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Abstract

Cell adhesion is one of the most important processes in the life of an eukaryotic

cell. Survival, growth and normal functioning are all intricately connected to the

molecular machinery that serves to anchor the cell to its environment. More than

a purely mechanical connection, adhesion is an active biological process in which a

myriad of components play a role on both sides of the membrane. The most widely

studied family of proteins connecting a cell to the extracellular matrix (ECM) is

the family of integrins. The ligands binding and activating these proteins are short

peptide sequences found on ECM proteins, such as Arg-Gly-Asp (RGD).

With the development of biophysical techniques, a large variety of approaches

has been introduced with the aim of measuring cell adhesion. Each of these methods

have their own unique set of advantages and disadvantages regarding throughput,

versatility and single-cell capabilities. The work presented here focuses on the de-

velopment of some of these techniques and on finding new fields of applications for

them. First, the computer-controlled micropipette (CCMP) system is analyzed and

compared to fluidic force microscopy (FluidFM). The former technique is based on

a glass capillary that applies a negative pressure on surface attached cells or mi-

crobeads in a serial manner, providing subpopulation level information on adhesion.

FluidFM is a novel variant of atomic force microscopy in which a microfluidic chan-

nel is incorporated into the cantilever, allowing a variety of live cell manipulations

including detachment force measurements. Through measurements on funtionalized

microbeads, I demonstrated the capability of CCMP to be used as a colloid force

spectroscopy tool. I recorded adhesion spectra of the same microbead immobilization

system using FluidFM and correlated the results. I characterized the avidin-biotin-

based surface functionalization using optical waveguide lightmode spectroscopy to

estimate the detachment force of the noncovalent bond, which resulted in a value of

F = 188− 375 pN.

Turning towards cellular biology, I developed a cell-based assay to measure the

two dimensional dissociation constant of integrin-RGD binding as K2D
d = (4503 ±



1673) 1
µm2 . This series of experiments is the first instance of measuring a molecular-

level parameter of cellular adhesion with a computer-controlled micropipette. Re-

sults were confirmed by optical biosensor measurements. Furthermore, I devised a

subpopulation analysis making use of the full capabilities of CCMP to provide single-

cell level data. Results showed that a significant ratio of the cellular population is

in a weakly adhered state on all surface coatings.

While one of the benchmark methods of high-throughput, label-free cell adhe-

sion measurements is the application of resonant waveguide grating (RWG) biosen-

sors, the interpretation of the provided signal had been dubious. Here, by the

development of an experimental workflow using FluidFM and single-cell level RWG

imaging, the optical signal could be calibrated into detachment force and detach-

ment energy values. This way, not only the intricate structure of the adhesion

spectrum could be resolved, but to this day the only truly parallelized detachment

force measurement technique was introduced. This powerful approach is also able

to determine the time evolution of mechanical adhesion parameters.

The results in this work represent a contribution to the development and ap-

plication of single-cell level cell adhesion measurement techniques.



Összefoglaló

A sejtadhézió az egyik legfontosabb jelenség egy eukarióta sejt életében. A túlélés,

növekedés és normál működés mind sokrétű kapcsolatban áll azon molekuláris

szerkezetekkel, amelyek a sejtet annak környezetéhez kapcsolják. Az adhézió azon-

ban nem csupán egy mechanikai kapcsolat, hanem egy aktív biológiai folyamat,

amelyben számos komponens vesz részt a sejtmembrán mindkét oldalán. Az in-

tegrinek alkotják a legtöbbet tanulmányozott fejérjecsaládot, amely a sejt és az

extracelluláris mátrix (ECM) közötti kötődés kialakításáért felelős. A ligandumok,

amelyek ezen fehérjékhez kötődnek és aktiválják azokat, az ECM-en elhelyezkedő

rövid peptidszekvenciák mint például az arginin-glicin-aszparaginsav (RGD).

A biofizikai technológiák fejlődésével módszerek széles skálája vált elérhetővé a

sejtadhézió mérésére. Minden technikának megvannak sajátos előnyei és hátrányai,

különösen az áteresztőképesség, sokoldalúság és egyedi-sejt kezelési képességek terén.

Az itt bemutatott munka célja sejtadhéziós technikák fejlesztése és új alklmazási

területek azonosítása. Elsőként a számítógépvezérelt mikropipetta (computer-controlled

micropipette, CCMP) alapú rendszer kerül elemzésre, melyet nanofluidikai

erőmikroszkópiával (fluidic force microscopy, FluidFM) hasonlítok össze. Az előbbi

módszer egy üveg kapillárison alapul, amelynek segítségével egyedi-sejtek vagy

mikrogyöngyök adhéziójáról lehet információt gyűjteni azok negatív nyomással való

felszívása által. A FluidFM az atomi erőmikroszkóp egy új változata, amelyben

egy nanofluidikai csatorna van a rugólapkába vezetve, ezáltal különféle sejtmanip-

ulációs eljárásokat téve lehetővé. Funkcionalizált mikrogyöngyökkel végzett kísér-

leteken keresztül megmutattam, hogy CCMP segítségével kolloid erőspektroszkópiai

mérések végezhezők. Ugyanezen a rendszeren FluidFM méréseket végezve összeha-

sonlítottam a két módszer által nyert adatokat. Az avidin-biotin kötésen alapuló

felszíni funkcionalizációs rétegek felépülését optikai hullámvezető fénymódus spek-

troszkópiával vizsgáltam, aminek eredményét felhasználva a résztvevő kötés felsza-

kítási erejét F = 188− 375 pN-ra becsültem. A sejtbiológiai alkalmazások irányába

mozdulva, kidolgoztam egy élő sejt alapú mérési eljárást az itegrin-RGD kötés



disszociációs állandójának mérésére. Ezen új eljárás segítségével

K2D
d = (4503 ± 1673) 1

µm2 értéket határoztam meg, ami az irodalomban előfor-

duló első példája a számítógépvezérelt mikropipetta alkalmazásának a sejtadhézió

egy molekuláris paraméterének sikeres meghatározása céljából. Továbbá, a CCMP

egyedi-sejtes képességeit kihasználva alpopuláció szintű elemzésnek vetettem alá a

mért adhéziós eloszlásokat. Az eredmények azt mutatják, hogy a sejtek jelentős

része gyengén kitapadt állapotban van minden vizsgált felületkezelésen.

Bár az egyik legelterjedtebb módszer a sejtadhézió nagy áteresztőképességű és

jelölésmentes mérésére a rezonáns hullámvezető bioszenzorok alkalmazása, az általuk

biztosított jel értelmezése mindezidiáig nehézkesnek bizonyult. Az itt bemutatott

munka során egy kombinált kísérleti eljárás kidolgozásával lehetővé vált az optikai

bioszenzor jelének adhéziós erővé és energiává való kalibrálása. Ezáltal nem csupán

az adhéziós eloszlás finomszerkezetét sikerült feltárni, de ez a módszer bizonyult

az irodalomban eddig elérhető legnagyobb áteresztőképességgel rendelkező mérési

módszernek. Az új technika képes meghatározni a populáció mechanikai adhéziós

tulajdonságainak időbeli fejlődését. A bemutatott eredmények hozzájárulnak az

egyedi-sejt szintű sejtadhéziómérési módszerek fejlesztéséhez és azok újszerű

alkalmazásához.
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Chapter 1

Introduction

1.1 The biology of cell adhesion

The overwhelming majority of cell types in a multicellular organism have to adhere

to a surface for long term survival and to achieve normal function. It has long

been established that the active molecular process of adhesion achieves not only

a mechanical stabilization of the cell to its environment, but it also coordinates

a number of essential processes such as cytoskeletal organization, migration and

differentiation [1]. A loss of adhesion functionality can have clinical implications

especially in cancer metastasis, where the deactivation of cadherins leads to cell

detachment from the cancer tissue [2]. The process of adhesion is influenced by

the outer environment, intracellular factors and the interface between the intra and

extracellular space: the cell membrane [3]. All of these aspects play an actively

regulated and important role in adhesion therefore they all need to be taken into

account when examining processes at the cellular interface. Passive electrostatic

forces also play a role in the interaction of cells and surfaces. In physiological

conditions the outer surface of a biological membrane carries a net negative charge

due to ionizable groups in its transmembrane proteins [4], although the Coulomb

potential of this charge is screened by soluble ions within the Debye length (≈

1 nm) [5]. The attractive Van der Walls force has also been proposed to affect cell

adhesion in certain cases, with a slightly longer effective distance of 5 nm [6]. These

2
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passive, electrostatic forces are dominated by noncovalent biomolecular binding in

vivo, however they play an important role in some biophysical applications, such as

electrophoretic cell manipulations [7].

In their natural environment, adherent cells are attached either to other cells

or the extracellular matrix (ECM) which is a complex supramolecular structure

composed of proteins and polysacharides. A wide variety of cell adhesion molecules

(CAMs) are involved in forming and maintaining the connection of an eukaryotic

cell to its environment. The cadherin family is responsible for cell-to-cell binding,

while integrins play the central role in cell to ECM adhesion. Selectins and im-

munoglobulins transmit selective binding of leukocytes to the endothelium, as part

of the immune response at the site of inflammation [8].

Prokaryotic adhesion proceeds through a distinct molecular machinery, however

many of the methods used in eukaryotic studies can be adapted. The first step of

the infection of an eukaryotic cell by a bacterium or a virus particle is the adhesion

of the pathogen to the host cell, therefore this process is a promising therapeutic

target. The importance of adhesion impeding drugs is increased by the rise of

antibiotic-resistant strains [9].

In multicellular organism, a differentiation must be made between adherence

within the same cell type and between different kinds of cells. The former is dubbed

homophilic while the latter heterophilic adhesion. A typical example of heterotypic

adhesion is the above mentioned interaction of leukocytes with vascular endothe-

lium. Other cells responsible for immune response and inflammation also exhibit het-

erotypic adhesion notably through the interaction of intracellular adhesion molecules

(ICAMs) with integrins [10]. In tissue organization, development and wound heal-

ing, homophilic adhesion plays an important role.

1.1.1 Cadherin mediated intracelluar adhesion

Homotypic adhesion is relayed by the cadherin protein family, which has been found

in every animal species investigated so far, highlighting its fundamental importance

in multicellular organization [1]. The name "cadherin" originates from the term "Ca



4 1.1. The biology of cell adhesion

dependent adhesion protein", given due to the early observation that a lack of Ca2+

ions can impede certain types of intracellular adhesion. Cadherins are transmem-

brane proteins with a single transmembrane domain and an extensive extracellular

domain containing a number of identical sequences called cadherin repeats (CR).

The role of the calcium ions is to bind to the binding pockets found on the CRs thus

rigidifying the structure of the extracellular domain (figure 1.1). In the classical E-

cadherin the number of CRs is four, however other subtypes exist with up to 30 CR

domains. Early experiments showed that Ca dependent cell adhesion can achieve the

sorting of cell types, which means that in a heterogeneous suspension, similar cells

will form aggregates [11]. In this sense similarity is defined by the expression profile

of cadherin subtypes, since cells from different tissues express distinct proteins such

as N-cadherin in the case of neurons, P-cadherin in the placenta, etc. The cadherins

on one cell then selectively bind cadherins of the same subtype on other cells. At

the same time, on the intracellular side of the membrane, the intracellular domain

of cadherins binds to the actin filament network through a set of specialized proteins

called catenins. Therefore, intracellular adhesion can be regarded as the assembly

of the cyctoskeleton of numerous cells into a vast network of actin, cadherin and

the connecting catenins. When the expression of cadherin or its associated catenins

is pathologically downregulated, the integrity of the tissue is compromised which

has been shown to be the case in certain carcinomas [12]. The loss of intracellu-

lar adhesion can lead to tumor dissemination, while the reattachment and invasion

by these metastatic cells requires an increased adhesion to the host tissue. It is

expected therefore, that the cadherin expression of tumor cells changes radically

during the progression of the disease and understanding these changes can lead to

better therapeutic and prognostic tools.

A general concept which applies to most CAMs is that they act not individually but

in a clustered organization, made possible by the lateral diffusion of proteins in the

cell membrane. Cadherins, for instance, form so called adherens junctions between

cells, which are accumulations of bound cadherins on opposing sides of the membrane
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Figure 1.1: Intracellular adhesion by cadherin clustering. Cadherins, stabilized by Ca2+ ions

bind each other on the extracellular side of the membrane, while their intracellular domain is

connected to the actin cytoskeleton. The connection is provided by a number of adaptor proteins

called catenins and vinculin.

of two cells (figure 1.1). From a mechanical point of view these junctions act in a

zipper-like manner. Upon the application of a normal force, each molecular bond is

pulled at the same time which provides stability by dispersing the force. However,

the junction can be disassembled by gradually stretching one end of the cluster, as

one would open a zipper. Clustering is accompanied by the rearrangement of actin on

the intracellular side of the membrane into parallel filaments. Subsequently, myosin

II motor proteins associate to the actin, exerting contractile forces on the junction.

Cadherins however, are not merely passive anchors tethering cells together, instead

they actively participate in the generation of intracellular forces. Once mechanical

tension is exerted on the bound cadherin, it gets transferred to the connecting α-
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catenin on the intracellular side. The flexed α-catenin then changes conformation to

reveal additional binding sites for actin, thus strengthening the cytoskeletal coupling.

It can be seen therefore that cell adhesion molecules form an active machinery that

not only provides mechanical stability to tissues but it also acts as a mechanosensor

and transductor, capable of translating mechanical cues from the environment to

molecular signals.

1.1.2 Integrin mediated cell to ECM adhesion

The integrin family of CAMs represents a group of transmembrane glycoprotein com-

plexes made up of two subunits. Contrary to cadherins, integrins do not bind each

other, instead they provide a connection between cells and the surrounding extracel-

lular matrix. Certain integrins on the other hand, bind ICAM proteins, facilitating

heterophilic adhesion between leukocytes and endothelia. Integrins are dimers con-

sisting of an α and a β subunit, both glycoproteins with a single transmembrane

chain surrounded by a short intracellular and a longer extracellular domain (figure

1.2).

A number of different α and β variants are found in mammalian cells, with integrins

being built up of a combination of two subunits [13]. Not every variant of α and β

is observed together, rather specific combinations are characteristic of certain cells,

for instance, the αLβ2 integrin is responsible for ICAM binding in white blood cells

[14], while α7β1 is a laminin binding integrin found in muscle [15]. It is important to

note, that any cell will express a number of different integrins at any time, therefore

the overall adhesion that is measured with any method contains the contributions

of many different integrin types present in different quantities. As it will be shown

later, this basic phenomenon has important implications for any assay investigating

integrin binding. Similarly to cadherins, integrins also cluster when the conditions

are given, forming focal adhesions thus (FAs) reinforcing mechanical stability by a

zipper-like organization principle. Focal adhesions are junctions between the cell and
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Figure 1.2: The mechanism of integrin binding. In its inactive form (right side) the two subunits

are folded together with their binding pockets unavailable. After activation (left side), the RGD

site of fibrinogen or other ECM proteins can bind to the extracellular domain of the integrin. The β

subunit is bound by tallin on the intracellular side which in turn connects to the actin cytoskeleton

through vinculin.

the ECM, consisting of clustered integrins binding to fibronektin, lectin, collagen and

other matrix components on the extracellular side. Meanwhile, a number of adaptor

proteins are associated to the intracellular domain of integrins connecting them to

the actin cytoskeleton. These adaptor proteins include tallin, vinculin (which also

associates to catenins), VASP and several other proteins. The modification of the

adaptors by certain enzymes creates the possibility to regulate integrin related cell

adhesion. For instance phosphorilyation of FMNL2 by cyclin dependent kinase

1 (CDK1) was shown to be responsible for the rounding up of cells immediately

before the M phase, allowing for the separation of the mother and daughter cell [16].

Division is but one of the situations in the life of a cell where it has to remodel its
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adhesive machinery in a short time span. Migration across a substrate entails the

deconstruction of FAs on one end of the cell and the strengthening of adhesion on

the pulling end [17]. To make this possible, instead of constantly remodeling the

membrane by removing and adding integrins, cells can switch these proteins on and

off, corresponding to an active and an inactive configuration of the integrin dimer.

In the inactive form, the integrin is unable to bind extracellular ligands due to a

folded configuration which hides the binding pocket (figure 1.2). Furthermore, in

the inactive form the intracellular domain of the β subunit is also unavailable to

bind adaptor proteins. When the integrin switches to the active configuration, its

binding sites are revealed. The transition between the two states can occur due to

low affinity extracellular binding or intracellular signaling [18].

Similarly to cadherins, integrins posses a variety of functions besides the fixing

of the cell to its environment. Indeed many cell types are anchorage dependent,

which means that they require integrin-ECM connection to proliferate, grow and

even to survive. Since integrins do not have inherent enzymatic activity, they convey

the signaling role through recruiting adaptor proteins, most notably focal adhesion

kinase (FAK), to the intracellular tail of the β subunit. Once FAKs accumulate at

focal adhesions, they phosphorylate each other and through the help of other actors

such as Src kinases, a signaling is initiated reinforcing cell growth and proliferation

[19]. Therefore, cell adhesion can be quantified with simple fluorescent microscopy,

without measuring a force or sheer stress using methods introduced in section 1.2.

A common technique is the fluorescent staining of focal adhesion kinases or other

intracellular adaptor proteins binding integrins since their presence is indicative of

FA maturation [20]. Visualizing the distribution of FAK, vinculin, tallin or paxillin

in adhered cells is a useful way to asses the quantity and size of FAs. Evidence sug-

gests that there is a nonlinear correlative relationship between vinculin recruitment

and adhesion strength [21].

Integrins are also responsible for mechanotransduction, the sensing of the me-

chanical properties of the environment [22]. Junctions between the cell and the

ECM are constantly pulled by actin associated myiosin motor proteins. When the
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substrate to which the cell is attached is difficult to deform, the stretching force will

be substantial enough to change the conformation of tallin, thus revealing additional

binding pockets for vinculin further promoting actin recruitment [1]. Through this

mechanism, a positive correlation is generated between focal adhesion size and the

rigidity of the surface in certain conditions [23].

The extracellular ligands of integrins are most often short peptide sequences,

the best understood of which is the Arg-Gly-Asp (RGD) consisting of Arginine,

Glycine, and Aspartate. The presence of RGD sequence alone is sufficient to ini-

tiate integrin binding in most cell types, however the secondary structure of the

protein presenting the RGD as well as the presence of other synergistic peptide se-

quences greatly affects binding affinity [13]. For instance, α5β1 integrins bind RGD

in fibronectin but they fail to recognize the same sequence in laminin and other ECM

components [13]. The difference between integrin binding to an isolated polypeptide

motif or to a native protein containing these motifs can appear in more subtle forms

as well. In myocytes, the degree of attachment to RGD and YIGSR (Tyr-Ile-Gly-

Ser-Arg) covered surfaces was identical to the attachment to surfaces containing

fibronectin and laminin which are the proteins containing those sequences. How-

ever, downstream signaling induced by integrins and subsequent accumulation of

focal adhesion kinase (FAK) was downregulated in the absence of the native ECM

proteins [24]. It is important to keep in mind therefore, that the physical tethering

of a cell to the substrate by integrins does not necessarily imply the presence of

complete integrin functionality.

Another peptide promoting cell adhesion is the Pro-His-Ser-Arg-Asn (PHSRN)

oligopeptye which not only induces cell attachment but its presence enhances RGD

binding in a synergistic manner [25, 26]. The sequence GEFOGER, present on

collagen, was also shown to be a sufficient factor to promote cell adhesion [27].

Biofunctional coatings

Identifying integrin ligand sequences is not only important to gain a better un-

derstanding of the biology of cell adhesion, but also to design adhesion promoting
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artificial surfaces [28]. This application has a paramount importance in implantol-

ogy, the medical field concerned with the introduction of foreign objects in living

tissues. By default, the body reacts to a non-oranic surface by inflammation, which

has to be mitigated or completely avoided for the successful integration of implants

[29]. One way to achieve this is to prompt endothelization on the surface to normal-

ize tissue homeostasis around the foreign body [30]. Functionalizing substrates with

a mixture of adhesion promoting peptide sequences is a successfully used strategy

to induce initial attachment of host cells [31]. Many laboratory applications ranging

from simple cell culturing to elaborate biosensor studies also require biofunctional

coatings. As it will be shown in section 1.5.1, studying cell adhesion using optical

biosensors such as resonant waveguide grating-based methods calls for the devel-

opment of tunable surfaces where the level of cell adhesion can be adjusted with

chemical modifications. The adhesive properties of an RGD containing coating de-

pend on the average distance of RGD motives (dRGD−RGD), since integrin clustering

only occurs when this distance crosses a highest limit of around 58nm [32]. There-

fore, chemical strategies where the dRGD−RGD can be tuned are desirable. Another

important requisite of such coatings is that the RGD non-containing surface itself

should be unavailable for non-specific adhesion of proteins, since many cell types

actively secrete fibrinogen or other ECM proteins [33]. If these proteins adsorb to

the substrate, they promote the adhesion of the cells that secreted them. This effect

can be easily observed by seeding fibroblasts or tumor cells on a clean glass substrate

- given enough time the cells will spread and adhere in spite of the lack of RGD

motives on the initial surface.

The physical adsorption of ECM proteins in different concentrations can, to a

certain degree assert the role of a biofunctional coating, however the non-covalent

bonds can easily degrade in the presence of complex media in which the cells are

added to the system [34]. Instead of applying entire ECM proteins, many systems

have been established where adhesive peptide sequences are covalently bound to a

polymer, which then adsorbs to the substrate. For instance, self-assembling mono-

layers (SAMs) functionalized with RGD has shown promising results to facilitate



Chapter 1. Introduction 11

cell adhesion, migration and polarization studies [35]. On special substrates, even

a spatio-temporal control of ligand density could be achieved including the pos-

sibility of creating gradients [36]. Another chemical system used to achieve tight

control over RGD surface density is the adsorption of RGD-functionalized PLL-g-

PEG-RGD synthetic copolymers on a substrate. A PLL-g-PEG molecule consists

of PLL (Poly-L-lysine) chains that can adsorb to most electron donating substrates

and PEG (poly-ethylene-glycol) chains that are exposed to the bulk over the surface,

impeding adhesion of certain cell types [33] and proteins [37]. Covalently grafting

RGD motifs to such a polymer makes it possible to cover a surface with integrin

ligands while effectively suppressing non-specific adsorption. Plasma cleaned glass

surfaces (Petri dishes, microscopy slides) and biosensor chips can be modified with

PLL-g-PEG in a straightforward and cost effective way (see section 2.1). Further-

more, mixing PLL-g-PEG and its RGD grafted version in different ratios allows for

the precise control of the ligand-to-ligand distance in the formed layers [38, 39].

A further approach gaining traction in the field is the application of hydrogels,

hydrophilic polymers capable of absorbing a large amount of water [40]. When

the hydrogel is hydrated, it creates a three dimensional scaffold localized in the

vicinity of the substrate. Due to this structure, their potential ligand uptake greatly

surpasses that of 2 dimensional layers [41]. The Young’s modulus of this layer can be

adjusted by changing the density of cross bonding between the polymers, therefore

a new dimension in adhesion control can be potentially exploited. Dextran hydrogel

layers have been shown to effectively block HeLa cell adhesion in their native state,

while they promoted adhesion and spreading upon convalent immobilization of RGD

motifs [42].

1.2 Cell adhesion measurement strategies

After exploring the basic concepts and some technical aspects of the biology of

cell adhesion, we turn our attention to the different measurement strategies that

have been developed over the years. Firstly, the very definition of a cell adhesion
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measurement must be considered. What are the relevant physical quantities and

how can they be measured? A mammalian cell attached to a substrate through

focal adhesions, from a physical point of view, is in a force equilibrium, which

means that the net force acting on it is zero. At the same time, from biological

considerations, it is clear that the actin associated myosin motor proteins are pulling

the substrate through the integrins, which generates a mechanical stress in the actin

cytoskeleton and in the integrins themselves. The stress is then transferred to the

substrate which might produce a measurable deformation if its Young’s modulus is

low enough [43]. Measuring the deformation of a substrate due to the interaction

with the cytoskeleton is the basic principle of traction force microscopy, which will

be detailed later. Other than the generated stress, another meaningful measure

of cell adhesion is the force that is required to detach the cell from the surface.

While this quantity, called detachment force or simply adhesion force, seems like a

straightforward parameter at first glance, in reality it fundamentally depends on the

exact manner of the application of the detaching force. Two principal parameters

have to be considered during cell detachment: first, the direction of the force might

be normal or tangential. A normally applied force corresponds to grabbing and

then separating the cell from the surface, while tangential forces can be generated

by a liquid flow above the cell, which is used in a variety of shear flow and washing

assays. Detaching cells with a normal force constitutes the field of single-cell force

spectroscopy (SCFS) which is detailed later on (see section 1.3)[44]. Note that in

SCFS, the adhesion energy, which is the energy needed to detach the cell from

the substrate is also often considered. The second consideration is the loading

rate, which is the speed with which the force is applied. This is especially relevant

in single-cell force spectroscopy, since even the breaking of a simple noncovalent

chemical bond depends on the applied loading rate [45]. When it comes to the

detachment of a cell, many such noncovalent bonds are loaded at the same time,

which amounts to a strong dependence on the rate [46]. Furthermore, cells exhibit

viscoelastic properties that causes their deformation to depend on the time derivative

of the strain, adding a further dimension of loading rate dependence [47]. Due to
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the dissipative nature of the viscoelastic pulling, the measured adhesion energy is

also influenced by the loading rate. In the case of shear flow assays, the shape of

the cells affects the force that is exerted on them by a flow characterized by a given

flow rate [48]. Therefore, when detaching cells with a tangential or a normal force,

further parameters of the experiment has to be taken into account for cross-study

comparison.

