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Abstract

Abstract
Cell adhesion to the blood vessel wall is a complex, highly regulated physiological process.

Red blood cells must repel from the blood vessel wall to prevent blood clotting while immune
cells can be recruited from the vascular system to migrate into surrounding tissues. Cell adhesion
hinges on the critical role played by the glycocalyx, a soft gel-like layer coating the vascular wall.
However, how glycocalyx mechanical (softness, thickness) and biochemical (the composition and
the density of surface receptors) properties affect this regulation is still poorly understood. Our
hypothesis is that selective cell adhesion requires an intricate interplay of mechanical and bio-
chemical cues. Elucidating the physical and molecular mechanisms that underpin selective adhe-
sion directly in real blood vessels is challenging owing to the complexity and lack of control in in
vivo systems. In my research, I aimed to construct an in vitro molecular interaction platform to
facilitate mechanistic analyses. The platform combines a molecularly-defined model of the gly-
cocalyx with mimetics of white blood cells under flow. While developing such a platform posed
challenges, it offers the advantage of precise control over the physical and biochemical parameters
of both the glycocalyx mimetic and cell mimetics.

The newly developed glycocalyx model includes several key ingredients with tightly con-
trolled properties: a brush of hyaluronan (HA, an essential component of the endothelial glyco-
calyx) is combined with P-selectin (an adhesion molecule on the endothelial cell surface critical
for the homing of leukocytes). Building on previous experience in my research group, I employed
a silica-supported lipid bilayer (SLB) bearing a monolayer of streptavidin (SAv), that can bind
biotinylated molecules via biotin-SAv bonds. I introduce here a control of the in-plane mobility of
molecules anchored to the fluid lipid bilayer using glutaraldehyde (GTA) as a cross-linking agent
for SAv. Controlled grafting densities of one-end biotinylated HA chains of various lengths then
create brushes of different mechanical properties. I also present a new methodology for quan-
titatively tuning the grafting density of smaller biotinylated molecules, which is deployed here
to control the grafting density of an ‘adapter protein’ for anchoring P-selectin. The new in vitro
model of the glycocalyx thus affords control over the lateral mobility, the surface density and the
orientation of two distinct functional molecules.

The second key component of the newly developed platform consists of white blood cell
mimetics, developed based on commercially available microbeads with the size of a cell and a
SAv coating. I introduce a methodology for simultaneous grafting of two types of proteins onto the
bead surface: biotinylated CD44 (a ligand expressed on leukocyte surfaces, interacting specifically
with HA) and PSGL-1 (a ligand of P-selectin). Additionally, I present a method for controlling
the surface density of each of these proteins.

I use a combination of methods as monitoring and quality control tools of glycocalyx model
formation and bead functionalization: quartz crystal microbalance with dissipation monitoring
(QCM-D); spectroscopic ellipsometry (SE), reflection interference contrast microscopy (RICM);
confocal microscopy with fluorescence recovery after photobleaching (FRAP) capabilities, and
flow cytometry.

This newly established platform provides a controlled environment for studying blood cell
adhesion, effectively bridging the divide between cell-glycocalyx chemical interactions and the
mechanical aspects of cell migration under flow, including attachment and repulsion from the
vascular wall. This platform holds the potential for expansion to encompass other surface adhesion
molecules or to integrate multiple adhesion molecules, to gradually advance from the bottom up
our understanding of the mechanisms governing cell adhesion to blood vessels.
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Résumé en français

Résumé en français
L’adhésion des cellules à la paroi des vaisseaux sanguins est un processus complexe. Les

globules rouges doivent s’éloigner de la paroi du vaisseau pour éviter la formation de caillots,
tandis que les cellules immunitaires peuvent migrer dans les tissus. Ce processus repose sur le
glycocalyx, une couche de macromolécules couvrant la paroi des vaisseaux. Cependant, nous ne
comprenons pas complètement comment les propriétés du glycocalyx (souplesse, épaisseur, com-
position des récepteurs) affectent cette régulation. Notre hypothèse est que l’adhésion sélective
des cellules fait intervenir des facteurs mécaniques et biochimiques. Il est difficile d’étudier ce
phénomène dans de vrais vaisseaux sanguins, c’est pourquoi mon étude s’est concentrée sur le
développement d’une plateforme in vitro. Cette plateforme combine un modèle de glycocalyx
avec des modèles synthétiques de globules blancs sous flux, permettant un contrôle précis des
paramètres physiques et biochimiques du modèle de glycocalyx et des modèles de cellules.

Le modèle de glycocalyx nouvellement développé comprend plusieurs ingrédients clés dont
les propriétés sont étroitement contrôlées : une brosse d’acide hyaluronique (HA, un composant
essentiel du glycocalyx endothélial) est combinée à la sélectine P (une molécule d’adhésion à la
surface des cellules endothéliales qui joue un rôle essentiel dans l’orientation des leucocytes). En
m’appuyant sur l’expérience précédente de mon groupe de recherche, j’ai utilisé une bicouche li-
pidique supportée sur une lamelle de verre (SLB) portant une monocouche de streptavidine (SAv),
qui peut lier des molécules biotinylées par l’intermédiaire de liaisons biotine-SAv. Je présente
ici un contrôle de la mobilité dans le plan des molécules ancrées à la bicouche lipidique fluide
en utilisant le glutaraldéhyde (GTA) comme agent de réticulation pour la SAv. Des densités de
greffage contrôlées de chaînes d’HA biotinylées à une extrémité et de différentes longueurs per-
mettent de créer des brosses aux propriétés mécaniques différentes. Je présente également une
nouvelle méthodologie permettant d’ajuster quantitativement la densité de greffage de molécules
biotinylées plus petites, qui est utilisée ici pour contrôler la densité de greffage d’une "protéine
adaptatrice" pour l’ancrage de la P-sélectine. Le nouveau modèle in vitro du glycocalyx permet
ainsi de contrôler la mobilité latérale, la densité de surface et l’orientation de deux molécules
fonctionnelles distinctes.

Le deuxième élément clé de la nouvelle plateforme consiste en des modèles de globules blancs,
développés sur la base de microbilles disponibles dans le commerce ayant la taille d’une cellule
et une fonctionalisation de surface avec de la SAv. Je présente une méthodologie pour le greffage
simultané de deux types de protéines à la surface des billes : CD44 biotinylé (un ligand exprimé
à la surface des leucocytes, interagissant spécifiquement avec l’HA) et PSGL-1 (un ligand de la
P-sélectine). En outre, je présente une méthode permettant de contrôler la densité de surface de
chacune de ces protéines.

J’utilise une combinaison de méthodes comme outils de quantification et de contrôle de la
qualité de la formation du modèle de glycocalyx et de la fonctionnalisation des billes : microbal-
ance à quartz avec mesure de dissipation (QCM-D) ; ellipsométrie spectroscopique (SE), micro-
scopie à contraste interférentiel par réflexion (RICM) ; microscopie confocale avec redistribution
de fluorescence après photoblanchiment (FRAP), et cytométrie en flux.

Cette plateforme nouvellement établie offre des conditions contrôlées pour l’étude de l’adhésion
des cellules sanguines, reliant les interactions chimiques cellule-glycocalyx et les aspects mé-
caniques de la migration cellulaire sous flux. Elle est facilement complexifiable ou adaptable,
permettant une compréhension de plus en plus fine de l’adhésion des cellules aux vaisseaux san-
guins.

Un résumé détaillé de chaque chapitre en français se trouve à l’Annexe C.
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List of abbreviations
Ab – antibodies
BSA – bovine serum albumin
DOPC – 1,2-dioleoyl-sn-glycero-3-phosphocholine
DOPE-cap-b – 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(Cap Biotinyl)
EDTA - ethylenediaminetetraacetic acid
EG - endothelial glycocalyx
FITC – fluorescein isothiocyanate
FRAP – fluorescence recovery after photobleaching
GAGs – glycosaminoglycans
GTA – glutaraldehyde
HA – hyaluronic acid
HEPES – 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
HS – heparan sulfate
ICAM-1 – Intercellular adhesion molecule 1
LFA-1 – Lymphocyte function-associated antigen 1
OEGs – oligo-ethylene glycols
PDMS - polydimethylsiloxane
PE – phycoerythrin
PSGL-1 – P-selectin glycoprotein ligand 1
QCM-D – quartz crystal microbalance with dissipation monitoring
RICM – reflection interference contrast microscopy
SAM – self-assembled monolayer
SAv – streptavidin
SE – spectroscopic ellipsometry
SLB – supported lipid bilayer
SuAv - superavidin
SUV – small unilamellar vesicles
TAv – traptavidin
VCAM-1 – Vascular cell adhesion molecule 1
VLA-4 – Very late antigen 4
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Chapter 1. Introduction

This manuscript presents experimental work aimed at establishing an in vitro platform for the
investigation of cell-glycocalyx interactions in well-controlled conditions. In this introductory
chapter, I will describe the biological and physical aspects of cell-glycocalyx interactions under
flow, outline the scope of my study while highlighting the existing research gap, and provide a
concise overview of the analytical methods employed in this project.

1.1 Blood cell adhesion under flow

Blood cell migration in the vascular system is a complex and highly regulated process. Within
the bloodstream, red blood cells (erythrocytes) make up approximately 99.9% of all circulat-
ing cells, while white blood cells (leukocytes – circulating immune cells) constitute only about
0.01% [35]. Despite their relatively small number, leukocytes play a very important role during
inflammatory response, tissue repair and immune regulation, as they can be recruited from the
vascular system to migrate into surrounding tissues.

The recruitment of white blood cells relies on a meticulously controlled cascade of binding in-
teractions between cell adhesion molecules located on the endothelium – a layer of cells lining the
interior surface of the blood vessels – and their corresponding ligands expressed on the surfaces
of circulating leukocytes. Prior studies [88, 112, 141]. have extensively examined the leukocyte
adhesion cascades, elucidating various sequential stages: initial cell capture at the endothelium,
subsequent deceleration in rolling velocity, arrest, enhancement of adhesion, spreading, intravas-
cular crawling, and ultimately, paracellular or transcellular transmigration (Fig. 1.1).

Figure 1.1: Leukocyte adhesion cascade. Key molecules involved in each of the steps of cell adhesion
and transmigration to tissues: ESAM, endothelial cell-selective adhesion molecule; ICAM1, intercellular
adhesion molecule 1; JAM, junctional adhesion molecule; LFA1, lymphocyte function-associated antigen 1
(also known as L2-integrin); MAC1, macrophage antigen 1; MADCAM1, mucosal vascular addressin cell-
adhesion molecule 1; PSGL1, P-selectin glycoprotein ligand 1; PECAM1, platelet/endothelial-cell adhesion
molecule 1; PI3K, phosphoinositide 3-kinase; VCAM1, vascular cell-adhesion molecule 1; VLA4, very late
antigen 4 (also known as 41-integrin). Image taken from [88].

1.1.1 Leukocyte capture and rolling

One of the first steps in the cell adhesion cascade involves leukocytes rolling along the surface of
endothelial cells, primarily facilitated by a family of molecules known as selectins. This interac-
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1.1. Blood cell adhesion under flow

tion aims to bring leukocytes into proximity with other endothelial signaling molecules and serves
as the initiation point for the biochemical cascade involving other players [103].

The selectins comprise three subtypes: L-selectin, expressed on leukocytes; E-selectin, found
on the surfaces of activated endothelial cells; and P-selectin, expressed on platelets and the surfaces
of activated endothelial cells (Fig. 1.2A). Initially identified as a ligand for P-selectin, P-selectin
glycoprotein ligand 1 (PSGL-1) has since been recognized as the dominant ligand for all three
selectin types [88]. This interaction is calcium-dependent for all types of selectins [120]. In
addition to PSGL-1, E-selectin can bind to E-selectin ligand 1 (ESL-1) and glycosylated CD44
[61].

Among these selectins, P-selectin is typically considered the first key player in cell-endothelium
interactions. P-selectin is stored in Weibel-Palade bodies (storage granules located in endothelial
cells), and inflammatory signals rapidly (within minutes [76]) induce the exposure of this protein
on the apical surface of endothelial cells. In contrast, E-selectin is newly synthesized in response
to inflammatory stimuli, and its recruitment takes hours following the initiation of an immune re-
sponse [102]. P-selectin can exist on the endothelial cell surface as a monomer or dimer. Research
has shown that P-selectin dimerization can enhance the stability of cell rolling due to the forma-
tion of two-by-two pairings between P-selectin and PSGL-1 homodimers (Fig. 1.2B), making this
arrangement more favorable for cell capture under flow [131].

Figure 1.2: A. Family of selectins. Schematic representation of L-, E and P- selectin molecular structures.
B. P-selectin interacting with PSGL-1.. Schematic representation of P-selectin with PSGL-1 homodimer.
Pictures adapted from [157].

Remarkably, both P-selectin and L-selectin exhibit an intriguing behavior: their adhesion
strength increases with shear stress, and the rolling leukocytes can detach when the flow ceases.
This phenomenon is intricately tied to the catch bond properties between selectins and their lig-
ands, which strengthen when subjected to pulling forces [148]. The catch bond phenomenon was
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initially experimentally demonstrated for the P-selectin/PSGL-1 interaction [99]. Substantial evi-
dence indicates that external mechanical forces lead to a conformational alteration at the junction
of the lectin and epidermal growth factor-like domains of P-selectin. This alteration then propa-
gates through the lectin domain, ultimately causing the PSGL-1 binding site to transition from a
low-affinity to a high-affinity conformational state [84]. Furthermore, research has revealed that
the rolling motion of leukocytes promotes the formation of new selectin-PSGL-1 bonds; these new
bonds form before the old ones are broken [169].

1.1.2 Leucocyte activation and stabilized adhesion

Selectin-mediated rolling serves as the mechanism by which white blood cells encounter chemokines,
initiating the process of activation of the circulating immune cell. For example, chemokines like
CCL5 (also known as RANTES), CXCL4, and CXCL5, which are deposited onto the inflamed
endothelium by platelets, induce the arrest of rolling monocytes [70, 164]. This activation results
in the increase in the quantity of integrins on the leukocyte’s surface [103]. In the subsequent stage
of the adhesion cascade, these integrins engage with immunoglobulins expressed on the surfaces
of endothelial cells, specifically, intercellular adhesion molecule 1 (ICAM-1) and vascular cell
adhesion molecule 1 (VCAM-1) [19]. This interaction results in significantly stronger adhesion
forces compared to those observed during selectin-mediated adhesion, leading to a decrease in
rolling velocity and eventual cell arrest.

Among the most extensively studied integrins involved in stabilizing leukocyte adhesion are
β 1-integrin VLA-4 (very late antigen 4) and β 2-integrin LFA-1 (Lymphocyte function-associated
antigen 1). These integrins establish stable bonds with their respective ligands on endothelial cells:
VCAM-1 and ICAM-1 [88].

1.1.3 Transendothelial cell migration

Transendothelial cell migration is a process that occurs after a leukocyte comes to a complete stop
under flow conditions. During this process, the white blood cell traverses the layer of endothelial
cells and migrates towards the interstitial tissues, where it can participate in immune responses
or tissue repair. The initiation of transmigration is closely linked to endothelial cell ligands, such
as ICAM-1 and VCAM-1 [88]. Additionally, this transmigration process is associated with and
reliant on elevated levels of intracellular endothelial calcium (Ca2+) [68].

Certain endothelial junctional molecules, including PECAM-1 (platelet and endothelial cell
adhesion molecule 1), JAM-A (junctional adhesion molecule A), JAM-B, and JAM-C, can also
serve as initiators for white blood cell transmigration [112].

1.2 Vascular glycocalyx: a mechanical barrier shielding the vascular
wall from the blood cells

While the basic cell adhesion cascades and the involved molecular players have been inten-
sively studied and described in the literature, the significance of the endothelial glycocalyx, a
gel-like glycan-rich meshwork covering the endothelial cell surface (Fig. 1.3) has received limited
attention. This soft layer which can extend up to a few micrometers in thickness, is present on
all vascular endothelial cells. It was first identified and characterized in 1970 [100], and was not
initially recognized as a key contributor in cell adhesion process under flow.
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1.2. Vascular glycocalyx: a mechanical barrier shielding the vascular wall from the blood cells

Figure 1.3: Electron microphotograph of endothelial glycocalyx. A. A luminal aspect of goat coronary
capillary fully covered with endothelial glycocalyx. B. Endothelial glycocalyx (EG) is multiple as thick as
endothelial cell (EC). Images taken from [162].

1.2.1 Structure of the endothelial glycocalyx

To date, there remains a limited understanding of the specific organization of the various struc-
tural components that constitute the endothelial glycocalyx (EG), resulting in its formation as a
coat of micrometer thickness. The current comprehension of the EG describes it as a composite
structure comprising proteoglycans that contribute to the mesh-like structure, and glycoproteins –
cell adhesion molecules located beneath this mesh (as shown in Fig. 1.4) [130]. The glycoproteins
within the EG include membrane-bound selectins, primarily P-selectin and E-selectin, as well as
immunoglobulins like ICAM-1, VCAM-1, and others, along with α- and β -integrins [12].

Proteoglycans are composed of a core protein covalently linked to glycosaminoglycan (GAG)
chains – linear polysaccharides comprising 20-200 repeating disaccharide units [87]. Notably,
GAGs constitute up to 95% of the overall proteoglycan composition within the endothelial gly-
cocalyx, with the remaining 5% of the mass attributed to the core protein content [87]. This
distinction emphasizes the dominant role of GAGs within the glycocalyx structure.

Within the endothelial glycocalyx, five primary types of GAGs are present: hyaluronan or
hyaluronic acid (HA), heparan sulfate (HS), chondroitin sulfate (CS), dermatan sulfate (DS), and
keratan sulfate (KS). The most abundant GAGs, constituting up to 90% of the entire EG struc-
ture and significantly contributing to its mesh-like configuration, are heparan sulfate, chondroitin
sulfate, and hyaluronan.

Among the various GAGs found within the EG, hyaluronan (HA) stands out as the largest
and distinctive in that it is not covalently attached to any core protein. Instead, it directly anchors
to the endothelial cell membrane through the transmembrane receptor CD44 [123]. Furthermore,
HA distinguishes itself from other GAGs in endothelial glycocalyx by its lack of sulfate groups in
its composition. Instead, it is characterized by the presence of carboxyl groups, which also play a
role in imparting a negative charge to this polymer [123].

1.2.2 Mechanical properties of the glycocalyx

The glycocalyx exhibits varying thicknesses in different vascular structures, with reported mea-
surements of approximately 0.2 to 0.5 µm in microvessels [163], from 0.6 to 0.8 µm in veins [23]
and up to 4.5 µm in large arteries [104], all of which have been determined through microscopy
techniques. It is worth noting that quantifying the thickness of this soft and heterogeneous layer is
a non-trivial task, and the exact measurement largely depends on the protocol employed for tissue
sample preparation and ex vivo fixation before visualizing it with microscopy.
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Figure 1.4: Model of the structure of the endothelial glycocalyx. It is shown as a mesh formed by GAGs
(hyaluronan, heparan sulfate, chondroitin sulfate) covering the surface adhesion molecules (E-selectin, P-
selectin, ICAM-1, VCAM-1 and others) located underneath. Figure taken from [50].

The highly hydrated glycocalyx layer is characterized by its remarkable softness, with values
typically falling within the range of 10-1000 Pa [98,119], as measured by atomic force microscopy
(AFM).

However, it is important to emphasize that the mechanical properties of the glycocalyx can
undergo significant changes in response to certain pathological conditions, such as the systemic
inflammatory response. Studies have shown that inflammatory reactions influenced by endotoxins
can lead to a substantial decrease in the thickness of the human microvascular glycocalyx, reducing
it from 0.6 µm to 0.3 µm [116]. Similarly, glycocalyx shedding has been observed following
exposure to C-reactive protein, a well-known marker of inflammation and sepsis. Both in vitro
and in vivo experiments have demonstrated that such exposure can lead to a more than two-fold
reduction in glycocalyx thickness due to the release of hyaluronan and heparan sulfate chains [38].

The softness of the glycocalyx is also influenced by its degradation under pathological condi-
tions. In vitro experiments have demonstrated that the treatment of bovine microvascular endothe-
lial cells with 4% hydroxyethyl starch, leading to a reduction in glycocalyx thickness from 0.6 µm
to 0.4 µm, resulted in a corresponding decrease in the elastic moduli of the glycocalyx, from 60 to
30 Pa [72].

1.2.3 Role of vascular wall glycocalyx in blood cell adhesion

Present on the surface of all vascular endothelial cells, endothelial glycocalyx serves as the initial
point of contact for circulating cells as they reach the vascular endothelial lining. It functions as a
soft, repelling cushion for most circulating cells, including red blood cells, thus contributing to the
smooth flow within the microcirculation [133]. This function is particularly crucial in preventing
blood clotting within the microvessels.

Conversely, research indicates that the glycocalyx can modulate the adhesion of certain types
of white blood cells [31,142]. Some of the GAGs composing this soft cushion contain binding sites
for leukocytes, participating in the initial phase of cell adhesion. In this phase, leukocytes interact
with the binding sites presented by GAGs, which leads to a reduction in their speed under flow and
indenting of the thick mesh. One notable interaction involves the long hyaluronan chains, which
provide numerous binding sites for the cell receptor CD44 expressed on the surface of leukocytes.
It has been demonstrated that CD44/HA interactions are essential for the capture and rolling of
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activated T-lymphocytes [36], the adhesion of neutrophils that carry the CD44 receptor [80, 101]
and the attachment and rolling of hematopoietic progenitor cells [30].

The current research gap revolves around comprehending the relationship between the me-
chanical characteristics of the glycocalyx mesh and its functional properties. While some evi-
dence suggests that the mechanical attributes of the glycocalyx may impact leukocyte adhesion, a
definitive quantification of this connection remains lacking.

For instance, one study hypothesized that an increased thickness of the endothelial glycocalyx
could potentially repel circulating leukocytes, hindering their adhesion [31]. Another simulation-
based research suggested that heightened rigidity in the glycocalyx layer, attributed to overproduc-
tion of hyaluronan and other glycocalyx components, might lead to reduced adhesion of circulating
tumor cells [49]. However, as of now, the correlation between the mechanical properties of the
glycocalyx, specifically its thickness and softness, and leukocyte adhesion has not been quantified.
This gap in understanding is, in part, attributed to the absence of precise tools for conducting con-
trolled studies in this context and the inherent complexity of investigating this phenomenon within
living systems.

In the present study, our focus centers on development of the necessary tools for exploring the
influence of the glycocalyx’s mechanical properties on the ability of circulating cells to access the
surface adhesion molecules situated beneath the thick glycocalyx mesh.

1.3 Physical principles of cell-glycocalyx interaction under flow

1.3.1 Impact of soft walls on cell adhesion: a soft matter physics perspective

While the migration of blood cells in the vascular system and the hydrodynamic concepts of the
blood flow has been described in numerous studies [20, 171], the glycocalyx component of blood
vessels has received relatively little attention in this context. One theoretical study conceptualized
the glycocalyx as a compressible substrate lining the vascular wall and estimated the optimal
elastic properties necessary for this layer to effectively repel circulating blood cells [10]. Another
study elucidated the physical principles of elastohydrodynamic (EHD) forces acting on a rigid
sphere near a soft wall [159] and with certain approximations, these insights can be applied to the
scenario of blood cells interacting with a soft glycocalyx layer. However, the number of published
works focusing on the experimental demonstration of the mechanics of regulation of circulating
cells has been limited. A collaborative effort between LIPhy and the Richter Lab pioneered the
investigation of this process in vitro, describing how the soft glycocalyx can repel cells [34] and
developing the method to study cell adhesion to soft films [33].

For simplicity, the glycocalyx layer was represented as a dense HA brush, given its signifi-
cance in the glycocalyx structure. The mechanical properties of this brush, including its thickness,
flexibility, and spacing between chain attachment points, were precisely controlled and quantified.
To mimic circulating cells, spherical particles with a 15 µm diameter, matching the typical size of
blood cells [144], were employed.

Utilizing a newly developed experimental setup featuring controlled shear flow within an in
vitro setting, the microspheres were tracked as they traversed the flow chamber and interacted
with the HA brush. Detailed information regarding the components of this in vitro system will be
provided in Section 1.7.

A precise control over the flow rate (Q) was achieved with the use of a syringe pump. The
shear rate at the flow chamber wall was subsequently determined using the formula:

γ̇ =
6Q

WH2 (1.1)
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where Q represents the flow rate in the system, W and H are width and height of the flow chamber.
The gravitational force exerted to the bead can be calculated as follows:

Fg =
4
3

πR3
∆ρg (1.2)

with R – a bead radius, ∆ρ – density difference between the bead and the fluid.
The shear rate was gradually increased in the system as the beads moved along the chamber

(Fig. 1.5A). It was demonstrated that in the absence of HA brush the bead velocity V increased
proportionally with the shear rate, while the bead height h remained constant during all the obser-
vation time.

Figure 1.5: Bead repells from the soft wall. A. Bead travelling in a shear flow of velocity gradient. H0
is the thickness of HA brush, h – measured bead height, V – bead translation velocity, Ω – bead angular
velocity, δ – bead-layer distance. B. Theoretical predictions and experimental data for bead-layer distance
δ depending on the shear rate γ̇ . Symbols represent experimental data obtained for different HA brushes:
HA-840 (840 kDa) with high density of grafting points (green square), HA-840 with low density of grafting
points (orange diamond), and HA-58 (pink circle) brushes. Lines represent theoretical predictions for δ (γ̇)
with M = 5 Pa (dashed line), 57 Pa (solid line), and 15 000 Pa (dotted line). Images taken from [34].

To explain the origins of this phenomenon, Davies et al. [34] examined the contributions of
two primary forces: inertial lift force Fin and elastohydrodynamic lift force FEHD.

As demonstrated previously [27], the inertial lift force can influence the beads even under low
Reynolds numbers, which is the case in the scenario being described. It can be defined as follows:

Fin ∝ ρR2(V − γ̇R)2 (1.3)

Where ρ – fluid density, R – radius of the microbead.
However, it was estimated that the inertial lift force in the range of studied shear rates was

smaller than the gravity force applied to the bead. Therefore, inertial effects alone could not lead
to the bead lift.

Another force that is applied to the bead moving under flow is an elastohydrodynamic (EHD)
lift force. This force originates from the elastic deformations induced in the soft surface layer
by the pressure field [10]. As the bead moves, it deforms the flow near the surface, creating a
counterflow that leads to deformations in the brush, ultimately causing the bead to experience
repulsion. EHD force was described as:

FEHD ∝
η2R2H0(V −ΩR)2

Mδ 3 (1.4)
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Where H0 is the thickness of HA brush, Ω – bead angular velocity, M – longitudinal elastic
modulus of the brush, δ – bead-layer distance.

At a given shear rate, the balance of vertical forces on the bead is defined as:

FEHD +Fin = Fg (1.5)

A bead-layer distance can then be calculated from Equations 1.2-1.5. This parameter exhibits an
increase with rising flow rates in the system, and this effect is magnified with a decrease in the
elastic modulus of the brush. Consequently, the softness of HA layer acts to repel cell mimetics
that are not specifically interacting with glycocalyx. This theory was successfully validated by
experiments (Fig. 1.5B). This investigation underscores the potential mechanical significance of
the glycocalyx in regulating cell adhesion under flow conditions.

However, unlike microbeads, living cells in physiological systems exhibit deformability, which
also plays a role in their repulsion from the compliant vascular wall. It was demonstrated that a
red blood cell with a radius (R) of approximately 3 m, flowing in plasma (η ≈ 1.5 mPa s) under a
physiological shear rate γ̇ ≈ 100 s−1, at a distance δ ≈ 0.5 m from a glycocalyx with a thickness
of one micrometer, experiences an elastohydrodynamic force FEHD of approximately 0.15 pN due
to glycocalyx softness [34]. At the same time, the deformation of the red blood cell gives rise to a
lift force of approximately 0.25 pN [34,56]. Thus, it becomes evident that the contributions of cell
and wall deformations to the lubrication forces are of comparable magnitude when considering
distances on the order of sub-micrometers from the vascular wall.

1.3.2 Interplay between the soft walls and the specific of cell-glycocalyx biochemi-
cal interactions

The previous section has described the scenario of cell-glycocalyx interplay, when cells are not
attracted to the glycocalyx by specific biochemical interactions, as is the case with red blood cells.
Now, how would the soft wall impact cell adhesion under flow, when the attractive biochemical
mechanisms between the glycocalyx and receptors expressed on the surface of circulating immune
cells come into play?

This particular research question was largely overlooked in literature, primarily due to the
challenges associated with studying such mechanisms in vivo. The study conducted by Heather
Davies as part of a collaboration between LIPhy and Richter Lab has provided valuable insights
into the intricate interplay between biochemical interactions and mechanical properties that govern
cell adhesion under flow (unpublished data). The central hypothesis driving this study was that the
mechanical properties of HA brush significantly impact the adhesion of white blood cell mimetics
under flow conditions.

The main observations of this investigation were the following:

• Microbeads carrying CD44 on their surface exhibited specific interactions with the HA
layer, including rolling on the soft layer and indenting the thick brush. This interaction
became more pronounced with the increase of the surface density of CD44 receptor at the
bead surface.

• As the softness of the brush increased, the beads indented the layer more, compressing the
soft hyaluronan cushion.

• With the increase of the shear rate in the system, the beads began to detach from the layer.

• The rate of bead indentation and detachment primarily depended on the elastic modulus of
the brush: the stiffer the brush, the less the bead indented it, making it easier for the beads
to detach.
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In the presence of specific CD44/HA interactions, the physical model describing cell move-
ment within blood vessels becomes significantly more intricate due to the involvement of multiple
contributing forces. The bead movement can be described as a combination of rolling and slid-
ing (Fig. 1.6). Upon indenting the glycocalyx brush, the elastic HA brush generates a repulsive
elastic force (

−→
Fel). As the bead moves along the brush, CD44 receptors engage with numerous

binding sites on HA chains, resulting in the emergence of a bonding force (
−−−→
Fbonds ). When the

chains undergo elongation due to flow, this force possesses a vertical component, resulting in an
increased indentation of the brush. The HA chains located at the trailing edge of the bead undergo
elongation and eventual rupture under tension. Additionally, the bead experiences gravitational
force

−→
Fg and hydrodynamic force

−−−→
Fhydro . In total, the dynamics of bead movement are governed

by the following force equilibrium equation:

−→
Fel +

−−−→
Fbonds +

−→
Fg +

−−−→
Fhydro = 0 (1.6)

Figure 1.6: CD44-functionalized bead interacting with the hyaluronan brush under flow. Ω – bead
angular velocity, V – bead translation velocity, h – compressed brush height.

Most importantly, this research has demonstrated that in presence of CD44 receptor blood
cell mimetics were slowing down in the flow, rolling and substantially indenting the hyaluronan
brush. This opens the potential for further investigation, as once the full glycocalyx indentation
is achieved, the cell adhesion molecules located on the surface of the endothelial cells come into
play and start interacting with the corresponding ligands on leukocyte surface, leading to even
more enhanced cell adhesion.

1.4 Research hypothesis

Aiming to delve deeper into the understanding of the initial steps of blood cell adhesion,
we would like to investigate the interplay between physical and biochemical mechanisms taking
part in the next stage of cell-glycocalyx interaction: what happens after the cell indents the thick
glycocalyx layer and how it gets the access to the surface adhesion molecules? We hypothesize that
the glycocalyx indentation provides access to the underlying surface adhesion molecules (Fig.
1.7) and we are interested in how the mechanical properties of glycocalyx can affect the ability of
the cells to reach these receptors. Furthermore, we anticipate that the fluidity of the endothelial
cell-mimetic surface may play a role in the recruitment of cell adhesion molecules during their
interaction with corresponding ligands on the leukocyte surface.
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Figure 1.7: Graphical representation of the research hypothesis. Blood cell carrying CD44 receptor
specifically interacts with the glycocalyx, indents it and reaches the surface adhesion molecules located
underneath at the surface of endothelial cell.

1.5 In vitro platform for studying cell-glycocalyx interaction

Investigating the intricate interplay between the physical and biochemical aspects of cell ad-
hesion in vivo poses significant challenges. This complexity arises from the difficulty in precisely
characterizing the mechanical properties of the soft glycocalyx layer and in controlling physi-
cal parameters within living systems. Therefore, the most promising way to tackle this research
question is to use an in vitro system with precisely defined characteristics, allowing for controlled
manipulation of physical parameters.

The application of an in vitro platform offers several advantages compared to in vivo systems:

1. Fine-tuning the mechanical properties of the glycocalyx, such as its thickness and elasticity,
enables a systematic evaluation of their impact on cell interaction with the soft wall.

2. The manipulation of the type and surface density of endothelial receptors permits the as-
sessment of the distinct influence of each receptor type on cell adhesion under flow.

3. Substituting living leukocytes with cell mimetics allows for a reliable differentiation be-
tween the impact of specific receptors binding to the glycocalyx and those binding to en-
dothelial cell adhesion molecules during the cell adhesion process.

4. Regulating the flow dynamics within the system facilitates the examination of cell-glycocalyx
interactions under different shear conditions.

5. Employing a specialized microscopy-based system enables more robust observation and
characterization of the interaction between blood cell mimetics and the glycocalyx model
under flow conditions.

The in vitro platform previously established by Davies et al. [33] with tunable mechanical
properties of glycocalyx and controlled shear rate in the microfluidic system effectively facilitated
the examination of the physical aspects of cell interaction with the soft wall. However, this estab-
lished platform could not be used to address the research hypothesis of my project, necessitating
the development of several new tools specifically tailored for this investigation.
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1.6 Overall aim and specific objectives

In summary, the overarching goal of this project is as follows:

To understand how the mechanical properties of glycocalyx control the blood cell access to the
surface receptors during the initial stage of the cell adhesion.

The specific research objectives of this thesis encompass the following:

1. Develop a new molecularly defined in vitro model of the endothelial cell surface that com-
bines a glycocalyx-like layer of tunable thickness and elasticity with cell adhesion receptors
buried within.

2. Develop a method to quantitatively tune the density of surface-anchored cell-surface molecules.

3. Develop coated microbeads as white blood cell mimetics that co-present on their surface
two distinct receptors: one binding to the glycocalyx and the other to an endothelial cell
adhesion receptor.

1.7 Methodology

Figure 1.8: Glycocalyx and white blood cells biomimetics: old and improved models. In new model,
surface receptor P-selectin is added to the glycocalyx mimetic and its ligand PSGL-1 is incorporated into
the cell mimetic. The new model incorporates fluid anchoring of receptors within the glycocalyx mimic,
enabling the exploration of receptor recruitment effects.
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1.8. Existing analytical methods to address the research aim

In this study, we have chosen to focus on one specific endothelial surface receptor – P-selectin,
and its corresponding ligand, PSGL-1, which is expressed on the surface of leukocytes. As previ-
ously detailed in Section 1.1, this receptor-ligand pair is known to play a pivotal role in the initial
phases of blood cell adhesion to the endothelium. Consequently, it represents one of the earliest
interactions that occur after the cell has indented the dense glycocalyx layer.

I have used a previously developed platform [33] as a foundation for further refinement and en-
hancement, making it more tailored to address our specific research inquiry. Figure 1.8 illustrates
a schematic comparison between the original and enhanced models.

A refined model of the vascular wall glycocalyx consists of a dense HA brush, with P-selectin
endothelial receptors situated beneath it. The specifics of this model’s development will be ex-
pounded upon in Chapter 2. The advanced cell mimetic features two distinct receptor types on its
surface: the CD44 receptor binding to the HA brush and PSGL-1 serving as a ligand for P-selectin.
Further elaboration on the development of these cell mimetics will be provided in Chapter 4.

1.8 Existing analytical methods to address the research aim

Throughout the project, a number of analytical techniques for surface characterization were
employed. While these methods are well-established, I include in this section a brief description
of each for the non-specialist reader. One of these analytical methods - quantitative fluorescent
measurement of receptor surface densities - stands out as I have developed the methodology over
the course of my project, and will be described separately in the Appendix A.

1.8.1 Quartz crystal microbalance with dissipation monitoring (QCM-D)

Quartz crystal microbalance with dissipation monitoring (QCM-D) is an acoustic real-time sensing
technique developed in 1990’s [140]. It allows measuring the nanoscale changes in mass per unit
surface area at the surface of the sensor which results in changes in resonance frequency. QCM-D
also measures energy dissipation, which is related to the viscoelastic properties of the biomolecular
film attached to the sensor surface (the relative thickness of the layer, the relative softness).

In my study, I employed the QCM-D technique to monitor the formation of layers and observe
specific molecular interactions while developing the glycocalyx molecular model (refer to Chapter
2 for detail). Additionally, this method was used as a means to control the quality of surface
functionalization.

The sensors for the QCM-D are made of piezoelectric material (typically, quartz). The sensor
gets excited and driven to mechanical resonance by an external electric field. The material on
the sensor surface modifies the resonance properties (frequency and bandwidth, or energy dissi-
pation) and by detecting these changes information about the bound material is obtained. Based
on detected changes in frequency (f ), variations in adsorbed mass can be inferred, and energy
dissipation (D) yields information about intermolecular interactions (Fig. 1.9).

The QCM-D system enables measurements of frequency and dissipation at multiple overtones
(n). The overtone order should be odd (1, 3, 5. . . ) to ensure an antisymmetric motion pattern of
the quartz. Conversely, when the overtone order is even (2, 4, 6. . . ), the deformation becomes
symmetric, and there is no electrical current between the electrodes. As the overtone number
increases, the penetration depth of the transverse wave from the oscillation crystal into the coated
material and bulk fluid decreases, which allows for insight into certain vertical regions of the
adhered film. Therefore, measurement at multiple overtones can be beneficial for studying the
viscoelastic properties of the material.

For investigations involving intermolecular interactions using QCM-D, the 5th overtone is a
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Figure 1.9: Schematic representation of frequency and dissipation monitoring in QCM-D. The data
is acquired when the electric field is turned off. Increasing adsorbed mass at the sensor surface leads
to a decrease in frequency ∆f, and changes in dissipation ∆D reflect the surface rigidity. Picture taken
from [156].

commonly favored choice. In my study, I also adopted the 5th overtone to present our experimental
data, aligning with this established practice.

The principle of work of QCM-D is based on Sauerbrey relationship developed in 1959 [143]
relating adsorbed mass ∆m with the change in frequency ∆f :

∆m =
C
n

∆ f (1.7)

where n – harmonic number; C – mass sensitivity constant.
In this equation, mass sensitivity constant can be defined as:

C =
tqρq

f0
(1.8)

where tq - thickness of quartz, ρq - density of quartz, f0 - resonance frequency.
C = 18 ng · cm−2 ·Hz−1 for commonly used QCM-D sensors ( f0 = 4.95MHz) .
Sauerbrey relationship remains valid for adsorbed masses that are small compared to the mass

of the crystal), evenly distributed and that form a rigid film. The latter condition is particularly
important for biological applications. The rigidity condition is fulfilled when:

∆Dn

−∆ fn
≪ 0.4·10−6 Hz−1 (1.9)

It is important to note that QCM-D detects the total mass mechanically coupled to the sen-
sor, including the mass of the coupled water. Therefore, frequency change ∆f cannot usually be
directly translated into the bound mass of the molecule.

