion of 

combinations of nine variant exons (CD44 variant/CD44v) 6.  
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1.3.2. PSGL-1 

P-selectin glycoprotein ligand-1 (PSGL-1) is a glycoprotein found on endothelial and 

white blood cells, and its role is crucial in the process of tethering and adhesion of the 

cells. It has the highest affinity to P-selectin, but it can also bind to the three members 

of the selectins family: P-selectin, L-selectin (leukocyte), and P-selectin (platelet).  It was 

previously reported that PSGL-1 is localized at the tip of the microvilli 7 of neutrophils 8 

and lymphocytes. 

The aim of the study was to quantitatively investigate the spatial locations and 

reorganization of the ligands during the cell rolling over E-selectin. This work shows that 

the CD44 ligand is uniformly distributed on the entire cell microvilli whereas the PSGL-1 

ligand is concentrated at the tip of the microvilli. 

 

1.4. Optical considerations 

A variety of bio-imaging tools and techniques have been developed for the purpose of 

imaging through the entire range of length scales in living organisms. In the macroscopic 

domain, there are powerful tools such as PET, MRI, and Computer aided Tomography 

(CT), which have not only revealed important fundamental biological insights, but have 

also been used for medical diagnosis. In the microscopic domain, Light Microscopy (LM) 

has contributed to the investigation of biological systems at the cellular and subcellular 

level. In the nano-scopic domain, techniques such as Electron Microscopy and Scanning 



17 
 

Probe Microscopy are widely used. The atomic arrangement of biomolecules is 

investigated using X-ray crystallography, Nuclear Magnetic Resonance (NMR), and high-

resolution Electron Microscopy (EM).  

However, there is no alternative with similar benefits to visible light for the three-

dimensional exploration of living organisms. Aside from being minimally invasive, LM 

allows for monitoring real-time dynamics by using a wide range of fluorescent molecules 

or dyes. Labeling methods allow for the highly specific binding of dyes to biological 

molecules, thus making it possible to investigate and visualize interactions of different 

molecules. Fluorescent microscopy (FM) is widely used in molecular and cellular biology 

due to its versatility as a minimally invasive technique, as well as its capability to provide 

dynamic evolution observations.  

 

1.5. Fluorescent labeling 

A number of photo-switchable probes, from conventional fluorescent proteins and dyes, 

allow for the investigation of a wide variety of biological structures and systems through 

super-resolution (SR) imaging techniques such as STORM (stochastic optical 

reconstruction microscopy, PALM (photoactivated localization microscopy 9) and fPALM 

(fluorescence PALM 9). Immunofluorescence techniques usually referred to as both 

immunocytochemistry (ICC) and immunohistochemistry (IHC), as well as antibody 

labeling, use fluorescent antibodies. Antibodies — or immunoglobulins — are Y-shaped 
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glycoproteins with a high molecular weight that bind specifically and non-covalently to a 

second molecule, antigen, or epitope. The specificity of the fluorescent label stems from 

the affinity of the antibody for the corresponding antigen. The detection of the bound 

antibody is thus attributed to the attached fluorophore. Primary antibodies bind directly 

to the antigen, whereas the secondary antibodies bind indirectly by using the primary 

antibody as a bridge to the targeted biomolecule. Fluorescence in situ hybridization for 

example, uses nucleic acids as fluorescent probes; however, the preferred technique 

remains transfection, which uses photo-switchable fluorescent proteins. In order to 

enable the photo-switching of cyanine dyes, thiol compounds must be present in the 

imaging medium — for example, betamercaptoethanol (βME) 10. The effectiveness of 

the imaging medium is maximal in the first hour, for the photo-switching decreases over 

time. 

 

1.6. Stochastic Optical Reconstruction Microscopy (STORM) 

It is ideal to keep the advantages of LM such as live cell compatibility and chemical 

specificity, as well as multicolor molecular-specific imaging capability, while extending 

the resolution to the molecular scale. The concept of SR localization microscopy was 

independently implemented by three research groups in 2006 11,12,13. The ability to 

localize a single molecule does not immediately generate a super-resolution image of a 

fluorescently labeled sample, as it may contain a large number of fluorophores inside 

the same diffraction-limited region. Therefore, the fluorescence emission from the 
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molecules would severely overlap such that the resulting image appears unresolved. If 

their fluorescence emission is spatio-temporally controlled such that a small number of 

molecules in the field of view emit at a time, individual molecules can then be imaged 

and accurately localized 9. The excitation light was concentrated down to a 200 nm focal 

spot or point spread function (PSF) in lateral direction or along X-Y axes (across the focal 

plane), and 500 nm in the axial direction or along the Z axis. In the beginning, this was 

seen as a major limitation, first addressed by Ernst Abbe (Eq. 1.1). In order to separate 

two identical features using a light microscope, they have to be separated by distance d, 

given by the wavelength of light (λ) divided by twice the numerical aperture of the 

objective lens (NA). 

𝑑 =
𝜆

2𝑁𝐴
   (1.1) 

Stochastic Optical Reconstruction Microscopy (STORM) is used in molecular and cell 

biology for SR fluorescence imaging. It uses subsets of sparse fluorescent molecules that 

switch from an off to an on-state to reconstruct a high resolution image 14, and requires 

an epi-fluorescence microscope with a single-molecule sensitive CCD camera. Post-

processing localization algorithms pinpoint the center position of individual fluorescent 

molecules from different subsets that have been switched on by relatively weak 

activation light, until a sufficient number of localizations are obtained to reconstruct the 

high-resolution image of the underlying structure. STORM imaging has a relatively low 

temporal resolution due to the large number of frames which require the super-

imposition of localizations from individual frames. It can also be used in parallel with 
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single particle tracking in order to track individual probes or molecules inside the 

structure with millisecond time resolution. In turn, this offers a powerful, fast approach 

to studying the dynamics of structures inside the cell. High-quality STORM plots imaging 

requires a larger number of frames, which might render the data acquisition more time 

demanding — typically tens of seconds up to several minutes. It is therefore necessary 

to consider the possible mechanical drift of the sample over time, caused by immersion 

oil, temperature variations, expansion and contraction of the microscope frame, or 

mechanical vibration 14. Besides resolution or localization precision, localization density 

is equally important in order to generate high quality reconstructions of the structure of 

interest. The image resolution in the reconstructed SR image depends on the 

localization precision and total number of localizations.  One way to reduce the drift is 

by decreasing the acquisition time, and hence also the total number of localizations 16. 