When considering cell adhesion measurements, or in fact any measurement

in cell biology, the role of population averaging is essential to take into account.

Generally, cells are divided into cell types, groups of cells that are similar in their

function and can be characterized by a common surface group visualized using flu-

orescent labels. The routinely used method of fluorescence activated cell sorting

(FACS) realizes this idea in practice by sorting cells into groups according to their

surface labeling [49]. In recent decades however, this basic assumption seems to

falter as single-cell RNA sequencing becomes more and more available. The notion

of single-cell biology has been introduced, which stems from the realization that

phenotypic inhomogeneity within the same cell type is much more significant than

previously assumed. Single-cell transcriptomics studies are now helping researchers

to understand diseases [50, 51] and appreciate the importance of rare cell types

[52, 53]. There can be little doubt that cell adhesion measurements must keep up

with this development and that methods that are capable of investigating adhesion

on the single-cell level should be given priority. A related technical difficulty is that

measuring cells one by one, whatever the exact mechanism, significantly slows down

the experiments. A trade-off exists between the precision of data collection and the

throughput (the number of cells that can be measured in a given amount of time).

A simple washing assay on an adhered population counting millions of cells might be

done in under an hour, however single-cell resolution and the ability of precise force

quantification is lost. On the other end of the spectrum, atomic force microscopy

measurements provide a detailed force-distance curve with individual integrin de-

tachment events resolved, however applying them to just one cell can take well over

one hour. Therefore, the researcher has to carefully select the adhesion assay that
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most fits their need in terms of throughput and resolution [54]. Nevertheless, there

are three cell adhesion measurement approaches in which this trade-off is mitigated,

that is, they work on a single-cell level while retaining a relatively high through-

put. Furthermore, they are capable of measuring single-cell adhesion in a label-free

manner, which means that they do not need fluorescent labeling to detect or char-

acterize cells. These methods will be detailed later on: single-cell force spectroscopy

by FluidFM in section 1.3, computer-controlled micropipette aspiration in section

1.4 and resonant waveguide biosensors in section 1.5. To provide context and gain a

deeper understanding of the advantages and specificity of each method a summary

of some additional, commonly used experimental techniques is given.

1.2.1 Shear flow assays

Over the years, many different setups have been developed with the purpose of

detaching adhered cells with a tangential force generated by a fluid flow. The general

scheme of these experiments is to seed the cells on a solid substrate, then induce a

parallel fluid flow over them. Depending on the level of induced shear stress, a certain

amount of cells will be removed from the substrate (figure 1.3c). Subsequently, the

sample is fixed and the ratio of remaining cells is quantified by optical microscopy.

The variation of methods lies in the physical mechanism by which the fluid flow is

induced. One popular technique is the spinning-disk setup in which the sample is

mounted on a stage connected to an electric motor. This rotating stage is surrounded

by a large container of buffer to minimize the flow-perturbing effect of the container

walls. This way, cells will experience increasing amounts of sheer stress as their

position changes from the rotational axis towards the edge of the substrate. This

gradient allows for the characterization of the effect of various sheer stress values

within the same experiment [55, 56]. A similar approach to spinning-disk is the

radial flow chamber method, were the flow is generated by an influx of fluid into the

volume above the cells resting on a stationary substrate [57, 58]. Here, the advantage

of observing multiple shear flow values is retained with the additional possibility to

real-time monitor the cells in the flow field by mounting the setup on an inverted
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microscope. With this method however, the highest amount of sheer stress is limited

by the critical Reynolds number above which turbulence would occur. The third

commonly used way to create shear flow assays is the application of flow chambers,

which are channels incorporated in PDMS substrates measuring around a 100 µm in

height. In general, flow chambers are compatible with optical microscopy and they

can produce high shear stress values due to the small dimensions of the channels

[59, 60]. However, in contrast to spinning-disk or radial flow chamber setups they

only exert one given value of stress at a time, making them a lower throughput

method.

The principal advantage of these approaches is that they are easily accessible,

need only a minimal amount of specialized equipment and the evaluation and in-

terpretation of the results is straightforward. They can be applied to virtually any

adhesive cell line and flat substrate. On the other hand, the exact shear force ex-

perienced by the cells depends on their shape therefore rigorous quantification and

cross-system comparison of the results is difficult [48, 54].

1.2.2 Biomembrane force probe

The biomembrane force probe is a technique in the family of micropipette-based

manipulations. The cell to be characterized is partially sucked into a micropipette,

then an opposing micropipette is approached to it (figure 1.3a). Inside this second

micropipette a lipid vesicle is introduced, with a functionalized bead adsorbed to

its surface. The lipid vesicle acts as a force transducer, while the bead’s surface

contains the molecule of interest which is brought into contact with the cell. After

a given time of adhesion, the second micropipette is retracted together with the

bead. The deformation of the lipid vesicle upon retraction, which is recorded by

microscopy, allows for the calculation of the force acting between the bead and the

cell [61, 62]. The advantage of this technique is the sensitivity as it can measure

adhesion forces with 1 pN precision. Other micropipette-based systems include the

step pressure technique where both micropipettes contain a cell which are then

brought into contact with each other [63]. One of the micropipettes is then slowly
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retracted with the application of the lowest possible suction vacuum that holds

it tight in the pipette tip. This lowest vacuum can be determined with several

iterations of changing pressure values. In other variation of this setup, the second

cell is replaced with a bead inside the micropipette and the vacuum needed to

separate it from the cell is determined the same way [64]. The vacuum value is then

used to infer the adhesion force.

The most important limitation of these micropipette-based methods is that the

available force range is small, does not exceed the range of a couple of nanonewtons

[54], therefore it cannot be used for the investigation of mature cell-cell contacts.

Also, any nonspecific adhesion between the cell and the micropipette has the poten-

tial to influence the measured values.

1.2.3 Traction force microscopy

Traction force microscopy (TFM) is a unique technique in the sense that it does not

depend on the detachment of cells, instead it characterizes the pulling forces that

they exert on their support. Strictly speaking it should not be considered a cell ad-

hesion measurement, however the force exerted by the cell is transferred through the

same molecular machinery (the focal adhesion) which is responsible for attachment.

Results of TFM measurements therefore characterize the same basic phenomena as

other, detachment-based, methods but from a fairly different point of view. In the

first step of the workflow, an elastic polyacrilamide (PA) gel is molded with fluo-

rescent nanobeads (in the size range of 200 − 500 nm ) or quantum dots inside it.

Subsequently, cells are seeded on this substrate, the surface of which is decorated

with adhesion promoting molecules. During the adhesion and spreading of the cells,

focal adhesions form and forces are exerted on the substrate, which changes the po-

sition of the incorporated beads (figure 1.3b). By taking fluorescent images before

and after cell adhesion, the displacement field of the beads can be computationally

reconstructed. The stress field is then calculated from the displacement field, using

simulations that rely on a few well fulfilled assumptions such as the elasticity of

the PA and that the substrate is an infinite plane, although newer models omit this
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Figure 1.3: Schematic illustration of some cell adhesion measurement methods presented. (a):

Biomembrane force probe. A glass micropipette holds a lipid vesicle with an attached bead. A

second micropipette with a cell sucked into its tip is placed opposite and the cell is brought

into contact with the bead. Upon retratction, the deformation of the lipid vesicle allows for for

the calculation of the force. (b): Traction force microscopy. The cell is placed on an elastic

polyacrylamide substrate with embedded beads inside. The difference in the position of the beads

before (green spots) and after cell adhesion (red spots) can be used to model the stress field

exerted by the cell. (c): Shear flow assay. Cells are seeded inside a PDMS channel. After applying

a flow which generates a shear stress, a ratio of the cells is washed off. Quantifying the amount

of remaining cells gives an indication of cell adhesion. (d): Single-cell acoustic force spectroscopy.

The cells are seeded on a substrate, then an acoustic standing wave is generated above the surface.

Due to the pressure gradient, weakly adhered cells move upwards which is detected by optical

microscopy. The ratio of cells detaching as a function of the applied acoustic force is used as the

indication of cell adhesion.
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later requirement [65]. The acquired stress field is often correlated with fluorescent

images of FAK or integrin adaptor proteins to visualize focal adhesions [66]. TFM

is a rapidly evolving field that has seen significant improvements since its begin-

ning, including increased resolution down to 1 µm [67] and the possibility to resolve

the stress tensor in three dimensions [68]. The combination of traction force mea-

surements and cell detachment methods such as fluidic force microscopy could be a

promising approach to gain a deeper understanding of the function and behavior of

focal adhesions.

1.2.4 Acoustic force spectroscopy

The methods discussed in this section so far are ’classical’ in the sense that they

have been around for a number of decades. Single-cell acoustic force spectroscopy

(scAFS), however, is a new a technique that has been introduced very recently [69].

The setup relies on an acoustic standing wave generated by a voltage-controlled

piezoelectric element. Around the nodes of such a standing wave, a pressure gradient

is formed which exerts a force on any non-point like object [70]. In cell detachment

experiments, cells are first seeded on a flat surface mounted on an imaging platform,

then let to adhere for a short amount of time. Then, the acoustic generator is

switched on for a couple of seconds which prompts the non-adhered cells to move

upwards from the substrate, towards the node of the standing wave (figure 1.3d).

The z-positon of the cells can be determined by their changing diffraction pattern

with a 100 nm resolution which is sufficient to differentiate in real time between cells

that remain on the surface and those that are lifted up. Furthermore, the velocity of

their movement can also be determined which allows for a force calibration according

to the Stokes-drag model. One drawback of the system is that the accuracy of this

calibration depends on the homogeneity of the cell population regarding size and

shape. The other limiting factor is that the highest force that can be exerted remains

under 5 nN, which is orders of magnitudes smaller than what is necessary to detach

fully adhered cells. Nevertheless, the system shows great potential in the assessing

of early stage adhesion, where the forces are relatively low and the cell morphology
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is round. ScAFS was also successfully used to measure cell-to-cell adhesion between

tumor cells and T-cells, which bears critical importance in cancer immunotherapy

[71]. It can be hypothesized that thanks to the smaller size and force regime and to

the higher levels of shape homogeneity, AFS could be well adapted to measurements

of bacterial adhesion.

1.3 Single-cell force spectroscopy by FluidFM

1.3.1 The early days: AFM

Since the publication of the original paper [72], atomic force microscopy (AFM) has

evolved into one of the most versatile tools in experimental physics, with applications

in various fields from solid state [73] and chemical physics [74] to microbiology [75].

While AFM was principally intended as an imaging technique, other applications

soon emerged due to the inherent versatility of the force controlled probe. Principally

it was the biological sciences that made use of the technology both on a molecular

and on a cellular level. AFM is especially adapted to manipulate single cells due

to the size range of the cantilevers used, the width of which is generally in the

range of 10 − 100 µm. The measurement itself is based on the above mentioned

silicon cantilever with one end connected to a chip of the same material while the

other extremity ends in an atomically sharp tip. The chip can be moved along the

z axis above the sample using a piezoelectric motor with a positioning precision

in the nanometre range, and a highest distance of no more than 100 µm. The

upward facing surface of the cantilever is coated with a reflective material (such

as gold) which is used to reflect a laser beam onto a split charge-coupled device

(CCD) detector. The deflection of the cantilever due to forces exerted by the sample

surface is detected by the differing voltage values on the sides of the split CCD.

Therefore, the primary signal of the AFM is a voltage value which is in direct

correlation with the position of the cantilever tip compared to the unbent position.

The voltage can be converted to the force exerted by the surface, by first determining
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the inverse optical lever sensitivity (S) and the spring constant (k). The former

parameter represents the relationship between the bending and the corresponding

voltage difference, it is generally expressed in mm
mV

. It is determined by driving the

cantilever against an ideally hard surface, in which case the bending of the cantilever

is assumed to be equal to the distance of the movement of the piezoelectric motor

after contact with the surface has been established. Then, the voltage-distance curve

is fitted with a line, and its slope is accepted as the inverse optical lever sensitivity.

The spring constant is calculated by fitting the thermal excitation spectrum of the

cantilever, as proposed by Sader [76]. Commonly used mathematical models use the

hydrodynamic function of the cantilevers which depends on their shape and physical

dimensions [77]. In practice, these essential parameters are provided by the supplier.

Finally, the force acting between the cantilever and the sample can be expressed as

[78]

F = X[mV ] · S
[mm
mV

]
· k
[
nN

mm

]
. (1.1)

It is important to note that according to eq.1.1, the relative error of the force

will include the relative error of both the sensitivity and the spring constant in an

additive way. Since both of these parameters are determined by fitting of certain

spectra of the cantilever, it is essential to be aware of the range of error present to

be able to estimate the accuracy of the measured forces [78].

The principal output of the AFM measurement is therefore a force-distance

(FD) curve. The parts of these curves are the approach, the contact and the retract

phases, all of which contain information about different aspects of the cantilever-

sample interaction. The retract phase contains the adhesion region (figure 1.4.a)

which is analyzed to determine adhesion force and energy values.

The approach phase can be used to determine the Young’s modulus of cells

and tissues is in the kPa range [79]. By subtracting the bending of the cantilever

from the change in Z-position of the piezo stage, the deformation of the sample is

acquired. Since the deformation of the cantilever gives the value of the applied force,

assuming a linear relationship between these quantities allows for the calculation of
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Figure 1.4: Basic concepts is single-cell force spectroscopy. (a): The adhesion region contained

within the retract phase of a force-distance curve. The adhesion force is defined as the highest force

value that needs to be exerted on the cell during detachment. The adhesion energy is the integral

of the curve in the adhesion region and it characterizes the overall amount of mechanical energy

used during detachment. (b): Different modes of SCFS by AFM, from left to right: cantilever

functionalization, colloid force spectroscopy, cell-probe method.

an effective Young’s modulus. Naturally, more sophisticated models have been de-

veloped (such as the commonly used Hertz contact model) to estimate mechanical

properties from the FD curves [80]. At the same time, these models contain bold

approximations such as the perfect rigidity of the cell substrate, ignoring viscoelas-

ticity, the perfect roundness of the AFM tip etc. Nevertheless AFM nanoindentation

has been successfully applied in the study of cancer cells, as it was used to show

that tumor cells exhibit a significantly lower Young’s modulus than their healthy

counterparts [81]. This principle of differentiation works not only on single-cells but

also on tissue sections [82]. It has been suggested that softening of metastatic cancer

cells is a requisite for squeezing through endothelial layers and thus reaching other

parts of the body through the bloodstream [83]. AFM-based nanoindentation, in

spite of its promising applications in research labs, has not made its way to clinical
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practice due to the inherent low throughput of the measurements and the impos-

sible automation of the workflow. Indeed these two limitations are general for any

cantilever-based cell manipulation method as well as other devices such as the opti-

cal fiber-based serial nanoindentation [84]. It is worth noting that recently Brillouin

microscopy has emerged as a non-mechanical way to measure elastic moduli in a

biological context with an unprecedented spatial resolution. This method, dubbed

Brillouin spectroscopy, makes use of the scattering of photons on thermally exited

phonon modes that naturally exist in all biomaterials. The frequency shift of the

scattered photons as well as the width of their intensity spectrum can be correlated

to the Young’s modulus and other viscoelastic moduli [85].

While nanoindentation uses the approach phase of the force-distance curve,

the retract phase contains information about the adhesion of the cantilever to the

substrate. Various setups assessing this interaction in different ways constitute the

field of single-cell force spectroscopy (SCFS) [44]. Probably the most important re-

alization of the method is cell-probe SCFS, where a cell is attached to the cantilever,

then brought in contact with the surface. After an arbitrary time that allows for

the initiation of adhesive contacts, the cantilever is retracted together with the cell

(figure 1.4b-3). For successful retraction, the force between the cell and the tip has

to be larger than the force between the cell and the substrate, which severely limits

the possibility of studying strongly adhered, spread out cells. The initial contact

to the cantilever is created by seeding a cell on a non-adhesive substrate, then ap-

proaching it with the cantilever pre-coated using extracellular matrix proteins such

as lectin [86]. This is followed by an incubation period allowing for the maturation

of the adhesive structures. To avoid this work intensive process, another approach

can be used, where the cantilever is covalently functionalized with the molecule of

interest and then brought into contact with a spread out cell (figure 1.4.b-1). Al-

ternatively, the covalent functionalization can be applied on a microbead attached

to the cantilever. This method is called colloid-force spectroscopy (figure 1.4.b-2).

In both cases, information is extracted from the retract phase of the force-distance

curve. The most commonly given quantity is the minimum value of the adhesion re-
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gion, which represents the highest force that occurred during detachment. Secondly,

the adhesion energy is the integral of the curve from the point of contact until the

return to the approach baseline (figure 1.4a). Using sensitive enough setups, charac-

teristics of single bond breakage events can also be extracted [87]. Single-molecule

studies, even outside of the cell biological context, have been carried out success-

fully with AFM [88]. The power of this method lies in its precision, since the force

resolution is in the pN range, making it especially adapted to gaining information

about the molecular aspects of cell adhesion. However, acquiring statistically sig-

nificant amounts of cell detachment data is cumbersome and costly due to the time

and resource consuming immobilization protocols [54]. Moreover, adhering to the

cantilever might modify the behavior of the cells prior to the actual measurement

by depleting their integrin content or rearranging their cytoskeleton. An additional

issue is that the measurement of the late phases of adhesion remains unavailable

by AFM, since this would require fixing the cell to the cantilever with hundreds of

nanonewtons of force.

1.3.2 Fluidic Force Microscopy

The problem of cell immobilization was elegantly solved by the introduction of fluidic

force microscopy (FluidFM) [89]. The basic idea was to introduce a nanofluidic

channel inside the cantilever that can be filled up with a solution of choice and

whose pressure can be controlled both in the positive and the negative regimes.

The channel ends in an aperture at the end of the tip whose geometry can be

varied, making a myriad of new applications possible. A constant negative pressure

can be used to fix the cell to the cantilever thus eliminating the need to use time

consuming coating-based immobilization strategies. After the recording of a force-

distance curve, the cell can be removed from the cantilever by the application of an

overpressure. FluidFM also overcomes the limitation concerning strongly attached

cells since the force between the cantilever and the top of the cell can reach a value of

over 3 µN [90]. Other than greatly improving SCFS workflows, the three main probe

geometries presented in the literature so far have been used to execute colloid force
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spectroscopy [91], surface patterning [42], nanoinjection [92], nanoextraction [93]

and single-cell isolation [94] experiments. A detailed description of the experimental

setup used in this work is given in section 2.3.

In spite of the fact that FluidFM is a relatively new technique, a considerable

amount of research using SCFS by FluidFM can be found in literature. Not only

mammalian cells but bacteria and yeast cells have also been studied with success

[95, 96]. Ponthoff et al., for instance, studied adhesion of two clinically relevant

bacterial cell lines: Escherichia Coli and Streptococcus pyogenes [97]. The cells

were seeded on PLL coated glass and picked up with FluidFM while measuring the

force-distance curves. Adhesion forces could be measured with a 20 pN resolution

and were found to be in the 4 − 8nN range. Fixing the cells to the aperture by a

negative pressure not only speeds up the measurements, but also makes it possible

to work with cells that could not be immobilized through cantilever coating as it

was illustrated by the measurement of Lactococcus lactis [98]. Thanks to FluidFM,

the throughput of SCFS experiments stepped to the next level, as in one study

26 bacterial strains characterizing the entire microbiome of Arabidobsis thaliana

leaves were characterized [99]. In this case, to further accelerate measurements,

colloid force spectroscopy (CFS) was used, which means that instead of picking up

cells from a substrate, coated microbeads (colloids) were fixed to the cantilever and

brought in contact with the cells of interest. Colloid particles were coated with C30

alkane, resembling the native environment of the bacteria. The adhesion between

the bacteria and the beads was quantified and a wide distribution of forces was

found, emphasizing the importance of single-cell level measurements especially since

successful colonization requires the initial adhesion of only a few cells. A genetic

abundance assay confirmed a positive correlation between the average adhesion force

of a strain and its ability to associate to Arabidobsis leaves. This result further

corroborates the relevance of adhesion force quantification in uncovering the ability

of microorganisms to colonize surfaces and form biofilms.

In terms of measurements with mammalian cells, a number of systems were

studied making use of the increased functionality provided by FluidFM [90] (fig-
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Figure 1.5: Application of FluidFM for single-cell force spectroscopy. Scanning electron mi-

croscopy images show the geometry of the probe tip. (a): Cell detachment experiment. The cell

is fixed to the cantilever using a negative pressure in the incorporated channel, then it is lifted up

from the substrate while the force-distance curve is recorded. (b): Colloidal force spectroscopy.

The negative pressure at the aperture is used to keep a bead attached to the tip. In the multiple

colloidal probe technique another, smaller colloid is adsorbed on the surface of the first bead (shown

in the inset). (c): Measurement of homotypic adhesion with the cell probe method. A tumor cell

(red) is brought in contact with the endothelial layer (blue) then retracted. (d): Measurement of

intracellular force in endothelia. A cell is torn out of the layer, made possible by the high fixation

force to the cantilever.

ure 1.5). The cell-probe method was adapted by Cohen et al. to investigate the

homotypic and heterotypic adhesion of breast cancer cells [100] (figure 1.5c). Ad-

hesion to epithelial cells and fibroblasts modeled the interaction of an early stage

tumor with normal tissues. The time dependence of the adhesion force was char-

acterized by changing the time duration of the cell-to-cell contact. It was found
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that the adhesion kinetics is radically different for homotypic and heterotypic ad-

hesion, a result that underlines the importance of measuring the dynamic aspects

of cell adhesion. While FluidFM is capable of providing such information to a cer-

tain degree, it remains a fundamentally endpoint method which means that only

the last moment of cell adhesion, the moment directly before detachment, can be

characterized. Optical biosensors on the other hand are perfectly adapted for full

kinetic characterization as it will be shown in section 1.5. The extended force range

of FluidFM makes it possible to investigate endothelial organization in new ways.

Endothelial cells form monolayers in their native environment, therefore they are

attached not only to each other but also to the basal lamina underneath them.

These forces acting together account for significant mechanical stability. Sancho et

al. used a FluidFM micropipette probe to tear out individual endothelial cells from

a layer [101]. By subtracting the force measured between an individual cell and

the underlying substrate from what was measured when a cell was detached from

the layer, the contribution of cell-to-cell adhesion could be determined (figure 1.5d).

For HUAECs, F = 365 nN was measured, while non-cohesive fibroblasts showed no

measurable homotypic adhesion. It should be noted that this force value exceeds

the range of what can be detected by AFM, showing how fluidic force microscopy

opens up new possibilities in endothelial biology.

Cell adhesion experiments with FluidFM also helped to evaluate the properties

of biomaterials for implants and micropatterned surfaces. The high throughput of

the technique allows for the characterization of numerous samples within a study,

as it was shown by Potthoff et al. who compared HUVEC adhesion on polymer foils

with different nanopatterns [102]. Tissue engineering also benefited from FluidFM

by uncovering effects of electric current on tailoring cell adhesion [103].

In SCFS measurements, the living cell can be replaced with a microbead or

colloidal probe, as it was mentioned above (figure 1.5b). This technique is called

colloidal force spectroscopy and had already been used on traditional AFM setups,

however the irreversible gluing protocols used to fix the bead to the cantilever entail

a limitation on the throughput and size of particles. It is important to note however,
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that often molecular-level colloid force microscopy does not require bead-exchange

after each measurement, that is, hundreds of adhesion curves can be recorded with

the same colloidal probe [104]. At the same time, the ability of FluidFM to ex-

change the colloid fixed to the cantilever by the application of an overpressure and

subsequent underpressure above a new bead, opens up new possibilities. Firstly, by

eliminating the need for chemical fixation, virtually particles of any composition can

be used, even hydrogel shells or other soft-surface particles [105]. Secondly, AFM is

limited in the size of bead that can be practically used due to the geometry of the

probes and the workflows of bead fixation. At first glance, FluidFM seems to have

a natural limit as well, since the used bead cannot be smaller than the diameter

of the aperture, not to be aspirated into the cantilever. However, by chemically

adsorbing a smaller colloid on the surface of a bigger bead that fits into the aper-

ture (called multiple colloidal probe technique, figure 1.5b inset) it was possible to

execute force measurements with d = 300 nm particles [106]. The quick exchange

of the colloidal probe also allows for new experimental designs with cells, such as

measuring the interaction of a single-cell with beads of different coatings in a serial

manner. Furthermore, by using a new colloid particle for each measurement, the

pure first interaction between the cell and the substrate can be investigated unlike in

traditional AFM studies which use the same bead for multiple measurements. The

possibility to vary contact time can reveal aspects of the early kinetics of adhesive

interactions [107]. At the same time, colloid force spectroscopy by FluidFM remains

a serial method where the measurement of hundreds of particles is time-consuming

especially if mature adhesions between cells and particles needs to be studied. In

the latter case, applying a computer-controlled micropipette is much more adapted

to collecting statistically relevant amounts of data as it will be shown throughout

this work.