Energy dissipation D can be described as:

D =
Elost

2πEstored
(1.10)

where Elost - energy dissipated per oscillation, Estored − total energy stored in the system.
Dissipation of the system increases with the decrease of the film rigidity [134], which is the

case, for example, for HA brush formation.
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1.8. Existing analytical methods to address the research aim

In a QCM-D setup, reagents are sequentially introduced into the system using a controlled flow
mode via a pump. They interact with the sensor surface, enabling direct observation of intermolec-
ular interactions. Consequently, this method enables the examination of the binding/adsorption
dynamics.

1.8.2 Spectroscopic ellipsometry (SE)

Spectroscopic ellipsometry (SE) is a highly sensitive optical technique relying on the analysis
of changes in light polarization upon its reflection from a planar interface [48]. This method
offers valuable insights into the structure of the interface and enables the precise measurement of
parameters such as areal mass density, thickness, and optical properties of adsorbed multilayer
films at the nanoscale level (< 1 ng/cm2) with high time resolution (milliseconds). Notably, SE
can be conducted without the need for labeling.

In this project, I used the SE to quantitatively determine the areal mass density of surface-
bound proteins. This method was employed as part of the development process for precise control
of protein surface density, as elaborated in Chapter 3.

The principle of spectroscopic ellipsometry is shown in Figure 1.10. The incident light’s po-
larization is determined by its electric field, which comprises two components: an electric field
oscillating in the plane of incidence (referred to as the p-polarized component) and another oscil-
lating perpendicular to the plane of incidence (referred to as the s-polarized component). When
these two components are in phase, they combine to produce linearly polarized light. Upon re-
flection from the sample, the s- and p-components exhibit disparate behavior, leading to a phase
difference and different amplitudes. Consequently, this results in elliptically polarized light, and
the two key parameters are detected by the instrument: the phase difference between p and s-
polarized light (∆) and the amplitude ratio (Ψ). It’s important to note that SE is not a direct means

Figure 1.10: Principle of spectroscopic ellipsometry.

of obtaining optical properties of the film; instead, it necessitates the application of mathematical
models to fit the measured ∆ and Ψ angles.

The fitting of SE data entails the application of a complex regression-based mathematical
model (Fig. 1.11) which typically relies on a multilayer model. Optical properties of a given layer
are represented by the Cauchy approximation:

n(λ ) = A+
B
λ 2 +

C
λ 4 (1.11)

where n – refractive index of the layer; λ – wavelength; A, B, C – dispersion parameters. A defines
the refractive index range, while B and C determine the dispersion characteristics.

Depending on the specific model employed, various film properties can be extracted, includ-
ing thickness (d), refractive index (n), extinction coefficient (k), dispersion parameters (A, B, C),
volume fraction of medium A in B, surface roughness, and others. The model used in this study is
described in detail in Methods section.
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Figure 1.11: Spectroscopic ellipsometry data analysis.

The combined use of QCM-D and ellipsometry allows a detailed investigation of real-time
formation and alteration of thin layers at the solid-liquid interface. These two techniques com-
plement each other effectively, providing insights into various aspects, such as mass, thickness,
mechanical properties, as well as the organization or structure of the layers [128].

In my research, a combined QCM-D/SE assay was employed to establish a calibration curve
correlating frequency changes detected by QCM-D with areal mass density measurements ob-
tained through SE. This assay was conducted by R. P. Richter, and the findings are detailed in
Chapter 3.

There are different experimental setups allowing to simultaneously conduct QCM-D and SE
measurements, some of which are commercially available (e.g., QSense Explorer Ellipsometry
from Biolin Scientific) and others are custom-made. Experiments conducted over the course of
this project were performed in an open fluid cell designed by Carton et al. [21].

1.8.3 Confocal microscopy and FRAP

Figure 1.12: Working principle of confocal microscope. A. Excitation: a laser beam (depicted by blue
lines) is focused onto the specimen, generating fluorescence within the excitation cone. B. Emission: flu-
orescence emitted from the focal point only (indicated by green lines) is collected and collimated by the
objective lens, then further focused by a secondary lens onto a pinhole in front of the detector. Fluorescence
originating from areas outside the focal point is not imaged though the pinhole and therefore are effectively
blocked. Image taken from [74].

Confocal microscopy is an optical imaging method that employs diffraction-limited point il-
lumination, and signal detection through an optically-conjugated pinhole to eliminate unwanted
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out-of-focus signals. In the context of surface functionalization, this technique serves as a crucial
tool, enabling the evaluation of the uniformity of the formed biolayers.

In confocal microscopy, laser-based excitation light is commonly used to produce intense flu-
orescence or reflectance specifically at the focal point [117]. A laser beam with collimated light
undergoes reflection by a dichroic beam splitter and is subsequently focused by an objective lens
onto a diffraction-limited spot within the sample (as depicted in Fig. 1.12A). Fluorescence is
generated within the cone of illumination, encompassing the focused spot but extending beyond
it.

The objective lens efficiently gathers the emitted fluorescence signal originating from excited
fluorophores within the focal plane, forming a collimated beam. This collimated fluorescence
beam is directed back through the dichroic beam splitter and further focused through a pinhole
onto a detector, as illustrated in Fig. 1.12B (represented by green lines). Importantly, fluorescence
arising from regions outside the focal point, such as the sample’s surface, is not well collimated by
the objective lens (grey lines in Fig. 1.12B). Consequently, it remains unfocused and is effectively
blocked from reaching the pinhole.

Figure 1.13: Principle of FRAP. Panels A-D illustrate the principle of a FRAP measurement, E-H –
scheme of molecular diffusion, I – detected intensity of fluorescence measured inside the bleached region
over time. Picutre taken from [94].

Fluorescence recovery after photobleaching (FRAP) is a well-established fluorescence mi-
croscopy technique employed to elucidate the dynamics of mobile fluorescent molecules. These
dynamics encompass processes such as diffusion, transient binding events, and directed trans-
port [94]. FRAP analysis can be conducted using a classical epifluorescence microscope, without
the strict requirement of a confocal microscope.

To evaluate the mobility of the layer using FRAP, a defined region within the field of view is
subjected to intense laser illumination, causing rapid photobleaching of fluorophores within that
region. Subsequently, a series of images is acquired over time over a larger region of the sample
(often until complete fluorescence recovery within the bleached region) (Fig. 1.13A-H), and the
fluorescence intensity within this region is quantified. The mobile layers are characterized by
returning to the initial or close to initial level of fluorescence due to the molecular diffusion (Fig.
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1.13I). The resulted curve (intensity vs time) can then be fitted with an exponential function:

I = A− e−
t−τ

B (1.12)

where A, τ – fitted parameters, B – characteristic diffusion time.
Using this empirical formula and a circular bleached area, the diffusion coefficient can then be

defined as follows [127, 149]:

D =
d2

16τ
(1.13)

where d corresponds to the diameter of the bleached area.
The confocal setup accessible at LIPhy does not include a dedicated FRAP module allow-

ing circular or point bleaching. Consequently, for the assessment of layer mobility, I performed
bleaching and monitored the recovery within a square region measuring 10x10 µm. As an approx-
imation, I chose to make use of Eq. 1.13 to calculate the diffusion coefficient of the square region
which corresponds to the same surface area as the circular area of diameter d.

In my project, confocal microscopy was used to observe the fabricated glycocalyx mimetic,
evaluate its uniformity, and measure its fluidity using FRAP. These aspects will be expounded
upon in Chapter 2. Furthermore, confocal microscopy was used to quantitatively measure the
surface density of bound receptors, specifically P-selectin. The detailed methodology for this
assessment will be presented in Chapter 3 and the “Quantification of receptor surface density
through fluorescence analysis” section in Appendix A.

1.8.4 Reflection interference contrast microscopy (RICM)

Reflection interference contrast microscopy (RICM) is an optical technique allowing to measure
the distance between an object and the underlying surface [91]. In my project, it was used to
assess the thickness of the formed hyaluronic acid (HA) brushes and to elucidate the interactions
between the functionalized microbeads and the glycocalyx mimetic. Furthermore, it served as a
tool for quality control to ensure the uniformity of the layer.

RICM detects the interference pattern between light waves reflected from the object of interest
and the underlying surface, allowing to characterize the thickness of the layers with a precision
of a few nm in the case of simple objects such as spherical microbeads (Fig. 1.14A). When the
beads are introduced into the system, the reflection from the lower surface of the beads (closest to
the substrate) is combined with that of the top surface of the coverslip to generate a fringe pattern
(Fig. 1.14B). This pattern can be converted into an intensity profile as a function of the distance
from the center and fitted using the following formula [33]:

I(r) = A1e
− r1

w2
1 +A2e

− r2
w2

2 cos
(

φ0 +
2πnbuffer

λ
δh(r)

)
(1.14)

where A1,A2 account for the amplitude of the offset and of the fringes respectively, w1,w2 account
for their empirical decrease with the bead distance to the surface, r1 and r2 are effective reflection
coefficients, nbuffer is the refractive index of the medium, φ0 accounts for the phase difference in
r1 and r2, and δh(r) describes the geometrical path length difference between the ray reflecting on
the bead and the one reflecting on the substrate surface.

By recording fringe patterns at two distinct wavelengths (green and red light), it is possible
to accurately determine the height of the microbeads over a range of about 1 µm. This method
can be applied to measure the thickness of formed biolayers by allowing microbeads to settle
on them. Furthermore, it enables real-time tracking of microbead motion in 3D, facilitating the
characterization of precise interactions between the layer and functionalized microbeads.
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Figure 1.14: Measuring the thickness of the layer with the use of RICM. A. Principle of RICM imaging
of a microbead close to a surface (colloidal probe RICM). Interferences between I1 and I2 are detected
and provide information on height h. B. Example of microbead is imaged in green and red light and
corresponding intensity profiles as a function of the distance from the pattern center.

1.8.5 Flow cytometry

Flow cytometry is a widely employed technique for quantifying the physical and chemical at-
tributes of individual cells or particles in a liquid medium based on their light scattering and
fluorescence emission properties [1]. In this method, a sample containing cells or particles is in-
troduced into a fluidic system where they traverse the path of an excitation laser (Fig. 1.15). The
light scattered by these entities is quantified using two optical detectors: forward scatter (FSC),
which detects scattering along the laser’s path, and side scatter (SSC), which measures scattering
at a ninety-degree angle relative to the laser. In addition, fluorescence emission is quantified by
one or more additional detectors around chosen wavelength ranges.

Figure 1.15: Principle of the flow cytometry. A sample stream diluted with sheath fluid passes through a
laser beam. The scattered light is then detected and quantified by forward scatter, side scatter, and fluores-
cence detectors. Figure taken from [125]
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Flow cytometry is a valuable tool for quantifying the density of specific receptors on cells
or cell mimetics [110]. In this case, cells or cell mimetics are labeled with fluorescently tagged
antibodies that bind to the receptor of interest, and the resulting fluorescence is quantified.

Over the course of my project, I used the flow cytometry to quantify the density of specific
receptors of interest (CD44 and PSGL-1) on microbeads employed as cell mimetics. The outcome
of these experiments will be elaborated upon in Chapter 4.
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2
Glycocalyx model with defined mechanical and

biochemical characteristics

Short summary

In order to study cell-glycocalyx interactions in well-controlled conditions in vitro, a
novel molecular model of the vascular wall glycocalyx has been developed. Based on a
supported lipid bilayer, it incorporates both a thick hyaluronan brush and the surface ad-
hesion molecule P-selectin distributed homogeneously across the surface. Furthermore,
a method allowing to tune the mobility of this system has been developed. The chosen
model system allows to controllably tune the mechanical properties of the glycocalyx
mimetic as well as the type and the density of surface receptors located underneath.
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2.1 Introduction

2.1.1 Model system of vascular wall glycocalyx

To explore the influence of the mechanical characteristics of the vascular wall glycocalyx on its
regulation of access to the surface receptor P-selectin, I embarked on the development of a com-
plex, multicomponent model system. One of the key elements within this system is the molecular
representation of the vascular glycocalyx, created in situ on a glass substrate within the microflu-
idic channel.

Compared to systems based on living cells, such molecular model has several advantages:

1. Well-controlled parameters. In contrast to cell-based layers, the molecular model provides
enhanced versatility in parameter selection for the investigation of cell-glycocalyx interac-
tions. Using the established protocols for surface functionalization, both physical properties
(e.g., softness, stiffness) and biochemical qualities (e.g., type of grafted receptors and dis-
tance between them) of the model glycocalyx can be controlled and adjusted.

2. Focus on a specific types of interaction: HA/CD44 and PSGL-1/P-selectin. In living sys-
tems, the cell-glycocalyx interplay involves numerous types of molecular interactions. In
contrast, model system provides the capability to isolate and investigate specific interac-
tions of interest. This enables a focused exploration of the significance of individual surface
receptors in cell adhesion. Additionally, both physical and chemical characteristics of the
surface can be adjusted beyond physiological ranges, making the interaction of interest more
enhanced and easier to study.

3. Ease of handling. While cell-based systems demand specific precautions, such as tempera-
ture control, pH control, and precise medium composition for integration into microfluidic
devices, molecular models are more straightforward to work with and exhibit greater sta-
bility under varying external conditions. Moreover, glycocalyx molecular mimetics remain
stable over extended periods (over 24 hours or more), facilitating the experimental planning.

In the research preceding my study [33] (described in detail in sections 1.3.1-1.3.2) the model
system of glycocalyx consisted of a thick brush formed of hyaluronan chains that were grafted
on a glass support. In my project, I made improvements to this model by incorporating surface
adhesion molecules (P-selectin) buried within the thick HA brush (Fig. 2.1). Furthermore, I
increased the ability to adjust the surface mobility of the molecular model by transitioning from a
self-assembled monolayer (SAM) to a supported lipid bilayer (SLB) molecular platform.

The new glycocalyx model had to meet the following requirements:

1. It had to simultaneously present two types of molecules: HA brush and P-selectin surface
receptors.

2. The grafted molecules needed to be stable in time and to remain functional towards the
specific interactions with their ligands (CD44 for HA brush and PSGL-1 for P-selectin).

3. The glycocalyx mimetic needed to have defined mechanical and chemical characteristics:

– To study the specific interaction between the circulating cells and the surface receptors,
located on the endothelial cell surface, the hyaluronan brush must be of physiologically
relevant thickness (about 1 micron [83]) and softness (10-1000 Pa [98]), allowing the
cells reach the receptors;

– To provide a negative control for this interaction, the HA film must be stiff and thick,
so it can prevent cells from reaching the receptors (see Section 2.1.4.2 for detail);
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– To evaluate the significance of a specific interaction in cell adhesion, the surface recep-
tors need to be located on a biologically relevant distance from each other. However, to
validate the function of co-presented P-selectin receptors alongside a thick HA brush,
higher receptor densities can be employed.

In the following sections I will provide a detailed description of the approaches employed in
creating the glycocalyx molecular model: the establishment of the molecular platform and the
strategies employed to achieve the stable and precisely controlled anchoring of the molecules of
interest.

Figure 2.1: Schematic drawing of molecular model of glycocalyx. The anchorage platform is composed
of a biotinylated supported lipid bilayer (b-SLB) formed on glass or silica support and streptavidin (SAv)
monolayer facilitating the anchoring of biotinylated species through stable biotin-streptavidin bonds. The
glycocalyx mimetic comprises long, one-end anchored biotinylated hyaluronan (HA) chains and P-selectin
molecules with Fc tags, linked to the platform using the b-ZZ adapter protein via Fc-ZZ bonds. The molec-
ular model has several tunable characteristics: mechanical properties of HA brush (thickness and softness),
surface density and lateral mobility of P-selectin receptors.
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2.1.2 Biotin-streptavidin interaction for receptor anchoring

An important aspect in the development of the glycocalyx molecular model was the search for an
effective anchoring mechanism to immobilize the receptors on the molecular platform. Our choice
centered on the utilization of biotin-streptavidin interactions.

Among many different approaches to surface anchorage of the receptors, biotin-streptavidin
binding stands out due to its high affinity Kd ≈ 10−14 M [166] and specificity. Streptavidin (SAv)
is a tetrameric protein known for its exceptional thermal [55] and long-time stability. The relative
simplicity of protein biotinylation [24, 79] has resulted in a wide range of applications of biotin-
streptavidin binding. SAv monolayer serves as a universal support for anchoring biotinylated
molecules including proteins [69, 154], nucleic acids [122] and sugars, in particular glycosamino-
glycans such as HA [59, 138].

In the research preceding my project [33], streptavidin within the molecular platform was
substituted with its mutant counterpart known as traptavidin (TAv). Traptavidin is a variant of
streptavidin characterized by reduced flexibility in the L3/4 loop (Fig. 2.2), the structural element
responsible for closing over the biotin-binding pocket. The enhanced orderliness of this loop
is anticipated to lower the entropic cost associated with biotin binding and hinder dissociation.
This reduction in the off-rate, coupled with increased thermostability, leads to a notably stronger
binding affinity between TAv and biotin or biotinylated molecules. The off-rate for the TAv-
biotin interaction is approximately 10-fold lower compared to the biotin-streptavidin interaction,
as previously reported [28,29]. This property might be advantageous for our specific applications,
particularly when our functionalized surface is subjected to drag forces during flow assays.

SAv and TAv were the two options considered for the design of our glycocalyx model. One of
the objectives in optimizing this model was to evaluate the performance of both SAv and TAv and
subsequently select the optimal protein for our specific application.

Figure 2.2: Comparison between traptavidin and streptavidin structures with and without biotin. In
both the apo- and biotin-bound states of TAv, the L3/4 loop region (colored red) exhibits a well-defined
closed conformation. In apo-SAv, the L3/4 loop is disordered, but it adopts an ordered conformation in
biotin-bound streptavidin. Image taken from [29].

2.1.3 Choice of the anchorage platform for presenting the SAv or TAv monolayer

There are several approaches to present the biotin layer on the surface, allowing formation of
SAv or TAv monolayers. Two popular methods among them are the creation of self-assembled
monolayers or supported lipid bilayers.
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2.1.3.1 Self-assembled monolayers

Self-assembled monolayers (SAMs) are molecular structures formed on a solid surface as a result
of the adsorption of an active molecule from the solution [95, 158]. This versatile platform has
been used in surface functionalization for more than 25 years. Some extensively studied types
of SAMs are the ones that resulted from the adsorption of thiols (organic compounds containing
a sulfur atom bonded to a hydrogen atom as part of their molecular structure) on gold, silver,
platinum, and palladium [22, 165]. A common approach to form a self-assembled monolayer is
to expose a gold-coated surface to thiols, for example, oligo-ethylene glycols (OEG), containing a
certain fraction (usually up to 10%) of biotinylated compounds (b-OEG). The interaction between
thiols and gold results in the formation of covalent gold-thiolate (Au-S) bonds. By varying the
fraction of biotinylated OEG thiols, the final density of bound streptavidin or traptavidin can be
tuned [146].

The schematic drawing of formation of thiol-based SAM is demonstrated in Fig. 2.3. The
process of self-assembly is marked by an initial rapid adsorption phase, followed by a subsequent
slower organization phase during which the surface density of thiol molecules continues to in-
crease. Therefore, the thiol adsorption is a long process, so the functionalization is usually done
overnight.

Figure 2.3: Schematic drawing of thiol-based SAM formation at the gold-coated surface. 1⃝ Rapid ad-
sorption phase, 2⃝ slow organization phase. Biotinylated and non-biotinylated OEG molecules are attached
to the gold surface via covalent gold-thiolate bonds.

2.1.3.2 Supported lipid bilayers

Supported lipid bilayers (SLBs) have been widely used for surface preparation for since their first
development in 1985 [152]. They are formed as a result of rupture and spreading of the lipid
vesicles on hydrophilic solid support (Fig. 2.4).

Figure 2.4: Schematic drawing of SLB formation at the glass support.
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The bilayer structure arises from the unique characteristics of phospholipid molecules, which
have a polar head group and two hydrophobic hydrocarbon tails. These lipid molecules spon-
taneously aggregate to bury their hydrophobic tails inside and expose their hydrophilic heads to
water either forming spherical vesicles with tails inside or bilayers with tails sandwiched between
hydrophilic head groups [3]. When facing the solid support, the phospholipids arrange in energet-
ically most-favorable sheet bilayer.

Supported lipid bilayers can be formed in situ on a glass support and are widely used as a
tool to stably and homogeneously present biotin [6]. For this, a defined fraction of biotinylated
phospholipids is incorporated in lipid suspension. It was demonstrated that SAv coverage depends
on the biotinylated fraction of lipids in solution [59]. Based on previously established protocols
[44], in our study we chose to use an inert phospholipid 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC) mixed with the biotinylated compound 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-
N-(Cap Biotinyl) (DOPE-cap-b) in a (95:5) ratio. The chemical structures of these lipids are
presented in Fig. 2.5.

Figure 2.5: Chemical structure of DOPC and DOPE-cap-b. Image taken from [136].

The fluidity of supported lipid bilayers is a key characteristic, with lipids capable of lateral
diffusion within the bilayer. This lateral mobility is influenced by temperature. Lipid bilayers
can undergo different thermodynamic phases, including the gel and fluid phases, with the phase
transition temperature (Tm) increasing as tail lengths lengthen and decreasing with more double
bonds [113]. The lateral mobility of lipids affects the subsequent binding of proteins to the SLB-
covered support [6].

It was reported that at room temperature biotinylated DOPE diffuse along the surface with a
rate of a few µm2/s [107]. A similar diffusion constant (about 2 µm2/s) was observed for strep-
tavidin molecules anchored on biotinylated SLB platform [107]. Therefore, by measuring the
diffusion constant of fluorescently labelled SAv one can assess the fluidity of the supported lipid
bilayers.

Based on their size, lipid vesicles can be categorized into three groups: small unilamellar
vesicles (SUVs), typically smaller than 100 nm (usually between 30 and 50 nm); large unilamellar
vesicles (LUVs), ranging from 100 nm to 1 µm; and giant unilamellar vesicles (GUVs), above
1 µm [92]. In surface chemistry, SUVs are most commonly used to create solid-supported lipid
bilayers.

A well-established protocol for SUVs preparation [135] has been used for over 20 years. The
mix of lipids dissolved in chloroform is first dried under vacuum, then resuspended in work-
ing buffer and homogenized during several freeze-thawing cycles. There are several techniques
allowing to create unilamellar vesicles, including sonication, extrusion [63], reverse phase evap-
oration [151] and others. In our study we used sonication in pulse mode to prepare vesicles of
diameter typically ranging from 20 to 30 nm [136].

The homogeneity of the formed SLB is dependent on the type and physical properties of the
solid support, including its roughness, type of cleaning, and surface charge [137]. These factors
can also influence the organization of proteins binding to the SLB, making quality control essential
for SLB formation.
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2.1.4 HA brush formation

As one of the major components of extracellular matrix, hyaluronan has been the subject of ex-
tensive research [62, 93, 109]. Hyaluronan consists of repeating disaccharides composed of N-
acetylglucosamine (GlcNAc) and glucuronic acid (GlcA) [147] (Fig. 2.6). In solution, hyaluronan
polymer chains exhibit random coil behaviour [42] but when they are grafted onto a surface, the
molecules can adopt either a mushroom-like or brush-like conformation, depending on the grafting
density [138].

Figure 2.6: Disaccharide unit structures of hyaluronan. Image taken from [150].

There are well-established protocols for the formation of HA brushes where one-end bi-
otinylated hyaluronan polymers are grafted onto the streptavidin monolayer via their reducing
end [150]. My host labs, Richter Lab and LIPhy, have made major contributions to establishing
HA brushes and their characterization [138, 150].

The formation of the HA brush can be effectively monitored utilizing the QCM-D method
(Fig. 2.7). Upon introduction into the system, biotinylated HA chains exhibit rapid binding to
SAv. This initial phase of rapid binding, particularly prominent for smaller molecular weights
like HA-58 (Mw = 58 kDa), is succeeded by a slower binding phase. This transition reflects the
crowding of molecules at the surface and the transition from bound HA molecules in a mushroom
configuration to a brushlike configuration. HA binding is characterized by significant shifts in
dissipation, accompanied by relatively minor changes in resonance frequency. These responses
serve as indicators of the development of a highly hydrated and very soft layer [138].

Figure 2.7: HA brushes formation monitored with QCM-D. QCM-D frequency shifts (∆F – blue line)
and dissipation shifts (∆D – red line) for the 5th overtone measured over time. The start and the duration of
incubation with each sample (SUVs, streptavidin and HA) are indicated with black arrows at the top of the
graphs. QCM-D responses for binding of two types of HA molecules are presented: HA-50 (58 kDa) and
HA-1000 (1083 kDa). Image taken from [138].

Additionally, there are numerous techniques allowing to estimate the thickness and stiffness of
the formed HA films [7, 138]. In my project, we chose to use colloidal probe RICM to determine
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the thickness and the intermolecular distance of grafted HA chains (please refer to “RICM” section
in Chapter 1 for details).

From the measured brush thickness the distance between its grafting points can be estimated
using the following equation, as described previously [33]:

ξ
2 =

8
π2

ρv
b

(
lc
H0

)3

(2.1)

where b – the monomer unit length (b = 1 nm, considering the basic HA disaccharide unit as
the monomer), lc – the polymer contour length calculated as b × (polymer Mw) / (monomer Mw),
ρ = 13.9 – intrinsic chain stiffness (a measure for the bending rigidity), v = 3.67 nm3 – monomer
effective excluded volume.

Brush elastic (longitudinal) modulus, a measure of brush stiffness, is defined as:

M ≈ 13kT
πξ 3 (2.2)

where kT is the thermal energy.

2.1.4.1 Grafting the HA brushes of physiological mechanical properties

In prior research, a protocol for creating HA brushes with physiological mechanical properties
was developed [33]. The resulting HA brush, as depicted in Figure 2.8, was generated on a
self-assembled monolayer (SAM) using HA molecules with a molecular weight of 840 kDa and
exhibited an elastic modulus of approximately 40 Pa. This modulus falls within the range of phys-
iological characteristics (10-1000 Pa [98]). In my project, I followed this established protocol to
generate a glycocalyx model with physiological mechanical properties.

Figure 2.8: Schematic representation of HA-840 and brush formed on SAM. Image taken from [33].

2.1.4.2 Generating the HA brushes with non-physiological mechanical properties

To investigate the impact of glycocalyx softness on the regulation of blood cell access to the
endothelial cell surface, thereby facilitating the specific P-selectin/PSGL-1 interaction, we aimed
to establish a controlled scenario where this interaction could be effectively blocked. To achieve
this, our objective was to create a control glycocalyx model with a dense and rigid HA brush. We
hypothesize that such a brush would be capable of screening surface receptor interactions even
in the presence of HA/CD44 interactions, thereby demonstrating that sufficient indentation of the
HA layer is required for stabilized interaction of the cell with the vascular endothelium. To be
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effective, this control brush needs to be of sufficient thickness and rigidity to be only marginally
indented by interacting cells under flow.

Quantitatively, the total length of the P-selectin/PSGL-1 molecular pair comprises the length
of the P-selectin molecule (estimated at approximately 40 nm [160]), PSGL-1 (approximately 50
nm [89]), and twice the length of the b-ZZ adapter protein (around 8.5 nm [44]), which links P-
selectin to the SAv-coated surface and PSGL-1 to the microbead surface (Fig. 2.9). In total, the
compressed HA brush had to possess a thickness of no less than 110 nm to effectively prevent this
interaction.

Figure 2.9: Schematic drawing of HA brush allowing to screen the interaction between the beads
functionalized with PSGL-1 and P-selectin located underneath the thick HA brush.

In pursuit of this objective, we opted for HA molecules with a molecular weight of 280 kDa.
Relying on previous measurements [33], we estimated that in its uncompressed state, such HA
brush should have a minimum thickness of 300 nm and a distance of approximately 20 nm between
grafting points to achieve a Young’s modulus of around 1 kPa for the resulting brush. Based on
previous results on the compressive force exerted by CD44-functionalized beads on HA brushes
at physiological shear rates, such thickness and elasticity ensure that the brush is not compressed
below 110 nm.

It is important to highlight that achieving such high grafting densities is a challenging task. We
thus employed targeted strategies to optimize the incubation conditions for enhancing the grafting
of HA molecules.

Among the various strategies available for promoting HA brush formation, two have shown
particular promise. The first strategy involves manipulating the charge of HA. It carries a neg-
ative charge at pH levels above ≈3.0 and is thus highly responsive to changes in ionic strength
within the solution. Previous research has demonstrated that increasing the concentration of ions
of sodium [7, 64] or calcium [114] in the solution results in screened electrostatic interactions, re-
ducing the repulsion between adjacent hyaluronan chains. Importantly, alterations in HA molecule
conformation under these conditions are typically reversible. Therefore, an accelerated HA brush
formation can be achieved by incubating it in a high-concentration ion solution to promote denser
brush formation. Then the brush can be rinsed with a buffer with physiological ionic concentra-
tions and the grafted chains should stay stably anchored at the surface.
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The second strategy involves adjusting the pH of the solution during HA incubation. It was
demonstrated that a pH lower than 6.0 leads to the reversible protonation of HA resulting in a
more compact HA conformation [26, 52]. Therefore, a low-pH solution can be used to graft an
HA brush with increased density.

Accordingly, we chose to implement these two strategies to create thick HA films:

1. Increasing NaCl concentration during HA incubation (1 M instead of 150 mM, as in usual
working buffer);

2. Lowering the pH of the incubation solution during HA incubation (pH 3.0 instead of pH
7.4).

Additionally, as HA incubation is a kinetically limited process, we decided to increase the
incubation time to 15 hours (overnight incubation) to maximize the brush density while keeping a
reasonable experimental duration.

2.1.5 Surface receptor P-selectin grafted with the help of b-ZZ adapter protein

During the development of the glycocalyx model we needed to stably graft P-selectin receptors at
the surface. As biotinylated P-selectin was not commercially available and its synthesis would be
both challenging and time-consuming, the conventional biotin-streptavidin anchorage used for the
HA chains was not applicable for fixing this protein on the surface.

However, major suppliers such as R&D systems offer a wide range of proteins, including P-
selectin, linked with the Fc region of immunoglobulin molecules. This region can specifically and
stably bind to the Z domain of protein A and is widely used as a tool for protein immobilization
[25, 153].

In the past, the Richter Lab had synthesized an adapter protein called b-ZZ based on the
concept of another protein construct developed in the Gorlich Lab (Gottingen, Germany). This
adapter protein is composed of tandem repeats of the Z domain of protein A coupled with N-
terminal biotin via a flexible linker of approximately 5 nm contour length (the primary structure of
b-ZZ is described in [44]). This adapter protein shows specificity for binding Fc tag and had been
successfully used to anchor intercellular adhesion molecule 1 (ICAM-1) on a streptavidin-coated
support, exhibiting excellent binding affinity and stability [108]. Based on this experience, we
decided to employ b-ZZ adapter protein to graft P-selectin with the Fc tag onto our anchorage
platform.

2.2 Results

2.2.1 What anchor platform to use – SLBs vs SAMs?

As discussed before, both SLB and SAM are well-established platforms and can be readily adapted
to create biomimetic layers. In the following sections, I will provide a comparative analysis of
these two platforms and evaluate the advantages and limitations of using each of them in our
specific application.
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2.2.1.1 Preparation of interaction platforms based on SAMs vs. SLBs - Practical aspects to
consider

Table 2.1 presents a comparison of various practical aspects of SAM and SLB formation. It is ev-
ident that surface preparation for SAM formation is generally more complex and time-consuming
compared to SLB. The process of forming self-assembled monolayers involves gold deposition on
the glass coverslip prior to functionalization (see the corresponding "Methods" section for details),
making it a more expensive and lengthy procedure compared to SLB formation.

When utilized for optical analysis, the presence of phase changes at the glass/gold/buffer in-
terface presents a greater challenge for obtaining quantitative RICM measurements compared to
coverslips lacking a deposited gold layer. Additionally, the functionalization time differs between
the two platforms. Achieving a SAM of good quality typically requires an overnight ex situ incu-
bation, while SLB formation is generally rapid, requiring less than 10 minutes and can be done in
situ.

Table 2.1: Comparison between SAM and SLB formation.

Parameter SAM SLB

Type of solid support ✗ Gold-coated surface (e.g., glass cover-
slip with gold deposition)

✓ Clean glass or silica surface (e.g.,
glass coverslip)

Surface preparation
QCM-D Au-coated sensors (one-time use
per sensor):

• Thorough rinsing with ultrapure
water

• Exposure to UV/O3 for 30 min

✓ Total preparation time: about 40 min

QCM-D Si-coated sensors (multi-
ple use per each sensor):

• Immersing into SDS 2% for
30 min

• Thorough rinsing with ultra-
pure water

• Exposure to UV/O3 for 30
min

✓ Total preparation time: about 1 h

Glass coverslips:

• Cleaning with piranha solution

• Ti deposition followed by Au de-
position under vacuum

• Thorough rinsing with ultrapure
water

• Exposure to UV/O3 for 30 min

✗ Total preparation time: about 4-5 h

Glass coverslips:

• Cleaning with piranha solu-
tion

• Rinsing with ultrapure water

• Exposure to H2O plasma for
3 min

✓ Total preparation time: about 2 h

Functionalization
time

✗ Overnight ✓ About 30 min

Optical analysis (for
glass coverslips)

✗ Sub-optimal for optical analysis due to
the phase shift in RICM images induced
by the gold layer

✓ Optimal for optical analysis

To control the SAM and SLB formation and assess the SAv or TAv binding to them in situ we
employed QCM-D. For SAM, the addition of a BSA solution was employed to test for non-specific
binding and evaluate the quality of the formed layer. Given BSA’s ability to adsorb to a wide range
of surfaces, including gold, the BSA test evaluates the homogeneous formation of the SAM on the
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glass surface. As shown in Figure 2.10A (10-20 min), the QCM-D frequency and dissipation
shifts demonstrated minimal response for BSA binding (∆F < 1 Hz, ∆D < 0.2 ppm), indicating
a high-quality SAM formation. However, it is important to highlight that achieving such a good
quality of self-assembled monolayer requires careful precautions. In the initial tests, insufficient
cleaning of the QCM-D sensor and/or vial used for overnight functionalization resulted in signif-
icant non-specific binding of BSA, indicating poor SAM quality (see Fig. B.1 in Supplementary
Information). These results emphasize the importance of thorough cleaning procedures to ensure
proper SAM formation.

Figure 2.10: SAv monolayer formation on SLB or SAM monitored by QCM-D. QCM-D frequency
shifts (∆F – blue line) and dissipation shifts (∆D – red line) for the 5th overtone measured over time. Flow
rate at all steps is 20 µL/min. The start and the duration of incubation with each sample are indicated
with black arrows at the top of the graphs. Before and after each incubation step there were rinsing steps
with HEPES buffer. A. BSA test for the non-specific binding to the SAM, followed by SAv formation.
BSA incubation resulted in very little response (∆F = -0.3 ± 0.1 Hz and ∆D < 0.1 ppm) indicating that
the formed SAM is inert to non-specific binding. Streptavidin monolayer formation resulted in the final
shifts: ∆F = -20.0 ± 0.1 Hz and ∆D = 0.4 ± 0.1 ppm. Conditions: BSA – 1.5 µM (100 µg/mL), SAv – 0.33
µM. Conditions for SAM formation: QCM-D sensor was immersed in SAM solution (0.02 mM b-OEG-
thiol + 0.98mM OEG-thiol in ultrapure water) for 16 hours prior to use. B. SLB formation followed by
streptavidin monolayer creation. The two-step response for SUVs incubation represents the initial binding
of the vesicles onto the layer followed by their rupture and spreading, the final shifts: ∆F = -23.0 ± 0.1
Hz and ∆D < 0.1 ppm. Final shifts after SAv formation: ∆F = -26.3 ± 0.2 Hz and ∆D = 0.7 ± 0.1 ppm.
Conditions: SUVs (DOPC:DOPE-cap-b = 95:5) – 50 µg/mL, SAv – 0.33 µM.

SLB formation monitored by QCM-D is presented in Fig. 2.10B. The two-phase response
upon SUVs incubation (10-20 min) reveals the characteristic pattern of initial intact binding fol-
lowed by rupture and spreading as the surface coverage increases. The final shifts observed (∆F
= -23.0 ± 0.1 Hz and ∆D < 0.2 ppm) indicate the formation of a high-quality SLB with minimal
residual liposomes [137]. Such consistent responses were observed in the majority of my QCM-D
tests, indicating highly reproducible SLB formation that did not necessitate additional precautions.

Streptavidin exhibited stable binding to both of the anchor platforms (30-40 min in Fig.2.10A-
B). The slight disparity in final frequency shifts (∆F = -20.0 ± 0.1 Hz for SAM and ∆F = -26.3
± 0.1 Hz for SLB) is consistent with previously published data [108] and can be attributed to the
mobility of the SLB layer, where individual lipid molecules can reorganize and bind SAv more
efficiently resulting in higher total bound mass. Similar results were observed for TAv monolayer
formation (∆F = -22.8 ± 0.2 Hz, ∆D = 0.4 ± 0.1 ppm, QCM-D data shown in Fig. 2.12A).
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2.2.1.2 Controlling the mobility of surface-anchored molecules on SLBs by GTA cross-
linking of SAv/TAv

One critical distinction of SAMs compared to SLBs is that thiol molecules in a SAM are essen-
tially immobile whereas lipids in fluid SLBs can move in the bilayer plane. The lack of mobility
is particularly advantageous for our application in studying the cell adhesion in a microfluidic sys-
tem, since it allows the layer to withstand the drag force exerted on it when cells or cell mimetics
interact with the surface upon landing. On the other hand, the lateral mobility of the SLB of-
fers specific benefits, particularly by facilitating the subsequent attachment of molecules through
lipids’ reorganization. An important consideration for this project thus was if the SAv/TAv-on-
SLB platform could be adapted to tune the mobility of anchored molecules.

Figure 2.11: Fluorescence recovery after photobleaching for GTA cross-linked layer and non-cross-
linked layers. A. Schematic drawing of the surface functionalization: 1⃝ SLB formation, 2⃝ SAv or TAv
monolayer formation, 3⃝ GTA cross-linking, 4⃝ b-FITC or b-Alexa adsorption B. Representative micro-
graph with fluorescently labelled SAv, demonstrating that SAv coverage is essentially uniform. A few small
defects are noticeable as darker patches with a typical size of 1 µm or less, but these occupied only a small
fraction of the total surface area and negligibly impacted the data analysis. C. Fluorescence intensity for
the non-GTA-treated layer (orange circles) and the GTA treated SAv layer (brown squares). The intensities
measured inside the bleached area are normalized to the intensities of the outside areas. D. Snapshots of the
mobile and immobile layers taken before bleaching ("pre-bleach"), and 5 s and 300 s after bleaching. The
intensities are normalized against unbleached areas.

