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Abstract V

|. Abstract

Integrin-mediated T-lymphocyte adhesion to endadheklls is a crucial step in the mammalian
inflammatory response and for the elimination ofhpgens. Outside-in signaling is the well-

known pathway in the integrin-mediated leukocytdemion in response to proinflammatory
events, which is stimulated by an important pr@mfinatory cytokine, the tumor necrosis factor
(TNF). Many studies have been reported that TNEgiates the expression level of endothelial
cell surface molecules. This in turn activates éx¢racellular domain of integrins and thus
facilitates the adhesion of T-lymphocytes both rdoa biomolecular interactions and cell

adhesion strength.

Recently, an inside-out signaling pathway of integjin lymphocyte activation by TNF has been
brought up. However, how this activation modulaieéymphocyte adhesion strength and
dynamics is still not understood. In the study pnésd here, T-lymphocyte (Jurkat E6-1) cell
adhesion to fibronectin (FN)-coated surface wasestigated. Such surfaces provide a
biomimetic environment since FN is naturally présen top of endothelium and additional
effects from the surface molecules, which are pes® endothelial cellsn vivo, can be

excluded.

In detail, phase contrast microscopy and photonystal slabs (PCS) were applied for the
guantification of cell amount and cell size on dibectin as a function of TNF stimulation. No
difference in these parameters was found for this weth TNF stimulation compared to those
without. An advanced optical strategy, reflectiaterference contrast microscopy (RICM), was
applied for the measurement of the real cell adimesirea and the length of microspikes
projected from the cell body. With this techniqaell adhesion dynamics and the fluctuation of
subcellular structures were visualized, and agairsignificant effect of TNF stimulation was
detected. To quantify the cell adhesion strengthgls-cell force spectroscopy (SCFS) was
employed to measure cell detachment forces andesmg@tures dynamics. TNF significantly
increased cell detachment forces and detachmengiesgas well as the number of molecular
ruptures and the force associated with single repawents. Meanwhile, the most pronounced

effect was obtained at the shortest cell-surfacggamd time of about 0.2 sec compared to the
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longest contact time of 10 sec. To understand #t@wor of T-lymphocyte cells in the initial
capture and rolling phase, microfluidics, which nasnthe shear stress im vivo situations, was
used to track and analyze the percent of adheghg &nd the speed of rolling cells as a function
of TNF stimulation. The preliminary data show thi#?dF facilitates more cells to adhere on the
surface and decreases the rolling speed. To olatailetailed understanding of the integrin
distribution and the proteins close to the adhesitsin T-lymphocyte cells, functionalized gold
nanopatterned structures were used as substraiesgificant effect of TNF stimulation on the
cell number or morphology was observed.

Our results show that the TNF-stimulated insidesighaling pathway directly enhances T-

lymphocyte adhesion, particularly cell adhesioersgth.
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Il. Zusammenfassung

Die integrinvermittelte Adh&sion von T-Lymphozytan Endothelzellen ist sowohl ein wichtiger
Bestandteil der Entziindungsreaktion von Saugetiedsrauch grundlegend fiir die Abwehr von
Pathogenen. Der von auflen nach innen gerichtetenal®igg ist bereits in der
integrinvermittelten Adhasion von Leukozyten als aken auf entziindungsférdernde
Ereignisse bekannt. Diese Ereignisse werden durchviehtiges proinflammatorische Zytokin,
genannt Tumor-Nekrose-Faktor (TNF), stimuliert. I¢i&tudien haben gezeigt, dass TNF die
Expression von Oberflachenmolekilen von Endothielzelverstarkt, was wiederum den
extrazellularen Teil von Integrinen aktiviert undncit die Adh&sion von T-Lymphozyten in

Bezug auf biomolekulare Interaktionen und zellul&diasionskrafte begunstigt.

Erst vor Kurzem wurde die Idee eines von innen nafRen gerichteten Signalweges in der
Literatur erwdhnt. Jedoch ist noch nicht bekannie wliese Art der Aktivierung die

Adhasionskrafte und die Dynamik von T-Lymphozyteguliert. In der hier présentierten Studie
wurde die Adhasion zwichen T-Lymphozyten (Jurkat-1E6und Oberflachen, die mit

Fibronektin (FN) beschichtet wurden, untersucht.Icls® Oberflachen kénnen als eine
biomimetische Umgebung dienen, da das EndothetiNatur von einer FN Schicht bedeckt ist
und daher der Einfluss anderer Oberflachenmolekiidgn vivo auf Endothezellen prasent sind,

vernachlassigt werden kann.

Phasenkontrastmikroskopie und planare photonisctstale (PCS) wurden in der vorliegenden
Arbeit genutzt, um die Anzahl und die Grol3e vonletelauf FN in Abhangigkeit von TFN
Stimulation zu bestimmen. Es wurde kein Unterschietglich dieser beiden Parameter
zwischen TNF stimulierten und nicht stimulierten  lI&e beobachtet.
Interferenzreflexionsmikroskopie (RICM) wurde alsochentwickelte, optische Technik
angewandt, um die reale zellulare Adhasionsflacheé die Lange der aus dem Zellkorper
herausragenden Mikrostacheln zu messen. Diese ikeetmdglichte es, Zelladh&sionsdynamik
sowie Fluktuationen von subzellularen Strukturen vzsualisieren. Wiederum wurde kein
signifikanter Einfluss der TNF Stimulation gemessgi#ithilfe von Einzelzellkraftspektroskopie

(SCFS) wurden Krafte und Dynamiken von Zell- unaiZzeiabrissen untersucht. TNF erhohte
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sowohl die Abrisskréafte und -energien der Zellds,auch die Anzahl und Krafte molekularer
Einzelabrisseereignisse signifikant. Dieser Effektirde am starksten fur die kirzeste
Kontaktzeit zwischen Zelle und Oberflache von Q,2esglichen mit einer Kontaktdauer von 10
s, beobachtet. Zum besseren Verstandnis des Mambalton T-Lymphozyten wahrend der
anfanglichen Arretierungs- und Rollphase wurde dievivo im Blutgefald vorliegende
Scherspannung mithilfe eines Mikrofluidikansatzesitiert, um die prozentuale Menge
adhéarierender Zellen und deren RollgeschwindigikeAbhangigkeit von der TNF Stimulation
zu messen und zu analysieren. Die bisherigen Dagrgen, dass TNF zu einer hoheren Anzahl
an adharierenden Zellen und zu einer erhdhten &salyvindigkeit fihrt. Fir ein besseres
Verstandnis der Verteilungen von Integrinen undétnen nahe des Adhasionskontaktes von T-
Lymphozyten wurden funktionalisierte Gold-nano-&tauen als Substrate genutzt. Es wurde
kein signifikanter Effekt auf Zellanzahl oder -mbgbogie durch TNF Stimulation beobachtet.

Unsere Resultate zeigen, dass TNF stimulierte,imo@n nach auf3en gerichtete Signalwege die

Adhésion von T-Lymphozyten und insbesonders dieilZeén Adhasionskrafte direkt verstarken.
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1. Introduction

1.1 Acute Phase Inflammation

The mammalian immune system administers and peoteganisms against bacteria, viruses and
other external pathogens. Inflammation is the cemplynamic reaction through the transport of
immune proteins, and/or cells to the wound or tifedted tissues. Acute phase inflammation is
the homeostasis reaction to the local or systenswtion, such as wounds, infections, or
immunological disorders. During this inflammati@ytokines, as pro-inflammatory proteins, are
released and able to upregulate the expressiohdéaeute phase proteins, which can in turn
augment the amount of cytokines (Gruys et al., 20R8ute phase inflammation also facilitates
leukocytes to rapidly transmigrate from the blooekstn into inflamed tissue and to the infected

site.

1.1.1 Leukocytes

Leukocytes (also called white blood cells) are\detifrom hematopoietic stem cells in the bone
marrow and widely exist in lymphatic system andobldMaton et al., 2008). In the immune

system of vertebrates, there are five types ofdeytes: monocytes, neutrophils, eosinophils,

Fig. 1: (a) Jurkat E6-1 cells in tissue culture fisk. They are cells in suspension. Cells are prone to
form into clusters in healthy conditiofb) A human blood lymphocyte cell under scanning

electronic microscopy (SEM).(modified from Majstoravich et al., 2004).
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basophils and lymphocytes presenting in the blood macrophages presenting in the tissue
(LaFleur-Brooks, 2008). All lymphocytes are clagsifinto three subtypes: T-cells, B-cells and
natural killing cells. During the inflammation, wierl cells enter the infected tissue, their
activation relies on the contact with antigen-pnéisg cells (APCs) (Bradley, 2003).
Afterwards, these T cells are able to kill virugeicted cells, activate macrophages and B cells.
In my study, | used Jurkat E6-1 cells (Fig. 1a)jckhwere originally isolated from Epstein Barr
virus-negative, non-Hodgkin’s lymphoblastic leukaniSchneider et al., 1977). Followed by the
immortalization as a cell line, they are widely dider studying signal transduction cascades
(Osborn et al., 198Chan et al., 2000). On the surface of a typical d&mudymphocyte cell,
microvilli are observed. These are cell membrantreions composed of glycoprotein. The
length of such microvilli is 0.3-0.44m while the diameter of the T lymphocyte cell i$ pumn
(Fig. 1b, Majstoravich et al., 2004).

1.1.2 Cytokines & Tumor Necrosis Factor (TNF)

Cytokines are a category of proteins released dutie acute phase inflammation. Numerous
types of cells can produce cytokines, including mplages, T cells, B cells, and many other
kinds of cells (Ibelgaufts, 2013). Several typitgles of cytokines can be found in these cells
such as chemokines, interferons, interleukins, lyokmes and tumor necrosis factors (TNFs).
Cytokines play important roles in the cellular immeuresponse, in particular in cell population

regulation and in transmitting intracellular efieétom one type to another (Ibelgaufts, 2013).

Tumor necrosis factor (TNF), lymphotoxin-alpha amitier 17 proteins consist of the tumor
necrosis factors family. Known as TNF alpha (wheatused in the study) or cachectin, TNF has
the molecular weight of about 17 kD. It is produeedinly from macrophages as homotrimers
and spans across the cell membrane. The transmeenfam of the TNF can be leaved into
soluble TNF by the TNF alpha converting-enzyme (EACTNF is known by playing pivotal
roles in physiological and pathological proces&esides causing tumor necrosis, TNF can also
induce its own expression and stimulate secretfootleer cytokines and chronic inflammatory
reactions (Chu et al., 2013). Prior to its functilration, TNF initially binds with the cell

surface TNF receptors TNF-R1 and/or TNF-R2, thenfarone of which uniquely expresses on
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all nucleated cells, and the latter one only exgge®n certain types of cells (Faustman & Davis,
2010). It is known that TNF-R1 plays the key roleactivation of numerous signaling pathways,
although it has no intrinsic enzymatic activity. Fldinding can activate the cytoplasmic domain
of TNF-R1 and recruit the adaptor proteins like twumecrosis factor receptor type l-associated
death domain protein (TRADD) and fas-associatedeprowith death domain (FADD) to
mediate most of the cell-signaling pathways. Thesd-known pathways are activation of
nuclear factor kappa-light-chain-enhancer of at#igaB cells (NF«B), mitogen-activated
protein kinases (MAPK) and death signaling (ChenG&eddel, 2002) as shown in Fig. 2.
Besides binding with receptors on cells, TNF i©dtsund to bind with extracellular matrix to

concentrate its activities to specific inflamecsi{Vaday et al., 2000).

TNF

&

TNFR

cell membrane

BTN
8886868

R
88868

[ 4
£ 4
4

.
Y

. .
’ 1 .

NF-<B  MAPK death signaling

----
L d

Fig. 2: TNF binds with TNFR and the downstream sigaling pathways.The intracellular domain
of TNFR recruits the adaptor proteins and medittesignaling pathways such as activation of NF-
kB, MAPK and death signaling.

1.1.3 Leukocyte Adhesion Cascade

Leukocytes generally circulate in the blood stremithout adhesion to the vessels but can form
temporal bonds with other leukocytes or the ves$éhen there presents an inflammation,

cytokines trigger transmigration of leukocytes ithie inflamed tissue. Prior to this behavior, it
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requires leukocyte adhesion to endothelial cellghef blood vessel with successive steps of
rolling, arrest, adhesion, strengthened adhesiah raigration out through the venular walls

(Schmidt et al., 2013). All these partly overlagpisteps together generate the “leukocyte
adhesion cascade” (Nourshargh & Alon, 2014) wittaitieshown in Fig. 3.

Tethering of leukocytes is usually observed with adovious reduced velocity during rolling
within less than a few seconds and a short adhesiviact to the endothelium (Ley et al., 2007).
The primary adhesion of leukocytes to endothel@lsccan occur both in fast mode or slow
mode depending on whether there is synthesis ofddhesponding proteins on endothelial cells
(Pober & Sessa, 2007). In detail, leukocyte rollimgnediated by P-selectin, E-selectin on the
endothelial cells and L-selectin on leukocytes. iiddally, the arrest process is facilitated by
integrins on leukocyte (i.eq B2 and asPB1), and cells surface molecules such as intercellula
adhesion molecule (ICAM) and vascular cell adhesiaiecule (VCAM) on endothelial cells.
Finally, other kinases and molecules mediate tHewing crawling and migration (Nourshargh
& Alon, 2014).

@ tethering/rolling  arrest adhesion crawling transmigration
© @a .o o
2 D\

Molecules on
endothelial cells:

P-selectin, E-selectin

VCAM-1, ICAM-1 VE-cadherin
Integrins involved
Neutrophils:
LFA-1 Mac-1 LFA-1
T-cells: ———
VLA-4 VLA-4, LFA-1 LFA-1

Fig. 3: Leukocyte adhesion cascad&/CAM: vascular cell adhesion gtecule; ICAM: intercellular
adhesion molecujeLFA-1: lymphocyte function-associated antigen bpanamed asi 3, integrin;
Mac-1: macrophage antigen 1; VLA-4: very late antigen 4, also namedoaB; integrin. When there
are danger signals released from the infected andadissue, effector cells are stimulated in specif
phases. For instance, leukocytes and endothelilsl @@nk) are activated during the arrest to the
crawling, and sentinel cells (i.e., macrophagesnddic cells, green) are activated in the
transmigration (modified frorhey et al., 2007; Nourshargh & Alon, 2014).

1.2 Integrin

Integrins were first identified in 1986 as the sa@mbrane glycoprotein complex (Tamkun et
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al.,, 1986). They link to the cytoskeleton, and can bind to fibronectin (FN). They mediate
complex biological events across cell-cell and cell-matrix interactions that are relevant to cell
adhesion, migration, invasion, cell signaling t@ungion, and differentiation.

oUib 33
g: B7 at [MAJCAM-1
BX oD
B2 o | ICAMs
X
T-cells

Fig. 4: Combinations of two subunits in integrins. Integrins expressed on T-cells are in green, those
binding with mucosal vascular addressin cell-adhesion molecule 1 (MAdCAM-1) are in yellow and
those binding with ICAMs are in pink. (Modified from Cox et al., 2010)

Integrins are heterodimers consisting of two subunits o and 3. Researchers have found 18 a-
subunits and 8 [B-subunits that form into at least 24 combinations in vertebrate cells (Ruoslahti &

Pierschbacher, 1987). In T cells, there are at least 12 combinations of these subunits expressed
(Fig. 4).

Low affinity Intermediate affinity High affinity
sossseorplonss  sossenrplones s 09000
&8 808886 8BS 8688
% —_—
a P a B
w
Liglnd

(ECM or endothelial cell surface molecules )

Fig. 5: Switching of different affinity states of integrin. In the low affinity state, the two subunits
are very close to each other, the ectodomain of them are bent, in the intermediate affinity state, they
are opened but not fully available for ligand binding, in the high affinity state, they are imparted
further and are adequate for the ligand binding. The ligand can be a specific peptide of ECM or cell
surface molecules of endothelial cells.
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Integrins contain extracellular heads, which cardlio extracellular matrix or surface molecules
of other cells, and short cytoplasmic tails astthasmitter. For efficient cell adhesion, integrins
are converted into the activated (high-affinityptst from a natively inactivated state (low-
affinity) with an intermediate state in betweeng(Fb, Luo et al.2007; Springer & Dustin,
2012). The three states of integrins can be foaraldynamic situation, which can be altered by
controlling the chelation with divalent cations?GaMg®" and Mrf*. Meanwhile, it has been
reported that in leukocytes, the fluctuation of tbencentration of these divalent cations
influences the state of cells from circulating tdling and attaching (Zhang & Chen, 2012).
Inside the fibroblast cells, integrins are abletganize the cytoskeleton and focal adhesions to
bind with the extracellular matrix (Fig. 6)here are over 100 proteins that have been idedtifi

to localize into focal adhesions (Zamir & Geige®02a), here just some of them are shown in
the connection with actin filament in Fig. 6b. Ircé&lls, similar adhesion structures have been
brought up, which contains many components resethblge in the focal adhesion of adherent
cells (Billadeau et al., 2007).

b) Actin

Fig. 6: Focal adhesion(a) Focal adhesion in a Ref 52 YFP-Paxillin cedk @mbryonic fibroblast cell
stably expressing YFP-Paxillin (green)) Actin (résl)stained with phalloidin-555. The merged sites
(yellow) are focal adhesions. (b) Schematic stmgctf focal adhesion.

1.2.1 Role of Integrins in Inflammation

Integrins are not merely linkers between leuko@nd the blood vessel, they play key roles in

the process of crossing the endothelial barrier, switching the state from rolling to adhesion,
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which is dependent oo4B3; and a3, respectively (Hogg et al., 2003). The affinity tetaf
integrins can balance inflammation (Herter & Zaho2013). They can affect inflammatory
diseases such as hypersensitivity and arthritis Hoegerolles et al., 2000). There are two

signaling pathways involved to modulate the funtid integrins.

1.2.2 Outside-in & Inside-out Signaling Pathway

The outside-in signaling pathway is called whemgnins first bind to extracellular ligands and
initiate intracellular reaction of correspondingof@ins. Numerous molecules presenting upon
other cells or ligands in extracellular matrix cattiate this signaling pathway by catching holds
with integrin. Upon TNF stimulation, it is reportédat the expression of ICAM and VCAM in
the endothelial cells is upregulated (NoursharglAl&n, 2014). A primary activation occurs
when the extracellular domain of integrins in lecjes (i.e.,0401) binds with ICAM and
VCAM, the activation signals are thus transportedhe intracellular domain of integrins. Then
adaptor proteins like vinculin, talin and paxiltan be recruited to the cytoplasmic domaifsof
into adhesion structures which are able to conwébtthe cytoskeleton. This signaling pathway
is shown in Fig. 7a. As well, Src-like tyrosine &ses are activated and integrins undergo

clustering (Constantin & Laudanna, 2012).

In contrast, the activation of integrin mediatedide-out signaling pathway relies on the
regulation through the binding between specifiaaogllular proteins and the cytoplasmic
domains of integrin (Hynes, 200Za et al., 2009). Generally, this interaction beme
intracellular proteins and integrins are triggebgdexternal signals. In T cells, the transduction
of the stimuli are usually transduced through Gtgirocoupled receptor (GPCR) and T cell
receptor (TCR), which thus induce a successiveepratr kinases activation inside the cells.
Especially in the TCR mediated inside-out signaliaigP70 (-chain associated protein kinase)
serves as the very early effector which binds t&RT@@mplex and the RAP1-GTP (Ras-related
protein 1-guanosine-5'-triphosphate) as the crugedtein to the intracellular chain af
integrins as well as talin and kindlin Bointegrins (Brownlie & Zamoyska, 2013). Meanwhile,

the phosphorylation of kinases is considered téefthe occurrence of the signaling
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transduction cascade in T cell. For instance, utnophils, it has been reported that TNF plays
an important role in the integrin mediated inside-signaling (Bouaouina et al., 2004), because
the observation of activated p38 mitogen-activatealein kinase (MAPK) and Src kinases were
involved in the engagement Bf integrin in neutrophils. Also in adaptive immuresponses, T
cells can possibly be activated via the same insidesignaling pathway induced by TNF. As
one possible enzyme in this pathway, the lipaséralesphingomyelinase 2 (hSMase?2) is found
can be activated by TNF. As further components, -RNFassociated protein FAN (Factor
Associated with Neutral sphingomyelinase activig ACK1 (Receptor for Activated C Kinase
1) and EED (Embryonic Ectoderm Development proteang also involved as signaling
components (Philipp et al., 2010). vivo study suggested that knockdown of FAN in zebrafish
causes a defective recruitment of leukocytes tedtsd sites (Boecke et al., 2012). In addition,
RACK1 and EED have been reported as partners bira@dieracting with the cytoplasmic
domains of integrins (Liliental &hang, 1998; Rietzler et al., 1998; Witte et al., 2004). Fig. 7b
shows the hypothesis of inside-out signaling patisaa integrin-mediated T cell adhesion to the
extracellular matrix in response to TNF stimulatidm detail, the T cells is initiated with the
binding between TNF and TNFR, and then activatedtive recruitment of intracellular effector

proteins to the endodomain of integrins. The irglatar conformation change of integrins thus

integrin

o
CAM 2y s
VCAM 4

-1

Fig. 7: Outside-in (a) and hypothesis of inside-outb) signaling pathways in T cellsintegrin and
ligands on FN are shown with same symbols as b¢Fige 5).
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transports the signal to extracellular and migbilitate cell adhesion.