As with any new technology, in the case of FluidFM, new solutions entail new

challenges. Ideally, fixing the bead or cell to the aperture with a negative pressure

creates an airtight physical contact, however this is impossible to confirm without

using complex streaming potential measurements [108]. Non-tight connection might
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cause the grabbed object to move during the approach or retraction phase, gen-

erating artifacts in the FD curve. Nonspecific adsorption of the particles to the

cantilever can make bead-exchange cumbersome. With any FluidFM application,

clogging of the probe can be a problem, therefore colloids with a uniform size dis-

tribution need to be used and maintaining a clean sample environment is critical.

Nonspecific adhesion can also cause issues during single-cell SCFS. After detach-

ment, a positive pressure applied in the channel is responsible for the removal of

the cell from the cantilever. Chemical adsorption to the cantilever can cause this

process to fail which compromises the throughput, since in this case a washing pro-

tocol with filtered buffer and other substances has to be applied. Normally, during

cell detachment, cells retain their physical integrity and even their viability [89].

However in some instances the vacuum can suck in pieces of membrane or other cell

components which might cause clogging. In case of the obstruction of the channel,

the probe has to be discarded, which slows down the measurement and adds to the

experimental cost. Problems with nonspecific adhesion can be mitigated by using

anti-adhesive coatings.

1.3.3 Additional uses of FluidFM

Fluidic force microscopy enabled the adaptation of several applications other than

force spectroscopy. The most important additional techniques that have been demon-

strated are single-cell sorting, surface nanopatterning and live-cell injection and ex-

traction. Single-cell sorting means the removal of a cell from an adherent culture

or a suspension and moving it to a container of choice. The most important aspect

of such a manipulation is to keep the cell physically intact which translates to high

viability. FluidFM achieves this goal with a workflow called "trypsin-shower" in

which the cantilever, filled with a solution of a commonly used protease called tryp-

sine, is hovered above the cell. Some protease solution is then ejected on the cell

which, after around 15 min gets detached from the substrate. Subsequently, the cell

is picked up by a negative pressure and moved over to the desired container where

it is released by a positive pressure. A 95 % survival rate is reported for this method
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[94], although the lack of automation accounts for a low throughput.

Another promising application of FluidFM is the nanopatterning of surfaces

which is critically important in experiments related to tissue engineering, cell biology,

biosensors and lab-on-a-chip devices [109]. The ability to precisely define contact

with the surface and to release fluids in a controlled way makes the technique dis-

tinctly effective. In a study, we used FluidFM to create cell adhesive patterns on an

antifouling dextran hydrogel layer [42]. Dextran layers were deposited on glass slides

by spin-coating, then activated with a mixture of ethyl-3-(3-dimethylaminopropyl)-

carbodiimide hydrochloride (EDC) and N-hydroxysuccinimide (NHS) to allow for

covalent amine coupling of cyclic RGD peptide motives. The RGD containing solu-

tion was loaded into the FluidFM micropipette, then various structures such as lines

and spots were printed on the dextran substrate (Figure 1.6a). Upon seeding and

incubation of HeLa cells on the samples, the RGD functionalized patterns were seen

to promote adhesion, while the surrounding bare dextran impeded it completely.

This way, cell adhesive micropatterns could be constructed on a solid support, a

perquisite for many cell biological experimental designs.

The force controlled injection of solutions into live cells using specially designed

cantilevers is a further promising application of FluidFM (figure 1.6b). Injection

of living cells has been made possible by a range of techniques, mostly based on

conical shaped glass micropipettes [110], however these methods have significant

drawbacks. Most importantly, a limited possibility to control contact force results

in low cell survival and complex, difficult operation. Atomic force microscopy setups

have also been used to deliver certain materials into cells by simply piercing the cell

membrane and letting the non-covalently immobilized substance of choice diffuse

from the cantilever into the cell [111]. Using fluidic force microscopy, it is possible

to gently pierce the cell membrane making use of the real time force control [92].

For this application, cantilevers with a pyramidal tip are used. The sharp end of

the tip can easily pierce the cell membrane without significantly damaging it, while

the aperture placed on the side of the pyramid minimizes clogging by pieces of the

membrane. The parameters of cantilever penetration (the setpoint and the speed of
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Figure 1.6: Some applications of FluidFM. (a): Nanopatterning workflow with FluidFM. The

dextran hydorgel (CMD) is covalently grafted with cyclicRGD (cRGDfK), and aminofluorescein

(AF) for visibility. The nanoprinted spots allow for cell adhesion while the surrounding layer has

antifouling properties. Upon seeding and incubation with HeLa cells, the spots act as adhesive

islands (bottom right inset). (b): Schematic drawing of the nanoinjection/nanoextraction princi-

ple. The pyramidal tip penetrates the cell and the inward/outward fluid flow is driven through the

aperture at the side.

approach) can be optimized to achieve a high survival rate. Once the tip is inserted

into the cell, a pressure is induced in the microfluidic channel for a predetermined

amount of time, injecting the solution of choice into the cytoplasm. The amount

and duration of the pressure pulse determines the amount of substance introduced

in the cell.

Arguably, the most important application of live cell injection is the introduc-

tion of plasmids and other genetic constructs. Transfection, the delivery of foreign

genetic material into cells, greatly benefits from FluidFM-based injection, since the

cantilever mechanically avoids obstructive membrane transport mechanisms. In-

deed, injection of mRNA fragments encoding GFP resulted in the expression of the

fluorescent protein in 40 % of cells in a study by Guillaume-Gentil et al. [92]. In the

same series of experiments, the success rate of injection was found to be 100 % for

HeLa cells. Genetic engineering by CRISPR/CAS9 complexes is greatly challenged

by the lack of methods to reliably deliver material into the nucleus of live cells.

FluidFM, however, is extremely well adapted for such manipulations, therefore it
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can be expected to become a benchmark method for cell line development and other

genetic engineering workflows.

If during the injection workflow a negative pressure is applied in the microchan-

nel instead of a positive one, material can be extracted from the cell. This unique

application of FluidFM makes it possible to remove tiny volumes, in the range of

0.1 − 7 pl from live cells [112]. It has also been shown that not only parts of the

cytoplasm can be removed, but the contents of the nucleus can also be probed se-

lectively due to the precise targeting made possible by the tip geometry. While

these manipulations might seem damaging to the cell, it was shown that even the

removal of 4 pl of cytoplasmic material (amounting to more than half of the entire

volume of an average HeLa cell) results in a 82 % survival rate [112]. Extraction

from the nucleus was shown to be more damaging, potentially due to the loss of

genetic material. The extracted volumes can be used to execute further analyses

such as transcriptome mapping or mass spectroscopy [93]. The possibility to real-

ize these measurements on cell extracts instead of single-cells means that the same

cell can be probed multiple times during its lifetime. This way, the alteration of

the transcriptomic or proteomic fingerprint of a cell can be examined over time, for

instance before and after the application of a drug or treatment.

As we have seen in the last section, fluidic force microscopy is a versatile method

with many applications in the fields of live-cell manipulation and biophysics. In

some areas it comprises an advancement compared to previous methods such as

increasing the speed of bead exchange in colloidal force spectroscopy, while in other

fields it opens up completely new possibilities, as is the case with single-cell injection

and detachment experiments. There is not doubt that in the future even more

applications of FluidFM will arise and that it will become a benchmark method in

laboratories around the world.
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1.4 Computer-controlled micropipette

1.4.1 Introduction to Microfluidics

In the coming section, the central technique used throughout this work, the computer-

controlled micropipette (CCMP) is going to be presented. First, a short introduction

to microfluidics will be given to provide a background for understanding the devel-

opment of this technique. Microfluidics is the field within technical physics that

deals with fluid mechanics on the microscopic scale usually with chemical or bio-

logical applications in mind. The movement of water and other fluids in general

is determined by inertial, cohesive and adhesive forces. The relative magnitude of

these forces changes according to the length scale: above the so called capillary

length the inertial forces dominate, while below that, capillary forces determine the

movement. Since in the case of water the capillary length is roughly 2 mm, on the

microscopic scale, e.g. in channels with a 100 µm height the cohesive force within

the fluid and the adhesive force between the fluid and the container dominate over

gravity [5]. Due to this effect, the behavior of fluids on such a scale can be radi-

cally different compared to macroscopic, everyday phenomena. While microfluidics

encompasses many processes applied in chemical technology, an important focus of

the field is developing methods for cell biology. The size of cells, prokaryotes and

eukaryotes, falls into the micrometre size range therefore microfluidic devices has

been commonly used in biological research. A popular notion, the developement

of lab-on-a-chip deivices has been gaining ground due to advances in microscopical

fluid handling [113]. The purpose of this field is to integrate entire biochemical assay

workflows on handheld chips controlled by small reader devices or even smartphones.

A concept that achieved considerable success is droplet-based microfluidics [114]. In

these devices, aqueous solutions are confined in microscopical droplets that are gen-

erated in various chemically inert carrier oils creating emulsions. Several advantages

of this approach exist, for instance small droplets in the pl − nl range require only

a minute amount of reagents or sample [115]. Furthermore, due to the spherical

shape of droplets, the contact between the channel walls and the solution is mini-
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mized which helps to mitigate problems related to adsorption on the wall’s surface.

DNA and RNA sequencing profited greatly from the advancement of droplet-based

microfluidics. Individual cells can be placed inside droplets using specialized droplet

generator devices and processed further for single-cell level RNA or DNA sequencing

[116]. Single-cell level RNA sequencing (transcriptomics) in particular played an in-

dispensable role in uncovering tissue inhomogeneity as it is discussed in section 1.2.

Cell survival has been shown to depend on the volume of the encompassing droplets,

but in general, incubation times of several days can be routinely achieved [117]. The

carrier oil in these devices has several functions, first and foremost the protection

of the droplets from evaporation and contamination. It is also a prerequisite that

the emulsion stays stable, meaning that the size of the droplets cannot change and

their merging also has to be avoided. Due to the minute but still universally present

diffusion of the water into the surrounding oils, the former problem is not trivial to

solve, however certain combinations of oils and surfactants can keep droplet dissolu-

tion in acceptable bounds. A high diffusion constant of gases namely O2 and CO2 is

also desirable to avoid acidification of the droplets and provide oxygen for the cells.

Many microfluidic devices consist of PDMS chips with channels inside that

are designed for a certain application due to their fixed geometry. The computer-

controlled micropipette (CCMP) is a more versatile technology whose main com-

ponent is a micromanipulator arm holding a glass micropipette. The movement of

the micropipette is controlled by a computer based on feedback from the microma-

nipulator and from the inverted optical microscope on which the setup is mounted.

The micropipette is connected to a microfluidic system which includes two normally-

closed fluid valves. In most applications, a negative pressure is generated behind one

of the valves while an overpressure is created behind the other one using standard

syringes. The high lever versatility of this setup means that virtually any container

that is compatible with a microscopy stage, such as Petri dishes, microscopy slides,

culture plates etc. can be used as the input contrary to rigid pre-constructed mi-

crofluidic chips. In the last decade, two main applications of the method emerged:

single-cell sorting, usually using aqueous droplets in oils, and single-cell adhesion
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measurements.

1.4.2 Cell sorting by CCMP

Cell sorting means any workflow by which cells are separated from a culture or

suspension and placed in a container of choice for downstream analysis or culturing.

Choosing which cells to sort often relies on fluorescent labeling, as is the case with

the most commonly used method, fluorescence activated cell sorting (FACS) [49].

In a FACS machine, cells are separated with a high throughput (up to 106 1/s) from

a suspension according to the fluorescent labeling of their surface groups. In some

systems however, fluorescent labeling is either not feasible or there are no relevant

surface groups to label, therefore sorting needs to be based on optical microscopy.

Also, while the throughput of FACS is unparalleled, the selection of only a few cells of

interest is challenging, especially from adherent culture. To address these challenges,

capillary-based cell sorting devices were developed, such as the computer-controlled

micropipette.

In the earliest proof of concept study various types of mammalian cells were

sorted from adherent culture in a Petri dish onto glass slides [118]. The sorting

workflow begins with the sample being scanned by the inverted microscope on which

the micropipette is mounted (figure 1.7a). A software automatically detects the cells

in the field of view and selects them for sorting. An advantage of the method is

that at this point the operator has the opportunity to manually adjust the selection,

not only by adding or removing cells but also by tuning some of the morphological

variables of the detection algorithm such as the minimum or maximum size of the

hits. The selection also includes an exclusion algorithm which omits cells that are

too close to each other so that they are not targeted. The smallest allowed distance

(or the ’resolution’ of the sorting) is usually determined as the inner diameter of the

glass micropipette used in the experiment, which is typically 50 µm or 70 µm.

After the set of cells to be picked up is determined, the micropipette automati-

cally approaches each cell and attempts to pick it up by opening a fluid valve which

is connected to a syringe containing a pre-set vacuum. The vacuum determines the
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Figure 1.7: Setup of the computer-controlled micropipette. (a): Photograph showing the mi-

cropipette mounted on an inverted microscope. Under the glass capillary, a Petri dish has been

placed, surrounded by PCR tube holders. On the top end of the micropipette the fluidic tube

is visible together with the connecting and sealing element. Illumination is provided by LEDs

fastened on the holder. (b): Drawing of the tip of the micropipette with the liquid surface before

droplet deposition. The red blob is an aspirated cell ready to be deposited. The pressure difference

between the inside (pi) and the outside (p0) of the droplet depends on the radius of curvature (R)

and the hydrostatic pressure in the microfluidic system. The contact angle between the water

surface and the glass pipette (θ) also plays a role in determining the critical overpressure required

for outwards flow.

upwards pointing force that is exerted on the cells therefore it is an essential param-

eter. As a rule of thumb, the pressure should be set high enough not to damage the

cells but high enough to remove them from the surface. Interestingly, Kornyei et al.

found that increasing the pickup vacuum does not have a detrimental effect on cell

survival, however the degree of attachment to the surface does [118]. In the same

study, computational simulations showed that the flow field near the edge of the tip
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can exert large forces during aspiration, therefore precise targeting of the cells is a

crucial aspect. To circumvent the problem of adhesion, a short 20− 60 s treatment

with trypsine-EDTA solution was applied immediately before sorting to weaken the

adhesive bonds to the surface and lessen the chance of damage during detachment,

similarly to the protocol devised for cell sorting by FluidFM (section 1.3.3). This

way, a co-culture of neurodermal mouse stem cells (NE-4C) and their fluorescently

labeled counterparts could be sorted into different containers with a sorting purity

of 95.62 %, a sorting efficiency of 93.65 % and a survival rate of 62.67 %. The sorting

efficiency is defined as the number of cells picked up over the number of cells selected

for sorting and the sorting purity is the number of targeted cells over the number

of all the cells sorted. The latter can deviate from 100 % if, due to the flow induced

in the micropipette, cells in the vicinity of the targeted cell are also picked up. The

achieved viability was comparable to that of routine cell passage without sorting

but further improvement in this aspect was seen as desirable.

An elegant application of the sorting from adherent culture into PCR tubes was

demonstrated by Piatkevich & Jung et al [119]. The objective of the study was the

mutidimensional optimization of an engineered voltage reporter protein. Directed

evolution is a method in protein engineering which begins with the creation of a

library of genes by inducing random mutations in the DNA encoding the protein of

interest. These genes are then transfected into cells that are screened for improved

phenotypes. Such a screening by FACS or traditional microfluidic approaches works

along one dimension, for instance selecting for increased fluorescence intensity or

better membrane localization. With the computer-controlled micropipette however,

multiple parameters could be screened for at the same time thanks to the versatil-

ity of the algorithm detecting the transfected cells. In the experiments, adherent

cells were imaged by an inverted microscope, then multiple rounds of selection were

done to choose the best phenotype according to various parameters. Note that

non-transfected and dead cells were sorted by FACS before seeding, which shows

the complementarity of the two cell sorting techniques. Using this CCMP-based

method, the authors produced an optimized voltage receptor protein Archon1 and
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characterized it in a number of in vivo systems. It is expected, that protein engi-

neering will greatly benefit from this approach, due to the unparalleled firm control

over the selection parameters and the ability to isolate rare phenotypes. In another

study, the high level of compatibility with microscopy techniques was also exploited

for the isolation and deposition for downstream analysis of extremely rare circulating

fetal cells [120].

To advance the technology towards droplet-based microfluidics, we devised ex-

periments in which the sorting was done into PCR tubes and submicrolitre droplets

[121]. The latter objective posed some practical challenges due to the behavior of

the liquid interface at the micropipette tip. In chip-based microfluidic systems, the

generation of droplets happens in closed channels. The aqueous solution is injected

directly into the flowing oil where the interface between the two liquids becomes

unstable and a droplets break off [122]. At the tip of the micropipette however, the

stability of the water surface is influenced by its contact with the glass tip and the

curvature of the interface with the surrounding air (R, figure 1.7b). To start the

outward flow from the micropipette, a critical pressure has to be reached that com-

pensates the pressure generated by this curvature (Laplace pressure). Additionally,

an anomalous extra pressure term was identified by measurements of the relationship

between the hydrostatic pressure in the micropipette and the corresponding radius

of curvature. This term can be attributed partly to the effect of vapor recoil and

also to non-equilibrium surface effects such as a gradual change in the contact angle.

The critical pressure to be overcome is therefore the sum of the Laplace pressure

and the anomalous pressure (pa) [121]:

pc =
2γ

R
+ pa, (1.2)

where γ is the surface tension between air and the fluid. Once the critical pressure

is overcome, however, the fluid starts to flow with a relatively high rate making

it difficult to control droplet size. To circumvent this problem, the fluidic system

was optimized: in one branch of the pressure controller behind the micropipette a

positive, while in the other branch, a negative pressure was generated. During a
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droplet deposition event, first the overpressure valve was opened to initiate the flow,

then the underpressure was switched on to keep droplet volume down. By tuning

the opening time of the underpressure valve, droplet volume could be controlled in

the 0.28 − 1.33 µl range. After the optimization of the droplet deposition, the cell

sorting workflow achieved an efficiency of 94±2 % using NE-4C cell line and 54±4%

using primary human monocytes (figure 1.8). The discrepancy can be attributed to

the homogeneity of the laboratory cell line in terms of cell size and shape, compared

to the variability of the primary monocytes from different donors.

Figure 1.8: Sorting of cells with computer-controlled micropipette, figure reproduced from

[121].(a): Photograph showing the droplets deposited on the glass slide during cell sorting mounted

on the microscope stage. The distance between the drops is 5 mm. (b-c): Phase contrast and flu-

orescent microscopy image of an intact single-cell inside the droplet. d-e: Results of cell sorting

experiments, showing the ratio of droplets with zero, one or two cells inside in case of different cell

lines.

In order to extend the method to non adhesive cells, we also developed processes

for sorting from a cell suspension [123]. The difficulty of sorting from a suspension

lies in the movement of cells due to convective flows ever present in a fluid. The

targeting of cells therefore becomes difficult, since between the moment of initial
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detection and attempted pickup, the cell might move hundreds of micrometres in a

random direction. To minimize this convection and to confine cells along the z axis,

a thin layer of the suspension was placed under a cover oil using a handheld pipette

which significantly decreased the unwanted movement of cells. At the same time,

an adaptive targeting method was applied in which the arrival of the micropipette

to the initial coordinate of the cell is immediately followed by the recording of a

corrective image. The software searches the second image for the position of the

cell detected on the initial one using a matching algorithm. The sorting efficiency

was tested with 3T3 cells and human monocytes using dense co-cultures in which

fluorescently labeled cells were isolated from non-labeled ones present in a 1000 times

bigger quantity. Such rare cell isolation experiments showed an efficiency of 78 % for

3T3 cells and 75 % for human monocytes, significantly improving the success rate of

the latter compared to adherent culture experiments. It is well illustrated therefore,

that even in case of adhesive cells, sorting from a suspension can be advantageous due

to the circumvention of the detachment itself. In order to not aspirate surrounding

cells, liquid handling efficiency was further improved towards the nl range.

A practical limit to liquid handling precision is set by the utilization of PTFE

tubes in the microfluidic system. While these elements are commonly used due to

their availability and chemical inertness, they possess a self contained flexibility.

When a pressure difference is applied in these tubes, they extend elastically which

causes a hysteresis in the fluid flow. This effect is proportional to the length of the

tube and is negligible when working with microlitre or larger droplets, however on

the nanolitre scale it must be addressed. To further improve sorting efficiency and to

solve the elasticity issue, a piezoelectric actuator-based setup was introduced [124].

Here, the tubing is omitted entirely and the pressure is generated by a piezoelectric

element directly connected to the free end of the glass micropipette. When a voltage

is applied, the piezoelectric crystal expands or shrinks depending on the direction

of the voltage, creating a pressure pulse that can be used to aspirate or dispense a

cell. During an experiment printing droplets under a cover oil, the dispensed volume

could be controlled in the 10−60 nl range with a standard deviation inferior to 2 nl.
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During sorting of 3T3 cells the efficiency was improved to 90 % compared to the

78 % achieved with the previous version of the system. The piezo actuator-based

setup is highly adapted to the isolation of rare cells from dense samples, both in

the context of protein engineering and of isolating circulating rare cells. Due to its

automatized workflow and the high level of control over the sorting algorithm, the

technology holds great promise even in clinical applications.

1.4.3 Cell adhesion measurements by CCMP

Next to cell isolation, the other major application of the computer-controlled mi-

cropipette is single-cell adhesion measurements. The main principle behind this ap-

plication is the probing of adhesion by serial attempts of aspiration using a gradually

increased negative pressure. First, an adherent culture is scanned by the inverted

microscope, then the cells are detected according to an algorithm tailored to the

experiment. Then, the micropipette tip automatically visits each cell and applies

the preset negative pressure at a specified height for a specified time (Figure 1.9).

After each cell has been probed, the area is scanned again and the coordinates of the

Figure 1.9: Cell adhesion measurement principle of the computer-controlled micropipette. (a):

Cells are adhered on a coated surface. The cell in the middle is being picked up by the lifting force

(F ) generated by the pressure difference between the inside of the micropipette tip and the Petri

dish (∆P ). (b): The coated surface is replaced by a confluent layer of endothelial cells. Adherent

cells are detached from this layer, making it possible to measure intracellular force.
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remaining cells are saved. Using these coordinates, it is possible to determine the

ratio of cells left on the surface after the application of a certain negative pressure.

This data can be then processed in many different ways, which will be one of the

main topics of this work. An apparent advantage of the method is that it works

on the single-cell level, since it is possible to infer from every observed cell, what

was the detachment pressure needed to separate it from the surface. The number of

cells measured in one run depends on the incubation conditions and the strength of

the adhesion as it will be detailed later on, but in general around 120 cells can be

measured in a 40 min run, which makes the CCMP measurement high-throughput

compared to cantilever-based methods. Indeed CCMP can be considered the fastest

mechanical cell adhesion measurement technique. The high-throughput however

comes at a price: the actual data collected about a cell, which is the smallest neg-

ative pressure required to detach it from the surface, is an indirect measure of the

adhesion force itself. Contrary to atomic force microscopy and FluidFM, CCMP

does not measure a force value directly, however, computer simulations show that

the detachment pressure is linearly proportional to the force [125]. Even though the

exact value of the force acting on a cell is not known, cell adhesion spectra con-

structed from CCMP measurements can be used to compare cell populations within

a study and observe the effects of treatments or different surfaces. It is also impor-

tant to remember that the adhesion force measured with cantilever-based methods

heavily depends on the experimental conditions, such as the setpoint and the loading

rate [98].

In proof-of-concept experiments, Ungai-Salánki et al. measured the adhesion

of human monocytes, monocyte derived macrophages (MDM) and dendritic cells

(MDDC) by picking up hundreds of cells in six steps of increasing vacuum values

[125]. Comparing adhesion on PLL-g-PEG and fibrinogen coated surfaces, it was

found that MDMs and MDDCs adhere stronger to fibrinogen than undifferentiated

monocytes do. Another mode of CCMP adhesion measurement was also presented,

in which a very thin (inner diameter d = 5 µm) micropipette was approached to the

adhered cells. When the capillary made contact, a negative pressure was switched
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on in the micropipette tip followed by a retraction. If the adhesion of the cell to

the surface was inferior to the vacuum generated contact force, the cell is detached.

Otherwise, the vacuum is increased until the detachment is successfully executed.

This workflow is similar to the step pressure technique mentioned in section 1.2.2.

The authors found that the adhesion force needed to detach cells this way was smaller

than what was measured with the aspiration-based method using a d = 70 µm

micropipette. This result can be interpreted in terms of the differences in the rate

with which the force was applied. During aspiration, the flow which exerts the

lifting force is quickly built up in a matter of microseconds, while using the step-

pressure technique the force is applied much slower. Therefore, a high loading rate

aspiration experiment will show larger detachment forces than a lower loading rate

technique, which is identical to what is observed during cantilever-based detachment

[44]. This experiment shows that due to the compatibility of the CCMP with a range

of different micropipette tip sizes, various kinds of measurements can be realized.

