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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.



Motivation and Objectives

The field of cell-substrate interaction measurements is rapidly developing nowadays.

A general tendency, also observable in many other biology 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 statisti-

cally 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 previous results and experi-

ences 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, however the in-depth analysis of some of the measurement param-

eters could further improve applicability. The objective of this work was to

introduce the measurement of functionalized microbeads as a new application

of CCMP and to compare it to an already established colloidal force spec-

troscopy technique, fluidic force microscopy. The role of different measurement

parameters was uncovered, such as the valve opening time and the detachment

vacuum in terms of their relationship to traditional CFS parameters.

• Another objective was to present an improved single-cell adhesion assay which

is able to quantitatively characterize cell adhesion by measuring the two-

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.



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]



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-



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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