Outside-in and inside-out signaling pathways catubsimultaneously and depend on each other
closely (Kinashi, 2005). For example, withdit mediation in outside-in signaling, neutrophils
get detached under flow (Giagulli et al., 2006)rtRermore, neutrophils attachment can be
enhanced via inside-out signaling pathway by fetihg the conformation changes of
extracellular domains in LFA-1 (Lymphocyte Functiassociated Antigen 1) arml, integrin
(Kinashi, 2005). Meanwhile, the outside-in signgliexcts as the amplifier following the inside-

out signaling especially in lymphocytes (Abram &naedl, 2009).

1.3 Mechanical Connection between Cells and the
Microenvironment

Cell behavior is regulated by the induction of &yes and recognition of signal molecules.
However, celldn vivoare subjected in a 3D microenvironment coupled witthanical forces,
where cells can sense and relay the signals framatlular matrix as well as actively respond
in a way to modulate the surrounding environmentmirous studies have described the
interactions between cells and microenvironmenterms of biochemical signals. However, a
few studies have been carried out on the effephgtical parameters to the cells. There are lots
of questions remaining unclear, such as: How cdls tnsfer signals from the extracellular
matrix? How do cells get into reconstructions? \WWhitysical properties affect cells adhesion?

Meanwhile, what are the active roles of cells f@ tonstruction of the microenvironment?

1.3.1 Microenvironment Modulates Cell Adhesion

1.3.1.1 Fibronectin (FN), an important protein in etracellular matrix (ECM)

In the organisms, a ubiquitously presenting pros¢incture surrounding cells is the extracellular
matrix (ECM), which not only transduces biochemigighals but also provides physical cues. In
ECM, FN performs as one of the most important camepi in the form of insoluble fibrils. It is
a large glycoprotein with the molecular weight atb40 kD. Two identical monomers linked by
a pair of disulfide bonds form into the basic pro@imers of FN (Pankov & Yamada, 2002). FN
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has repeated units: FN type | repeats (FN1), FN typrepeats (FNII), FN type Il repeats
(FNII) and a variable domain (V), which is conregttwith FNIII. These structures could bind
with many kinds of integrins (Luo et al., 2014) aheérefore mediating cell adhesion. Among
these structures, the FNIII domain and the V domaaeespecially interesting in our study. The
FNIII domain binds witho, 31, oyB3, 0vBs, QiipPBs, 0gP1, OsP1, and the V domain binds withy3;

(To & Midwood, 2011). It is known that many cellpigs such as fibroblast cells, endothelial
cells, chondrocytes, myocytes and synovial cells sgnthesize FN (Mao & Schwarzbauer,
2005). Meanwhile, FN localizes at different plades,example, that secreted by the endothelial
cells stays on top of these source cells (Peteak,e1990) and that produced by the surrounding
fibroblast cells present in the local connectiwsudie (Yamada & Kennedy, 1979). Besides of the
insoluble form, FN also exists in a soluble fornd arculates in the plasma, which is crucial for
the cell adhesion and wound healing as well. Is thésis, | used FN from human plasma to coat
coverslips in order to generate a surface that osrthein vivo situation, where FN is present

naturally on endothelial cells (Peters et al., 990

1.3.1.2 Cell Structures Perform as Force Sensors Adhesion

Mechanical forces such as shear stress, tensiong@mpressionn vivo are considered as the
major driving force to facilitate adhesion of maslls (except those in the resting state). In
contact with the extracellular matrix, these celtd only deform their shapes but also capture
and transduce mechanical forces to realize mosttims of biological events such as
proliferation, differentiation, etc. There are mamypteins, molecules and subcellular structures
that serve as mechanical sensors in the physioz toansduction. As an important subcellular
structure, a focal adhesion is a cluster connedtiegcytoskeleton and the ECM (Chen et al.,
2003). It is less than 15nm between the cytoskelatal the ECM (Zaidel-Bar et al., 2004). The
proteins in the focal adhesion are in a rapid aatoo and dissociation dynamics in response to
the physical change of ECM or the inside stressisTkhrough the focal adhesion, mechanical
force can be distributed inside the cell in a martoesense the microenvironment (Huang et al.,
2004).

The elasticity change of the cytoskeleton is caereid as the major response factor to the

mechanical force as a result of stretching or begaif the cell (Fletcher & Mullins, 2010). As
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shown in Fig. 8, microtubules and actin fibers are in conformation balance to control the shape of
the cell. Inside an adherent cell, the microtubules are buckled intensively and the polymerized
actins are tightly bundled along the binding sites (Ingber, 2006). In this case, the force initiated in
specific regions of talin, would regulate the binding of F-actin and therefore regulate the

anchoring of integrins (Calderwood et al., 2013).

Fig. 8: Schematic shows of the balance of microtubules (black) and actin fibers (white) in
floating (left) and adherent (right) states.

Transmembrane proteins, such as integrins and cadherins, are the important connections between
the cytoskeleton and the extracellular matrix. They are assumed to transmit the exterior and/or
interior mechanical force through the cell membrane (Calderwood et al., 2013). Furthermore,
such physical stimuli are usually conducted into chemical signals. The molecular dynamics of
integrins is usually defined with affinity, valency and avidity. Affinity is usually related with the
conformation change of the monomeric integrin, which increases the binding force between
integrins and correspondingly reduces the rate of dissociation. Valency defines the diffusion and
density of the integrins in the cell adhesion area and the number of adhesive bonds. Avidity
illustrates the equilibrium of the integrin affinity conformation and the valency of a bulk
integrins (Herter & Zarbock, 2013). From diffusion to adhesion, the dynamics of integrin has
been brought up recently, as shown in Fig. 9 (Boettiger, 2012). The integrin binding is controlled
by the rate-limiting step (Fig. 9b). It has been reported that the affinity of integrins for leukocyte
adhesion is increased dramatically by the ligand binding, e.g., 500-1000 fold for LFA-1, which is
more than 100 times than that for fibroblasts integrin (Shimaoka et al., 2003). The mobility of
the ligand affects the stability of integrins, leading into a more unstable binding of integrin to a
soluble ligand and a more fixed binding of integrin to immobilized ligands (Fig. 9¢c, d). The
concentration of integrins in T cells, which differs from other cell surface receptors recognizing
hormones or soluble molecules, can be 10-100 times higher on the cell surface. Their binding

ability relies on the clustering of integrins, which looks like plaque across the cell
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Fig. 9: Dynamics of integrin diffusion (modified from Boettiger, 2012).(a) Conformation of
integrin in floating cells. (b) Diffusion of integr is reduced when cells attach to some ligands
presenting on the surface. (c) Integrin binds witkoluble ligand. (d) Integrin attached to therigja
stabilized on the surface. Blue arrows show theation of the exerting force from integrins.

membrane (Alberts et al., 2007). Interestinglg thustering itself does not enhance the strength
Of the adhesive bonds, rather the machinery torgéing and maintaining the integrity of the
clusters administers bond strength considerablgzéla et al., 2009). Furthermore, specific
behaviors of cells, to a great extent, rely ondhkequisite balance between the anchoring protein
and the cytoskeleton. In the leukocyte adhesiorcathes such balance governs leukocytes
sensing the endothelial cell layers as well astthesmigration via hydrodynamic forces from

the chemoattractant source (Nourshargh & Alon, 2014

lon-channels are also believed to serve as semsdre transport of mechanical stimuli into
cytoplasm, which is dependent on integrin mediation, C&" flow) (Janmey & McCulloch,
2007). In neutrophil migration, high affinity LFA4hcorporated with calcium channel transmits

the shear stress to facilitate cell polarizatiod snbsequently transmigration (Dixit et al., 2011).
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Besides the above modulations, other structures hagn brought up also as force sensors, such
as interface of membrane and phospholipid, elemeinthe nuclear matrix and lipid bilayers
(Janmey & McCulloch, 2007).

1.3.1.3 Extracellular Properties Affect Cell Adhesin
Besides of the mechanical sensors in the cellsaesftular properties have been proved very

important for influencing cell adhesion.

Many studies have shown that fibroblasts and emdiathcells increase their focal adhesion
sizes, spreading areas as well as change theieslapa stiffer substrate (Yeung et al., 2005
Califano & Reinhart-King, 2010). However, floatingutrophils do not adhere to the change of
stiffness when the elastic modulus is in the raingm 2Pa to higher than 2000Pa, and even in
the adhesion condition, the cells are not sensitvilie large range of stiffness value (Yeung et
al., 2005), as a reference, the elastic moduld®®$ gelatin is 241Pa (Leick, 1904). In contrast,
a soft matrix supports muscle cell and neuron agliesion (Engler et al., 2004). Additionally,
wettability and surface roughness have been foondffect the adhesion of fibroblasts and
endothelial cells (Lampin et al.,, 1996). In receefars, nanostructured surfaces have been

developed to mimic the extracellular matrix witHided distances.

Fig. 10: Different fibroblast cell morphologies onvaried distance of gold nanodots conjugated
with peptides (Arnold et al., 2004)

Through adjusting the distance of nanoparticleg.,(gold dots) delicately, the cell adhesion,
spreading and migration are revealed as a functidhe ligand presentation. Cell morphology
varies greatly over the distance of the gold natsmdehich are functionalized with ¢(RGDfK-)

thiols. Fig. 10 shows that the best adhesion anelasing for fibroblast is at the distance of 28
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nm between two adjacent gold nanodots. Cells asospread fairly well at 58 nm. From 58 nm
to 73 nm, cell spreading is diminished greatly. Whige distance of the gold nanodots is larger
than 85 nm, the binding of cells to the surface esnto the minimum. In osteoblast, detailed
visualization shows that cells protrusions sensirgg pattern of the functionalized gold dots at

the distance of 80 nm and the binding sites arerobd (Fig. 11).

Fig. 11: Mc3t3 osteoblast in contact with a biofuctionalized 80-nm pattern and exhibiting cell
protrusions sensing the patternScale bar is 30m (left) and 200nm (right) (Hirschfeld-Warneken et
al., 2008)

1.3.2 Cell Adhesion Affects Microenvironment

It is already known that cell adhesion depend<lgrgn the mechanical signals transmitted from
the microenvironment to the cytoplasm. As actiwenlj units, cells are able to exert internal

force and influence the microenvironment. Exerteithiw the interaction between actin and

myaosin, this internal force has been defined aditma force, which results in the deformation of

the microenvironment (Wang et al., 2009). The fasperiment to study the traction force was
implemented in 1980 on observing the wrinkles dic@i rubber substrates coming from the
force of adherent cells (Fig. 12a, (Harris et B980)). This remarkable work detected the force
in horizontal to the two-dimensional (2D) surfaeghere the force is exerted in parallel to the
surface (Fig. 12b). Howevan vivo, the extracellular matrix is in 3D environment. t8e force

distribution should be more complicated than the2B surface. On soft and stiff substrate, the
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Fig. 12: Traction force exerted by cells to the ECM(a) Wrinkles on the silicon rubber surface
generated by chick hear fibroblasts (Harris et1880). (b) Sketch of traction force at a cell-aagf
interface in 2D, parallel forces from cell pullirand substrate deformation are shown in arrows
(modified from Hersen & Ladoux, 2011).

force distribution models were brought up by DekAyari (Fig. 13). They found that the cells
pushed the surface down towards the substrateasmdresponse, the surface pulls the cells
upwards (Delanoé-Ayari et al., 2010). Afterwardss mechanism “push and pull” was brought
up (Hersen & Ladoux, 2011). Similarly to the modelFig. 13, a recent study assumed that
leukocytes exert traction forces in response to ©NEhe matrix, leading to a thinner endothelial
cell basement membrane (Pober et al., 2012; Finsdeh et al., 2014; Nourshargh & Alon,
2014).

a) b)

\I‘ I::\

Fig. 13: Push-pull mechanism in 3D(a) On a Soft surface, the cell exerts force (pedicular to the
substrate surface) in the interior of the substaai® pulls into the cytoplasm close to the bindinea
(Delanoé-Ayari et al., 2010). (b) On a stiffer swd, the cell spreads into a thinner shape. The
pushing force is higher and also the counterpaltinguforce makes nucleus bear higher pressure
(modified from Hersen & Ladoux, 2011).

”

Although these 3D models or assumptions might ilesgtiple to interpret the real mechanical
force between cells and the surroundings with thet that cell-cell interactions cannot be
omitted, they still provide the preliminary apprbaa understanding the interactions between

cells and the microenvironment on the premisetti@tells already adhere on the surface.
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The positive feedback loop between the cell intedynamics and the variation of extracellular
environment indicates that the contractility of tletin cytoskeleton with the enhanced
interaction between integrin and ECM leads to tefarmation change of FN, which enhances
the mechanical effect from the matrix again (Rapal.e 2011). These reciprocal strengthening
at both directions is also brought up as mecharsggials of outside-in and inside-out in
adherent cell mechanics study (Provenzano & Ke#dyt1) shown in Fig. 14, which therefore
indicates the importance of the mechanical couplamgl force transduction between the
microenvironment and the cells in a bidirectionammer. Specially, in periphery blood system,
lymphocytes are under shear stress in adaptiontiétiblood flow as well as actively exert force
to the other lymphocytes and endothelial cells myradhesion, migration and invasion for

pathogen elimination and wound healing.

— —

_—Z e ————— /
— —— =—=— _—=— Extracellular matrix
—
— and/or cells

compression ttengion » shear stress
Ca* . . .
integrin
Mgz+ - g
focal.adhesion
Actin
outside-in | exert contractile M inside-out
mechanicsl force force mechanics

Fig. 14: Schematic mechanics of outside-in and im#-out signaling (reviewed from Provenzano
& Keely, 2011).



Introduction 17

1.4 Aims of the Study

The function of TNF as a trigger of integrin-medit outside-in signaling pathway via
upregulating the expression level of surface mdé=can endothelial cells is well established. As
well, it has been reported that the adhesion stieisgncreased of lymphocyte cells attaching to
endothelial cells which were pre-stimulated with HZhang et al., 20Q6/aczewska et al.,
2014). Recently, the other pathway of inside-oghailing has been brought up in response to
TNF stimulation on biochemical level. However, st still elusive how TNF interplays in this
pathway on cell mechanics level, although we sggeuhat TNF may control the inflammatory
recruitment and the binding of T cells to the ehébum by directly impacting the adhesiveness

of T cell integrins via inside-out signaling.

In my project, | plan to employ a biomimetic sudamoating based on FN and investigated the
adhesion change as a fact of TNF stimulation. Rifasa provides the constant binding sites for
a broad range of integrins (Luo et al., 2014), Whexcludes the interference of the surface
molecules on endothelial cells as the adhesioraserfl plan to investigate cell adhesion area
and protrusions projected from cell membrane uigéical imaging, check integrin expression
on Jurkat E6-1 cells, measure cell adhesion fonckdynamics of detachment with single-cell
force microscopy, launch preliminary microfluidiests by applying shear stress on cells to
detect the cell velocity and percentage of adhepsils, and image proteins constructing
adhesion structure on functionalized nanopattesuddtrates. All these strategies have the aim
to understand the very initial cell behavior at time point a cell attaches to the surface and to
examine if it is influenced by TNF. Meanwhile, weowmld like to bring up the models of the
adhesion manner of integrins with the extracellutatrix in a very short cell-surface contact

time scale.

The following questions should be addressed inthbsis:

* Can TNF influence cell adhesion by changing adimearea/size and subcellular structures?
* Does TNF influence cell adhesion strength?

*  What happened to the role of integrins during thecade of ruptures from single molecule

and/or molecular clusters?
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1.5 State of the Art Strategies for Measuring Cel\dhesion

Cell adhesion can be studied with various stragggiach as optical microscopy for visualizing
morphology changes of cells and organelles in stalol mobile states, force microscopy for
measuring adhesion strength on single cell or suggie molecule level. In the first part of this
chapter, classical methods as well as advancegdssétu cell imaging will be introduced. In the
second part, leading-edge technologies for cellhaeics measurements will be demonstrated.

All of the techniques were applied in my project.

1.5.1 Imaging Tools
1.5.1.1 Phase Contrast Microscopy, Fluorescence Mascopy

Phase contrast microscopy was first invented in2188 Frits Zernike and has been widely
employed to image transparent samples as a standdiohd. The imaging principle is that there
happens small phase shifts while light passes tfirdhe specimen, and this refracted light
passes through a transparent phase-plate. Ther#i@dight is increased to half a wavelength
and leads to the change of brightness that canidelized. As shown in Fig. 15a, the

morphology of a typical Ref52 wt cell is clearlyaged. Meanwhile, fluorescence microscopy
uses excitation filters to illuminate the specimtg specific wavelength (s) absorbed by the
conjugated fluorophores can be emitted with longawelength, after splitting by a dichroic

mirror for reflection and a emission filter for duding the weaker light, the dynes labeled

Fig. 15: Morphology of Rat embryonic fibroblast 52(Ref52) cells(a) Ref52 wild type cell (Ref52
wt cell) on tissue culture plastic surface usingg#h contrast microscopy. (b) Ref52-YFP-Paxillin
using fluorescence microscopy. (Red: actin staimittd phalloidin555; green: YFP-paxillin).
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specimen can be visualized. It performs well inithaging of specific organelles and studies of
colocalization of proteins. Here, Fig. 15b showes plosition of actin and paxillin in Ref 52 cells,
where actin was stained with phalloidin-555 andscetably expressed YFP labeled paxillin

protein.

1.5.1.2 Confocal Laser Scanning Microscopy (CLSM)

Confocal laser scanning microscopy (CLSM) was dgwad from confocal microscopy and

became a standard imaging technique at the entieofl®80s (Pawley, 2006). The greatest
advantage of CLSM is that it can provide image8bnby focusing the laser beam on the varied
depth of the objective at a precise position. Ttiematic setup of the CLSM conjugated with

fluorescence filters is shown in Fig. 16.

The laser beam is passed through an aperture andd on the position of the sample through
an objective lens. A fluorescence filter is ingdlahead of the objective to allow only a specific
wavelength of light passing through. The sampléherparticular areas of the sample, which is

stained with fluorophore, are thereby excited. Tla@smission light is reflected back to the

detector

_;_ pinhole

lens

dichronic mirror

aperture

[ 11 scanning X,y
] fluoresence filter
A sample

Fig. 16: Schematic setup of CLSMOnly the light reflected on the sample in focusges through

the lenses and can be detected (black line). ©ie hot in focus (shown in dashed grey lines) is
suppressed.
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photodetection device and recorded there. Mogt@but of focal point reflected light is blocked
by the pinhole in order to increase the brightraess contrast of the images. In a scanning mode,
the laser scans the surface or defined depth aah®ple like “slicing” into a “Z-stack”, and by
adjusting the signal-to noise ratio, the artifidialorescence in the background can be decreased
(Pawley, 2006). In this way, a minimum concentmataf the staining in one sample can be

imaged in high-resolution.

This technique has been widely applied in the lgiglal studies with the advantages of not only
allow imaging of the stained fixed cells but als@bele the living cells that carry with fluorescent

reporter protein.

1.5.1.3 Fluorescence-activated Cell Sorting (FACS)

Flow cytometry is a high-throughput technique. #ncisolate single particles in a liquid
condition with different parameters. As a speciatlkof flow cytometry, FACS sorts cells one by
one and collects them into more than one contairtex. separation is based on the complexity

and fluorescent staining, the schematic principlghiown in Fig. 17.

Under a vibration control, cell suspension is pagsn a stream through a tube and the forward

scattered light and side scattered light is reabrdée cells stream breaks into droplets, which

( ]
\o /
> SSC
s FSC
[ ]

Laser

electrical ring

y ++ __\
Fig. 17: Schematic of FACS.FSC: forward scattering; SSC: side scattering. Cells stained with
different fluorescence dyes (red & green) can besified.
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encounter with an electrical ring placed exactlythet out comingmouth of the tube. Hence, a
single cell can be charged and sorted into differeontainers. Similar as fluorescence
microscopy, FACS has been widely applied in biataanalysis where a wide range of up to 18

fluorophores can be distinguished (Ornatsky efal10).

1.5.1.4 Photonic Crystal Slabs (PCS)

Biological imaging usually requires label-free nmath and devices with high light intensity.
Biosensors based on optical waveguides recentlyiggomany possibilities to measure

behaviour of the living cells on the whole cell gddvel (Ramsden & Horvath, 2009).