A straightforward approach to limit the mobility of SAv or TAv on SLBs is by cross-linking of
the proteins. Previous studies have demonstrated that glutaraldehyde (GTA) is capable of cross-
linking neighboring SAv molecules [66], including the SAv monolayer formed on SLB [77].

In the experiments outlined in this and subsequent sections, streptavidin and traptavidin are
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introduced as potentially interchangeable proteins. At times, we utilized one or the other to inves-
tigate the mobility of the layer and the formation of the HA brush. While they can be regarded as
interchangeable to a certain extent, it’s important to note that they also exhibit distinct differences,
which will be comprehensively discussed in Section 2.2.2.

We employed confocal microscopy to visualize the SAv or TAv monolayers. The glass cover-
slip was functionalized following the procedures outlined in the "Methods" section, and the SAv or
TAv layer was labeled with biotinylated fluorophores: biotinylated fluorescein isothiocyanate (b-
FITC) or biotinylated Alexa 647 (b-Alexa) (Fig. 2.11A). Typically, the SAv surfaces were mostly
homogeneous (no structures larger than 1 µm were detected), as shown in Fig. 2.11B. TAv mono-
layers, however, occasionally exhibited crystalline structures and lacked homogeneity, as will be
discussed in Section 2.2.2.2.

We used fluorescence recovery after photobleaching (FRAP) to quantify the impact of GTA
cross-linking on the mobility of the SLB-based protein layers. A square region with a width of
10 µm at the center of the image was bleached, and the subsequent fluorescent recovery origi-
nating from lateral movement of SLB-based SAv or TAv was observed. Figure 2.11C shows the
normalized intensities of fluorescence for both the GTA treated and non-treated SAv layers, while
representative snapshots are presented in Fig. 2.11D. Notably, the layer that did not undergo GTA
treatment showed recovery over time almost to initial level (>90%), whereas the treated layer
remained immobile even after an extended observation period (several hours). In an additional
experiment (not shown here), we observed that the cross-linked layer did not recover even after
4 days post-bleaching. The diffusion constant of the untreated layer, calculated using Eq. 1.13,
was ≈ 1µm2/s, which is comparable to the diffusion constant of SAv-anchored lipids [107]. On
the other hand, the diffusion constant of GTA-treated layer was < 10-6 µm2/s. Similar results
were observed on SLB-based TAv monolayers. This compellingly demonstrates the success of
the GTA-cross-linking strategy for the SAv and TAv, providing an effective means to control the
motility of the SLB layer.

2.2.1.3 GTA cross-linking of SAv/TAv does not impact the anchorage of biotinylated molecules

We further tested if GTA cross-linking had any adverse effects on the biotin binding capacity of
SAv or TAv on SLBs. We initially monitored the traptavidin cross-linking using QCM-D (Fig.
2.12A). During GTA incubation (30-40 min), a frequency and dissipation shift were observed,
likely attributed to the differences in viscosity and density of GTA solution compared to HEPES
buffer. Upon rinsing in buffer the frequency shift returned to its initial value (∆F ≤1 Hz). Notably,
the final dissipation shift decreased significantly (∆D = 0.3 ± 0.1 ppm), providing evidence that
GTA rigidifies the surface coating, consistent with SAv or TAv cross-linking.

We also employed QCM-D to evaluate the binding of biotinylated molecules to both mobile
and immobile layers. Although the frequency shift alone does not directly indicate the quantity of
bound substrate, we can still use the final shifts at the binding equilibrium to qualitatively assess
the efficiency of binding. For this purpose, we selected the b-ZZ adapter molecule (time-resolved
data for b-ZZ binding will be shown further in Fig. 2.22A), which is sufficiently small so that it can
occupy all available biotin-binding sites on a dense SAv or TAv layer [44]. Figure 2.12B shows the
comparison between the final shifts observed for b-ZZ incubated until saturation on GTA-cross-
linked TAv layer and mobile SAv platform. Both TAv and SAv monolayers were incubated under
the same conditions (concentration, incubation time) until saturation characterized by a plateau in
the QCM-D response. The results indicate that the binding efficiency to the cross-linked layer is
comparable to that of the mobile platform. Some disparities in final frequency shifts (about 12%)
are likely due to fluctuations in the surface coverages of SAv and TAv (TAv final shifts: ∆F =
-21.8 ± 0.3 Hz and ∆D = 0.6 ± 0.2 ppm; SAv final shifts: ∆F = -25.6 ± 0.3 Hz and ∆D = 0.6 ±
0.1 ppm). Variations in the incubation conditions for SAv or TAv can lead to slightly different
surface coverages, impacting the maximum achievable b-ZZ density on such a monolayer. Further
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elaboration on this topic will be provided in Chapter 3.
Finally, we conducted tests to assess HA brush formation on both the mobile and immobile

platforms. The thickness of the obtained brushes was measured using colloidal probe RICM (de-
tails provided in the "Methods" section). The results demonstrated that GTA cross-linking of the
platform, either before or after HA brush formation, had no significant impact on the final thick-
ness of the film (Fig. 2.12C). This indicates that both strategies are equally effective in forming a
thick brush on an immobilized platform.

Figure 2.12: Effect of GTA cross-linking on subsequent layer formation. A. In situ observation of TAv
cross-linking with GTA. QCM-D frequency shifts (∆F – blue line) and dissipation shifts (∆D – red line)
for the 5th overtone measured over time. Flow rate at all steps – 10 µL/min. The start and the duration of
incubation with each sample are indicated with black arrows at the top of the graphs. Before and after each
incubation step there were rinsing steps with HEPES buffer. Final shifts for TAv incubation: ∆F = -22.8
± 0.2 Hz and ∆D = 0.4 ± 0.1 ppm, for GTA cross-linking: ∆F ≤ 1 Hz and ∆D = 0.3 ± 0.1 ppm. B. b-ZZ
binding to GTA cross-linked and non-cross-linked layer. Final frequency shifts (∆F ) for b-ZZ incubated
until saturation on (i) TAv layer cross-linked with GTA and (ii) SAv layer without GTA treatment. TAv final
shifts: ∆F = -21.8 ± 0.3 Hz and ∆D = 0.6 ± 0.2 ppm; SAv final shifts: ∆F = -25.6 ± 0.3 Hz and ∆D = 0.6
± 0.1 ppm. C. Effect of GTA cross-linking on HA brush grafting on TAv monolayer. HA-280 brushes
were grafted onto TAv layers under three different conditions: (i) TAv layer cross-linked with GTA before
HA incubation; (ii) TAv layer cross-linked with GTA after the completion of HA incubation; (iii) mobile
TAv platform (no GTA treatment). The measured HA brush thicknesses were similar in all three tests
(variations falling within the range of experimental errors). All the conditions for SLB formation, TAv and
HA-280 incubation were kept the same for all three experiments: SLB formation: C(DOPC:DOPE-cap-b =
95:5) = 50 µg/mL, incubation time: 30 min; SAv or TAv monolayer formation: C = 20 µg/mL, incubation
time: 30 min; HA-280 brush growth: C = 20 µg/mL, incubation time: 15 hours.

2.2.1.4 HA brushes form equally well on SLB vs. SAM platforms

As a next step, we aimed to compare the quality of the HA film (e.g., final thickness, stability over
time) formed on both SLB and SAM platforms to determine which one would be more suitable
for our application.

To assess the stability and efficiency of HA binding to the anchorage platform, we utilized
two primary techniques: QCM-D for monitoring the in situ binding and stability of the HA film
upon rinsing in working buffer, and RICM for measuring the final thickness of the formed brush
and assessing its long-term stability. The long-term stability assessment is particularly crucial
for our application, as functionalized surfaces must remain stable for extended periods, given the
potentially lengthy duration of our experiments. Schematic representations of the surface func-
tionalization procedures are shown in Fig. 2.13(A-B). SAM and SLB were created as described
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above, followed by a SAv or TAv monolayer formation.

Figure 2.13: HA brush formation on SAM and SLB platforms. A. Schematic drawing of brush
formation on SAM: 1⃝ SAM formation (ex situ), 2⃝ streptavidin or traptavidin monolayer formation, 3⃝ b-
HA adsorption. B. Schematic drawing of brush formation on SLB: 1⃝ SLB formation, 2⃝ streptavidin or
traptavidin monolayer formation, 3⃝ b-HA adsorption. C. b-HA adsorption on SAM and SLB monitored
with QCM-D. QCM-D frequency shifts (∆F – blue and light blue lines) and dissipation shifts (∆D – red
and orange lines) for the 5th overtone measured over time. Flow rate – 20 µL/min. The start and the duration
of HA incubation is indicated with a black arrow. Before and after HA incubation there were rinsing steps
with HEPES buffer. In both tests b-HA-840 was incubated for 120 min at the concentration of 23.8 nM (20
µg/mL). Final shifts for HA incubation on SAM platform: ∆F = -3.8 ± 0.1 Hz and ∆D = 3.7 ± 0.1 ppm,
on SLB: ∆F = -3.1 ± 0.3 Hz and ∆D = 3.4 ± 0.1 ppm. D. HA brush growth on SAM and SLB with
different fractions of biotinylated molecules. HA-280 brushes were formed on two different platforms –
SAM or SLB – covered with a monolayer of traptavidin. The fraction of biotinylated OEGs varied from
2% to 10%, and the fraction of biotinylated SUVs varied from 2% to 5%. The thickness of HA brushes
formed on SAMs showed slight variations depending on the fraction of biotinylated OEGs, but remained
significantly lower than the brushes formed on the SLB platforms. All conditions for TAv monolayer (C
= 20 µg/mL, incubation time: 30 min) and HA-280 brush anchorage (C = 20 µg/mL, incubation time: 15
hours) were kept constant in all 5 experiments.

Figure 2.13C shows the dynamics of binding of b-HA-840 to a traptavidin monolayer formed
on a SAM (light blue and orange lines) and SLB (blue and red lines). The binding curves were
found to be essentially identical, indicating that the binding efficiency was equally effective for
both platforms. This outcome was expected, considering that slight differences in TAv coverages
and the number of biotin binding sites would have minimal impact on HA binding. As we will
demonstrate further, even at very dense packing, the average distance between hyaluronan anchor
points (over 70 nm for HA-840) remains several times larger than the average distance between
biotin-binding sites on a densely packed TAv monolayer (about 4.5 nm). On both platforms, the
binding of HA did not reach the saturation (plateau) phase during the observed incubation period.
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This behavior was anticipated for long HA-840 molecules, as the binding rate of extended HA
chains gradually decelerates with increasing surface coverage, as previously demonstrated [42].

However, the formation of HA brushes on the glass coverslip revealed notable differences
between the two platforms (Fig. 2.13D). The thickness of HA-280 brushes formed on SAMs con-
sistently appeared to be lower than those formed on SLBs, regardless of the fraction of biotinylated
molecules (b-OEG-thiol or DOPE-cap-b) incorporated into the SAM or SLB, respectively. This
observation was inconsistent with the QCM-D results, especially considering that both QCM-D
sensors and gold-coated glass coverslips were functionalized simultaneously and in the same man-
ner. To explain this discrepancy, we hypothesized that the quality of SAM formation on the glass
support was significantly inferior compared to that on the QCM-D sensor. Indirect confirmation
of this hypothesis came from RICM micrographs of the glass with Au deposition, which revealed
an overall heterogeneous surface with visible patches distributed across the field of view. One
potential explanation for this heterogeneity could be the uneven distribution of gold deposition.

Figure 2.14: Stability of HA brushes formed on different platforms. A. Stability of HA-280 brushes
formed on SAM and SLB with 5% fraction of biotinylated molecules. The thickness of HA-280 grafted
on SAM or SLB was first measured after the end of brush formation, then – after 24 hours. Conditions:
TAv monolayer formation: C = 20 µg/mL, incubation time: 30 min; HA-280 brush growth: C = 20 µg/mL,
incubation time: 15 hours. B. Long-term stability of HA-280 brush formed on SLB (5% biotinylated
SUVs). The thickness of HA brush formed on TAv monolayer was subsequently measured from 20h to 96h
after brush formation. Conditions: TAv monolayer formation: C = 20 µg/mL, incubation time: 30 min;
HA-280 brush growth: C = 20 µg/mL, incubation time: 15 hours.

Additionally, we investigated the stability of HA brushes grafted onto the two different plat-
forms. The motivation for this study arose from previous research indicating that the monovalent
binding of SAv to SAMs is not stable [44]. Given the random presentation of essentially immobile
biotin on a SAM, it may pose a challenge for each SAv or TAv molecule to locate at least two
binding sites, leading to the hypothesis that some SAv/TAv molecules may not be stably bound
and could potentially detach from the layer along with the bound HA molecule. As previously
discussed, our specific application demands that the thickness of the HA brush remains stable
for at least 24 hours, given the possibility of experiments spanning more than one working day.
Therefore, we aimed to assess the long-term stability of formed HA brushes by measuring their
thickness 24 hours after the HA formation process.

The HA-280 brush height was measured right after the end of HA incubation and rinsing
in HEPES buffer and then again after it was left in buffer for 24 hours at room temperature.
Remarkably, our results demonstrated that hyaluronan brushes exhibited excellent stability over
a day on both the SAM and supported lipid bilayer (SLB) anchorage platforms (Fig. 2.14A). To
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further investigate, we monitored the thickness of HA-280 brushes formed on a supported lipid
bilayer for 96 hours after the HA incubation ended. The thickness of hyaluronan film remained
stable throughout the 4-day observation period (Fig. 2.14B).

These results indicate that the formed HA brushes exhibited exceptional stability over time,
regardless of the underlying platform. The inconsistencies with previously observed effects are
likely attributable to differences in surface preparation and SAM formation. Variations in factors
such as the gold deposition protocol, surface cleaning procedures and the specific biotin surface
density achieved may account for the disparities between our study and previous research.

2.2.1.5 Summary of platform analysis

After careful evaluation of SAM and SLB, we opted for the use of supported lipid bilayers as the
anchor platform in our application and for all further investigations described in this thesis. SAMs,
while possessing similar characteristics in terms of SAv binding, proved to be more complex and
challenging to handle in practice. Its preparation requires additional precautions to achieve a
high-quality layer. In contrast, SLB proved more straightforward to work with and consistently
provided a homogeneous layer of biotin in most of the experiments. The ability to form SLB in
situ makes it particularly desirable for surface functionalization in microfluidic channels.

The only potential concern with SLB is its lateral mobility, which may not systematically be
desired in flow assays. However, we successfully developed a protocol to adjust and control this
mobility reliably.

Nonetheless, it is worth noting that both platforms can be employed for surface functionaliza-
tion, and SAM could potentially replace SLB in our molecular model of glycocalyx if the need
arises. Flexibility remains in the choice of platforms, but for our specific application, SLB has
proven to be the more suitable option.

2.2.2 Choice of the biotin-binding support – SAv vs. TAv

As mentioned earlier, the previous glycocalyx model was constructed using traptavidin (TAv), a
mutant of streptavidin (SAv) with a higher binding energy to biotin. This decision was primarily
driven by the need to enhance the stability of the HA brush over time, especially when subjected
to drag forces applied to the film under flow. In line with established protocols, I initially utilized
traptavidin to create a platform of biotin-binding sites for accommodating biotinylated species.
However, during the course of my project, I observed some significant differences between TAv
and SAv, prompting me to delve deeper into this aspect and investigate the impact of the protein
choice on our molecular model.

In the following section I will provide a comparison between the TAv- and SAv-based molecu-
lar layers and explain the rationale behind selecting one over the other for our specific application.

2.2.2.1 HA brushes form equally well on SAv and TAv platforms

As discussed in Section 2.1.2, traptavidin and streptavidin share similar chemical characteristics,
enabling them to form monolayers with comparable biotin-binding capacities, and, therefore, can
be interchangeably used in our glycocalyx model. To ensure this, we conducted additional tests by
growing the HA brush on both SAv and TAv, and then compared their thickness and stability over
time (Fig. 2.15). The results revealed that the formed brushes had similar thickness and exhibited
comparable stability even 24 hours after the end of the incubation period.
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Figure 2.15: Thickness and stability of HA brushes formed on SAv and TAv. Conditions: SLB forma-
tion: C = 100 µg/mL, incubation time: 30 min; SAv or TAv monolayer formation: C = 20 µg/mL, incubation
time: 30 min; HA-280 brush growth: C = 20 µg/mL, incubation time: 15 hours.

2.2.2.2 2D crystallization impairs the lateral homogeneity of TAv monolayers, and much
less so of SAv monolayers

One drawback of using traptavidin became evident during its visualization with the help of confo-
cal microscopy, where it showed a tendency to form 2D-crystalline structures when grafted on a
supported lipid bilayer (Fig. 2.16, left panels). The intensity of fluorescence within the crystalline
fraction was larger than the one of the background, indicating a higher protein concentration in
these regions. While such heterogeneities at this scale might have minimal impact on HA brush
formation, they could significantly influence the mobility of the layer and the anchoring of b-ZZ
molecules to the substrate. Consequently, we conducted a detailed investigation of the 2D crystal-
lization of traptavidin.

Figure 2.16: TAv and SAv monolayers visualized with fluorescent microscopy. Snapshots of TAv and
SAv monolayers formed on SLBs (DOPC:DOPE-cap-b = 95:5) under conditions (incubation time, concen-
tration) indicated at the left side of the panel, and subsequently labelled with biotinylated FITC. To avoid
undesirable quenching effect during the fluorescence measurement b-FITC was mixed with biotin in [1:9]
molar ratio (refer to Appendix A for details).

Although the 3D-crystallization ability of traptavidin has been reported previously [29], the
2D crystals had not been observed in previous glycocalyx models. The primary explanation for
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this discrepancy is the choice of the platform for TAv monolayer formation. In contrast to previ-
ous tests conducted on self-assembled monolayers, we utilized SLB in our model. The fluidity of
the SLB may promote the reorganization of TAv molecules, potentially leading to enhanced crys-
tal formation. In contrast, streptavidin, when subjected to the same incubation conditions, was
not prone to crystallization (Fig. 2.16, right panels), yet when increasing incubation time and/or
protein concentration further, SAv crystals started appearing in the field of view (data not shown
here). The size of TAv crystals showed variation, ranging from a few nanometers to approximately
60-70 nm, depending on the specific incubation conditions. Notably, the size of the crystals was
found to increase with longer incubation periods and higher TAv concentrations.

Next, we investigated the mobility of the crystalline and non-crystalline fractions of TAv-
coated surface. For this, we selected a region where both types of fractions were present and
conducted a photobleaching experiment. Using a high-intensity laser, we bleached a thin line that
traversed both fractions, as indicated by the black arrows in Fig. 2.17. Subsequently, the surface
was allowed to recover, and we imaged it again after a 3-minute interval.

The non-crystal fractions, marked with white dashed ovals in Fig. 2.17, successfully recovered
to their initial intensity levels, indicating their mobility and ability to reorganize. On the other
hand, the TAv crystals remained unaffected and showed no signs of recovery, indicating their full
immobility.

Figure 2.17: Micrograph of the TAv monolayer with a bleached line across the image. The black
arrows show the straight line photobleached across the field of view. Conditions: SLB (DOPC:DOPE-
cap-b = 95:5) formation : C = 100 µg/mL, incubation time: 30 min; TAv monolayer formation: C = 20
µg/mL, incubation time: 30 min; b-FITC was pre-mixed with free biotin in molar concentration [7:3], total
concentration: 10 µg/mL.

During our investigation of TAv crystallization, we uncovered several practical aspects that
should be taken into consideration when forming the TAv monolayer:

• Incubation conditions: Crystallization proved to be sensitive to the precise concentration of
protein at the surface. Therefore, the incubation concentration and incubation time must be
carefully selected.

• Thorough rinsing procedure: To prevent unwanted crystallization, it is crucial to remove all
excess protein from the solution after incubation. We found that an effective rinsing proce-
dure involves reducing the protein concentration in solution to 50 pM and below. This can
be accomplished by introducing a buffer volume into the well (dilution factor: 5), perform-
ing multiple pipette mixings, and then aspirating the same volume of liquid. For an initial
protein concentration of 40 µg/mL, this process should be repeated 7 times.

• GTA cross-linking: The process of GTA cross-linking can "freeze" the monolayer at its
current state by blocking the lateral mobility of TAv anchored to SLB. This prevents TAv
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reorganization and, therefore, crystal formation.

After investigating the phenomenon of TAv crystallization, it became evident that despite its
increased biotin-binding energy, TAv appeared to be less reliable in terms of formation of homoge-
neous layer. Given the fact that we didn’t observe any significant differences for HA brush density
and stability for these two platforms, we decided to work with the more predictable protein, SAv.

2.2.3 Tuning HA brush properties

2.2.3.1 Formation of HA brush with physiological mechanical characteristics

To confirm the successful formation of the brush of physiological mechanical properties on SLB-
based anchorage platform, I used the protocol described previously for HA-840 brushes formed
on SAM [33].

HA-840 was incubated on the SLB-based SAv monolayer using established incubation con-
ditions, including concentration, incubation time, and solution composition. The thickness of the
resulting brush was measured using 25-µm microbeads, similar to the method used before. The
obtained brush height was slightly larger but comparable to that reported previously (Fig. 2.18).
This contrasted with the significant variations in brush height observed for HA-280 brushes grafted
on both SLB and SAM platforms, as detailed in Section 2.2.1.4. However, it is important to note
that the grafting densities of these brushes significantly differ, with approximately 70 nm for the
HA-840 brush and around 22 nm for HA-280. Consequently, the HA-840 brush would be less
susceptible to potential heterogeneities in the SAM, and its height would be more comparable to
that of the brush formed on SLB.

Figure 2.18: HA-840 brushes formed on SLB and SAM. Thickness of HA-840 brushes formed on
streptavidin-coated SLB and traptavidin-coated SAM. Conditions: c(b-HA-840) = 23.8 nM (20 µg/mL),
incubation time: 2 hours; incubation in working HEPES buffer. Brush height was measured using 25-µm
polystyrene beads. This experiment was performed by Clément Lassagne, and the data was analyzed by
Delphine Débarre. HA brush formed on SAM is taken from Davies et al. [33]

The Young’s modulus of the brush formed on the SLB was theoretically determined using
Equations 2.1 and 2.2 and found to be 48 ± 4 Pa, consistent with the physiological elasticity of the
hyaluronan brush in the glycocalyx (10-1000 Pa [98]). This makes this HA-840 brush well-suited
for use in our in vitro model for the investigation of cell-glycocalyx interactions in scenarios where
the mechanical properties of the HA brush closely resemble those of the endothelial glycocalyx.
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2.2.3.2 Grafting a very dense and stiff HA brush

To provide a negative control scenario for P-selectin/PSGL-1 interaction, our objective was to
create a brush with well-defined mechanical properties, as described in Section 2.1.4.2. We aimed
to create a brush that is sufficiently thick (over 300 nm) and at the same time also rather stiff
(Young’s modulus of the order of 1 kPa), thus allowing to screen the P-selectin/PSGL-1 interaction
when the functionalized bead indents the HA film. Achieving this required the HA brush to exhibit
a high density (with approximately 25 nm between grafting points), necessitating the development
of a novel brush formation protocol.

Maximizing HA brush density by tuning the ionic strength and pH of the incubation
solution

As described before, we explored two strategies to enhance brush formation: increasing the
salt concentration in solution and, thus, reducing the repulsion between hyaluronan chains and
decreasing the pH of solution to achieve more compact HA conformation. Both strategies were
expected to lead to a more dense HA packing at the surface compared with the usual working
HEPES buffer and, therefore, to enhanced binding rate for the same incubation time and hyaluro-
nan concentration.

Figure 2.19: HA-280 brush formation in situ in different buffers. QCM-D dissipation shifts ∆D (top)
and frequency shifts ∆F (bottom; for overtone i = 5) obtained for HA-280 incubation on TAv monolayer.
HA was diluted in 3 different buffers: HEPES buffer (10 mM HEPES, 150 mM NaCl, pH 7.4), HEPES
buffer with increased salt concentration (10 mM HEPES, 1 M NaCl, pH 7.4) and low pH phosphate buffer
(150 mM KH2PO4 and K2HPO4, pH 3.0). Conditions: b-HA-280 concentration: 35.7 nM (10 µg/mL), flow
rate: 0.5 µL/min, incubation time: 15 hours.

To observe the effects of these strategies on the amount of bound HA over time, we used
QCM-D. Figure 2.19 demonstrates the attachment of HA chains to SLB-based TAv monolayer
for an extended period of time (15 hours) in 3 different conditions: working HEPES buffer (salt
concentration: 150 mM), high-salt HEPES buffer (salt concentration: 1 M) and low-pH phosphate
buffer (pH 3.0).

In all three experiments, a similar initial rapid binding phase was observed during the first 80
minutes, followed by a slower linear increase in dissipation and a decrease in frequency, indicating
crowding of HA molecules at the surface. Notably, the binding did not reach saturation within the
observed time frame, suggesting the potential for even longer grafting periods to further enhance
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brush density. For practical reasons, we decided to use a 15-hour incubation period for this and
subsequent tests.

It is worth noting that both selected strategies demonstrated enhanced binding of HA-280
compared to HA incubation in the standard HEPES buffer. This enhancement is evidenced by a
more pronounced decrease in frequency shift, indicating a greater mass of HA bound (with the
highest mass increase was shown for the brush incubated in low-pH buffer). Additionally, a more
pronounced increase in dissipation signifies the formation of a thicker film.

Following the incubation period, each of the three layers underwent a rinsing process, initially
with the buffer utilized for brush formation, and subsequently with the working HEPES buffer.
The resulting shifts in frequency and dissipation, measured within the working HEPES buffer,
were then compared as depicted in Figure 2.20.

Remarkably, the final frequency shifts for HA-280 were higher for both brushes incubated in
the high-salt buffer and the low-pH buffer, indicative of a greater amount of bound mass compared
to the brush incubated in working buffer. Similarly, the final dissipation shifts indicated the for-
mation of thicker films in both cases. The low-pH buffer yielded superior results in terms of the
final shifts compared to the high-salt buffer, therefore, it was selected as the preferred condition
for the protocol of dense HA brush formation.

Figure 2.20: Final shifts after the HA-280 brush formation in different buffers. Buffer compositions:
working buffer: 10 mM HEPES, 150 mM NaCl, pH 7.4; high-salt buffer: 10 mM HEPES, 1 M NaCl, pH
7.4; low-pH buffer: 150 mM KH2PO4 and K2HPO4, pH 3.0. A. Final frequency shifts (∆F) after the end
of the brush formation. B. Final dissipation shifts (∆D) after the end of the brush formation.

Testing the stability of the HA brushes
Upon the successful formation of thick HA brushes, we proceeded with additional tests for all

three brushes to assess the stability of the grafted chains. To do so, we utilized a HEPES buffer
without NaCl salt. Prior research has indicated that reducing the salt concentration in the solution
down to 0 significantly enhances the repulsive forces between neighboring HA chains. This, in
turn, results in brush swelling and internal pressure within the brush, ultimately promoting the
release of a fraction of the anchored HA chains [150]. Consequently, by subjecting our formed
brushes to these conditions, we aimed to evaluate the stability of their attachment to the platform.

Figure 2.21 illustrates the stability assessment of the brush formed in the high salt concentra-
tion buffer. Initially, the brush underwent rinsing in the working buffer (35-45 min) and sub-
sequently in a no-salt buffer (60-80 min). Notably, the changes in frequency and dissipation
observed during these rinsing steps were entirely reversible, signifying the absence of HA de-
tachment. These changes are most likely attributed to the changes in density and/or viscosity of
the solution. Similar tests were conducted on the other two HA brushes (not presented here), and
all exhibited exceptional stability. This stability is in line with prior research, which indicated that
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less dense HA brushes also maintained their stability when subjected to rinsing in both high and
low salt concentrations [150].

Figure 2.21: Testing the stability of HA-280 brushes formed in different buffers. QCM-D frequency
shifts (∆F – blue line) and dissipation shifts (∆D – red line) for the 5th overtone measured over time. Flow
rates: HA incubation – 0.5 µL/min, all other steps – 10 µL/min. The start and the duration of incubation
with each sample are indicated with black arrows at the top of the graphs, the color stripes indicate different
buffers. The steps between the black arrows are rinses with working HEPES buffer. A little change in
frequency observed when switching from HA incubation to the corresponding buffer is likely due to the
differences in flow rates. The HA brush was formed in high-salt buffer and then rinsed first with working
HEPES buffer (30-50 min), then in no-salt buffer (60-75 min).

Estimating the mechanical properties of dense HA brushes
Having successfully established the protocol for the formation of thick and dense HA brushes

with the assistance of QCM-D, our next step was to evaluate the mechanical properties of these
brushes. To achieve this, the HA-280 films were formed within Teflon wells and their thickness
were measured using colloidal probe RICM. The results of these measurements have been pre-
sented in earlier sections (Fig. 2.12C, Fig. 2.13D, Fig. 2.14A and B, Fig. 2.15).

The average thickness of the HA-280 film was estimated to be approximately 320 nm. Con-
sequently, the distance between individual polymer chains, as calculated using Equation 2.1,
amounts to about 22.5 nm, while the brush elastic modulus stands at approximately 1.3 kPa. These
values meet the requirements for the mechanical properties of the brush necessary to effectively
screen the interaction between P-selectin and PSGL-1. Therefore, our objective of developing a
stiff and thick HA brush has been successfully achieved.

2.2.4 P-selectin grafting

2.2.4.1 P-selectin anchorage with the help of b-ZZ adapter protein

To anchor P-selectin receptors to the surface, an additional step of surface functionalization was
necessary. This involved first attaching the b-ZZ adapter protein to the surface, creating binding
sites for the Fc-tag of P-selectin (Fig. 2.22A). The attachment of b-ZZ could be achieved through
two methods: incubating b-ZZ alone, which would saturate all available biotin-binding sites due
to its relatively small size, or co-adsorbing it with free biotin to decrease the surface density of
b-ZZ and, consequently, P-selectin. More details and theoretical background on the mechanisms
of this co-adsorption method will be provided in Chapter 3. In the graphs presented throughout
this section, we used either pure b-ZZ or pre-mixed it with free biotin in specific molar ratios as
indicated in order to reduce the surface coverage of subsequently bound P-selectin.
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To assess the feasibility of grafting P-selectin using the b-ZZ adapter protein, we initially
examined their interaction using QCM-D (Fig. 2.22B). The relatively small size of b-ZZ facilitated
rapid binding to the surface (5-10 min in Fig. 2.22B), reaching saturation within just 5 minutes, as
indicated by the plateau phase of the binding curve. In contrast, the binding of P-selectin-Fc was
prolonged (25-95 min in Fig. 2.22B) and did not reach saturation even after 1 hour of incubation.
Both b-ZZ and P-selectin-Fc remained stable upon rinsing in HEPES buffer, demonstrating good
stability at the surface.

As a negative control, we assessed the binding of P-selectin-Fc to a surface saturated with
biotin (Fig. 2.22C). Due to the very small molecular weight of free biotin (244 g/mol), its binding
response (20-30 min in Fig. 2.22C) was below the sensitivity range of QCM-D and was not
noticeable. The incubation of P-selectin-Fc (60-70 min in Fig. 2.22C) resulted in a minimal
frequency and dissipation change, suggesting only a small non-specific binding. The amplitude
of this response was approximately 100 times smaller than the frequency change observed for
P-selectin-Fc binding to b-ZZ, confirming the specificity of the interaction with b-ZZ.

Figure 2.22: P-selectin anchorage. A. Schematic drawing of the surface functionalization: 1⃝ SLB forma-
tion, 2⃝ streptavidin monolayer formation, 3⃝ b-ZZ adsorption, 4⃝ P-selectin-Fc anchorage. B-C. QCM-D
frequency shifts (∆F – blue line) and dissipation shifts (∆D – red line) for the 5th overtone measured over
time. Flow rate at all steps is 10 µL/min. The start and the duration of incubation with each sample are in-
dicated with black arrows at the top of the graphs. Before and after each incubation step there were rinsing
steps with HEPES buffer. b-ZZ or biotin were adsorbed on SAv monolayer formed on SLB (Fig. 2.10 (B)
Final shifts for b-ZZ adsorption: ∆F = -22.3 ± 0.1 Hz and ∆D = 1.2 ± 0.1 ppm, for P-selectin-Fc binding:
∆F = -109.3 ± 0.1 Hz and ∆D = 11.9 ± 0.1 ppm. (C) Final shifts for biotin adsorption: ∆F = -0.6 ± 0.2 Hz
and ∆D = 0.1 ± 0.2 ppm, for P-selectin-Fc binding: ∆F = -1.7 ± 0.2 Hz and ∆D = 0.3 ± 0.2 ppm.
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2.2.4.2 Surface-anchored P-selection binds its ligand PSGL-1 in a Ca2+-dependent manner

Having confirmed the specificity and stability of P-selectin anchorage at the surface, our next
objective was to investigate whether the receptor retained its activity in binding to its ligand PSGL-
1. To assess this, we employed QCM-D (Fig. 2.23). Previous studies have shown that the specific
interaction between P-selectin and PSGL-1 is facilitated by the presence of Ca2+ ions as co-factors
and thus is inhibited by the presence of ethylenediaminetetraacetic acid (EDTA), which chelates
divalent metal ions [105]. We thus prepared two different buffer solutions, one containing Ca2+

ions (2 mM) and the other with EDTA (2 mM), for this experimental evaluation.

Figure 2.23: Specific interaction between P-selectin and PSGL-1. QCM-D frequency shifts (∆F – blue
line) and dissipation shifts (∆D – red line) for the 5th overtone measured over time. Flow rate at all steps
is 20 µL/min. The start and the duration of incubation with each sample are indicated with black arrows
at the top of the graphs, the color stripes indicate different buffers. The steps not marked with arrows are
rinsing with HEPES buffer. P-selectin was incubated until saturation on the layer consisting of SLB, SAv
monolayer and b-ZZ at 2% of the maximal surface density; final shifts: ∆F = -26.6 ± 0.1 Hz, ∆D = 4.9 ± 0.1
ppm. The surface was rinsed with HEPES buffer containing EDTA (2mM), then PSGL-1-Fc (concentration
of the dimer: 40 nM, equivalent to 10 µg/mL) diluted in HEPES with EDTA was incubated for 10 min.
Then, the surface was rinsed with HEPES buffer with Ca2+ (2 mM), and PSGL-1-Fc (40 nM or 10 µg/mL)
diluted in HEPES with Ca2+ was incubated; final shifts: ∆F = -6.8 ± 0.1 Hz, ∆D = 3.5 ± 0.1 ppm.

Initially, we anchored P-selectin at the surface, incorporating b-ZZ at a concentration of 2%
of its maximum surface coverage. At such a low surface concentration, P-selectin-Fc could reach
saturation in binding, meaning that all available Fc-binding sites were occupied. As a negative
control, PSGL-1 was introduced into the system in the presence of EDTA in solution (55-65 min).
This incubation resulted in minimal changes in frequency and dissipation, indicating virtually no
binding.

Next, PSGL-1 was injected into the system in the presence of Ca2+ (90-110 min). This time,
the incubation led to significant changes in frequency and dissipation, suggesting specific binding
to P-selectin. Subsequently, upon rinsing in a buffer containing Ca2+ ions, a small fraction of the
bound PSGL-1 molecules (less than 10% of the final frequency shift for bound PSGL-1) detached
from the surface. On the other hand, when rinsed in a buffer containing EDTA (115-125 min), most
of the bound PSGL-1 molecules rapidly detached from the surface. These observations confirm
the specificity of the binding between P-selectin and PSGL-1.

Our findings demonstrate that P-selectin not only remained stably anchored at the surface but
also retained its functionality in binding specifically to its ligand, PSGL-1.
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2.2.5 Creating a glycocalyx model presenting P-selectin receptors embedded in an
HA brush

Finally, we integrated the two main components of our molecular model, the hyaluronan (HA)
brush, and the surface receptors, to confirm their co-presentation at the surface (Fig. 2.24A).
Initially, the HA-840 brush was grafted onto the surface (0-120 min), and then b-ZZ was co-
adsorbed along with free biotin (125-135 min). Subsequently, P-selectin-Fc was anchored at the
available Fc-binding sites (140-180 min). As previously demonstrated, even with a very thick
HA brush, not all the biotin-binding sites on the surface were saturated, leaving room for b-ZZ to
adsorb. Consequently, both b-HA and P-selectin can be added subsequently to the layer, enabling
them to be co-presented while remaining stably bound.

Figure 2.24: In situ formation of the glycocalyx model presenting an HA brush with embedded P-
selectin receptors (A) and functionality test for PSGL-1 ligand binding (B). QCM-D frequency shifts
(∆F – blue line) and dissipation shifts (∆D – red line) for the 5th overtone measured over time. Flow rate at
all steps is 20 µL/min. The start and the duration of incubation with each sample are indicated with black
arrows at the top of the graphs. The steps not marked with arrows are rinsing with HEPES buffer. The layer
was created on the molecular platform consisting of SLB (5% biotinylated SUVs) and SAv monolayer (final
shifts for SLB formation: ∆F = -24.1 ± 0.1 Hz, ∆D = 0.09 ± 0.02 ppm; for SAv incubation: ∆F = -25.5 ±
0.1 Hz, ∆D = 0.5 ± 0.1 ppm). Final shifts: HA-840: ∆F = -6.1 ± 0.1 Hz, ∆D = 5.2 ± 0.1 ppm; b-ZZ/biotin:
∆F = -1.9 ± 0.1 Hz, ∆D = 0.14 ± 0.07 ppm; P-selectin-Fc: ∆F = -37.9 ± 0.1 Hz, ∆D = 5.6 ± 0.1 ppm;
PSGL-1-Fc (with Ca2+): ∆F = -5.7 ± 0.1 Hz, ∆D = 1.7 ± 0.1 ppm.

To verify the functionality of the bound P-selectin, we conducted the same test as described
previously, adding PSGL-1 into the system. Similar to the case of P-selectin grafted alone, it
remained active in its specific interaction with PSGL-1 when co-adsorbed together with the HA
brush (Fig. 2.24B), although the release of the bound PSGL-1 upon rinsing in buffer with Ca2+

(250-260 min) was larger than the one observed for P-selectin grafted alone (Fig. 2.23). This
effect was also evaluated on a thick HA-280 brush incubated for over 15 hours, where PSGL-1
seemed to remain stable upon rinsing in both HEPES with Ca2+ and working HEPES buffer (Fig.
B.2). As of now, a conclusive explanation for the variation in PSGL-1 stability remains elusive,
with potential attributions to experimental variability.

These results indicate that both components, the HA brush and P-selectin, can be successfully
co-presented at the surface, and their functionality is generally preserved even in this combined
state.
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2.3 Discussion

The molecular model of glycocalyx presented in this chapter serves as a well-controlled and
versatile system for studying cell-glycocalyx interactions. By carefully selecting parameters, we
have developed a model that can not only mimic the biophysical and chemical properties of the
glycocalyx but also can present certain features in enhanced (beyond physiological) manner, facil-
itating investigations into the mechanisms of cell-glycocalyx interactions.