The authors also compared CCMP aspiration to a shear flows assay and found

that using the latter method the shear force necessary for detachment was 2 orders

of magnitude smaller [125]. This discrepancy is due to the different detachment

mechanism, namely that a tangential shear flow starts to break molecular bonds

on one side of the cell, while the normally directed aspiration pulls on each bond

in parallel. Therefore, according to the Velcro principle, it is easier to detach cells

tangentially. While in certain cases this situation does occur under physiological

conditions, for example when a leukocyte adheres to the inside of a blood vessel, in

a general case the characterization of adhesion is more relevant with normal forces.

Furthermore, monocytes showed a significantly altered morphology in the shear

stress assay, as they aligned with the direction of the flow. This altered morphology

can potentially introduce artifacts and is completely avoided using micropipette

aspiration.

Cell adhesion measurements by computer-controlled micropipette were success-

fully used in immunology studies as well. Sándor et al. investigated two important

integrins of the monocytic lineage, CR3 and CR4 [126]. Both of these integrins con-
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tain the β2 subunit while their α unit is different: CR3 contains CD11b also known

as αM and CR4 contains CD11c or αx. Interestingly, these CAMs bind the same

extracellular ligands, namely fibrinogen and the iC3b protein complex that is part

of the complement immune system. Due to the similarity of their ligand binding

properties, the two integrins were thought to have similar functions even though the

very small degree of homology between their intracellular domains hints at different

biological roles. In order to uncover the differing behavior of CD11b and CD11c,

adherent cultures of primary monocytes, MDDCs and MCMs were prepared in the

presence of a monoclonal antibody solution blocking either of the two receptors.

Then, the adhesion profile of the cells was measured using sequential aspiration by

CCMP. The authors found that blocking CD11c strongly reduced adherence of all

investigated cell types. Blocking CD11b reduced adhesion in case of monocytes but

increased it for MDDCs and MCMs. The difference between cell types lies in the

ratio of the receptors and the ligands on the surface. In the differentiated cell lines,

the number of receptors is greater than the number of ligands, therefore there is a

competition between CR3 and CR4. When CR3 is blocked, more CR4 integrins can

bind. The study concluded that the CD11c or αx subunit is dominant in fibrinogen

binding, for the first time deciphering the role of the two integrins. Cells of the

monocytic cell line are important actors in the process of inflammation, therefore

a subsequent objective would be to observe the behavior of CR3 and CR4 in the

presence of inflammatory signals.

So far we have seen how the computer-controlled micropipette could be used

for the measurement of adhesion between live cells and a functionalized flat surface.

When the substrate can be coated with ECM proteins for instance, as it was done

in studies investigating fibrinogen binding, the workflow is fairly straightforward,

however the question arises if the setup is applicable for measurements of intracel-

lular adhesion. Such an application would require cells to be detached from a layer

of other live cells, either of the same kind (homotypic adhesion) or a different type

(heterotypic adhesion). The high level of versatility provided by CCMP in terms of

sample handling and image processing allows for the execution of such experiments
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in certain conditions. The first study presenting intracellular adhesion measure-

ments was published by Jani et al [127]. In this paper, the authors examined the

adhesion of a neutrofil granulocyte model cell line (dPLB-985) to an endothelial

layer. The objective was to determine the effect of the MASP-1 enzyme, a protease

which constitutes a part of the complement system. It has been shown that MASP-1

plays a role in the pro-inflammatory activation of endothelia [128], but its potential

effect modulating cell adhesion had not been uncovered. To compare the adhesion

of dPLB-954 to an endothelial layer before and after activation by MASP-1, the

authors used a computer-controlled micropipette. A confluent layer of HUVECs

was cultured in a Petri dish then the granulocytes were seeded and let to adhere

for 60 min on top of them (Figure 1.9b). A major advantage of the CCMP in these

measurements is that the cell detection software could be optimized to detect the

neutrophils even while simultaneously looking through the endothelial layer, with-

out the need for any fluorescent staining. Results showed that intracellular adhesion

increases significantly upon MASP-1 treatment which shows the adjustment of the

CAM profile of endothelial cells during pro-inflammatory activation.

So far we have seen that the computer-controlled micropipette is a powerful

tool for the investigation of cell adhesion as well as for cell-isolation. It is able to

gather information about intracellular or cell-ECM adhesion on a single-cell level

faster than any other mechanical method. However, when it comes to single-cell

adhesion measurements, ultimate throughput is achieved by optical biosensors. The

working principle and applications of this family of techniques is the topic of the

following section.

1.5 Waveguide-based optical biosensors for cell ad-

hesion

Biosensors in general are devices that detect the presence and the amount of bio-

logical compounds, often from highly complex samples. Usually they make use of

the specificity of the binding between macromolecules of biological origin, such as
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antibody recognition or enzymatic activities. In many cases, to convert the presence

of the target compound to a measurable physical quantity such as fluorescent light

intensity, labels are used. These labels are generally fluorescent molecules covalently

grafted to a target-specific binder. A typical and widely used example is the enzyme-

linked immunosorbent assay (ELISA) where the target molecule (antigen) is simply

adsorbed on the bottom of a plate well, then a specific antibody conjugated with an

enzyme is added [129]. After washing, the amount of enzymes present on the surface

will correlate with the amount of the target molecules. Subsequently, the substrate

of the linked enzyme, which changes color as a result of the enzymatic reaction,

is added to the wells. The color change can be quantitatively assessed by optical

spectroscopy giving an indication of the antigen concentration. More sophisticated

variations of the method exist such as sandwich ELISA where the initial adsorption

of the antigen is replaced by specific antigen binding. Such labeled techniques have

several disadvantages, most importantly the need for known antigens that are able

to bind the target compound. Even when such antibodies are available, the work-

flows require numerous extra steps and reagents. The presence of the label itself can

potentially alter the molecular interactions of the antigen leading to artifacts [130].

To circumvent these problems, a huge variety of label-free optical biosensors

have been developed [131]. Most of these techniques directly detect the target

compound through its interaction with an electromagnetic field of some sort. One

popular method is surface plasmon resonance (SPR) in which the target molecule

adsorbs on a substrate excited by a non-radiative electromagnetic surface wave wave,

called a plasmon [132]. Through the measurement of the resonance condition, it is

possible to measure certain aspects of the surface bound molecules. For the purposes

of this work, the most important family of label-free techniques is resonant waveguide

grating (RWG) biosensors [133]. These devices are based on a nanograting which

couples an illuminating light into an optically dense substrate called the waveguide.

After a short distance of propagation usually in the micrometre range, the same

grating couples the light out through a leaky mode. The propagation happens

through a series of total internal reflections, which creates an evanescent electric
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field above the waveguide where the sample fluid is located. The strength of the

evanescent electric field decreases in an exponential manner along the z axis going

away from the waveguide, with a penetration depth of zp ≈ 80 − 200 nm. The

sensing principle is that the conditions for coupling depend on the effective index

of refraction (N) within the evanescent field. Therefore, by measuring the shift in

resonance, the change of N can be recorded. The resonance condition is given by

N = nair sin θ + l
λ

Λ
, (1.3)

where θ is the angle of incident light, nair = 1 is the refractive index (RI) of air,

l is the diffraction order, λ is the wavelength of the coupled light and Λ is the

period of the grating [134]. The effective index of refraction is a weighted sum

of various parameters of the sample such as the indices of refraction of the sub-

strate, the waveguide, the medium and the layer containing the cells within the

evanescent field as well as the thicknesses of the corresponding layers [135]. Two

main types of waveguide-based biosensor setups can be constructed: either a nar-

row wavelength laser is the illuminating light and the change in resonant incident

angle (θ) is recorded, or a normal illumination is used (θ = 90°) and the shift in

resonant wavelength is measured. An example of the former can be seen in figure

1.10, where the intensity of coupled light is plotted versus the incident angle in an

optical waveguide layer spectroscopy (OWLS) device [136]. Note that in this device,

light is not coupled out, instead it is detected as it exits the waveguide.

Using either measurement principle, the short lateral propagation of the light

means that a high spatial resolution can be achieved [137, 138]. The obtained

biosensor signal characterizes cell-substrate interactions in a complex way making it

a major challenge to interpret. When understood correctly however, the richness of

information becomes a significant advantage of the method. Another general merit

of the technique is that information is only collected from the direct vicinity of

the sensor surface defined by the penetration length of the evanescent field, making

the signal truly surface-specific [139]. Additionally, information is collected in a

label-free manner, without the need for fluorescent probes.
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Figure 1.10: Optical waveguide lightmode spectroscopy. (a): Drawing of the device setup. The

incident light arriving under α angle is coupled into the waveguide. The propagation of the light

inside the waveguide generates the evanescent field (red gradient). The cell is spreading in this

field, which causes a shift in the resonant incident angle. When the goniometer changes the α in

a certain range, the photodiode will measure peaks in the signal where the resonant angles are

found. (b): An intensity spectrum measured by the photodiode. The four peaks correspond to

two transverse electric and two transverse magnetic couplings.

In a thorough study of the theoretical background and interpretation of RWG

signals by Y.Fang et al., it was shown that N is proportional to the lateral reorgani-

zation of cellular components represented by the protein concentration at different

distances from the substrate (c(z)). Effectively, the index of refraction is an inte-

grated quantity in which the weights of the contributions of different zones above

the substrate decrease exponentially with distance:

N ∼
∫ ∞
0

c(z)e−z/zpdz, (1.4)

where z is the vertical coordinate and zp is the penetration depth. Measuring ∆N

through the change in the resonance angle or wavelength therefore allows for de-

termining the so called dynamic mass redistribution (DMR) containing information

about the concentration and lateral distribution of cellular components. Another

parameter of the optical readout is the peak width at half maxima (PWHM) of the

intensity versus incident angle (or wavelength) plot. This quantity was shown to be

proportional to the horizontal inhomogeneity of the interrogated area [140]. When

imaging a cellular layer, this translates to a strong dependence of the resonant peak

shape on the confluency of the cells. Since 50 % coverage corresponds to a maximal
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degree of inhomogeneity, the PWHM is maximal in this situation [139]. When the

interrogated area is small enough to achieve single-cell resolution, PWHM contains

information about the horizontal variation in attachment which can be significant

in processes of cell division or migration.

In the family of sensors making use of a narrow wavelength illumination and

variable incident angle, we find the above mentioned OWLS. The OWLS measure-

ment is based on a glass chip which contains the waveguide layer on its side facing

the sample in a cuvette connected to a fluidic pump [141]. The chip is illuminated

by a laser light source whose incident angle is tuned by a precision goniometer.

When the resonance condition is satisfied, the light is coupled into the chip and

propagates into a photodiode. Changing the incident angle in the correct range

results in two intensity peaks corresponding to the solution of eq.1.3 for transverse

electric (TE) and transverse magnetic (TM) modes. The change of effective refrac-

tive index in the sensitive volume of the sensor translates to a shift of these peaks.

After adequate calibration (determining the RI increment corresponding to change

of concentration of the analyte), the de Feijter’s formula allows us to calculate the

change in surface mass from the shift of the TE and TM peaks [142]. OWLS has

been used to characterize bacteria repellent surfaces [143], mammalian cell adhesion

[144], environmental analytics [145] as well as studying the nanoscale kinetic be-

havior of molecular layers [146]. Advances in fluidic setups also contributed to the

different applications of this technique [141], while the inability to attain single-cell

resolution limits its usability in fundamental biological research.

Through measuring the shift in incident angle, it is also possible to build biosen-

sors with subcellular resolution. Lidstone et al. used photonic crystal enhanced mi-

croscopy to characterize cell adhesion and signaling with single-cell resolution [137].

Their setup is based on measuring the transmission of the illuminating light as a

function of incident angle. At the angle where the resonance condition is satis-

fied, transmission across the biosensor decreases due to coupling into the photonic

crystal. The lowest transmission angle was then used to create a pseudo-image, a

heatmap, where different colors indicate different resonant incident angles. While the
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transmission-based setup has certain disadvantages due to adsorption and diffrac-

tion of the light passing through the sample, it allows for direct correlation with

brightfield microscopy. In this setup, a spatial resolution of 0.61 µm was achieved

and recording a frame took 1 min which defines the time resolution. Note that gen-

erally, reducing the scanned area can increase the time resolution, for instance when

only one single-cell of interest needs to be characterized. The biosensor was used

to characterize cell attachment and it was shown that stronger attachment results

in a higher shift in resonant angle. Stronger attachment in this case was inferred

from a spread out morphology, that is, cells that seemed to exhibit a well attached

optical image also produced a higher angle shift. It was also observed that when a

cell moves away from a pixel in which it had caused a significant shift in resonant

angle beforehand, the local biosensor signal returns to the baseline. This observa-

tion is very important as it shows that the measured signal is indeed caused by the

temporary alteration of the local refractive index and not some sort of permanent

modification of the surface by the attached cell. Through monitoring cell attach-

ment, several processes could be studied, for instance upon addition of an apoptotic

agent (staurosporine), cells showed a decrease in their biosensor signal indicating

a weakened binding to the substrate. Stem cell differentiation also appeared as a

decrease in the resonant angle due to the remodeling of the cytoskeleton induced by

this process. The theoretical background of the measured spectra has been uncov-

ered in detail [139]. It can be concluded that transmission-based spatially resolved

measurements of the resonant incident angle on photonic crystals are well adapted

to the label-free characterization of various cellular phenomena.

1.5.1 Plate-based RWG biosensors

Another similar but more commonly used technique for label-free cellular assays is

the microplate-based RWG biosensor. These devices use a normally directed tun-

able laser light to illuminate the waveguide from below. The wavelength of the

laser is scanned over a given range and the intensity profile of the reflected beam

is measured (see Figure 1.11). The shift of the maximum of the peak (∆λ[pm])
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is regarded as the dynamic mass redistribution signal and it is assumed to char-

acterize cell attachment. An initial study using such a biosensor device based on

Figure 1.11: a: Depiction of the working principle of wavelength interrogation in RWG sensors.

The illuminating light arrives perpendicularly to the waveguide where only the resonant wavelength

component is coupled in and then out. This way, the sensor acts like a selectively reflecting mirror.

When the index of refraction shifts within the evanescent field (indicated by the red gradient), the

maximum of the reflected intensity shifts as seen in b. This wavelength shift (∆λ) is the primary

signal of the biosensor.

wavelength interrogation was used to examine epidermal growth factor receptor sig-

naling [147]. Cells were deposited in standard 96-well microplates routinely used in

high-throughput screening of potential drug molecules and other biochemical assays

(figure 1.12b). The bottom of the wells contained the waveguide structure and the

wavelength signal was collected from each well as a singular averaged value of a

100 µm wide screening path, without any spatial resolution. The response of the

DMR signal was characteristic of the activation of different signaling pathways and

its magnitude proved to be a function of the concentration of activating compounds.

However, the obvious issue with this setup is that the signal upon activation depends

on the confluency of the cellular layer in the wells which adds a noise to the mea-

surements (figure 1.12a). This phenomenon was further examined and increasing

the spatial resolution was proposed [148]. In the subsequent paper, the authors

constructed a device with an 80 µm pixel width over the entire surface of a 386 well

microplate. This way, the dependence of the DMR response on cell coverage could

be determined and it was concluded that data filtration protocols can be used to
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circumvent its effects.

Since, numerous studies used this biosensor-based method to investigate the

effect of various surface coatings or soluble compounds on cells. Peter et al. aimed

to asses the effect of an important natural compound (-)-epigallocatechin gallate

(EGCG) found in green tea on cell adhesion and viability [149]. They found that pre-

treatment of cells with EGCG above a certain concentration significantly changed

the kinetics of the RWG biosensor signal measured in the corresponding wells. Below

a certain concentration threshold and in case of untreated cells, kinetics showed a

sigmoid-like shape implying an active biological response to the adhesion promoting

PLL-g-PEG-RGD surface. However, using pre-treatment in higher doses changed

the shape of the adhesion curves to what would be expected in case of simple pro-

tein adsorption (figure 1.12d). The latter corresponds to cells that upon seeding,

sediment on the sensor surface but they do not start to actively spread and adhere.

Microscopic analyses confirmed that wells showing sigmoidal curves contained well

spread cells while in adsorption curve presenting wells rounded up cells were found.

To automatically and robustly differentiate between classes of curves, a simple math-

ematical model was proposed in which the deviation of the first derivative of the

kinetic curves is considered. Dose-response curves measured by MTT (a traditional

cytotoxicity assessment method) were correlated with the switching between kinet-

ics curve classes. It was revealed that the toxicity of EGCG was evident using the

RWG biosensor in such low concentrations where the MTT assay had not detected

cell death. Therefore, a significant finding of the study is that the plate-based RWG

biosensor could be used as a label-free cell viability assay with a superior sensitivity

compared to traditional methods. Apart from sensitivity, a great advantage of the

method is the 384 plate format which allows for the parallel measurement of a large

number of compounds in many concentrations, making it a powerful tool for drug

discovery research.

An RWG biosensor was also used to uncover the dependence of adhesion ki-

netics on the lateral organization of integrin ligands on a functionalized surface [38].

Orgovan et al. used PLL-g-PEG-RGD-based surface coating to create surfaces with
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Figure 1.12: Plate-based RWG biosensors. (a): Measurement on a 384-well plate by the EPIC

biosensor (Corning, USA). The color map shows the wavelength shift. The band of 5 lighter colored

wells are the ones containing cells. It can be observed that the distribution of cellular confluency

can be measured, however single-cell resolution is not provided. (b): Photograph showing the

384-well plate used in the setup. (c): Image generated by a single-cell resolution biosensor. The

color map corresponds to the wavelength shift. The square image shows the area of one well of a

plate shown in (b). This device can monitor 12 such plates at the same time. (d): Characteristic

kinetic curve shapes measured in RWG biosensors. The adsorption curve is characteristic of dying

cells while the sigmoid shape indicates active adhesion mediated by integrins.

varying RGD content in different wells of a microplate. According to simple geo-

metrical considerations, the average distance of RGD ligands (dRGD−RGD) can be

calculated from the composition of the coating solution and the adsorbed mass of

the polymer. Subsequently, HeLa cells were added to the wells and their adhesion ki-

netics was recorded. Since the RGD sequences are extracellular ligands of integrins,

adhesion of the cells was initiated and the kinetic curves showed a characteristic

sigmoidal shape. Curves were fitted with the logistic equation due to previous the-
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oretical considerations [150, 38, 39]:

dλ

dt
= rλ

(
1− λ

λmax

)
. (1.5)

Here, λmax stands for the highest biosensor signal measured in the well and r is the

rate constant, a parameter describing the speed of cell spreading. When these two

parameters were plotted against dRGD−RGD it could be concluded that the spreading

rate was independent of the distance of RGD motifs, while the highest biosensor

signal showed a strong dependence. It could be assumed that λmax is proportional

to the number of integrins bound to the surface (B) which allowed for calculating

the two dimensional dissociation constant (K2D
d ) through the fitting of the data

supposing a steady-state in the frame of the kinetic mass action law (KMAL) [38, 39]:

B =
L0I0

L0 +K2D
d

. (1.6)

L0 is the number of available ligands corresponding to the RGD surface density and

I0 is the number of integrins expressed on the cell surface. The two-dimensional dis-

sociation constant is a commonly used parameter in such surface-bound processes

[151], however its three-dimensional variant can also be determined by dividing it

with a characteristic length of the interaction [152]. This study has been the first in-

stance of measuring the chemical dissociation constant of the binding between RGD

and integrin in its native environment, using an RWG biosensor. The independence

of the spreading rate from the RGD density is also an interesting result which em-

phasizes the importance of kinetic curve analyses as this parameter is practically

impossible to study by optical microscopy or endpoint cell adhesion measurement

methods.

Building on these results, the RWG cellular assay was used to study the effect of

glyphosate, a widely used pesticide sparking debates about the limits of food safety

around the world [153]. Experiments were executed in various configurations. First,

the biosensor plate wells were coated with different concentrations of glyphosate to

study its influence on cell attachment. Kinetic analyses revealed sigmoid-like curves

similar to those measured on RGD covered substrates, implying the activation of
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integrins and active cell spreading. Furthermore, soluble glyphosate was added to

cellular suspensions before seeding on RGD presenting surfaces to create a com-

petitive assay in which RGD and glyphosate would compete for integrin binding.

The characteristic dose-response curves revealed that glyphosate acts as an artificial

binding partner of integrin, blocking its connection to RGD and possibly other pep-

tide sequences. Results were confirmed by traditional ELISA as well. The discovery

of this entirely new interaction of glyphosate with integrins shows the applicability

of RWG-based live cell assays in the screening of compounds for food safety and

environmental toxicity. Using the competitive assay, the dissociation constant of

glyphosate-integrin binding could be determined quantitatively.

Along the same lines, many groups studied cell signaling events with RWG

biosensors [154, 147]. The kinetic curve upon activation by some molecular cue can

be regarded as a fingerprint of a signaling cascade. Once this fingerprint is known,

compounds can be screened for activating or blocking the pathway of interest. An-

other interesting application of these sensors is the measurement of the interaction

between cells and gold nanoparticles (AuNPs). These particles in the size range of

a few nanometres hold great promise in therapeutic applications therefore studying

their penetration into live cells is essential. RWG biosensors are especially adapted

to this task since the arrival of nanoparticles into the evanescent field causes a con-

siderable effective RI change resulting in a good signal to noise ratio. Moreover,

the excellent time resolution allows for determining the dynamics of particle uptake

unlike classical endpoint techniques such as electron microscopy. The uptake of

AuNPs was indeed successfully investigated using a plate-based biosensor in Hela

cells, opening up a novel direction in nanoparticle research [155].

An important development in the RWG biosensor field has been increasing the

spatial resolution to 12 µm which lead to the ability of studying cells on the cluster

or single-cell level [138] (figure 1.12c). This was achieved by optimizing the readout

optics and restricting the scanned area to 3× 4 wells instead of scanning the entire

plate. The authors could extract statistics of the distribution of pixels according

to their DMR response, using confluent layers of quiescent human epidermal carci-
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noma cells. They found that such distributions are almost always monomodal which

means that cells within the population act uniformly with small individual varia-

tions indicated by the width of the peaks. In only one case, shortly after activation

with epidermal groth factor (EGF), did the ∆λ show a bimodal distribution hinting

at the existence of two distinct cell populations. Therefore, the receptor signaling

of cell populations was concluded to be homogeneous on a single-cell level.

However, in this study, the signal distribution was investigated according to

pixels which are simply regions with a size of 12 µm× 12 µm instead of taking into

account the individual geometry of single-cells. Depending on their type and mor-

phology, cells potentially cover the area of multiple pixels therefore their overall

response should be characterized by some kind of weighted average of the signal

recorded in this zone. Admittedly, such a characterization is not possible in con-

fluent layers where the boundaries of cells cannot be differentiated in the biosensor

image. To investigate cellular responses in-depth, a new approach is desirable where

single-cells are defined as a set of pixels analyzed together. Furthermore, while RWG

sensors are routinely applied to measure cellular adhesion, the true correlation be-

tween the biosensor signal and the actual adhesion force or energy has not been

uncovered. According to eq1.4, the effective index of refraction is proportional to

protein recruitment at the cell membrane and to the tightness of the cell-substrate

connection. The formation of focal adhesions thus the strengthening of the adhesion

force entails an increase in these quantities, however the exact relationship between

RWG signal and adhesion force had remained uncovered before the experiments

detailed in this work.
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1.6 Motivation and Objectives

In this chapter so far, a variety of cell adhesion measurement methods were in-

troduced together with an overview of the biology of mammalian cell adhesion.

Our previous work on developing the cell-sorting and adhesion measurement ca-

pabilities of the computer-controlled micropipette has also been presented. From

this discussion it it clear that the field of cell-substrate interaction measurement is

rapidly developing nowadays. A general tendency, also observable in many other bi-

ology related fields, is the shift towards single-cell level measurements. The greatest

challenge of this technological revolution is achieving a high throughput, which is

essential to gather a statistically relevant number of data points. Furthermore, with

the development of the techniques an increasing number of quantitative measures

are proposed to describe cell adhesion, such as adhesion force, detachment vacuum,

resonant wavelength and angle shift signals etc. The principal aim of this work

is to further develop and explore three single-cell level cell adhesion measurement

techniques: the computer-controlled micropipette, fluidic force microscopy and the

resonant waveguide grating biosensor. In this process I aimed at building on our pre-

vious results and experiences with these systems, especially regarding CCMP-based

cell manipulations. In concrete terms the objectives are the following:

• The computer-controlled micropipette had been used as a cell adhesion assay

previously, [125] however the in-depth analysis of some of the measurement

parameters could further improve applicability. The objective of this work

was to introduce the measurement of functionalized microbeads as a new ap-

plication of CCMP and to compare it to an already established colloidal force

spectroscopy technique, fluidic force microscopy. The role of different mea-

surement parameters was uncovered, such as the valve opening time and the

detachment vacuum in terms of their relationship to traditional CFS parame-

ters.

• Another objective was to present an improved single-cell adhesion assay which

is able to quantitatively characterize cell adhesion by measuring the two-
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dimensional dissociation constant (K2D
d ) of the integrin-RGD binding. The

created setup is a live-cell assay that can be used to determine the binding

characteristics of transmembrane proteins in their native environment (in the

membrane of a live cell) to a surface immobilized compound. The demonstra-

tion of such a workflow was a principal goal of this work. It was also important

to fully exploit the ability of CCMP regarding single-cell level information.