PCS, as one type of these biosensors, is based 2ID photonic crystal, which was first

described by Thomas Krauss in 1996 (Krauss e€1@96). 3D light confinement is achieved by a
periodic nanostructure in two dimensions and ingeixling for light (Johnson et al. 1999) in the
third dimension. In general, they are nanostructutein films produced on transparent
semiconductor or glass substrates. In my study, R@® a linear periodic structure were

employed. Polarized light couples to the quasi-gdichode (QGM) of the PCS, which are the
origin of guided-mode resonances (GMRs) capturethéynicroscope objective after the second

a) Light source b)

| Polarization filter
13,05

Polarization filter

Intensity: A1 < A» < A
. Objective ¥- A 2 3

Fig. 18: Schematic image of the PCS setup and theeight imaging principle. (&) Schematic
imaging principle of PCS with a surface contrastnmscopy. PCS has a glass substrate with a 300nm
Ta,05 layer, and the depth of the grating is 70 nm (rfiedifrom Nazirizadeh et al., 2012). (b)
Measurement of the cell thickness based on thensitte of the wavelength (modified from
Nazirizadeh et al., 2013).
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crossed polarization filter (Fig. 18a). The crosgethrization filter setup suppresses the light
from the light source not interacting with the QGMd only the GMR, which experiences a
polarization rotation, can pass the second poldoizdilter. The optimized angle between the
polarization of the light and the linear PCS is 4Sazirizadeh et al., 2008). The properties of
GMRs such as the resonance position can be affdxtetie objects on the surface of PCS,
resulting in the change of hue and intensity foe tuman eye. This strategy provides
possibilities to image living organisms, i.e., se(Nazirizadeh, et al., 2012). Moreover, it is
possible to determine the thickness of cells, whiea wavelength of GMRs is known
(Nazirizadeh et al., 2013) (Fig. 18b). Fig. 19ashow Jurkat E6-1 cells adhering on FN with
phase contrast microscopy and surface contrasbsaopy respectively. Where the cell shape is
hard to determine with phase contrast microscopg thu halo formation, the PCS-based
technique provides a sharp image of the cell edge.

Fig. 19: Comparison of Jurkat E6-1 morphology on FN(a) On a coverslip coated with FN, the cell
was imaged using phase contrast microscopy. (blPC®& coated with FN, the cell was imaged using
surface contrast microscopy.

1.5.1.5 Reflection Interference Contrast MicroscopyRICM)

RICM is an interference-based optical method priogdhigh surface sensitivity and contrast. It

is an ideal tool to investigate the adhesion afezlts in detail.

Interference reflection microscopy (RIM) broadetisdapplication from measuring thin films to
its preliminary approach in biology in the early608 for cell-surface interaction study (Curtis,
1964). The interests had been diminished until tiven “reflection interference contrast
microscopy (RICM)” was brought up (Beck & Bereitdahn, 1981). The advantage of it
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compared to RIM is the antiflex technique (desdili@ the next paragraph). By then, it was

further applied in the quantitative measurementhef tiny distances between objects and the
surface with the highly augmented contrast of insa@élker et al., 1987). The measuring

distance range from the surface in vertical anerédtdirection can be as small as 1 nm to 10 nm
(Schilling et al., 2004Robert, et al., 2008).

The optical setup for RICM is shown in Fig. 20. Mehromatic light was achieved with a
mercury lamp combined with a band-pass filter546 nm) and a field diaphragm system to
adjust quasi-parallel illumination. Furthermoreg tAntiflex technique enhances the contrast of
the interference pattern (Ploem, 1975). This metihmzdudes cross polarizers and an oll
immersion objective where a plane-parallel wave plate is mounted in front of the final lens
Only light passing the objective twice can reaah¢hmera, resulting in an enhanced contrast of
light.

a) b)
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Fig. 20: Schematic principle of RICM.(a). Schematic setup of microscopy. AD: aperture diaphragm;

FD: field diaphragm. (b). The principle of interéeice light between cell membrane and glass. When
cell membrane is adhering to the glass, the imenfee between reflected light at glass surface and
cell membrane is very intensive, in contrast, whiea cell membrane is far away, interference is
small.

o

Light (I) is reflected at glass-medium surface and mediain-membrane surface. The

interference intensity at the lateral positionyxis given by the following equation:

1= I+ 1o+ 2/ T, cos(Z2h(x,y) + ¢) (1)
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wherel; andl; stand for the intensity of light reflected at t@ove two reflected surfaces. n is
the refractive index of the medium 1.33),A is the wavelength of the illuminating light(x, V)

is the position of the cell border relative to tilass surface at th&,(y) position,¢ is the phase
difference, which in this situation is equal#oln case, of the cell membrane adhering to the

surface (=0),| become the smallest value, leading to a darkiartree image.

Cell behavior on the glass surface can be visuhbrel tracked. Fig. 21 shows Jurkat E6-1 cells
adhering on FN with bright field (a) and RICM (lompared to bright field imaging, RICM has

great advantages in observing the real adhesi@naa@ protrusions from cell membrane as well
as the machinery fluctuations, as both featuresnatevisible in phase contrast microscopy

images.

Fig. 21: Jurkat E6-1 morphology with bright field microscopy (a) and RICM (b).

1.5.2 Measurements for Quantifying Cell Adhesion

Since it is considered that the changes of phygicaperties of cells vitally regulate cell
architecture and function, abundant interest has lobeawn on the development of techniques to
measure and define the responses of cells to eltrr or intracellular signals. Physical
approaches are intended to decipher the tricks agragl by cells with the introduction of
external forces that mimic the forgevivo situation. Therefore, the properties such as gitg,0
elasticity, adhesion force and dynamics can berahted. There are different ways to exerting
forces on cells. In this chapter, AFM for measutiing force directly and microfluidics applying

a force field employed in the project will be expkd.
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1.5.2.1 Atomic Force Microscopy (AFM)

Compared to traditional microscopy, AFM providegiprecision and resolution in the
measurement of surface topography as a novel gyraltealso shows advantages in studying
adhesion forces between cells-cells, cell-matriewen single molecules interactions in a close-
physiological condition.

AFM (also called scanning force microscopy (SFMpgswdeveloped from scanning tunneling
microscopy (STM) invented by Binning and Rohrertle beginning of the 1980s. The first
approach of AFM was to measure the surface atesiatgimic scale with a super small force,
where it was supervised with a cantilever beam r{Bgjir& Quate, 1986). Afterwards, Cappella
and Dietler extensively explained the force-disearmurve in 1999 for studying surface

interaction (Cappella & Dietler, 1999). The geneddda of AFM is the measurement of the
attraction or repulsion force between the cantiletip and the surface so that surface
topographies can be imaged: the deflection of Hilever corresponds to the reflection of an
aligned laser beam, which is output into the vatabange with a position-sensitive photodiode
(Fig. 22a). Cantilevers are normally made fromceili or silicon nitride. The backside of

cantilevers it is often coated with gold to increake efficiency of laser reflection. The

measurement can be carried out in air, gas ordigeig. 22a shows the principle of surface
mapping with AFM.

In contact mode, the tip scans the surface in héirection, the geometry of which is measured

Fig. 22: Schematic illustration of surface imagingvith AFM. (a) Surface topography is measured
by screening a surface with a cantilever by théedgbn of laser on the backside of the cantilegzy.
Contact mode.
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by the deflection of cantilever probes with a fesmdbloop defining the method of the movement
of cantilever (Fig. 22b). Another mode is intereiitt contact mode (also called: tapping mode),
in which the cantilever is oscillating close torgsonance frequency. The image is produced in a
dynamic contact between the tip and the surface.r&golution of the surface imaging can be as

small as 0.1 nm with the force smaller thai? N)(Cappella & Dietler, 1999).

Based on hook’s law, the forcE)(generated between the tip and the sample is:
F = kx 2

wherek stands for the spring constant (N/m) ants the deflection of the cantilever (m). To

obtain correct images and the mechanical propeofi¢ise sample, it is essential to obtain the
spring constant (so called: calibration) beforentding a measurement. Although spring
constant can be calculated with established equafiom the shape of the cantilevers (Butt et

al., 2005) and is provided from the manufacturenstderable variations in the thickness of the
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Fig. 23: A typical force-distance curve for a cantever interacting with a Petri dish with
approach curve (red) and retraction curve (blue).The cantilever get contact with the surface
(arrow) followed by the elastic deformation on gweface. The linear part (in the grey dashed bbx) o
the approach (usually) is fitted to obtain the gévity.
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cantilevers make these values unreliable. Thuggponstants of cantilevers must be calibrated
prior to an experiment. Furthermore, sensitivitystoe determined. Sensitivity is the conversion
factor of voltage captured by the photodiode and thovement of the cantilever. This

relationship is relatively linear over a wide ranfgom a calibration curve on a Petri dish in
medium (RPMI), the proper sensitivity is easilyabed by fitting the linear part of the approach

curve from a typical calibration curve (Fig. 23).

The thermal noise method was employed which wasbksthed before (Hutter & Bechhoefer,
1993) to obtain the spring constant with the cde@dactor following the guide by the JPK

software for the cantilevers (MLCT, with “V” shap&o the force comes out as
F=UxSx*k 3)

with: U is voltage in VS is sensitivity in m/V and is spring constant in N/m.

a) b)

Photodiode laser B\
Force I Y ¥

3um/s

Fig. 24: (a) Principle for measuring cell adhesiorforce with AFM of a single cell to the FN
surface with the constant speed of approaching ancttracting. (b) A single Jurkat E6-1 cell is
successfully attached to the top of the free end afcantilever.

AFM based single-cell force spectroscopy is appietheasurement of cell adhesion force due
to the very broad range of exerting force from dlopN to 100 nN (Helenius et al., 2008). Cell

adhesion strength can be determined in the follgwimy (Fig. 24a): a single living cell is
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attached to a tipless cantilever (Fig. 24b) ands®d onto a fibronectin-functionalized surface
using an atomic force microscope. After a certammetinterval, the cell is detached from the
surface with the cantilever. Meanwhile, a lot ofrgmeters can be illustrated from a

representative force-distance curve (details inl3.2

1.5.2.2 Microfluidics

Biological studies often face the problem that themamic interactions of living cells or
organisms with their surrounding environment ar#iadilt to reproduce in statian vitro
conditions. Microfluidics, as a technology with ydaroad applicability for situations where flow
plays a role has proven to be a pragmatic apprimatackle such problems (Paguirigan & Beebe,
2008). It has many further advantages, i.e., vy Yolumes (severgll) of sample solutions,
and is very sensitive, fast and cost effective gseements can be carried out in parallel
(Harrison et al., 1992).

Microfluidics are the devices containing channelsnf tens to hundreds micrometers in
dimension, which allow the volume of flow from 10to 10° liters to be analyzed (Whitesides,
2006). The first series of microfluidics setups eyed in the late 1970s for studies of ink-jet
printers and in gas chromatography (Bassous et%l7; Petersen, 1979). Afterwards, modern

devices were developed as versatile tools in irgeiglinary studies, mostly in physics,
chemistry and biology. Representative examplesiofogical applications are macromolecular
analysis for DNA (Taylor et al., 199Jdacobson & Ramsey, 2006), enzyme, cellular anadysib

as cytometry (Carlson et all997; Li & Harrison, 1997; Fiedler et al.,, 1998) and cell-

cell’lenvironment interactions (Folch, 2000).

A variety of different structures of microfluidie®ip are available commercially. In this study,
single-channel microfluidic chambers were selectée: setup is explained schematically in Fig.
25: a pump system drives the cell suspension flmmfa syringe to the chamber first through

tubes and then through the microfluidic channel.

The laminar instead of turbulent dynamic insidechamber enables that the liquid does not mix
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Fig. 25: Schematic illustration of the setup (aboveand the rolling cells under a microfluidic

chamber (below).
and cells are under the flow in one direction sat the diffusion is negligible, which simplifies
the movement of cells and makes it unidirectioAahear stressr) occurs while the fluids flow
along the solid boundary and experience a veldogy. Shear stress is defined as the product of

the dynamic viscosityr{) and the shear ratg)(

r(Pa)= n(Pa-s)xy(1/s) (4)

Shear rate describes the velocity change betweempanallel fluid layers due to the resistance to
the shear flow. Dynamic viscosity depends on tharatteristics of the liquid and the
surrounding temperature. The dynamic viscosity ipaameter commonly used for the
characterization of fluids and is often expressedCentimeter-gram-second system of units
(CGS units) (Harrison et al., 1992):

=122 =01Pas (5)

When a pump drives a small amount of living celithvexternal connections (syringe, silicon
tube) under a constant flow, cell motion and transpan be recorded within a fast recording

speed camera. For a flow in a rectangular seciotprding toCornish (1928) and the chamber
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used in this thesis (u-Slide 1 0.4, ibidi applicad, the shear stress is,

(2) =0 () o (=) ©

cm? cm?

¢ is the flow speed. Based on this equation, itoissfble to investigate the rolling and adhesion

of cells.

1.5.3 Capabilities of the Measuring Strategies

Light microscopy usually aims at providing generdébrmation from the whole cell body to the
specific molecules. Besides phase contrast micpysdtuorescence microscopy is the most
common method to visualize specific molecules, egfig CLSM with an enhanced resolution.
Moreover, 3D imaging with CLSM is appropriate tswalize cells and even the localization of
single molecules. However, this technique relighlyi on the binding efficiency of fluorophores
to the molecules of interest. Moreover, autofluceege presents in many cells (Monici, 2005),
and in many cases, the fixation method restricsagbplication in the living conditions. FACS is
adequate for high-throughput analysis, and providésrmation on protein fluctuations in a
population rapidly. Nevertheless, the informatidndelicate protein dynamics is elusive and it

also depends on the efficiency of fluorescence.dyes

Compared to phase contrast microscopy, PCS is @ seusitive method that has the advantages
to avoid “halo artifacts”. However, it is still lited in illustrating the fine structure and dynasnic
in the living condition because the specimen shdaddiried for imaging. Additionally, RICM
has shown to be a potent tool in live cell studiasthe dynamic interplay between cells and
surfaces. Unfortunately, it requires a complex dataluation (Limozin & Sengupta, 2009).
Scanning electron microscopy (SEM), which is aldeirhage details in structures with the
dimension less than 1nm, requires extra prepara&tffamts for coating which might inevitably
introduce artifacts (Wilson & Bacic, 2012). In gitig cell, the protein folding and unfolding are
in a rapid mode, how exactly and precisely celleeract with others and respond to the

extracellular matrix is still an open question.
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AFM based single-cell force spectroscopy is an aymate method to study discrete adhesion
with delicate controlling parameters and temporialualization from cell to single molecule
adhesion level at very short cell-surface contaot tscale (Franz & Peuch, 2008). Compared to
optical tweezers and magnetic tweezers, which aailyn used to detect the transport of
mechanical stress inside the cells (Wang et aD5R0AFM has many advantages such as not
invasive to the cell, wide force range (up to 100 to study strong adhesions as well as forces
associated with single molecular bonds. Furtheravgments of this setup are required for cell
experiments, especially an aqueous condition taaedimitations such as electronic signal-to-
noise ratio, acoustic and the hydrodynamic artifearthermore, elaborate data processing and
development of biomodels are crucial for explainmglecular dynamic events in certainty.
Interdisciplinary devices such as AFM integratedhwCLSM (Adams & Czymmek, 2007),
fluorescence resonance energy (FRET) (Vickery & W@001) or other advanced microscopic
methods would expand the spectrum for bringingae$edata on the accurate localization of

proteins or molecules at nanoscales in future.

Microfluidics, which mimics then vivo movement of floating cells, can be fully exploiteith
high-speed cameras and fast analyzing programsormparison with AFM and microfluidic
methods, AFM can only produce up/down movement eviniicrofluidic generates a more
natural environment for bldovessel experiments; AFM needs cantilever as handle which
potentially influencing the cell but microfluidics does not need it; AFM works at single-cell
level, microfluidics rather gives ensemble averdgéa. Therefore, the future development of
microfluidics in cell biology is more prone in tle@operation between sophisticated design of

the chamber structure and molecular recognitiopttogy with AFM force-distance curves.
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2. Results & Discussion

2.1 T-lymphocyte Adhesion on Fibronectin (FN) as A
Function of TNF Stimulation

In my project, | compared the adhesion of TNF #daand untreated T-lymphocytes on FN-
coated surfaces. This setup is a fairly straightéod and simplified system without interference
from the surface molecules of endothelial cellse Titial bulk assays were implemented for
unraveling effects of TNF on cells size in phasat@st microscopy and PCS based surface
contrast microscopy, and the cell adhesion aregetisas the length of the cell microspikes with
RICM. Most importantly, AFM-based single-cell spesicopy was applied to study cell
adhesion strength and strength of single ruptuentsvwithin short cell-surface contact time
scales. With a microfluidic setup, cell behaviorsvgaudied under shear stress, mimickingithe

vivo situation of lymphocyte adhesion in the blood eéss

2.1.1 Light Microscopy Studies of Cell Adhesion Ara

2.1.1.1 Studies of Cell Size under Phase Contrastdfoscopy and on PCSs
As a preliminary test, | tried different methods fmaking FN coated surfaces. Coverslips
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Fig. 26: Adherent Jurkat E6-1 cell amounts on FN cated surfaces.(a) Different methods of
coating. There are 2 repeats for each coating rdetBoor bars show the standard deviation. (b)
Adherent cell amount comparison of TNF treated &-Tuntreated on FN surface. FN is coated at 4
°C overnight. The result shows the 3 independem¢iéments.
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(diameter: 24mm) were incubated with a concentnatib151g/cn? at room temperature (RT),
30min; at 37 °C overnight and 4 °C overnight, respely, in order to obtain the best coated

surfaces for the adhesion of Jurkat E6-1 cellatarlexperiments. As shown in Fig. 26a, it is

- TNF + TNF

Fig. 27: Adhering Jurkat E6-1 cells morphology stuéed with phase contrast microscopy(a) A
cell not treated with TNF. (b) A TNF-treated cell.

obvious that the highest average amount of ceisgnts on FN coated surface treated at 4 °C
overnight. So in the following experiments, all ENated surfaces were prepared with this
method. Afterwards, the amounts of adhering TNBRtae and untreated Jurkat E6-1 cells were
counted on FN surfaces after the incubation timdlofwith phase contrast microscopy. The
result is shown in Fig. 26b. Fig. 27 shows the rhotpgies of TNF treated and untreated cells
after fixation on FN surfaces. No significant diéace in cell amount analysis was found in

-TNF +TNF
a) b)

50 pym 50 um

Fig. 28: Adherent Jurkat E6-1 cells on FN-coated PS. (a) Cells without TNF treatment. (b) Cells
pre-treated with TNF.
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response to TNF stimulation. As well, the morphasgf cells in each situation are the same.
Apparently, this method was not ideal for analyzite)l adhesion area, since the cell was
surrounded by a bright halo. To address this propiee tried to use PCSs as adhesion substrates
rather than normal glass coverslips. The principiel advantages of the PCS have been

described in section 2.1.2 and the surface is doaith FN as well.

On the PCS surface, we analyzed the cell adhesganfar about 400 cells on each sample. Cell
morphologies are shown in Fig. 28. Only single celith clear border were included in the
analysis. This experiment was done twice in trggkc However, no difference between cell
treated and not untreated with TNF was found (8. Anneke Mdhring supported the analysis

under my supervision.

1500+ - | -TNF
C_J+TNF
g1ooo-
(O]
N
2 500-
3 _ |—I—| |£:
0 — I 1
-TNF +TNF

Fig. 29: Comparison of Jurkat E6-1 cell adhesion ara on PCSCells not treated with TNF (black)
and cells treated with TNF (redpox plots were applied for the analysiBox: interquartile range;
line in each box: median; dot: mean; whiskers: coefficient factor at 1.5)This experiment was repeated

twice in triplicate.
However, there are still drawbacks rising from tdehnique itself in our experimental condition.
Firstly, it is hard to obtain a convincing cells @amt by manual counting, because of the
inevitable variations during cell seeding and th#omogeneous distribution. For PCS
experiments, the cells need to be fixed and driedN. (1): The incubation time is long (1h);
(2): the whole cell membrane was displayed, whiethpps covered the unattached parts below

the cell body; (3): the dynamics of the cell adhesion cannot be acknowledged.
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2.1.1.2 Cell Adhesion Area and Length of Microspike under RICM

As soon aswe realized thdimitations from phase contrast and surface cohtrasroscopy, we
employed RICM to study the exact adhesion zonevbele whole cell body in living cells.
Meanwhile, since the setup is coupled with a higgplution camera, we can even detect

dynamic protrusions from the adhesion area andredskeir motion during migration behavior.