In brief, the protocol for constructing a molecular model of the glycocalyx involves the fol-
lowing steps:

1. Selection of anchorage platform. In this chapter, we have opted for a streptavidin mono-
layer formed on SLB as our primary anchorage platform. However, it’s worth noting that
alternative options, such as SAM-based platforms or SAv substituted with TAv, can be con-
sidered based on specific research objectives.

2. Generation of HA brush with desired mechanical properties. As demonstrated earlier, the
mechanical properties of the hyaluronic acid (HA) brush can vary significantly depending
on factors such as HA molecular weight and incubation conditions.

3. Attachment of receptor(s) of interest. Surface receptors can be introduced after the forma-
tion of the HA brush. Depending on the preferred anchoring mechanism, they can be directly
grafted (e.g., through biotin-streptavidin interactions) or with the assistance of adapter pro-
teins, as illustrated by our use of b-ZZ. Chapter 3 will elaborate on achieving the desired
surface receptor density.

The thorough study undertaken to choose the molecular platform and design the monolayer
with biotin-binding sites has resulted in a reliable and reproducible molecular system. Further-
more, our observation regarding the ability to tune the fluidity of the supported lipid bilayer opens
up numerous opportunities for creating tailored molecular models suited for diverse applications,
including investigations under flow conditions. Employing the methodologies outlined in this
chapter for establishing the immobile supported SLB-based anchoring platform, it becomes feasi-
ble to construct other model systems for flow assays. For instance, this approach can be applied to
investigate the adhesion of various types of living cells and microorganisms in well-controlled in
vitro conditions under flow.

The capability to generate hyaluronan brushes with diverse mechanical qualities holds poten-
tial for studying glycocalyx mimetics under both physiological and pathological conditions. Our
successful creation of a thick HA brush, potentially capable of screening interactions with surface
adhesion molecules located beneath it due to its thickness and high density, makes this system
particularly valuable as a negative control when investigating specific interactions with these re-
ceptors.

Our findings show that P-selectin receptors, when anchored alongside the HA brush in our
molecular model, retain their functionality in specific interactions with their ligand PSGL-1. This
characteristic enables the investigation of specific interactions between P-selectin and cells or cell
mimetics that carry PSGL-1.

However, there are certain limitations to our current system. To anchor surface receptors to our
platform, they must possess a biotin-tag to attach to the streptavidin monolayer. Alternatively, the
use of other adapter proteins, as demonstrated with b-ZZ anchoring P-selectin containing Fc-tag,
can provide flexibility in this regard.

Moving forward, our model offers the flexibility to co-present not only P-selectin but also
other surface adhesion molecules together with the HA brush. Replacing P-selectin with different
receptors or even anchoring multiple receptors simultaneously, alongside the HA brush, can be
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achieved straightforwardly. This opens up exciting possibilities for investigating complex cell-
glycocalyx interactions involving various receptor combinations and exploring their implications
in different biological processes.

As an illustrative example, our current model can be enhanced by incorporating E-selectin, a
surface adhesion molecule known to contribute to cell rolling under flow, in addition to P-selectin.
E-selectin is typically expressed at a later stage of the immune response, with P-selectin being
expressed within minutes and E-selectin within hours after the immune response initiation [76].
Consequently, E-selectin becomes a subsequent player in the cell-glycocalyx interaction process.
Investigating the role of E-selectin and P-selectin co-presented alongside a dense hyaluronan brush
in cell adhesion under flow represents an intriguing research inquiry that can be effectively ad-
dressed using a platform constructed according to the protocols outlined in this chapter.

In the broader global context of research, our molecular model holds the potential to signifi-
cantly enhance the understanding of cell-glycocalyx interactions. While previous efforts to inves-
tigate these interactions have been made, employing computer simulations [32,145] or conducting
in vitro experiments involving endothelial cell layers [41], it is noteworthy that, to our knowl-
edge, there exists a gap in the scientific literature regarding the development of a comprehensive
molecular model specifically dedicated to studying the contribution of the individual receptors.
By bridging this gap, our study not only contributes to the study of the mechanical aspects of
cell-glycocalyx interactions but also establishes a solid foundation for future advancements in the
fields of biophysics and surface chemistry.

2.4 Conclusion

In conclusion, our carefully designed molecular model offers a valuable and versatile tool for
investigating cell-glycocalyx interactions in a controlled environment. With its ability to mimic
biologically relevant properties and adapt to various experimental conditions, this model holds
significant promise for future advancements in glycocalyx-related research and biomedical appli-
cations.
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Control of the surface densities of the receptors

Short summary

This chapter presents a novel method to controllably tune the number of receptors of
interest at the surface. In the frame of my project, the need for controlling the sur-
face density of the receptors arose from the need to mimic the biomolecular layer with
the proteins located at a sufficient (and biologically relevant) distance from each other.
Something that started as a tool for developing the glycocalyx model, ended up being a
whole fundamental research with a large number of applications and great significance
in the field of surface chemistry.
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3.1 Introduction

While developing the biolayer mimicking the vascular wall glycocalyx, we encountered the
need to locate the surface receptors (P-selectin) at a sufficient and biologically relevant distance
from each other. The density of P-selectin receptors on endothelial cells is estimated to be around
350 per µm2, which results in an average distance of approximately 50 nm between receptors
[15]. In contrast, the densely packed streptavidin monolayer used in our molecular model has a
density of approximately 40,000 biotin-binding sites per µm2, reflecting a significant disparity.
This highlights the importance of quantitative tuning to align the model system more closely with
the biological conditions.

The aim of the study presented in this chapter was to develop a method allowing to reliably
and controllably reduce P-selectin’s surface concentration within our model system (microfluidic
channel) while operating under flow conditions. Additionally, we aimed to establish a protocol to
assess the density of post-functionalized P-selectin within the microfluidic channel. The previous
attempts of controlling the density of grafted molecules described in the literature were mostly
relying on the binding kinetics of the compounds. The desired ligand coverage was achieved
by adjusting the ligand concentration and/or incubation time [17, 33, 118]. However, there are
some limitations to this method. First, the incubation time and ligand bulk concentration must be
carefully controlled since they have a direct impact on the final density of ligands. Second, the
binding rate is also highly sensitive to the incubation conditions, so the binding can be limited
by diffusive and/or convective transport of ligands to the surface. For example, when samples
are in stagnant solutions, they need to be mixed initially to distribute the ligands evenly and then
mixed again at the end of incubation to remove any excess ligands. Binding that occurs during
these transient phases can significantly contribute to the overall binding process [60], thereby
introducing errors in determining the ligand surface density. Other factors such as temperature,
solution viscosity, flow geometry and rate can also contribute to the mass-transport conditions
of binding species. Altogether, such methods are difficult to establish and reproduce in different
experimental settings (e.g., different flow geometry) and require thorough calibration.

Another type of reported methods relies on ligand depletion in solution [43]. If the incubation
is long enough to ensure that all the molecules from the solution can bind to the surface, then
the surface density of receptors can be controlled by the exact number of molecules in solution.
However, the accuracy of such method is highly dependent on the precise number of receptor
molecules present in the solution and the exact number of available anchorage sites. Furthermore,
in many applications there is a need to functionalize the surface with a limited number of receptors,
and at such small concentrations their tendency to non-specifically adsorb onto the surfaces other
than the intended one becomes significant.

Finally, some of the published works demonstrated approaches to control the surface density
of receptors by mixing the molecules of interest with inert molecules of similar size and chemical
properties [4, 39, 71]. However, the assumption that the ratio of molecules in the solution will
correspond to the ratio of bound species at the surface holds true only for molecules of similar
size and binding properties, which may require specific synthesis to achieve. Consequently, the
application and ease of use of this method are limited.

In order to establish a reliable and reproducible surface functionalization protocol in different
model systems (such as QCM-D sensor, round well with glass bottom, microfluidic channel),
we rejected the idea of controlling the number of molecules on the surface by interrupting the
incubation of the protein before its full saturation. This decision was based on the inherent low
reproducibility of such an approach across different systems. Instead, we have developed a method
allowing to control the surface density of anchored molecules through competitive mass-transport
limited adsorption. Not only it allowed us to predict with high accuracy the surface density of P-
selectin and create highly reproducible biomimetic layers, it also broadened the scope of existing
surface functionalization techniques and contributed to the advancement of biomimetic surfaces.
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3.2 Theoretical considerations for co-adsorption of two biotinylated
species

The theory focuses on the specific interaction shown in Figure 3.1, where functional molecules
with anchor tags (index 1) co-adsorb with free anchors (index 2) on the surface. The main assump-
tions underlying this theory are as follows:

1. The binding of all species is mass-transport limited: the uptake rate of a solute by the
surface is high and the fluid at the surface is almost completely depleted (the concentration
of binding species is close to 0 at the surface) [60].

2. The binding between the anchor and the surface is strong and irreversible.

3. Steric hindrance does not impede the binding of the molecules, so all the available binding
sites are occupied at the equilibrium.

4. The solution is semi-infinite – there is an unlimited reservoir of binding molecules in solu-
tion.

Figure 3.1: Schematic of the interaction scenario considered in the theory. Functional molecule with
anchor (index 1) is co-adsorbing at the surface together with the free anchor (index 2).

For most of our experiments, we utilized a streptavidin-coated surface as the substrate for
species binding, so the theory presented in this study primarily revolves around adjusting the
surface density of biotinylated receptors that are bound to the streptavidin-coated support. How-
ever, this theory can be readily expanded to accommodate other types of interactions. It is worth
noting that biotin-streptavidin bonds exhibit strong affinity (Kd ≈ 10−14 M , [166]), which sat-
isfies the aforementioned assumption 2, and its association rate constant is very high (kon ≈ 7.0
×107M−1 s−1 [57]), satisfying assumption 1.

During the development of the glycocalyx model, we employed various methods to assess
different properties of the biosurfaces. These methods included in situ techniques such as QCM-D
and SE, as well as post-functionalization methods like confocal microscopy and RICM. Some of
these experiments involved the co-adsorption of species under static conditions, while others were
conducted under constant flow (Table 3.1). Thus, we needed to develop theoretical predictions for
both of these scenarios.

Table 3.1: Functionalization techniques and their respective flow conditions

Functionalization in stagnant conditions Functionalization under flow

SE wafer QCM-D sensor

Round well with glass bottom

(suitable for confocal microscopy

and RICM measurements)

Microfluidic channel

54



3.2. Theoretical considerations for co-adsorption of two biotinylated species

3.2.1 Binding in stagnant solution

Our first attempts to tune the density of receptors of interest were done in a still solution (the
model system of a round well with glass bottom). The process of mass-transport limited binding
of molecules from a semi-infinite stagnant solution to a flat surface has been previously described
in literature (for example, by Hermens et al [60]). It can be expressed as:

Γ(t) = 2c(Dt/π)1/2 (3.1)

where Γ(t) – molar surface density (mol/cm2);
c – molar concentration of the substrate in the bulk solution (M);
D – diffusion constant of the substrate (cm2/s).

The diffusion coefficient can be defined using the Stockes-Einstein relation assuming a liquid
with low Reynold number (laminar flow):

D =
kBT

6πηR
(3.2)

where kBT - thermal energy;
η - solvent viscosity;
R - hydrodynamic radius of the binding molecules.

If two species in the bulk solution are simultaneously adsorbing at the surface, the ratio of
their molar surface densities can be described as:

Γ1(t)
Γ2(t)

=
2c1 (D1t/π)1/2

2c2 (D2t/π)1/2 =

(
D1

D2

)1/2 c1

c2
=

(
R2

R1

)1/2 c1

c2
(3.3)

It can be noted that this ratio depends only on the concentrations of the molecule of interest (c1)
and the inert molecule (c2), and their respective hydrodynamic radii (R1 and R2) and is independent
of the incubation time (t).

Considering our assumption that all available binding sites on the surface are occupied once
the binding process is complete (i.e., surface saturation is reached), the total molar density of
anchorage sites on the surface Γas is fixed for a given surface and is equal to the sum of the molar
surface densities of the functional molecule Γ1,sat and inert molecule Γ2,sat.

Then,

Γas

Γ1,sat
=

Γ1 +Γ2

Γ1
= 1+

Γ2

Γ1
= 1+

(
D2

D1

)1/2 c2

c1
= 1+

(
R2

R1

)1/2 c2

c1
(3.4)

and the ratio of the molar concentration of two species in bulk solution can be determined as:

c2

c1
=

(
D1

D2

)1/2(
Γas

Γ1,sat
−1

)
=

(
R2

R1

)1/2(
Γas

Γ1,sat
−1

)
(3.5)

Equation 3.5 is the main working formula that I used to control the surface density of receptors.
By selecting the appropriate ratio of Γas/Γ1,sat , we can to determine the ratio of molar concentra-
tions for the two species in solution, knowing the hydrodynamic radii of binding molecules. This
allows for simple and straightforward experimental planning.

For convenience, we will display in graphs the fractional occupancy of the target molecule:
Γ1,sat/Γas where Γas can be expressed as 100% and Γ1,sat as the desired percentage of the surface
occupied by the molecule of interest.
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3.2.2 Binding under flow

In frame of my project, I needed to be able to tune the surface density of P-selectin molecules in the
microfluidic channel where the surface functionalization is happening under flow. We thus aimed
to extend our theoretical considerations to the case of binding with convective fluid transport.
Another practical application of this approach was the functionalization of the QCM-D sensor
where the proteins are brought to the surface under continuous flow.

Regardless of the model system, the steady-state rate of mass-transport limited binding can be
described as:

dΓ(xy, t)
dt

= ΩD2/3c (3.6)

where Ω accounts for the influence of convective fluid transport. It only depends on the loca-
tion on the surface, but is independent of the incubation time.

If the flow is sufficiently fast, the steady-state condition is reached quickly and the binding rate
can be considered constant:

Γ(xy, t) = ΩD2/3ct (3.7)

Then, the ratio of the two species in the solution can be defined as:

c2

c1
=

(
D1

D2

)2/3(
Γas

Γ1, sat
−1

)
=

(
R2

R1

)2/3(
Γas

Γ1,sat
−1

)
(3.8)

that again depends only on the physical properties of the co-adsorbing molecules (their hy-
drodynamic radii). Thus, the protocol for designing the surface with the desired Γas/Γ1,sat can be
easily established.

Comparing Equations 3.5 and 3.8 reveals that the sensitivity to the ratio D1/D2 (or R2/R1) is
slightly amplified, yet it still retains a relatively weak dependence (power of 2/3) under conditions
of convective transport. These equations converge and become identical when the two binders
possess comparable sizes (R2/R1 = D1/D2 ≈ 1).

3.2.3 Guidelines for experimental design

Although the method outlined above is simple and straightforward, it relies on several simplifying
assumptions. Fortunately, these assumptions can easily be met for a wide range of binder sizes
(and hence diffusion coefficients) and intrinsic binding rates, provided that binding is irreversible.

Firstly, to meet the condition of mass-transport limited binding where the surface behaves as
an ‘perfect sink’, the influx of binders to the surface must be significantly lower than the binding
rate. This condition is fulfilled when:

1) for binding from stagnant solution:

εstill =
Dc

konΓ2
as
≪ 1 (3.9)

2) for binding from under flow:

εflow =
D

Γasδkon
≪ 1 (3.10)

where kon – the intrinsic binding rate constant, δ – the thickness of the depletion layer across
which molecules from the bulk solution need to diffuse to reach the surface.

The derivations of equations 3.9 and 3.10 are described in detail in the Supplementary Meth-
ods.
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These relations are useful for experimental design. It’s evident that εstill can be kept small
by restricting binder concentration, while εflow can be controlled by reducing flow rate Q ∝ δ−3.
Importantly, the liquid layer above the functionalized surface must be thicker than the depletion
layers of all binding molecules. Otherwise, the bulk solution becomes depleted, rendering our
approach invalid.

Secondly, with larger functional molecules (R1 > das, as shown in Fig. 3.1), steric hindrance
limits grafting beyond a maximum surface density, which can be much lower than anchor site
density. Yet, control over surface density using Eqs. 3.5 and 3.8 can be achieved if two conditions
are met: (i) surface diffusion remains unaffected and (ii) grafting densities are kept below the
maximum threshold. In practice, NA/Γ1,sat > R2

1 should provide a reasonable condition for Eqs.
3.5 and 3.8 to remain valid.

The experiments presented in the subsequent sections generally satisfy the criteria for theory
validity, unless stated otherwise. Additional information on assessing experimental conditions is
available in the Supplementary Methods section.

3.3 Results

3.3.1 Experimental validation of the theoretical predictions on a simple model

To validate our theoretical predictions, we initially focused on a simple case of co-adsorption of
two molecules with relatively similar molecular weight. Since classical quantitative methods for
assessing the adsorbed mass (such as SE) would not be sufficiently sensitive to detect the binding
of molecules the size of biotin, we opted to use confocal microscopy instead. By observing the
level of changes in the fluorescent signal emitted from the molecules bound to the surface after
rinsing, we could estimate the surface density of the adsorbed fluorophores. The co-adsorption of
the molecules took place in stagnant conditions (in round Telfon well with glass bottom).

Figure 3.2: Tuning of the surface densities of two biotinylated species of similar size. A. Schematic
drawing of the surface functionalisation: 1⃝ SLB formation, 2⃝ streptavidin (SAv) monolayer formation,
3⃝ co-adsorption of b-FITC and biotin. B. Normalised fluorescence intensity measured with confocal mi-

croscopy for surfaces functionalised with different mixing ratios of b-FITC and biotin. The horizontal axis
shows the fractional surface coverage, Γb−FITC,sat/Γas, of the b-FITC fluorophore (co-adsorbed with free
biotin) predicted according to Eq. 3.5. The black dashed line through the origin confirms the expected linear
trend. Conditions: cb-FITC + cbiotin = 14 µM was maintained constant, with cb-FITC and cbiotin determined
according to Eq. 3.5 (ε < 0.25).
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Similar to the experiments described in Chapter 2, we chose to use biotinylated FITC fluo-
rophore (b-FITC; Rb-FITC = 0.63 nm; Table B.1), which is comparable in size to the free anchor bi-
otin (Rbiotin = 0.37 nm). After several experimental refinements, we implemented a pre-bleaching
step for the b-FITC solution prior to functionalization. This ensured that the intensity of fluo-
rescence was directly proportional to the surface density of the fluorophore (more detail on the
development of this experimental protocol can be found in "Quantification of receptor surface
density through fluorescence analysis " section in Appendix A. First, the uniform and mobile SAv
monolayer (Fig. 2.11) was created in Teflon wells as described before. Then, the surface was
incubated with a mix of pre-bleached b-FITC and free biotin in the desired molar ratios ranging
from 0% b-FITC (no fluorophore added) to 100% b-FITC (no biotin added) (Fig. 3.2A). Fianlly,
the fluorescence intensity at the surface was measured using confocal microscopy.

Fig. 3.2B shows the measured intensity of fluorescence as a function of the fractional surface
coverage of b-FITC fluorophore Γb− FITC,sat /Γas, predicted with the use of the equation 3.5. The
background signal (fluorescence intensity of pure biotin) was subtracted and the intensity of flu-
orescence for all data points was normalized to the maximum fluorescent signal (100% b-FITC).
The observed dependence exhibited a clear linear trend (Fig. 3.2B), thereby validating the theo-
retical prediction in Eq. 3.5.

3.3.2 Control of the surface density of b-ZZ adapter protein

After successfully validating our theoretical considerations with a simple molecular model, we
proceeded to adjust the density of b-ZZ protein on the surface by co-adsorbing it with free biotin.
The b-ZZ adapter protein is much larger than biotin (Rb-ZZ = 2.0 nm; Table B.1), but its size
still allows it to occupy all the available biotin-binding sites on a densely packed streptavidin
monolayer (Rb−ZZ < das, where das = 4.5 nm) [108]. Therefore, the binding of the b-ZZ protein to
the surface is not hindered by steric effects, satisfying assumption 3.

3.3.2.1 Quantitative in situ density control in stagnant conditions

We started with the quantitative assessment of the bound protein mass by monitoring its interaction
with the surface using the spectroscopic ellipsometry (SE) method in stagnant conditions.

First, the SAv-coated surface was prepared following the establised procedure (Fig. B.3).
Then, the mix of b-ZZ and biotin at a predetermined molar concentration (defined by Eq. 3.5 in
order to obtain the desired surface coverage of b-ZZ) was added to the SE cuvette (Fig. 3.3A).
Figure 3.3B shows the dynamic of binding of b-ZZ to the surface and it can be noted that after 10
min the surface was fully saturated with the protein.

Figure 3.3C shows the measured surface density of b-ZZ calculated from the SE data as a
function of nominal b-ZZ surface density. The latter was calculated with the use of the equation
3.5 considering the surface density of anchor sites Γas = 2ΓSAv. The data demonstrates a clear
linear dependence, which indicates that our theoretical considerations were correct also for the
case of a significant difference in the size of co-adsorbing species.

The slope of the linear fit to the data presented in Fig. 3.3C is 0.93 ± 0.02. This indicates
that the number of biotin-binding sites per each streptavidin molecule is 1.86 ± 0.04, rather than
2. This finding aligns with earlier published data (1.74 ± 0.22) on dense streptavidin monolayers
on SLBs [44] indicating that streptavidin molecules can bind to the SLB using 2, 3, of 4 of their
biotin-binding pockets. Consequently, the average "residual valency" can range between 1 and 2.
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Figure 3.3: Quantitative tuning of the surface density of two biotinylated proteins of different size
(in stagnant solution). A. Schematic drawing of the surface functionalisation: 1⃝ SLB formation, 2⃝ SAv
monolayer formation, 3⃝ co-adsorption of b-ZZ and biotin. B. Areal mass density of b-ZZ, AMDb-ZZ,
over time, determined by spectroscopic ellipsometry for a range of cbiotin /cb−ZZ molar ratios (as indi-
cated). Conditions: cb−ZZ + cbiotin = 0.625µM was maintained constant, with cb−ZZ and cbiotin determined
according to Eq. 3.5 (ε < 0.01); biotin/b-ZZ incubation – 10 min, starting from 0.3 min; see Figure S4 for
details of steps 1⃝ and 2⃝. C. b-ZZ surface density at saturation, Γb−ZZ,sat , measured by SE as a function of
the nominal b-ZZ surface density predicted from the cbiotin /cb−ZZ molar ratios and Γas = 2ΓSAv according
to Eq. 3.5. Error bars along the horizontal axis represent the uncertainty in the concentrations of biotin and
b-ZZ when computing Γas = 2ΓSAv , and the resolution in ΓSAv. Error bars along the vertical axis (about the
size of the symbols) represent temporal noise and confidence intervals when fitting the SE data. The black
dashed line is a linear fit through the data, with a slope of 0.93 ± 0.02.

3.3.2.2 Control of the density while binding under flow

So far we only illustrated the validity of our method for the co-adsorption of the molecules in
stagnant conditions. Since our final goal was to create a microfluidic system mimicking the vas-
cular wall glycocalyx, we needed to verify that the abovementioned assumptions would be valid
for the functionalization in constant flow conditions. For this purpose, we used quartz crystal mi-
crobalance with dissipation monitoring (QCM-D) to observe the binding of b-ZZ protein to the
SAv-coated platform.

First, the streptavidin monolayer was formed on SLB as described earlier (Fig. B.3). Then,
b-ZZ adapter protein or the mix of b-ZZ and biotin was added to the system and incubated until
the full saturation, which typically occurred after 1-2 min (Fig. 3.4A).

Frequency shifts ∆f resulting from the binding of b-ZZ were plotted against the predicted
fractional b-ZZ surface coverage (Γb−ZZ,sat/Γas ) revealing a slightly nonlinear trend (Fig. 3.4B).
However, it is important to note that as previously reported [13,21,134], the frequency shift cannot
be directly translated into the quantity of protein at the surface, since it accounts for not only
the mass of the bound compound but also the mass of the solvent hydrodynamically coupled to
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the protein. For a monolayer of globular proteins, the contribution of the solvent mass tends to
decrease with an increase in the surface coverage of the compound. Therefore, a calibration curve
was necessary to establish a relationship between the frequency shift (∆Fb−ZZ,sat) for b-ZZ and
the corresponding surface coverage (Γb−ZZ,sat). For this, a combined QCM-D and SE experiment
was performed as described elsewhere [21]. Fig. 3.4C displays the resulting standard curve,
illustrating the correlation between the frequency shift and the surface density of b-ZZ. Using
this curve, the measured surface density of b-ZZ was plotted as a function of the predicted ratio
Γb−ZZ,sat/Γas (Orange spheres in Fig. 3.4D). The data exhibits a clear linear trend, indicating that
the protein’s surface density was adjusted in accordance with the theoretical predictions (Eq. 3.8).
The maximal b-ZZ surface coverage Γb−ZZ,max = Γas (6.1 ± 0.2 pmol/cm2) was slightly smaller
than the one measured in stagnant conditions (6.8 ± 0.1 pmol/cm2; Figure 3.3C). This discrepancy
can be attributed to variations in the incubation conditions of streptavidin (difference in incubation
time and binding dynamics), leading to differences in SAv density and subsequent variations in
the number of available biotin-binding sites.

It is important to emphasize that the dimensions of the QCM-D chamber impose significant
limitations on the experimental design to fulfil condition 4. In the described set of experiments we
used the flow rate 200 µL/min for b-ZZ incubation in order to keep the binding in mass-transport
limited conditions. This choice deviates from the typical practices in QCM-D experiments (where
flow rates typically range up to 50 µL/min) and can be challenging to implement practically. How-
ever, reducing the flow rates would lead to deviations from the theoretical predictions as the bind-
ing would occur outside the specified conditions (assumption 1). Grey spheres in Fig. 3.4D show
the surface density of b-ZZ adapter protein as a function of the calculated b-ZZ surface coverage.
The shape of the curve deviates from the straight line at a target coverage of 10%. Analysis of the
mass transport conditions revealed that the thickness of the depletion layer for the fast-diffusing
free biotin approaches the fluid thickness above the QCM-D sensing area in the lower flow rate
regime (see section B.1.1 in Supplementary Methods). This example demonstrates the importance
of an appropriate design of incubation conditions to achieve the desired surface densities.
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Figure 3.4: Quantitative tuning of the surface density of two biotinylated proteins of different size
(under flow). A. QCM-D dissipation shifts ∆D (top) and frequency shifts ∆F (bottom; for overtone i= 5)
obtained for b-ZZ mixed with free biotin at distinct molar ratios (as indicated). Conditions: cb−ZZ + cbiotin
= 0.625 µM was maintained constant, with cb−ZZ and cbiotin determined according to 3.8 ((ε < 0.007);
b-ZZ/biotin incubation – 3 min, starting from 0 min; during remaining times, plain working buffer was
flown over the sensor surface, flow rate – 200 µL/min. b-ZZ only was incubated at a different flow rate
(20 µL/min) and therefore is not displayed in the graph; see Figure S6A for details of the SAv-on-SLB
sensor functionalisation and b-ZZ grafting. B. Frequency shifts at saturation (∆Fb−ZZ,sat) vs. the predicted
fractional b-ZZ surface coverage (Γb−ZZ,sat/Γas ). C. Standard curve relating frequency shifts to b-ZZ
molar surface density, obtained through a combined QCM-D/SE experiment (see B.2 for details). This
data was acquired and analyzed by R. P. Richter. The dashed line is an empirical fit to the data, with
Γb−ZZ = (α − 1)/

[
Mb−ZZ

(
β +C−1∆F−1

)]
and α = 0.8389± 0.0012, β = 7.83± 0.14× 10−4 cm2/ng,

the mass sensitivity constant C = 18.0 ng/
(
cm2 Hz

)
, and the molecular mass Mb−Zz =16.2 kDa. D. Plot

of the measured b-ZZ surface density as a function of Γb−ZZ,sat/Γas for two distinct flow rate regimes (200
µL/min - orange spheres; 10 or 20 µL/min – grey spheres). The black dashed line is a linear fit through the
purple data (200 µL/min), with a slope of 6.1 ± 0.2 pmol/cm2. b-ZZ surface densities were determined
using the empirical fit from panel C.
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3.3.3 Control of the surface density of P-selectin

3.3.3.1 Quantitative in situ density control in stagnant conditions

Having established reliable protocols for tuning the surface density of the b-ZZ adapter protein, we
proceeded to our main objective and verified the possibility of reducing the surface density of P-
selectin grafted onto the b-ZZ-functionalized layer. We employed the same b-ZZ layers shown in
3.3C to graft P-selectin-Fc. The incubation conditions (incubation time, P-selectin concentration)
were kept the same for all experiments.

Figure 3.5: Tuning the surface density of P-selectin receptors through the surface density of b-ZZ
adapter protein. A. Schematic drawing of the surface functionalisation: 1⃝ SLB formation, 2⃝ streptavidin
monolayer formation, 3⃝ co-adsorption of b-ZZ and biotin, 4⃝ P-selectin-Fc anchorage. B. Areal mass
density, AMD, of P-selectin over time, determined by SE for a range of fractional b-ZZ surface coverages
(as indicated). Conditions: P-selectin-Fc (67 nM) was incubated at 0 min; the start of rinses with working
buffer is indicated by arrowheads in matching colours. C. Areal mass density of P-selectin at saturation or
after 2 hours of incubation (derived from B) as a function of the measured b-ZZ surface density (taken from
Figure 3.3C). Error bars along both axes are about the size of the symbols and represent temporal noise
and the effects of confidence intervals and parameter correlations when fitting the SE data for b-ZZ and
P-selectin-Fc binding, respectively. The black dashed line is a linear fit through the data for Γb−ZZ,sat ≤ 1.5
pmol/cm2

The kinetics of binding of P-selectin is demonstrated in Figure 3.5A. For the small surface
coverages of b-ZZ adapter protein (below 20% of maximal coverage), the surface was saturated
with P-selectin within 1 hour of incubation. However, for higher surface densities, the binding
dynamics of P-selectin notably slowed down after an initial rapid binding phase, and complete
saturation was not achieved even after two hours of incubation. This observation is consistent
with expectations since P-selectin is a relatively large protein with a molecular mass of 300 kDa.
As a result, once a certain amount of protein is present on the surface, steric hindrance impedes
the binding of additional molecules. No binding of P-selectin was observed on surfaces with 0%
b-ZZ coverage (i.e., surfaces functionalized with pure biotin). For all other surface coverages, the
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mass of bound protein remained unchanged after rinsing with HEPES buffer, indicating stable and
specific binding (Fig. 3.5B).

Figure 3.5C illustrates the relationship between the maximal areal mass density of P-selectin
bound to the surface and the measured surface density of b-ZZ. The first four experimental points
(ranging from 0% to 20% b-ZZ coverage) exhibit a linear dependence, demonstrating the control-
lable tuning of P-selectin surface density for smaller surface coverages. However, for higher b-ZZ
densities (>25%), the maximal bound mass of P-selectin reaches a saturation point at approxi-
mately 300 ng/cm2. Considering a molecular mass of 300 kDa for the P-selectin-Fc construct,
this corresponds to a maximal surface density of 1.0 pmol/cm2 for the P-selectin-Fc homodimer,
or approximately ΓP− selectin,max ≈ 2.0pmol/cm2 for the P-selectin protomer. The transition to
the plateau phase occurs at around 25% b-ZZ coverage (equivalent to 1.6 pmol/cm2), which cor-
responds to an average surface area of 110 nm2 per b-ZZ. This value aligns with the expected
effective cross-section of P-selectin, taking into account that P-selectin-Fc molecules are homod-
imers and that P-selectin ectodomains have an elongated structure, typically measuring 40 nm in
length and a few nanometers in diameter [160].

3.3.3.2 In situ density control under flow

Figure 3.6: Dynamics of binding of P-selectin to the surfaces functionalized with various surface
coverages of b-ZZ. The upper graph shows the dissipation changes and the bottom one – the frequency
changes (i = 5) for three different surface densities of b-ZZ. The surface coverages of b-ZZ are expressed
as the fraction of the maximal density, where at 100% all the biotin-binding sites are occupied with b-ZZ
(Γas = 6.8± 0.1pmol/cm2). The incubation with P-selectin starts at 2.5 min, the arrows show the end of
the incubation process. Conditions: P-selectin concentration: 33.3µM(10µg/mL) in HEPES buffer, flow
rate: 20 µL/min.

To confirm our ability to effectively adjust the density of P-selectin within the microfluidic
channel, we conducted an additional series of experiments. We employed the QCM-D method
to validate the modulation of P-selectin surface coverage under flow conditions. Although this
was an expected outcome based on the b-ZZ data demonstrated previously, we wanted to confirm
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that reducing the density of b-ZZ adapter protein at the surface would indeed result in a smaller
QCM-D response for P-selectin. Since we have already extensively studied the controlled surface
density of b-ZZ in both stagnant and flow conditions, our focus was not on quantifying the bound
mass of P-selectin, but rather on obtaining qualitative evidence that our concept was functioning
as intended. Due to the complexity and resource requirements of the combined QCM-D/SE tech-
nique, we chose to rely on conventional QCM-D measurements and assess the change in P-selectin
binding qualitatively.

Figure 3.6 illustrates the binding dynamics of P-selectin to the surface functionalized with
the b-ZZ adapter protein at various fractions of maximal surface coverage (ranging from 4% to
100%). Similar to the case in stagnant solution, even at a relatively low surface coverage (19%),
the surface was already saturated with P-selectin. Another notable observation from the graph
is that the binding of P-selectin is highly dependent on the incubation time, indicating kinetic
limitations rather than limitations imposed by the number of available binding sites on the surface.
These QCM-D experiments confirmed the successful modulation of P-selectin density under flow
conditions.

3.3.3.3 Method for quantifying the density of receptor at the functionalized surface

In the previous discussion, we explored experimental approaches to effectively control the density
of P-selectin using in situ observation methods like SE and QCM-D. However, when creating
biomolecular layers in the microfluidic channel, it is practical to employ post-characterization
techniques to determine the number of bound receptors. To this end, we developed a procedure
to fluorescently label P-selectin bound to the surface. Similarly to the example with b-FITC (Fig.
3.2), we employed fluorescence microscopy to quantify the relative surface coverage of P-selectin.

Figure 3.7: P-selectin density control quantified with the help of confocal microscopy. A. Schematic
drawing of the surface functionalization: 1⃝ SLB formation, 2⃝ streptavidin monolayer formation, 3⃝ co-
adsorption of b-ZZ and biotin, 4⃝ P-selectin-Fc anchorage, 5⃝ P-selectin staining with the mix of fluorescent
(Alexa) and non-fluorescent antibodies. B. Normalized fluorescence intensity measured with confocal mi-
croscopy for surfaces functionalized with different surface densities of b-ZZ (and, subsequently, P-selectin).
The horizontal axis shows the predicted Γb−ZZ,sat calculated with the use of the Eq. 3.5 The black dashed
line is a linear fit for the low surface densities of P-selectin ( 3.1 pmol/cm2).

For convenience, we conducted the experiments in a well-controlled system suitable for ob-
servation under a confocal microscope. The system consisted of round 50 µL wells with Teflon
walls and glass bottoms. Prior to confocal measurements, multiple wells were functionalized si-
multaneously, aiming for different b-ZZ surface coverage obtained with the use of the Eq. 3.5.
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At the end of the functionalization, P-selectin layers with varying surface densities were stained
using P-selectin specific antibodies (Fig. 3.7A). Here, Alexa-647-labelled antibodies were mixed
with non-labelled antibodies of the same clone to enable accurate quantitative detection of the flu-
orescent signal. Further information on the methodologies for quantifying fluorescence intensity
can be found in the section Appendix A.

Figure 3.7B presents the fluorescent signal obtained from eight surfaces with b-ZZ coverages
ranging from 0% to 100% of the maximal density. The fluorescence intensity exhibited a linear
increase for low surface densities (up to 30%, or 2.0 pmol/cm2), similar to what was observed
in the SE experiment (Fig. 3.7C). However, at higher densities, a plateau phase became evident,
indicating surface saturation with P-selectin.

Subsequently, a calibration curve shown in Fig. 3.7B was used for assessing the surface density
of P-selectin in microfluidic channels.

3.3.4 Reduced surface density of P-selectin grafted together with the HA brush

Finally, we created a complex layer presenting both HA brush and P-selectin (as described in
Section 2.2.5) and measured the intensity of fluorescence of grafted P-selectin. The aim of this
study was to check if our strategy for reducing the density of surface-grafted receptors remains
valid for more complex cases when the available biotin-binding sites are partially occupied by
b-HA chains. A layer similar to the one described in section 3.3.3.3 was created with the only
difference that HA brush was formed before the start of the co-adsorption of b-ZZ and biotin (Fig.
3.8A). The surface density of the anchor sites was considered Γas = 6.8±0.1pmol/cm2, same as
described above.

We chose 4 different combinations of HA brushes and P-selectin surface coverages:

• b-HA-280 + P-selectin at its maximal surface coverage;

• b-HA-58 + P-selectin of 10% of its maximal surface coverage;

• b-HA-280 + P-selectin of 10% of its maximal surface coverage;

• b-HA-840 + P-selectin of 10% of its maximal surface coverage.

The choice of the fractional density of P-selectin was driven by prior findings, which estab-
lished that P-selectin, when grafted independently, could achieve binding equilibrium within one
hour on layers presenting b-ZZ at 10% of its maximum surface coverage. Therefore, when P-
selectin is co-grafted alongside an HA brush, we anticipated that it would also bind to available
b-ZZ sites within a comparable timeframe. We employed HA brushes with varying mechanical
properties to compare P-selectin binding efficiency under different conditions.

Figure 3.8B presents the intensity of fluorescence measured from P-selectin grafted on the
surfaces presenting HA-58 (purple sphere), HA-280 (violet spheres) and HA-840 (green sphere)
compared to the intensity of fluorescence of P-selectin grafted alone (blue spheres, same data as
in Fig. 3.7B).

Notably, the fluorescence intensity measured from P-selectin co-presented with the HA-840
brush aligns with the established calibration curve for P-selectin only. This conclusion is sub-
stantiated by our previous findings shown in Section 2.2.3.1, where the average spacing between
HA-840 chains was approximately 70 nm, while the distance between biotin-binding sites on the
dense SAv layer was about 4.5 nm. Consequently, the presence of the HA-840 brush does not
obstruct b-ZZ binding to the layer, and the difference in the ultimate number of available b-ZZ
sites between layers with and without HA-840 is negligible.