There is ongoing effort toward acquisition of high-quality images in a short acquisition 

time. In addition, both thermal and mechanical isolation help to reduce the drift, which 

can be further corrected in the post-processing phase.  

 

1.7. Diffraction limit and Astigmatism   

The 2D SR imaging is accomplished by determining the X and Y position of each 

molecule. Objects that are in focus generate a resolved image, whereas those that are 

out of focus appear unclear. The shape of the imaged structure encodes the Z 

information, and it does not change at the focus position. Below and above focus 
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position, the shape of the object looks similar, creating degenerates and therefore 

making it impossible to discern negative Z from positive Z. Astigmatism breaks the 

degeneracy, thus allowing the conversion of a 2D STORM image into the 3D STORM 

image. The advantageous use of a weak cylindrical lens introduced astigmatism and 

created different focal planes for the X and Y directions. STORM deploys virtual 

scanning, as the X, Y, and Z positions are simultaneously determined by the shape of the 

image, without requiring to perform mechanical scanning. The localization precision (i.e. 

standard deviation of the localized positions by the same molecule/particle) is less than 

10 nm in X-Y direction, and less than 20 nm in Z direction. The full width half max 

(FWHM) precisely indicates the intermolecular distance needed to be resolved — 20 nm 

in X-Y direction, and less than 50 nm in Z direction. This imaging approach gives at least 

a one order of magnitude improvement over widely used confocal microscopy. 

 

1.8. Objectives of the study 

The aim of the study was to quantitatively characterize the reorganization of CD44 and 

PSGL-1 ligands upon cell rolling on E-Selectin-coated surface. To achieve this, the 

following main objectives were completed: 

 A previously developed protocol for surface coating was adapted such that it 

allowed the use of gold nano-particles as surface markers. 
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 A data analysis protocol was developed in order to calculate the Z coordinate for 

both the GNPs and the ligands (CD44 and PSGL-1) within 3D STORM movies of 

individual cells.  

  The relative position of the ligands with respect to the gold nano-particle was 

calculated for control and rolled cells. 
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Chapter 2 

Materials and methods 

The SR imaging experiments on the KG1a cells were conducted using a previously 

developed protocol with some modifications in order to deposit the surface marker, 

gold nanoparticles (GNPs)s22 (Cover slip coating section). Two different experimental 

configurations were employed to visualize nanoscopic spatial localizations of the 

selectin ligands before and after the cells rolled over E-selectin.  

In the first configuration, the spatial localization of the selectin ligands on the control 

cells (i.e. spatial locations of CD44 and PASGL1 on the KG1a cells before cell rolling on E-

selectin) was characterized. In this configuration, the cells were blocked, stained with 

primary and secondary antibodies, and fixed inside centrifuge tubes and finally perfused 

in the microfluidic chamber. A glass coverslip was coated with poly-L-ornithine (PLO) to 

ensure adhesion of both KG1a cells and GNPs and attached to the bottom surface of the 

microfluidic chamber.      

In the second configuration, the spatial localization of the selectin ligands on the rolled 

KG1a cells over E-selectin was characterized, which mimics the cell rolling behavior on 

endothelium. The cells were first rolled under a shear stress of 0.25 dyne cm-2 and then 

blocked, stained and fixed inside the chamber. This configuration enables to preserve 

the transient spatial locations of the selectin ligands on the KG1a cells and therefore one 

can capture their nanoscopic spatial locations and reorganization using SR imaging. 
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When GNPs were deposited on the surface prior to the cell rolling inside the chamber, 

they were washed away. Therefore, GNPs were perfused in the channels as a last step in 

the sample preparation.  

Each of the two configurations will be explained in detail in the coming chapters. 

 

 

2.1. Cover slip coating 

The original protocol 22 for coating the cover slip was customized for the deposition of 

gold nanoparticles (GNPs) as surface markers. 

Non-sterile glass cover slips for sticky slides (75x25mm, No. 1.5, ibidi GmbH) were 

placed inside a plastic cleaning jar inside an ultrasonicator (P60H, Elma Schmidbauer 

GmbH) bath at 37˚C. The coverslips were cleaned by two rounds of the following 

procedure: first with 96% ethanol for 15 minutes, then rinsed 7 times with Milli-Q water 

(Mill-Q Reference, Merck Millipore), followed by another 15 minutes with 1M KOH and 

another 7 rinses of Milli-Q water. After the second repeat, the coverslips were cleaned 

with Milli-Q water for 15 minutes in the ultrasonicator.  

 

2.1.1. 1-color 3D STORM control experiment 

The cleaned glass cover slip was dried using an airflow tube and attached to the 6-

channel microfluidic chamber (channel width = 3.8 mm, channel height = 0.4 mm, sticky-
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slide VI0.4, ibidi GmbH). Each channel was perfused with 50 mL 1M poly-L-ornithine 

(PLO) hydrobromide (Sigma-Aldrich), and then incubated for 2 hours at 37°C. Upon 

incubation, each channel was washed three times using Hank’s Balanced Salt Solution 

(HBSS) buffer. Upon PLO coating, each of the 6 channels of the microfluidic chamber 

was washed 3 times with HBSS and immediately perfused with GNP solution (Invitrogen, 

40nm, n = 8.1 x 10̂6 particles μL-1). The ideal concentration of solution was investigated 

in the results and discussion section further below. The microfluidic chamber was then 

incubated for a minimum of 8 hours at room temperature (22˚C), to ensure a firm 

fixation of the GNPs against the PLO-coated surface. Firmly fixed particles would provide 

stable signal during image acquisition. Each channel was then washed 3 times with HBSS 

buffer in order to remove particles that were not well fixed. 