Therefore, a novel methodology was elaborated to provide a population level

quantitative assessment (in the form of the K2D
d ) as well as a detailed analy-

sis of sub-populations as allowed for by the resolution of the technique. As a

comparison, the measurements were correlated with results from a plate-based

RWG biosensor. To further apply CCMP-based cell adhesion measurements,

the interactions of CR3 and CR4 integrins to fibrinogen was studied in inflam-

matory conditions.

• The final goal of the work presented here was to push the limits of single-

cell adhesion measurements using RWG biosensors. This optical method has

several significant advantages, most importantly parallelization which allows

for the measurement of hundreds of cells at the same time. Two problems had

to be solved to fully exploit this system, both related to the interpretation

of the spatially resolved signal. First, a protocol had to be devised for the

identification and definition of a single-cell on the images provided by the

biosensor. Secondly, the goal was to test the long standing assumption that an

integrated version of the RWG signal is in direct correlation with the adhesion

force of a cell. To this end a combined experimental protocol was developed

which allowed for the sequential measurement of cell adhesion first by the RWG

sensor and then with fluidic force microscopy. By processing the data sourced

by the two techniques, the correlation coefficients between the biosensor signal

and the adhesion force and energy were determined. Based on these results,

a new biosensor-based workflow is proposed which is the highest throughput

method to measure single-cell adhesion to this day.
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Experimental processes

In the following chapter, all experimental procedures used in this work are given

in detail. These include protocols of chemical surface modifications, cell culture

practices and descriptions of cell manipulation techniques and biosensors.

2.1 Preparation of coatings

Over the course of this work various poly(L-lysine)-graft-poly(ethylene glycol) (PLL-

g-PEG) based polymers were used, all obtained in powder form from SuSoS AG

(Switzerland), then aliquoted and stored at −20° until use. To block cell ad-

hesion and protein adsorption, (PLL-g-PEG, [PLL(20)-g(3.5)-PEG(2)]) (hereafter

PP) was used in all experiments, with a grafting density of 3.5. In CCMP ex-

periments with biotinylated beads, PLL(20)-g[3.5]-PEG(2)/PEG(3.4)-biotin with

50 % biotinylated side chains (hereafter PPb) was used. The molecular weight

of the PLL backbone and the PEG chains were 20 kDa and 2 kDa respectively

and the grafting density was 3.5. In RWG biosensor and CCMP experiments

measuring cell adhesion, PLL-g-PEG/PEGGGGGYGRGDSP (PLL-g-PEG-RGD

[PLL(20)-g(3.5)PEG(2)/PEG(3.4)-RGD]) (hereafter PPR) was used which is the

RGD grafted version of PP, also with a grafting density of 3.5. Polymers were

dissolved in pH = 7.4, 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid

buffer (hereafter HEPES buffer). In cell adhesion measurements, the assay buffer

58
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was 20 mM HBSS(Hank’s Balanced Salt Solution)-HEPES at pH = 7.4 (hereafter

HBSS-HEPES). Each aqueous solution used throughput the work was dissolved in

ultrapure grade Milli-Q water with a resistivity of 18 MΩ cm.

PPR coatings for micropipette experiments In case of CCMPmeasurements,

400 ml of 0.5 mg
ml

PP/PPR solution was pipetted into a glass bottom 35 mm Petri dish

(Greiner, Hungary), which was then placed on a rocker for 30 min to allow polymer

adsorption. The surface mass density of the RGD motives (ρ) can be calculated

from known parameters of the coating solution according to the following formula

[156, 38]:

ρ =
Γ

MPPR

Q
NLys

g
P. (2.1)

Here, Γ is the surface density of the polymer that is adsorbed during coating, de-

termined as Γ = 97 ng/cm2 by biosensor measurements [39]. MPPR is the molar

mass of the polymer specified by the manufacturer as MPPR = 107.76 kDa, Q is the

mixing ratio of PPR to PP in the solution, NLys = 136.82 is the average number

of lysines per PLL backbone, g is the grafting ratio and finally P = 14.7 % is the

ratio of functionalized PEG chains. The average distance of RGD ligands can also

be calculated by assuming a hexagonal homogeneous distribution on the surface

[156, 38]:

dRGD−RGD =

√
2√
3

1

ρNA

, (2.2)

where NA is Avogadro’s number. The surface number density (ν) is then:

ν =
F

(d/2)2π
, (2.3)

where F = 0.9069 is a geometrical parameter of the hexagonal distribution [38].

The Q, d and ν values for the coatings used in this study are presented in table 2.1.

After coating the Petri dishes with PPR, the coating solution was washed

three times with 1 ml of HEPES then 2 ml of DMEM solution (see next section) was
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Q (%) dRGD−RGD(nm) ν( 1
µm2 )

1 61 306

2 43 612

3 35 918

5 27 1530

10 20 3036

25 12 7657

50 9 15314

100 6 30629

Table 2.1: Parameters of the PPR coatings used in cell adhesion experiments. Q is the mixing

ratio of PPR to PP, dRGD−RGD is the average distance between RGD motifs and ν is their surface

number density.

added containing ≈ 3 · 104 HeLa cells. Cells were then placed in an incubator at 37°

in an atmosphere containing 5 % CO2 for 90 min to allow for adhesion before the

measurement.

PPb-avidin coatings for micropipette experiments In CCMP experiments

using functionalized microbeads, 400 ml of 0.5 mg
ml

PP/PPb solution was pipetted

into a glass bottom 35 mm Petri dish, then placed on a rocker for 30 min to allow for

the adsorption of the polymers. The ratio of PPb to PP (Q) was set to 0, 0.0625, 0.25

or 1. Subsequently, the coating solution was discarded and the layer was washed

five times with 1 ml of HEPES buffer. Then, 400 µl of avidin from egg white (VWR,

Hungary) was pipetted into the dish, with a concentration of 0.25 mg
ml

dissolved in

HEPES. After another 30 min on the rocker, the avidin solution was discarded and

the layer was washed five times with HEPES. Subsequently, the dish was filled with

2 ml of HEPES buffer and a bead solution made by mixing 1 ml of HEPES with 2 µl

of 1V/V% biotinylated latex bead stock solution (Nanocs, USA). The diameter of

beads was d = 10 µm and the prepared solution contained ≈ 6.3 · 106 beads per ml.

The suspension was let to sediment for 15 min before measurement by computer-
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controlled micropipette.

To monitor the buildup of the layers, a biosensor experiment was executed

using optical waveguid lightmode spectroscopy (OWLS). Preparation of avidin and

PPb solutions was identical to what has been described so far, with Q = 1. Solutions

were pumped through the cuvette of an OWLS device (BIOS210, Microvacuum Ltd.,

Hungary) with a type OW2400 chip inserted, using a 1 µl
s
flow rate. The effective

index of refraction was measured with a 13 s time resolution and the kinetic mass

curve was calculated using the software provided by the manufacturer.

2.1.1 Cell culture

HeLa cells HeLa cervical cancer cells (93021013, Sigma-Aldrich, Germany) were

kept in Dulbecco’s Modified Eagle’s Medium (DMEM), with 10 % fetal bovine serum

(Biowest SAS, France), 4 mM L-glutamine, penicillin and streptomycin in an incu-

bator with humidified atmosphere containing 5 % CO2 at 37°. Preceding CCMP or

biosensor experiments, a Petri dish containing the adhered culture was washed with

Dulbecco’s phosphate-buffered saline (DPBS, Sigma-Aldrich, Germany). To detach

cells, 0.05 % trypsin and 0.02 % EDTA solution was applied for 2 min in the incu-

bator. Then, cells were suspended in DMEM and centrifuged for 5 min at 300 × g.

The pellet containing debris and dead cells was discarded. The cells were then re-

suspended in DMEM and counted using a Bürker counting chamber to determine

the seeding volume.

Monocytes and monocyte derived cells Monocytes were obtained from healthy

donors, while monocyte derived macrophages (MDMs) and monocyte derived den-

dritic cells (MDDCs) were generated by treatment of monocytes with 40 ng
ml

rHu

GM-CSF and a mixture of 40 ng
ml

rHu GM-CSF and 15 ng
ml

rHu respectively (R&D

systems, USA). Inflammatory conditions were modeled by treatment with 100 ng
ml

bacterial lipopolysaccharide (LPS, Sigma-Aldrich, Germany). To prepare the cells,

a 5 mm × 5 mm PDMS insert (SYLGARD 184, Dow Corning, USA) was placed in

a Petri dish. The area of the insert was covered with 10 µg
ml

fibrinogen dissolved in
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phosphate-buffered saline (PBS) for 1 h at 37°. After two times washing with PBS,

the surface was treated with 100 µg
ml

PP for 30 min to block nonspecific adhesion.

After overnight incubation at 4° and a PBS wash, 2 · 104 cells were seeded in the

dish suspended in RMPI-10 % fetal calf serum. Cells were then let to adhere for

30 min at 37° in an atmosphere with 5 % CO2. Immediately before measurement

by CCMP, floating cells were washed away by exchanging the buffer two times to

HBSS-HEPES.

2.2 Biosensor measurements

Population level experiments Population level cell adhesion measurements

were executed using an EPIC biosensor (Corning, USA) compatible with standard

96 or 384 well plates (figure 1.12b). In measurements presented here, 384 well un-

coated microplates were used (5040, Corning, USA). The used wells were hydrated

with 30 µl of HEPES buffer, which was then replaced by 30 µl of the appropriate

PPR solution in a concentration of 0.5 mg
ml
. To eliminate bubble formation in the

wells, the plate was centrifuged for 10 s at 800 × g, then placed on a rocker for

30 min. Subsequently wells were washed three times with HBSS-HEPES then filled

with 20 µl of the same solution. After a 15 min baseline, a cell suspension was pipet-

ted in the wells containing ≈ 8000 cells in HBSS-HEPES. The wavelength shift was

recorded for 1.5 h, allowing complete spreading and adhesion of cells.

Single-cell level experiments In order to compare the signal of an RWG biosen-

sor to the force-distance curve measured by FluidFM of the exact same single-cell,

a combined measurement protocol was devised. First, a biosensor insert provided

by Corning, USA was placed inside a custom made holder and fastened with screws

on all sides as seen in Figure 2.1. The insert itself is a glass substrate containing

the biosensors areas. Normally, such inserts are glued to a plastic element contain-

ing the microwells, however, for these experiments inserts without the wells were

obtained. The custom made holder has two wells (d = 3 cm) allowing for sub-
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sequent measurements with FluidFM that would be impossible with the regular

microplate configuration due to the small size of the openings. The fastening of

14 screws and the layered structure of the holder makes sure that the plate stays

perfectly horizontal. The biosensor plate has 2 mm× 2 mm areas with incorporated

waveguide gratings which are normally located at the bottom of the wells (top left

inset in Figure 2.1). Before surface coating, a coordinate system like pattern was

carved onto the biosensor surface with a diamond head glass cutter for later easy

navigation inside the FluidFM device. Subsequently, a PPR/PP coating solution

Figure 2.1: The Epic Cardio single-cell resolution RWG biosensor. The custom made plate holder

is placed into the sample holder, with the biosensor plate inserted inside. The holder contains two

wells, one of which can be aligned at a time using the aligning screws. inset shows a photograph of

the biosensor plate. The biosensor areas are seen as colorful squares due to diffraction of natural

light.

(Q = 0.01 − 0.5) was pipetted into one of the two large wells on the plate holder

and placed on a rocker for 30 min. Afterwards, the solution was discarded, the well

was washed three times with 2 ml HBSS-HEPES, then filled with 2 ml of the same

buffer. The plate holder was then placed on an Epic Cardio imager biosensor (Corn-

ing, USA) and the aligning screws were used to align the light reflected from the
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biosensor grating. A software with this specific purpose (Aligner, Corning, USA)

was used to determine the position of the plate where each grating was optimally

aligned with the CCD camera inside device. The Cardio biosensor can monitor 12

wells at the same time arranged in 3 rows and 4 columns. This wavelength inter-

rogation sensor operates similarly to the above mentioned EPIC Benchtop sensor.

The measurement is based on a tunable wavelength normally directed illumination,

which is scanned over the wavelength interval of 825 − 840 nm. The reflected light

is measured by a CCD camera and the position of the maximum is recorded, as it

is depicted in figure 1.11b. This maximum wavelength (λ) is measured four times,

every 3 s, then averaged, therefore a final time resolution of 12 s is achieved. The

25 µm lateral resolution is isotropic resulting in a 25 µm × 25 µm pixel size. After

placing the plate onto the sensor device, a baseline was recorded until the signal sta-

bilized. Note, that the wells were covered with a black plastic lid to keep the sample

clean and to avoid outside light getting into the sensing CCD. Once a stable signal

was acquired, the baseline was restarted for 30− 40 min, then 4000 cells suspended

in HBSS-HEPES were added to the well. The cells were let to adhere and spread for

1.5 h, then the biosensor plate was taken out of the sensor and placed immediately

into the FluidFM sample holder.

2.3 Fluidic Force Microscopy

The FluidFM device used throughout this work is the FluidFM BOT (Cytosurge,

Switzerland), a standalone system that does not depend on an already existing AFM

setup (figure 2.2c). The device is mounted on an inverted optical microscope which

is connected to a camera. The sample holder is located above the objective, mounted

on a precision stage. The range of movement of this stage is the entire area of two

standard microplates (25.4 cm×8.5cm) which is a considerable advantage compared

to the overwhelming majority of standard atomic force microscopy setups where the

movement range is restricted to a couple of centimeters. This large area makes it

possible to create microscale patterns on centimeter sized areas [42]. The stage can
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accept two plates, one of which can be a special adapter into which a standard Petri

dish and a microscopy slide can be mounted. Above the stage, the FluidFM head

can be found, this is where the split CCD is found which detects the bending of

the cantilever. Unlike conventional AFM setups, in the FluidFM BOT the silicone

chip containing the cantilever is not mounted manually but it is glued to a plastic

holder which is automatically mounted on the FluidFM head. The liquid of choice

is pipetted into the reservoir at the bottom of the plastic element in a volume of 1 µl

using a standard handheld pipette.

Figure 2.2: Setup of the FluidFM BOT device (Cytosurge, Switzerland). (a): Photograph

showing the FluidFM BOT setup placed on an optical table. The stage and the head mounted on

the microscope can be seen. On the right side, the plate holder is placed into the sample stage.

(b): Scanning electron microscopy image of a micropipette with an 8 µm aperture. (c): Scanning

electron microscopy image of a nanosyringe with an 800 nm aperture on the side of the pyramidal

tip. The scale bar is 2 µm. ((b-c): courtesy of Cytosurge AG.)

Three main probe tip geometries are available, each designed for different ap-

plications. When a new geometry is desirable, ion beam milling can be used to

modify the aperture shape [97]. Scanning electron microscopy images of some of the

commercially available probe geometries can be seen in figure 2.2b-c. Figure 2.2b

shows the micropipette geometry, where an aperture with a diameter of d = 8 µm

replaces the tip entirely. This probe is adapted to single-cell detachment and sorting

experiments with the ability to grab large, spread out cells. Note, that due to the
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omission of the atomically sharp tip, the imaging functionality provided by the AFM

principle is lost when using this probe. It can be generally stated that FluidFM is a

cell-manipulation platform instead of an imaging one. The nanosyringe (figure 2.2c)

is made for injection and extraction experiments. Here, the sharp tip is conserved

to enable the piercing of the cell membrane, a prerequisite for injection and extrac-

tion experiments. The aperture is located on the side of the pyramidal tip to avoid

clogging by membrane fragments A similar configuration is the nanopipette, used

for single-bacteria detachment and colloid force microscopy, where the aperture is

placed on the pyramidal tip itself. In the present work, micropipettes (figure 2.2b)

were used with a d = 8 nm aperture to measure the adhesion of live HeLa cells and a

d = 2 µm aperture for the measurement of bead adhesion. In the latter case, special

care must be taken to choose the aperture size (d), adapted to the minimal size of

the beads (in our case: dmin = 10 µm). The following formula must be taken into

consideration [91]:

dmin =

(
d
2

)2
+ h2

h
, (2.4)

where h is the distance between the aperture and the inner wall of the channel

incorporated in the cantilever. This height is hh = 1 µm for so called "hard" probes

having a nominal spring constant of kh = 2 N
m

and hs = 0.5 µm for "soft" probes

with ks = 0.3 N
m
. In this work, soft probes were used with an aperture of d = 2 µm

for which eq2.4 yields dmin = 2.5 µm which is considerably smaller than the average

bead size of 10 µm. Probes with d = 8 µm used in single cell detachment experiments

had a nominal spring constant of k = 2 N
m
.

Once the probe has been chosen, it was filled with 1 µl of HBSS-HEPES buffer

in case of live cell detachment and 1 µl of 10 mM HEPES buffer in case of colloid

force spectroscopy. Subsequently, the probe was placed in the probe holder plate

located in the sample stage from where the head automatically picked it up. Then,

the laser position was adjusted manually onto the backside of the cantilever in

a position of approximately 30 µm to a downward direction from the tip of the

cantilever. Previously it was shown that the best reproducibility is achieved when
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the laser spot is positioned this way [78]. Afterwards, the software (Arya, Cytosurge,

Switzerland) automatically tilted the mirror which directs the laser light from the

cantilever onto the split CCD chip. The angle of the mirror is optimal when both

parts of the detector receive the same amount of signal and when this signal is high

enough. Subsequently, the thermal excitation spectrum of the cantilever is recorded

to determine the actual spring constant with the widely used Sader method [76].

Then, a positive pressure of several hundred millibars is applied in the cantilever

which drives the fluid into the microchannel from the reservoir into which it had been

pipetted. Note, that the 1 µl of fluid in the probe is a large volume compared to the

size range of the microchannel. Even with a high pressure-driven flow it would take

several hours to exhaust the contents of the reservoir, which makes it very unlikely

that a refill would be necessary during typical applications. The pressure range can

be adjusted from −700 mbar to 1000 mbar. Once the cantilever is filled, the head

drives the probe into the sample dish, which is the biosensor plate holder in case of

cell detachment and a Petri dish in case of colloid force spectroscopy. When moving

into the sample, the cantilever is placed at a pre-described distance from the sample

surface, called the content height, which was 500 µm in our experiments. Here, the

laser reflecting mirror had to be readjusted to correct for the changes in the light

path due to immersion in a fluid with a different index of refraction. In the next

step, the cantilever was further approached to the surface but in a force-controlled

way, which means that the approach was stopped when the voltage signal reached

a preset value called the setpoint (here, S = 20 mV). To avoid the generation of

large forces which might lead to the breakage of the cantilever, the approach speed

was set to 30 µm
s
. Once the tip made contact with the surface, the approach was

stopped and the cantilever was retracted to a 10 µm safety retraction distance which

remained constant throughout the experiment.

Single-cell detachment workflow The detachment of adhered HeLa cells was

executed using the following steps:

1. The cantilever approached the cell with force-control until the setpoint (S =
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20 mV) was reached, from a height of 20 µm. The approach speed was set to

10 µm
s
.

2. Once contact has been established, a negative pressure of−300 mbar to−700 mbar

was applied in the microchannel. The exact value was determined by the mor-

phology and level of cell attachment. This parameter does not influence the

measured adhesion force, however it has to be set to a value that is high

enough to detach strongly attached cells but not so high as to damage the cell

membrane. The pressure was applied for 15 second to allow for the formation

of cell to cantilever contact.

3. After the 15 s pause, the cantilever was retracted with a retraction speed of

1 µm
s
. This parameter determines the measured adhesion force and energy,

therefore it is critical to keep it at the same value during each experiment

[98]. The retraction was continued to a height of 70 µm to make sure that all

attached parts of the cell were removed from the surface.

4. After the measurement, a positive pressure of 1000 mbar was applied in the

cantilever to remove the detached cells. This removal was not universally

successful, therefore a washing protocol was applied after each measurement.

During this washing protocol, the cantilever was immersed in a well filled with

5 % sodium hypochlorite solution to remove debris, then in 5 further wells

containing ultrapure MQ water or PBS to wash off the hypochlorite solution.

During the washing workflow, the cantilever did not need to be unmounted

from the head, instead the process was carried out automatically in a washing

plate placed in the stage next to the plate containing the cells.

An example of a raw data curve measured during such a workflow can be seen in

figure 2.3. These steps altogether took around 3 min which is roughly 10 times faster

than a conventional AFM force-spectroscopy workflow. A limiting factor however,

in the workflow combining single-cell biosensor data and FluidFM cell detachment

curves is that in this case only those cells could be picked up that were identified
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Figure 2.3: Raw data provided during an adhesion measurement. The unbent cantilever first

approaches the sample, until the setpoint is reached. During the pause time, the bending is kept at

a uniform level. Upon retraction, the cantilever bends in the other direction creating the adhesion

region of the curve. Once the cell or bead is detached, the signal goes back to the baseline for the

rest of the retraction period.

beforehand on the biosensor image. This identification had to be done manually,

which slowed down the process. When the cells to be picked up do not have to be

selected according to some external limitation, the method proved to be exception-

ally fast. Two prerequisites of successful cell detachment were defined: first, only

those measurements were accepted that left no visible debris on the substrate, since

the presence of such remains would indicate physical damage to the membrane. Sec-

ond, the measured bending signal had to return to a stable baseline value, a general

requirement for force spectroscopy experiments. The detachment curves recorded

were processed to extract the adhesion force (Fa) and the adhesion energy (Ea) val-

ues. The force value at the last point of the retraction was accepted as 0 nN and the

curve was shifted along the y axis accordingly. The absolute minimum of the FD

curve was accepted as the adhesion force, while the area under the curve between

the point of contact and return to baseline was considered to be the adhesion energy

(figure 1.6).
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Colloid force spectroscopy workflow In other experiments, FluidFM was used

to conduct colloid force spectroscopy measurements on 10 µm beads. In this case,

a Petri dish containing beads was prepared as described in section 2.1, then the

following workflow was executed:

Figure 2.4: Colloid force spectroscopy with FluidFM. (a): View of the cantilever in the optical

microscope. Three beads can be seen in the sample and one attached to the aperture at the tip.

(b): Workflow of the measurement. First, the bead is brought in contact with the substrate, then

the bonds are let to form during the pause time (1min). Afterwards, the bead is retracted. During

the initial phase of retraction, the adhesion is bending the cantilever downwards, which is recorded

in the force-distance curve. Retraction proceeds to a height of 5 µm.

1. First, the cantilever was placed above a bead to aspirate it onto the aperture

with a negative pressure of −700 mbar. In certain cases a slight horizontal jog

on the bead with the cantilever was necessary to detach it from the surface

before pickup. The pickup of the bead was only considered successful if the

center of the particle was visibly positioned exactly below the center of the

aperture (figure 2.4a). If this condition was not met, new pickup was initiated.

2. Once a bead was picked up, it was then taken above an area functionalized

with avidin and approached to the surface by moving the cantilever with force

control using a setpoint of S = 20 mV and an approach speed of 10 µm
s
.
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3. Once contact with the surface has been established, it was maintained for

1 min to allow for the formation of molecular bonds between the biotin on the

bead surface and the avidin on the substrate.

4. After the pause time, the cantilever was retracted with a speed of 1 µm
s

to a

height of 5 µm.

5. Subsequently, the bead was removed with a 1000 mbar overpressure. If the

pressure could not remove the bead due to unspecific adsorption, the cantilever

was retracted to its maximum height, 9 mm. While being pulled out from the

sample liquid, capillary forces removed the bead, without the need for a sodium

hypochlorite wash.

The measured adhesion curves were analyzed by the EDNA software (Cytosurge,

Switzerland) to extract adhesion force values.

2.4 Computer-controlled micropipette measurement

workflow

The computer-controlled micropipette used in this work (Cellsorter, Hungary) was

mounted on a Zeiss Axio Observer Z1 (Zeiss, Germany) inverted microscope. The

microscope stage was equipped with a sample holder accepting two standard 35 mm

Petri dishes and a microplate. Above the sample holder, the micromanipulator arm

holding the micropipette was mounted. The borosilicate micropipette (Cellsorter,

Hungary) is a glass tube ending in a narrow tip. At the end of the tip, the inner

diameter was 70 µm in the experiments presented here, however, other geometries

with 5 − 50 µm apertures are also available. The micromanipulator arm controlled

the movement of the tip vertically, while the stage was responsible for horizontal

movement. The upper end of the micropipette was connected to a PTFE tube

leading into a Y connection before the valve control element. All of the tubing,

including the glass micropipette itself was filled with ultrapure MQ water. After
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the Y connection, the two branches of the tubing were led into normally closed

valves that were controlled separately with a time resolution of 1 ms. One branch

provided a positive pressure, the other one a negative pressure. The former was

realized by positioning a water-filled 15 ml plastic syringe at a height of around 20 cm

compared to the position of the micropipette tip resulting in a positive pressure of

∼ 2000 Pa. The other branch was led into a 60 ml empty plastic syringe placed in

a syringe pump. Before connecting the tube to the syringe, the piston was set to

the 40 ml mark which indicates the initial volume of the air (V0). To generate a

negative pressure, the syringe pump was set to retract the piston to a larger volume

(Vi) after connecting the tube to the end. In cellular experiments the following

steps were used: Vi = 43, 45, 47, 49, 51 ml. The negative pressure difference (∆p) in

atmospheres can be calculated according to the Boyle-Mariotte law:

∆p[atm] = 1− V0
Vi
. (2.5)

A readily apparent advantage of CCMP is the large scale of pressure differences that

can be utilized. By simply creating a large negative pressure in the corresponding

branch of the microfluidic system, an arbitrarily large flow rate can be generated at

the micropipette tip.