In contrast, the fluorescence intensity of P-selectin diminishes by approximately 2-fold when
co-presented with the thicker HA-280 brush (as shown in Fig. 3.8C). One obvious explanation
would be the difference in the maximal number of accessible biotin-binding sites. As demonstrated
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Figure 3.8: Complex molecular layers presenting both HA brush and P-selectin with reduced surface
density. A. Schematic drawing of the surface functionalization: 1⃝ SLB formation, 2⃝ streptavidin mono-
layer formation, 3⃝ HA brush formation, 4⃝ co-adsorption of b-ZZ and biotin, 5⃝ P-selectin-Fc anchorage,
6⃝ P-selectin staining with the mix of fluorescent (Alexa) and non-fluorescent antibodies. B. Normalized

fluorescence intensity measured with confocal microscopy for surfaces functionalized with either P-selectin
alone, or P-selectin and HA brushes. Blue spheres represent intensities of fluorescence measured from the
surfaces functionalized with P-selectin (repeating the data presented in Fig. 3.7B). Green, violet and purple
spheres demonstrate the fluorescent signal measured from the surfaces co-presenting HA brushes of differ-
ent types and P-selectin (either at the maximal or reduced surface density). C. Comparison between the
fluorescent signal measured for the surfaces with reduced surface density of P-selectin (10% of the max
coverage) either alone or co-presented with different types of HA brushes. Conditions: c(b-HA-840) =
23.8 nM (20 µg/mL), incubation time: 15h; c(b-HA-280) = 71.4 nM (20 µg/mL), incubation time: 15h;
c(b-HA-58) = 86 nM (5 µg/mL), incubation time: 15h. All 3 HA brushes were incubated in low-pH buffer.
C(P-selectin) = 66.7 nM(20 µg/mL, incubation time: 1h, c(P-selectin Ab) = 5 µg/mL, incubation time: 1h.

66



3.4. Discussion

in Section 2.2.3.1, dense HA-280 brush has an average intermolecular distance of 22 nm, meaning
that about 10% of all the biotin-binding sites would be inaccessible for b-ZZ binding. Although
such difference would affect the final surface coverage of P-selectin, but it would not account for
a 50% decrease in fluorescence intensity. Consequently, additional factors must contribute to the
reduced efficiency of P-selectin binding, such as differing binding kinetics due to the rigidity of
the HA brush. As a result, the actual surface density of P-selectin, as deduced from the calibration
curve in Figure 3.7B, corresponds to roughly 5% of the maximum b-ZZ surface coverage.

A similar situation was observed for P-selectin co-presented with a stiff and dense HA-58
brush. Here, the fluorescence signal intensity from the grafted P-selectin layer was over 25 times
smaller than that of independently anchored P-selectin grafted alone under identical conditions.
As per the calibration curve, the actual surface density of anchored P-selectin corresponds to less
than 1% of the maximal surface density of b-ZZ.

This dataset demonstrates that the control of receptors in presence of HA brush is much more
complex than that for P-selectin anchored alone, influenced not only by the number of the available
binding sites, but also on the kinetics of binding of the protein to the surface. In order to create
the biomolecular layer with the predicted density of the receptors, a separate calibration curves for
each type of brushes is required. Our assumption is that our theoretical predictions still hold for the
b-ZZ/biotin co-adsorbtion (yet the number of available binding sites Γas needs to be recalculated
according to the type of the HA brush), but the dynamics of binding of P-selectin and P-selectin
antibodies is likely affected by presence of thick HA layer at the surface.

3.4 Discussion

This chapter presented a novel approach to quantitatively tune the surface density of biotiny-
lated receptors on SAv-coated support. In the framework of my project, this study was essential
to mimic the biologically relevant distance between P-selectin receptors. However, the described
theoretical considerations can become a versatile tool for a range of applications.

In short, the guideline to control the surface density of anchored receptors includes the follow-
ing steps:

1. Define the total number of the available binding sites at the surface.

2. Check that the chosen co-adsorbing species and the experimental conditions meet require-
ments 1-4 for the validity of the theory.

3. Using equations 3.5 for stagnant conditions or 3.8 for flow conditions define the concentra-
tions of the binding species to get the desired density of receptors at the surface.

Importantly, the presented method for controlling the surface density under flow or in still con-
ditions can be extended to anchors other than biotin, as long as their binding rates are sufficiently
high to ensure the mass-transport limited binding. As an example, the binding rates in the range
of 105M−1 s−1 have been reported for nickel chelation of polyhistidine tags [86], as well as for
IgG binding to protein A or protein G [132]. In the case of DNA hybridization, the intrinsic bind-
ing rate can also reach values as high as 105 . . .106M−1 s−1. Thus, while ensuring that ε values
are kept sufficiently small, these anchors can be used in our model of competitive binding. This
significantly increases the number of possible applications for our novel method.

An additional potential application of this study is the quantification of contamination in a
solution of anchor-tagged molecules due to the presence of free anchor reactants. In our recent
work [82] we provided a comprehensive description of the quantification process for biotinylated
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glycosaminoglycans (GAGs), including the assessment of contamination caused by free biotin
reactants in the eluate fractions. As demonstrated in section 3.3.4, our method has limitations when
designing the surfaces that are already presenting a thick layer of glycosaminoglycans. Going
forward, a more thorough study is required to assess how the presence of HA brush influence
binding of the co-adsorbing species.

3.5 Conclusion

In conclusion, our newly designed approach allows to create the molecular layers with well-
defined density of receptors of interest. Due to its simplicity, this tool can be used in variety of
applications to tune the surface concentrations of the receptors of interest.
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4
Microbeads presenting the ligands for glycocalyx

and for cell surface receptors

Short summary

Aiming to mimic circulating white blood cells for studying their interaction with gly-
cocalyx models in vitro, I have established a protocol for the functionalization of
polystyrene microbeads with two specific receptors: CD44, which binds to the HA brush
representing the glycocalyx model, and PSGL-1, serving as a ligand for the cell surface
receptor P-selectin. A new method demonstrates precise control over the density of
these receptors on the bead surface. Furthermore, a new protocol allows the simultane-
ous grafting of two distinct receptors of interest onto the bead surfaces at desired surface
fractions.
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4.1. Introduction

4.1 Introduction

While developing a well-controlled system to investigate cell-glycocalyx interactions, one of
our goals was to mimic the circulating cells bearing specific surface receptors tailored for interac-
tions with receptors located in glycocalyx. This involved designing cell-sized microbeads as cell
mimetics with two receptor types: CD44 for interacting with HA chains in the dense HA brush,
and PSGL-1 as a ligand for the concealed P-selectin receptor beneath the HA brush. Our aim was
to ensure stable presentation of these receptors on the microbeads and the ability to control their
density.

4.1.1 Microbeads as cell mimetics

Microbeads and nanobeads find diverse applications in the field of biomedicine. Typically varying
in diameter from 50 nm to 2 mm [58], they can be composed of different materials such as glass
[85], polymers [47], ceramics [16], or porous biocompatible materials [65]. Due to their versatility,
microspheres are widely used in targeted drug delivery [81], diagnosis of cancer [173] and other
diseases, blood purification [46], and more.

Table 4.1: Benefits and limitations of employing microbeads as mimetics for circulating cells in in vitro
flow assays

Benefits Limitations

1. Focused study of one or several receptors of interest.
Functionalized microbeads enable an isolated investiga-
tion of specific receptor pairs, allowing a detailed under-
standing of their role in cell adhesion.

1. Mismatching mechanical properties.
Some mechanical properties (density, rigid-
ity, shape) of microbeads may not precisely
match those of living cells, potentially lead-
ing to variations in behavior, especially in
confined environments. However, this char-
acteristic can also be viewed as advanta-
geous, when the goal is to differentiate be-
tween the impacts of surface density and
bead mechanics on adhesions, comparing the
behavior of rigid and soft spheres can be ben-
eficial.

2. Control over surface receptor density. Similarly to
cell surface models created on planar surfaces, the surface
density of the receptor can be adjusted on beads (within
the physiologically relevant range and beyond), facilitat-
ing the study of density effects.

3. Enhanced experimental robustness. Functionalized
microbeads exhibit robustness to fluctuations in tempera-
ture, medium composition, light, and mechanical distur-
bances, reducing experimental sensitivities.

4. Facilitated bead height measurement. The perfectly
round shape of microbeads simplifies height measure-
ments in flow assays, particularly when employing reflec-
tion interference contrast microscopy (see RICM section
for details).

Microbeads can also function as biomimetic models in in vitro studies. For instance, func-
tionalized synthetic microbeads have been employed as simplified bacterial models in adhesion
studies under flow conditions [106]. In another study, functionalized streptavidin-coated micro-
spheres served as mimetics for leukocytes in flow assays aimed at investigating leukocyte interac-

71



Chapter 4. Microbeads presenting the ligands for glycocalyx and for cell surface receptors

tions with selectins [168]. The wide range of microbead sizes, including those comparable to cell
sizes, and their extensive potential for functionalization render them an excellent model system
for investigating biological interactions in vitro. This includes their utility as mimics for circu-
lating blood cells [2]. In one of the published works the microspheres functionalized with the
selectin ligand sialyl Lewis X, were used as leukocyte mimics to study the leukocyte arrest at the
endothelium [121].

Table 4.1 provides a comparison of the benefits and limitations of microspheres as a model
system in cell adhesion assays, as opposed to employing living blood cells for the same purpose.

4.1.2 Microbeads as molecular model of white blood cells

Numerous methods are available for the functionalization of synthetic microbeads, including
chemical coupling of functional chloride groups [170], thiol-end functionalization [54] and co-
valent coupling of proteins and nucleic acids [96]. Additionally, there are many commercially
available types of microspheres coupled with biotin, avidin, streptavidin, protein A and other an-
choring compounds. The presence of these universally used proteins on the microsphere surface
allows for simple and straightforward functionalization with a diverse range of receptors of inter-
est.

Figure 4.1: Schematic drawing of previously used [33] and new molecular models of white blood
cells. SuAv/SAv molecules are covalently linked to the bead surface and drawn in ordered arrangement for
simplicity, while in reality their orientation remains unknown. All molecules are drawn approximately to
scale.

In the study preceding my project [33], microspheres with a diameter of 15 µm, purchased
from Bangs Lab and coated with SuperAvidin (SuAv) were employed. The size of these beads
matched the average size of white blood cells (10-20 µm [144]. SuperAvidin is a proprietary
molecule from Bangs Lab supposed to provide a superior binding affinity to biotin compared to
streptavidin, while also exhibiting lower levels of non-specific binding. In the initial stages of my
experiments, I employed SuAv-coated beads. However, due to an unexpected binding behavior
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exhibited by these beads during subsequent tests, I transitioned to SAv-coated microspheres of
equivalent diameter (further details regarding bead selection will be discussed in Section 4.3.1).
Additionally, modifications were made to the functionalization strategy.

Figure 4.1 schematically shows a previously employed blood cell mimetic and the complex-
ified model I have developed. In the previous model, microbeads presented only one receptor,
CD44, on their surface. This design allowed to investigate the role of CD44-HA interactions in
cell capture under flow conditions. In our current study, we aim to broaden our understanding of
the adhesion process by introducing another surface receptor, PSGL-1, which can interact with
P-selectin located beneath the thick HA brush within the molecular glycocalyx model.

Another significant distinction between the old and new models lies in the method of control-
ling the surface concentration of receptors of interest. In the previous model, the density of CD44
receptors was regulated by the total number of molecules in solution during the incubation step.
This depletion-based approach proved highly sensitive to variations in the number of microbeads
in solution and the CD44 concentration. As a consequence of variations in the number of beads
in the solution, which, in turn, is influenced by the precise manipulation procedure, the detected
fluorescence intensity from beads functionalized using the same protocol could vary by as much
as tenfold between experiments. In our new model, we adopt a different approach to control the
surface receptor concentration. Biotinylated receptors are co-adsorbed with free biotin in a defined
molar ratio, employing similar strategies as detailed in Chapter 3. This method is independent of
the precise number of beads in solution and provides a more robust approach to bead functional-
ization. The ultimate surface density of the proteins is solely determined by the concentration ratio
of the three species (two biotinylated receptors and free biotin) in the solution. Further details on
the co-adsorption of three biotinylated species will be provided in Section 4.3.3.

In both the old and new models, biotinylated CD44 receptors are directly coupled to Super-
Avidin or streptavidin-coated microbeads. However, as there is no commercially available and
reliable biotinylated PSGL-1 receptor, attaching the PSGL-1-Fc receptor necessitates the use of a
b-ZZ adapter protein, following a similar approach as described for surface functionalization with
P-selectin-Fc in Chapter 2. This introduces an additional incubation step in the bead functional-
ization process.

4.1.3 Assessment of microbead functionalization quality

To evaluate the quality of microbead functionalization, we established a robust experimental pro-
cedure. Flow cytometry, a widely adopted technique for quantifying the fluorescent intensity of
cells, and by extension functionalized microbeads [51, 161], was employed. This method offers
the benefit of rapidly assessing a large number of beads, readily generating statistics based on
several thousand beads.

To quantitate the surface density of receptors on the functionalized beads using flow cytom-
etry, a series of steps is necessary. First, the beads must be stained with fluorescently labeled
antibodies, and calibration curves (covering a range of surface densities) must be established for
each receptor of interest. Subsequently, to determine the surface density quantitatively, the flu-
orescent signal measured from the bead sample with the receptor of interest is compared to the
corresponding calibration curve. To ensure reliable fluorescent measurements, it is essential to
take specific precautions. This includes maintaining laser stability consistently throughout various
experiments and eliminating the fluorescence quenching effect (which leads to a reduction in the
intensity of fluorescence in individual fluorophores due to their proximity to each other). More
detailed information on this can be found in “Quantification of receptor surface density through
fluorescence analysis” section in Appendix A.

In cases where a bead is functionalized with two types of receptors (here, CD44 and PSGL-1),
two distinct antibodies labelled with fluorophores must be used (this will be described in detail in
Section 4.3.3). The fluorescence intensity of each type of antibody should be measured separately
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and then compared to the pre-established calibration curves corresponding to each receptor.
Furthermore, flow cytometry also enables the evaluation of the size and shape distributions of

the microbeads within the sample. Figure B.6 illustrates an instance of measuring bead forward
scatter (FSC), offering insights into the relative distribution of object size, and side scatter (SSC),
which provides information about granularity in the context of living cells or surface roughness
in the case of polystyrene microbeads. Consequently, flow cytometry not only allows for the
quantitative evaluation of receptor surface densities but also provides a qualitative assessment of
bead size distribution and surface quality.

4.1.4 Principles of bead functionalization

While bead functionalization is a common practice across various applications, it is not a straight-
forward procedure and demands specific practical precautions that diverge from planar surface
functionalization protocols. A primary objective when functionalizing beads is to achieve a uni-
form surface coverage of receptors on a batch of beads, ensuring even distribution across the entire
bead surface, as well as across the pool of beads. One significant challenge in bead functional-
ization involves determining the appropriate incubation concentration, which must account for the
number of beads in the sample and, consequently, the number of accessible binding sites. Another
challenge pertains to the washing procedure, which beads must undergo both before functionaliza-
tion and after each of the incubation steps. Throughout the course of my project, I have developed
a new protocol for bead functionalization with one or more receptors of interest. This protocol is
presented in detail in Supplementary information. Briefly, the bead functionalization procedure
includes the following steps:

1. Determine the necessary quantity of beads for functionalization and compute the appropriate
reagent concentration to occupy all available binding sites on the bead surface.

2. Perform a preliminary bead wash using HEPES buffer.

3. Introduce the requisite reagent to achieve the desired functionalization concentration.

4. Incubate the beads on an Eppendorf shaker.

5. Conduct a bead wash in HEPES buffer to remove any excess reagent.

4.2 Theoretical considerations for co-adsorption of biotinylated species
on microbeads

As previously discussed, the method for regulating the density of biotinylated receptors by co-
adsorbing them with free biotin was developed to provide more dependable means of controlling
the number of receptors on the surface compared to the depletion-controlled approach. Chapter
3 extensively covered the theory behind the co-adsorption of two or more biotinylated species on
planar surfaces. In this section, I will focus on applying these theoretical concepts to spherical ob-
jects (microbeads) and extend the discussion to include the co-adsorption of three distinct species.
In my specific case, the approach will be tested with the b-CD44 receptor, the b-ZZ adapter protein
required for PSGL-1-Fc binding, and free biotin.
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4.2.1 Control of the surface density of one type of biotinylated receptor

We can extend the principles of co-adsorption for multiple biotinylated species, previously dis-
cussed in the context of planar surfaces, to spherical surfaces. This extension remains valid as long
as the streptavidin or SuperAvidin coating on the beads forms a homogeneous coverage, same as
on the planar surfaces. The average distance between biotin-binding sites on the microbeads was
determined to be approximately 5 nm (please refer to microbeads functionalization protocol for
the calculations), which is comparable to the average spacing between binding sites on a densely
packed SLB-based SAv monolayer – 4.5 nm [108]. Therefore, both systems are expected to yield
similar results concerning the binding capacity for biotinylated species. At the scale of the distance
between biotin-binding sites (a few nanometers), the spherical shape of the beads (bead curvature
– several micrometers) can be considered locally flat.

However, several additional assumptions are necessary:

1. The incubation of the beads on the Eppendorf shaker is considered to occur under "flow con-
ditions", drawing from the analysis of the similarities between stirring and flow conditions
presented by Hermens et al [60].

2. It is assumed that SuperAvidin behaves similarly to streptavidin in terms of adsorbing bi-
otinylated species, having the same affinity for both free biotin and biotinylated proteins.

3. Given that the bead functionalization process cannot rely on an unlimited supply of binding
molecules due to high reagent consumption, we make the assumption that having 4-5 times
more molecules than available binding sites represents an adequate compromise between
reagent consumption and the validity of our theoretical framework.

Based on these considerations, we hypothesize that the Equation 3.8 for competitive binding
under flow conditions can be applied to describe the co-adsorption of biotinylated species on the
bead surface:

c2

c1
=

(
R2

R1

)2/3(
Γas

Γ1,sat
−1

)
(4.1)

where c1, c2 – concentrations of the molecule of interest (c1) and the inert molecule (c2), R1
and R2 – their respective hydrodynamic radii, Γas – total molar density of anchorage sites on the
surface, Γ1,sat – surface density of the functional molecule.

4.2.2 Dual functionalization of beads: control of the surface density of two biotiny-
lated receptors

The co-adsorption method initially designed for two binders can be readily extended to three
species, specifically two biotinylated molecules and free biotin. Given the assumptions mentioned
earlier, we anticipate that this theoretical framework can be effectively applied to microbead func-
tionalization. To establish the concentrations of these binding species, we can derive the following
ratio from Eq 4.1:

Γi

Γj
=

(
Rj

Ri

) 2
3 ci

cj
(4.2)

Hence, by selecting an arbitrary concentration for one of the binding species, we can calculate
the concentrations of the other two. However, it is important to note that the total concentration(
ctot = ci + cj + ck

)
must be sufficiently high to ensure that the assumption 4 is satisfied.

We selected a fixed concentration of 200 nM for b-CD44 due to its limited availability, as it was
produced by our collaborators [8] and is not commercially accessible. Then, the concentrations of
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biotin and b-ZZ were calculated as follows:

cb−ZZ = cb−CD44

(
Rb−ZZ

Rb−CD44

) 2
3 Γb−ZZ

Γb−CD44
(4.3)

cbiotin = cb−CD44

(
Rbiotin

Rb−CD44

) 2
3 Γbiotin

Γb−CD44
(4.4)

4.3 Results

4.3.1 Validating the theory of co-adsorption of biotinylated species on microbeads

To validate the applicability of the theory of co-adsorption of two binding species in the context of
microbead functionalization, we functionalize the microbeads with a biotinylated fluorophore, b-
FITC, using the same procedure as outlined in Section 3.3.1 for planar surfaces. Our objective was
to confirm that the fluorescence intensity observed from these beads, functionalized with biotiny-
lated fluorophores at various surface densities, exhibited a linear relationship with the predicted
surface coverage of the fluorophore. To ensure that the intensity of fluorescence was proportional
to the fraction of the fluorophore at the surface and to mitigate the influence of quenching ef-
fects, the fluorophore solution was pre-bleached pre-bleached sufficiently to avoid quenching (see
Appendix A for details).

This section presents a comparative analysis of b-FITC functionalization of SuAv-coated
polystyrene beads from Bangs Laboratories and SAv-coated polystyrene beads from Spherotech.
We will see that SuAv-coated beads show an unusual behavior, which was a major reason to con-
sider SAv-coated beads for future work.

The experimental procedure for bead functionalization consisted of an initial washing step in
HEPES buffer, followed by incubation with a mixture of b-FITC and free biotin (Fig. 4.2A) at mo-
lar ratios defined by Eq. 4.1. Since the exact density of biotin-binding sites on both types of beads
remained unknown and could only be estimated empirically, we expressed the desired surface
densities of b-FITC as a percentage of the maximum surface coverage. Both types of beads were
functionalized to achieve surface coverages of 0% (biotin only), 20%, 40%, 60%, 80%, and 100%
(b-FITC only) of fluorophore, and the resulting fluorescence intensity per bead was quantified
using flow cytometry (Fig. 4.2B-C). Both types of beads exhibited consistent functionalization
homogeneity, with all measured samples displaying an approximately Gaussian distribution of ap-
proximately constant width of fluorescent signal. This indicated that the majority of beads in each
sample adsorbed a similar amount of b-FITC onto their surfaces.

However, the total fluorescence signal obtained from Bangs Lab and Spherotech beads, both
functionalized to achieve the same fractional surface density of b-FITC, exhibited significant dif-
ferences (Fig. 4.2D). Specifically, Bangs Lab beads demonstrated a 2.2-fold lower efficiency in
binding at the maximum b-FITC coverage compared to Spherotech beads. Bangs Lab beads also
displayed a higher level of background noise (as observed in the 0% b-FITC sample) in contrast
to Spherotech beads.

More importantly, Bangs Lab beads exhibited an intriguing pattern: in intermediate mixtures,
there was a lower amount of b-FITC than anticipated when compared to the maximal coverage.
This unexpected behavior resulted in a pronounced superlinear trend in the relationship between
the fluorescent signal and the quantity of bound b-FITC (Fig. 4.2E). In contrast, Spherotech beads
exhibited a closer-to-linear dependence (violet dashed line in Fig. 4.2E). This observation, coupled
with the generally more consistent bead size and fluorescent signal distribution within individual
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Figure 4.2: Microbeads functionalized with b-FITC. A. Schematic drawing of bead functionalization
with b-FITC: 1⃝ co-adsorption of b-FITC with biotin. B-C. Fluorescence histograms obtained by flow
cytometry for microbeads with different target surface fractions of b-FITC (SuAv-coated beads – B, SAv-
coated beads – C). D-E. Fluorescence intensity for non-functionalized beads and beads presenting different
target surface fractions of b-FITC (D – comparison of fluorescence intensity between two types of beads,
E – fluorescent signal with subtracted background and normalized by the values at 100% for curve shape
comparison). Dashed violet line in E is a linear fit for SAv-coated beads curve (slope: 0.0084 ± 0.0008),
show to demonstrate close-to linear trend for SAv-coated beads. Conditions: bead concentration: 0.5%
w/v, cb−FITC +cbiotin = 14 M was maintained constant, functionalization time: 1 hour. Statistics for the flow
cytometry data was taken on at least 10000 events. The horizontal axis shows the fractional surface coverage
of fluorophore predicted according to Eq. 4.1. Data points represent the median of detected events, with
error bars along the vertical axis indicating the interquartile range (75th and 25th percentiles), and error
bars along the horizontal axis representing uncertainty in b-FITC and biotin concentrations.
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samples for Spherotech beads (see Fig. B.6 in the Supplementary Information), led us to select
Spherotech beads for continued use in our functionalization experiments.

The reason for the non-linearity observed in the relationship between fluorescence signal and
the surface density of adsorbed b-FITC, particularly evident in Bangs Lab beads, remains a subject
of uncertainty. Clearly, the above-proposed theory does not fully describe the competitive binding
process. What could be the reason for the discrepancy? Our hypothesis centers on the possibility
that the random orientation of SuAv/SAv molecules at the bead surface may be responsible.

Bangs Laboratories and Spherotech beads feature the covalent linkage of SuperAvidin and
streptavidin, respectively, to their surfaces. The precise orientation of these proteins remains
undisclosed, and it is possible that molecules are presented in a range of orientations, leaving
us uncertain about the number of biotin-binding sites exposed to the solution. This unpredictable
orientation has the potential to obstruct the binding of large biotinylated molecules due to steric
hindrance, rendering free biotin a more favorable option for binding to the bead surface than bi-
otinylated FITC. This effect is notably pronounced when dealing with SuAv-coated beads. One
potential explanation for this is the potential glycosylation of SuAv (which is derived from avidin,
as opposed to SAv produced by the bacterium Streptomyces avidinii), which might contribute to
the steric hindrance in the binding of larger molecules.

4.3.2 Beads functionalization with one type of receptor

4.3.2.1 Beads functionalization with CD44

After selecting SAv-coated beads as our main model for mimicking living cells, we proceeded
to functionalizing them with CD44 receptor. We first verified using QCM-D that the batch of
CD44 that we were planning to use for the bead functionalization was binding HA in a stable and
irreversible manner (Fig. B.7).

To achieve variable CD44 receptor density on the beads, we then applied the co-adsorption
approach, combining b-CD44 molecules with inert free biotin (Fig. 4.3A). Subsequently, anchored
CD44 molecules were labeled with CD44 IM7 antibodies, employing a mixture of Alexa-labeled
antibodies and non-fluorophore antibodies at a ratio of [1:3]. This strategy was implemented to
mitigate the quenching effect that can occur between neighboring antibody molecules (for details,
see Appendix A).

The analysis using flow cytometry resulted in a single-peak fluorescent signal distribution for
each bead sample, with the peak width comparable across different conditions (Fig. 4.3B). No-
tably, the signal distribution exhibited an asymmetry with an elongated tail towards higher intensi-
ties, a feature absent in beads functionalized with b-FITC. The precise cause behind the emergence
of this tail remains undetermined. Some degree of non-specific binding of CD44 antibodies was
observed in the biotin-only functionalized beads (black histogram in Fig. 4.3B) compared to non-
functionalized beads (grey histogram), although it was relatively minor when contrasted with the
specific binding of antibodies to beads functionalized with CD44 (for a quantitative assessment
of non-specific binding, please refer to Fig. B.11A). The additional test revealed no non-specific
binding of CD44 antibody to the bead surface (Fig. B.11A).

The calibration curve for beads functionalized with varying surface fractions of CD44 is pre-
sented in Figure 4.3C. As expected, it demonstrates an increase within the range of lower surface
coverages, reaching up to 40% of the maximum CD44 surface coverage, followed by a gradual
transition from a linear regime to the plateau at higher surface densities. However, some deviations
from linearity observed in the initial phase of the curve require further investigation.

One plausible explanation for these deviations is that the CD44 Alexa 532-labeled antibodies
utilized in this test are reported to have an average of 5-7 fluorophores linked to each antibody
molecule. Consequently, such antibody types may be more susceptible to quenching effects at
high surface coverages compared to, for instance, P-selectin antibodies, which are reported to have
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Figure 4.3: Bead functionalization with CD44 alone. A. Schematic drawing of bead functionalization
with CD44: 1 co-adsorption of b-CD44 with biotin, 2 CD44 staining with the mix of fluorescent (Alexa
532) and non-fluorescent antibodies. B. Histograms of fluorescence intensity as measured by flow cytome-
try of microbeads functionalized with different CD44 target surface fractions and non-functionalized beads.
Statistics for the flow cytometry data was taken on at least 10000 events. C. Intensity of fluorescence mea-
sured from the beads presenting different fraction of b-CD44 at their surface (with background subtracted).
Data points represent the median of detected events, with error bars along the vertical axis indicating the
interquartile range (75th and 25th percentiles), and error bars along the horizontal axis representing un-
certainty in b-FITC and biotin concentrations. Functionalization conditions: bead concentration: 0.25%
w/v, cb−CD44 + cbiotin = 700 nM was maintained constant, incubation time: 2 hours. Antibody staining
conditions: Alexa 532-labelled and non-labelled antibodies were mixed in a molar ratio of 1:3, total con-
centration: 10 µg/mL, incubation time: 2 hours.
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only 1 fluorophore per antibody molecule. To confirm this hypothesis, conducting an additional
test employing a different type of CD44 antibody would be advantageous.

Irrespective of the non-linear features, the calibration curve presented in Fig. 4.3C, can serve
as a reference for functionalizing beads with a desired CD44 surface fraction, including its appli-
cability to double functionalization of the beads.

4.3.2.2 Bead functionalization with PSGL-1

Using a similar approach, we established a calibration curve for beads functionalized with vary-
ing surface coverages of PSGL-1. This involved an additional incubation step (see Fig. 4.4A):
first, b-ZZ was co-adsorbed with free biotin onto the bead surface at a defined ratio of molar
concentrations to achieve the desired surface coverage. Subsequently, beads were functionalized
with PSGL-1-Fc molecules until saturation for lower surface coverages or until reaching a close-
to-equilibrium state for higher surface densities. Finally, the anchored PSGL-1 molecules were
labeled using a mixture of fluorescently labeled and non-labeled antibodies at a ratio of 1:3.

In the case of PSGL-1, the selection of fluorescently-labeled antibodies was not straightfor-
ward. Initial tests (not shown) with some of the commercially available antibodies produced very
low signals with the flow cytometer settings used for our measurements, while others exhibited
high non-specific binding to non-functionalized beads. After several experimental trials, we opted
to use phycoerythrin (PE)-labeled antibodies due to their broad signal detection range and low
level of non-specific binding.

The flow cytometry analysis confirmed the uniform functionalization of all bead samples with
a slight asymmetry towards higher intensities, as depicted in Figure 4.4B. The resulting calibration
curve for PSGL-1-functionalized beads displayed a linear phase within the range of low surface
coverages, extending up to approximately 20% of the maximum surface coverage (see Fig. 4.4C).
This observed pattern in the curve aligns with expectations, indicating that PSGL-1, being a rela-
tively large protein, starts saturating the bead surface after reaching about 20% of the maximum
surface coverage. Further attachment of PSGL-1 molecules is impeded by the steric hindrance ef-
fect, leading to the signal saturation phase. This effect closely resembles what has been observed
for P-selectin at planar surfaces, as detailed in Section 3.3.3.1.

4.3.3 Bead co-functionalization with two types of receptors: CD44 and PSGL-1

Finally, the abovementioned approaches were applied to bead functionalization with the two recep-
tors of interest: CD44 and PSGL-1. The functionalization proceeded in three stages (Fig. 4.5A).
First, b-CD44 was co-adsorbed with b-ZZ and free biotin. Second, the beads were incubated
with PSGL-1-Fc so it saturated the available b-ZZ binding sites. Finally, two identical samples of
double-functionalized beads were labeled, one with CD44 antibodies and the other with PSGL-1
antibodies.

In order to assess any potential antibody cross-reactivity, wherein CD44 antibodies might
bind to PSGL-1, or vice versa, an additional negative control experiment was conducted (see
Fig. B.11 in Supplementary Materials). The results demonstrated the absence of any antibody
cross-reactivity.

For the bead functionalization process, surface densities of 10% of the maximum surface cov-
erage were selected for both CD44 and PSGL-1 receptors. These densities were selected to achieve
relatively high surface coverages whilst staying in the linear binding range. To validate that the
double functionalization strategy worked quantitatively, the fluorescent signal from the double-
functionalized beads was compared with the previously established calibration curves (Fig. 4.3C
for CD44 and Fig. 4.4C for PSGL-1).

In Figure 4.5B and Figure 4.5D, a comparison is presented between the detected fluorescent
signals from the double-functionalized beads stained with CD44 antibodies and beads carrying
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Figure 4.4: Beads functionalization with PSGL-1. A. Schematic drawing of beads functionalization with
PSGL-1 : 1⃝ co-adsorption of b-ZZ with biotin, 2⃝ PSGL-1-Fc incubation, 3⃝ PSGL-1 staining with the
mix of fluorescent (PE) and non-fluorescent antibodies. B. Histograms of fluorescence intensity as mea-
sured by flow cytometry of microbeads functionalized with different PSGL-1 target surface fractions and
non-functionalized beads for comparison. Statistics for the flow cytometry data was taken on at least 10000
events. C. Intensity of fluorescence measured from the beads presenting different fraction of b-ZZ at their
surface. Data points represent the median of detected events, with error bars along the vertical axis indicat-
ing the interquartile range (75th and 25th percentiles), and error bars along the horizontal axis representing
uncertainty in b-FITC and biotin concentrations. Functionalization conditions: bead concentration: 0.25%
w/v, cb−ZZ + cbiotin = 700 nM was maintained constant, incubation time: 30 min. PSGL-1 incubation:
cPSGL−1 = 800 nM, incubation time: 2 hours. Antibody staining conditions: PE-labelled and non-labelled
antibodies were mixed in molar ratio of 1:3, total concentration: 10 µg/mL, incubation time: 2 hours.
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Figure 4.5: Beads functionalization with CD44 and PSGL-1. A. Schematic drawing of beads functional-
ization with CD44 and PSGL-1 : 1⃝ co-adsorption of b-CD44, b-ZZ and biotin, 2⃝ PSGL-1-Fc incubation,
3⃝ Two samples of double-functionalized beads are stained separately: CD44 staining with the mix of flu-

orescent (Alexa) and non-fluorescent antibodies; PSGL-1 staining with the mix of fluorescent (PE) and
non-fluorescent antibodies. B. Histograms of fluorescence intensity as measured by flow cytometry of mi-
crobeads functionalized with CD44 only and CD44 together with PSGL-1 and stained with CD44 Alexa
532 antibodies. The flow cytometry data was taken on at least 10000 events. C. Histograms of fluorescence
intensity as measured by flow cytometry of microbeads functionalized with PSGL-1 only and PSGL-1 to-
gether with CD44 and stained with PSGL-1 PE antibodies. The flow cytometry data was taken on at least
10000 events. D. Comparison between intensity of fluorescence from CD44 Alexa antibodies on beads
functionalized with two types of receptors (CD44 and PSGL-1) and beads functionalized with CD44 only.
E. Comparison between intensity of fluorescence from PSGL-1 PE antibodies on beads functionalized with
two types of receptors (CD44 and PSGL-1) and beads functionalized with PSGL-1 only. Conditions: bead
concentration: 0.25% w/v, cb−CD44 + cb−ZZ + cbiotin = 700 nM; incubation time: 2 hours. PSGL-1 incuba-
tion: cPSGL−1 = 800 nM, incubation time: 2 hours. Antibody staining conditions: Alexa 532-labelled and
non-labelled CD44 antibodies were mixed in molar ratio of 1:3, total concentration: 10 µg/mL, incubation
time: 2 hours; PE-labelled and non-labelled PSGL-1 antibodies were mixed in molar ratio of 1:3, total con-
centration: 10 µg/mL, incubation time: 2 hours. Columns represent the median of at least 10 0000 detected
events, with error bars indicating the interquartile range (75th and 25th percentiles).
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CD44 only, which were also stained with CD44 antibodies. The response from the double-
functionalized beads appeared slightly lower, though it remained within the interquartile range,
as defined by the 75th and 25th percentiles. Similarly, Figure 4.5C and Figure 4.5E show a com-
parison between the double-functionalized beads stained with PSGL-1 antibodies and beads func-
tionalized with PSGL-1 only, both of which were stained with the same antibodies. Notably, the
detected fluorescent responses from both of these samples were identical. These results confirm
that the applied strategy for double-functionalization of the beads works as expected, and the
desired surface coverages of the receptors of interest can be reliably achieved using the newly
established protocol.

4.4 Discussion

This chapter has provided an extensive analysis of strategies for bead functionalization and
the practical considerations that must be taken into account during the microbead functionalization
process. Moreover, it has established a new approach for regulating the surface density of receptors
by co-adsorbing biotinylated receptors with inert biotin, which can be applied to modulate the
receptor density on microbeads.

A significant novelty is the development of a method for double functionalization of mi-
crobeads with two distinct receptors. While previous attempts in this direction have been made
[121], they often lacked quantitative precision. Our novel approach introduces guidelines for the
functionalization of microbeads with specific surface fractions of two or more receptors of interest.

However, several crucial aspects need to be considered when applying the co-adsorption ap-
proach to microbeads. As illustrated in Section 4.3.1, even in the case of SAv-coated beads, the
relationship between the intensity of fluorescence and the fraction of biotinylated fluorophore at
the bead surface was not strictly linear. This contrasts with the behavior observed in a similar
experiment conducted on a planar surface (refer to Fig. 3.2B). To date, we have not definitively
determined the cause of this deviation from linearity. One possible explanation could be that
our assumption that the shaking mode can be likened to flow conditions might not be accurate.
We explored different theoretical scenarios for the obtained experimental data, including cases
where there were no flow conditions (i = 1/2) or where the ratio of the concentration of bound
molecules at the surface equaled that in solution (i = 0). However, the recalculated curves devi-
ated even further from a straight line (see Fig. B.12 in the Supplementary Materials), resulting
in more pronounced superlinear trends. Another potential explanation could be that streptavidin
adsorbed on the bead surface in unpredictable orientation behaves differently from streptavidin
forming a monolayer on the supported lipid bilayer (SLB), potentially exhibiting greater on rate
for free biotin than for biotinylated species. Hence, the mechanism of species adsorption on the
spherical surface of microbeads remains incompletely understood and has a potential for further
investigation.

Another noteworthy aspect is that in the microbeads model system, unlike in SLB-based lay-
ers, quantification of surface-bound receptors remains a practical challenge. Currently, quantifi-
cation relies on empirical methods, necessitating information from the bead provider regarding
biotin binding capacity. Moreover, binding capacity may be influenced by the size and shape of
the biotinylated probe. While our newly developed method still requires further refinement in
the future, it represents a substantial advancement compared to previously published methods for
modulating receptor density on microbead surfaces [33, 121].

Moving forward, our novel protocol for functionalizing beads with two types of receptors
can be applied to create leukocyte mimetics for adhesion assays with the glycocalyx model. In our
project, we chose to employ surface fractions of 10% for CD44 and PSGL-1 receptors. While these
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surface densities may not precisely replicate physiological levels on living cells, they do allow us
to investigate the influence of these receptors on the mechanisms of cell adhesion effectively.

Furthermore, the techniques described have broader applications in microbead functionaliza-
tion for diverse research purposes. Microbeads can potentially be coated with various other types
of cell surface ligands, enabling the exploration of the impact of different ligand-receptor pairs on
cell adhesion under flow conditions. These methods can also be extended beyond cell mimick-
ing, facilitating the investigation of a wide range of research questions involving functionalized
microbeads.

4.5 Conclusion

A protocol for functionalizing microbeads to mimic white blood cells has been successfully
established and the new method to control the surface density of one or more anchored proteins
on microbeads has been developed. The study illustrates that the two receptors of interest, CD44
and PSGL-1, can be co-presented on the bead surface at desired surface fractions.