 

2.1.2. 1-color 3D STORM rolling experiment 

The aim of the second experiment was to characterize the ligand distribution of KG1a 

cells after rolling on E-selectin surface. With reference to the previously described 

experimental protocol, sample preparation was adapted for the in vitro cell rolling assay 

by having a different coating protocol, and by rolling the cells on the E-Selectin surface. 

Namely, the sterile glass coverslip attached to the same chamber described previously 

was first coated with PLO, then underwent a three-step incubation at room 

temperature, and washed 3 times with HBSS in between each incubation. The first 

incubation of 8 hours made use of 10 μg ml-1 Protein A (Invitrogen) in HBSS, the second 
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incubation of 1 hour used 0.5 μg ml-1 recombinant E-selectin solution (the surface 

density of E-selectin is 3.6 molecules μm-2), and the final incubation of 30 minutes used 

1 % casein in phosphate buffer saline (PBS, Thermo) in order to block the surface. As 

opposed to the experimental configuration for the control cells (i.e. non-rolled cells), the 

GNPs were perfused in the chamber after the last fixation step of the sample 

preparation. In initial trials, the GNPs were deposited to the surface prior to the cell 

rolling over E-selectin that caused a significant drop in the surface density of the GNPs, 

making it impossible to use them as the surface markers. This suggests that the GNPs 

were gradually detached from the surface and eventually washed out over the multiple 

steps of the sample preparation that took place inside the chamber. 

 

2.2. Cell sample preparation 

2.2.1. 1-color 3D STORM control experiment 

KG1-a cells were cultured in 25 mL Iscove’s Modified Dulbecco’s Medium (IMDM, Gibco) 

enriched with 20 % fetal bovine serum (FBS), 100 U ml-1 penicillin, 100 μg ml-1 

streptomycin22. Cultures were grown to a density of 1 million cells mL-1. A cell 

concentration above 1 million cell mL-1is correlated with changes in cell morphology. 

Two 1 mL aliquots of the cell culture were subjected to downstream labelling. 

 

2.2.1.1. Fixation 
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Both aliquots were centrifuged for 5 minutes, at 300 RCF, and 22 ˚C. The pellets were re-

suspended in a 3 % (w/v) paraformaldehyde (PFA) and 0.2 % (w/v) glutaraldehyde (GA) 

in HBSS fixation solution. A vertical angle centrifuge was observed to be better suited 

particularly after fixing the cells, while an oblique angle centrifuge led to pellet 

spreading on the tube walls. Upon fixation, a different washing and centrifugation 

configuration was used due to the cell membrane becoming more rigid: the cell 

suspension was centrifuged for 3 minutes at 300 RCF. Both aliquots were incubated for 

20 minutes at room temperature (22˚C). Following incubation, the cells were washed 

twice and pelleted at 300g.  

 

2.2.1.2. Blocking  

In order to prevent non-specific labeling, the cell membrane was blocked using 10% 

goat serum (GS) (Sigma-Aldrich) and then placed in the thermomixer for 40 minutes, at 

37˚C and 300 RCF.  

 

2.2.1.3. Immunolabeling  

The immunolabelling of the selectin ligands on KG1a cells was conducted using primary 

and fluorescently-labelled secondary antibodies (Ab). Each of the 2 pellets were 

suspended in a different solution containing primary antibody, for each of the two 

targeted ligands: 15 μg ml-1 purified mouse anti-human CD44 antibody (clone 515, BD 
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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. They were then incubated for 40 

minutes at 37 °C, which concluded the first step of the immunolabeling process. Each 

pellet was washed twice and then resuspended for 40 minutes at 37 °C in a solution 

containing the fluorescently-labelled secondary antibody (5 μg ml-1 Alexa Fluor (AF)-647 

conjugated goat anti-mouse antibody (Invitrogen) diluted in 2 % BSA in HBSS). Upon the 

treatment with secondary Ab, the cells were washed and centrifuged twice within the 

same configuration.  

Lastly, the cells were washed twice and fixed again for 10 minutes to prevent the 

dissociation of antibodies22. The cells from each tube were washed twice and re-

suspended in 150 μL HBSS to be stored overnight at 4˚C.  

 

2.2.2. 1-color 3D STORM rolling experiment 

With reference to the above described protocol for cell preparation, in this experiment 

cells were rolled over the E-Selectin surface at a sheer stress of 0.25 dyn cm-2 (0.152 mL 

min-1). The experimental setup used a syringe pump (PHD ULTRA, Harvard Apparatus) 

which is described in detail in a previous work 22. Fixation, blocking, immunolabeling, 

and a last fixation step were performed inside the chamber upon cell rolling, as 
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previously described. The washing between each step was performed 3 times using 

HBSS. Lastly, the GNPs were deposited at the same concentration. 

 

2.3. STORM imaging experiment 

The principle of Stochastic Optical Reconstruction Microscopy (STORM) was discussed in 

the Introduction. The imaging protocol was the same for both 3D STORM experiments.  

 

2.3.1. Optical configuration  

The imaging experiment relied on a custom-built wide-field illumination fluorescence 

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

continuous wave diode laser emitting at 638 nm (60 mW, MLD, Cobolt) was connected 

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

mm, Thorlabs) which focused the beam on the back aperture of the objective lens 

(UAPON 100XOTIRF, ×100, NA = 1.49, Olympus). The sample, which remains in solution 

(imaging buffer) during acquisition, is imaged from underneath so that photons can be 

efficiently collected 17. The sample was illuminated through the objective lens with 

highly inclined thin illumination (HILO) configuration 19 to ensure a significantly higher 

SNR. Imaging a several nm thick sample requires a high incident angle near, but not 

exceeding, the critical angle of the glass-solution interface. This provides a narrower 

depth of illumination and lower background fluorescence 18, 19. For imaging near the cell 
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surface, the incident angle can be increased to allow total internal reflection (TIRF), and 

to further reduce the background noise. Localization reaches a maximum precision 

when the magnification is chosen such that the FWHM of the image of the PSF is equal 

in size to approximately 2.4 camera pixels 20. To determine the precise localization of 

each fluorescent molecule out of the millions, at any time, the existing analysis software 

must provide accurate identification 21. 