Once the microfluidic setup has been assembled, the Petri dish containing the

beads or the cells was placed onto the sample holder. In the following, the experi-

mental workflow for beads is given, however measurements with cells proceeded the

same way. In all measurements, Cellsorter software (Cellsorter, Hunary) was used.

1. After placement of the sample, an appropriate section of the Petri dish was

identified manually, where beads were abundant, but still located at an ac-

ceptable distance from each other. The chosen zone of the dish was defined

by saving the position of the four corners of the area to be scanned. To make

the positioning accurate, the software fitted a two-dimensional plane to the

four corner points, then scanned the area by dividing it to fields of view. One
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Figure 2.5: Scanning, detection and pickup by computer-controlled micropipette. (a): An area

of the Petri dish containing beads is scanned in brightfield mode. (b): The beads are detected and

either selected for pickup (yellow frames) or excluded from the measurement due to other beads

being too close (red frames). (c): The shortest path between selected beads is calculated. (d):

Another area with detected beads, before the 1st run. (e): After probing each bead with a given

negative pressure, some of them are detached and removed from the surface. (f): After the next

run, even more beads are removed from the surface. The measurement proceeds this way until a

pre-described amount of runs have been completed.

scanned area typically consisted of a mosaic of 3× 4 images corresponding to

an area of 3.4 mm×1.7 mm. A cutout of such an area is shown in Figure 2.5a.

2. After the scanning in brightfield mode, beads were automatically detected us-
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ing the local variance method [125]. Apart from the sensitivity of the detection,

other parameters such as the minimal and maximal size of the detected par-

ticles could be set. Other, external detection algorithms can also be imported

and used. The versatility of the image processing platform means that beads

or cells can be detected with high accuracy, avoiding any artifacts such as the

detection of impurities. Furthermore, beads that were too close to each other

(within a minimal distance of d0) were omitted from the measurement to avoid

probing multiple objects at the same time. Ideally, when an object is probed,

that object should be the only one affected by the vacuum-induced flow, there-

fore d0 = 70 µm was chosen since this is inner diameter of the micropipette.

Beads selected for pickup are assigned a yellow frame while beads excluded

due to the minimal distance requirement not being met are indicated by a red

frame as seen in 2.5b. The shortest path between selected objects is automat-

ically calculated according to the traveling salesman algorithm (figure2.5c).

The coordinates of each bead are saved after detection.

3. Once the path has been determined, the position of the micropipette tip is

manually calibrated by bringing it into contact with the substrate surface.

Contact is determined visually by gently tapping the microscope body and

monitoring the resulting mechanical vibrations of the tip. Once contact is

established, the vibrations stop and the micropipette is retracted to a height

of 5 µm. Using a microscopy image taken at this position, the middle of the

micropipette tip is determined and its position is saved by the software.

4. Afterwards, the measurement is started and the micropipette is brought above

each bead one by one to a height of 10 µm. Once the tip is positioned above

a bead, the valve connected to the negative pressure branch is opened for a

given time interval. This parameter called valve opening time (to) plays a

critical role in the measurements and will be discussed in detail later on. Once

the time is elapsed, the valve is closed and the micropipette moves up to a

distance of 100 µm before moving on to the next bead.
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5. After each bead has been probed, the micropipette stops and the measurement

area is scanned again. At this point, some of the beads are not on the image

anymore since they have been aspirated into the micropipette (figure 2.5d-

e). Subsequently, the probing of the beads is repeated with a higher negative

pressure value and the area is scanned again (figure 2.5f). Between runs,

the valve connected to the overpressure branch is opened to drive out the

beads aspirated into the micropipette body. After a number of such runs, the

measurement is stopped and the coordinates of the beads after each run are

analyzed to determine the population fractions.

Since the setup was without temperature and CO2 control, it was important to

keep the time of measurement within acceptable limits where temperature induced

cell death is not an issue. The duration of the measurement is determined by several

factors, such as the number of selected objects, the number of runs and the degree

of adhesion of the cells or beads. Since in each round only those objects are probed

that are still remaining in the surface, every subsequent round is shorter than the

previous one. Therefore, when cells adhere stronger, the shortening of rounds is less

important and the measurement time increases. On the other hand, when adhesion

is weak and the first rounds detach most of the cells, the entire workflow progresses

faster. In the presented experiments, measurement of 100 − 120 cells was achieved

in a duration of < 40 min using 6 rounds of increasing pressure. In experiments with

beads, 200−250 of them were selected and could be measured within one hour using

6 steps. Note, that since the valve opening time varies in the 25 − 500 ms range,

its variation does not significantly influence the measurement duration. The final

output of the measurement is the remaining population fraction after application

of a given negative pressure value. This data can be interpreted in various ways as

it will be discussed later, however, it always has to be viewed in the context of the

valve opening time.
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Results and Discussion

3.1 Measurement of microbead adhesion

The purpose of the work described in this chapter is the introduction of a new

method to measure the adhesion force of microbeads based on a computer-controlled

micropipette system. This technique has the potential to offer a larger throughput

and degree of automation than the current state of the art method, which is fluidic

force microscopy detailed in section 1.3. In order to compare the two techniques, we

devised a chemical model based on biotinylated microbeads with a diameter of 10 µm

bound to the biotinylated substrate through a layer of crosslinking avidin (Figure

3.1a). The noncovalent bond between the small organic molecule biotin (vitamin

A) and the 66 kDa protein avidin is the strongest known non-covalent bond found

in biological systems [157]. It has been extensively studied and became a standard

biochemical immobilization technique due to the possibility of covalently binding

biotin to a number of different molecules and surfaces such as to the beads used

in this study [88, 91, 158]. To gain quantitative information on the layer composi-

tion created by the protocol discussed in section 2.1, optical waveguide lightmode

spectroscopy (OWLS) was utilized to follow the adsorption processes in-situ. First,

the surface of the OWLS chip was hydrated and a baseline was recorded using

measurement buffer (10 mM HEPES at pH = 7.4). Subsequently, the PLL-g-PEG-

biotin (0.5 mg
ml
), then the avidin (0.25 mg

ml
) solutions were injected into the cuvette

76
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each followed by a 30 min washing. From the measured shift of the resonant an-

gle, the deposited mass was determined [142]. According to these measurements,

147 ng/cm2 PPb was adsorbed on the glass substrate, followed by 70 ng/cm2 avidin

(Figure 3.1b). From the density of adsorbed avidin, it is possible to estimate the

Figure 3.1: Structure and adsorption of the microbead immobilization system. (a): Drawing

of the microbead sitting on the OWLS chip with the evanescent field (red gradient). The PPb

polymers are bound to avidin which acts as a crosslinker between the substrate and the bead

surface. (b): Kinetic curve showing the surface mass density (M) of the molecular layer. PPb and

avidin are adsorbed in a density of 147 ng/cm2 and 70 ng/cm2 respectively.

number of molecules binding a single bead to the surface, if we calculate the contact

area. The corresponding formula for the radius of the area of the adhesive contact

(a) is provided by the JKR theory [159]:

a =

(
R

K

) 1
3

(
√
Fc +

√
Fl + Fc)

2
3 . (3.1)

Where

K =
4

3

[
1− ν21
E1

+
1− ν22
E2

]−1
, (3.2)

Fc is the measured force needed to separate the colloid from a surface (determined

later) and Fl is the externally applied loading force. By substituting the mechanical
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parameters of the latex beads and the glass substrate, such as the bead radius (R),

Poisson’s ratio (ν) and Young-modulus (E), we get a = 68 nm. To make the value

more accurate, the gyration length of the PPb polymer chains (≈ 2.8 nm) was added

to a [91] resulting in a contact area of A = 1.6 · 10−14 m2.

To precisely measure the adhesion force of the microbeads, fluidic force mi-

croscopy was used as described in section 2.3. Some typical force-distance curves

are shown in figure 3.2a. A histogram showing the adhesion force distribution of

N = 47 microbeads is shown in figure 3.2b. The mode of the adhesion force dis-

tribution with the standard error of the mean is 37.5 ± 1.8 nN using a retraction

speed of 1 µm
s
. It can be observed that the distribution is relatively compact with

few outlier values. It is important to keep in mind that there is an upper limit to

Figure 3.2: Colloid force spectroscopy by FluidFM. (a): Some representative force-distance

curves showing the adhesion characteristics of the beads. The time of detachment of the beads is

in the range of 100 ms. (b): Adhesion force distribution of N = 47 biotinylated beads. A unimodal

distribution can be seen with a mode and standard error of 37.5± 1.8 nN.

the measurable detachment force (Fmax) determined by the applied negative pres-

sure and the radius of the aperture (r) given by Fmax = ∆p · rπ2. In the present

case Fmax = 460 nN, which is vastly superior to the largest force values measured in

the spectrum. Previously, Dörig et al. [91] used a similar PLL-g-PEG-biotin-based

system to measure the adhesion force of microbeads with diameters of 2 µm and

50 µm. They found an average adhesion force of 11 ± 1 nN, which is in reasonable

agreement with the value measured here, if the differences in experimental setup are

considered, such as the diameter and therefore the contact area of the beads, the
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loading rate and the avidin density.

3.1.1 Colloid force spectroscopy by CCMP

The measurements done by fluidic force microscopy were then correlated with computer-

controlled micropipette experiments. The latter method had not been previously

used for the measurement of microbead adhesion, therefore it was important to un-

cover the role of certain experimental parameters. Most importantly, the effect of

increasing negative pressure combined with a constant valve opening time was ob-

served. The negative pressure parameter was changed in 8 steps in the 0−0.167 atm

interval with a valve opening time of 100 ms. This choice of parameters was mo-

tivated by the fact that the detachment of beads using FluidFM in the presented

experiments lasted approximately the same amount of time with the used retrac-

tion speed (Figure 3.2a). In general, during CFS measurements the loading rate

determines the measured adhesion forces, making cross-study comparisons sensitive

to this parameter. Here, a cross-method comparison is presented in which the role

of loading rate is assumed by the valve opening time in case of the micropipette.

From the detachment curve of the population seen in figure 3.3a, a histogram can

be created showing the distribution of the detachment vacuum (figure 3.3b). This

histogram is related to the force distribution in figure 3.2b, if we assume that the

negative vacuum is proportional to the force exerted on the bead. Indeed, simula-

tions support this assumption [125] which means that the peak of the distributions

both indicate the most probable detachment force. This result is further supported

by both measured histograms being unimodal. Following this logic, we can simply

divide the values of the modes of the two distributions to acquire a conversion value

between the negative pressure measured by the micropipette and the adhesion force

measured by FluidFM. The value of this conversion factor is c = 787 nN
atm . The lower

axis in figure 3.3b shows the calibrated adhesion force spectrum of the bead pop-

ulation. Differences in the spectra measured by the two methods are concentrated

on the edges, which can be attributed to the different sample size. While it would

be possible to increase the number of beads measured by FluidFM, the presented
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Figure 3.3: Measurement of biotinylated beads by computer-controlled micropipette [160]. (a):

Detachment curve of a bead population of N = 450. By applying larger vacuum values to probe

the beads, a gradually decreasing fraction of the beads remains attached. The valve opening time

(100 ms) was chosen to match the timescale of the bead detachment process in the FluidFM (see

inset). (b): Distribution of the detachment vacuum calculated from the curve in (a). The mode of

the distribution is 4761 Pa. By correlating this value with the mode of the distribution measured

by FluidFM (Figure 3.2b), a calibration can be executed which allows us to change the vacuum

values (upper x axis) to force (lower x axis.)

comparison is taking into account data sets acquired over an identical time period

(2 h) to accentuate the difference in throughput.

The measurement of the average detachment force of the beads allows us to

gain quantitative information about the single avidin-biotin bond. According to the

avidin surface density from the OWLS measurement and the area of the adhesive

contact from eq3.1, the number of avidin bonds connecting a bead to the surface is

N =
7 · 10−8 g/cm2 · 1.6 · 10−10 cm2

6.6 · 104 Da
·NA = 100, (3.3)

where the molar mass of avidin is 66 kDa. Therefore, the measured detachment force

results from the cooperation of 100 avidin molecules. Since each of these molecules

has 4 binding pockets for biotin, the actual number of bonds can be estimated to

be in the range of 100 − 200, since the proteins are also bound to the PPb layer.

The rupture force of a single avidin-biotin bond had been determined to be in the

range of 160 − 200 pN [161, 162] in single-molecule AFM experiments, although
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the exact value strongly depends on experimental conditions, especially the loading

rate. Based on theoretical considerations, values as high as 800 pN were proposed

[163]. When a noncovalend bond is modeled by a simple potential wall, a trivial

loading rate dependence of the rupture force appears [44]. However, the streptavidin-

biotin bond was shown to be significantly more complex, exhibiting a multitude of

unbinding pathways leading through loading rate dependent intermediate states [88].

It can also be shown, that when instead of a single bond, a large number of bonds

are pulled in parallel, the rupture force of the ensemble (Fm) is not a multiple of the

single-bond rupture force (Fs). The two values are related through a transcendental

mathematical relationship, from which the following inequality results [46]:

Fm < Fs ·N. (3.4)

Therefore, single bond rupture force values cannot be precisely acquired by mea-

suring the ensemble detachment force. However, an upper limit to the force can be

estimated from the number of avidin-biotin bonds (100−200) as FS = 188−375 pN

depending on the ratio of occupied binding pockets.

To further uncover the usability of the computer-controlled micropipette for

colloid adhesion force measurements, the role of another important parameter, the

valve opening time (to) was examined. Measurements with biotinylated beads were

executed while varying to over the values of 25, 50, 100, 200 ms. Each experiment

was repeated three times, over 6 vacuum values. The results indicate that the prob-

ability of a bead detaching at a certain vacuum depends on the valve opening time.

The longer the vacuum (and therefore the force) is applied, the more probable the

detachment as it can be seen in figure 3.4a where the remaining population fraction

is plotted against the vacuum for different valve opening times. The same data can

be interpreted as measurements with a constant vacuum and increasing valve open-

ing time parameter (figure 3.4b). This measurement essentially describes the bond

lifetime in a constant flow field, answering the question, how long does it take for the

bond to break when loaded by a constant force? It can be seen that CCMP-based

adhesion measurements can be operated according to two distinct principles. First,
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Figure 3.4: Detachment curves of biotinylated beads as a function of negative pressure and valve

opening time. [160]. (a): Detachment curves showing the ratio of remaining beads in six rounds

of increasing negative pressure. Measurements were executed with different valve opening times

indicated by different color curves. As to increases, the curves become steeper meaning larger

degrees of detachment. (b): The same data set, but the ratio of remaining beads is considered a

function of the valve opening time with constant negative pressure values indicated in atm units.

All data points are averaged over three independent measurements on ∼ 150 beads. Error bars

show the standard error.

the negative pressure can be increased in steps with a constant valve opening time

to acquire a detachment vacuum distribution. Second, the negative pressure can be

kept constant while the valve opening time is increased in steps, this way acquiring a

bond lifetime distribution. These two functions resemble single-molecule force spec-

troscopy by AFM, where either the loading rate is changed in a certain interval or

the bond breakage time is measured using a constant force [44]. The demonstrated

measurement modes contain similar information, but the usage of one or the other

can be desireable for concrete applications.

The chemical immobilization system based on PLL-g-PEG-biotin can be readily

used to tailor the adhesion force of the beads. The surface density of biotin on

the substrate can be decreased by mixing the PPb solution used for coating the

Petri dish with PLL-g-PEG in a certain ratio (Q). Through the decreased biotin

density, the density of avidin and thus the number of bonds holding the beads

to the surface is reduced resulting in a smaller adhesion force. To examine the

ability of CCMP to differentiate between different surface density of the adhesive
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Figure 3.5: Detachment curves of sets of beads adhered on surfaces with different ligand con-

centrations [160]. The legend shows the PPb to PP ratio (Q) of the surface coating. Higher

concentrations of biotin on the surface result in larger degree of adhesion. Each data point corre-

sponds to the average of three independent measurements with ∼ 120 beads, wile the error bars

show the standard error of the mean.

ligands and to characterize unspecific binding, experiments on coatings with different

mixing ratios were executed. Four dilutions of PLL-g-PEG-biotin with PLL-g-PEG

were prepared in the following ratios: Q = 100 % (pure PLL-g-PEG-biotin), Q =

25 %, 6.25 % and Q = 0 % (pure PLL-g-PEG). The coating process was executed as

described in section 2.1 and the detachment curves of bead populations (N ≈ 150)

were recorded. The acquired results are presented in figure 3.5 for the different

surfaces with the averaging of three repeated experiments. Coatings with Q = 0 %

induced no adhesion at all, as 98 % of beads detached by the first vacuum value

used (0.069 atm). This shows that the adhesion force measured on this surface

system entirely stems from the specific binding between avidin and biotin and the

effect of nonspecific binding to the polymer is effectively suppressed. The correlation

coefficient between Q and the mode of the detachment pressure distribution is C =

0.927 further corroborating the specificity of the binding.
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3.1.2 Effect of targeting accuracy

In a later study, we investigated the structure of the flow field induced by the

negative pressure. Computer simulations were executed to model the lifting force,

the horizontal force and the torque acting on the bead as a function of the flow rate

and the accuracy of the targeting offset. During the measurements, the geometrical

center of the micropipette is aimed at the center of the region detected as a particle

(the frames in figure 2.5). The offset is defined as the distance between the center of

the micropipette and the center of the bead or cell in the moment of probing. Ideally,

the offset is 0 µm. While the micropipette is probing the cells, the give of the sample

stage or the slight movement of the beads might cause the precision of the targeting

to deteriorate. This change in offset is monitored by the operator visually and if

the need arises, the targeting can be recalibrated by determining the coordinate of

the middle point of the micropipette. Still, it is useful to understand how does the

targeting offset affect the lifting force. Using computational fluid dynamics (CFD)

simulations, the flow field around the bead sitting on the surface was modeled, with

the micropipette tip positioned at a height of 10 µm above. The results show, that

increasing the targeting offset to 5 µm, 10 µm or 15 µm increases the lifting force

exerted on the bead by the flow. A 15 µm offset can cause differences in lifting force

of up to 30 nN. Therefore, it is important to keep the targeting precise during the

measurement, a problem that can be solved by an automated targeting algorithm.

This software workflow makes an image of the bead before pickup, automatically

detects it, then refreshes the coordinates of targeting accordingly. This way, the

inaccuracies of the manual targeting could be alleviated.

Another interesting finding is that increasing the flow rate through the mi-

cropipette did not increase the lifting force beyond a certain threshold. In case of

precise targeting (offset < 5 µm), the highest generated force was simulated to be

16 nN when using a flow rate of 5 µl
s
. Flow rates higher than this value did not pro-

duce higher lifting forces, except when larger offsets were assumed. This conversion

of the flow rate in the micropipette to lifting force allows CCMP to be used for

quantitative force measurements similarly to AFM or FluidFM. At the same time, a
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highest force limitation is revealed which must be taken into account when planning

experiments. The limitation does not apply for cell adhesion measurements, since it

stems from the shape of the beads and is therefore specific to objects with a spherical

symmetry. In this study, the measured adhesion force of biotinylated beads to an

avidin coated substrate was 8.8 ± 1.9 nN using automated targeting and the same

to = 100 ms valve opening time used in the previous study. While this result is in the

same order of magnitude as the previous one (37.5± 1.8 nN) measured directly with

FluidFM, there is a three fold discrepancy. The reason for this might be that the

approach of simply matching the valve opening time in CCMP to the detachment

time in FluidFM is not precise enough to completely capture the differences between

the two methods. More sophisticated ways of cross-study comparison of colloid ad-

hesion forces measured by these two techniques can be interesting to develop in the

future.

3.1.3 Summary of microbead adhesion measurements

So far we have seen that both fluidic force microscopy and the computer-controlled

micropipette are able to measure the adhesion of microbeads to funtionalized sur-

faces. For comparing and investigating the techniques, using PLL-g-PEG-biotin-

based coatings with an avidin crosslinker proved very effective. The adhesion force

distribution of the microbeads could be measured by both methods although they

showed different advantages and disadvantages. FluidFM is especially adapted to

providing precise adhesion force values and force-distance curves, while CCMP mea-

sures the detachment vacuum of beads which is an indirect measure of the force.

However, due to the unimodal character of the acquired distributions, a rough cali-

bration of the vacuum values could be executed. A more precise approach, computer

simulation of the flow field, was also performed. The simulations showed that the

targeting precision has a considerable effect on the measured detachment force and

that adaptive targeting by the software can correct for this occurrence.

Furthermore, it was shown that the CCMP is a versatile system where not only

the adhesion force distribution can be measured, but also the bond-lifetime distribu-
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tion can be recorded. Independently of the measurement mode, the CCMP proved to

be the faster technique with a throughput of roughly 2 beads per minute compared

to approximately 1 bead per 2 minute in case of FluidFM. When measuring cells,

the maximal lifting force that can be exerted is only limited by the highest negative

pressure value that can be applied in the sample without the flow exhibiting any

turbulent effect, while in colloid measurements a force limit applies. However, even

when a practical limit of the negative pressure is reached, increasing the valve open-

ing time allows for the probing of stronger adhesion forces. Through experiments

executed on surface coatings with various biotin densities, it was demonstrated that

the CCMP method can differentiate between microparticle adhesion induced on dif-

ferent surface coatings. While the force range and throughput of FluidFM is inferior

to CCMP, when concrete adhesion force or adhesion energy values are required, the

force-distance curve provides more in-depth information. Therefore, the two meth-

ods should be seen as complementary to each other, each having its own set of

advantages and disadvantages.

3.2 Single-cell measurements with CCMP

After establishing the colloid adhesion force measurement workflow and comparing

the technique to FluidFM, our next focus was the measurement of single-cell adhe-

sion. There have been previous studies where a computer-controlled micropipette

was used to describe cell adhesion [127, 164], however molecular level information

about cell adhesion molecules was not inferred. The objective of the research detailed

in this section is to determine the two-dimensional dissociation constant (K2D
d ) of

integrin-RGD binding using CCMP measurements. This parameter is an important

characteristic of molecular binding, which can be routinely measured in solution

[165, 166]. However, as we have seen in section 1.1.2, integrins are transmembrane

proteins that are connected to intracellular protein complexes that actively regulate

them. Other aspects of the cell membrane, such as the glycocalyx has also been

shown to influence adhesion and thus integrin binding [39]. From these considera-
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tions, it is clear that the interaction of integrins with their extracellular ligands is

best measured in living cells with their native configuration and environment intact.

However, binding assays with free-integrins in a solution are easier to execute and

provide more reproducible data that is truly specific to the investigated integrin sub-

type [167]. The latter condition is important because the expression level of integrins

varies not only by cell type but also by external conditions or cellular regulatory

processes [168]. As summarized by Orgovan et al. [38], free-integrin assays tend to

provide lower values of dissociation constant, corresponding to tighter binding. At

the same time, removing integrins from the cell makes them unable to form two-

dimensional clusters and it might compromise their tertiary structure, making the

measured binding characteristics less biologically relevant. In contrast, cell-based

measurements make sure that all CAMs remain in their native environment, there-

fore, the binding of integrin to its ligands can be best understood using live-cell

assays. A number of these techniques have been developed using optical methods

such as coverage evaluation [169], immunostaining of focal adhesion proteins [170],

or kinetic biosensor measurements [38].

In such experiments, it is important to make sure that adhesion to the sub-

strate should be induced specifically by the integrin ligand in question. Therefore, a

fibrinogen coating for instance is not applicable since it contains other ligands than

RGD, some of which modifies RGD binding in a synergistic manner [26]. Further-

more, the surface density of the ligand must be carefully controlled. Coatings based

on PLL-g-PEG-RGD constitute an ideal candidate for surface chemistry, since they

block nonspecific adhesion and create a layer with a well controlled surface density

of RGD motifs. Specifically, table 2.1. shows the ligand density as a function of the

mixing ratio of PPR and PP (Q) in the coating solution.

Other than determining the two-dimensional dissociation constant, we aimed

at fully exploring the capacity of CCMP to provide differentiated information on

the single-cell and subpopulation level. To achieve these goals, we measured cell ad-

hesion on surfaces with various (two-dimensional) RGD surface densities and fitted

the data with a simple model to acquire the two-dimensional dissociation constant.
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We then further analyzed the data to reveal the aspects of the cell adhesion distribu-

tion from the point of view of inhomogeneity and the relative abundance of certain

subpopulations.

3.2.1 Cell-based dissociation assay

Cell adhesion measurements were executed using HeLa cells according to the proto-

col in section 2.4 on surfaces with Q = 1, 3, 5, 10, 25, 50, 100 created as described in

section 2.1. Three separate experiments were conducted with each Q. The recorded

detachment curves are seen in figure 3.6. It is observable that with increasing Q,

therefore increasing RGD ligand density, cells remain attached to the surface after

applying larger vacuums as well. In measurements with Q ≤ 3 % the vacuum range

of the measurement was adjusted to the smaller adhesion strength, from a lowest

value of 0.069 atm to 0.024 atm. Also, the measurement was not continued beyond

a negative pressure of 0.111 atm because at this value all the cells were already de-

tached from the surface. These adjustments show how the range of probing pressure

can be adapted to the adhesion force of the measured cell population.