84



5
Conclusions and perspectives

Contents
5.1 Main achievements of this thesis work . . . . . . . . . . . . . . . . . . . . 86

5.1.1 A new molecularly defined in vitro model of the endothelial cell surface 86
5.1.2 A new method to quantitatively tune the density of surface-anchored

molecules . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
5.1.3 A method to co-present more than one receptor on microbeads at de-

fined surface densities . . . . . . . . . . . . . . . . . . . . . . . . . . 86
5.2 Perspectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

5.2.1 Integration of the new models of the glycocalyx and circulating cells
into laminar flow assays . . . . . . . . . . . . . . . . . . . . . . . . . 87
5.2.1.1 Microfluidic device for studying cell-glycocalyx interaction

in vitro . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
5.2.1.2 Glycocalyx molecular model presenting a homogeneous layer

of P-selectin formed in the microfluidic device . . . . . . . . 88
5.2.1.3 PSGL-1-coated microbeads rolling on the surface presenting

P-selectin . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
5.2.2 Going forward . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92
5.2.3 Beyond the leukocyte-glycocalyx interaction . . . . . . . . . . . . . . 93

85



Chapter 5. Conclusions and perspectives

5.1 Main achievements of this thesis work

In the "Discussion" sections within Chapters 2-4, the novelty of the in vitro platform developed
during my PhD project was delineated, highlighting its distinctions from previously described sys-
tems for studying cell adhesion. To provide a concise summary, the key attributes of my platform
are as follows:

5.1.1 A new molecularly defined in vitro model of the endothelial cell surface

I have successfully developed a novel in vitro model of the endothelial cell surface, which inte-
grates a glycocalyx-like layer with tunable thickness and elasticity, alongside cell adhesion re-
ceptors. Through an extensive investigation to select the appropriate molecular platform and to
engineer the monolayer with biotin-binding sites, I have established a highly dependable and
consistent molecular system. Notably, our research has demonstrated the capacity to adjust the
fluidity of the supported lipid bilayer, paving the way for the creation of customized molecular
models suitable for a wide range of applications, particularly in the study of dynamic processes
under various flow conditions.

5.1.2 A new method to quantitatively tune the density of surface-anchored molecules

A new approach to precisely adjust the surface density of biotinylated receptors on SAv-coated
supports, both in stagnant and dynamic flow conditions, has been developed. Within the scope
of my project, this investigation was crucial in replicating the biologically significant spacing
between P-selectin receptors. Notably, the theoretical principles outlined here hold promise as a
versatile tool applicable to a diverse array of research endeavors and can be extended to anchor
types beyond biotin, with examples such as IgG binding to protein A or protein G. Owing to its
straightforward implementation, this technique can find widespread utility in various applications,
allowing for the precise modulation of surface concentrations for a wide range of target receptors.

5.1.3 A method to co-present more than one receptor on microbeads at defined
surface densities

I introduced a new approach for the functionalization of microbeads with specific surface fractions
of two or more receptors of interest. These techniques, as outlined, hold broader implications for
microbead functionalization in a wide range of research contexts, for example, their utilization as
bacterial mimetics for the study of bacterial migration. In addition to the receptors mentioned,
microbeads can be coated with various other types of cell surface ligands, thus opening avenues
for investigating the influence of different ligand-receptor pairs on cell adhesion under dynamic
flow conditions.

5.2 Perspectives

When combined with the controlled conditions within the microfluidic channel, including its
geometry and the applied shear rate, this system presents a wide array of potential applications,
which will be discussed in the upcoming sections of this chapter.
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5.2.1 Integration of the new models of the glycocalyx and circulating cells into lam-
inar flow assays

Initial progress has been made towards incorporating the newly developed molecular glycocalyx
model into the laminar flow assays, as outlined in sections 5.2.1.1-5.2.1.3. Following further
validation (detailed in section 5.2.2), the new models will enable the study of physical mechanisms
of cell-glycocalyx interactions.

5.2.1.1 Microfluidic device for studying cell-glycocalyx interaction in vitro

The development of our microfluidic device for in vitro analysis of cell-glycocalyx interactions
built upon the prior expertise within our research group. Several modifications were introduced to
the previously described microfluidic device [33]. The development of the new microfluidic sys-
tem was done with a great help of Elena Murillo Vilella, an M1 student under my co-supervision,
and Yeraldinne Carrasco Salas, a postdoctoral researcher at LIPhy.

The microfluidic device consists of a polydimethylsiloxane (PDMS) part with microfluidic
channel sealed to a pre-cleaned glass coverslip (Fig. 5.1A), as described in Methods section. The
tubings connected to the inlet and the outlet of the channel are each composed of two parts: a short
PDMS section for attachment to the PDMS channel and a longer Teflon section. The choice of
Teflon for the latter segment is based on its rigidity and inert properties, ensuring minimal loss of
material on the tubing walls.

Figure 5.1: Microfluidic device for studying cell-glycocalyx interactions. A. Schematic drawing of the
key elements of the microfluidic device (not drawn to scale). The PDMS part with microfluidic channel is
sealed onto a cleaned glass coverslip and the tubing consists of a short PDMS section and a longer Teflon
segment, connected to the channel’s inlet and outlet. The volumetric flow rate (which along with the channel
geometry defines the shear rate) is regulated using a syringe pump in withdraw mode. B. Dimensions of
the microfluidic channel (not to scale). The channel has a rectangular cross section with a length of 1 cm,
width of 500 µm and height of 100 µm.

Functionalization of the channel was performed in situ. The necessary reagents for the step-
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by-step assembly of the glycocalyx molecular model were sequentially introduced into the system
through the inlet tube. A channel with rectangular cross section with dimensions of 1 cm in length,
500 µm in width and 100 µm in height (as shown in Fig. 5.1B). These dimensions were chosen
to facilitate cell adhesion assays in laminar flow across the relevant range of shear stresses (0-1
dyn/cm2 [45]).

The functionalization process closely resembled that of QCM-D. Consequently, the incuba-
tion conditions, including flow rate, incubation time, and reagent concentrations, were maintained
identical to those used in QCM-D experiments. However, we aimed to assess whether the result-
ing layer exhibited similar properties (homogeneity, surface density of bound proteins) to those
observed in the QCM-D chamber.

5.2.1.2 Glycocalyx molecular model presenting a homogeneous layer of P-selectin formed
in the microfluidic device

As a first test, I used the microfluidic device to observe the interaction between a surface solely
presenting P-selectin (without HA brush) and microbeads bearing the PSGL-1 receptor. Given the
prior demonstration of experiments examining HA brush/CD44receptor interactions [33], my aim
was to illustrate effective P-selectin/PSGL-1 interactions within carefully controlled conditions.
For this, the glass bottom of the microfluidic channel was functionalized with P-selectin at 10% of
the anticipated fractional surface density, corresponding to a surface density of 0.7 pmol/cm2. A
separate experiment was carried out to evaluate the uniformity and surface density of the resultant
P-selectin layer. This involved staining the layer with fluorescently labeled P-selectin antibodies,
following a procedure similar to that described in Section 3.3.3.3. Confocal microscopy was then
used to visualize the fluorescently labeled layer.

Figure 5.2A presents a composite of images taken along the channel, demonstrating a pre-
dominantly uniform fluorescent signal on the functionalized surface. Due to a slight sample tilt,
the micrographs exhibit the highest fluorescence intensity from the bottom-left to the top-right,
while the top-left and bottom-right corners appear darker, indicating their position outside the
focal plane. A small area near the inlet, as indicated by the white arrowhead exhibited lower
fluorescence, likely due to a minor air bubble partially damaging the surface in that region. The
individual image shown in Fig. 5.2B is representative of the entire channel, and demonstrates a
largely uniform functionalization. Some brighter spots are visible in the field of view (a few ex-
amples are indicated by the white arrowheads), presumably indicating the presence of clusters of
P-selectin or of P-selectin antibodies on the surface. However, these spots typically occupied less
than 1% of the imaged area and can be considered negligible.

This experimental analysis effectively demonstrated the successful formation of a homoge-
neous P-selectin layer within the microfluidic channel. The P-selectin surface density (Fig. 5.2C)
was estimated by determining the average fluorescence intensity across all individual images and
comparing the obtained value with the calibration curve previously shown in Fig. 3.7B. The sur-
face density was found to be approximately 17% of all the available Fc-binding sites at the surface
(around 1.2 pmol/cm2), slightly higher than the predicted value from Eq. 3.8 (0.7 pmol/cm2).
This inconsistency could potentially be attributed to variations in the surface coverage of strepta-
vidin (SAv) due to different incubation conditions, an aspect that will be addressed in subsequent
experiments.

This experimental analysis effectively demonstrated the successful formation of a homoge-
neous P-selectin layer within the microfluidic channel.

5.2.1.3 PSGL-1-coated microbeads rolling on the surface presenting P-selectin

After successfully forming a P-selectin layer within the microchannel, we investigated the inter-
action of PSGL-1 coated microbeads with the P-selectin coated channel surface. The microbeads
were modified with three distinct surface fractions of PSGL-1 (0%, 10%, and 100%), following
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Figure 5.2: Microfluidic channels can be homogeneously functionalized with P-selectin, as visualized
with confocal microscopy. A. Tilescan of micrographs captured along the entire length of the channel,
demonstrating uniform functionalization across the channel surface. Each square (the dashed yellow square
surrounds an example) within the composite tilescan image represents a distinct micrograph. Owing to
a slight sample tilt, the highest fluorescence intensity is observed to run from the bottom-left to the top-
right in each micrograph, whereas the top-left and bottom-right corners appear darker as they are outside
the focal plane. A white arrowhead indicates the area with lower fluorescent signal, likely due to a minor
air bubble partially damaging the surface in this region. B. A representative micrograph of the channel
surface. The surface appears predominantly uniform, with a few noticeable bright spots (some of which
are indicated by white arrowheads) covering less than 1% of the surface, likely indicating the presence
of clusters of P-selectin or P-selectin antibodies. C. Averaged intensity of fluorescence detected within
the microfluidic channel (red star) as described in Methods section compared to the previously established
calibration curve for P-selectin surface densities (blue spheres, taken from Fig. 3.7B). Channel function-
alization conditions (flow rate at all steps: 20 µL/min, corresponding to a shear rate of 4 dyn/cm2): SLB
formation: c(DOPC/DOPE-cap-b) = 50 µg/mL, incubation time: 15 min; SAv monolayer: c(SAv) = 10
µg/mL, incubation time: 15 min; cbZZ + cbiotin = 0.625 µM was maintained constant, with cbZZ and cbiotin
determined according to Eq. 3.8, incubation time: 10 min; c(P-selectin) = 33.3 nM, incubation time: 40
min; c(P-selectin Ab) = 10 µg/mL, incubation time: 30 min.
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the protocols detailed in Chapter 4. The selected fractions represent the extremes of protein cov-
erage, as well as a reduced surface density, facilitating the assessment of the impact of PSGL-1
concentration at the bead surface on the strength of P-selectin/PSGL-1 interaction. The move-
ments of the functionalized microbeads in the channel were monitored by bright-field microscopy.
The flow rate Q was controlled with the help of a syringe pump, and the corresponding shear stress
was calculated as [34]:

τ =
6Qη

h2w
(5.1)

where η is the solution viscosity (η ≈ 1 mPa·s for water at room temperature [33]), and w and
h are the width and height of the channel, respectively.

To perform a quantitative analysis of this experiment, it is essential to analyze a significant
number of beads, with a minimum of 20-30 beads for each experimental condition. The application
of automated image analysis allows individual bead tracking, with bead positions determined for
each frame, enabling the calculation of mean velocities for each bead.

In view of time constraints, this section offers a qualitative comparison of beads with varying
PSGL-1 coverage. I selected a single representative bead from each sample, chosen based on the
average velocity of the bead population, and manually tracked its movement.

Figure 5.3A illustrates the bead movement within the channel at a constant flow rate of 2
µL/min (equivalent to 0.4 dyn/cm2), which is in a range of physiological shear stress of post-
capillary venules (0-1 dyn/cm2 [45]). Yellow lines depict the bead trajectories, while white
squares represent the positions of the bead’s center at each time frame. The bead without PSGL-1
on its surface exhibited a consistent and constant speed while traversing the channel. The bead
functionalized with a 10% fractional coverage of PSGL-1 also maintained a constant speed, albeit
slower than the non-functionalized bead. The bead with the highest PSGL-1 surface coverage dis-
played the slowest velocity among the three beads. Notably, its movement was characterized by
intermittent periods of increased speed (as indicated by black arrowheads in Fig. 5.3A), suggesting
potential ruptures of specific PSGL-1/P-selectin bonds.

This comparative analysis of bead movement highlights the differences in velocity among the
selected beads. Figure 5.3B depicts the displacement of each bead over time. From this graph,
we can estimate the average bead velocity: for the non-functionalized bead, it was 57.4 ± 0.2
µm/s, for the bead with 10% fractional coverage of PSGL-1 – 31.5 ± 0.3 µm/s, and for the bead
with maximal PSGL-1 surface coverage – 7.4 ± 0.4 µm/s. Consequently, the velocity of PSGL-1-
functionalized beads moving along the P-selectin layer was significantly (more than 7-fold) lower
than that of non-functionalized beads. This provides clear evidence that the specific interaction
between P-selectin and its ligand, PSGL-1, is strong enough to affect the bead movement under
flow. To enhance this effect, the surface density of P-selectin can potentially be increased further.
These findings will prove instrumental in future investigations involving the microfluidic channel
co-presenting P-selectin with the HA brush, as they demonstrate that comparable concentrations
can be employed to assess the impact of the mechanical properties of the HA brush on facilitating
this interaction.
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Figure 5.3: Tracking PSGL-1 coated microbeads moving along a P-selectin functionalized microchan-
nel. A. Movement trajectories of three microbeads with varying PSGL-1 surface densities moving within a
microfluidic channel presenting P-selectin (see Figure 5.2) at a constant flow rate of 2 µL/min (0.4 dyn/cm2).
The pictures show the final positions of each of the beads, the direction of the flow is indicated by the black
arrow at the top of the figure. Yellow lines depict the trajectories of microbead motion, and white squares
indicate the bead center at 200 ms intervals. The dark spots in the background of the images are optical
artefacts. B. Time-dependent displacement in the direction of the channel axis of microbeads within the
channel. Green squares represent beads functionalized with 100% biotin (lacking PSGL-1), with a linear fit
(slope: 57.4 ± 0.2, dashed line). Red triangles correspond to microbeads functionalized with 10% PSGL-1,
with a linear fit (slope: 31.5 ± 0.3, dashed line). Blue circles depict microbeads with 100% PSGL-1, with
linear fits (slopes: 7.6 ± 0.1 and 7.1 ± 0.7, dashed lines).
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5.2.2 Going forward

The in vitro model described in my work allows to investigate both the mechanical and biochemi-
cal aspects of cell-glycocalyx interactions by addressing a number of research questions:

1. Investigation of the HA brush mechanical properties on the P-selectin/PSGL-1 interaction.
This study will involve the use of microfluidic channels where beads functionalized with
two receptor types, CD44 and PSGL-1, will traverse along the channel while encountering
P-selectin receptors concealed beneath the hyaluronan (HA) brush. Two specific scenarios
will be explored:

• a soft HA-840 brush facilitating bead indentation, thereby enabling the P-selectin/PSGL-
1 interaction;

• a stiff HA-280 brush screening the P-selectin/PSGL-1 interactions.

This research endeavors to test the hypothesis that the mechanical characteristics of the gly-
cocalyx are pivotal in mediating cell adhesion by either facilitating or impeding interactions
between cells and cell adhesion molecules located on the surface of endothelial cells.

2. Examination of the impact of HA brush mechanical properties on leukocyte adhesion. Sim-
ilar to the previous approach, this study will use the aforementioned glycocalyx platform,
with the exception that living white blood cells will replace the cell mimetics. My prelimi-
nary test has demonstrated that both CD44-positive and CD44-negative AKR1 T-lymphocytes
that have previously been used by our research group bear PSGL-1 receptors on their sur-
face, making them suitable for this study. The transition to living cells interacting with our
novel platform will validate the findings about the significance of the mechanical properties
of vascular glycocalyx observed with cell mimetics.

3. Assessment of the influence of receptor mobility on blood cell adhesion under flow. By
implementing newly established protocols for controlling the lateral mobility of surface-
anchored receptors, we aim to discern the differences in cell adhesion to mobile and immo-
bile platforms. This investigation will aim to validate the hypothesis that receptor recruit-
ment is pivotal during blood cell adhesion. Both cell mimetics and living cells can be used
in this study.

There are, however, other potential improvements to our in vitro platform to accommodate
the study of additional facets of cell-glycocalyx interactions or elevate its complexity to emulate
in vivo scenarios more closely. The glycocalyx mimetic can be refined by introducing additional
components that contribute to its structural and mechanical properties, such as heparan sulphate
and chondroitin sulfate, which together with hyaluronan contribute to about 90% of the entire
glycocalyx structure in living systems [87]. Attaching these biotinylated glycosaminoglycans to
our streptavidin-based platform is a straightforward procedure, and the principles of species co-
adsorption discussed in Chapter 3 can be readily employed to achieve the desired fractional surface
coverage of each of these species. The integration of more intricate models may offer the opportu-
nity to explore a broader spectrum of mechanical properties (thickness, rigidity) of the glycocalyx
model, potentially including certain pathological conditions, as it was demonstrated that glycoca-
lyx can become significantly thinner due to sepsis [11] or chronic kidney disease [90].

Furthermore, to increase the complexity of our platform, we can consider the addition of other
types of surface-anchored cell adhesion molecules. For instance, introducing E-selectin would
facilitate the study of the mechanisms behind the initial cell capture and rolling on endothelial
surfaces. Similarly, the inclusion of ICAM-1 and/or VCAM-1 receptors would enable the exami-
nation of leukocyte stabilized adhesion.
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As for the bead mimetics, their complexity can be enhanced by incorporating additional recep-
tors that contribute to cell capture under flow conditions, such as L-selectin, β1-integrin VLA-4,
and/or β2-integrin LFA-1. Achieving this can be accomplished by anchoring these receptors onto
the bead surface through biotin-streptavidin bonds, similar to as described in Chapter 4. This strat-
egy will enable the assessment of the individual significance of each receptor type in blood cell
adhesion, as well as the examination of various physiological and non-physiological conditions
and their impact on blood cell adhesion.

Additionally, one potential approach to enhancing the resemblance of cell mimetics to living
cells can involve introducing lateral mobility to receptors on the bead surface. To achieve this, one
viable approach is the formation of a supported lipid bilayer on non-functionalized polystyrene
microspheres. This SLB can serve as a platform for creating a streptavidin monolayer, enabling
the subsequent attachment of receptors. This approach allows for the investigation of receptor re-
cruitment effects on the leukocyte surface during cell adhesion. While it may introduce some com-
plexity to bead functionalization, there are existing protocols in the literature [9, 18] that describe
the formation of SLBs on microbead surfaces and that can be adapted for our specific application.
This approach will enable the validation of the hypothesis concerning the significance of receptor
reorganization on the cell surface in cell adhesion under flow conditions.

5.2.3 Beyond the leukocyte-glycocalyx interaction

The main aim of developing the platform discussed in this research was to investigate the in-
teraction between immune cells and the glycocalyx under controlled conditions. However, the
methodologies introduced here have the potential to address a variety of other research inquiries,
extending beyond blood cell migration within the bloodstream. Our novel system enables the ma-
nipulation of the soft layer’s mechanical and chemical properties and the shear rate, facilitating its
application in both fundamental and practical studies. Below are some additional examples of the
platform’s potential applications:

1. Investigating the functions of the intestinal epithelial glycocalyx. The epithelial glycocalyx
in the intestine is composed of mucins and acts as a barrier against microbial and bacterial
adherence. Our platform can be utilized in studies focusing on how the mechanical prop-
erties of the soft layer affect bacterial adhesion. By adjusting the soft film’s elasticity, our
system facilitates the examination of bacterial adhesion under diverse mechanical condi-
tions. This is particularly pertinent as certain types of bacteria have been reported to adhere
to the glycoproteins and glycolipids on the epithelial cell glycocalyx through specific glycan
recognition mechanisms [14].

2. Investigating cell adhesion in cancer metastasis. By replicating the mechanical conditions
of the extracellular matrix, our platform can contribute to understanding how variations in
the glycocalyx influence the adhesion and spread of cancer cells, potentially offering crucial
insights into metastatic processes.

3. Blood coagulation studies. A microfluidic system that emulates the mechanical properties
of blood vessels can be employed to study the dynamics of blood coagulation, which can be
crucial for understanding thrombosis and designing anticoagulant therapies.

4. Investigating protein unfolding kinetics under mechanical stress. With its application of a
streptavidin monolayer as an anchorage platform, our system ensures a defined orientation
of surface-bound proteins. This feature is advantageous for fundamental research centered
on understanding how proteins respond to mechanical stress, for example, when exposed to
substantial shear rates.

93



Chapter 5. Conclusions and perspectives

5. Cell sorting. The surface of the platform can be modified to introduce specific molecules
or ligands that are known to interact with the target cells. These could include antibodies,
aptamers, or other ligands that bind to unique cell surface markers present on the cells
of interest. As the cells flow through the system, the platform’s surface chemistry and
mechanical conditions will selectively allow the target cells to adhere while others will not.
This can be achieved based on the specific binding interactions between the target cells and
the modified surface. While some efforts have already been made in this direction [40], our
system can offer an alternative with a greater number of adjustable parameters.

In summary, the implications of this research extend beyond the initial investigation of immune
cell-glycocalyx interactions. The developed platform’s adaptability and diverse applications make
it valuable in the fields of biophysics, cell biology, and biomaterials science.

94



Materials and Methods

Materials and Methods

Materials

Buffers

Working buffer (often referred to as “HEPES buffer”) used in the majority of the experiments
consisted of 10 mM HEPES (Acros Organic, Belgium), pH 7.4, 150 mM NaCl (Sigma Aldrich,
France) to match with physiological salt levels and pH. It was prepared in ultrapure water (uH2O;
resistivity 18.2 MΩcm−1).

High-salt buffer used for the thick HA brush formation was prepared with 10 mM HEPES at
pH 7.4 and 1 M NaCl in ultrapure water.

Low-pH buffer used for HA-280 brush formation was prepared with 150 mM K2HPO4 and
150 mM KH2PO4 at pH 3.0 in ultrapure water.

To test the stability of HA brush the working buffer without salt was used (referred to as
“no-salt buffer): 10 mM HEPES at pH 7.4 in ultrapure water.

To assess the specificity of the binding between PSGL-1 and P-selectin, the following working
buffers were employed: one containing Ca2+ions (2 mM Ca2+ in HEPES buffer) and another
containing EDTA (2 mM EDTA in HEPES buffer).

All buffers were filtered with the use of a syringe filter (pore size: 0.2 microns) and stored in
the fridge at 4°C. Prior to experiments buffers were brought to the room temperature and degassed
for 30-60 minutes using the ultrasonic bath sonicator (Nickel-Electro Ltd, UK).

Lipids

Lyophilised 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 1,2-dioleoyl-sn-glycero3-
phosphoethanolamine-N-(Cap Biotinyl) (DOPE-cap-B) were purchased from Avanti Polar Lipids
(Alabaster, USA).

Small unilamellar vesicles (SUVs) displaying biotin were prepared following a previously
established procedure [135]. In brief, lipids were combined in chloroform at a ratio of 95 mol.%
DOPC and 5 mol.% DOPE-cap-B, totaling 5 µmol. The mixture was evaporated using a stream
of nitrogen gas, followed by vacuum drying for 2 hours. The resulting lipid mixture was re-
suspended in the working buffer at a concentration of 2 mg/mL and homogenized through five
cycles of freezing, thawing, and vortexing.

To produce small unilamellar vesicles, the lipid suspension underwent tip sonication using a
pulse mode (1 second on/1 second off) for a period of 30 minutes, with refrigeration. The resulting
SUV suspension was then subjected to centrifugation at 12,100×g for 10 minutes to eliminate
titanium debris originating from the sonicator tip.

The lipid solution was stored at 4 °C under a nitrogen gas environment.

OEGs

Oligo-ethylene glycol (OEG) thiol and biotinylated OEG (bOEG) thiol were purchased from Poly-
pure, Oslo, Norway. They were stored at 4 °C.
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SAv and TAv

Lyophilized SAv was purchased from Sigma Aldrich, and lyophilized TAv was provided by Mark
Howarth (University of Oxford). Both proteins were reconstituted in uH2O at 1 mg/mL and stored
at -20 °C until use.

GTA

GTA solution (8% in H2O) was purchased from Sigma Aldrich and stored at 4 °C in darkness.

b-ZZ

b-ZZ adapter protein was previously expressed from the pCA1 plasmid as described earlier [44].
It was diluted in uH2O at 500 µg/mL and stored at -20 °C.

biotin

Biotin was purchased as a powder from Sigma Aldrich, reconstituted in uH2O at 1 mg/mL and
stored at -20 °C.

b-FITC

Biotinylated FITC fluorophore was purchased from ThermoFischer Scientific, USA as a lyophilized
powder. It was reconstituted at 500 µg/mL in uH2O and stored at -20 °C.

In some of the experiments the fluorophore solution in working buffer was partially photo-
bleached to reduce the concentration of fluorescent b-FITC and prevent self-quenching on the
surface. A halogen lamp (KL 1500 LCD; Schott, Germany) was used to cover the entire visible
spectrum, effectively exciting and bleaching the FITC fluorophore. The fluorophore solution (20
µg/mL in working buffer) was placed in a transparent glass vial, positioned 1.5 cm away from the
light source, and illuminated. During the illumination process, the solution was briefly vortexed
once per minute to ensure uniformity.

Fluorescence emission spectra were measured using a spectrofluorometer (FluoroMax-4; Horiba,
Japan) in plastic cuvettes (UV-Cuvette micro 70 µL; BRAND GmbH, Germany) before illumina-
tion and after 30 minutes of illumination. The resulting b-FITC solution contained a defined total
concentration of fluorescent and non-fluorescent molecules.

b-Alexa 647

Biotinylated Alexa 647 was purchased from ThermoFischer Scientific, USA at the concentration
of 100 nM. It was stored at -20 °C until use.

Hyaluronan

b-HA-840, b-HA-280 and b-HA-58 were purchased from Hyalose, USA. They were reconstituted
at 1 mg/mL, 0.25 mg/mL and 0.1 mg/mL respectively and were left in the fridge for 2 hours
allowing HA chains to swell. Then, the hyaluronan samples were aliquoted and stored at -20 °C
until use.

P-selectin-Fc and PSGL-1-Fc

Both proteins were purchased in lyophilized form from R&D Systems, USA. They were reconsti-
tuted at the concentration of 0.1 mg/mL and snap-frozen in liquid Nitrogen. Both proteins were
stored at -80 °C, a fresh aliquot was taken for every experiment.
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b-CD44

Biotinylated CD44 was produced by M.Howarth (University of Oxford, UK) as described else-
where [8]. The aliquots at 50 µg/mL in uH2O were stored at -20 °C, a fresh aliquot was taken for
every experiment.

BSA

Bovine serum albumin (BSA) was purchased as a powder from Sigma Aldrich, France. The so-
lution of desired concentration (typically, 10 mg/mL for the passivation) was prepared prior to
use.

Antibodies

• P-selectin Alexa 647 antibodies, clone AK4, were purchased from BioLegend, USA, at a
stock concentration of 100 µg/mL. They were stored in darkness at 4 °C.

• P-selectin non-labelled antibodies, clone AK4, were purchased from BioLegend, USA, at a
stock concentration of 500 µg/mL. They were stored in darkness at 4 °C.

• CD44 Alexa 532 antibodies, clone IM7, were purchased from ThermoFischer Scientific,
USA, at a stock concentration of 200 µg/mL. They were stored in darkness at 4 °C.

• CD44 non-labelled antibodies, clone IM7, were purchased from ThermoFischer Scientific,
USA, at a stock concentration of 500 µg/mL. They were stored at 4 °C.

• PSGL-1 PE antibodies, clone KPL-1, were purchased from BioLegend, USA, at a stock
concentration of 100 µg/mL. They were stored in darkness at 4 °C.

• PSGL-1 non-labelled antibodies, clone 688101, were purchased from R&D Systems, USA.
They were stored at 4 °C.

Microbeads

• SuAv-coated microbeads, diameter: 15.3 µm, were purchased from Bangs Laboratories,
USA, at a stock concentraion of 1% w/v. They were stored at 4 °C.

• SAv-coated microbeads, diameter: 15.0 µm, were purchased from Spherotech, USA, at a
stock concentraion of 0.5% w/v. They were stored at 4 °C.

• Non-coated beads, diameter: 25.0 µm, were purchased from Polysciences, USA, at a stock
concentraion of 2.6% w/v. They were stored at 4 °C.

• Non-coated beads, diameter: 45.0 µm, were purchased from Polysciences, USA, at a stock
concentraion of 2.56% w/v. They were stored at 4 °C.
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Methods

Quartz crystal microbalance with dissipation monitoring (QCM-D)

QCM-D measurements were performed with a Q-Sense E4 system equipped with Flow Modules
(Biolin Scientific, Västra Frölunda, Sweden) on silica-coated sensors (QSX303; Biolin Scientific).
The flow rate was controlled with a syringe pump (Legato; World Precision Instruments, Steve-
nage, UK) at 20 µl/min unless otherwise stated. The working temperature was 23°C. Before each
use, sensors were cleaned in a 2% (w/v) aqueous solution of sodium dodecyl sulfate (SDS) deter-
gent for 30 min, rinsed with ultrapure water, blow dried with N2 gas, and treated with UV/ozone
for another 30 min. QCM-D data were collected at six overtones (i = 3, 5, 7, 9, 11 and 13, corre-
sponding to resonance frequencies of approximately 15, 25, 35, 45, 55, and 65 MHz). Changes in
normalized resonance frequency (∆F = ∆fi/i) and dissipation (∆D) of the fifth overtone (i = 5) are
presented. All other overtones provided comparable information.

The incubation conditions of all the reagents used in QCM-D assays are indicated in the re-
spective figure legends.

Spectroscopic ellipsometry (SE)

SE measurements were performed in situ in a custom-built open cuvette (1̃00 µL volume) with
glass windows, on silicon wafers, at room temperature with a spectroscopic rotating compensator
ellipsometer with a horizontal plane of incidence (M-2000 V; J. A. Woollam, Lincoln, NE). El-
lipsometric angles ∆ and Ψ were acquired over a wavelength range from λ = 370 to 1000 nm,
at an angle of incidence of 70° and with a time resolution of 5 to 10 s. All samples (in working
buffer) were directly pipetted into the cuvette, and homogenised by a magnetic stirrer, located at
the bottom of the cuvette. SUVs were incubated under continuous stirring. All other samples were
stirred for approximately 5 s after sample injection, and for the remainder of the sample incuba-
tion time, the stirrer was turned off and adsorption was left to proceed from still solution. Excess
sample was rinsed away by flowing working buffer through the cuvette; this was assisted by a
flow-through tubing system and a peristaltic pump (IPC; Ismatec, Germany) operated at a flow
rate of 5 ml/min; during the rinsing phases, the stirrer was turned on to ensure homogenisation
and maximise exchange of the cuvette content.

Areal mass densities (AMD) and molar surface densities of adsorbed biomolecules were de-
termined by numerical fitting of the SE data using the software CompleteEASE (J. A. Woollam).
A model with a stack of multiple isotropic layers relates the measured ellipsometric angles ∆ and
Ψ as a function of λ to the optical properties of the substrate, the adsorbed films and the surround-
ing buffer solution. The semi-infinite bulk solution was treated as a transparent Cauchy medium
(refractive index: nsol (λ ) = Asol +Bsol /λ 2, where Asol = 1.325 and Bsol = 0.00322 µ m2 [21]).
The native oxide film on the Si wafers was modelled as a single and transparent Cauchy layer.
Its optical properties were determined from the measurements acquired in the presence of bulk
solution but in the absence of the biomolecular film, which were then fitted over the range of λ

using the tabulated values for the underlying Si substrate (implemented in CompleteEASE) [44].
The adsorbed biomolecular film was fitted with the help of two separate layers. The combination
of SLB, the monolayer of streptavidin and b-ZZ adapter protein (or the mix of b-ZZ with biotin)
was treated as a single layer (index 1), which was treated as a transparent Cauchy medium with
thickness (d1) and a wavelength-dependent refractive index n1(λ ) = A1 +B1/λ 2. As this layer
was thin (d1 < 10 nm), the optical parameter A1 and B1 were kept fixed, and d1 was the only
adjustable parameter. A1 = 1.4 was set as a typical value for a solvated biomolecular film, and
the dispersity was set equal to the bulk solution (B1 = Bsol ). The thicker layer of P-selectin, ad-
sorbed on b-ZZ, was treated as a separate transparent Cauchy layer (index 2) with thickness d2
and n2(λ ) = A2 +B2/λ 2. Here, d2 and A2 were adjustable fitting parameters, and the change in
B2 with the protein concentration was neglected so that B2 = Bsol . Layer 1 was assumed to re-
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main unchanged during P-selectin binding. The root mean square error remained typically below 2
throughout the time-resolved data fitting, which indicated a good fit. The areal mass densities were
determined through a variant of de Fejter’s equation [139], AMD = [d (A−Asol)]/(dn/dc) using
the refractive index increments, dn/dc, of 0.18 cm3/g for all proteins, and 0.169 cm3/g for lipids.
The molar surface density was calculated from the areal mass density for b-ZZ and P-selectin as
Γ = AMD/Mw, where Mw is the molecular weight of the protein. Errors in AMD and Γ comprise
the temporal noise and the confidence intervals of the data fitting.

A representative SE data for SLB formation on Si wafer followed by SAv monolayer formation
in shown in Fig. B.3 in Supplementary Information.

The incubation conditions of all the reagents used in SE experiments are indicated in the
respective figure legends.

Combined QCM-D and SE assay

The combined QCM-D and ellipsometry assay was conducted to establish a calibration curve re-
lating the QCM-D frequency shifts with the molar surface density of the protein. This experiment
was designed, performed and analyzed by Ralf P. Richter using the procedure established ear-
lier [21]. The QCM-D sensor (QSX303) was cleaned as described before and installed in the open
flow cell. The SE measurements were established similarly to as described in the “Spectroscopic
ellipsometry” section. First, the SUVs were injected into the system at the concentration of 50
µg/mL and incubated for 7 min with constant stirring until the SLB formation was complete.
Then, SAv was incubated at the final concentration of 0.13 µM (8 µg/mL) for 30 minutes. SAv
monolayer formation is shown in Fig. B.4 in “Supplementary Information” section. As a next
step, a b-ZZ solution was added to the flow cell to the final concentration of 0.31 µM (5 µg/mL)
and incubated for 30 minutes. The calibration curve for b-ZZ binding is presented in Fig. B.5 in
“Supplementary Information” section.

By fitting the calibration curves for SAv and b-ZZ binding with the empirical fits ∆F =
− AMD

C(1−A+B×AMD) , the constants A and B were obtained for three overtones (Table B.2). Mass
sensitivity constant C was taken as 18.0 ng/(cm2 Hz). In the experiments presented in this chapter,
we mostly used the 5th overtone.

Surface functionalization in Teflon wells for confocal microscopy and RICM

Glass coverslips with a diameter of 35 mm (VWR, USA) were used for confocal microscopy and
RICM analysis. Prior to use, the coverslips were cleaned with Piranha solution (H2O2:H2SO4
= 1:3) and exposed to H2O plasma (Plasma surface cleaning system; Diener Electronic, Ger-
many) for 3 minutes. Each coverslip was mounted on a custom-made Teflon holder using a two-
component glue (Twinsil, Picodent, Germany) to create four identical wells with a diameter of 5
mm and a volume of 50 µL.

SAM formation

In the experiments where self-assembled monolayers (SAMs) were used, the piranha-cleaned glass
coverslips underwent a gold deposition process prior to their attachment to the Teflon holder.
This deposition was performed using a homemade sputtering machine at LIPhy. The deposition
occurred in two steps within an Argon gas plasma environment at an extremely low pressure (P <
10−6 mbar). Initially, a thin layer of Ti (approximately 3 nm) was applied to the glass, facilitating
the adhesion of gold to the glass surface. Subsequently, a 10 nm gold layer was deposited onto the
titanium-coated surface. To functionalize the gold-coated surface with SAM, the coverslips were
first exposed to UV/O3 for 30 minutes. Then, they were immersed into the thiol mixture of oligo
ethylene glycol (OEG) thiol and biotinylated oligo ethylene glycol (bOEG) thiol in ultrapure water
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(typically in (95:5) molar ratio if not stated otherwise) for 16-18 hours at 4°C. Then, the surfaces
were thoroughly rinsed with uH2O and attached to the Teflon holders.

SLB formation in Teflon wells

To form supported lipid bilayers (SLBs), surfaces were incubated with 50 µg/ml small unilamellar
vesicles (SUVs) in working buffer for 30 minutes, allowing the SLB to form. Excess SUVs were
removed by performing 10 washes with working buffer. Each wash involved injecting 100 µL of
HBS into the well, gently mixing the solution with a pipette without touching the well’s bottom,
and then removing 100 µL of liquid. Next, the SLB-coated surface was incubated with 0.33 µM
(20 µg/ml) streptavidin (SAv) in working buffer for 60 minutes to create a dense SAv monolayer
with biotin-binding sites. Excess SAv was removed by washing the surface 10 times.

HA brush formation in Teflon wells

To form HA brush on SAv or TAv monolayer, biotinylated HA-840 or HA-280 was added into
the teflon wells. Incubation conditions (incubation time, concentation) are indicated for each
experiment in respective figure legends. After the end of the incubation the surface was washed 5
times with working buffer as described above. After forming HA-280 brush in low-pH buffer, the
surface was first was washed 5 times with low-pH buffer, and then 5 times with working HEPES
buffer.

Surface functionalization with b-FITC or b-Alexa

Biotinylated fluorophores (either preliminary bleached as described earlier or not) was mixed with
free biotin at the desired ratio. The SAv-coated surfaces were then incubated with biotinylated
molecules (total concentration: 14 µM for b-FITC and 100 nM for b-Alexa) in working buffer for
14 hours and washed 10 times with working buffer. The extended incubation time was found to
improve the uniformity of the layer when examined using fluorescence microscopy.

Surface functionalization with P-selectin

For the experiments with P-selectin surface coverage calibration curves the surfaces were first
functionalized with the mix of b-ZZ and biotin in appropriate ratios (total concentration of 0.625
µM) in HEPES buffer for 30 minutes, then rinsed 10 times with buffer. P-selectin was added to all
the wells in the constant final concentration 66.7 nM (20 µg/mL) in HEPES buffer and incubated
for 1 hour. Its excess was removed by rinsing 10 times with working buffer. To prepare the mix
of partially fluorescent molecules, Alexa 647-labelled Ab were mixed with non-labelled Ab in a
molar ratio of 1:9. The antibodies were added to the wells in the final concentration of 5 µg/mL
and incubated for 1 hour in darkness, then rinsed 10 times with HEPES buffer.

Confocal microscopy and image analysis

The fluorescence intensity of the functionalised surfaces was measured using a confocal laser
scanning microscope (TCS SP8, Leica, Germany) using a 40x/1.30 oil objective and a built-in
autofocus. The acquisition settings varied depending on the fluorophore used in the experiment:

1. FITC fluorophore (used in tests with b-FITC): fluorescence was excited at 488 nm with a
power on the sample in the range 0.5-10 µW, and detected in the wavelength range 491-629
nm with a pixel dwell time of 1.2 µs and a sampling of 0.284 µm/pixel.

2. Alexa 647 fluorophore (used for staining P-selectin and in tests with b-Alexa): fluorescence
was excited at 633 nm with a power on the sample in the range 0.5-10 µW, and detected in
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the wavelength range 638-800 nm with a pixel dwell time of 1.2 µs and a sampling of 0.284
µm/pixel.