In the leading edge of a migrating cell, two dynantomponents are exploring space:
lamellipodia and filopodia, which both rely on actpolymerization. As schematic structures

shown in Fig. 30, filopodia are the pioneering pdd explore the environment and decide the

move - ]- filopodia
—
O - lamellipodia

Actin

direction of locomotion (Mattila & Lappalainen, 28)0

Fig. 30: Schematic structure of filopodia and lamiipodia.

Lamellipodia contain quasi-two-dimensional actinjpctions and have been reported to contain
all machinery necessary for cell motility. Althoughey are lack microtubules within cell
membrane, lamellipodia are capable to migrate nibyrf@lberts et al., 2007). Filopodia enclose
cell adhesion molecules such as integrins and cedii@albraith et al.2006; Partridge &
Marcantonio, 2006), which exist in many cells. Migpikes usually describe very short filopodia
almost fully embedded to the front edge of cell toan (Svitkina et al., 20Q3Mattila &
Lappalainen, 2008). Besides of mediating cell migmainside the lamellipodia, microspikes
also play important roles, e.g. in neuron growtlzgd et al., 2011) and in cell-cell interactions
(Millard & Martin, 2008). Lamellipodia and filapoaliare reported as sensors for optimized path

finding during the intraluminal crawling (Song ét, 2014).

The intention of investigating adhesion area andraospikes was to confirm whether TNF
affects the cell adhesion machinery and the trlieadéesion area, which is supposed to cause

changes of cell adhesion area and/or the lengshlwtellular structures like protrusions.
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As surface controls, we measured the adhesioreojulkat E6-1 cells on normal glass and PLL-
g-PEG (Poly-L-lysine-graft-poly-ethylene-glycol) ated glass. The PLL-g-PEG is known to
repel protein absorption of the cell membranes lblbserved that on normal not functionalized
glass, cells just physically precipitated, as shanva small unclear dark area under RICM (Fig.
31a). Neither “cell adhesion area” nor microspikas be observed. For the PLL-g-PEG sample,
cells were just hovering over the PLL-g-PEG coajleds, searching for the possibilities to bind.
The cell is only a blurry bright shadow which inalies that it is far away from the surface (Fig.
31b). In contrast, on FN-coated glass surfacéeréifit cellular features can be detected at the
border of cells (Fig. 31c). Filopodia are longearttmicrospikes (longer and shorter white line
shown in Fig. 31d, respectively), radially shapaohé¢llipodia (Fig. 31e) and further elongated
filopodia (Fig. 31f).

A real time camera was used to track the fluctmatgbthe Jurkat E6-1 cell adhesion area on a

glass PLL-g-PEG FN

10um

Filopodia/Microspikes Long filopodia

Lamellipodium

Fig. 31: Morphology of Jurkat E6-1 cells on differet surfaces (a-c) and enlarged images parts in
RICM (d-f). (a-c) Cell adhesion morphologies on different acek (left to right): clean glass (a), and
PLL-g-PEG-coated glass (b) and FN-coated glass(¢ej) Different subcellular structures of the
adhesion cell on FN-coated glass in RICM: the fildjpm (F) is much longer than the microspike (M)
(white lines were drawn along the projected dimgti(d), lamellipodium (e) and long filopodia (f).
The images are enlarged parts from Fig. 31c.
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FN-coated glass surface with RICM. Fig. 32 shovesdbvelopment of the adhesion area (i.e., at
different time points). At the very initial stagége cell found a “desirable” spot and prepared to
“land”. Afterwards, the cell attached to the sugfand within a couple of seconds, it spread to
make a tiny area, and extended preliminary pratnssinto the environment. After some time,
the expansion of cell adhesion area and protrusseesned to be stopped, which is probably
coming from the retrograde flow, where the actifyperization at the fast growing end (barbed
end) is much faster than the speed of cell prainssiand this leads the flow back of the actin
filaments to the center (Mattila & Lappalainen, 8D0t has been reported that microspikes and
filopodia in the initial development phase can oldgt for less than 1 min. But when they
transited into the status of retraction fibers, $hetaining time can be more than 2 min (Svitkina
et al., 2003).

a) 0s b) 2.7min C) 8min d) 14.5min

Fig. 32: Fluctuation of Jurkat E6-1 cell adhesiorarea under RICM. (@) Initial attaching (t=0 s).

(b) Filopodia were formed (t=2.7 min). (c) Lots elbngated filopodia were observed (t=8 min). (d)

The cell adhesion area was expanded continuously b min). Scale bar is 30m for all images.
In this study, it is found that most of the celte able to reach a stable adhesion area size2éfter
min adhesion on the surface, which was also the soale all images were saved in RICM for
analysis. Adhesion area was segmented manuallyobpikes were measured following finger
or line-shape like protrusions out of the cell lrdAfterwards, we plotted all data and defined
the filopodia and microspikes in accordance witkvpus definition: those with a length smaller
than 10um we call microspikes and those higher than thisevare filopodia with significant

projections (Selhuber-Unkel, 2006).

Fig. 33 shows that the distribution of cell adhasipea is in the range of $&n° to 337um?, and
that the majority length of protrusions falls iretrange below 1um, which are considered as

microspikes playing the main role in the adhesigmaginics within measured time.
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Fig. 33: Comparison of relative frequency of Jurk& E6-1 cell adhesion area (a) and microspike
length (b) for TNF untreated (-TNF, black) and TNF treated (+TNF, red) cells in RICM. The
columns in -/+TNF represent bins of same size mthe same size of bins, and columns are merged
with a colour transparency of 50%.

Clearly, there is no significant difference in thghesion area and microspikes length of cells
treated with TNF or not. Relative frequency repmesethe probability distribution of the
measured parameter, which does not rely on thénataber of the data. There were 7-10 cells
and 50 microspikes per image and about 20 imagalyzad for cells treated with TNF or not

experiment situation. This experiment was repeftedtimes in duplicate.

2.1.1.3 Discussion

In this part of the experiments, cells were viszedi using phase contrast microscopy and size of
cells adhering on PCS was analyzed with surfac&&stmmicroscopy, the latter of which served
as a better substitute surface to exclude haltaetsi but the result was not reproducible. In
RICM, we successfully imaged and tracked the flattuns of the true cell adhesion area and the
protrusions projected from the cell membrane. In eéxperiment, the most adhesion areas of
Jurkat E6-1 cell were above §n? within 20min. This is in agreement with a previgiady,
where Jurkat E6-1 cell adhesion area reached &&jun?within a similar same adhesion time
scale, and increased to a stable size after 4Gatabout 65:1m?(Zhu et al., 2007). My result is
quite convincing, because comparing to their adimesiolecule (CD58) coated surface, the FN

coated surface has a huge additional receptorrmrsites for Jurkat E6-1 cells.

In previous studies, it has been reported thaegponse to TNF, the actin filament density can
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be increased in epithelial cells (Koukouritaki dt, @999). Furthermore, cytoskeleton in

fibroblast cells can be reorganized (Puls et &99) as well as in endothelial cells (Lee et al.,
2011) and neutrophils (Lokuta & Huttenlocher, 2Q0&)t there is not yet information about the
direct relationship between TNF and the cell aditesirea. As well, my result came out that no
difference between TNF untreated and treated eells found for both cell adhesion area and

length of microspikes.

The possible explanations could be that the dynauwifiche proteins and kinetics inside the cell
is very rapid. Even one can assume that TNF aativaserves as a chemical gradient flow, can
modify the recognition of the ligand-receptors, mipas conformation of the anchoring proteins,
and/or changes cell rigidity on the level of theokehcellular architecture. This hypothesis can
still not necessarily reflect into expanded adhesicea, especially the cell starts to migrate as
soon as it is stabilized on the surface. Meanwla@@ min is reasonable to enable most of the
cells (except about 10% of cells in apoptosis sibuaor already broken) adhering on the FN
surface in a stable state. (2) It was observechenvideo (Supplementary Video 1) that the
filopodia were in the process of a balance “eloegatract-reelongate” that the movement of the
whole cell body was approaching to the sites withbpble higher local density of FN in micro-
scale or neighboring cells for the “cross-talk”.€Tjpolymerization and depolymerization of actin

filaments is not easy to be measured by the budayafor cell dimension.

2.1.2 Expression of Integrins Measured with CLSM ad FACS

Considering integrin as crucial adhesion structure force transmitter, | checked the expression
of alpha integrins in our cell line for confirmatioalthough the subunit combinations in T cells
have been reported (see 1.2). In this experimesth BLSM and FACS were applied as two
complimentary techniques. The glass surface wagedoaith PLL, which was washed
extensively prior to cells seeding. This thin lagéiPLL provided an adhesive layer since Jurkat
E6-1 cells are suspension in native state. We diduse FN-coated surfaces, even the extensive
wash with PBS still cannot avoid the small fragmehtFN sticking on the surface. After
fixation, these remaining fragments would form intoystal-like structures, which would

introduce high amounts of staining artifacts andldeuin the fluorescence imaging.
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Fig. 34: Integrin expression in Jurkat E6-1 cells lsecked with CLSM. Expression ofi4in (a) &

(b) and expression afsin (c) & (d) were checked on individual samples.chiiwere stained with
DAPI (in blue). Integrins (in green) were staineg rhouse primary antibody and goat anti-mouse
secondary antibody conjugated with FITC.

Fig. 34 shows the expressionaf andas with immunofluorescence staining method, and nucle
in Jurkat E6-1 cells were stained by DAPI. The egpion of bothu, andas were observed.
These two integrin subunits are located close ¢occtll membrane but expression levels of them
differed to a great extent. On the surface, moghefcells express high level af apart from
those are very small and look like undergoing apsipt In some cases, a thicker ring of cells is
observed with small spikes protruding from the cakmbrane (Fig. 34b). These might be
integrin clusters containing individual integrintledimers. For a convincing imaging, two
controls are required for equilibrating the backgrd fluorescence signals: one is the unstained
sample and the other one is only fluorophore-caatgd sample (in this staining only secondary

antibody is linked with fluorophore rather thannpairy antibody).
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As another method, FACS was applied for quantiédgixcheck for integrin expression levels.
Fig. 35 shows the results of untreated unstainéid as negative control and cells only stained
with secondary antibody as positive control for ilograting the fluorescence signal. The
“untreated unstained” means native cells, wherstaiming were applied. The geometric mean is
expected to be more accurate in signals than meaudh a log-normal fit distribution. The

fluorescence signal for geometric mean in the negatontrol is 2.12 and that in the positive
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Fig. 35: Equalibration of fluorescence signals withuntreated unstained Jurkat E6-1 cells (a) and
only secondary antibody stained cells (b)SSC-H: Side scatter pulse height is a measuren@nt
the complexity of the particles inside cells. FSCH#orward scatter pulse height, presenting the
volume of the particles. FL1-H shows the fluoreseimtensity.
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control is 3.4, which is consistent with this dele (Fig. 35). Fig. 36 shows the result of alpha
integrins expression with FACS. Again, we foundtttie signal fora, is higher tharos. In
detail, the fluorescence signal @f is about 500 and that it is around 50 dégr This 10 times
difference of intensity is consistent with what wleserve in fluorescence images. In this FACS
experiment, we detected the expression of bgtandas and the difference of the fluorescence
intensity indicates their distinct expression levidterefore, for integrin expression check, both
immunostaining and FACS methods present the express a, and as and especially, the

expression level afi, is much higher than that ag in our cell line.
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Fig. 36: Fluorescence signals fax, (a) andas (b) in Jurkat E6-1 cells examined by FACSIn (a),
the purple peak shows the signal for only secondetybody stained cells (positive control) and
bright green line shows the signalwf. In (b), the blue peak shows the positive contrdghis group
and grass green line shows the signabief These two secondary antibodies are comparable wit
those for sample staining antibodies.
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2.1.3 Quantification of Jurkat Cell Adhesion

2.1.3.1 AFM Studies

In order to measure if TNF stimulation affects tdedl adhesion strength at the cellular and sub-
cellular level, I approached Jurkat E6-1 cellsh® EN-coated glass surface with defined contact
time in a serum-free medium at 37 °C with AFM-basetle-cell force spectroscopy (SCFC).
These measurements were carried out for very liitiatact times (no longer than 10 sec cell-

surface contact time), in order to mimic the vapid attachment of leukocytésvivo.

2.1.3.1.1 Interpretation of Representative Force-Btance Curves

A representative force-distance (F-D) curve forrapphing and detaching a Jurkat cell from a
fibronectin-coated surface is shown in Fig. 37ae Tell-surface contact time is 0 sec, which
usually requires a bit long time (i.e., about 0e2)sto reach the maximum contact force. From
the approach curve, the cell deformation propertis be measured. The elastic modulus of
Jurkat cells is 0.51+0.06 kPa reported previously #ne value of them is about 50% compared

to normal lymphocytes (Cai et al., 2010). Here wekribt measure it again.

We analyzed the retraction curve to understand $stoang Jurkat E6-1 cells adhere on the Fn
coated surface and the dissociation strength dhoehoring molecules. We set the contact force
at 500 pN for all experiment situations as a srf@ite (less than 2 nN) allows the cell to

establish contacts on the adhesive surface withpptying too much pressure which might

induce apoptosis. Since the cell can be treatadsaselastic body. The deformation of the cell

can be considered as the viscoelastic relaxatitimtive increasing approaching force. Following

the preset contact force, the relaxation of théreeluces the actual force exerted on the cell by
30-90% in the first several seconds contact tintran(F & Taubenberger, 2012) and drags the
cantilever towards the surface as presenting inctree in Fig. 37a. It thus leads an absolute
decrease of the force till the maximum negativeugalThis value is also called as cell

detachment force, which initiates cell detachmemil & associated with successive single
rupture events. The grey area between the baseithé¢he retraction curve is detachment energy.
Noteworthy, this parameter reflects the sum of ¢nergy dissipated during the detachment
process and the viscoelastic compliance of the cell
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Fig. 37: (a) A representative F-D curve of a singldurkat E6-1 cell approached to the FN-coated

surface and detach again. (b) An F-D curve obtainedshen approaching and detaching a single

cell from an uncoated Petri dish, clearly showing an-specific background adhesionFor both

curves, the red curve shows the approach phasellibeurve shows the retraction phase.
In Fig. 37a, at the minimum contact time of 0.2,sée maximum adhesion force already
reached up to about 0.7 nN, which indicates a gtioteraction between Jurkat E6-1 cells and
FN coated surface. This result is in full agreemeith the extremely short reaction time of
immune cells that is required for making contantde the blood vessels under flow. Maximum
adhesion force in the curve is negative, which shthe direction of the cantilever deflection. In
contrast, as the control surface, maximum adhesi@e is very small for cell binding to a non-

coated Petri dish and also no single rupture evaetebserved (Fig. 37b).

Fig. 38 shows in detail the different phases ofaD curve and the processes happening at the
cell. The dynamic deformation of a cell and thetuops of molecules are corresponding to Fig.
37. There were 11-15 individual cells and about 2%@ves analyzed for each experiment
situation, | tried 0, 5, and 10 sec cell-surfacataot time and cells without and with TNF
treatment were compared. Each cell represents depamdent experiment, that is to say, for
example, cells without TNF treatment at 0, 5 ands&0 were not identical. Furthermore, if the
same cells were used at these three contact timesjuration for measurement would be too

long for single cells to survive force experimewithout damage. Meanwhile, it should be more
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1&5

Fig. 38: Dynamics of a single cell during the F-D wwve. The numbers or symbols above the
cantilever are consistent with Fig. 37a. (1) Thiisestill far away from the surface, no deflectiof
the cantilever exists. The very initial cell-sudgamontact is labeledith an arrow (black); (2) the cell
undergoes deformation until the force reaches tiesgd maximum value of contact force (in this
experiment 500 pN); (3) the cell is pulled up until the maximum adhesion force (i.e. the foapplied
by the cantilever to initiate cell detachment)réached (green circle); (4) afterwards, successive
ruptures follow; and the last tether-connectagpture is shown (dashed green box); (5) finally, the
cantilever deformation returns to the baseline.

convincing in the experiment to first measure aleircell at untreated condition for about 15
curves and then after incubating this cell for 2k mith TNF in the Petri dish heater (the

container for the F-D measurement, details in $.8t3s measured again at the post-treatment

condition. The strategy was tried but failed in pinactical work, an obvious “tardy” reaction was
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observed from the F-D curve.

The loading rate (also called slope prior to thetute) is defined as the relation between force
and time for the coming single rupture= dF /dt. This parameter is very important for the
force measurement because it can explain the afetslka/membrane anchorage. In the curves,
both so-called jump (J) events (Fig. 37a. red dasirele) and tether (T) events (Fig. 37a, green
box) are found in the force curves of my experimeAtzoomed in explanation is shown in Fig.
39. In J events, a significant negative loading riat observed, indicating an involvement of
cytoskeletal fibers in the intracellular bindingtbé adhesion molecules.

a) J-events

Fig. 39: J events and T events in the retraction ecue (Taubenberger, 2009)The loading rate was
fitted to the length of the tether in dashed blabk.J events, the rupture is connected with
cytoskeleton. In a T event, two assumptions oftéitieer rupture were brought up.

In T events, the loading rate is close to zerotatiters up to several pm in length are pulled out
from the cell membrane, so that probably no cytlet&kanchorage is involved. For T events,

there are two possible explanations: The firsha the tube-like structure is intact after bond
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rupture. In the second model, the membrane tubetste was damaged itself. Till now, there is
no information indicating that tethers themselvesdamaged. Curves with at least two ruptures

in the retraction curve were analyzed, and theyuanted to more than 90% of the whole curves.

In all AFM experiments, the “closed-loop” mode wdmsen in the feedback system, which can
adjust the piezo extension with the measured haigtitalso avoid the possible force increase at
the contact position. In addition, we applied “@aritheight” in the delay mode, where the height
of the cantilever was maintained during the whadatact time and was not affected by the
deflection, e.g. the thermal drift. Another delagde would be “contact force”, where the force

exerted on the cell was stable.

The measurement was carried out in the medium,hwiés properties such as viscous, leading
to a hydrodynamic drag force exerting on the cawgit in the opposite direction with the
movement of the cantilever. The relationship betwiegdrodynamic drag force and speed of the
cantilever movement is fairly linear (Fig. 40), ashigh speed can introduce a very high
hydrodynamic drag force, which can even reach upecingle molecule rupture force. In this
study, the speed was set fon®s. For such a small velocity, the hydrodynamiggdshould be
negligible (Fig. 40).
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Fig. 40: Hydrodynamic drag force versus pulling sped. (a) The relationship between
hydrodynamic drag force and the pulling speed.Tthg dynamic drag force makes the difference of
the baseline between the approach (green) andtietracurves (red) (Franz et al., 2007).
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2.1.3.1.2 TNF and Contact Time Increased DetachmefRbrces and Detachment Energy

To study the cell adhesion strength, | successfullgasured cell detachment force and
detachment energy within great ranges at diffecefitsurface contact times. In detail, the cell
detachment force ranges from about 200 pN to 2 ndlthe detachment energy ranges from
about 2x103°J to as much as 85x1f (Fig. 41). 10 sec is the maximum time length beea

cells were very easily got lost from the top of tantilever after long time contacted with FN
coated surface. In addition, the measured higloese fin all even reaches up to 2 nN (Fig. 42a),
which is close to the binding force between celld anoncanavalinA for cantilever

functionalization (Zhang et al., 2006).
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Fig. 41. Comparison of cell detachment force (a)rel detachment energy (b) of the Jurkat E6-1
cells detached from FN coated surface after differd contact times. Untreated (-TNF, black) and
TNF-treated (+TNF, red) Jurkat E6-1 cells. Squdrews the average value of the cells in each
experiment situation, error bars represent standewvitions.

The average value of maximum adhesion force rouigichgases in a linear and rapid mode with
contact time (Fig. 41a): from 0 sec to 5 sec andGcec, about 1.5 fold and 3 fold increases
(average value) are observed for TNF untreated.callgreater raise is present in detachment
energy, where the increase of the average valabast 8 fold and 18 fold for TNF untreated
cells (Fig. 41b). For TNF-treated cells, the inses for both cell detachment force and
detachment energy follow a similar trend as forlscelot treated with TNF. After TNF
stimulation, the maximum adhesion force comparedl&F untreated cells is dramatically
increased at cell-surface contact times of 0, 5Hnhdec for evaluating the mean value for each

experiment situation (Fig. 42a). Similarly, thisnfercement is also found in the cell detachment
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energy (Fig. 42b). In both parameters, the sigaifee level is smaller than 0.001 with Mann-
Whitney U test. This test is used for evaluate the sigmiteaof the data which do not present a
normalized distribution. Especially, with shortestl-surface contact time of O sec, the TNF-
induced enhancement of adhesion forces and detathenergies shows the strongest effect. In
detail, the mean value of maximum adhesion forceemses by 60.8% (manual calculation) in
TNF treated cells for O sec cell-surface contatieti whereas the reinforcement is much less
pronounced at 10 sec cell-surface contact time, d2l2% increase is found. Meanwhile, for the
cell detachment energies at 0 sec, the increa$801%, but again not very strong for 10 sec
contact time. These results clearly show that TNRFaaces T-lymphocyte adhesion strength to

fibronectin layers. Since in such a short experintieme frame (maximum total time including
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Fig. 42: Influence of TNF on cell mechanics of thdurkat E6-1 cells detached from FN coated
surface after different contact times.Untreated (-TNF, black) and TNF-treated (+TNF,)redlls.
Each cross shows the average value of a singleLiedf among the crosses shows the median value.
(a) Determination of the maximum adhesion forcg¢ Mleasurement of detachment energy. Statistical
significance was tested by a Mann-Whitr¢yest. * p<0.05, *** p<0.001.
the incubation and the measurement was 1h), tsamede novoprotein synthesis, TNF should
probably interplay in the inside-out signaling pa#y and increase cell adhesion strength in a

short cell-surface contact time.