The illumination power at the samples for the imaging experiments was 3.1 kW cm-2. 

The fluorescence signal coming from the sample was captured by the same objective 

and separated from the illumination light by a dichroic mirror (FF660-Di02-25x36, 

Semrock). The signal was filtered by an emission bandpass filter (FF01-697/58-25, 

Semrock), and was finally detected by an EMCCD camera (iXon3 897, Andor 

Technology).  

 

2.3.2. Imaging buffer 

Alexa-647 fluorophores were used for the immunolabelling of CD44 and PSGL-1. The 

Alexa-647 dyes were optically activated in an imaging buffer solution, under excitation 

light. The imaging buffer consisted of  TN buffer (50 mM Tris with 8.0 pH 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 10. The buffer had a 
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limited time-span effectiveness of approximately 2 hours, after which the switching 

behavior of the fluorophores decreased. 

 

2.3.3. Image acquisition  

The microfluidic chamber was placed on the stage of an inverted optical microscope 

(IX71, Olympus) equipped with a 100X objective lens (UAPON 100XOTIRF, NA = 1.49, 

Olympus). The illumination area was adjusted to approximately 15 μm in diameter such 

that only a single cell was illuminated in each image acquisition. The transmitted light 

images were obtained at a video rate of 30 frames per second from a CCD camera 

(XC10, Olympus). A microscope illuminator was used to identify and position the cells in 

the field of view (FOV). The fluorescence images of the cells were recorded using a 

150×150 pixels region of the EMCCD camera with 100 nm pixel size at 10 ms exposure 

time and 300 EM gain. Andor iQ software (Andor Technology) was used to record the 

images. It deployed 2 different protocols, depending on whether it acquired a 101 

frames Z stack of TetraSpeck (diameter = 40 nm, Invitrogen) or a temporal acquisition of 

10,000 frames of the cells. The 10,000 fluorescence images were recorded to 

reconstruct the super-resolution localization microscopy images (color map or scatter 

plots) and to export the coordinates of the localized ligands. 

 

2.3.4. Fluorescent imaging of TetraSpeck beads 
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A calibration curve for the 3D astigmatism-based STORM imaging experiments was 

obtained by recording multiple fluorescence images of TetraSpeck fluorescent 

nanospheres at different Z-axis positions. The 100 nm TetraSpeck beads sample was 

stored at 4˚C and excited with a 638nm beam. The 3D STORM imaging experiment relied 

on the astigmatism introduced by a cylindrical lens (focal length of 200 mm) inserted in 

front of the EMCCD (electron-multiplying charge-coupled device) camera 23. During 

acquisition, the microscope stage (APZ-X00 Piezo Z-Stage, Andor) moved along the Z axis 

within a 1 μm range. The acquired Z stack contained 101 frames taken at different 

planes within the range, with an inter-planar distance of 10 nm. With each plane, the 

shape of the object (of the bead) changed as an effect of the astigmatism introduced by 

the cylindrical lens (Introduction – Diffraction limit and Astigmatism).  
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Figure 2.  Schematic of astigmatism introduced by a cylindrical lens in the configuration 

of STORM imaging experiment, showing changes in the ellipticity of an image, which 

determines the Z coordinate of the corresponding object 23. 

2.3.5. Fluorescent imaging of KG1a cells 

The dataset consisted of 10,000-frame movies of KG1a cells. The buffer solution (HBSS) 

from each channel of the chamber was replaced with the imaging buffer, which allowed 

fluorophores photo activation. The sample was visualized under bright field (BF) to 

localize the cell within the 150 × 150 pixels (15 µm × 15 µm) FOV. For larger cells, no 

extra magnification was used. In some cases, extra magnification was not used as the 

cell dimensions vary and/or the nearest GNP was not in immediate vicinity of the cell 

such that it had to be accommodated in the area. It took up to 1 minute for the 

fluorescent dyes to be activated under the excitation laser light after transitioning from 

BF illumination. The Z axis position had to be constant over the acquisition, therefore a 

C-Focus system (Mad City Labs inc.) was used. The offset was set to either -0.5 or +0.5 

mV and the device was active during acquisition. Any changes in the focus during 

acquisition would lead to device de-calibration, and therefore to Z axis drift.  

 

2.4. Image processing  

Four softwares (ImageJ, Localizer for Igor Pro, Matlab, and OriginPro) were used for the 

data analysis and image processing. Two types of data were analyzed: the 101 Z stack of 
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TetraSpeck beads (reference data) and the 10,000 frames movie of cells (sample data). 

The data was loaded in Igor and, further on, Localizer was used as a plugin in order to 

perform the analysis.  

2.4.1. Peak identification and fitting 

For each identified intensity peak, two consecutive fits are performed. The first is a 

continuous ellipsoidal Gaussian which renders an ellipticity parameter defined as 

max(a,b)  

min(a,b)
, where a and b define the widths of the Gaussian distribution along the X and Y 

axes. The first fitting step acts as a filter against the peaks corresponding to overlapping 

images of two or more closely spaced fluorophores (the image of a single fluorophore is 

expected to have circular symmetry).  

𝐼(𝑥, y) = 𝐴0 + 𝐼0𝑒𝑥𝑝{−
1

2
[(

𝑥`

𝑎
) + (

𝑦`

𝑏
)]}     (1.2.) 

𝑥` = (𝑥 − 𝑥0)𝑐𝑜𝑠𝜃 − (𝑦 − 𝑦0)𝑠𝑖𝑛𝜃     (1.3.) 

𝑦` = (𝑥 − 𝑥0)𝑠𝑖𝑛𝜃 + (𝑦 − 𝑦0)𝑐𝑜𝑠𝜃     (1.4.) 

Other parameters refer to the background fluorescence level (A0), peak amplitude (I0), 

the center coordinates of the peak (x0, y0) and the tilt angle of the ellipse relative to the 

pixel edges (θ). The second fit uses a rotationally symmetric Gaussian function, and it is 

used to determine the peak center position, amplitude, and width. 