The autofocus was set such that the maximum intensity (corresponding to an in-focus surface)
was located around the centre of the image, ensuring that the in-focus signal was reliably detected
in all images. A mosaic of 40 to 100 images, each 292.62 µm x 292.62 µm in size, was then
acquired, so as to sample the entire surface of each well.

Acquired images were analyzed with FiJi using custom routines. A band of 200 pixels in
width was drawn across the image such that it cut through the region of maximal intensity, and
the profile of the mean grey values across the band was defined. The profile was fitted with a
polynomial function and the maximum value of the fit function in the field of view was considered
as the in-focus intensity of a given image. Intensity values represent the mean ± standard error of
the in-focus intensity across all images in a mosaic.

For the FRAP analysis, a square region within the image underwent bleaching. To accomplish
this, the field of view was magnified to 10x10 µm, and an image was captured with a high laser in-
tensity, typically set at 30 times higher than the acquisition intensity. Following this initial step, the
zoom level was reverted to its original value, and a series of images were captured at one-second
intervals until complete surface recovery was observed. Fluorescence intensity was quantified
within and outside the bleached area in each of the acquired images, as described previously.

HA brush height measurement with the use of RICM

To measure the thickness of HA films formed in Teflon wells, an RICM method was used with
a setup allowing simultaneous imaging at two wavelengths (532 and 635 nm). Samples were
mounted on a microscope and preliminary washed (3 times in HEPES buffer) microbeads with a
diameter of 25 µm or 45 µm were added to each well. The interference patterns were observed
from the light reflected from the bead surface and the substrate, in each well at least 25-30 images
of beads were recorded. These images were processed using the custom-made LabView program
as described in [33], and the height of each bead sitting on top of the brush was obtained. As a
reference, the thickness of the layer before the HA functionalization was checked (the height of
the beads sitting on the SAv/TAv layer was measured). This reference height was then subtracted
from the height of the beads on HA brush. Afterwards, the surface was rinsed 5 times with HEPES
buffer to eliminate the beads.

Beads functionalization

Detailed protocol for the microbeads functionalization can be found in Appendix B. In all experi-
ments beads were functionalized right before the flow cytometry measurement.

Flow cytometry and data analysis

Flow cytometry tests were performed with Guava easyCyte flow cytometer (Merck Group, Ger-
many). The acquisition settings were chosen among the available options for the device such as
the fluorescence is detected the most efficiently. Depending on the type of the fluorophore, the
following settings were used:

1. b-FITC: "Green-B" setting (excited in blue wavelength range, detected in green). Exitation:
488 nm, detection: 510-521 nm.

2. Alexa 532 (used for staining CD44): "Yellow-G" setting (excited in green wavelength range,
detected in yellow). Exitation: 532 nm, detection: 570-587 nm.

3. PE (used for staining PSGL-1): "Yellow-G" setting. Exitation: 532 nm, detection: 570-587
nm.
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Measurement was done on at least 10000 beads per sample. The data was analysed using the
FSC Express software, the median of the measured fluorescence intensity, 25th and 75th percentile
were defined for each sample.

Microfluidic channel preparation

The microfluidic channels were prepared using a silicon wafer facricated by Yeraldinne Carrasco
Salas, following an established protocol. The procedure for microfluidic channel preparation in-
volved several steps: first, a PDMS liquid polymer solution, mixed with a cross-linking agent and
degassed, was poured onto the mold to match its pattern. It was then cured at 65°C for 2 hours.
After curing, the PDMS channel was carefully detached from the mold, and inlet and outlet holes
were punched at both ends of the circuit.

Subsequently, the PDMS circuit was sealed onto a glass coverslip, which had been pre-cleaned
as described above. This sealing process involved exposing both surfaces to plasma for 60 seconds,
bringing them into contact, and then curing them at 65°C for an additional 2 hours. Following
this, PDMS tubes were inserted at the inlet and outlet of the microfluidic channel, with one end
connected to a syringe pump to establish controlled flow.
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A
Quantification of receptor surface density through

fluorescence analysis

A.1 Introduction

Fluorescent staining is a commonly employed method for visualizing surface-bound pro-
teins [53, 124]. In my project, I utilized well-established fluorescence-based techniques, such
as confocal microscopy and flow cytometry, to measure the fluorescence intensity. These mea-
surements are typically intricate to quantitatively analyze due to several potential biases, including
fluorophore photobleaching over time, quenching effects between neighboring fluorophores, aut-
ofluorescence bias, biases arising from sample heterogeneity and laser stability. To address these
challenges, researchers often employ advanced fluorescence-based techniques to acquire quanti-
tative data. For instance, fluorescence fluctuation spectroscopy [126, 167] a method that tracks
fluctuations in fluorescence intensity within a small volume (on the order of 1 femtoliter) within
the sample [111], is commonly used. Here, our goal was to develop a straightforward protocol that
utilizes the available methods (confocal microscopy and flow cytometry) for evaluating detected
fluorescent signals and enabling comparisons among various samples. Specifically, we aimed to
determine the conditions under which the detected fluorescent signal correlates proportionally with
the number of fluorophores present at the surface.

In my study, the motivation for quantitative fluorescence assessment stemmed from the need
to determine the density of receptors (P-selectin as a part of the glycocalyx model and PSGL-1
on cell mimetics) bound to the surface following functionalization. While in situ techniques like
QCM-D and spectroscopic ellipsometry are valuable for establishing surface functionalization pro-
tocols, they cannot be integrated with glass coverslips in microfluidic devices or for microbeads
functionalization. Post-functionalization analysis, including fluorescent staining and surface visu-
alization using confocal microscopy, serves as essential quality control measure in these types of
experiments. Furthermore, this technique enables the evaluation of surface homogeneity.

When it comes to functionalizing microbeads, there is no simple method for monitoring re-
ceptor attachment. Consequently, the only viable approach for assessing the binding of receptors
of interest, including their density and binding stability, is through flow cytometry, which relies on
post-functionalization fluorescent analysis.

The following considerations are limited to two specific scenarios of fluorescence staining: 2D
surfaces that uniformly display fluorescent molecules and microbeads homogeneously presenting
fluorophores.
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To ensure the reliability of quantifying receptor density using fluorescent analysis, several
critical considerations must be taken into account:

1. Establishing a reference value for the surface density of binding sites. Fluorescent analysis
provides a relative measurement of surface-bound proteins. Therefore, it is essential to
establish a reference value, for instance, the maximal density of available binding sites, to
relate detected fluorescence to the quantity of bound receptors.

2. Implementing a standardized protocol for fluorescence detection. Consistency in how fluo-
rescence is detected across all experiments is essential to enable meaningful comparisons.

3. Monitoring the stability of the light source (laser) over time. Maintaining consistent laser
performance is crucial to ensure accurate and reproducible measurements.

4. Verifying the direct proportionality of detected fluorescence to bound receptor density. If the
surface density of bound receptors is high, the fluorophores used for staining may exhibit
self-quenching effects, which could affect the detected fluorescent signal.

Throughout the course of my project, I developed protocols for quantitatively detecting recep-
tor surface density using both confocal microscopy and flow cytometry. The following sections
will offer guidelines to ensure the accurate measurement of fluorescence.

A.2 Establishing a reference value for the surface density of binding
sites

A.2.1 Reference value for the number of the binding sites on plane surfaces

Defining the number of binding sites on SLB-based SAv monolayer formed on a plane surface is
easily achieved through spectroscopic ellipsometry, as presented in Section 3.3.2. By employing
the same surface functionalization protocol (reagent concentrations, incubation time, flow condi-
tions) on both glass coverslips, observed through confocal microscopy, and silica wafers used in
spectroscopic ellipsometry, we can anticipate comparable levels of bound protein on these sur-
faces.

Consequently, by employing the calibration curve for P-selectin binding to surfaces function-
alized with varying surface densities of the b-ZZ adapter protein (see Fig. 3.5C), we can effectively
estimate the surface density of P-selectin based on the fluorescence intensity measured using con-
focal microscopy (see Fig. 3.7B). In this particular case, the reference value for the maximum
number of binding sites is determined by the surface coverage of streptavidin and subsequently,
the surface density of the b-ZZ adapter protein. The maximum density of b-ZZ binding sites is
found to be Γas = 6.8 ± 0.1 pmol/cm2, as detailed in Section 3.3.2.1.

A.2.2 Reference value for the number of the binding sites on the microbeads

Quantifying the biotin-binding capacity of SAv-coated microbeads experimentally can pose chal-
lenges. We rely on information provided by the manufacturer, typically expressed as the mass
of biotinylated FITC fluorophore bound per unit mass of the bead. This can be converted to the
number of b-FITC molecules bound per bead, approximately 5.8 × 107 biotin-binding sites per
bead for Bangs Lab beads (refer to Supplementary Methods for calculations).

If the number of binding sites per bead is unknown, flow cytometry can still be employed for
relative quantitative measurements. By creating a calibration curve using different fractions of
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bound protein on the microbead surface, one can estimate the surface density of the protein as a
percentage of the maximum bead binding capacity.

A.3 Ensuring reproducibility of the fluorescence detection

Maintaining consistent measurement of fluorescent signals across various experiments is of
utmost importance. While the flow cytometer used in this project offered limited flexibility in ad-
justing acquisition parameters, the confocal microscope, being a more intricate system, demanded
more meticulous parameter adjustments.

Various acquisition parameters, including the wavelength range selected for detection, detec-
tion gain, and pixel dwell time, exerted influence on the detected signal’s magnitude. Conse-
quently, these parameters needed to be held constant across all measurements being compared.
Moreover, the method of selecting the focal point played a critical role in influencing the detected
signal.

To ensure consistent focal point selection across different samples, we exploited the natural
variation in fluorescence intensity caused by the slight tilt of the coverslip. This tilt, which could
vary depending on the exact amount of glue used to attach the coverslip to the Teflon holder (for
details, refer to the Methods section), was noticeable in most experiments. When configuring
autofocus for image acquisition, the sample was positioned such that the maximum fluorescence
intensity coincided with the image’s center. Subsequently, during image analysis, the maximum
intensity within this central region was determined and considered the in-focus intensity for that
specific image (see the Methods section for more detail on image analysis).

These precautions enabled us to obtain reproducible data regarding fluorescence intensity per
field of view and facilitated comparisons between different samples.

A.4 Monitoring the laser stability over time

Since there are some evidences that the laser performance can degrade over time in both confo-
cal microscope [74,129] and flow cytometer [155], alongside observed short-term intensity fluctu-
ations, it is important to monitor its stability to ensure the comparability of fluorescence intensity
measurements across different days. To address this, we have devised protocols for assessing
laser performance in both confocal microscopy and flow cytometry, and these measurements were
consistently conducted prior to each experiment.

In the case of confocal microscopy, we initiated each experimental day by capturing a refer-
ence image. This reference image included the reflected light from the coverslip, detected within
a wavelength range of ± 3 nm from the laser’s wavelength (for the experiments with P-selectin
Alexa 647 antibodies, a 633 nm laser was used, and fluorescence was detected in the range of 630-
636 nm). This approach ensured that the detected signal exclusively represented the reflected laser
light, excluding any fluorescence from the functionalized coverslip. Notably, we observed laser
power fluctuations of less than 1% over a span of more than a year of confocal measurements.

To validate the stability of the laser used in the flow cytometer, we conducted an additional
measurement during each experiment using commercially available fluorescent calibration parti-
cles. By comparing the detected fluorescence across different experiments, we found that fluctua-
tions in fluorescence intensities typically remained below 5%.
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A.5 Avoiding self-quenching effect during the fluorescent analysis

In the context of the fluorescence signal and receptor density, one factor to consider is the
self-quenching effect. This phenomenon involves a reduction in the fluorescence intensity of a
fluorophore molecule when it is in close proximity to another fluorophore. The self-quenching
effect has been observed in various synthetic fluorophores, including FITC [37], Alexa 647 [5]
and PE [78] fluorophores.

To mitigate the self-quenching effect, a straightforward approach is to decrease the surface
density of anchored fluorophores, thereby increasing the separation between neighboring fluo-
rophore molecules. We employed two distinct strategies for achieving this:

• Fluorophore pre-bleaching. In this method, the solution containing fluorophores was ex-
posed to illumination from a halogen lamp, leading to partial photobleaching of the fluo-
rophores. This approach is particularly effective for fluorophores that are highly susceptible
to bleaching, such as FITC.

• Co-adsorption of fluorophore or fluorescently labelled antibody with non-labelled competi-
tor. The protocols outlined in Chapter 3 can be adapted to reduce the surface density of
fluorophores through the co-adsorption of either the fluorophore itself or a fluorescently
labeled antibody in the presence of a non-labeled competitor.

To assess the surface densities at which fluorophores become susceptible to self-quenching, we
applied these two strategies to a simple scenario involving the binding of biotinylated fluorophores
to either a planar surface or the surface of microbeads.

A.5.1 Evaluating the self-quenching limit of b-FITC by its pre-bleaching

Fluorophore pre-bleaching presents a straightforward approach to mitigate self-quenching effects
without relying on the mechanisms of co-adsorption of different species. We assume that such
method preserves the chemical structure of the anchor tag attached to the fluorophore and binding
affinity of pre-bleached and non-bleached fluorophores.

In our investigation, we employed biotinylated FITC fluorophores, known for their suscepti-
bility to bleaching. SAv-coated microbeads were used to assess the quenching impact of bound
b-FITC. The motivation for investigating the quenching properties of FITC fluorophores stemmed
from our extensive use of this molecule for visualizing SAv and TAv monolayers, as detailed in
Section 2.2.2.2.

The biotinylated fluorophore solution was divided into two vials, one of which underwent an
extended preliminary bleaching process lasting 2 hours. Subsequently, bleached and non-bleached
solutions were mixed in various molar ratios and employed to functionalize the SAv-coated mi-
crobeads (see Fig. A.1A). Flow cytometry was utilized to measure the fluorescence intensity from
the functionalized beads (see Fig. A.1B). Notably, beads functionalized with bleached b-FITC
exhibited only about 2% of the fluorescence intensity compared to those functionalized with non-
bleached b-FITC, indicating substantial fluorophore bleaching over the 2-hour period.

The relationship between fluorescence intensity and the fraction of non-bleached b-FITC flu-
orophore is presented in Fig. A.1C. The curve shows a linear increase in fluorescence intensity
for low fractions of fluorescent molecules (below 20%), followed by a saturation phase for higher
fractions of non-bleached b-FITC and a slight decrease for the largest percentages. This sug-
gests that when more than approximately 20% of the available binding sites on the bead surface
are occupied by fluorescing molecules, self-quenching induces a deviation from linearity in the
relationship between the surface concentration of fluorescing molecules and the measured fluores-
cent signal. Therefore above about 20% occupation of the binding sites by fluorescing molecules,
the fluorescent signal cannot be considered as linearly dependent on the surface concentration of
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Figure A.1: Quantifying the quenching effect on microbeads. A. Schematic drawing of beads
functionalization with partially bleached b-FITC: 1⃝ adsorption of partially bleached b-FITC. B. Flu-
orescence histograms obtained by flow cytometry of microbeads functionalized with different ratios of
bleached/unbleached b-FITC (bleaching time: 2 hours) and non-functionalized beads. Statistics for the
flow cytometry data was taken on at least 10000 events. C. Intensity of fluorescence for the beads present-
ing different fractions of non-bleached FITC fluorophore at their surface. Conditions: bead concentration:
0.25% w/v, cbleached b-FITC + cnon-bleached b-FITC = 14 M was maintained constant, functionalization time: 1
hour. Data points represent the median of detected events, with error bars along the vertical axis indicating
the interquartile range (75th and 25th percentiles), and error bars along the horizontal axis representing
uncertainty in b-FITC and bleached b-FITC concentration. Dashed line – linear fit for the range of surface
density < 10% of non-bleached b-FITC.

108



A.5. Avoiding self-quenching effect during the fluorescent analysis

fluorescent molecules. As the surface density of active fluorophores increases, the quenching ef-
fect becomes more pronounced, resulting in decreased total measured fluorescence for the highest
fractions (90-100% of active fluorophores).

In summary, our experiment demonstrates that to mitigate self-quenching effects affecting
the measured fluorescence signal on microbead surfaces, it is essential to reduce the density of
fluorescing b-FITC fluorophores to at least 10% of the maximum capacity. This upper limit should
also safely apply to the other fluorophores of relevance to this work, such as Alexa 568 or PE, as
they were found to be less susceptible to self-quenching than FITC [97, 172].

A.5.2 Evaluating self-quenching limits of FITC and Alexa 647 fluorophores by co-
adsorbing them with non-labelled competitor

In the case of fluorophores with higher resistance to bleaching, such as Alexa fluorophore, we
evaluated the self-quenching effect by varying the surface density of biotinylated fluorophores.
This was achieved by co-adsorbing them with free biotin, a method detailed in Section 3.2.

In the subsequent experiments, we employed a streptavidin monolayer on a supported lipid
bilayer as an anchorage platform and utilized confocal microscopy to visualize the biotinylated
fluorophores that were bound to it. We investigated two types of biotinylated fluorophores, b-
FITC and b-Alexa 647, to assess the quenching differences arising from their distinct chemical
structures. Our primary motivation for studying the quenching properties of the Alexa fluorophore
stemmed from the use of Alexa 647-labeled antibodies in our experiments to stain surface-bound
P-selectin. Therefore, we aimed to determine the surface density at which the self-quenching
effect begins to impact the relationship between the detected signal and the fluorophore’s surface
density.

The formation of SLB-based streptavidin monolayers followed the protocol outlined in Chap-
ter 2. Biotinylated fluorophores (b-FITC or b-Alexa 647) were mixed with free biotin in molar
ratios determined by Equation 3.5 and exposed to the streptavidin monolayer, as illustrated in Fig-
ure A.2A-B. The resulting curves, depicting the relationship between fluorescence intensity and
the fraction of surface-bound fluorophore, are presented in Figure A.2C-D.

The curve obtained for the b-FITC fluorophore closely resembles the one shown in Figure
A.1B, with a minor distinction being the extension of the linear portion of the curve up to about
30% surface coverage by b-FITC. This difference can be attributed to variations in the surface
densities of SAv between the microbeads and the SLB platform.

For different surface fractions of b-Alexa, the dependence exhibits a linear increase within the
range of surface densities up to 30%, followed by a plateau phase for higher fluorophore coverages.
Overall, both fluorophores exhibit fairly similar self-quenching limits.

By leveraging the spectroscopic ellipsometry experiments conducted with the same anchorage
platform and employing the identical functionalization protocol for SLB and SAv formation as in
the present experiments, we can quantitatively evaluate the quenching limits for b-FITC and b-
Alexa 647 fluorophores. The reference value for the maximal density of biotin-binding sites (Γas
= 6.8 ± 0.1 pmol/cm2) represents 100% fractional coverage of the fluorophores. Consequently, the
self-quenching limit for b-FITC, which becomes apparent at approximately 40% of the maximum
surface coverage, corresponds to approximately 2.7 pmol/cm2. For b-Alexa, the density at which
the quenching effect initiates is approximately 2.0 pmol/cm2.

A.5.3 Quantitative measurement of the densities of biotinylated fluorophores

Following our assessment of the self-quenching limits of FITC and Alexa 647 fluorophores, our
objective was to determine the conditions under which fluorescence intensity would exhibit a linear
relationship with the surface-anchored biotinylated fluorophore density across the entire range of
surface densities. This comprehension was crucial for the comparative analysis of biotin-binding
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Figure A.2: Quantifying the quenching effect on different fluorophores. A-B. Schematic drawing of the
surface functionalization: 1⃝ SLB formation, 2⃝ SAv monolayer formation, 3⃝ co-adsorption of b-FITC (A)
or b-Alexa (B) and biotin. C-D. Normalized fluorescence intensity measured with confocal microscopy for
surfaces functionalized with different mixing ratios of b-FITC (C) or b-Alexa (D) and biotin. The horizontal
axis shows the fractional surface coverage of fluorophore predicted according to Eq. 3.5 The black dashed
lines through the origin confirms the expected linear trend for low surface concentrations (slope for b-FITC:
0.022 ± 0.004; for b-Alexa: 0.025 ± 0.002). Conditions: cb-FITC + cbiotin = 14 µM and cb-Alexa + cbiotin =
14 µM were maintained constant, with cb-FITC, cb-Alexa, and cb-biotin, determined according to Eq. 3.5 (ε<
0.25).
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site densities across different anchoring platforms (SLB-based streptavidin or traptavidin, SAv-
coated microbeads). Building upon the earlier findings, we introduced a partial pre-bleaching step
for the fluorophores prior to their co-adsorption with free biotin.

This experiment involved b-FITC fluorophore binding to both the SLB-based SAv monolayer
(Fig. A.3A) and SAv-coated microbeads (Fig. A.3B). For plane surfaces (co-adsorption in stag-
nant conditions), we employed molar ratios defined by Eq. 3.5, while for the microbeads (co-
adsorption under shaking conditions), we used the ratios specified by Eq. 3.8.

Figure A.3C illustrates the relationship between the fluorescent signal and the fraction of
surface-bound pre-bleached b-FITC, compared with a similar curve using non-bleached b-FITC
fluorophore. Notably, partial pre-bleaching resulted in a highly satisfactory linear relationship,
confirming the successful elimination of the self-quenching effect.

A similar test conducted with SAv-coated microbeads is depicted in Fig. A.3D. Partially pre-
bleached fluorophores also displayed a linear relationship between the detected signal and the
surface fraction of b-FITC on the microbead surface. The maximal fluorescence intensity was
lower than that observed on the SLB platform, primarily due to variations in the pre-bleaching
time for b-FITC: 30 minutes for plane surfaces and 2 hours for microbead functionalization.

In summary, these data demonstrate that fluorophore bleaching effectively eliminates the self-
quenching effect, even at high surface densities of bound molecules.

A.5.4 Quantitative measurement of the density of surface-bound protein

Finally, we investigated the self-quenching phenomenon in a more intricate molecular context,
specifically involving P-selectin anchored to the surface through the b-ZZ adapter protein, which,
in turn, is bound to a streptavidin monolayer on a SLB (Fig. A.4A). We explored various surface
coverages of b-ZZ and subsequently P-selectin, employing two staining protocols. Given the
resistance of our P-selectin antibodies to bleaching, which are labeled with Alexa 647, we adopted
a co-adsorption strategy for fluorescently labeled and non-labeled molecules.

In the first set of experiments, we stained P-selectin molecules exclusively with Alexa 647-
labeled P-selectin antibodies (represented by red circles in Fig. A.4B-C). In the second set, we
pre-mixed fluorescently labeled P-selectin antibodies with non-labeled antibodies from the same
clone in a molar ratio of [1:9] (indicated by green squares in Fig. A.4B-C). Considering that
the molecular weight of the AKR4 P-selectin antibody (approximately 91 kDa) is significantly
greater than that of the Alexa fluor tag (about 1200 g/mol), we assumed approximate molecular
weight equality between labeled and non-labeled molecules and assumed their binding affinities
to P-selectin to be similar. The [1:9] ratio was chosen based on our previous experiments (Fig.
A.2D) to ensure that the fraction of Alexa-labeled molecules was well below 30% of the maximum
surface coverage.

The resulting curves depicting the fluorescent signal as a function of the b-ZZ surface fraction
illustrate that the use of a mixture of labeled and non-labeled P-selectin antibodies led to a sig-
nificant (approximately fivefold) reduction in fluorescence intensity (Fig. A.4B). However, both
curves exhibited the same characteristic pattern, with a linear increase up to approximately 40%
of b-ZZ surface coverage, followed by a plateau phase at higher surface fractions. When these
two curves were normalized to the maximum signal value (Fig. A.4C), it became evident that
they essentially overlapped. As previously discussed in Section 3.3.3.3, the plateau phase in both
graphs is attributed to steric hindrance, preventing P-selectin from occupying more than 40% of
the available Fc-binding sites. It remains an open question whether the self-quenching effect be-
tween Alexa-labeled P-selectin antibodies also occurs at this surface coverage or if it is observable
at higher surface coverages.

These experiments demonstrate that both mixed and non-mixed fluorescent antibodies can be
employed to quantify the surface density of anchored P-selectin. In subsequent tests, we opted to
use the mixture of Alexa-labeled and non-labeled antibodies in a [1:9] ratio.
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Figure A.3: Quantitative measurement of fluorescence on a plane surface and on microbeads. A.
Schematic drawing of the surface functionalization: 1⃝ SLB formation, 2⃝ SAv monolayer formation, 3⃝
co-adsorption of partially pre-bleached b-FITC and biotin. B. Schematic drawing of beads functionaliza-
tion with b-FITC: 1⃝ co-adsorption of partially pre-bleached b-FITC with biotin. C. Normalized fluo-
rescence intensity measured with confocal microscopy for surfaces functionalized with different mixing
ratios of partially pre-bleached b-FITC (bleaching time: 30 min) and biotin (light green triangles, same
data as in Fig. 3.2. Normalized fluorescence intensity for surfaces functionalized with different mixing
ratios of non-bleached b-FITC and biotin (dark green circles). The horizontal axis shows the fractional
surface coverage of fluorophore predicted according to Eq. 3.5. The black dashed lines through the ori-
gin confirm the expected linear trend for partially pre-bleached b-FITC (slope: (slope: 0.0043 ± 0.0002))
and for the range of low surface densities of non-bleached b-FITC (slope: 0.022 ± 0.004). Conditions:
cb− FITC + cbiotin = 14µM was maintained constant. D. Intensity of fluorescence measured from the beads
with different fraction of partially pre-bleached FITC fluorophore (bleaching time: 2h) at their surface
(light green triangles, same data as in Fig. 4.2. Intensity of fluorescence measured from the beads with
different fraction of non-bleached FITC (dark green circles).The horizontal axis shows the fractional sur-
face coverage of fluorophore predicted according to Eq. 3.8. Conditions: bead concentration: 0.25% w/v,
cbleached b-FITC + cnon-bleached b-FITC = 14µM was maintained constant, functionalization time: 1 hour. The
flow cytometry data was taken on at least 10000 events. Data points represent the median of detected events,
with error bars along the vertical axis indicating the interquartile range (75th and 25th percentiles), and er-
ror bars along the horizontal axis representing uncertainty in b-FITC and bleached b-FITC concentration.
Dashed lines – linear fits for partially pre-bleached b-FITC (slope: (slope: 0.0099 ± 0.0008)) and for the
range of surface densities < 20% of non-bleached b-FITC (slope: 0.035 ± 0.005).
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Figure A.4: Quantitative measurement of fluorescence at the surfaces functionalized with P-selectin.
A. Schematic drawing of the surface functionalization: 1⃝ SLB formation, 2⃝ streptavidin monolayer for-
mation, 3⃝ co-adsorption of b-ZZ and biotin, 4⃝ P-selectin-Fc anchorage, 5⃝ P-selectin staining with the
mix of fluorescent (Alexa 647) and non-fluorescent antibodies. B. Intensity of fluorescence measured with
confocal microscopy for surfaces functionalized with different surface densities of b-ZZ (and, subsequently,
P-selectin). The red curve shows demonstrated the intensity of fluorescence detected with the use of pure
Alexa-labelled P-selectin antibodies (slope for the low surface coverages of b-ZZ: 0.022 ± 0.001), green
curve – with the use of the mix of Alexa-labelled and non-labelled (1:9) P-selectin antibodies (same data
as in Fig. 3.8, slope for the low surface coverages of b-ZZ: 0.0050 ± 0.0003). The horizontal axis shows
the predictedΓb−ZZ,sat calculated with the use of the Eq. 3.5. C. Same data as in (B) with the intensity of
fluorescence normalized to the maximum value of each of the curves. Green and red dashed lines show the
linearity for low surface densities for fluorescent antibodies only (slope: 0.022 ± 0.001) and for the mix of
antibodies (slope: 0.023 ± 0.001).
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A.6 Summary

In preceding sections, various aspects related to the quantitative assessment of receptor surface
density through fluorescence analysis were discussed. Table A.1 summarizes the key findings and
provides practical recommendations for quantifying fluorescence through confocal microscopy
and flow cytometry.

Table A.1: Guidelines for quantitative fluorescence measurement via confocal microscopy and flow
cytometry.

Aspect Confocal microscopy Flow cytometry

Reference value for the
maximal surface density
of binding sites

Density of biotin binding sites on
SAv monolayer defined by spectro-
scopic ellipsometry

Data on the maximal functionalization
capacity of microbeads provided by the
manufacturer (if this is unknown, a
quantitative relative measurement can
be performed).

Standardized fluores-
cence detection protocol

Optimal in-focus position charac-
terized by maximum detected sig-
nal intensity; visible with slight
sample surface tilt

Not applicable

Laser stability over time Reference image: laser reflection
detected from the coverslip

Commercially available fluorescent
calibration particles

Avoiding quenching ef-
fect

Partial pre-bleaching of fluorophores or co-adsorption of fluorescently la-
belled molecules with non-labelled competitors

While these protocols were initially developed specifically for our model system to reliably
assess the surface receptor density after functionalization, they hold intrinsic interest and can be
adapted for various applications in surface chemistry. These considerations, combined with the
theoretical insights into co-adsorption mechanisms presented in Chapter 3, offer the potential to
establish quantification protocols for other types of surface-bound receptors. Specifically, the
protocols for quantifying receptor density on the surface of microbeads provide a novel tool for
creating calibration curves for bead functionalization and accurately measuring the surface density
of bound receptors.

These approaches, however, have certain limitations, primarily related to the choice of fluo-
rophores for fluorescence measurements. In cases of fluorophore bleaching, it is crucial to confirm
that the illumination with light indeed results in a decrease in total fluorescence from the solution.
This can be achieved, for instance, through the use of fluorometry.

Furthermore, some commercially available antibodies are labeled with tandem dyes – conju-
gates of two different covalently attached fluorophores, where one serves as the donor and the other
as the acceptor. These tandem dyes behave as a single fluorophore with the excitation properties
of the donor and the emission properties of the acceptor [73]. However, they introduce additional
complexities to the bleaching procedure due to the possibility of fluorescence resonance energy
transfer (FRET) effects. Consequently, the use of such fluorophores should be approached with
caution, as they are not ideal for the approaches presented here.
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B.1 Supplementary Methods

B.1.1 Analysis of the validity range of Eqs. 3.5 and 3.8

This section presents a comprehensive analysis of the validity range of the ‘perfect sink’ approxi-
mation underpinning equations 3.5 and 3.8.

Mass-transport limited binding
The assumption of mass-transport limited binding suggests that the surface acts like a perfect

sink, with all arriving molecules binding rapidly and maintaining a concentration of zero near
the surface during binding. However, this assumption fails as the surface density of anchors ap-
proaches saturation. At this point, solute concentration near the surface increases over time and
eventually approaches the bulk concentration. Additionally, the assumption of mass transport lim-
ited binding can fail even before saturation if the intrinsic binding rate kon is low.

Equations 3.5 and 3.8 hold true for any binder size and intrinsic binding rate when both binders
share the same hydrodynamic size (R2/R1 = D1/D2 = 1) and intrinsic binding rate (kon,1/kon,2 =
1), regardless of whether the perfect sink approximation applies during adsorption. These con-
ditions make mass-transport limited binding and kinetically limited binding produce the same
relationship: c2/c1 = Γ2,sat/Γ1,sat. However, these strict requirements are challenging to meet in
experiments, limiting the practical utility of this simple relationship.

To evaluate the validity of the perfect sink approximation when binders differ in size, we
compare the binding timescale

τbinding =
1

kon c
(B.1)

with the time needed for sufficient molecules to reach the surface and saturate anchorage sites.
This time differs for stationary solutions and convective fluid transport. In stationary solutions, the
transport time, simplified as

τtransport,still =
π

4
Γ2

as

Dc2 ∼ Γ2
as

Dc2 (B.2)

while in convective fluid transport, a binder-depleted layer forms near the surface. At quasi-
steady state, binder concentration and depletion layer thickness δ remain constant (but might vary
across the surface). Binders must diffuse through this layer to reach the surface, leading to the
transport time
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τtransport,flow =
Γasδ (xy)

Dc
(B.3)

These relationships lead to the ratios

εstill =
τbinding

τtransport,still
=

4
π

Dc
kon Γ2

as
∼ Dc

kon Γ2
as

(B.4)

and

εflow =
τbinding

τtransport,flow
=

D
Γas δkon

(B.5)

which are introduced in Eqs. 3.9 and 3.10. The perfect sink approximation holds when ε tends
to zero.

Our recent work [82] describes in detail the numerical simulations employed to assess the how
well Equations 3.5 and 3.8 reflect real experimental scenarios.

Conditions for mass-transport limited binding are readily met for high affinity interactions,
such as the interaction of biotin with streptavidin, as shall be illustrated through two worked ex-
amples.

Worked example for binding from stagnant solution.
We consider interactions between biotin and streptavidin, for which kon = 107M−1 s−1 [67].

Considering that any biotinylated molecule will diffuse at a rate that is smaller than plain biotin
(D ≤ 580µm2/s), and taking Γas = 6.8pmol/cm2 (Figure 3.3C), we estimate εstill < 0.02c/µM.
This analysis shows that mass-transport limited competitive binding is readily achieved with sub-
µM concentrations of biotinylated binders.

The thickness of the depletion layer in still solution for each binder i increases with time as
δi,still ∼

√
Dit. We can use the surface saturation time τstill,max to estimate the maximal extension

δi, still,max of this layer.
At this time, the surface density of binder i is given (Eq. 3.1) by

Γi = 2ci

√
Diτstill,max

π
(B.6)

with

N

∑
i=1

Γi = Γas (B.7)

.
Combining these equations gives

√
τstill,max =

Γas

∑
N
i=1 2ci

√
Di
π

(B.8)

and, eventually,

δi, still,max ∼
√

π

2
Γas

√
Di

∑
N
j=1 c j

√
D j

(B.9)

To match the assumption of an infinite reservoir of molecules in solution, one should ensure
that δi, still,max < H, with H the thickness of the liquid reservoir in the direction perpendicular to
the surface being functionalized. A simpler (albeit less stringent) expression is obtained when
considering the upper bound of the numerator and the lower bound of the dominator in Eq. B.9,
as
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δstill,max ≲

√
π

2
Γas

ctot

√
Dmax

Dmin
=

√
π

2
Γas

ctot

√
Rmax

Rmin
(B.10)

where Dmax and Dmin are the diffusion constants of the smallest (Rmin) and largest (Rmax )
binder in the process, and ctot is the total concentration of binders. Taking as an example the ex-
perimental scenario in Figure 3.3C (Γas = 6.8pmol/cm2, Rb−Zz/Rbiotin = 5, and ctot = 0.625µM),
we estimate δstill,max < 100µm which is much smaller than the thickness of the well (H > 1mm),
as required.

B.1.2 Worked example for binding with convective fluid transport

To model the conditions of QCM-D experiments, we consider a surface with anchor site density
Γas forming one of the walls of a slit of width 2w, height 2h, and length l. A solution with surface
binders flows along the slit with volumetric flow rate Q. The inlet of the slit is located at x = 0,
and the outlet at x = l. The binders are homogeneously distributed throughout the solution at the
inlet with concentration c. In quasi-steady state, the binder surface density is described by [60]:

Γ(x, t)≈ D2/3
(

3Q
4h2wx

)1/3

ct =
D

δflow
ct (B.11)

which gives a depletion layer thickness

δflow =

(
4Dh2wx

3Q

)1/3

(B.12)

Typical conditions for QCM-D experiments are 2w = 11mm, 2h = 0.2mm, and the sensing
area is centred around x = 5.5mm. The table below provides δ and εflow (Eq. B.5) for the two
flow rates used in this study, considering kon = 107M−1 s−1, Γas = 6.1pmol/cm2 (Figure 3.4D),
and D ≤ 580µm2/s. It can be seen that the QCM-D flow conditions are within the mass-transport
limited regime (εflow ≲ 0.01), and that the depletion layer thickness is nominally inferior to the
chamber height (δflow < 2h). That we observed deviations from the expected linear dependence in
Figure 3.4 for Q = 10 to 20µl/min is most likely due to the assumed regular slit not representing
the QCM-D chamber geometry very well, leading to a slight underestimation of δflow .

Q δflow εflow

10 µl/min < 112 µm < 0.0051

20 µl/min < 89 µm < 0.0064

200 µl/min < 42 µm < 0.014

A similar calculated was done for the microfluidic channel described in Chapter 5 with 2w =
0.5mm, 2h = 0.1mm, l = 1 cm. The flow rate Q used for the surface functionalization in the
microfluidic channel was 20 µl/min. The flow conditions appeared to be within mass-transport
limited regime (εflow ≲ 0.01) with the depletion layer < 20 µm, much smaller than a channel
height.

B.1.3 Protocol for microbead functionalization

B.1.3.1 Bead washing protocol

Microbeads, as provided by the supplier, are stored in a water solution containing EDTA, boric
acid, sodium tetraborate, BSA, and other agents. Therefore, they require thorough washing in a

117



Appendix B. Supplementary Information

working buffer before use. Similarly, washing steps are essential between incubation steps involv-
ing different reagents to ensure the removal of excess reagents.

The newly established washing procedure is as follows:

1. Dilute 50 µL of microbead solution in HEPES buffer at a 1:29 ratio within a 1.5 mL Eppen-
dorf tube.

2. Centrifuge the tube in a microcentrifuge at 13,400 rpm for 5 minutes. After centrifugation,
the bead pellet should be visible at the bottom of the tube.

3. Remove the supernatant without disturbing the pellet, leaving approximately 50 µL of liquid
at the tube’s bottom.

All experiments included three rounds of washing before the beginning of the functionaliza-
tion and between incubation steps. This procedure was chosen based on a previously established
protocol [33].

Each washing step results in the loss of a fraction of the beads. The extent of bead loss during
the washing process is sensitive to experimental handling, particularly the need for extra care
during the removal of supernatant to prevent disturbance of the bead pellet. Depending on the
specific experimental procedures, the loss of beads can range from 5 to 30% per washing step.

Furthermore, it has been observed that in some Eppendorf tubes, the formation of the bead
pellet was worse compared to others, despite identical centrifugation conditions. Therefore, visual
inspection of the bead pellet after each centrifugation step is crucial. A proper bead pellet should
exhibit uniformity, settling at the bottom of the tube without any streaks of beads visible along
the tube walls. In my project, I used Protein LoBind tubes from Eppendorf, Germany, as they
consistently demonstrated good bead pelleting.

B.1.3.2 Selecting the reagent concentration for bead functionalization

It is essential to have a number of molecules in the incubation solution that exceeds the total
number of available binding sites, ensuring saturation within the given incubation time. This
section provides an example of estimating the number of available biotin-binding sites on the
bead surface and selecting an appropriate reagent concentration based on this assessment. This
approach was used in all experiments presented in this work.

Incorrect selection of the incubation concentration may lead to flow cytometry data displaying
a broadened histogram peak (see Fig. B.9). This broadening suggests that not all beads were
uniformly functionalized with the protein, and a fraction of the biotin-binding sites remained un-
occupied.