2.1.3.1.3 TNF and Contact Time Increased the Numbef Single Rupture Events in a Force

Curve

To further investigate if the TNF-induced reinfargent of Jurkat adhesion observed in the cell
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detachment forces can be explained by changes lecalar binding processes, a detailed
analysis of cell detachment force-distance curves warried. An increase in the number of
bonds present in the end of the adhesion phase t@ubuch a first parameter responsible for
increased detachment forces. The number of sugeessigle rupture events during the cell

detachment process as a function of TNF stimulatias therefore analyzed.

Again, it is observed that the increase of ruptumember with the increasing of contact time,
from O sec to 5 sec and to 10 sec. The rupture rumbreases in TNF untreated cells are about
60% and 230% when the contact time is increased ficsec to 5 sec and from 0 sec tol0sec,
respectively. As well, for TNF treated cells, 1d@nd 2 fold increases are observed at 5 sec and
10 sec comparing to the rupture number at O sspeodively (Fig. 43a). The overall value of

rupture number for TNF treated cells is higher ttreose of untreated ones.

To get the idea if the number of binding sites was reason for the increasing adhesion strength
by TNF, | analyzed the number of the rupture férimdividual Jurkat E6-1 cells treated with

TNF and untreated ones after contacting with FNiembaurface for certain contact times.
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Fig. 43: Determination of the number of ruptures that Jurkat E6-1 cells detached from FN
coated surface after different contact times(a) An overview of the number of ruptures between
/+TNF cells (black and red respectively). (b) Th&ribution of individual cells. Each cross showe t
average value of a single cell. Line among the sgesshows the median value. Significance was
tested by student’s t-test. * p<0.05, *** p<0.001.

Notably, for all three investigated contact tim@§F stimulation significantly increased the
number of rupture events that cells needed to cet@lgl detach from the surface (Fig. 43b). The
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significance is smaller than p is 0.001 as revgah Istudent’s t-test, which is normally used to
evaluate the significance for normalized distrilbutiata. This dramatic increase of number of
ruptures (between -/+TNF) further confirmed our dtyyesis that TNF should play as a positive

role in the inside-out signaling pathway acrosswhele cell body.

2.1.3.1.4 TNF and Contact Time Increased All Ruptug Forces

To investigate whether the increased binding fop€esingle molecules contributed to the
adhesion enhancement, forces associated withragjlesrupture events in the force curves were
analyzed. Since the numbers of ruptures for eapbrérent situation were not the same, relative

frequency was plotted for forces released afteglsinupture events for cells treated with and
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Fig. 44: Force associated with the last rupture eve before complete cell detachment at cell-
surface contact times 0, 5 and 10 sethe columns in -/+TNF (black and red respectivalg in the
same size of bins, the overlaid columns are mevgtidthe colour transparency of 50%.
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without TNF in Fig. 44. This relative frequency gpeats the distribution probability of the
measured force. It is found that the distributiofidorces are very broad for all three contact
times, and notably, TNBtimulation clearly shifts the distribution of slagmolecule rupture
forces towards higher force values (Fig. 44). &tad, at O sec cell-surface contact time, the
force at the first main peak increases by 38% ffidn®25 pN to 15.225 pN. Interestingly, TNF
treated cells also have a tiny second peak at dr@a@rb pN. Since single rupture events are
often identified with the rupture of single moleesilor tiny clusters (Muller & Engel, 2007), this
second peak might be a hint for cluster dissamativhere several molecule bindings rupture
simultaneously. At 5 sec cell-surface contact timsjighter increase of 21.3% from 23.5 pN to
28.5 pN (the force at the highest relative freqyewas compared) is observed. However, no
impose from TNF stimulation is found at 10 sec-seliface contact time. This can be concluded
as with increasing cell-surface contact time, #iaforcement of single rupture forces, also here
the effect from TNF decreases at 0 sec cell-sudaogact time.

It is assumed that besides of strengthening admesiothe level of the whole cell, TNF can
influence the strength of cell adhesion molecules, (integrins) by recruiting the bonds into
clusters than single bonds. As the reinforcemerttindling forces disappeared for 10 sec cell-
surface contact time, it is supposed that the efe¢NF-modulated adhesion is in an extremely

short-term mechanism.

When compare the effect coming from different conttime, it is find that for both TNF
untreated cells and TNF treated cells, the proldragmatact time (from O sec to 5 sec) makes the
value of all rupture forces doubled. However, whencontact time increases another 5 sec to 10

sec, no obvious increase of rupture forces carebected.

To confirm that the analysis was not biased byesystic errors in cantilever calibratioa,
comparison of single rupture forces was carriedim@ach cell. The result is shown in Fig. 45.
This is very important to acknowledge whether theoeur systematic errors, e.g., due to
cantilever calibration. Here, all data points faclke individual cell with different colors were
plotted. Convincingly, it is shown that the distrilons of different cells were quite

homogeneous.
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Fig. 45: Distribution of all rupture forces of individual cells. Cell-surface contact time: 0 sec (first
row); 5 sec (second row); 10 sec (last row). Cells untreated with TNF (leftionh) and cells treated
with TNF (right column). Each color represents daten a single cell. The same color data in these
plots show distinct cells.

2.1.3.1.5 TNF and Contact Time Increased Last Rupte Forces

With AFM, it is not possible to determine the ordemwhich molecules detach. Probably, those
adhesion sites at the edge of a cell are first wpleal, but as the force distributions in the
cell-surface contact zone are very complex, il$e @ossible that the molecules just rupture in a

very random way (Fig. 46) (Erdmann & Schwarz, 2006)

Therefore, the last rupture in a force curve issodered to be an important parameter to convey
exactly the molecular rupture information and egela possible influence from other bonds.
Hence, data were plotted in Fig. 47 to examinddhees associated with the last rupture events.
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Fig. 46: Sketch of possible rupture orders for all molecules. The order of rupture of the binding
between integrin (blue, translocate at phospholipid bilayer) and the surface molecules (black) on the
surface (yellow) are still implicit.
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This effect is particularly evident at short caliHsce contact times of 0 and 5 sec. Consistent
with the result shown in Fig. 44, it is also fouhdt for these final rupture events, TNF shifts the
probability distribution of forces towards highenlwes (Fig. 47) for O sec contact time.
However, here it is not observed the increase sif dapture force in the first 5 sec prolonged
time for TNF untreated cells, and it seems thaflidF treated cells, higher probability of forces
appeared at around 35 pN compared to fairly homegesly distributed force values at 0 sec.
From 5 sec to 10 sec, increase of about 15 pN dst dupture forces was observed. Such
phenomenon is convincing because in the all rupfwoee rupture is usually accompanied with
the “healing” from other bindings and the force swad is smaller than the actual value (Benoit
& Selhuber-unkel, 2011).

Again, to check if there is a change in calibratmmAFM-associated parameters of the last
rupture events, forces within a single cell weratteld (Fig. 48). No significant variation for this
parameter was observed.

0.030 —
= 0.025 - -
c - || ] ] | | |
£ ]
< 0.020 n (. u u ] m
) u | ] f
o 1 | i I... . u
o i | ) | n
2 o015 . . my .. m N
i n ] .. el | N | n u
0.010 - u [ | ™ ]
| | ! I I
0 20 40 60
0.030 o
—_ | [ | | H g ]
= 0025 [ ] . ® - -
< . [ n u
E ] [ | H
o 0020 -~ .l -
S : " an o N |
(o] [} N ] '-
L 0.015 - ™ n
0.010 , , , : ,
0 20 40 60

Curves order

Fig. 48: Distribution of last rupture forces of twoindividual cells in without TNF treatment and
with TNF treatment situation. Cell-surface contact time is O sec.
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2.1.3.1.6 Cell-Surface Contact Time rather than TNRncreased the length of the Last
Tether

Normally, prior to a sudden rupture, the bonds ketwthe cell membrane and the surface
undergo stretching by a force. To understand timgtke of last tether, this parameter was
analyzed by manually determining the whole lendtthe tethers (ranges from 20 nm to several
pm). The relative frequency of its distribution walstted (Fig. 49). Since tether acts as force
clamp, only length of last tether was carried dineowise it is hard to know how many bonds

are loaded.

It is found that at O sec contact time, althougéa thaximum tether length is close touimh,

tethers longer than |3m become very rare. Meanwhile, at 5 sec and 1@@at@ct time, tethers
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Fig. 49: Relative frequency of length of last tethre The columns in -/+TNF (black and red
respectively) are in the same size of bins, therlaik columns are merged with the colour
transparency of 50%.
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with tens of micrometers in length are observedytith the longest ones can reach up to length
of 50um. Compared to 5 sec, more long tethers (1) are present for 10 sec contact time. So
it is very clear that with longer cell-surface caxtttime, longer tethers can be formed. This
tether length is usually useful to evaluate thetilite of the bonds, because the speed of the
tether during the elongation is the same as thiaatsdn speed set in our measurementr(2s).
Therefore, the lifetime t= tether lengthing)/ speed (3um/s). Therefore, it is also found that with
increasing contact time, the lifetime of the bomusreased, which could be due to the binding

between cell and the surface is tightened.

In response to TNF stimulation, no obvious sigaifice of length of tether was found between
TNF untreated and treated cells for all three cantianes applied with both Mann-Whitney U
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Fig. 50: Length of last tether versus last ruptureforce. Untreated cells (black) and treated with
TNF cells (red). Data in Os are plotted evepyriland data in 5s and 10s are plotted evarmgpn4single
data in the end are combined with the last rangerBbars present the standard deviation.
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test and student’s t-test. To understand the osisgliip between the length of the last tether and
the last rupture force, the plot shown in Fig. 5swnade. Little difference was found after TNF

stimulation.

2.1.3.1.7 Cell-Surface Contact Time rather than TNFDecreased the Absolute Value of
Loading Rate of the Last Rupture

Through fitting the length of the last tethers,oalbe loading rate can be determined. Loading
rate describes the mechanical coupling of a bousltet before its rupture, as it occurs during the
elongation of the tether. Usually this value iseasaluation criterion to acknowledge whether

there is cytoskeleton involved in the intracellldachorage of the bond/cluster.
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Fig. 51: Relative distribution of last rupture loading rate. The columns in -/+TNF (black and red
respectively) are in the same size of bins, therlaik columns are merged with the colour
transparency of 50%.
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Typical understanding about loading rate is thagémvbantilever retracts the cell up to release the
last binding from the surface, although the whaldybof the cell is deformed and complied with
the cantilever, the binding itself should exertepelling force or be kept in a stable force
referring to the direction of the cantilever movemerhis value of loading rate should be
negative or very close to 0 in the origin valueetastingly, in our study, both negative and
positive values are found in all three contact sir(fég. 51), and the amount of the two groups is

fairly similar. About 99% of the data fall in tharrge shown in x-axis (Fig. 51), and those varied
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Fig. 52: Last rupture loading rate versus last ruptire force. Untreated cells (black) and treated
with TNF cells (red). Data in “negative value” coin present the value which are negative from the
result, and those in “positive value” column pregée positive ones. Data in 0 s are plotted e2€ry
pN/s and data in 5 s and 10 s are plotted evemy/8.(he x axes in the “nagative value” column are
in logrithmatic function of e (Ln). The x axestime “positive value” column are in linear function.
Error bars present the standard deviations.
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too much (up to several hundreds of pN/s) wereteeltrom the dominant population. For 0 sec
contact time, the distribution of the detect logdrate is very broad ranging from -100 pN/s to
100 pN/s, whereas those for the 5 sec and 10 s#aatdime are mainly found within -40 pN/s
to 40 pN/s. In detail, the highest peak for Oseatact time is from -25 pN to 25 pN, and for 5
sec and 10 sec contact time, the peak correspdgdingnks, presenting from -5 pN/s to 5 pN/s.
It is assumed that the positive value might be tihatinding site complies with the retraction of
the cantilever or some phenomenon similar to reaae flow of actin fibers at the binding site.
Although no difference was found between TNF nettied cells and TNF treated cells, it is
observed that with longer cell-surface contact tithe absolute value of loading rate decreased.
To obtain detailed information of the distributiohthe loading rate with rupture force, data in
negative values and positive values are plotteeign 52. In the negative value, the dissociation
rate ) of the receptor-ligand binding depends on thedof) pulling them apart, which is
described with Bell model (Bell, 1978) as

xyF

k = kye ksT (7)

wherek, is the dissociation rate when no force is appligdis the distance of the binding
molecules is required to separatkgT is the thermal energy. Based on Evans model (E§ans

Ritchie, 1997), the most probable rupture forcgesved as

r
Fpko

F =Fg*In(—) (8)

whereFy = kBT/ , T is the loading rate prior to the rupture. Howetke slopes between the
Xy g P Y p

force and the loading rate for all experiment gitres are close to 1, which is in Fig. 52
(negative value column). Therefore, the Bell-Evarsdel does not fit to my system. From the
negative value, a possible boundary to define TJadents can be enacted in this measurement.
Those higher than -30 pN/s are defined as the Mteand smaller than -50 pN/s are defined as
the J events. Since it is not easy to confine theseevents from -50 pN/s to -30 pN/s in

certainty. Therefore, if the positive values arégmside, it comes out that the percentages of T
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Fig. 53: Percent of T and J events of last ruptur€%). Untreated cells (grey) and treated with TNF
cells (reddish).

and J events (Fig. 53) for cells not treated witMFTpresent the similar value of 43.33% and
39.33% respectively at the cell-surface contacetohO sec. In response to TNF stimulation, T-
events (54.17%) show a slight higher percent thavedts (36.67%) at the shortest contact time.
When the cell- surface contact time is increased teec and 10 sec, T events present the
predominant events for the last tethers, about @8%pared to about 4% of J events. No

difference of the percentages of these two evezttgden TNF untreated cells and treated ones.

2.1.3.1.8 Cell-Surface Contact Time and TNF Increas the Viscosity of the Cell Body

The initial retraction force (the top force pointthe retraction curve) demonstrates how the cell

responds to the initial retract from the cantilevEhis parameter is closely related to the
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viscosity property of the cell. Viscosity defindseetdeformation of the cell membrane without
extracting of the cell-surface bonds. Here, a pfdhe initial retraction force and the detachment

force is shown in Fig. 54 (negative value as the @atput from the software).

For O sec, all initial retract forces were abov® 20N, whereas for 5 sec and 10 sec, a large
population of forces was below 200 pN. For 5 sataxt time, a small amount of data was even
smaller than O pN. Negative values show that threction of the force is opposite to the

direction of retraction movement of cantilever, wfhican be considered as the membrane
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Fig. 54: Initial retraction force versus detachmen force. Approach curve (red) and retraction
curve (blue). Initial retraction force (blue cirgland detachment force (green circle). The values
higher than the break are enlarged to show theidegasive area. Untreated cells (black) and tokate
with TNF cells (red). Data are plotted every 200 phbreak is made at 200pN. Error bars present the
standard deviation.



Results & Discussion 63

deformation of the cells and/or resistant forcehaf cell to the surface. When compared to the
data below 0 pN, more forces fall in this rangel0rsec than those for 5 sec. Thus, it is assumed
that at 5 sec and 10 sec, cells underwent higlseous deformation than at O sec contact time,
cells exerted pulling force to the surface, makihg initial retract force increased (absolute
value). Between -/+TNF for O and 5 sec contact time significant difference of the initial
retract force was observed. However compared oel&se contact times of 10 sec, more data in
TNF treated cells were observed below O pN and enxeto about 800 pN compared to those
without TNF treatment.

This result shows that longer contact time increabe initial retract force by promoting the
rigidity of bonds in the entire cell body. Meanwiila slight increase from TNF stimulation is

found only for long contact times (10 sec) rattmeamtfor the shorter contact time.

2.1.3.2 Microfluidic Studies

It is known thatin vivo, the formation of nascent contact between the leytkoand the
endothelial cells induces the leukocyte to slow dats speed and it can then be captured in
blood vessel. To get a further understanding offtNE effect in this initial phase of rolling and
adhesion, we used microfluidics to study the dymamdf Jurkat E6-1 cells by mainly
characterizing the properties of local velocitydifferent behaviors of cells (rolling/tethering and
adhering). The local velocity of a cell defines thedocity of the cell itself, which is different
from the global velocity of the cell (also the flax@locity). The method is based on the adhesion
analysis, which is more proper in our study thaa tither assay called detachment analysis,
which fits better in the analysis of detachmentawitr after a defined adhesion time.

The value of dynamic viscosity was used from litera (0.7097x18Pa - s) with the similar
medium (RPMI) used before (Folger et al., 1978yiadhshear stresses and temperatures were
carried out in our measurement. With the sheassése of 0.08, 0.06 dyn/émadherent cells
(untreated and treated cells) were counted at 3@nd 21 °C. Obviously, higher shear stress
decreased the adherent cell percent. In detail3AfC, cells untreated with TNF show an
adhesion percent of 1.8% and 5.8% at the sheassst® 0.08 dyn/cfhand 0.06 dyn/cf

whereas cells treated with TNF show an adhesiocepeiof 4.7 % and 7.9 % respectively (Fig.
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55a). An increase percent of adherent cells isdaarresponse to TNF stimulation, that at the
shear stress of 0.08 dyn/gnit is 2.9% and at 0.06 dyn/émit is 2.1%. For each experiment
situation, the recording time for the video is ard8 min (supplementary video 2).
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Fig. 55: Percentage of adherent cells at shear sg®of 0.08 and 0.06 dyn/cfrat 30 °C (a) and 21
°C (b). Cell untreated with TNF (black) and treated withFried). The experiment was done once.

Since lacking of sufficient facilities to keep tihemperature at 30°C, we afterwards did the
experiments at 21°C (measured with a thermometgr, 35b). It is observed that the general
adherent cell percent shows a decrease about cechpaB0 °C at the shear stress of 0.08 and
0.06 dyn/cr, which is relevant to the reduced cell mechanisriower temperature based on
thermal energyH) defined as

E=ksT (7)
Wherekg is the Boltzmann constant aiids the absolute temperature.

Meanwhile, it is found that at the shear stres8.6# dyn/cri and the temperature at 22+1 °C,
the percent of adherent cells is almost the sange §6a). The velocity of rolling cells at the
shear stress of 0.04 dyn/ewas also analyzed and shown in Fig. 56b. The refolvs that TNF
stimulation slowed down speed of rolling cells yoat 15% from 50.97um/s to 44.4{m/s,
but the difference is not significant (by Mann-Wiay U test). Therefore, although TNF
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stimulation slightly reduced the rolling velocity the cells, the percent of adherent cells was not
influenced as a function of TNF stimulation. Benjar8petzler did the microfluidics experiment

under my supervision, and parts of these resuitslao work of his Bachelor thesis.
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Fig. 56: Percent of adherent cells (a) and velocityf rolling cells (b) at shear stress of 0.04
dyn/cm? and temperature at 22+1 °CCell untreated with TNF (black) and treated withFTMed).

(a) was done twice in duplicate and (b) was dore@md for each experiment situation there were
20-30 cells analyzed.

2.1.3.3 Discussion
2.1.3.3.1 Sub-second Contact Time is enough to liaite Early Stage Cell-surface Adhesion

In the AFM measurement, | tried the shortest cdrttae, of which the actual time to arrive the
pre-set contact force is about 0.2 sec. Surprigirglhigh adhesion force was observed at this
shortest time. This is consistent with the rapim@sirof leukocyte cells on blood vessels, showing
that single bond formation within less than 0.2 sectact time is sufficient for establishing firm
adhesion (Rinker et al., 2001$uch high adhesion force in very short contact tisneot only
found in T cells (Zhang et al., 2006), but alscsexin other types of cells, such as fibroblast on
nanostructured surface (Selhuber-Unkel et al., R0@8 blood cells on laminin (Maciaszek et
al., 2014), prostate cancer cells on collagen ahdraells (Sariisik et al., 2013) as well as for

two bacteria adhering to each other (Benoit e2&i00).