The measured data can be interpreted by two principle approaches. First, it

is possible to average over the three population fractions measured at each negative

pressure step. If x0, y0 and z0 are the number of initially selected cells in the three

separate measurements, and xn, yn, zn are the number of cells remaining on the

surface after the application of the nth negative pressure value, then the ratio of

attached cells is:

Ra =
1

3

(
xn
x0

+
yn
y0

+
zn
z0

)
. (3.5)

A second possible approach is to regard all data measured at a given negative pres-

sure to be part of the same population. In this case the data is pooled together,

which means that the number of remaining cells is added and divided by the sum

of the initial cell numbers:

Rp =
xn + yn + zn
x0 + y0 + z0

. (3.6)
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Figure 3.6: Detachment curves of cell populations measured on coated surfaces with various

Q mixing ratios. For each coating, 3 separate experiments were executed. The applied range of

vacuum values was adapted according to the strength of adhesion. It can be seen that the higher

the PPR content of the coating, which means that RGDs are closer to each other, the lower the

rate of detachment.
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Here, there is no error to the measurements, since the three experiments are simpy

considered as one. The detachment curves created by each method can be seen in

figure 3.7. Regardless of the data evaluation scheme, the curves line up accord-

Figure 3.7: Detachment curves of HeLa cell populations measured by the computer-controlled

micropipette [171]. (a): Averaging of the data. At each point the ratio of cells still attached to the

surface is averaged over three independent measurements. The error bars show the standard error

of the mean. (b): Pooling of the data. The number of remaining cells is summed over the three

experiments and divided by the summed initial number of cells. Here, error bars are no applicable.

ing to the mixing ratio of the coating with higher Q meaning a less steep curve.

While sample preparation always followed the same course, the random variation of

cellular populations from experiment to experiment should be considered and this

is only accomplished by the averaging method. The population diversity and the

precision of the measurement is in this case characterized by the standard error of

the detachment ratios at each point.

The detachment curves contain information about the adhesion of the entire

population as a whole, but also about the distribution of the adhesion force in

the population. To quantitatively characterize this distribution, the curves can be

transformed into a histogram by taking the difference between the ratio of attached

cells before and after a round of probing. The difference of remaining cells between

two rounds (e.g., xn and xn+1) yields the ratio of cells that had a detachment pressure

in the corresponding interval: [pn, pn+1]. By plotting these ratios in bins whose width

is the detachment pressure interval, histograms can be generated as seen in figure
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3.8.

Figure 3.8: Histograms of the cell adhesion distribution calculated from CCMP measurements

[171]. For clarity, only three histograms are shown at the same time with Q = 5 %, 25 % and 100 %.

It is readily observable from the histograms, that cells attached on pure PPR

contain a lager number of strongly attached cells compared to those seeded on

coatings with smaller PPR content. In general, the distributions seem to shift to

the right towards higher detachment vacuum values as the RGD coverage increases,

however their mode still remains identical, namely the smallest negative pressure

value. Therefore, if the characterization of the entire population is required, a

peak-like parameter seems to be an unfit descriptor to fully take into account the

complexity of the distribution change. A definition of a parameter is required, which

considers the change over the entire adhesion spectrum at the same time. It can be

reasonably expected that the weighted average of histograms (W ) increases with an

increasing RGD surface density and that it can quantitatively describe the adhesion

of the overall cell population. The weighted average is defined as the sum of the

product of the bin values (xn−xn+1) and the average of the corresponding pressure
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interval (pn + pn+1−pn
2

):

W =
N∑
n=0

(xn − xn+1)

(
pn +

pn+1 − pn
2

)
, (3.7)

where N is the number of pressure steps, in our case 6.

The weighted average indeed monotonically increases with increasing Q illus-

trating that the adhesion of the cells is stronger when the RGD density increases.

This is expected, since the more ligands are available (their density being L0), the

more integrins can cluster and anchor the cell to the substrate. The situation is

described by the kinetic mass action law as stated earlier [38]:

B =
L0I0

L0 +K2D
D

. (3.8)

In our measurements, the density of bound ligands B can be assumed to be rep-

resented by the degree of the overall cell adhesion of the population. This latter

quantity is characterized by the weighted average, therefore B ∼ W . At the same

time, the amount of available ligands (L0) corresponds to the RGD surface density:

L0 ∼ ν. Figure 3.9 shows the values of W plotted against the RGD surface density,

fit by eq3.8. According to the fit, the calculated value of the two-dimensional dissoci-

ation constant is K2D
d = (4503±1673) 1

µm2 . This parameter can be used to calculate

a three-dimensional dissociation constant for better comparison with solution-based

assays by dividing it with a characteristic length of the integrin binding (lc) [152, 38]:

Kd = K3D
d =

K2D
d

lc
. (3.9)

Using this equation we acquire Kd = (75 ± 28) µM if we suppose that lc = 100 nm

which is the separation between the cell membrane and the substrate.

In order to verify this result, we used an optical biosensor assay established in

literature (see section 1.5.1 and [38]). Here, the PPR coating was applied to standard

microplate wells with a resonant waveguide grating-based biosensor at the bottom.

Cells were then seeded in the wells and the wavelength shift caused by their adhesion

and spreading was recorded with an EPIC BT biosensor (Corning, USA) and fit

according to eq.1.5. The results are shown in figure 3.10, together with the fit of
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Figure 3.9: The fit of equation 3.8 on the weighted average of the adhesion histograms [171].

The two-dimensional dissociation coefficient can be determined from the fit. Error bars represent

the standard error of the mean of 3 independent measurements.

Figure 3.10: Biosensor measurements of cell adhesion[171]. (a): Kinetics curves representing the

spreading and adhesion of HeLa cells on coating with various Q values (shown as a percentage).

(b): The maximum wavelength shift, acquired from fitting the logistic equation (eq1.5), is plotted

against the RGD density (ν). Fitting eq3.8 provides a dissociation constant of K2D
d = (8433 ±

1679) 1
µm2 .

eq.3.8 which was executed on the plot of λmax versus ν. The underlying assumption

is that the number of bound integrins is proportional to the maximal wavelength shift
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produced in the wells (B ∼ λmax). Using this biosensor-based method, the acquired

value of the two-dimensional dissociation constant isK2D
d = (8433±1679) 1

µm2 which,

according to eq3.9, amounts to K3d
d = (140 ± 28) µM. The values measured by the

two techniques are in the same order of magnitude with a roughly two-fold mismatch.

Due to the relative error margin (20 − 37 %) and the expected variation between

data acquired by different techniques [167], we can conclude that the values are

in reasonable agreement therefore the dissociation constant measured by CCMP is

valid.

3.2.2 Subpopulation analysis

In the discussion so far, data was analyzed on the population level. The weighted

average of the histograms takes into account the entire cell population on which the

measurement was conducted. However, a histogram such as the one in figure 3.8

contains differentiated information, where each bin represents a subpopulation with

distinct adhesion behavior. For instance, the first bin represents weakly adhered

cells, whose detachment vacuum was in the 0− 0.07 atm interval. Similarly we can

define the set of strongly attached cells as those that are not removed by the largest

applied negative pressure of 0.22 atm. It is apparent, that the smaller the steps in

the increment of the negative pressure during measurement, the better resolution is

achieved. In the experiments presented here, the negative pressure was increased in

6 steps, therefore the entire population of cells is divided into 6 subpopulations. The

ratio of these subpopulations compared to the overall number of cells taking part in

the experiment (N = 110 − 120) can be examined as a function of RGD density.It

is readily seen that weakly attached cells make up the majority of the population

up until the surface with the highest RGD content Q = 100 %. As it can be seen

in figure 3.11a, the ratio of this subpopulation decreases from 80 % to 35 % with

increasing integrin ligand density. The subpopulation of strongly attached cells only

becomes discernible above Q = 50 % when the separation between RGD sequences

decreased below a critical value. The ratio of cells in between these two extremes

(referenced as "moderate adhesion" in figure 3.11) shows a similar dependence on ν
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as does the weighted average of the entire population. The same information can be

visualized in a heat map like manner seen in figure 3.11b. It can be readily observed

that the adhesion distribution remains centered around the low adhesion regime in

case of each tailored surface coating. The effect of RGD density therefore seems to

manifest in the appearance of strongly adhered cells rather than in the strengthening

of the adhesion of each cell in the population. An increase in population adhesion

resembles a gradual widening of the distribution rather than a simple translation of

a well-defined peak. This is represented in figure 3.11 in two different ways.
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Figure 3.11: Subpopulation analysis of HeLa cells on different RGD densities [171]. (a) Depen-

dence of the fraction of weakly, moderately, and strongly adhered cells on the RGD density. Weak

adhesion stands for cells that were picked up in the first round of probing by the negative pressure

of 0.07 atm, while strongly adhered cells were not picked up even with a negative pressure of 0.22

atm. Moderate adhesion stands for cells in between the 0.07–0.22 atm range. (b) Heat map of

the distribution of cell adhesion. The color scale indicates the ratio of cells having the indicated

detachment pressure on the substrate with the given RGD density. It can be observed that the

distribution widens and flattens with increasing ligand density.
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3.2.3 Uncovering the role of LPS activation in monocyte de-

rived cells

As described in section 1.4.3, the computer-controlled micropipette was successfully

used in immunology studies, for instance to decipher the differing roles of CD11b

and CD11c integrin α subunits. While these proteins have overlapping ligands and

functionality, using CCMP-based cell adhesion measurements it was shown that

CD11c dominates adhesion to fibrinogen in monocyte derived dendritic cells (MD-

DCs) and in monocyte derived macrophages (MDMs) [126]. Building on this result

and making further use of CCMP capabilities, we set out to determine the differing

role of these two integrins in inflammatory conditions. First, the adhesion of MD-

DCs and MDMs was measured in fibrinogen coated Petri dishes with and without

treatment with bacterial lipopolysaccharide (LPS) to assess the effects of inflam-

matory conditions. We found that LPS treatment seemed to decrease adhesion in

both cell types, however, the difference was only statistically significant in case of

MDDCs (figure 3.12). Then, CCMP experiments were executed with anti-CD11b

and anti-CD11c antibody treatments (together with LPS) to selectively block either

of these integrins. The fraction of the remaining cells in these experiments was nor-

malized to the LPS treated population at each negative pressure value, this is why

values larger than 1 can be seen in figure 3.12. Here, a difference between cell types

emerges. Namely, in MDDCs only the blocking of anti-CD11c caused a significant

decrease in adhesion force, while in MDMs, blocking of both receptors resulted in

significantly lower adhesion force. To understand these results, the number of ex-

pressed integrins must be considered, since LPS can potentially increase or decrease

the relative expression rate of the receptors. Indeed, measurements of the absolute

number of CD11b and CD11c showed that LPS decreases the expression of both

subtypes in MDMs, however in MDDCs, the ratio shifts towards CD11c [173, 126].

This asymmetric expression profile in dendritic cells means that blocking of CD11b

has a lesser effect on overall adhesion compared to that of CD11c, explaining the

measured difference in the detachment curves.



98 3.2. Single-cell measurements with CCMP

Figure 3.12: Adhesion of monocyte derived cells to fibrinogen [172]. All measurements were

repeated three times, then averaged. Error bars show the standard error of the mean. (a):

Detachment curves of MDMs with and without LPS treatment. (b) Detachment curves of MDDCs

with and without LPS treatment. In these measurements, the first point corresponding to zero

negative pressure represents the ratio of cells remaining after the exchange of measurement buffer

compared to the number of cells seeded on the surface. (c): The effect of integrin blocking in

MDMs in inflammatory conditions. (d): Effect of integrin blocking in MDDCs. In (c-d) each data

point is normalized to the corresponding point measured with only LPS treatment. Significance is

determined between LPS and LPS+antibody treatments, while in (a-b) significance is determined

between untreated control and LPS treatment. ∗:p < 0.05, ∗∗:p < 0.01, ∗ ∗ ∗:p < 0.001 using

two-way ANOVA test.

3.2.4 Summary of the cell-based adhesion assay

Through the experiments presented in this section, we developed a methodology

to measure the dissociation constant of integrin-RGD binding in live cells using a

computer-controlled micropipette. Cell adhesion spectra were measured on RGD

grafted PLL-g-PEG surfaces with a well controlled ligand density to specifically in-
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duce integrin activation. Adhesion histograms were generated and their weighted

average was defined as a population level parameter. The CCMP technique provided

a value ofK2D
d = (4503±1673) 1

µm2 , which proved to be in reasonable agreement with

an already established optical biosensor-based assay. Furthermore, a subpopulation

analysis reveled that the majority of cells remains weakly attached to the PP/PPR

funtionalized substrate with a relatively small subpopulation initiating stronger ad-

hesion. We assign this variability of detachment vacuum to the variability of integrin

expression on the single-cell level. Indeed, the number of bound integrins (B) not

only depends on K2D
d but also on the density of available integrins (I0) according

to eq.3.8. This parameter has the potential to exhibit single-cell level variation,

which can be uncovered in the future by single-cell RNA sequencing or quantitative

PCR measurements. Other than the density of integrins, their expression profile

according to subtypes might also be prone to fluctuation.

In a series of experiments, the role of CD11c and CD11b integrin subtypes

was uncovered in monocyte derived immune cells. Using CCMP, we showed that

adhesion of macrophages and dendritic cells to fibrinogen is reduced in inflammatory

conditions. Furthermore, by specifically blocking the receptors, we showed that

CD11c plays a dominant role in mediating MDDC adhesion.

3.3 Force-calibration of optical biosensors

So far we have seen that the computer-controlled micropipette is a powerful tool

for the measurement of cell adhesion in a high-throughput manner. Single-cell level

information is also acquired with a certain resolution that depends on the number

of vacuum increments applied. However, both CCMP and FluidFM are endpoint

methods in the sense that they only provide information about the level of adhesion

that is present at the time point of the measurement. When a cell is detached either

by the pulling of the FluidFM cantilever or the vacuum induced flow, the process is

indicative of only this moment in time and does not provide information on what

had happened earlier with the cell, what was the rate and time-dependence of the
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adhesion and spreading. Time-resolved (kinetic) data, however, can be extremely

useful for understanding the reactions and behavior of cells for instance in cell-

signaling studies [174, 175].

As descried in section 1.5.1, resonant waveguide grating biosensors are capable

of monitoring single-cells with a time resolution in the order of magnitude of seconds

[138]. The provided signal is a wavelength shift (∆λ) that is generated due to the

changing refractive index within the evanescent field on the biosensor plate. When

cells spread and adhere, more and more protein mass is recruited in the direct

vicinity of the surface which increases the RI according to eq1.4. Therefore, it

can be assumed that the RWG signal correlates with the mechanical descriptors of

adhesion, for instance a cell with a higher detachment force should induce a higher

∆λ. This assumption, however, has not been hitherto quantitatively tested. For

such an investigation, the kinetic adhesion curves of cells have to be measured, then

the cells have to be detached from the biosensor plate with an applicable mechanical

method to record the detachment parameters once the kinetic curve is known. The

aim of the experiments presented in this section is to develop and apply such an

experimental workflow and to define a useful measure of single-cell adhesion based

on RWG imaging data.

3.3.1 Interpretation of the imaging data

The combined experimental system is described in detail in section 2.2. Cells were

seeded in the custom made well plates with the biosensor plate at the bottom.

The spatial resolution of the sensor was 25 µm which means that wavelength shift

data was collected from pixels with a size of 25 µm × 25 µm. Each sensor area

contained 6400 pixels arranged in an image formation. Sections of such an image is

seen in figure 3.13a. In figure 3.13a the biosensor image is overlaid with the optical

microscopy image obtained in the FluidFM BOT. It can be seen that the presence of

each cell induced a signal in multiple pixels which shows that the technique provides

data truly specific to single cells. At the same time, it raises the question of how

to define the set of pixels that represent a cell and how to combine their signal to a
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Figure 3.13: Imaging by RWG biosensor [176]. (a): Biosensor data overlaid with the correspond-

ing optical microscopy image. The signal magnitude indicated by the color map is higher where

the adhered cells are positioned. The top image is without interpolation, while the image below

shows the same area with k = 4 degree linear interpolation. (b): Segmentation of an interpolated

image. Local maxima are indicated by red points. These points are taken as a set of generators

on which a Voronoi tessellation is applied. The boundary between the segments in represented by

red lines. By definition, each point within a segment is closer to the generator within the segment

than to any other generator. The local thresholding is applied within these segments.

single-cell specific descriptor. Note that in earlier studies with similar sensors, only

the distribution of the signal in individual pixels was considered without defining a

cell specific quantitative parameter [138]. To assign a cell adhesion characterizing

descriptor to a cell, we defined the integrated wavelength shift (IWS) as the sum

of the wavelength shift (WS) in each pixel that belongs to a cell multiplied by the

pixel area (Apx):

IWS = Apx ·
∑

i:WS>T

WSi. (3.10)

In the equation, T is a threshold value above which a pixel is considered to be part

of a cell. The dimension of the IWS is area×wavelength and the unit of choice

is µm2 · pm. This definition takes into account not only the density of recruited

proteins thus the strength of adhesion per unit area, but also the size of the cell area

which is also expected to influence the total detachment force. Also, the IWS can

be generalized to other biosensor devices simply by substituting the corresponding
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Apx. The problem is therefore reduced to finding an appropriate T value, a cutoff

that defines the boundary between cell and background. As seen in the lower row

of figure 3.13a, universal thresholding is problematic due to the variation in the

maximal WS value of each cell. Furthermore, a low threshold often merges the area

of cells that are relatively close to each other but are not in physical contact. A

well functioning approach however is to apply a local thresholding workflow based

on identification of local maxima, segmentation and the application of a unique

threshold in each segment. This means that each cell is assigned a segment in

the image within which a unique threshold is applied. The segment is defined by

searching for the local maxima on the image (these are interpreted as cells) and

apply Voronoi tessellation on the node set defined by the maxima (figure 3.13b).

The latter assigns an area to each node (called a generator) which is made up of

points whose distance to the given node is smaller than its distance to any other

node. Each maximum corresponds to the most attached part of a single-cell and the

tessellation defines their local environment. The value of the threshold applied in the

segments is then defined as the value which results in a cell area that best matches the

area manually determined from the optical microscopy images (figure 3.14a). This

definition makes sure that the area occupied by the cell is not under or overestimated

in the biosensor images. At the same time, the 25 µm×25 µm pixel size is too rough

to adequately match the areas coming from biosensor and optical microscopy images.

Therefore, a linear interpolation was done on the two dimensional data as presented

in 3.13. An analysis of the effect of interpolation degree (k) showed that with

increasing k the fluctuation of IWS in time is decreased. However, increasing the

interpolation degree above k = 4 did not show any further effect on IWS therefore

this value was chosen for the thresholding workflow. Following interpolation, the

optimal threshold level of 30 cells was determined by measuring their area on optical

microscopy images and finding the threshold value best reproducing these areas.

If we plot the determined valid threshold (V T ) versus the maximal wavelength

shift (WSmax) of the corresponding cells, a well-defined relationship appears (figure
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Figure 3.14: Local thresholding of the biosensor data [176]. (a): Determination of the threshold

value. The area of the cell is manually measured on the optical microscopy image (black line

in the inset). The area after thresholding depends on the threshold level, higher cutoff values

underestimate the cell area while a too small level overestimates it. Therefore the threshold is

chosen at which the area of the cell in the biosensor image matches the one determined optically.

This optimal threshold level was determined for 30 cells. In the example presented here, the cell

area was measured to be 2177 µm2, which is best reproduced by a threshold value of 1126 pm. (b):

Graph showing the valid threshold level of cells plotted against their maximal wavelength shift

(WSmax) value. The data is fit by equation 3.11 allowing for the automatic determination of the

optimal threshold level of a cell from the WSmax.

3.14b). The graph was fit by the following formula:

V T =
a ·WSmax
b+WSmax

, (3.11)

with the parameters being a = 3128 ± 740 pm and b = 2935 ± 997 pm. This clear

relationship between the parameters allows for the automatic determination of the

optimal threshold by simply measuring the maximal wavelength shift of the cell

and then applying the threshold mathematically defined by eq3.11. Then, the IWS

value was extracted for each time point and kinetic curves of single-cell adhesion

were created.
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3.3.2 Calibration of the signal by FluidFM

After recording the above defined IWS signal for 90 min, the microplate was removed

from the biosensor and placed into the sample holder of the FluidFM BOT device.

Serial cell detachment was executed as detailed in section 2.2. During detachment,

force-distance curves of cell separation were recorded and the adhesion force and

adhesion energy values were extracted. Overall 30 cells were detached from the

biosensor plate. The kinetics curve and the corresponding FD curve of these cells

were paired up as seen in figure 3.15a-b in case of three cells with distinct sizes and

degrees of adhesion. The question arises if the data measured by the two methods

actually characterize the same adhesion state of a given single-cell, since the Flu-

idFM experiment happens later in time. Measurements of kinetic curves of more

then 90 min showed that the biosensor signal decreases by an average of 10 % in the

first 120 min after the sample has been placed into the FluidFM. Therefore, it can

be safely assumed that the adhesion state of the cells at detachment is practically

identical to what is characterized by the IWS signal at the last point of the kinetic

curve. In figure 3.15a-b, it can be readily observed, that cells with a larger IWS

signal needed a larger force to be detached as their FD curves show deeper min-

ima. IWS curves were fit with sigmoidal curves and their saturation parameter was

plotted versus the measured adhesion energy and force to reveal a clear correlation

between the parameters (figure 3.15c-d). The correlation coefficient is C = 0.8607

for adhesion energy and C = 0.8945 for adhesion force, while the slope of the lines

fit are 6.4 ± 0.7 pJ/µm2pm and 4.9 ± 0.5 nN/µm2pm respectively. Therefore, we

can conclude that the wavelength shift caused by the cell in the biosensor is indeed

proportional to the force that is needed to detach the cell. Even more importantly,

the relationship between optical and mechanical parameters can be fit with a simple

linear function meaning that measuring the IWS during cell adhesion is indirectly

measuring the cell adhesion force and energy.

To exploit the presented calibration, we executed a paralellized adhesion mea-

surement of several hundred cells. The biosensor plate was observed for 90 min, then

the IWS was calculated for each cell as described in the previous section. Then, the
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Figure 3.15: Calibration of the optical biosensor data [176]. Three cells are taken as an example

(L: large, M: medium, S: small). (a): Integrated wavelength shift (IWS) kinetic curves over the

90 min of adhesion and spreading. (b): Force-distance curves of the same cells recorded by fluidic

force microscopy. (e): Optical microscopy image of the cells taken directly before detachment.

The larger the cell, the higher the final IWS level in the biosensor and the larger the peak in

the adhesion force. The length of scale bars is 100 µm. (c-d): Correlation between the adhesion

energy and adhesion force for 30 cells. A strong correlation can be observed in both cases with the

correlation coefficients being C = 0.8607 for adhesion energy and C = 0.8945 for adhesion force.

optical signal was converted to adhesion force (Fa) and adhesion energy (Ea) using

the following formulas determined by the calibration:

Fa = 4.9± 0.5 nN/µm2pm · IWS Ea = 6.4± 0.7 pJ/µm2pm · IWS. (3.12)

This way, the time-dependent signal measured by the biosensor can be converted to

a kinetic adhesion force curve for each single-cell. These curves were fit with sig-

moid functions resulting in a rate constant parameter of ≈ 0.005 1/s. The adhesion

process of the entire population (N = 300) can be plotted on a heat map (adhesion

spectrogram) as seen in figure 3.16. The triple y axis represents the directly mea-

sured IWS signal and the derived adhesion force and energy. Other representations

are also possible, such as in figure 3.16b-d showing scatter plots of the maximal wave-

length shift (WS) and the cell area. Also, the distribution of cell adhesion force can
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be converted into histograms seen in 3.16g-i. Either of these population-level repre-

sentations can be constructed for any time point of the measurement which makes

it possible to examine the time evolution of the characteristics of the distribution.

For instance, the adhesion histograms can be well approximated by a lognormal

distribution, whose parameters can be followed during the adhesion process (figure

3.16).

Looking at the adhesion spectrogram it can be observed that 5 min after seed-

ing, cells start to show an increased WS signal which implies the buildup of adhesive

contact with the surface. After around 15 min the majority of cells adheres with a

force of < 500 nN showing a unimodal long-tailed distribution. Subsequently, more

and more cells present higher adhesion forces, however the center of the distribution

remains in the weak range. Interestingly, this behavior is very similar to what was

seen in measurements using the computer-controlled micropipette. There, the end-

point adhesion distribution widened gradually with increasing Q while in the case of

figure 3.16, a similar widening is observed in time on a constant Q = 50 % coating.

A unique propriety of this dynamic is that the peak of the distribution remains low,

with the long tail of the distribution getting more and more populated as adhesion

strengthens. Future research could reveal the profound reason of this resemblance,

however, it is convenient to hypothesize that the adhesion and spreading process

begins the same way on each surface with different RGD densities but progression

is impeded by insufficient ligand availability at different time points. This would

mean that the difference of adhesion on coatings with various Q values is that the

adhesion process is halted at different points in time.