𝐼(𝑥, 𝑦) = 𝐴0 + 𝐼0𝑒𝑥𝑝{−
1
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]}     (1.5.) 
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Where σ represents the width of the peak.  

The Z axis coordinate of individual photo-activated fluorophore is obtained by 

comparing the measured Wx and Wy (widths) values of its image against calibration 

curves of single TetraSpeck fluorophores 13. Single TetraSpeck fluorophores are imaged 

prior to the STORM experiment, under identical illumination configuration.  

 

2.4.2. Localizer for Igor: calibration curve from TetraSpeck molecules 

Each Z stack was loaded in ImageJ, and individual molecules were cropped to further 

undergo analysis using Localizer for Igor Pro (Version: 7.0.4.1). Each individual molecule 

was loaded in Localizer, and the calibration curve was generated (Figure 2). The 

illumination configuration was maintained for imaging both TetraSpeck beads and KG1a 

cells. In order to image the TetraSpeck beads, up to 10 % laser intensity was used, while 

for cell imaging, up to 30 % intensity (details in Image acquisition section). The 101-

frame movie for the calibration curve contained multiple beads in the field of view. 

Using ImageJ, individual particles were cropped, and the resulting Z stack was analyzed 

in Localizer for Igor. Each frame in the stack differed from one another by an inter-

planar distance of 10 nm, which led to a total range of 1 μm (+500 nm above the focus 

and -500 nm below the focus). The CCD pixel size (100 nm) and standard deviation of 

PSF (1.3 nm) were used as analysis parameters. 
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Figure 3. Calibration curve obtained by analyzing single-molecule TetraSpeck fluorescent 

beads by Localizer for Igor.  The X axis shows the Z (focus = 0) position in nm. The Y axis 

shows the standard deviation along the primary axes. The graph represents the standard 

deviations of x (ascending) and y (descending) coordinates for each data point, as a 

function of Z. The data points are fitted with an Ellipsoidal Gaussian function, and their 

number equals the number of frames in which the molecule was detected (due to a 

qualitative SNR, the molecule was localized in all 101 frames).  

 

2.4.3. Localizer for Igor: 3D coordinates from KG1-a cells movies  

The analysis protocol aimed to apply the calibration curve, generate the scatter plot (or 

the color map which shows the Z position) of the ligands, and to export the Z 

coordinates of the localized ligands along with their estimated uncertainty on standard 

deviation of X.  
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The movies contained at least one GNP, which served as a surface marker. The GNP was 

cropped using ImageJ and analyzed as single molecule using Matlab, in order to 

generate its Z coordinate.  

Using the Z coordinates of both the ligands and the GNPs within each movie, the relative 

distance of the ligands with respect to the GNP was calculated using Matlab, by 

subtracting the Z position of each ligand from the Z position of the GNP. At this stage, a 

fraction of the data points was filtered out based on the fitting parameters of the 

calibration curve in order to accurately plot the distance distribution. The filtration is 

further discussed in the results and discussion section. 

 

Chapter 3 

Results and discussion 

In this section, the overall experimental configuration and image analysis are explained 

using a single dataset consisting of the fluorescence images of a KG1a cell. The recorded 

movie is subjected to the analysis of the two main features: the GNPs and cell bottom 

signals. By following the information in this section, the entire experimental procedure 

and analysis can be better framed and therefore understood as a whole.  

The two experiments, control (before rolling) and rolled cells, differ only with respect to 

the biological sample preparation as further summarized: in the control experiment, the 

GNPs are deposited in the glass surface (chamber) coating phase, while in the rolling 
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experiment, the GNPs are deposited before imaging. In the control experiment, fixation 

and staining of the cells is performed inside Eppendorf tubes, while in the rolled 

experiment, the procedure is performed inside the chamber, following cell rolling under 

shear stress. Section 3.4. (Selecting GNPs as surface marker) marks the flow of the 

image analysis as it was conducted. The same procedure was done for multiple movies 

and the results of the image analysis contributes to the relative distance distribution 

(Figure 16 and Figure 17). Details on the total number of analyzed movies, which led to 

the relative distance distribution, are found in section 3.7.1 and 3.7.2. 

 

3.1. Surface profile of the coated coverslip 

The positively charged PLO-coated surface ensured the adhesion of KG1a cells. In order 

to accurately determine Z-axis localizations of the selectin ligands using the GNPs as the 

surface markers, surface flatness is a prerequisite. The surface profile was characterized 

as it is decisive in the data analysis step, more precisely in calculating the relative 

distance of the labeled ligands from the surface. If the surface is not flat (i.e. the surface 

profile falls within the range of hundreds of nanometers), then the relative ligand 

position would be calculated with respect to a plane formed by at least 3 GNPs within 

the field of view in which the cell is recorded. Out of the parameters that characterize 

the surface profile, RMS (mean square roughness) was used as an indicator because it 

shows the distribution in surface height, being more relevant than the averaged 

roughness (Ra).  
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3.1.1. AFM experiments confirmed surface flatness 

First trial of dry phase AFM experiments revealed a surface with very rough structures in 

the order of hundreds of nanometers, due to the fact that the surface was drying which 

led to crystals formation. This measuring configuration did not correctly reflect the 

actual experimental conditions within the microfluidic chamber since the surface is 

always immersed in buffer solution and therefore never dries to form surface salt 

crystals. Second trial of AFM experiments used liquid-phase AFM, which accurately 

mimics the experimental conditions. It showed that the surface roughness falls within 

the range of tens of nanometers (Figure 4), which can be considered flat with respect to 

the localization precision (Introduction – Diffraction limit and Astigmatism). 

The field of view of the AFM images is relevant for the surface profile with respect to 

the cell dimensions because the size of the cell is 10μm in diameter, while the AFM FOV 

is 15 μm. No significant variation of the surface profile was seen within this scale. 

Adding to this, the optical system resolution in Z direction is 20 nm and 10 nm in XY 

direction, which is comparable to the AFM resolution range along Z direction. 
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Figure 4. Surface profile of PLO-coated (left) and non-coated (right) coverslip. 