2.1.3.3.2 Contact Time largely Influences Cell Adrston Strength
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My results show that the cell adhesion strengthtuting detachment force, detachment energy,
and number of ruptures was clearly increased whercell-surface contact time was prolonged
for cells regarding of TNF treatment. This is imregment with literature (Selhuber-Unkel et al.,

2008) and can easily be explained by the numbadbésive bonds is increased over time, so

contact
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Fig. 57: Increase in bond number with contact timen the adhesion of a cell to on FNOnly
integrins with high affinity are shown here.
that cell adhesion area expands over time (Fig. A73imilar increase (10 fold after 1 min
contact) is also found for Chinese hamster ovallg ¢€HO) on collagen I, where the cells can
be switched to an activated state, and correspglylithe probability of cooperation among
receptors is higher (Franz et al., 2007). In Ts;edn even greater increase (up to 30 fold) of
adhesion force can happen when they attach witlgeanpresenting cells (APCs) after 30 min
contact (Hoffmann et al., 2011). However, due ® ligh migration of T cells, as long as 2 min
contact time to the surface is very difficult toasare (Hosseini et al., 2009), in our case, 10 sec
started to be not easy for Jurkat E6-1 cells.

What also contributed to the adhesion strengthhéscell viscosit. The initial retraction force
could be a direct reflection that with longer camttime, cells are more prone to pull the
cantilever to the surface and stabilize the loa#tiesion sites. Similar to it, in less motile
fibroblast, the viscoelasticity shows a higher eathan a more motile one (Park et al., 2005).
Cooperation effects between cell surface moleculigisin a relative larger adhesion area are
assumed to contribute to the enhanced adhesiongtr@ver time, which reflects into quite
homogeneous increasing of all rupture forces. Amihregintegrins expressed on Jurkat cells, it
has been reported thaif3; andas[3; are very important ones and contribute equaliynediating
the adhesion to FN (Seminario et 4R98; Bearz et al., 1999; Shimizu et al., 1990), as well the
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expressions dB,, Bs andp; are found in Jurkat cells (Malte Puchert didktgence, it is assumed
that there are positive collaborations betweendl@ggrins in the relatively long-term contact.

In addition, one can speculate that this enlarghbsion area affects the last rupture events. It is
found that in the AFM study, the last tether lengtbreases consistently with the prolonged
contact time. Similar to this, it is found thatan temperature increased condition, tether length
is increased by about one fold from 16 °C to 37(R&o et al., 2010). Upon the value set for
classifying T and J events in the loading ratehaf last rupture, it is found that longer cell-
surface contact time contributes into higher pabds of the T events, which have more higher
loading rates (>-30 pN/s) at 5 sec and 10 secsceface contact time in my result. This
phenomenon is opposite to our original expectata@t longer contact time builds into stronger
actomyosin architecture. However, this result migidicate a weaker interaction between cell
membrane and cytoskeleton due to a higher comg@iaf¢he cells to maintain longer time on
the surface. Another hypothesis of the cells moom@ to present T events is that the cells had
higher migration during the measurement or simggause cells consume most of the forces
and energy in segregating the connection to cyteskes in longer contact time. Hence, higher
percent of cells shows the smaller loading rateirAilar criterion for defining the T and J events
has been brought up in different type of cells amdace system, where the loading rates smaller
than 27 pN/s are T events and those above 40 pélavents (Sariisik et al., 2013).

2.1.3.3.3 The Interplay of TNF in the Inside-out $jnaling Pathway can be measured in the

Short Contact Time Independent ofde novo Protein Synthesis

Although lymphocyte adhesion strength to endothed&lls has been reported, for the up-
regulated surface molecule expression of ICAM andAW after TNF stimulation, such

stimulation usually requires a long time (i.e., gdpczewska et al., 2014) and obviously
indicates the interplay of TNF in the outside-igrsiling pathway. To the contrary, in this thesis,
no endothelial cell surface molecules are presart,moreover, cells were pre-treated with TNF
in the suspension state only for 25 min, since itagkof proper ligands, no activation of

extracellular domain of integrins occurs. In aduitiadded with the time for force distance curve
measurement, the total time is no longer than husTin such short times, we could consider

there is nale novocorresponding proteins translation happened. Madewit is considered that
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the inside-out pathway predominates the signalmgTNF triggered Jurkat cell adhesion,

especially the significant increase of detachmaength in this immediate contact time.

Although no signaling cascade was studied in thgept, it is assumed that it occurred and
mediated cell adhesion due to short incubation Wit as following reports. It is revealed that
an even shorter time (only 1.5 min) of TNF incubatcan facilitate protein transportation and
protein complex formation (Philipp et al., 2010uc8 a short-term activation also exists in other
cells. In neutrophils, Src kinases, especially pB8PK, are involved in the initial activation of
2 integrins (Bouaouina et al., 2004) through thédeut signaling pathway by incubation with
TNF for 10 min. Similarly, protein kinase C has beaeported to activate they3; mediated

inside-out signaling pathway within short time (&t al., 2008).

Furthermore, it is found that TNF also slightlyieases the viscosity at contact time longer than
5 sec. Maybe strong bonds with cytoskeleton inc@aoan participated during the initial retract

process, and directly increases the rigidity of te#ls. This enhancement is supported by
experiments in other type of cells, e.g., endo#heatells, where the mechanical stiffness is
increased as much as 50% after TNF treatment dsawe¢he aggregation of F-actin filaments

(Lee et al., 2011). Hence, it is assumed that ThFpcubation with cells augments the viscosity
of the Jurkat cells prior to the force measuremevitich can be considered as a factor

contributing to the increased adhesion strengthiwis short as 25 min stimulation.

Although it is still elusive of the detailed dynamsiof the protein cascade and the final binding
with cytoplasmic domain of integrins on the T cgellss known that the function of TNF through
the inside-out signaling pathway is really rapidjieth has also been proved on the different

measured physical parameters of cell adhesion.

2.1.3.3.4 TNF Activation Influences the Propertie®f Integrin including Affinity, Valency
and Avidity

From the detachment force and detachment enerthetaumber of ruptures on the whole cells

level, significant increases in response to TNglkation are observed. Since the switch of
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inactive to active state of the integrins is thduighbe the final protein to transduce the signals
interior to exterior, it is highly convincing thawithin the cell-surface contact area, the
probability of activated integrins is increased.detail, the available binding ligands presenting
on the FN surface are stable, whereas more integnie probably exerting force at the close
adhesion area and the total amount of integrintrilolising on the cell surface is constant.
Therefore, it is assumed that integrins become mmabkile and form into clusters (also higher
valency) at the cell-surface contact area withghéit density in the TNF treated cells compared
to the untreated one3his phenomenon is similar to the clustering of EFAn a rapid response
to stimuli, which is also proved especially impaitéor relocalization of LFA-1 in T and B cells
(Carrasco et al., 2004Abram & Lowell, 2009). Meanwhile, the clustering of integrins is
probably also affected by the diffusion motion indd by TNF, which might be related with the
modulation of ion channels reported before (Czésehial.,, 2008). As well, since TNF can
rapidly activate tyrosine phosphorylation of pariknd focal adhesion kinase, other components

close to the cell membrane should also contributdustering of integrins.

Besides the internalization and recyclingig; suggested in endothelial cells (Gao et al., 2000),
it is also reported that there occurs the switctwbena; anda, integrin in cerebral pericyte
from adhesion to migration (Tigges et al., 201Bherefore, adding with clustering of integrins,
redistribution of the different type of integrins assumed to be another factor in response to
TNF stimulation. In my AFM study, maybe the croal«tbetweena, and as led to the
rearranged distribution of them. Closely associatgth this probability are the specific
compartments in cell membrane, i.e. lipid rafts.efhare microdomains containing
glycosphingolipids, gangliosides and cholesterblead et al., 2014). It has been reported that
activateda 3, preferentially locate in the lipid rafts and aft@rds they facilitate the recruitment
of a4f; into the structures (Leitinger & Hogg, 2002). Owe tevel of physical properties, since
lipid rafts are usually stiffer than the surrourgliipid bilayer membrane (Roduit et al., 2008),
how some of these integrins overcome the energyiebato the lipid rafts is still elusive.
Meanwhile, how the individual integrin heterodimen®oss talk and divide the task for cell
performance is also not yet clear. Maybe the redigion of integrins also affects the lipid
bilayer membrane, which is similar to the condensabf the glycocalyx layer during the

conformation switch of integrins with low-affinity high-affinity in a physical experiment
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Fig. 58: (a) Assumption of T cell adhesion model b&een cells stimulated with TNF (+TNF) and
without TNF (-TNF) in vivo. Fibronectin covers the endothelial cells layer. Whecells are rolling
and arrested, integrins on the membrane of T eellsin a low affinity conformation. Arrest occurs
mainly via selectins on the endothelial cells alneiirt respective ligands on T cells. When cells are
stimulated with TNF, a higher proportion of actiestintegrins is recruited to the adhesion site and
binding clusters are formed in comparison to thaasion without TNF stimulation. In the whole
adhesion process, the amount of the available tjnltigands on the fibronectin surface is constant.
More bonds are present after TNF stimulation aspttebability of bond rupture is decreaséhl)
Assumption of protein recruitment and force transmission of a cdlstimulated with TNF. TNF
stimulation induces the formation of the FAN-RACKED-nSMase2 complex. The following
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model (Boettiger, 2012).

Furthermore, since the single rupture force is olegk to increase as a function of TNF
stimulation, it is considered as a direct reflectiof higher probability of the affinity switch

(from low affinity to high affinity) of individualintegrin heterodimers in TNF treated cells.
Regarding that the observed all ruptures can eithiginate from single molecule ruptures or
from the ruptures of molecular clusters, we assthmeat the short cell-surface interaction time
of 0 sec, the ruptures of molecular clusters shdnddnhegligible. However, at longer contact
times (5 sec and 10 sec), they should be consid@ceaicknowledge clearly about the single and
cluster binding is still not easy. Only recentlgetindividual integrin affinity was found on

epithelial cells (Patterson et al., 2013).

Therefore, according to these results, it is suppdhat TNF influences the avidity of integrins
in a way to increase both affinity and valency ofegrins, since the significance level for
detachment force, detachment energy and numbeiptdines is high, we assume that the effect
in strengthening the cell adhesion force from THIdiamatic. Fig. 58 shows our assumption of
physical mechanisms that TNF triggers the Jurkds$ ¢énding, which is noteworthy mediated
by the changes of physical features of integinngvo after the initial arrest of T cells. Although
it has been reported that in the continuum conftionachanges of integrins, the three states
with low, intermediate and high affinity are disieréLey et al., 2007), to simplify the system, we
here only present integrins in low and high affinstate. Importantly, we hypothesis that the
formation of proteins complex (FAN-RACK1:-EED-nSMsmitiates the intracellular physical
arrangement of the proteins. In detail, forces texkby the actin fibers mediate the delicate
alignment of adhesion structures (e.g., paxillimculin, talin), therefore the strong bonds are
formed among the proteins and the mechanical foacedransmitted through the cytoplasmic

domain of integrins to the extracellular domains.

2.1.3.3.5 The Shortest Cell-surface Contact time flects the most Dramatic Increase of

Adhesion Strength in response to TNF

In this study, it is found that, for the first tipie most significant difference of cell detachinen

force and detachment energy between cells withadtwaith TNF treatment for the shortest
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contact time (0.2 sec). Also changes in forcesa@atam with single ruptures and last ruptures
occur only for contact times less than 10 sec.®lth there are no reports proving or indicating
the fluctuation of adhesion strength in such shorttact time is due to the cytokine stimulation
in the inside-out signaling pathway, it is consetkrthat this relationship between most
significant difference and the shortest contactetimight be related with the fluctuation of
kinases’ phosphorylation inside cells. In neutréghthe phosphorylation of p38 can be detected
after 10 min incubation with TNF, and the leveltbé phosphorylation was reduced after 1h
(Bouaouina et al., 2004). In our study, it costwdi0 min for 10 sec contact time to obtain all
force curves for a single cell, which added witk fire-incubation 25 min probably makes the
cells close to the end of the “efficient” react éir(iLh). Another possibility is that TNF-treated
cells are more adhesive at the beginning, butttiminteraction with FN additionally activates
integrins independent from TNF, resulting in an adevel of interaction in TNF treated and

untreated cells after 10 sec.

2.1.3.3.6 TNF Does Not Affect the Rigidity of Lastether

Interestingly, although TNF increases cell adhesibangth as well as the force associated with
the last ruptures, there is no difference of tis¢ tiether length or the loading rate prior to st |
rupture as a function of TNF stimulation. The faisimilar amount of loading rate with positive
and negative values might indicate the random time©f the exerting force of tiny bonds close
to the cell membrane. The predominant presenceafehts indicates that cells did not highly
rely on cytoskeleton for substantial anchoring lo& $urface. It is still not clear why there is no
difference of the loading rate or the length ofi¢es due to TNF stimulation, however, one could
hypothesis that the cells have already lost th& btiforce, energy and/or the well-constructed
cytoskeleton network had been disrupted completetize last rupture.

2.1.3.3.7 TNF Stimulation in the Shear Flow Conditin Indicates the Positive Role of TNF
through Inside-out Signaling Pathway

In our study, it is found that cells which were qmeubated with TNF showed higher percent of
adherent cells at shear stress of 0.08 dyh/and 0.04 dyn/cfat temperatures of 30 °C and

21+1 °C, although at shear stress of 0.04 dyhthenpercent of adherent cells presented similar.
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These results should indicate the positive rol& N to cells in the adhesion phasevitro,

which we consider the truth of the interplay of TMRhe inside-out signaling pathway.

The mechanisms of integrin-mediated outside-inaigg pathway under shear flow condition
have been reported. In the system where TNF wad tesere-activate endothelial cells on
several adhesive surfaces, clustering of integsimeported at subsecond time scale, but it seems
that the affinity of integrins is not enhanced (kresky et al., 2000). In addition, LFA-1
mediated firm adhesion is highly dependent on ibarnel and cytoskeleton involvement (San
Lek et al., 2013).

Besides the outside-in signaling pathway, in tlede-out signaling pathway, it is first reported

that shear force is an indispensable factor inctiemokine-triggered integrins into a complete
activated state (Woolf et al.,, 2007). The clustgraf integrins also responds to shear forces
through the signals transduced from the GPCRs (&l@ustin, 2007).

2.1.3.3.8 TNF Stimulation Facilitating Slower Rollng of Cells due to the Activation of

Selectins besides Integrins

Prior to the integrin-mediated firm adhesion, itkisown that T cells adhere and transmigrate
through endothelial cells and that this procesaiireq tethering with transient attachment
mediated by selectins.

Meanwhile, considering the high level of other nooles expressed on T cells, activations from
stimuli could be relayed from L-selectins to iniegr This assumption is supported by a
previous report that the ligand for L-selectinigtiés the activation of integrin and thus enables
adhesion of lymphocytes to FN (Giblin et al., 199@)addition, high amounts of TNF can up-
regulate L-selectin on polymorphonuclear neutragpff®MN)in vivo (Kiersnowska-Rogowska et
al., 2006). The interactions among the surface cubds can also be considered as the regulator
for adhesion under flow, e.g. P-selectin glycogroteyand-1 (PSG-1) and L-selectin form into
the complex PSG-1-L-selectin (Stadtmann et al.,320In the tethering phase, subcellular
structures also play important role, e.g., miclovilhey are proved more prone to be deformed

during the rolling of the cells with higher prob#tyi of tethering, in order to enhance adhesion
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(Caputo & Hammer, 2005). Furthermore, since thé&sarmolecules habitat with microvilli, the
stimulation due to TNF should be the synergic fiomcof the surface molecules and subcellular

structures.
2.1.3.3.9 TNF Stimulation Interferences the Bondsd¥mation

In the flow condition, the observed dynamics ofingl is due to the association and dissociation
rate of the bonds. TNF in our study probably dexedathe dissociation of the bonds and
prolonged the tether lifetime due to the slowelinglrates and higher percent of adherent cells
under flow. In detail, ligand binding makes a sggenloading force, which is able to facilitate
selectins undergo conformation switch. As welloagsion rate of the bonds is increased and the
dissociation rate is decreased. Such kind of bardscalled “catch bonds” (Marshall et al.,
2003). In response to TNF stimulation, the assmriatate is assumed strongly increased while
the dissociation rate is decreased slightly, tleeegfthe rates of association and dissociation are
not in a balance, which might be in agreement Withsimilar effect of magnesium (Schmitz et
al., 2009). If the microfluidics results are rethtgith our AFM result, we can assume that in the
shear flow condition, more bonds are formed andilstad through the connection with
cytoskeleton in the tethering phase (Erdmann & $chy2004).

2.2 T-lymphocyte Adhesion on Nanostructured Surface

The above studies of AFM and microfluidics inveategl how cells respond to external force
when they were allowed to attach to an ECM proteiated surface (FN) surface for different
contact times. To obtain further and detailed imfation about the distribution of integrins, |
launched initial experiment on cell adhesion onapatterned structures with defined distance.
The nanodots were functionalized with peptides rovige specific recognition with integrins

expressed on Jurkat E6-1 cells.

2.2.1 Fabrication of Nanopatterned Structures

The preparation of nanopatterned structures iscbasghe method of micelle nanolithography

(Arnold et al., 2004). The principle is that wheibldck copolymers with amphiphilic polarity
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are dissolved in solvents, they can form into néselabove the so-called critical micelle
concentration (cmc). In this study, two componesftghe diblock copolymer are polystyrene
(PS) and poly-2-vinylpyridine (P2VP), the formereors hydrophobic and the latter one is
hydrophilic. The solvent used here is toluene, dredprinciple of nanostructure fabrication is
shown is Fig. 59. The outer part of the micelldPs while the inner part is P2VP. After the
formation of the micelle, hydrogen tetrachloroaerétl) trinydrate is added into the solution
and accumulates in the center. Hydrogen plasma avgbn gas was applied to etch away the
polymer micelle and to expose the gold nanodotthersurface. Afterwards, the gold nanodots
were covalently coated with peptide. Choosing pasgnwith different molecule weight and
adjusting the speed of dip or spin coating durihg preparation can achieve the different
distances between the gold nanod@ise of the samples was imaged with SEM (Laith Kadem
provided the images) shown in Fig. 60, where itloambserved that the gold nanodots form into

a hexagonal pattern, and the distance betweeregpodli nanodots is 50+5 nm.

8

P2VP
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Fig. 59: Principle of the production of gold nanostctures and the functionalization. (a)
Chemical structures of PS and P2VP. (b) The préparsof the nanopatterned structure. (c)
Functionalization on the surface.



Results & Discussion 76

a)

400nm 200nm

Fig. 60: Images of nanopatterned structure under SK with lower magnification (a) and higher
magnification (b).

2.2.2 Cell Adhesion on Gold Nanostructures Functialized by
cRGD and cLDV

Prior to the functionalization, PLL-g-PEG was apglto passivate the surface. PLL-g-PEG is

Fn Nanostructure+RGD

Fig. 61: Jurkat E6-1 cells on FN coated surface andRGD functionalized nanostructures.The
cell adhesion time is 1h.
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capable to repel protein adsorption (Lee & Sper@08) and to make sure that cells are able to
attach on the nanopatterned sites. In 3.2, theesgmns of botlu, andas were detected on
Jurkat E6-1 cells. The ligands which can bind dpmdly with these two integrins were
examined before, that cRGD in the FN Il region dand with a,B3; and asp3; (Haubner &
Finsinger, 1997) and cLDV in the FN V region bingish a43; (Vanderslice et al., 1997). In the
beginning of this study, cell adhesion studies anastructures functionalized with cRGD were
carried out. The distance of the gold nanodots 5@ab nm, samples were provided by Laith
Kadem. Compared to many cells adhering on FN cosdeatples, there are few cells adhering on
the cRGD-functionalized nanostructured surface matten if there is TNF treatment or not (Fig.
61). Since the total number of cells adhering arthnostructured surfaces was very small and
the morphology of the cells did not change much t@ueNF stimulation, which is probably due
to absence of the expression wf3; and the low expression level o, the data were not

guantified.