3.3.3 Summary of the force calibration

As it was presented in this section, we executed combined optical-mechanical ex-

periments to define a calibration between the RWG biosensor signal and the me-

chanical detachment parameters of cell adhesion. A strong correlation was found

(C = 0.8607− 0.8945) allowing for the conversion of the measured integrated wave-

length shift to adhesion force and energy. Furthermore, the interpretation of the
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Figure 3.16: Adhesion measurement of 300 cells using RWG biosensor [176]. (a) Typical adhesion

energy curve of a single cell with the fit of a sigmoidal curve. (b-d): Scatter plots showing the time-

evolution of the cell population in the area-maximal wavelength shift space. Each point represent a

single-cell. As spreading progresses, the area of cells increases as well as their maximal wavelength

shift. The population shows many outliers accentuating the importance of single-cell resolution.

(e): A heat-map like representation of the adhesion kinetics dubbed an adhesion spectrogram.

The triple y axis shows the directly measured IWS value and the mechanical parameters force and

energy derived according to eq3.12. In around 15 min the adhesion of most cells reaches their final

value, however a subpopulation increases their adhesion strength further. (g-i): Histograms can

be generated representing the entire population at any moment over the experimental duration.

The distributions can be fit with a lognormal function (red lines), whose parameters are plotted in

(f). A gradually widening unimodal distribution can be observed whose mode reaches a constant

value at the initial phase of adhesion.

imaging data was performed by introducing a workflow based on interpolation, seg-

mentation and thresholding, resulting in an integrated signal value specific to a

single-cell. The are two distinct reasons why these results are greatly significant.
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First, IWS measurements, unlike FluidFM detachment, can be done in a parallelized

manner. Mechanical methods such as AFM, FluidFM and CCMP probe cells se-

quentially, measuring one cell after the other, which poses an inherent limitation to

their throughput. Using the Cardio biosensor, that has been utilized in the present

work, on a 2 mm × 2 mm sensor area around 100 cells can be seeded in optimal

conditions. Using all 12 wells, a maximum of 1200 cells can be observed at the same

time, which constitutes a throughput that is roughly 10 times superior to CCMP

and 30 times superior to FluidFM. The second advantage of the RWG technique

is that it provides time-resolved information. Using the developed calibration, the

IWS value can be converted to adhesion force which means that it is possible to de-

termine what would be the detachment force of a cell if it was detached at a certain

moment in time. By their nature, mechanical methods actually separating the cell

from the surface provide endpoint information, since as a result of the separation

the cell adhesion process is completely disrupted. Conversely, using a calibrated

RWG biosensor, the adhesion force can be determined without physically detaching

the cell.

The applicability of the method was illustrated by the parallel measurement

of the cell adhesion force of 300 cells. The throughput of the presented method is

at least one order of magnitude better than other techniques. Adhesion data was

recorded with single-cell resolution, however population level characteristics could

also be determined. Specifically, we showed that the distribution of the adhesion

force in the entire population follows a lognormal characteristic. This results can

provide insight into the interplay of factors determining adhesion strength, since

there are certain unique mechanisms generating lognormal distributions [177, 178].

There are many exciting applications of the described workflow that can be elabo-

rated in the future. Firstly, rare adhesion phenotypes can be easily identified, for

instance cells whose adhesion is far stronger than the overall population. Alter-

natively, cells that adjust their adhesion force in a unique way upon the addition

of a treatment or signaling agent can be selected. These special cells can then be

sorted by CCMP or FluidFM and subjected to further investigations such as RNA
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sequencing or proteom determination. Furthermore, the kinetic adhesion curve of

individual cells might serve as a fingerprint, allowing for the identification of cell

types or potentially even pathologies. This prospect entails a further question that

should be investigated in the future, if the calibration numbers in eq3.12 are spe-

cific to the cell type and/or the biosensor. In either case, it can be expected that

RWG biosensors will become a benchmark method for single-cell level adhesion force

measurements in research laboratories around the world.
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Summary

The measurement of cellular adhesion is a complex and rapidly developing field of

experimental biophysics. A wide range of techniques have been developed offering

various ways to characterize the interaction of cells with surfaces. The purpose of

this work has been the development and in-depth examination of a number of the

most important label-free, single-cell level cell adhesion measurement methods.

Firstly, the computer-controlled micropipette was applied and compared to flu-

idic force microscopy using a microbead-based chemical system. Biotinylated latex

beads with a diameter of d = 10 µm were immobilized to substrates coated with

biotin grafted PLL-g-PEG, through an avidin crosslinking layer. The buildup of the

layers was monitored with optical waveguide lightmode spectroscopy to estimate

the number of bonds under a microbead. Then, the detachment force distribution

of the beads was measured with CCMP by attempting to aspirate the detected

beads sequentially in rounds of increasing negative pressure. Results show that the

valve opening time (t0), therefore the time of the application of the negative pres-

sure strongly influences the acquired distributions. Indeed, two principal modes

of measurement are introduced in which either the negative pressure is elevated in

increments with a constant valve opening time or t0 is increased with a constant

pressure. This way, it becomes possible to measure the detachment vacuum or the

bond lifetime distribution of the beads. Adhesion measurements on the same col-

loidal system were executed using fluidic force microscopy. This method provided a

110
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direct measurement of force resulting in a unimodal distribution with a mode value

of 37.5 ± 1.8 nN. It is a known phenomena that the adhesion force measured by

cantilever-based mechanical methods (AFM or FluidFM) depends on the retraction

speed (1 µm
s

in the presented experiments). Therefore, to compare the results ac-

quired by CCMP and FluidFM, we choose a valve opening time of 100 ms so that

the time scale of detachment is identical in both workflows. Using this approach,

we correlated the two unimodal spectra and introduced a rudimentary calibration of

the micropipette detachment vacuum to adhesion force. We acquired an estimated

unbinding force of the single avidin-biotin bond: 188 − 375 pN. Bead adhesion on

surface coatings with different PPb to PP ratios was also measured and the mode of

the detachment histograms was found to correlate with the PPb content of the coat-

ing, demonstrating the ability of CCMP to characterize immobilized ligand density.

In another series of experiments it was also shown that the detachment vacuum can

be accurately converted to adhesion force by means of computational fluid dynamics

simulations. Furthermore, the effect of targeting accuracy of the microbeads was

determined, where we found that a targeting offset of more than 5 µm decreased the

negative vacuum value necessary to remove beads from the surface. In conclusion,

a computer-controlled micropipette-based colloid force spectroscopy workflow was

developed, tested and compared to FluidFM, a direct force measurement technique.

Turning towards applications in cellular and molecular biology, the CCMP-

based setup was used to develop a chemical assay measuring the dissociation con-

stant (Kd) of integrin-RGD binding in live cells. Surface coatings with various ligand

densities were prepared and cell adhesion distributions were measured on these func-

tionalized substrates. Detachment curves and histograms showed stronger adhesion

on higher RGD content surfaces. To quantitatively determine the dependence of

adhesion on ligand density, the weighted average was calculated and plotted for all

population histograms. Fitting of the data according to the kinetic mass action law

revealed a two-dimensional dissociation constant of K2D
d = (4503 ± 1673) 1

µm2 be-

tween integrin and RGD. This result is the first example of determining a chemical

binding constant using a computer-controlled micropipette in live cells. The mea-
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sured value was verified by a population level resonant waveguide grating biosensor,

with which cell adhesion kinetics was recorded on PPR coated surfaces. The values

measured by the two methods show reasonable agreement, supporting the validity

of the microipette-based technique. To fully exploit the single-cell capabilities of

CCMP, further analysis on the measured data was executed. The entire cell popu-

lation could be distributed into subpopulations whose number equals the number of

negative pressure increments. The ratio of cells in these subpopulations compared

to the entire number of cells shows a unique dependence on ligand density. We

revealed that for all surfaces the majority of cells remains weakly attached and the

effect of increasing RGD content of the surface manifests in the appearance of a

strongly attached subpopulation. Cell adhesion exhibited a long tailed distribution

with a constant mode. These results demonstrate the ability of CCMP to intricately

uncover the adhesion characteristics of cell populations and to determine molecular

level interaction parameters.

Another application of CCMP was motivated by immunobiological considera-

tions, namely the differing role of two integrin subtpyes, CD11c and CD11b. Ad-

hesion of MDDCs and MDMs to fibrinogen was investigated under inflammatory

conditions by treatment with bacterial lipopolysaccharide (LPS). We found that in

case of MDDCs, LPS treatment significantly decreased the force of adhesion. Fur-

thermore, specifically blocking CD11b and CD11c adhesion with antibodies showed

decreased adhesion in MDMs, while only the blocking of CD11c caused a decrease

in adhesion strength in case of MDDCs. The reason for this is that LPS treatment

decreased the number of CD11b receptors but not CD11c, therefore blocking these

integrins has a more profound effect on overall adhesion.

Arguably, the computer-controlled micropipette is a truly promising technique

for cell adhesion measurements due to its high throughput, versatile sample han-

dling and the reproducible, single-cell level data it provides. At the same time, there

is a need for methods capable of paralellized, time-resolved measurements, charac-

terizing the kinetics of cell spreading and adhesion. The most powerful approach

having these qualities has been the application of resonant waveguide grating (RWG)
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biosensors. These sensors achieve single-cell resolution, extremely high throughput

due to parallel measurements and provide kinetic information. The primary signal

is the shift in the resonant wavelength of coupling that is measured as the reflected

component of the illumination light. Since this signal is proportional to the refrac-

tive index change above the sensor surface, it has been assumed to be related to

the adhesion strength of cells. In this work, a new experimental workflow is devised

with the aim of quantitatively correlating the optical biosensor signal to mechanical

adhesion characteristics, such as adhesion force and adhesion energy. To this end,

kinetic adhesion curves of single-cells were recorded in an RWG biosensor, then the

sensor plate was placed into the sample holder of a FluidFM BOT device. There, the

cells were detached and their force-distance curves were analyzed to extract values

of adhesion force and energy. We found a strong correlation between the biosensor

signal and the mechanical descriptors, confirming that RWG sensors can be used to

directly measure cell adhesion. The relationship between these parameters could be

used to calibrate the biosensor signal and measure the adhesion force of N = 300 in-

dividual single-cells in parallel, which, to our knowledge, is the fastest cell adhesion

force measurement in literature. The data was analyzed on the population and the

single-cell level. A long-tailed distribution of adhesion forces was revealed, whose

peak builds up in the first 15 min, followed by a widening towards higher adhesion

forces. A parallel between the time evolution of the adhesion force distribution and

its dependence on RGD density was also observed.

In conclusion, the work presented here contributed to the applied research

on cell adhesion measurement methods with a main focus on the comparison and

application of computer-controlled micropipette, fluidic force microscopy and RWG

biosensors.
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4.1 Thesis points

1. I established a protocol for the measurement of microbead adhesion using a

computer-controlled micropipette. I devised an immobilization system based

on avidin-biotin bonding and characterized the molecular buildup of the lay-

ers. I executed measurements to determine the adhesion spectra of microbeads

as a function of increasing negative pressure and of varying the opening time

of the corresponding fluidic valve. The latter measurement mode, providing a

method to measure bond lifetime, had not been previously demonstrated using

a computer-controlled micropipette. I executed detachment experiments on

surfaces with various biotin surface densities to examine the ability of CCMP

to differentiate between surface treatments. A strong correlation (C = 0.927)

between the strength of adhesion and the biotin content of the surface confi-

dently demonstrated this possible application. [T1]

2. I measured the force distribution of the same system using fluidic force mi-

croscopy in colloid force spectroscopy mode. I compared the results acquired

by the two techniques and I found that the measured distributions can be well

correlated. Based on this principle, I executed an elementary calibration of the

detachment vacuum to detachment force. The unbinding force of an individual

avidin-biotin bond could be estimated as 188−375 pN which corresponds well

with previously measured values in the literature. Through these results I es-

tablished the CCMP method as an alternative to cantilever-based colloid force

spectroscopy to measure microbead adhesion. The principle advantage of this

method is the increased throughput in applications requiring bead exchange,

as it is capable of measuring roughly 150 beads in 1 h compared to 12 − 15

beads per hour achieved by FluidFM. [T1]

3. The effect of targeting offset on the detachment vacuum was also determined.

Experiments with manual and automated targeting revealed that offsets larger

than 5 µm cause a decrease in the negative pressure needed to detach beads.

[T2]
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4. I devised a protocol to measure the dissociation constant of integrin-RGD

binding in live cells using a computer-controlled micropipette. Cell adhesion

measurements on surfaces with various RGD densities were executed and ad-

hesion histograms were generated. I found that the weighted average of his-

tograms was an applicable measure of adhesion on the population level and it

could be fit with the kinetic mass action law to acquire the value of the two-

dimensional dissociation constant: K2D
d = (4503± 1673) 1

µm2 . RWG biosensor

measurements yielded a value in reasonable agreement, confirming the ability

of CCMP to be used as a live-cell assay in dissociation constant measurements.

[T3]

5. I analyzed the dependence of cell adhesion on ligand density at a single-cell

level. I could show that most cells remain in the weak adhesion region and

that increasing RGD density results in the appearance of a strongly attached

subpopulation rather than the increased attachment of all cells. [T3]

6. I used CCMP-based cell adhesion measurements to determine the differing

role of CD11c and CD11b integrins under inflammatory conditions in mono-

cyte derived primary cells. I found that adhesion is reduced in inflammatory

conditions in MDDCs and that CD11c plays a dominant role in the adhesion

of dendritic cells to fibrinogen. [T4]

7. I executed and designed experiments to calibrate the signal of a resonant

waveguide grating biosensor. Fluidic force microscopy was used to detach

cells directly from the surface of the biosensor after measurement of the ki-

netic biosensor curves. The definition of an appropriate integrated version

of single-cell imaging data made it possible to correlate the optical signal to

the principal mechanical adhesion characteristics: adhesion force and adhesion

energy. The strong correlation between the optical and mechanical parame-

ters allowed for the determination of the calibration coefficients. Based on

these results, the adhesion force and energy of 300 cells were measured in

a time-resolved, paralellized way revealing a lognormal distribution of adhe-
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sion strength whose parameters could be followed in time by the biosensor.

This technique constitutes the adhesion force measurement with the highest

throughput in literature so far. [T5]
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4.2 Tézispontok

1. Kialakítottam egy eljárást mikrométeres gyöngyök adhéziójának mérésére számítógép

vezérelt mikropipetta segítségével. Kidolgoztam egy, avidin-biotin kötődésen

alapuló immobilizációs rendszert és vizsgáltam a rétegek felépülését. Méréseket

végeztem a mikrogyöngyök adhéziós spektrumának meghatározása céljából

a mikropipettában lévő negatív nyomás növelésének valamint a szelepnyitási

idők változtatásának segítségével. Utóbbi mérési módszert, amellyel a kötés

élettartamát lehet meghatározni, korábban nem vizsgálták az irodalomban.

További mérésekt végeztem különböző biotin felületi sűrűséggel rendelkező

felületeken, hogy megmutassam a mikropipetta alapú rendszer alkalmazhatóságát

felületi kezelések megkülönböztetésére. Az erős korreláció (C = 0.927) a kita-

padási erősség és a felszín biotintartalma között meggyőzően bizonyította ezen

alkalmazás megvalósíthatóságát. [T1]

2. Ugyanezen immobilizációs rendszert használva lemértem a mikrogyöngyök ki-

tapadási erejét fluidikai atomerő-mikroszkóp (FluidFM) segítségével, kolloid

erőspektroszkópia módban. A két módszer által mért eredményeket összeha-

sonlítva azt találtam, hogy a kapott eloszlások jól korrelálnak. Ezt kihasználva

átszámítottam a kolloid részecskék felszakításához szükséges vákuum értékeket

erővé. Az egyes avidin-biotin kötés felszakításához szükséges erőt 188−375 pN-

ra becsültem, ami jó egyezést mutat a korábban közölt irodalmi értékekkel.

Az így elért eredmények által sikerült bevezetni az automatizált mikropipet-

tát mint a rugólapka alapú kolloid erőspektroszkópiás technika alternatíváját.

A fő erőssége ennek az új módszernek az áteresztőképességében rejlik, mivel

egy óra alatt megközelítőleg 150 gyöngyöt képes lemérni, míg a FluidFM

ugyanennyi idő alatt 12− 15 adatpontot generál. [T1]

3. Szintén vizsgáltam a célzási pontosság hatását a mikrogyöngyök felszakításához

szükséges vákuumra. A manuális és automatikus célzási eljárások alkalmazásá-

val elvégzett kísérletek azt mutatták, hogy 5 µm-nél nagyobb pontatlanság

lecsökkenti a felszakításhoz szükséges vákuumot. [T2]
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4. Kidolgoztam egy eljárást az integrin-RGD kötés disszociációs állandójának

mérésére élő sejtekben, számítógépvezérelt mikropipetta segítségével.

A sejtadhéziót különböző RGD sűrűségű felületeken mértem majd adhéziós

hisztogramokat generáltam a mérési adatokból. Azt találtam, hogy a hisz-

togramok súlyozott átlaga jól jellemezte a populáció szintű adhéziót és használ-

ható volt a két-dimenziós disszociációs állandó kinetikai illesztésére, melynek

értékére így K2D
d = (4503 ± 1673) 1

µm2 -t kaptam. A rezonáns hullámvezető

bioszenzorral mért érték jó egyezést mutatott, megerősítve a számítógépvezérelt

mikropipetta használhatóságát élő sejtes vizsgálatok elvégzésére. [T3]

5. Továbbá, a sejtadhézió erősségének ligandsűrűség függését egyedi-sejt szinten

is vizsgáltam. Megmutattam, hogy a sejtek nagy része gyenge adhéziót mutat

és az RGD sűrűség növekedése a teljes populáció adhéziójának növekedése

helyett egy erősen kitapadt alpopuláció megjelenését eremdényezi. [T3]

6. Számítógépvezérelt mikropipettával méréseket végeztem a CD11b és CD11c in-

tegrinek eltérő szerepének meghatározásnak céljából primer immunsejtekben

gyulladásos körülmények között. Azt találtam, hogy az MDDC-k csökkent ad-

héziót mutatnak gyulladásos körülmények között. Továbbá, dendritikus sejtek

esetében a CD11c integrin fibrinogénhez való adhézióban játszott domináns

szerepét is sikerült kimutatni. [T4]

7. Méréseket terveztem és végeztem egy rezonáns hullámvezető bioszenzor jelének

kalibrálása céljából. Nanofluidikai atomerő-mikroszkóp segítségével sejtek ad-

hézióját mértem közvetlenül a bioszenzor lemez felületén, miután azok kinetikai

kitapadási görbéje meghatározásra került. Az optikai jel megfelelő integrált

verziójának definiálása lehetővé tette, hogy meghatátozzuk ezen jel és a legfőbb

mechanikai adhéziós paraméterek (adhéziós erő és energia) közötti korrelá-

ciót. A mért erős korrelációra alapozva a konkrét kalibrációs paraméterek

is meghatározásra kerültek. Ezen eredmények segítségével 300 sejt adhéziós

erejének kinetikai mérése vált lehetővé, amely által sikerült kimutatni, hogy

az adhéziós eloszlás egy lognormális eloszlást mutat melynek paramétereinek
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időfejlődése bioszenzorral követhető. Ez a technika a máig publikált legnagy-

obb áteresztőképességű adhéziós erő mérés. [T5]
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4.3 Publications related to the thesis points

T1 Gerecsei, Tamás, István Erdődi, Beatrix Peter, Csaba Hős, Sándor Kurunczi,

Imre Derényi, Bálint Szabó, and Robert Horvath. Adhesion force measure-

ments on functionalized microbeads: An in-depth comparison of computer-

controlled micropipette and fluidic force microscopy. Journal of colloid and

interface science 555:245-253 2019.

T2 Ungai-Salánki, Rita, Benjamin Csippa, Tamás Gerecsei, Robert Horvath and

Bálint Szabó. Nanonewton scale force measurements on biotinylated mi-

crobeads with a robotic micropipette. Journal of colloid and interface science

(under review)

T3 Gerecsei, Tamás, Péter Chrenkó, Nicolett Kanyo, Beatrix Péter, Attila Bonyár,

Inna Székács, Balint Szabo, and Robert Horvath. Dissociation Constant of

Integrin-RGD Binding in Live Cells from Automated Micropipette and Label-

Free Optical Data. Biosensors 11, no. 2:32 2021. (February issue cover)

T4 Lukácsi, Szilvia, Tamás Gerecsei, Katalin Balázs, Barbara Francz, Bálint Szabó,

Anna Erdei, and Zsuzsa Bajtay. The differential role of CR3 (CD11b/CD18)

and CR4 (CD11c/CD18) in the adherence, migration and podosome forma-

tion of human macrophages and dendritic cells under inflammatory conditions.

Plos one 15, no. 5, 2020.

T5 Sztilkovics, Milan∗, Tamás Gerecsei∗, Beatrix Peter, Andras Saftics, Sandor Ku-

runczi, Inna Szekacs, Balint Szabo, and Robert Horvath. Single-cell adhesion

force kinetics of cell populations from combined label-free optical biosensor

and robotic fluidic force microscopy. Scientific reports 10, no. 1:1-13 2020.

∗: equal contribution.
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4.4 Further publications

• Gerecsei, Tamás, Beatrix Péter, Rita Ungai-Salánki, Sándor Kurunczi, Inna

Székács, Bálint Szabó and Róbert Horváth. Prospects of Fluidic Force Mi-

croscopy and related biosensors for medical applications. Nanobioanalytical

Approaches to Medical Diagnostics, Elsevier 2021. (in press)

• Gerecsei, Tamás, Rita Ungai-Salanki, Andras Saftics, Imre Derényi, Robert

Horvath and Balint Szabo. Characterization of the dissolution of water mi-

crodroplets in oil. Journal of colloid and interface science (under review)

• Ungai-Salánki, Rita, Tamás Gerecsei, Péter Fürjes, Norbert Orgovan, Noémi

Sándor, Eszter Holczer, Robert Horvath, and Bálint Szabó. Automated single

cell isolation from suspension with computer vision. Scientific reports 6, no.

1:1-9, 2016.

• Salánki, Rita, Tamás Gerecsei, Norbert Orgovan, Noémi Sándor, Beatrix Péter,

Zsuzsa

Bajtay, Anna Erdei, Robert Horvath, and Bálint Szabó. Automated single cell

sorting and deposition in submicroliter drops. Applied Physics Letters 105,

no. 8:083703, 2014.

• Saftics, Andras, Barbara Türk, Attila Sulyok, Norbert Nagy, Tamás Gerecsei,

Inna Szekacs, Sándor Kurunczi, and Robert Horvath. Biomimetic dextran-

based hydrogel layers for cell micropatterning over large areas using the Flu-

idFM BOT technology. Langmuir 35, no. 6: 2412-2421, 2019.

• Ungai-Salánki, Rita, Beatrix Peter, Tamás Gerecsei, Norbert Orgovan, Robert

Horvath, and Bálint Szabó. A practical review on the measurement tools for

cellular adhesion force. Advances in Colloid and Interface Science 269:309-333,

2019.
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• Jankovics, Hajnalka, Boglarka Kovacs, Andras Saftics, Tamas Gerecsei, Éva

Tóth, Inna Szekacs, Ferenc Vonderviszt, and Robert Horvath. Grating-coupled

interferometry reveals binding kinetics and affinities of Ni ions to genetically

engineered protein layers. Scientific reports 10, no. 1:1-11 2020.
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4.5 Conference presentations held

4.5.1 Talks

T1 Single-cell adhesion measurements using computer-controlled micropipette and

FluidFM BOT

14th International School of Biophysics, Split, Croatia 2018

T2 A model for bacterial adhesion using functionalized microbeads and force spec-

troscopy

FluidFM User Meeting, Zürich, Switzerland 2019

T3 Colloid force spectroscopy to measure cell surface interaction with biological

peptides.

European Student Colloid Conference, Varna, Bulgaria 2019

T4 Felületi kölcsönhatások erősségének egyedi-sejt szintű mérése automatizált mikropipet-

tával.

Congress of the Hungarian Biophysical Society, Debrecen, Hungary 2019

T5 Novel techniques for probing single-cell adhesion and single-cell isolation.

Single Cell Analyses Meeting, Cold Spring Harbor, USA 2019

4.5.2 Poster presentatios

P1 Pore size dependent crystallization on porous silicon multilayers. Gerecsei, Tamás,

Inez Soussi, Thierry Cloitre, Marta Martin-Fernandez, Frederique Cunin, Hamid

Salehi, Pierre-Yves Collart-Dutilleul, Fréderic Cuisinier, Csilla Gergely Porous

Semiconductors Science and Technology, La Grande Motte, France 2018
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P2 Single-cell adhesion force measurements using computer-controlled micropipette,

FluidFM BOT and optical biosensors to model the interactions of bacterial and

mammalian cells. Gerecsei, Tamás, Ágoston Nagy, Milan Sztilkovics, Istvan

Erdodi, Sandor Kurunczi, Ildiko Szabo, Szilvia Bosze, Inna Szekacs, Balint

Szabo, Robert Horvath. World Congress on Biosensors, Miami, USA 2018
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