A 15x15μm scan size of the PLO coated coverslip shows an approximately 10.1nm RMS 

of the area (scan rate 0.501Hz). The same dimensions for the field of view during the 

STORM imaging experiment were used. Wider scan size of 40x40μm of the uncoated 

coverslip shows approximately 1.9nm RMS of the area (scan rate 2Hz). 

 

3.2.  Gold nanoparticles (GNPs) deposition 

We conducted experiments to establish the best size and concentration of the GNPs. 

The established concentration of n = 8.1 x 10̂6 particles μL-1) allows a proper distribution 

of the GNPs such that each individual cell is in the immediate proximity of an average 

number of 4 GNPs. A lower GNP concentration leads to difficulties in capturing both the 

cell and the GNP in the same field of view, while a higher concentration leads to either 

high signal brightness or GNP clustering. The proper size of the GNPs was established 
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after testing 100 nm, 40 nm and 20 nm diameter GNPs. 100nm GNPs exhibited a very 

high brightness, which would lead to areas of saturated signal during the image 

acquisition. The 40 nm GNPs exhibited the desired brightness such that it does not 

interfere with the fluorophore brightness. 

Localizer was initially used to generate the Z coordinate of the GNP, but it failed to 

convert the ratio between standard deviation of X and standard deviation of Y 

coordinates of the particle into the Z coordinate. It generated the same numerical Z 

value over the entire range of frames: -0.4(9). We presumed that this is unlikely to be 

true because throughout all the 10,000 frames, the light intensity is not perfectly 

constant, therefore, the PSF is not exactly the same, such that the particle cannot be 

localized at identical Z positions. The analysis performed using Matlab is below 

described (Filtering out contaminant data points). 

 

3.3.  Rolling experiment - PLO ensured better cell adhesion  

We tested if PLO coating was necessary or its role can be replaced by protein A, which 

was used for the adhesion of E-selectins. The staining and fixation protocol that was 

performed in the microfluidic chamber from the early stages of sample preparation 

could lead to total or partial detachment of both the cells and GNPs, due to the multiple 

washing steps. Therefore, PLO coating was used to ensure even stronger adhesion of 

the cells within the chamber. 
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3.4. Selecting GNP as surface marker 

In some cases, within the same movie, different GNPs were located at different Z 

positions. This was observed for those movies where the cell contour under BF was 

overlapping with the GNPs. It is possible that during cell perfusion, GNPs that were 

loosely attached to the coverslip, attached to the cell membrane. To avoid analyzing 

signal coming from particles that were not on the coated surface, we chose those areas 

where the GNP appeared to be next to the cell (Figure 6), rather than overlapping with 

the cell (Figure 5).  

 

 

 

Figure 5. Bright field (left) and first frame of a KG1-α cell movie (right) 

The 3 spots in the right corner of the images are GNPs located at different Z positions: -

271nm, -236nm, -149nm. The highlight of theses two images is that by visual inspection 
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it is not evident whether the GNP are in contact with the coverslip or attached on the cell 

membrane, at higher Z positions above the coverslip surface. 

   

  

 

Figure 6. Bright field (left) and first frame of a KG1-α cell movie (right) 

The four GNPs in the lower half of the images are located at similar Z positions: -327nm, 

-332nm, -307nm and -333nm. Individual variations may occur due to the surface 

roughness and due to fluorescent signal fluctuations over the entire movie. 

The Z position of the GNPs generated by Matlab was carefully evaluated for the next 

step in the data analysis (choosing one GNP to serve as surface marker), after comparing 

it to the bright field image and visualizing the movie. 
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3.5. Contaminant data points 

Possible factors that lead to poorly fitted fluorescent spots are fluorescently-labelled 

antibodies that bind nonspecifically to the surface, free fluorescently-labelled antibodies 

detached from the cells and floating in the imaging buffer, or noise created by the bright 

signal coming from the labeled clusters. The standard deviation of the PSF for finding 

the fluorescent spots is set to 1.3 pixels. Setting it to a lower value becomes a trade-off 

between preventing picking irrelevant signal and not picking relevant signal coming 

from the fluorophores (Figure 7). A brighter signal was exhibited by the CD44 labeled 

ligands compared with those labeled with PSGL-122. 
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Figure 7. Localizer picking up both noise and signal from AF-647-conjugated secondary 

antibodies against the CD44 antibodies from the cell membrane within a 150 × 150 

pixels ROI. Noise is caused by the brighter signal of the fluorophore in different areas of 

the membrane (left upper corner). 

 

 

 

Figure 8. Movie of AF-647-conjugated secondary antibodies against the PSGL-1 

antibodies from the cell membrane (right corner) within a 150 × 150 pixels ROI. A GNP 

(left upper corner) has equal or higher brightness intensity as AF647. Dim “traces” of 

noise from detached fluorophores are vertically elongated. 
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Therefore, the software may wrongly identify these light contaminations as labeled 

ligands. In order to filter out the contaminant data, upon generating the Z coordinates 

of the ligands, Matlab will only keep those positions that are comparable with the 

goodness of fit of the calibration curve. The calibration curve is generated from single 

molecules with a very high SNR. 

 

3.6. Filtering out contaminant data points 

The protocol for data analysis was developed in a way to reduce the contaminant data 

points that eventually contributed to the distance distribution graphs. The two means 

by which this was achieved were: 

1. Analyzing the signal from the cell bottom region  

2. Keeping the best fitted ligand localizations  

The two steps are further on explained. 

1.  Cell bottom signal 

First, the movies were cropped in ImageJ such that they only contain the imaged cell 

bottom. This was done in order to prevent analyzing irrelevant signal (Figure 9 left 

panel) coming from unspecific binding of the AF fluorophores to the surface, or signal 

emitted by the GNPs.  
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Figure 9. Fluorescent (left) and bright field (right) signal of an AF-647 secondary 

antibodies labeled KG1-α cell. The left image is a single-frame frame from a 10,000 

frames movie. The bright spots outside the two ROIs represent unspecific binding of the 

fluorophores. The red dashed enclosed ROI shows the cell bottom where relevant signal 

of labeled ligands is further processed. The yellow dashed enclosed ROI shows the 40nm 

GNP and the FOV for both images is 150 ×150 pixels. 