Control+cLDV Nanostructure+cLDV

-TNF

+TNF

Fig. 62: Jurkat E6-1 cells on cLDV coated control amples and cLDV functionalized
nanostructures. The cell adhesion time is 1h.
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Due to the lower expression level @f compared ta, in Jurkat E6-1 cells, cLDV was used to
examine if there were more adherent cells compaoedRGD and/or the change of cell
morphology in response to TNF stimulation. As a&refce, coverslips physisorbed with cLDV
(control+cLDV) were prepared. | observed many catlbering and they had normal shape and
formed protrusions (Fig. 62). Whereas on cLDV fumualized nanostructures, only a few cells
adhered, many cells formed clusters and lookedi@ael, some cells were like “hanging” on the
surface while moving during the imaging. Cell ambfrom 10 pictures was quantified. There
were about 250 cells on the “control+cLDV” samplaes, difference was found between TNF

untreated cells and TNF treated cells. On the “samicture+cLDV” samples, only about 20

400 -
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Fig. 63: Cell amount on different coated-surfacesControl+cLDV: glasses homogeneously coated
with cLDV. Error bar: standard deviation. The expant was done once in duplicates.

cells were adhering on the surface. Compared td'dbwetrol+cLDV” samples, this amount is
obviously too small (Fig. 63). To visualize the dtization of the cytoskeleton and the
component of adhesion complex, actin and vincuknenmaged with immunofluorescence after
the cell counting on “control+cLDV” samples. Thdiadgreen) locates at the cortex of the cells,
and it forms into the protrusions of the cell meam®. Vinculin localizes quite homogeneously
in the adhesion area and a condensed expressioobserved in the cell membrane.
Colocalization between actin and vinculin is obsdr\Fig. 64). No quantification study of
expression of these proteins due to TNF stimulatvas carried out. Chenggi Xu provided these

“control+cLDV” samples and “nanostructure+cLDV” spi@s under my supervision.
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Actin Vinculin Nucleus Merge

- TNF

+TNF

Fig. 64: Imaging of adhesion complex in TNF untread cells (-TNF) and TNF treated cells
(+TNF) on the surface of “control+cLDV” samples.

2.2.3 Discussion

With the peptide functionalized nanopatterned s$tmas, it is convenient to manipulate and
study cell adhesion and further migration dynamiggh delicate designed distance of gold
nanodots with the exact control of the involveddiny partners. Furthermore, the nanopatterned
functionalization is a great approach to understdrel binding of integrins to the shortest
functional peptides. In this study, a few cells edld on cRGD functionalized nanostructures,
which might be due to the extremely low expresslemwel of as. However, on cLDV
functionalized nanostructures, there was still & wenall amount of cells. This could be due to
two possibilities: (1) The PLL-g-PEG coating covgadd dots and the cells are not able to dig in
the PLL-g-PEG and bind with the peptid2) The distance between the gold dots (505 nm) is
still a bit large for the efficient integrin (exm®ed on Jurkat E6-1 cells) binding, as the distance
reported for strong binding is 367 nm in hematefioistem cells (Muth et al., 2013), which
might give a clue to the Jurkat E6-1 cell line. Save the problem (1) salinization should be
used to avoid the overcoating from PLL-PEG and dtves the problem (2) different block
copolymer should be used for nanostructure prejparat order to shorten the distance of gold
nanodots.
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The high expression of actin and vinculin showsadbbkesion complex at the cortex of the cell
membrane. From the imaging of the proteins and tt@ocalization, it is hard to say whether
TNF helps to recruit more actin or vinculin to thdhesion sites. Further approaches would
include a quantification study of the expressiorhalse proteins in response to TNF stimulation.
Furthermore, by manipulating the distances of tblel glots, the dynamics of integrin binding

density during cell adhesion would be revealedaabrscales.



Summary 81

3. Summary

The goal of my thesis was to investigate the adimesf T-lymphocytes as a function of TNF

stimulation, which serves as a trigger in the integhediated inside-out signaling pathway.

This work was carried out on a biomimetic fibromeaoated surface that initiates cell adhesion
and excludes the involvement of surface moleculesendothelial cells. Light microscopy
imaging was used for measuring and comparing thebeu of adherent cells and cell size
between cells not treated and those treated witk TNphase contrast microscopy and PCS-
based surface contrast microscopy. No differenee tduTNF stimulation was detected, which
was probably due to the restrictions of the tealaiop our study that the cell membrane might
covers the real adhesion area under the wholéodl}, and the long adhesion time. Therefore,
an interference-based method, RICM, was used imntbasurement. RICM is appropriate in
detecting the close proximity of cells to the soefai.e. precise cell adhesion area, protrusions
emerging from cell membranes (e.g., microspikesl) resteworthy, all experiments were carried
out with living cells. Although no difference onetlcell adhesion area and length of microspikes
could be detected in response to TNF stimulatibe,dynamics of the protrusions to sense the
environment was recorded and revealed that theg wet in a balanced motion but elongation-

retraction cycles were highly dynamic.

AFM-based single-cell force microscopy was usethasmain strategy in my thesis to address
the role of TNF in the cell adhesion to the surfasece it enables precise measurement of cell
adhesion for shortest cell-surface contact timealsd gives the information on single molecule
ruptures. | found that cell adhesion strength iaseel with longer cell-surface contact time.
Furthermore, the most important result was thabiwishort contact time of no more than 10 sec,
| detected striking differences in detachment fortachment energy, number of ruptures until
detachment in response to TNF stimulation. Thetgstalifference was found for the shortest
contact time of only 0.2 sec. As well, for singl@letule ruptures forces, slight differences were

found. In addition, TNF was assumed to modulatevibeosity of cells.

Microfluidics was used to study the rolling and asllon of cells under defined shear stress. This
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complementary technique realized the examinatiorthef influence of TNF to the physical
properties of cells in a more natural conditiom,,isimulating blood flow. | found that TNF
stimulation slightly increased the percentage dfesishg cells and decreased the speed of rolling
cells at different shear stress and temperature.

The preliminary cell adhesion work with cRGD andD3L functionalized nanostructures
presented no difference on the adherent cell amanchtcell morphology, however, the proteins
in the adhesion structure were successfully vigadlias well as their colocalization. It would be
very interesting to study the dynamics of proteinsthe adhesion structure in the living
conditions.

Based on AFM and microfluidics results, it can loaauded that TNF stimulation accelerates
the adhesion speed, enables more cells to adhateyaay strikingly, enhances cell adhesion
strength in the very initial “probe” of cells to Fdurface in a very short-term adhesion scale.
Furthermore, these results indicate that the ifdgrpf TNF is through the inside-out signaling
pathway as all experiments were carried out inretothelium-free environment. Meanwhile, the
most probable effectors in the adhesion are assuonbd synergistic positive effects caused by
the raised proportion of integrins binding with igffinity at the contact area and additional

clustering.

In the future, further studies should decipher ¢hess talk of integrins, e.g., hemg andasin
response to TNF stimulation, genetic modificatiaten be applied. For instance, through
upregulating and/or downregulating the expressiospecific integrins, we can study if there is
any compensation from other integrins, which isezted to reflect the change of cell adhesion
strength. Undoubtedly, since the dynamics of integdhesion is very complex, there is no
simple way to explicitly explain the way of thessembly and disassembly in the initial contact
to the surface. Sophisticated experimental stragegith even minuscule resolutions, i.e., CLSM
bounded AFM with microfluidics, are anticipated $bed light on the dynamics of single
molecular binding. To a higher degree, improvedansinding of the stimulation of cytokines
on cell mechanics should provide new strategiestlier diagnosis of the early pathological

changes, i.e., changes of integrins, as well athBmapy strategies.
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4. Materials
4.1 Cell Lines

Jurkat E6-1: ATCC

Ref 52 wt: Gift from the group of Prof. Joachim &p&MP1 for intelligent system, Stuttgart

Ref 52 YFP-Paxillin: Gift from the group of Profoachim Spatz, MP1 for intelligent system,
Stuttgart

4.2 Chemicals for cell culturing

Click’'s/ RPMI 1640: Applichem
DMEM: Biochrom

Ethanol: Walter CMP

FBS: Biochrom

HBSS: Biochrom
Penicillin/Streptomycin: Biochrom
PBS: Sigma-Aldrich

RPMI 1640 medium: Gibco
Trypsin-EDTA: Biochrom

4.3 Staining Chemicals

Alex Fluor® 488 Phalloidin: Life technologies
Alex Fluor® 555 Phalloidin: Life technologies
Calcein-AM: BD Biosciences
Hoechst: Life technology
Primary antibodies:
Monoclonal anti-human CD49d: ImmunoTools
Monoclonal anti-human CD49e: ImmunoTools
Monoclonal vinculin antibody: Millipore
Prolong diamond antifade mountant with DAPI: ligetinologies
Secondary antibody:
Goat anti-mouse IgG, (H+L) FITC conjugated: Mibre
Goat anti-mouse IgG, Alex Fluor® 594: Life teclowes
Vectashield: Vector laboratories

4.4 Other Chemicals

Biocompatible glue: JPK Instruments
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Biotin-concanavalin A: Sigma-Aldrich
Biotin-BSA: Sigma-Aldrich

BSA: Sigma-Aldrich

cRGD: Panatecs

cLDV: Biosyntan

FN: Sigma-Aldrich

HEPES: Sigma-Aldrich

HBSS: Biochrom

P2VP: Polymer Source Inc.

PFA: Sigma-Aldrich

PLL-g-PEG: SurfaceSolutions

PS: Polymer Source Inc.
Streptavidin: Sigma-Aldrich
Tetrachlorogold (l11) acid trihydrate (gold sal§igma-Aldrich
TNF: BASF Bioresearch

Toluene: Merck

Triton X-100: Sigma-Aldrich

4.5 Plastic ware

6-well plate: Sarstedt
Cantilevers (MLCT): Bruker
Flask: Sarstedt

u-Slide P*flow chamber: Ibidi
Petri dish: TPP

4.6 Devices

Camera:
Imagingsource DFK31AF03, Olympus;
ProgRes MF cool, Jenoptik;
Hamamatsu digital camera C9300, Olympus.
Centrifuge: Biofuge primo, Heraeus
Chemical hood: Kéttermann
CLSM: Zeiss
FACSCalibur flow cytometer: Becton Dickinson
Incubation: Binder
Laminar: Thermo Scientific
Microscopy:
CKX41, Olympus;
IX81, Olympus;
IX71, Olympus.

84

Surface Contrast Microscopy: installed by “Intagd Systems and Photonics” Lab in Faculty

of Engineering, Kiel
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Microfluidic pump: RS-485 system, PHD ULTRA series, Harvard apparatus

AFM: Nanowizard Ill, CellHesion 200 and Petridishher, Biocell JPK;

Objectives:
Antiflex: Zeiss (only for RICM)
UPlanFLN 10x%/0.3, UPlanFLN 20x/0.5, LUCPlanFLN4@.6, and UplanSApo 60x/1.35:
Olympus

Oxygen plasma: Te-Pla, 100-E

Water bath: GFL

4.7 Software

BD CellQuest" Pro software V.4.0.2: Becton Dickinson

Data processing software: JPK

Image J: Rasband WS. ImageJ. U.S. National Institubf Health, Bethesda, MD.
http://rsb.info.nih.gov/ijfOnline]. 2005

Image J Plug-In Particle Tracker Classic
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5. Methods
5.1 Cell culture

All Cell culture work was done in the laminar irSke conditions.

For cell morphology observation and counting excéymse announced, the phase contrast
microscope CKX41 was applied for all work with tteemera Imagingsource DFK 31AF03. The
objectives were 10x, 20x and 40x.

5.1.1 Ref52 wt

Ref52 wt cells were cultured in culture medium (DMBupplemented with 10% FBS) at 37 °C,

with 5% CQ and 90% humidity in the incubator. Regular spigtivas carried out as follows:

1. Discard the old medium from the culture flask2):

2. Wash the cells once with 5 ml PBS;

3. Add 1 ml of trypsin/EDTA to the flask and shakeibit to make sure that trypsin covers the
bottom homogeneously, and place the flask backeaaricubator at 37 °C fabout 2 min;

4. Shake the flask and make sure most of the cellsdarached from the bottom under the
phase contrast microscopy;

5. Add 5ml of pre-warmed complete medium to the cafld pipette the bottom of the flask to
make sure that all cells were detached;

6. Transfer the cell suspension to a 15 ml centrifiogatube and centrifuge at 8@dor 5 min;

7. Discard the supernatant, add another 5ml culturgiune and pipette the cells to make sure
they are dispersed homogeneously without cell clusters;

8. Take a desired amount of cells into a new flaskiésh medium and make sure the final
volume is 5ml and shake the flask gently to distigbcells homogeneously. For example, if
the splitting concentration at 1:50, then takel@®lls and add 4.9ml fresh medium for the
new passage. At this concentration, cells need/d wearrive 80-90% confluency again.

Ref 52 wt cells can be maintained before passage 50
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5.1.2 Ref52 YFP-Paxillin

The same culture process as Ref52 wt cells.

5.1.3 Jurkat E6-1

The culture medium for Jurkat E6-1 cells is Cli¢l&PMI 1640 medium plus 10% fetal bovine

serum, 10% L-glutamine and 1@@/ml penicillin and streptomycin. They are cultursgd37°C,

5% CQ, and about 90% humidity. Cells were passaged taiseek and were maintained up to

passage 10 by the following steps:

1. Cells are transferred to a 50 ml centrifuge tube, @ntrifuged at 100 g for 8 min.

2. Cells were splitted at desirable concentration. &@mple, at 1:10, it needs about 3 days to
arrive the same confluency as in the last pasdage.T75 flask, the total volume is 30 ml.
The concentration of cells should not exceed 3x#ls/ml.

Jurkart E6-1 cells were maintained up to passage 12

5.2 Jurkat E6-1 cells stimulation with TNF

For stimulation with TNF, cells were incubated WitNF in culture medium at 37°C for 25 min

prior to an experiment. The working concentratibim iF is 100 ng/ml.

5.3 Fibronectin Functionalization

Human fibronectin was physisorbed on the substaaté °C overnight at a concentration of
15pg/cnf in a humid environment. To remove excess proteims, FN surface was washed
several times with PBS. The substrates used irsthidy were coverslips and PCS. The coverslip
used for the AFM experiment was glued into a Righ with biocompatible glue before the FN

coating.

5.4 Jurkat E6-1 cell counting on FN coated glass drsize

analysis on FN coated PCS

FN was coated on coverslips in a 12-well plate escdbed in 6.3. 4000 cells were seeded in a
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well with Iml medium volume of. 3 repeats were iegtout for each experimental situation, i.e.
with and without TNF-treatment of cells. Cells wémeubated for 1h at 37°C. Afterwards, cells
were fixed with 4% PFA at room temperature for 2&,mafter twice wash with PBS. Then, cells
can be imaged directly in PBS. Cells in 20 oculacsrums (avoid the border) were counted.

This experiment was done once in triplicate.

For the cell size analysis, PCS substrates wered¢adth FN as described in 6.3. The samples
were put into a 6-well plate, 5x1€ells were seeded per well. The incubation time faion

procedure was the same as last paragraph. On ke sagple, about 20-30 images were
recorded with the surface contrast microscopy. Sieik was analyzed manually with Image J.

This experiment was done twice in triplicate.

5.5 RICM

For RICM experiment, 3 different kinds of surfasesre used. One was the FN coated coverslip
(diameter 24 mm), one was a normal glass cover@ipaned with soap) and the other one was
PLL-g-PEG passivated glass. The passivation wagwasth by first activating the glass with
oxygen plasma (0.4 mbar,QL50 W, 10 min) followed by incubation in a PLLR§EG solution
(0.1 mg/ml in HEPES) for 40 min. Prior to experirtg&rthe samples were washed several times
with PBS.

Before adding cells on samples, the substrate wastad into the BioCell chamber at 37 °C.
Cells (non-activated and activated with TNF) webeweed to attach to the surface for 20
minutes. The experiment was carried out four timmesduplicate for both stimulated and
unstimulated cells. The objective is Antiflex. Inesgwere captured ihe camera ProgRes MF
cool. The adhesion area of 7-10 cells and 50 midkes per image were analyzed. There were

about 20 images included in the analysis. RICM datee manually analyzed with Image J.

5.6 Immunofluorescence check of integrin expressiamn
Jurkat E6-1 cells
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5.6.1 Coverslips Treatment

Coverslips were soaked in 33% HCI for 15 min, afeeds the acid was poured out and water
was poured on the glass slides and wash 10 miretwiben coverslips were soaked in 70%
ethanol for 5min. Then they can be sterilized unti®® °C or dried overnight in a closed

container.

5.6.2 Cell seeding and staining

Four coverslips (name them as S1, S2, S3, S4) mdren a 6-well plate, PLL (1Q@/ml) was
added to cover the coverslips as the adhesive ceurdad incubate at 37 °C for 30 min,
afterwards, PLL was discarded and the coverslipe weshed 3 times with PBS.®1¢ells were
seeded in each well, and incubate cells at 37 A %min. Then, Cells were stained following
the steps below:

1. Cells were fixed (same procedure a§;6

2. Add 2ml (same volume for the other solution if specifically announced) of 1% Triton X-
100, incubate at room temperature for Smin;

3. After once wash with PBS, add 1% BSA (dissolve BSPand incubate at room temperature
for 1h with shaking.

4. After 3 times wash with PBS, add 1% BSA to S1 ada8d add the primary antibodies
monoclonal anti-human CD49d and monoclonal anti-ur@D49d at the concentration of
10 ug/ml (antibodies were diluted in 1% BSA) to bindthvintegrina, andas respectively.
Use aluminum paper to cover the samples and inewdiat°C overnight.

5. After 3 times wash with PBS, add 1% BSA to S1, addondary antibody goat anti-mouse
IgG, (H+L) FITC conjugated to S2, S3 and S4. Samsplere covered with aluminum paper
and incubated at 37°C for 1h. Secondary antibody also diluted in 1% BSA, the working
concentration of it was 1@/ml.

6. After extensive wash with PBS, samples were dip once in water; the excessive water was
absorbed with a soft paper. A drop |1)2of Prolong diamond antifade mountant with DAPI
was added on the sample. Samples were put on sidewere ready for imaging overnight.

Samples were imaged with CLSM.
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5.7 FACS for Jurkat E6-1 cells

Prepare 4 FACS tubes, in each tube add 2 %¢18 in 1ml;

Centrifuge at 4°C300g, Smin;

Discard the supernatant rapidly, suck the excedgjugl at the mouth of the tube;
Wash the precipitant with 1% BSA, and add |25@ each tube;

Repeat step 2-once;

o ok~ w NP

Add 100pl primary antibody (working concentration wasut@ml) to the tube and votex to

resuspend cells for 3 seconds and incubate ceff®Cafor 1h

7. Repeat step 2, 3 and 4;

8. Repeat step2;

9. Add 20Qul secondary antibody (working concentration wagglfhl), repeat step 2;

10.Wash twice with 1% BSA

11.Resuspend cells with 1AD1% PFA, and vortex 3 seconds. Cells were kept°@t before
FACS.

There are also 2 samples for negative control asdipe control as 6.6.

Green fluorescence was measured on a FACSCalitwrdytometer by the BD CellQué¥tPro

software V.4.0.2

5.8 AFM
5.8.1 Cantilever Calibration

Cantilevers were first rinsed once with acetonedarouple of minutes. After clamping it to
guartz block which fixes the cantilevers. The aailon was implemented in the Petri dish heater
chamber filled with PBS and the cantilever was apphed to the surface with the Nanowizard
Il motor. The laser spot was adjusted on the tardr till the maximum sum signal was
achieved, and both the lateral and vertical signphotodiode was adjusted at OV.

The automatic approach was applied to approacltahglever to the surface within the valid
range of piezo (145m), where the position of the cantilever was siadd in the middle of the
piezo range (about 7&m). The parameter for approaching was 1V, speedovigsm/s, and the

pulling length was lum. Afterwards, a single force-distance was run otacget the typical
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curve for calibration. The sensitivity was obtainy fitting the linear part of the curve (can
either be approach or retract curve), after acogphis value, the motor was lifted up by 5080

and the spring constant was obtained, a corredtdotor (0.871) implemented in the AFM
software was used to get the accurate spring aun€dae cantilever was calibrated at least three
times to get the average value of sensitivity andrected spring constant. Calibration was

carried out at room temperature.

5.8.2 Cantilever Functionalization

Calibrated cantilevers were incubated in biotin-B®%mg/ml in PBS) overnight at 37 °C in a
Petri dish wrapped with parafilm. Afterwards, thegre incubated with streptavidin (0.5 mg/ml
PBS) for 10 minutes at room temperature, and thenbiated 10 minutes in biotin-concanavalin
A (0.2 mg/ml in PBS) at room temperature. Incubatisas done in a humid environment.

Between functionalization steps, cantilevers warsed extensively with PBS.

5.8.3 Single-cell Force Spectroscopy

Cell adhesion forces were measured using atomice fonicroscopy (AFM) installed on an

inverted microscopy (IX71). In detail, a NanoWizdit head was used for sub-second cell-
substrate contact time of 0 sec. The piezo rasggito 15 pm which is enough to completely
detach the cell and a CellHesion 200 with 100 pezgitravel length was used for longer cell-

substrate contact times of 5sec and 10 sec.