Based on previously established protocols, the concentration of beads for functionalization
was chosen as 0.25 % w/v (0.25 g of beads in 100 mL solution) within the reaction volume of 50
µL. This concentration ensured a sufficient quantity of beads for microscopy measurements in the
flow assays. Consequently, the total mass of beads within this volume equals 0.125 mg.

The total number of beads in this volume can be calculated as:

Nbeads =
3m

4πR3ρ
(B.13)

where m – total mass of beads in reaction volume; R – bead radius, ρ – density of polystyrene
beads.

Taking R = 7.5 µm, and ρ = 1.05 g/mL for polystyrene, the number of microbeads in the
reaction volume of 50 µL was estimated to be 67200.

Bangs Laboratories provided a binding capacity of 0.036 µg biotin-FITC per milligram for
the SuAv-coated microbeads. The binding capacity of Spherotech beads is unknown and was de-
termined experimentally by comparing the fluorescent signal between Bangs Lab and Spherotech
beads functionalized with pre-bleached b-FITC (please refer to Fig. 4.2D for details).
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A binding capacity of 0.036 µg b-FITC per mg corresponds to 3× 1013 b-FITC molecules
per mg (taking Mw b-FITC = 732.8 g/mol), which gives 5.8× 107 biotin-binding sites per bead
(corresponding to approximately 5 nm between the biotin-binding sites) and a concentration of 130
nM in the reaction volume of 50 µL. The minimal concentration of molecules required to occupy
all the available biotin-binding sites on all the beads thus is 130 nM. However, this calculation
does not account for potential bead loss during the washing process.

B.1.3.3 Estimating fractional bead loss during washing

To quantify the bead loss during the washing steps, several experimental measurements were con-
ducted (Fig. B.8). Samples with a fixed number of beads were rinsed a defined number of times
and then the total number of beads was estimated using flow cytometry. The fraction of beads lost
per rinse was calculated using the following formula:

α = 1−
(

Ni

N0

) 1
i

(B.14)

where N0 – initial number of beads, calculated based on the concentration provided by the supplier,
Ni – final number of beads after i washing steps, determined through flow cytometry, i – number
of washing steps.

Experimental results showed that the fraction of bead loss (α) typically ranged between 5%
and 10% per washing step.

The number of beads after a certain number of washing steps can then be estimated as:

Ni = N0(1−α)i (B.15)

For the first functionalization step, i is set to 3 (indicating 3 washing steps before use). Assum-
ing a bead loss fraction (α) of 10%, the minimum concentration of biotinylated species required
for saturating all available binding sites is approximately 95 nM.

For the second functionalization step (after a total of 6 rinsings) this required concentration
decreases to 69 nM. Therefore, each subsequent functionalization step in the protocol requires a
lower minimum reagent concentration, leading to reduced reagent consumption.

The calculations outlined above are applicable to Bangs Lab beads with a binding capacity of
0.036 µg b-FITC per mg. In the case of Spherotech beads, their binding capacity was estimated to
be approximately 2.2 times greater. Therefore, the minimum required incubation concentrations
for Spherotech beads should be increased by a factor of 2.2 compared to Bangs Lab beads. It is
advantageous to use concentrations 2-4 times higher than the minimum requirement, accounting
for potential variations in bead number due to slight differences in experimental manipulations. In
all the experiments described in this work, a concentration of 700 nM or higher was utilized at all
incubation steps, which led to homogeneous signal distribution observed by the flow cytometry.
Therefore, it is essential to accurately assess the number of available binding sites and the number
of molecules within the reaction volume to ensure uniform functionalization of all beads in the
sample.

B.1.3.4 Bead incubation

To achieve uniform distribution of the receptors on the bead surface, it is crucial to maintain
consistent mixing of the sample during incubation to prevent bead sedimentation. To accomplish
this, I employed an vortex Eppendorf mixer set at a speed of 1000 rpm. This ensured that the
beads remained suspended within the reaction volume and do not settle at the bottom of the tube.

The incubation time was adjusted to saturate all available binding sites. Given the complex-
ity of assessing binding kinetics with flow cytometry, I utilized the QCM-D method to examine
the binding dynamics of proteins of the comparable concentrations to the surface and the time
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required to reach a plateau. In the case of b-CD44, saturation of the streptavidin monolayer was
achieved within 30-40 minutes of incubation (Fig. B.7), while b-ZZ achieved binding in less than
10 minutes (Fig. 2.22). For PSGL-1-Fc, which, like P-selectin-Fc, is a large molecule, the steric
hindrance at the surface prevented the full saturation on a dense b-ZZ layer, but the binding process
significantly decelerated after 25 minutes of incubation (Fig. B.10).

However, QCM-D measurements on SLB-based streptavidin monolayers cannot be directly
extrapolated to the microbead system. While the density of biotin-binding sites on the microbeads
is comparable to that at the planar surface , the orientation of the SAv/SuAv attached to the surface
of microbeads may differ from that of SLB-based streptavidin. The unpredictable orientation
of SAv/SuAv at the bead surface can impede the binding of biotinylated species due to steric
hindrance, consequently, this discrepancy may impact the total incubation time.

In light of these uncertainties, when incubating the beads with the protein of interest, we
extended the incubation times by at least twofold compared to what the QCM-D experiments
indicated to be required for saturation: 30 minutes for b-ZZ and 2 hours for larger proteins (b-
CD44, PSGL-1, and antibodies).

120



B.2. Supplementary Figures

B.2 Supplementary Figures

Figure B.1: SAM quality test and SAv monolayer formation affected by inadequate cleaning of QCM-
D sensor and/or vial used for functionalization. The gold-coated QCM-D sensor and the glass vials
were cleaned with a relatively limited volume of water and ethanol (less than 5 mL in total), while in the
experiment shown in Fig. 2.10A the cleaning routine included using at least 20 mL of ultrapure water and
ethanol. QCM-D frequency shifts (∆F – blue line) and dissipation shifts (∆D – red line) for the 5th overtone
measured over time. Flow rate at all steps is 20 µL/min. The start and the duration of incubation with each
sample are indicated with black arrows at the top of the graphs. Before and after each incubation step
there were rinsing steps with HEPES buffer. BSA test for the non-specific binding to the SAM resulted in
substantial response (∆F = -13.5 ± 0.1 Hz and ∆D = 0.6 ± 0.1 ppm) indicating an SAM of a poor quality.
Streptavidin monolayer formation resulted in the final shifts: ∆F = -13.7 ± 0.1 Hz and ∆D = -0.2 ± 0.1 ppm,
which was much lower than expected (for example, in Fig. 2.10A ∆F for SAv binding is -26.3 ± 0.2 Hz).
Conditions: BSA – 1.5 µM (100 µg/mL), SAv – 0.33 µM.
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Figure B.2: Functionality test for PSGL-1 ligand binding on the layer presenting thick HA-280 brush.
QCM-D frequency shifts (∆F – blue line) and dissipation shifts (∆D – red line) for the 5th overtone measured
over time. Flow rate at all steps is 20 µL/min. The start and the duration of incubation with each sample
are indicated with black arrows at the top of the graphs. The step not marked with arrows is rinsing with
HEPES buffer. The layer was created on the molecular platform consisting of SLB (5% biotinylated SUVs)
and SAv monolayer (final shifts for SLB formation: ∆F = -24.7 ± 0.1 Hz, ∆D = 0.13 ± 0.04 ppm; for SAv
incubation: ∆F = -24.2 ± 0.1 Hz, ∆D = 0.4 ± 0.1 ppm). Final shifts: HA-280: ∆F = -27.9 ± 0.1 Hz, ∆D =
17.4 ± 0.1 ppm; b-ZZ: ∆F = -14.0 ± 0.1 Hz, ∆D = 0.56 ± 0.05 ppm; P-selectin-Fc: ∆F = -53.0 ± 0.1 Hz, ∆D
= 6.0 ± 0.1 ppm; PSGL-1-Fc (with Ca2+): ∆F = -15.8 ± 0.1 Hz, ∆D = 2.0 ± 0.1 ppm.
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Figure B.3: Representative SE binding assay for the formation of SLBs and SAv monolayers. Shown is
the areal mass density, AMD, determined from time-resolved SE analysis (with refractive index increments
dn/dc = 0.169 cm3/g, and 0.180 cm3/g for SAv). The start and duration of the incubation with different
samples are indicated by solid arrows atop the graph. There are rinsing steps with working buffer before
and after each sample incubation step. The areal mass density of SAv at the end of the incubation process
was 211 ± 9 ng/cm2 (mean ± standard deviation) across all surface preparations (n = 8), illustrating good
reproducibility of the surface preparation. This areal mass density corresponds to a molar surface density of
3.52 ± 0.15 pmol/cm2. Conditions: SUVs – 50 µg/ml, containing 5 mol-% DOPE-CAP-biotin in a DOPC
background; SAv – 0.33 µM.
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Figure B.4: Combined QCM-D/SE observation of SAv binding. This data was acquired and analyzed
by R. P. Richter. A. Frequency changes for 3rd, 5th and 7th overtones (at the top) and areal mass density
change (at the bottom) detected during the SAv binding. Times in grey mark data excluded from analysis
(QCM-D data likely perturbed by temperature variations). B. Calibration curve relating frequency changes
( for 3rd, 5th and 7th overtones ) with the areal mass density. The black dashed lines show fits with ∆F =
− AMD

C(1−A+B×AMD) ; C = 18.06ng/
(
cm2 ·Hz

)
.
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Figure B.5: Combined QCM-D/SE observation of b-ZZ binding. This data was acquired and analyzed
by R.P. Richter. A. Frequency changes for 3rd, 5th and 7th overtones (at the top) and areal mass density
change (at the bottom) detected during the b-ZZ binding. Times in grey mark data excluded from analysis
(QCM-D data likely perturbed by temperature variations). B. Calibration curve relating frequency changes
( for 3rd, 5th and 7th overtones ) with the areal mass density. The black dashed lines show fits with ∆F =
− AMD

C(1−A+B×AMD) ; C = 18.06ng/
(
cm2 ·Hz

)
.
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Figure B.6: Flow cytometry of SuAv-coated (A, C) and SAv-coated (B, D) beads demonstrating the
homogeneity in bead size and bead functionalization with b-FITC. A-B. Forward scatter (FSC-H) and
side scatter (SSC-H) of non-functionalized beads analyzed by flow cytometry. Each dot in the graph rep-
resents an event/bead. SuAv-coated beads exhibit some variability in size (two distinct point clouds are
observed), whereas SAv-coated beads display more consistent and homogeneous size distribution. C-D.
Forward scatter (FSC-H) and intensity of fluorescence excited in blue wavelength (488 nm) and detected
in green wavelength range (510-521 nm) of beads functionalized with maximal surface density of b-FITC.
SAv-coated beads demonstrate more homogeneous signal distribution than SuAv-coated beads. Conditions:
bead concentration: 0.5% w/v, cb− FITC = 14 M was maintained constant, functionalization time: 1 hour.
The flow cytometry data was taken on 10000 events.
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Figure B.7: Specific interaction between HA (250 kDa) and CD44. QCM-D frequency shifts (∆F – blue
line) and dissipation shifts (∆D – red line) for the 5th overtone measured over time. Flow rate at all steps
– 10 µL/min. The start and the duration of incubation with each sample are indicated with black arrows
at the top of the graphs. Before and after each incubation step there were washing steps with HEPES
buffer. b-CD44 was anchored on SAv monolayer created on SLB as described above. Final shifts for CD44
incubation: ∆F = -41.3 ± 0.2 Hz and ∆D = 4.8 ± 0.1 ppm, for HA binding: ∆F = -7.1 ± 0.2 Hz and ∆D =
2.0 ± 0.1 ppm. Conditions: c(CD44) = 59 nM, c(HA-250) = 20 nM.
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Figure B.8: Quantifying bead loss during washing steps. The violet spheres represent experimental
data for the bead counts measured using flow cytometry. The error bars represent the standard devia-
tion between different measurements. The red dashed line represents the curve described by the equation
Nfinal = Ninit (1−α)N , with initial bead count at 67,200 and a bead loss fraction (α) of 10%. Number of
beads was determined as a number of events detected by the flow cytometer, the measurement was per-
formed until less than 1 event/min was detected.
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Figure B.9: Insufficient protein concentration leads to heterogeneous bead coating. The fluorescence
histogram was obtained by flow cytometry for CD44 coated beads labelled with CD44 Alexa 532 antibodies
and displays a widened peak, indicating incomplete functionalization of a fraction of the beads. Conditions:
cb-CD44 = 94 nM, incubation time: 1 hour. Antibody staining conditions ensured an excess of the antibody
molecules in solution: Alexa 532-labelled and non-labelled antibodies were mixed in a molar ratio of 1:3,
total concentration: 10 µg/mL, incubation time: 2 hours. When using sufficiently high concentrations of
CD44 (e.g., 700 nM), the signal distribution was characterized by a single narrow peak (as shown in Fig.
4.3B.
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Figure B.10: PSGL-1 is stably binding to b-ZZ layer. QCM-D frequency shifts (∆F – blue line) and
dissipation shifts (∆D – red line) for the 5th overtone measured over time. Flow rate at all steps – 10
µL/min. The start and the duration of incubation with PSGL-1 is indicated with a black arrow at the top of
the graph. Before and after the incubation step there were washing steps with HEPES buffer. PSGL-1 was
here incubated on a surface covered with b-ZZ anchored on a SAv monolayer on an SLB as demonstrated in
Figure 2.22. Final shifts for PSGL-1 incubation: ∆F = -29.1 ± 0.1 Hz and ∆D = 5.9 ± 0.1 ppm. Conditions:
c(PSGL-1) = 40 nM.
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Figure B.11: CD44 and PSGL-1 antibodies show no ross-reactivity. A. Comparison between intensity
of fluorescence from CD44 Alexa 532 antibodies on non-functionalized beads (“Beads + CD44 Ab”), beads
presenting PSLG-1 (“Beads + PSGL-1 + CD44 Ab”) and beads functionalized with 10% fractional surface
coverage of CD44 (“Beads + CD44 10% + CD44 Ab”) compared with the intensity measured from beads
not stained with any antibody (“Beads”). B. Comparison between intensity of fluorescence from PSGL-1 PE
antibodies on non-functionalized beads (“Beads + PSGL-1 Ab”), beads presenting CD44 (“Beads + CD44 +
PSGL-1 Ab”) and beads functionalized with 10% fractional surface coverage of PSGL-1 (“Beads + PSGL-
1 10% + PSGL-1 Ab”) compared with intensity of fluorescence from beads not stained with antibodies
(“Beads). Conditions: bead concentration: 0.25% w/v, cb-CD44 + cbiotin = 700 nM; cb-ZZ + cbiotin = 700
nM, incubation time: 2 hours. PSGL-1 incubation: cPSGL-1 = 800 nM, incubation time: 2 hours. Antibody
staining conditions: Alexa-labelled and non-labelled CD44 antibodies were mixed in molar ratio (1:3), total
concentration: 10 µg/mL, incubation time: 2 hours; PE-labelled and non-labelled PSGL-1 antibodies were
mixed in molar ratio (1:3), total concentration: 10 µg/mL, incubation time: 2 hours. Columns represent the
median of at least 10 0000 detected events, with error bars indicating the interquartile range (75th and 25th
percentiles). The data in both graphs was normalized by the intensity of fluorescence for the case of specific
binding.
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Figure B.12: Different scenarios of co-adsorption of b-FITC. Intensity of fluorescence measured from
SAv-coated beads presenting different fractions of b-FITC at their surface, where predicted b-FITC frac-

tions at the bead surface were recalculated for different binding scenarios c2
c1

=
(

R2
R1

)i(
Γas

Γ1,sat
−1

)
: shaking

conditions (i = 2/3) – violet circles; stagnant conditions (i = 1/2) - blue triangles; when diffusion coeffi-
cients are equal for both adsorbing species (i = 0) – red rectangles. The dotted straight line is given here for
comparison. The recalculated curves deviated even further from a straight line than the original conditions
(i = 2/3).
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Table B.1: Masses, hydrodynamic radii and diffusion coefficients of molecules with biotin anchor used in
this study.

Molecule Mw Hydrodynamic radius Diffusion coefficient

biotin 244.3 Da

Rbiotin = 0.37 nm

from van der Waals volume

(VvdW = 0.213 nm3)

assuming a sphere, as

previously validated by others [115]

Dbiotin = 580µm2/s

From the hydrodynamic radius a)

b-FITC 732.8 Da
Rb-FITC = 0.63 nm

from the frequency shift b)

Db-FITC = 340µm2/s

As previously determined by others [75]

b-ZZ 16.2 kDa
Rb-ZZ = 2 nm

from the frequency shift b)

Db-ZZ = 107µm2/s

Computed following [115] using a radius of gyration

Rg = 1.05×
( 3

5

)1/2
(

3
4π

MW
ρNA

)1/3
= 1.4 nm

with density ρ = 1.4 g/cm3 (typical for proteins);

the factor 1.05 accounts for biotin tag likely

pointing out of the protein

a) Hydrodynamic radii and diffusion coefficients were interconverted using the Stokes-Einstein
relation D = kBT/(6πηR), with solvent viscosity η = 1.0mPa·s and thermal energy kBT at T =
20 °C.

b) Hydrodynamic radii was defined using the Sauerbrey equation, as h = −C∆F/ρ , with the
mass-sensitivity constant C = 18.0 ng/

(
cm2 Hz

)
. The film density was assumed to be 1.1 g/cm3,

reflecting the solvated nature of the film to a good approximation. We verified that ∆D/−∆F ≪
0.4×10−6/Hz, to ascertain films are sufficiently rigid for the Sauerbrey equation to provide reli-
able film thickness estimates [134].
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Table B.2: Constants detected from the fits to the calibration curves for SAv and b-ZZ binding.

SAv b-ZZ

i A B
(
cm2/ng

)
i A B

(
cm2/ng

)
3 0.8357 ± 0.0016 0.00117 ± 0.000008 3 0.84842 ± 0.00925 0.000786 ± 0.000011

5 0.8323 ± 0.0015 0.00120 ± 0.000008 5 0.83944 ± 0.00114 0.000780 ± 0.000014

7 0.8344 ± 0.0013 0.00124 ± 0.000007 7 0.83703 ± 0.00121 0.000820 ± 0.000015

134



C
Résumé détaillé de chaque chapitre

Chapitre 1. Introduction

Ce manuscrit présente un travail expérimental qui vise à créer une plateforme in vitro pour
étudier les interactions cellule-glycocalyx dans des conditions contrôlées avec précision. Le
chapitre d’introduction explore les aspects biologiques et physiques des interactions cellule - gly-
cocalyx sous flux et délimite le champ de cette étude, en mettant l’accent sur les lacunes de la
recherche.

Adhésion des cellules sanguines sous flux

Le recrutement des globules blancs est un processus hautement régulé impliquant une cascade
d’interactions adhésives entre les molécules d’adhésion sur la couche de cellules endothéliales qui
tapissent les vaisseaux sanguins et les ligands correspondants à la surface des leucocytes. Ces
interactions passent par des étapes séquentielles, notamment la capture initiale des cellules, le
roulement, l’arrêt, l’adhésion renforcée, l’étalement, la reptation intravasculaire et la transmigra-
tion.

Les premières étapes sont initiés par les sélectines, une famille de molécules qui facilitent le
roulement des leucocytes le long des cellules endothéliales. Les trois principaux sous-types de
sélectines sont la L-sélectine, la E-sélectine et la P-sélectine. Ces interactions visent à amener
les leucocytes à proximité d’autres molécules de signalisation sur l’endothélium. La P-sélectine,
en particulier, joue un rôle crucial et peut exister sous forme de monomère ou de dimère. La
dimérisation de la P-sélectine améliore la stabilité de roulement des cellules sous flux. En outre,
la P-sélectine et la L-sélectine présentent toutes deux un phénomène de "catch bond", où leur
force d’adhésion augmente avec la contrainte de cisaillement, et où les leucocytes qui roulent se
détachent lorsque le flux s’arrête.

L’activation des leucocytes et l’adhésion stabilisée suivent le roulement médié par la sélectine.
Les chimiokines déposées sur l’endothélium enflammé induisent l’arrêt des monocytes qui roulent
et activent les leucocytes. Cette activation augmente la quantité d’intégrines à la surface des leuco-
cytes, et ces intégrines se lient avec les immunoglobulines à la surface des cellules endothéliales,
ce qui renforce l’adhésion.

La migration cellulaire transendothéliale, l’étape finale de ce processus, se produit après l’arrêt
complet d’un leucocyte dans des conditions de flux. Le leucocyte traverse la couche de cellules
endothéliales et migre vers les tissus interstitiels. Ce processus est initié par des ligands des cel-
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lules endothéliales, tels que ICAM-1 et VCAM-1, et repose sur des niveaux élevés de calcium
endothélial intracellulaire. Certaines molécules de jonction endothéliales jouent également un
rôle dans la transmigration des globules blancs.

Le glycocalyx vasculaire : une barrière mécanique protégeant la paroi vasculaire
des cellules sanguines

Alors que les cascades d’adhésion cellulaire ont été largement étudiées, le glycocalyx endothélial,
une couche molle riche en glycanes recouvrant les surfaces des cellules endothéliales, n’a reçu
qu’une attention limitée dans le contexte de l’adhésion cellulaire sous flux.

La structure du glycocalyx endothélial est complexe, composée de protéoglycanes et de glyco-
protéines. Les protéoglycanes sont constitués d’une protéine liées à des chaînes de glycosamino-
glycanes (GAG), en particulier le sulfate d’héparane, le sulfate de chondroïtine et l’hyaluronane,
jouant un rôle dominant dans la configuration maillée du glycocalyx. L’ acide hyaluronique, qui
s’ancre directement à la membrane des cellules endothéliales par l’intermédiaire du CD44, se
distingue par l’absence de groupes sulfates.

Les propriétés mécaniques du glycocalyx varient selon les structures vasculaires et se car-
actérisent par leur souplesse. Toutefois, ces propriétés peuvent changer dans des conditions
pathologiques, entraînant une diminution de l’épaisseur et de la complaisance.

Le rôle du glycocalyx dans l’adhésion des cellules sanguines est double. Il agit comme un
coussin répulsif pour la plupart des cellules circulantes, empêchant la coagulation du sang dans
les microvaisseaux. D’autre part, certains globules blancs peuvent interagir avec les GAG du gly-
cocalyx, ralentissant leur mouvement et indentant la brosse, ce qui est crucial pour leur adhésion.

Le déficit de recherche réside dans la compréhension du lien entre les propriétés mécaniques
du glycocalyx et ses propriétés fonctionnelles, notamment en termes d’adhésion des leucocytes.
Bien que certaines données suggèrent l’existence d’une relation, celle-ci reste non quantifiée en
raison de la complexité de l’étude de ce phénomène au sein des systèmes vivants.

Mon étude se concentre sur le développement d’outils permettant d’explorer l’impact des pro-
priétés mécaniques du glycocalyx sur la capacité des cellules circulantes à accéder aux molécules
d’adhésion de surface situées sous cet épais maillage.

Principes physiques de l’interaction cellule-glycocalyx sous flux

Cette section explore l’impact des parois souples sur l’adhésion cellulaire du point de vue de
la physique de la matière molle. Elle souligne que si la migration des cellules sanguines et la
dynamique du flux sanguin ont été largement étudiées, la composante liée au glycocalyx des vais-
seaux sanguins n’a reçu qu’une attention limitée dans ce contexte.

L’étude, menée en collaboration entre le LIPhy et le laboratoire Richter, se concentre sur
les investigations expérimentales des mécanismes régissant la régulation des cellules circulantes.
Pour simplifier, la couche de glycocalyx est représentée par une brosse dense d’acide hyaluronique
(HA), et ses propriétés mécaniques, telles que l’épaisseur et la flexibilité (liée à l’espacement des
points d’attache de la chaîne), sont soigneusement contrôlées. Des particules sphériques sont
utilisées pour imiter les cellules en circulation.

Un dispositif expérimental avec un flux de cisaillement contrôlé est mis au point pour suivre
l’interaction de ces particules avec la brosse d’acide hyaluronique. Le débit est contrôlé avec
précision et le taux de cisaillement à la paroi de la chambre d’écoulement est déterminé à l’aide
de formules spécifiques.

La section décrit les forces agissant sur les particules, y compris les forces de portance in-
ertielle et les forces élastohydrodynamiques (EHD). L’équilibre de ces forces et leurs effets sur
le comportement des particules en présence de la brosse HA sont discutés. La souplesse de la
couche d’HA repousse les mimétiques cellulaires qui n’interagissent pas spécifiquement avec le
glycocalyx.
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L’interaction entre les parois souples et les interactions biochimiques spécifiques entre le gly-
cocalyx et les récepteurs exprimés à la surface des cellules immunitaires circulantes est explorée.
Cet aspect est difficile à étudier in vivo, mais des recherches précédentes dans notre groupe four-
nissent des indications précieuses. On observe que les microbilles portant des récepteurs CD44 à
leur surface présentent des interactions spécifiques avec la couche d’HA, y compris le roulement
et l’indentation de la brosse. Ces interactions sont influencées par des facteurs tels que la densité
de surface des récepteurs CD44 et le module d’élasticité de la brosse.

L’étude démontre qu’en présence d’interactions spécifiques CD44/HA, les modèles de cel-
lules sanguines ralentissent, roulent et s’enfoncent de manière significative dans la brosse d’acide
hyaluronique. Cela ouvre la voie à des recherches plus approfondies sur la mécanique de l’adhésion
cellulaire dans des conditions d’écoulement.

Hypothèse de recherche

Dans le but d’approfondir la compréhension des étapes initiales de l’adhésion des cellules san-
guines, nous aimerions étudier l’interaction entre les mécanismes physiques et biochimiques qui
participent à l’étape suivante de l’interaction cellule-glycocalyx : que se passe-t-il après que la cel-
lule a indenté l’épaisse couche de glycocalyx et comment accède-t-elle aux molécules d’adhésion
de surface ? Nous supposons que l’indentation du glycocalyx permet d’accéder aux molécules
d’adhésion de surface sous-jacentes et nous nous intéressons à la manière dont les propriétés mé-
caniques du glycocalyx peuvent affecter la capacité des cellules à atteindre ces récepteurs (Fig.
C.1). En outre, nous pensons que la fluidité de la surface mimétique des cellules peut jouer un rôle
dans le recrutement des molécules d’adhésion cellulaire pendant leur interaction avec les ligands
correspondants à la surface des cellules.

Figure C.1: Représentation graphique de l’hypothèse de recherche. Les cellules sanguines portant
le récepteur CD44 interagissent spécifiquement avec le glycocalyx, l’indentent et atteignent les molécules
d’adhésion de surface situées en dessous à la surface de la cellule endothéliale.

Plateforme in vitro pour l’étude de l’interaction cellule-glycocalyx

L’étude de l’interaction complexe entre les aspects physiques et biochimiques de l’adhésion cel-
lulaire in vivo pose des défis importants. Cette complexité découle de la difficulté à caractériser
précisément les propriétés mécaniques de la couche molle du glycocalyx et à contrôler l’adhésion
physique. caractériser précisément les propriétés mécaniques de la couche molle du glycocalyx
et de contrôler les paramètres physiques dans les systèmes vivants. dans les systèmes vivants.
Par conséquent, la façon la plus prometteuse d’aborder cette question de recherche est d’utiliser
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un système in vitro. est d’utiliser un système in vitro aux caractéristiques précisément définies,
permettant une manipulation contrôlée des paramètres physiques. manipulation contrôlée des
paramètres physiques.

L’application d’une plate-forme in vitro présente plusieurs avantages par rapport aux systèmes
in vivo :

1. Le réglage fin des propriétés mécaniques du glycocalyx, telles que son épaisseur et son
élasticité, permet une évaluation systématique de leur impact sur l’interaction des cellules
avec la paroi molle.

2. La manipulation du type et de la densité de surface des récepteurs endothéliaux permet
d’évaluer l’influence distincte de chaque type de récepteur sur l’adhésion cellulaire sous
flux.

3. Le remplacement des leucocytes vivants par des mimétiques cellulaires permet une différen-
ciation fiable entre l’impact des récepteurs spécifiques se liant au glycocalyx et ceux se liant
aux molécules d’adhésion des cellules endothéliales au cours du processus d’adhésion cel-
lulaire.

4. La régulation de la dynamique du flux dans le système facilite l’examen des interactions
cellule-glycocalyx dans différentes conditions de cisaillement.

5. L’utilisation d’un système spécialisé basé sur la microscopie permet une observation et une
caractérisation plus robustes de l’interaction entre les mimétiques de cellules sanguines et
le modèle de glycocalyx dans des conditions de flux.

La plateforme in vitro précédemment établie par Davies et al [33] avec des propriétés mé-
caniques réglables du glycocalyx et un taux de cisaillement contrôlé dans le système microflu-
idique a effectivement facilité l’examen des aspects physiques de l’interaction des cellules avec
la paroi molle. Cependant, cette plateforme établie n’a pas pu être utilisée pour répondre à
l’hypothèse de recherche de mon projet, ce qui a nécessité le développement de plusieurs nou-
veaux outils spécifiquement adaptés à cette investigation.

Objectif général et objectifs spécifiques

L’objectif global de ce projet est le suivant :

Comprendre comment les propriétés mécaniques du glycocalyx contrôlent l’accès des cellules
sanguines aux récepteurs de surface pendant la phase initiale de l’adhésion cellulaire.

Les objectifs de recherche spécifiques de cette thèse sont les suivants :

1. Développer un nouveau modèle in vitro bien défini au niveau biochimique de la surface des
cellules endothéliales qui combine une couche de type glycocalyx d’épaisseur et d’élasticité
variables recouvrant des récepteurs d’adhésion cellulaire.

2. Développer une méthode pour régler quantitativement la densité des récepteurs de surface
ancrés à la surface.

3. Développer des microbilles fonctionnalisées pour imiter les globules blancs qui présentent
à leur surface deux récepteurs distincts : l’un se liant au glycocalyx et l’autre à un récepteur
d’adhésion des cellules endothéliales.
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Dans cette étude, nous avons choisi de nous concentrer sur un récepteur spécifique de la surface
endothéliale, la P-sélectine, et sur son ligand correspondant, PSGL-1, qui est exprimé à la surface
des leucocytes. Ce couple récepteur-ligand est connu pour jouer un rôle central dans les phases
initiales de l’adhésion des cellules sanguines à l’endothélium. Il représente l’une des premières
interactions qui se produisent après que la cellule a indenté la couche dense de glycocalyx. J’ai
utilisé une plateforme développée précédemment [33] comme base pour l’affiner et l’améliorer,
en la rendant plus adaptée à notre recherche spécifique. La figure C.2 illustre une comparaison
schématique entre le modèle original et le modèle amélioré. Le modèle affiné du glycocalyx de
la paroi vasculaire consiste en une brosse dense d’HA, sous laquelle se trouvent les récepteurs
endothéliaux de la P-sélectine.

Figure C.2: Biomimétique du glycocalyx et des globules blancs : anciens modèles et modèles
améliorés. Dans le nouveau modèle, le récepteur de surface P-sélectine est ajouté au mimétique du glycoca-
lyx et son ligand PSGL-1 est incorporé dans le mimétique cellulaire. Le nouveau modèle intègre l’ancrage
fluide des récepteurs dans le mimétique du glycocalyx, ce qui permet d’explorer les effets de recrutement
des récepteurs.

Chapitre 2. Modèle de glycocalyx avec des caractéristiques mécaniques
et biochimiques définies

Ce chapitre présente un nouveau modèle synthétique de glycocalyx de la paroi vasculaire
pour les études in vitro des interactions cellule-glycocalyx dans des conditions bien contrôlées.
Le modèle est basé sur une bicouche lipidique supportée et incorpore une épaisse brosse d’acide
hyaluronique et le récepteur de surface P-sélectine uniformément réparti sur la surface (Fig. C.3).
Une méthode a été mise au point permettant d’ajuster la mobilité bidimensionnelle de ce système
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via le contrôle de la fluidité de la bicouche supportée.
Ce modèle synthétique du glycocalyx est un système polyvalent pour l’étude des interac-

tions cellule-glycocalyx, car il permet de reproduire les propriétés biophysiques et chimiques
de ce dernier. Le protocole d’élaboration de ce modèle implique la sélection d’une plateforme
d’ancrage, la création de la brosse HA avec les propriétés mécaniques souhaitées et la fixation des
récepteurs de surface d’intérêt.

Figure C.3: Schéma du modèle moléculaire du glycocalyx. La plateforme d’ancrage est composée d’une
bicouche lipidique supportée biotinylée (b-SLB) formée sur un support en verre ou en silice et d’une mono-
couche de streptavidine (SAv) facilitant l’ancrage des espèces biotinylées grâce à des liaisons stables entre
la biotine et la streptavidine. Le modèle du glycocalyx comprend de longues chaînes d’acide hyaluronique
(HA) biotinylées à une extrémité et des molécules de P-sélectine P liées à un motif Fc, reliées à la plate-
forme par la protéine adaptatrice b-ZZ via des liaisons Fc-ZZ. Le modèle moléculaire présente plusieurs
caractéristiques réglables : les propriétés mécaniques de la brosse HA (épaisseur et complaisance), la den-
sité de surface et la mobilité latérale des récepteurs de la P-sélectine.

Ce chapitre met en évidence la fiabilité et la reproductibilité du système moléculaire et la
possibilité de régler la fluidité de la bicouche lipidique supportée pour diverses applications, y
compris des études sous écoulement. La flexibilité du modèle permet la coprésentation de diverses
molécules d’adhésion de surface aux côtés de la brosse HA, ce qui ouvre la voie à l’exploration
d’interactions cellules-glycocalyx complexes impliquant différentes combinaisons de récepteurs
et leurs implications dans divers processus biologiques.

Dans l’ensemble, ce modèle moléculaire constitue un outil précieux pour l’étude des interac-
tions cellule-glycocalyx, contribuant à la compréhension des aspects mécaniques de ces interac-
tions.
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Chapitre 3. Contrôle des densités de surface des récepteurs

Ce chapitre présente une méthode permettant de contrôler la densité de surface des récepteurs
d’intérêt dans les couches moléculaires. Le besoin de contrôler la densité des récepteurs est né de
la nécessité d’imiter la distance biologiquement pertinente entre les récepteurs de la P-sélectine.
Cependant, cette méthode a des applications plus larges dans le domaine de la biofonctionalisation
de surface.

La méthode de contrôle des récepteurs de surface utilise des interactions spécifiques, par
lesquelles des molécules fonctionnelles s’adsorbent sur la surface via des motifs adhésifs en com-
pétition avec des motifs libres. Les principales hypothèses qui sous-tendent cette théorie sont les
suivantes :

1. La fixation de toutes les espèces est limitée par le transport de masse : le taux d’absorption
d’un soluté par la surface est élevé et le fluide à la surface est presque complètement déplété
(la concentration des espèces qui se fixent est proche de 0 à la surface).

2. L’interaction entre le motif adhésif et la surface est forte et irréversible.

3. L’encombrement stérique n’entrave pas l’adsorption des molécules, de sorte que tous les
sites d’adhésion disponibles sont occupés à l’équilibre.

4. La solution est semi-infinie - il existe un réservoir illimité de molécules en solution.

Les concentrations en solution des différentes espèces (molécules d’intérêt et motifs libres)
peuvent être définies à l’aide des équations suivantes afin d’obtenir la densité de récepteurs souhaitée:

1) pour des conditions stagnantes :

c2

c1
=

(
D1

D2

)1/2(
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)
=

(
R2
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)1/2(
Γas

Γ1,sat
−1

)
(C.1)

2) en présence de flux :

c2

c1
=

(
D1

D2

)1/2(
Γas

Γ1,sat
−1

)
=

(
R2

R1

)1/2(
Γas

Γ1,sat
−1

)
(C.2)

Cette approche offre un outil simple et polyvalent pour créer des couches moléculaires avec
une densité de récepteurs bien définie.

Chapitre 4. Microbilles présentant des ligands pour le glycocalyx et
pour les récepteurs de surface

Dans ce chapitre, l’accent a été mis sur le développement d’un protocole de fonctionnalisation
des microbilles de polystyrène imitant les globules blancs circulants dans le cadre d’études in
vitro. Les microbilles ont été équipées de deux récepteurs spécifiques : CD44, qui interagit avec la
brosse HA représentant le modèle de glycocalyx, et PSGL-1, qui sert de ligand pour le récepteur de
surface P-sélectine (Fig. C.4). Une nouvelle méthode a été introduite pour contrôler précisément
la densité de ces récepteurs à la surface des microbilles. En outre, un protocole a été établi pour
permettre le greffage simultané de deux types distincts de récepteurs sur la surface des microbilles
à des densités souhaitées.
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Appendix C. Résumé détaillé de chaque chapitre

Le protocole mis au point pour fonctionnaliser les microbilles avec deux types de récepteurs a
des applications potentielles dans la création de modèles de leucocytes pour des essais d’adhésion
sur le modèle de glycocalyx. Il offre également des applications plus larges dans la fonctionnali-
sation des microbilles à diverses fins de recherche, permettant l’exploration de différentes interac-
tions ligand-récepteur et leur impact sur l’adhésion cellulaire dans des conditions d’écoulement.

Figure C.4: Schéma des modèles des globules blancs.

Chapitre 5. Conclusions et perspectives

Ce chapitre met en évidence les principaux résultats de cette thèse et les applications poten-
tielles de la plateforme in vitro nouvellement développée :

1. L’étude des propriétés mécaniques des brosses de HA sur l’interaction P-sélectine/PSGL-1.
En utilisant des canaux microfluidiques, des billes avec des récepteurs CD44 et PSGL-1
traverseront et rencontreront des récepteurs P-sélectine dissimulés sous la brosse HA. Cette
étude explore la façon dont les propriétés mécaniques du glycocalyx, qu’elles soient souples
ou rigides, influencent l’adhésion cellulaire.

2. Examen de l’impact des propriétés mécaniques des brosses HA sur l’adhésion des leuco-
cytes. Similaire à l’approche précédente, cette étude utilisera la plateforme glycocalyx mais
avec des globules blancs au lieu de modèles. Le passage à des cellules vivantes peut valider
les observations faites avec des modèles cellulaires concernant l’importance des propriétés
mécaniques du glycocalyx.

3. Évaluation de l’influence de la mobilité des récepteurs sur l’adhésion des cellules sanguines
sous flux. De nouveaux protocoles de contrôle de la mobilité latérale des récepteurs ancrés
en surface peuvent être mis en œuvre pour étudier les différences d’adhésion cellulaire entre
les plateformes mobiles et immobiles. Cette étude vise à confirmer l’hypothèse selon laque-
lle le recrutement des récepteurs joue un rôle crucial dans l’adhésion des cellules sanguines.
Des modèles cellulaires et des cellules vivantes peuvent être utilisés dans cette étude.

Ce chapitre présente une première application de la plateforme développée dans des tests
d’adhésion sous flux laminaire. En outre, il discute des implications potentielles plus larges de
la plateforme au-delà de l’étude des interactions entre les leucocytes et les glycocalyx.
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