 

The cropped movie containing only the cell bottom is further analyzed in Localizer to 

generate the scatter plot or the color map (Figure 10) and to extract the XYZ coordinates 

of the labeled ligands. For the presented dataset, the number of localizations is 55759 

(Figure 10 and 14). 
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Figure 10. Scatter plot (color map) of the analyzed movie showing the CD44 ligands and 

their localization with respect to the focus position within the 1 µm Z range. It reflects 

the objective view (the sample as seen from below the surface). Reference: Figure 1, 

Introduction. 

 

The GNP is cropped and analyzed in Matlab to generate the Z coordinates of the 

detected particle. The Z value results from the ratio between the X and Y widths of the 

GNP`s signal, more precisely from the ratio between the standard deviation of X and 

standard deviation of Y of the PSF. For those particles where the SNR allows for it to be 

detected in all the frames, the total number of localizations was equal with the number 
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of frames. Nevertheless, sometimes outliers were present in the resulted coordinates 

(Figure 11, left panel). The outliers were excluded by imposing the 1 µm range for Z: 

Z_value(Z_value>500)=[]; Z_value(Z_value<-500)=[] 

 

 

 

Figure 11. X axis shows the 10,000 frames analyzed. Due to the low SNR, the particle was 

not detected in all the frames as illustrated in the 3 gaps along the axis. Y axis shows the 

Z range in which the GNP was detected and the unit is nm. Two outliers (left panel) 

reaching values of 6000 and 1,400 respectively. After imposing the 1 µm range for 

detection, the outliers were excluded from further analysis (right panel). 
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The results were fitted with a non-linear function (Gaussian) to determine the mean 

value to be further used as Z coordinate of the GNP. A statistical approach such as 

Gaussian fitting is better suited that calculating the mean over almost 10,000 values, 

especially for cases where the fluctuations are not around the same value throughout 

the range (Figure 12).  

 

 

 

Figure 12. Z value does not fluctuate around the same value throughout the entire frame 

range, therefore applying statistical analysis (fitting with non-linear Gaussian) provides 

more accurate result than calculating the mean value. 
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2. Best fitted localizations  

Next, the coordinates of the ligands analyzed in Localizer are filtered based on the 

goodness of fit of the TetraSpeck bead used to generate the calibration curve. The SNR 

of the 101 frames Z stack used to generate the calibration curve was 125:1, therefore 

the fitting performed for the calibration curve was used as a reference for the fitted 

data points (ligands) in the movies as further described. The Z stack of the single 

molecule was analyzed in Localizer in order to generate the calibration curve. The same 

data used to generate the calibration curve was analyzed in order to generate the 

needed information on fitting parameters and is shown in the below figure. The 

numerical values of estimated uncertainty of X were used to generate a frequency 

distribution (Figure 13 right panel).  
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Figure 13. (left) first frame of the Z stack –fluorescence signal collected from TetraSpeck 

bead used to generate the calibration curve and further on analyzed to extract the 

estimated uncertainty of X; (right) frequency distribution of estimated uncertainty of X, 

where 0.00 - 0.06 pixels is the range used to filter out the poorly fitted data points of the 

movies. 

 

The positive range of values from 0.0 to 0.06 was imposed as lower and upper limit in 

the process of filtering out the poorly fitter data. This last step was performed by Matlab 

for each movie and it used 2 text files: one containing the Z coordinate of the ligands 

and the second one, containing the estimated uncertainty of X.  
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Figure 14. Matlab 3D plot of all the generated ligand localizations (55759): (left) top 

view of the cell bottom (the same information as in figure 15); (right) side view of the 3D 

data points within the 1 µm imaging range. 

 

Matlab was deployed to filter out the contaminant data points from .txt files containing 

Z coordinates of the ligands and corresponding values of estimated uncertainty of X, 

while imposing the constrains for the goodness of fit with respect to the calibration. The 

lower limit was set to 0.0 pixels while the upper limit ranged for different individual 

experiments from 0.04 to 0.06 pixels. For the currently presented data, the upper limit 

was 0.04 pixels. The estimated uncertainty of X was therefore subjected to filtration in 

the range of [0; 0.04] pixels and the corresponding Z coordinates were further used to 

plot the ligand distribution and calculate the relative distance of the ligands with respect 

to the GNP. In this case, the GNP was localized at Z= -0.134 µm and the number of 

contaminant data accounts for almost 17 % of the total data before filtration. 
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Figure 15. The previous two plots after filtration, where the total number of localizations 

is now 9379. 

 

Upon filtration, the relative distance of the ligands with respect to the GNP is calculated 

by subtracting the Z coordinate of the GNP from the Z coordinate of each ligand. The 

results are plotted as a frequency histogram of the relative distance. 

It can be noticed that even after filtration what is considered to be good data points, is 

noticeable below the Z position which indicates the GNP position. Therefore, one can 

argue that these spots are not realistic. The reason for the presence of these spots is the 

random noise that is present in all the recorded frames. At a very low probability, this 

noise corresponds to a very good shape of the spot, resembling a very good-shaped 

fluorescent molecule that gives localizations at unrealistic Z positions after being fitted 

with the 2D Gaussian. 



55 
 

3.7. Relative distance distribution  

On the X axis, it is shown the relative distance from the surface (marked as 0) towards 

the cell body, while on the Y axis, the number of localizations from all the analyzed 

movies. 

 

3.7.1. Before rolling (control) 

The ligands appear to co-localize before rolling over the E-Selectins coated surface 

(Figure 16). Both of them seem to cluster in the 0.2 to 0.35 μm region. By looking at the 

normalized distribution of PSGL-1, PSGL-1 appears to populate the microvilli more 

towards to the tip when compared to CD44, which is distributed on the microvilli almost 

0.2 μm away from the tip. Relative distance distribution of PSGL-1 ligands was 

calculated based on the localizations coming from 10 movies, while the relative distance 

distribution of CD44 ligands was calculated based on localizations from 11 movies. 
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Figure 16. Unified distribution of the two ligands showing the co-localization of the two, 

before rolling. The relative distance distribution of CD44 (green) and PSGL-1 (blue) before 

rolling; (left) the number of counts for the two populations is almost equal; (right) 

normalized distribution of the two ligands; 

 

PSGL-1 seems to be closer to the tip of the microvilli compared to CD44. We expected to 

see even larger difference, but there is not such a big difference between the two 

ligands. Still, there seems to be meaningful statistical difference in the Z axis distribution 

between the two. We can say that even before rolling there is statistically meaningful 

difference between the two distributions, although by eye they look similar, but after 

the statistical treatment of the two data was applied, there is statistically meaningful 

difference. We can say that PSGL-1 is distributing slightly closer to the tip of the 

microvilli than CD44.  



57 
 

3.7.2. After rolling  

Along with previous findings about the PSGL-1 localization at the tip of the microvilli 8 

and more recent findings 22, PSGL-1 ligands showed a clear re-organization towards the 

tip of the microvilli, more specifically in the 0.2 μm range (Figure 17). CD44 ligands show 

an even distribution in the first 0.2 μm above the surface, then increasing in number in 

the 0.2 to 0.35 μm microvilli region (Figure 17). The low number of localizations above 

0.4 μm suggests detection of signal from the cell membrane. Two-sample independent 

t-test was used for the two ligand populations and showed that there is a statistically 

significant difference between the two distributions. The reorganization of PSGL-1 

towards the tip of the microvilli suggests a stronger interaction with the surface upon 

rolling which can further on impact the efficiency of the homing process. The results 

reflecting ligand reorganization after cell rolling on E-Selectin surface are based on 3 

independent experiments. Relative distance distribution of PSGL-1 ligands was 

calculated based on the localizations coming from 7 movies, while the relative distance 

distribution of CD44 ligands was calculated based on localizations from 8 movies. The 

number of total localizations for PSGL-1 was almost 43% higher than for CD44 (16065 

for PSGL-1 and 6864 for CD44). The results were interpreted in the context of an 

average 0.3 μm microvilli length 22. 
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Figure 17. Merged distribution of the two ligands showing the co-localization of the two, 

after rolling on E-Selectin surface. The relative distance distribution of CD44 (green) and 

PSGL-1 (blue) after rolling; (left) the number of counts for PSGL-1 is almost double the 

number of CD44 ligands; (right) normalized distribution of the two ligands showing the 

difference in their reorganization; 

 

The same data was plotted as probability distributions and this time, organized as 2 

individual plots that show the behavior of each ligand before and after rolling (Figure 

18).  
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Figure 18. Unifyied distributions of probability density for each ligand. PSGL-1 shows 

major changes in the reorganisation after rolling, suggesting that it interacts more 

strongly with the E-Selectin-coated surface; 

 

The ligand distribution continues even after 400 nm above the coated surface so we 

hypothesized that it is due to the cell curvature. In order to test this assumption, smaller 

clusters of fluorescent dyes attached to the corresponding ligands, were cropped from 

the raw data and analyzed by the same analysis protocol previously described. Assuming 

that all cells preserved their round shape over the fixation process, would mean that the 

center of their membrane that is in contact with the coated surface, is perfectly flat. 

Therefore, choosing small clusters located at the center of the cell membrane was 

relevant to test the membrane curvature impact upon the distance distribution shown 

in Figure 17 and 18.  
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Figure 19. Unifyied distributions of probability density for each ligand generated from 

clusters located on a flat and smaller surface of cell bottom. The significand decrease in 

the distance distribution around 350 nm above the coated surface, indicates that the 

results align with the actual length o the microvill, known to be approximately 300 nm; 

 

Due to the fact that the number of localizations used to generate the distributions in the 

above figure is only a fraction of the total number, there is not much resemblence 

between the two (Figure 18 and 19). What is important to be noticed here, is the 

significant decrease in the distance distribution approximately 350 nm above the coated 

surface. Results shown in Figure 18, suggest a distance distribution in the range of 800 

nm above the surface, which at first, does not aligh with what is already known from 

literature about microvilli length 22.  
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The resuts shown in Figure 18 are rather relevant for the trend of ligand organization 

with respect to the tip of the microvilli, while the results shown in Figure 19 align with 

the previous knowledge about the length of the microvilli. 
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Chapter 4. 

Conclusions 

The first step in the homing process is highly dependent on the interaction of the 

haematopoietic stem cells with the endothelial cells. Therefore, a better understanding 

of the nanoscopic-level interactions comes from mapping the reorganization of the 

studied ligands upon cell rolling. 

This study tackled all three initial objectives and demonstrated the use of gold nano-

particles as reliable surface markers if they are mindfully selected from the close 

proximity of the cell membrane, based on their stable emitted signal throughout the 

recorded STORM time-lapse and also based on their deposition on a flat surface.  

The developed protocol for movie analysis was improved throughout multiple 

reiterations such that it was used to accurately extract the Z coordinate of the surface 

marker and of two ligands. The protocol minimized fluorescent background noise and 

filtered out the poorly fitted data, such that the plotted relative distance distribution is 

based exclusively on the data, which represents the two studied ligands.     

Before cell rolling, on the control cells, the two ligands appeared to co-localize along the 

microvilli. Upon cell rolling on E-Selectin-coated surface, PSGL-1 showed a significant 

reorganization toward the tip of the microvilli, whereas CD44 clustered in the opposite 

side of the microvilli, suggesting a complementing way of reorganization. Although the 

changes that occur in spatial distribution of the ligands during the rolling are not fully 
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understood, the current study allowed discussing these changes based on quantitative 

results. Our observation are consistent with previous studies 7,8, as well as the CD44 past 

results 22. A similar experimental configuration that looks at the relative distance 

distribution upon rolling over P-selectin coated surface and possibly, co-localization of 

the two ligands on the microvillis using 2-color 3D STORM experiments may lead to a 

complete model that explains the observed spatial pattern and morphology changes. 
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