For the adhesion force experiments, 2 ml RPMI 16¥ium supplemented with 1Q@/ml
penicillin/streptomycin were added into the Petshdcontaining a fibronectin-coated substrate
(coverslip, diameter at 14mm). All experiments weagried out at approximately 36 °C in a
heated fluid chamber. The functionalized cantilevas approached to the surface with the AFM
and cantilever sensitivity was measured again Isecthe position of the laser spot changed on
the calibration day and the experiment day. Alsth&@ cantilever was replaced or tilted during
the experiment, the sensitivity should be measorete more, because sensitivity is necessary

for the force calculation carried out after detegtcantilever bending with the photodiode.
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Prior to the measurements, it is best to wait uhi photodiode signal is equilibrated. This
might take a while (about half an hour). A dropiétcell suspension (about “@ells) was
pipetted into the Petri dish far away from the Fd&ted coverslip very gently to avoid bubbles.
Then, the cantilever was pressed to a cell forregvens of seconds, a successful attachment can
be reflected into an obvious change of the vertdmflection, where the photodiode signal
increased till about 2 V over contact time. Afterds the cantilever can be lifted upwards by
about 20 um to check optically if the cell was eitied at the right position, normally the whole
cell body should be below the top of the cantilevard also since the cantilever is translucent,
abnormal cells are discarded although they mighatiached. The image was taken with camera
ProgRes MF cool, and the objective is 20x.

After successful cell attachment, the cell wasvedid to relax at the cantilever for about 2
minutes, then the cantilever was lifted upwardsdbout 700 um, this lifting should be very
gentle to avoid shaking from the motor movemerd, step size 100 um. Then the cantilever
was moved on top of the FN-coated coverslip. Thgeeaf the coverslip was considered not the

good position due to the not perfect FN coating.

Before measuring a force-distance curve, the cali approached to the surface again into the
range of the piezo. The settings were: contactefomas 500 pN, constant speed for both
approaching and retraction was 3 pum/s for all csireentact time was at 0 sec, 5 sec and 10 sec.
Pulling length was varied from 15 pm to 80 pum, wahiepends on the contact time and whether
cells were completely detached from the surfaces&l-loop and constant height mode were
applied for all measurements. In the constant hengide, the cantilever position was kept at a
constant height after the maximum contact force lieh reached. Typically, the time difference
between the first cell-surface contacts to reacliiegg maximum contact force is about 0.2 s.
Only cells without change of their positions durithg experiment were included for analysis.

11-15 cells in total 250 detachment curves werdyaad in each experimental situation.

5.8.4 Data analysis

Force-distance curves were analyzed with the comialedlata processing software from JPK.
The results were plotted with Origin 9.0 softwa@giginlab, USA).
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5.9 Microfluidics

Jurkat E6-1 cells without or with TNF treatment evexdded in the syringe which is fixed with
the pump and the control system.

Videos were obtained with IX81 phase contrast nsicopy, the objective is 10%, the camera is

Hamamastu C9300, and the software for recordigdmage 2.1.1.0. Shear stress at écl—)m@}}

D 008 22 were applied and resolution of images at 256x25@Ipivith up to 151

Yy
cm?’ cm

0.06

frames per second only in the first experimentpgraximately 22 °C were obtained. The other
experiment situations and/or repeats were appliedearesolution of 640480 pixel with up to
83 frames per second. For each experiment sityatideos of about 3 minutes were recorded

and videos of about 2min were analyzed with ImaB&ug-In Particle Tracker Classic.

5.10 Preparation of Nanostructures

Preparation of nanostructures was similar as tbéopol in (Arnold et al., 2004). The micelle
solution is prepared by dissolving PS (79000g/nami)l P2VP (36500g/mol) into toluene, the
concentration of the micelle is 4mg/ml. Afterwards|d salt is added into the micelle solution.
Coverslips (24mmx24mm) were used as the substrhtecoverslips were cleaned with piranha
solution (HO,: H,SO= 1:3) before dipping into the gold micelle solutid’ he micelle polymer
shell is etched with a hydrogen plasma treatmert.&mnbar, 150watt for 1h to exposure the
elemental gold on the surface with defined distaridee nanostructures produced with dip
coating method (the dipping speed is 10mm/min) vpeorided by Chengqgi Xu and those with
spin coating method (the spinning speed is 3000kpeng provided by Laith Kadem.

5.11 Passivation and Functionalization of Nanostruares

The structures prepared from 6.10 were etched ativhted with oxygen plasma for 10min at
0.4 mbar, afterwards the samples were incubateld Rifi-g-PEG (0.1mg/ml in HEPES) for

40min, after extensive wash with water and dridte $amples were ready for functionalization.
The procedure and concentration for peptides cR&ID @DV were the same. Samples were
incubated with 26mol peptide (dissolved in water) for 4 hours, afterds, samples were shaken

for 24 hours to remove the excessive peptide. @hgkes can be used directly.
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5.12 cLDV homogeneously coating on coverslips

Coverslips (diameter: 24mm) were incubated withr@6l cLDV (dissolved in water) overnight

at room temperature; afterwards, samples were washed several times with water.

5.13 Jurkat E6-1 cells seeding and staining

Four nanostrucured samples and four cLDV homogesig@moated coverslips were put into 6-
well plates. About 7x10cells (TNF untreated and TNF treated cells) werdsd in each well

with 2 ml culture medium, for each experimentauiaiton, two repeats of samples were used.
After 1 h incubation at 37 °C, cells were washed faxed as described before (6.4). Cells were

imaged with IX81 and Hamamastu camera, and cell&Onpictures at 10x objective were

counted. Since there were too less cells on thestarctures, only cLDV homogeneously coated

samples were stained. The staining procedurefdlaws:

1.

Add 2ml (same volume for the other solution if specifically announced) of 1% Triton X-
100, incubate at room teryature for Smin;

After one wash with PBS, add 1% BSA (dissolve irSPBnd incubate at room temperature
for 1h with shaking.

After 3 times washing with PBS, add the primaryilasdy monoclonal anti vinculin at the
concentration of 2Qug/ml (antibodies were diluted in 1% BSA). For easdmple the
volume was 25Qil, samples were incubated4tC overnight in a humid environment.
After 3 times wash with PBS, dilute secondary ardipgoat anti-mouse IgG, Alex Fluo®
594, Alex Fluo® 488 Phalloidin and Hoechst in 1%AB3$he working concentration of
them were fug/ml, 5 units/ml and 30g/ml respectively. The staining solution mixtureswa
added to the samples, for each sample the volunse2®d@l. Samples were covered with
aluminium paper and incubated at room temperaturéH in a humid environment.

After extensively washing with PBS, samples wengpdd once intovater; the excessive
water drop on the edge of the sample was absorlidansoft paper. A drop (8) of
vectashield was added on the sample. Samples wererpslides and sealed with nail
polish and they were imaged directly with IX81 noscopy and the camera was

Hamamatsu, the objective was 60x.
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6. Abbreviations

% (V/v) Volume concentration lume/volume)
% (w/v) Mass concentration (Wetigolume)
AFM Atomic Force Microscopy

BSA Bovine Serum Albumin

cLDV cyclo (lysine-aspartic acid-valine)
CLSM Confocal Laser Scanning Microscopy
cRGD cyclo (arginine-glycinepatic acid)

°C degree Celsius

cm Centimeter

DAPI 4’, 6-diamidino-2-phenylindole
DMEM Dulbecco’s Modified Eagle Medium
EDTA Ethylenediaminetetraacetic acid
FACS Fluorescence-activated cell sorting
FBS Fetal Bovine Serum

FITC Fluorescein isothiocyanate

FN Fibronectin

HCI Hydrochloric acid

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulf@uicl
IgG Immunoglobulin

kD kilo Dalton

U micro

ul microliter

pm micrometer

mi milliliter

mm millimeter

P2VP poly-2-vinylpyridine

PBS Phosphate buffered saline

PCS Photonic Crystal Slabs

PFA Paraformaldehyde

PLL-g-PEG Poly-L-Lysine-graft-polyethylene glycol
PS polystyrene

RICM Reflection Interference Contrast Microscopy
RPMI Roswell Park Mernabtnstitute

S, sec second

SEM Scanning Electronic Microscopy

TNF Tumor Necrosis Factor

TNFR Tumor Necrosis Factor Receptor
YFP Yellow Fluorescence Protein

wit Wilde type
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7. List of Figures

Fig. 1: (a) Jurkat E6-1 cells in tissue cultuasK. They are cells in suspension. Cells are pi@fierm into
clusters in healthy condition. (b) A human bloodnpghocyte cell under scanning electronic microscopy
(SEM). (modified from Majstoravich et al., 2004).

Fig. 2: TNF binds with TNFR and the downstream algy pathways.

Fig. 3: Leukocyte adhesion cascade.

Fig. 4. Combinations of two subunits in integrins.

Fig. 5: Switching of different affinity states aftegrin.

Fig. 6: Focal adhesion.

Fig.7: Outside-in (a) and hypothesis of inside{tmtsignaling pathways in T cells.

Fig. 8: Schematic shows of the balance of micrdiegblack) and actin fibers (white) in floatingft) and
adherent (right) states.

Fig. 9: Dynamics of integrin diffusion (modifiecofm Boettiger, 2012).

Fig. 10: Different fibroblast cell morphologies waried distance of gold nanodots conjugated witbtides
(Arnold et al., 2004).

Fig. 11: Mc3t3 osteoblast in contact with a bioftimealized 80-nm pattern and exhibiting cell prsians
sensing the pattern. Scale bar ipi@0(left) and 200nm (right) (Hirschfeld-Warnekeraét 2008)

Fig. 12: Traction force exerted by cells to the ECM

Fig. 13: Push-pull mechanism in 3D. TNF binds WithFR and the downstream signaling pathway.

Fig. 14: Schematic mechanics of outside-in anddasiut signaling (reviewed from Provenzano & Keely,
2011).

Fig. 15: Morphology of Rat embryonic fibroblast 82ef52) cells.

Fig. 16: Schematic setup of CLSM.

Fig. 17: Schematic of FACS.

Fig. 18: Schematic image of the PCS setup anddlghhimaging principle.

Fig. 19: Comparison of Jurkat E6-1 morphology on FN

Fig. 20: Schematic principle of RICM.

Fig. 21: Jurkat E6-1 morphology with bright fieldamoscopy (a) and RICM (b).

Fig. 22: Schematic illustration of surface imagwigh AFM.

Fig. 23: A typical force-distance curve for a chwer interacting with a Petri dish with approachve (red) and
retraction curve (blue).

Fig. 24: (a) Principle for measuring cell adhediorce with AFM of a single cell to the FN surfacéwthe
constant speed of approaching and retracting. &pgle Jurkat E6-1 cell is successfully attaclethe top
of the free end of a cantilever.

Fig. 25: Schematic illustration of the setup (abowed the rolling cells under a microfluidic chambe
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(below).

Fig. 26: Adherent Jurkat E6-1 cell amounts on Fhted surfaces.

Fig. 27: Adhering Jurkat E6-1 cells morphology $tddwith phase contrast microscopy.

Fig. 28: Adherent Jurkat E6-1 cells on FN-coate@&PC

Fig. 29: Comparison of Jurkat E6-1 cell adhesi@aam PCS.

Fig. 30: Schematic structure of filopodia and |Hipedia.

Fig. 31: Morphology of Jurkat E6-1 cells on diffetesurfaces (a-c) and enlarged images parts in RIGRL

Fig. 32: Fluctuation of Jurkat E6-1 cell adhesimea under RICM.

Fig. 33: Comparison of relative frequency of Jtrk&-1 cell adhesion area (a) and microspike leKigtHor TNF
untreated (-TNF, black) and TNF treated (+TNF, regl)s in RICM.

Fig. 34: Integrin expression in Jurkat E6-1 celleaked with CLSM.

Fig. 35: Equalibration of fluorescence signals withtreated unstained Jurkat E6-1 cells (a) and sabondary
antibody stained cells (b).

Fig. 36: Fluorescence signals foy (a) andas (b) in Jurkat E6-1 cells examined by FACS.

Fig. 37: (a) A representative F-D curve of a sinyjlekat E6-1 cell approached to the FN-coated seréad detach
again. (b) An F-D curve obtained when approachimg) detaching a single cell from an uncoated P&h,learly
showing non-specific background adhesion.

Fig. 38: Dynamics of a single cell during the FiDwe.

Fig. 39: J events and T events in the retractiomec(iTaubenberger, 2009).

Fig. 40: Hydrodynamic drag force versus pullingeshe

Fig. 41: Comparison of cell detachment force (&) detachment energy (b) of the Jurkat E6-1 celtached from
FN coated surface after different contact times.

Fig. 42: Influence of TNF on cell mechanics of thekat E6-1 cells detached from FN coated surfétee different
contact times.

Fig. 43: Determination of the number of ruptureattfiurkat E6-1 cells detached from FN coated serfster
different contact times.

Fig. 44: Force associated with the last rupturentelsefore complete cell detachment at cell-surfam#act times 0,
5 and 10 sec.

Fig. 45: Distribution of all rupture forces of imiilual cells.

Fig. 46: Sketch of possible rupture orders foradlecules.

Fig. 47: Force associated with the last rupture event bafoneplete cell detachment at cell-surface contawg O,
5 and 10 sec.

Fig. 48: Distribution of last rupture forces of twuaividual cells in without TNF treatment and wittNF treatment
situation.

Fig. 49: Relative frequency of length of last tethe

Fig. 50: Length of last tether versus last rupforee.

Fig. 51: Relative distribution of last rupture ldagl rate.
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Fig. 52: Last rupture loading rate versus lastutgforce.

Fig. 53: Percent of T and J events of last rupfie

Fig. 54: Initial retraction force versus detachmfente.

Fig. 55: Percentage of adherent cells at sheasstii0.08 and 0.06 dyn/érat 30 °C (a) and 21 °C (b)

Fig. 56: Percent of adherent cells (a) and velagitgolling cells (b) at shear stress of 0.04 dymtend temperature
at 22+1 °C.

Fig. 57: Increase in bond number with contact timthe adhesion of a cell to on FN.

Fig. 58: (a) Assumption of T cell adhesion modeaen cells stimulated with TNF (+TNF) and withdWXiF (-
TNF) in viva (b) Assumption oprotein recruitment and force transmission of astéhulated with TNF.

Fig. 59: Principle of the production of gold namastures and the functionalization.

Fig. 60: Images of nanopatterned structure unddf ®ih lower magnification (a) and higher magnitfiicen

(b).

Fig. 61: Jurkat E6-1 cells on FN coated surface@@D functionalized nanostructures. The adhesioe t

is 1h.

Fig. 62: Jurkat E6-1 cells on cLDV coated contrainples and cLDV functionalized nanostructures. The
adhesion time is 1h.

Fig. 63: Cell amount on different coated-surfaces.

Fig. 64: Imaging of adhesion complex in TNF untegiatells (-TNF) and TNF treated cells (+TNF) on the
surface of “control+cLDV” samples.

Fig. 65: Interfacial structure of adsorption of RGtPEG on the surface.
Fig. 66: Chemical structure of cRGD.

Fig. 67: Chemical structure of cLDV.



Bibliography 99

8. Bibliography

Abram, C. L., & Lowell, C. A. (2009). The ins andts of leukocyte integrin signalingnnual Review of
Immunology27, 339-362.

Adams, E. L., & Czymmek, K. J. (2007). The combirgglication of AFM and LSCM: Changing the way wwek
at innate immunityModern Research and Educational Topics in Microgc68—76.

Alberts, B., Johnson, A., Lewis, J., Raff, M., RabeK., & Walter, P. (2007Molecular Biology of the Cel[Fifth
Edit.). Garland Scicence, Taylor & Francis GroupCL

Alon, R., & Dustin, M. L. (2007). Force as a Faeitor of Integrin Conformational Changes during k@zyte
Arrest on Blood Vessels and Antigen-PresentingClelimunity 26, 17-27.

Arnold, M., Cavalcanti-Adam, E. A., & Glass, R.att(2004). Activation of integrin function by ngvaiterned
adhesive interface€hemical Physics and Physical Chemis§y383—-388.

Azari, H., Sharififar, S., Rahman, M., Ansari, & Reynolds, B. a. (2011). Establishing embryonicus@ neural
stem cell culture using the neurosphere askaynal of Visualized Experiment3oVE, (47), 1-4.

Bassous, E., Taub, H. H., & Kuhn, L. (1977). Inkpenting nozzle arrays etched in silicdkpplied Physics Letters
31(2), 135.

Bearz, A., Tell, G., Formisano, S., Merluzzi, Sol@nbatti, A., & Pucillo, C. (1999). Adhesion tdfonectin
promotes the activation of the p125 FAK / Zap-7@hptex in human T cellsmmunology98, 564-568.

Beck, K., & Bereiter-Hahn, J. (1981). Evaluatiorrefiection interference contrast microscope imagdiing
cells.Microscopica Acta84(2), 153-178.

Bell, G. (1978). Models for the specific adhesidreells to cellsScience200, 618—627.

Benoit, M., Gabriel, D., Gerisch, G., & Gaub, H.(E000). Discrete interactions in cell adhesion sueed by
single-molecule force spectroscoplature Cell Biology2, 313-317.

Benoit, M., & Selhuber-unkel, C. (2011). Measuro®l adhesion forces: theory and principles. I€PBraga & D.
Ricci (Eds.),Atomic Force Microscopy in Biomedical ReseaWbl. 736, pp. 355—-377). Totowa, NJ:
Humana Press.

Billadeau, D. D., Nolz, J. C., & Gomez, T. S. (2R(Regulation of T-cell activation by the cytoskele Nature
Reviews. Immunology(2), 131-143.

Binnig, G., & Quate, C. F. (1986). Atomic force miscopePhysical Review Letter56(9), 930-934.

Boecke, A., Sieger, D., Neacsu, C. D., Kashkarg&¥Kronke, M. (2012). Factor associated with nelutra
sphingomyelinase activity mediates navigationabci#ty of leukocytes responding to wounds and indect
live imaging studies in zebrafish larvaeurnal of Immunologyl894), 1559-1566.

Boettiger, D. (2012). Mechanical control of integmediated adhesion and signali@girrent Opinion in Cell
Biology, 24, 592-599.



Bibliography 100

Bouaouina, M., Blouin, E., Halbwachs-Mecarelli, Lesavre, P., & Rieu, P. (2004). TNF-induced beét&2grin
activation involves Src kinases and a redox-regdlaictivation of p38 MAPKJournal of Immunologyl73,
1313-1320.

Bradley, L. M. (2003). Migration and T-lymphocytfeztor function.Current Opinion in Immunology5, 343—
348.

Brownlie, R. J., & Zamoyska, R. (2013). T cell retter signalling networks: branched, diversified &wodinded.
Nature Reviews. Immunologh3, 257—-269.

Butt, H.-J., Cappella, B., & Kappl, M. (2005). Fermeasurements with the atomic force microscopehrigue,
interpretation and applicationSurface Science Repar&9, 1-152.

Cai, X., Xing, X., Cai, J., Chen, Q., Wu, S., & Hga F. (2010). Connection between biomechanics and
cytoskeleton structure of lymphocyte and Jurkdscéln AFM study.Micron, 41, 257-262.

Calderwood, D. a, Campbell, I. D., & Critchley, B. (2013). Talins and kindlins: partners in integmediated
adhesionNature Reviews. Molecular Cell Biologh4, 503-17.

Califano, J., & Reinhart-King, C. A. (2010). Sulas# stiffness and cell area predict cellular toacstresses in
single cells and cells in conta€ell and Molecular Bioengineering(1), 68—75.

Cappella, B., & Dietler, G. (1999). Force-distamceves by atomic force microscourface Science Repqrgs,
1-104.

Caputo, K. E., & Hammer, D. a. (2005). Effect otnovillus deformability on leukocyte adhesion exgld using
adhesive dynamics simulatior&ophysical Journal89, 187—200.

Carlson, R. H., Gabel, C. V, Chan, S. S., AustinHR & Brody, J. P. (1997). Self-Sorting of WhBéod Cells in
a Lattice.Physical Review Letterg9(11), 2149-2152.

Carrasco, Y. R., Fleire, S. J., Cameron, T., DustinL., Batista, F. D., & Fields, I. (2004). LFA/1CAM-1
Interaction Lowers the Threshold of B Cell Activatiby Facilitating B Cell Adhesion and Synapse
Formation.mmunity 20, 589-599.

Chan, J. R., Hyduk, S. J., & Cybulsky, M. I. (2008lphadbetal Integrin/VCAM-1 Interaction Activates
alphalLbeta2 Integrin-Mediated Adhesion to ICAM-IHoman T CellsThe Journal of Immunolog$64,
746-753.

Chen, C. S., Alonso, J. L., Ostuni, E., WhitesidesM., & Ingber, D. E. (2003). Cell shape providgasbal control
of focal adhesion assembBiochemical and Biophysical Research Communicati®dg 355-361.

Chen, G., & Goeddel, D. V. (2002). TNF-R1 SignaligBeautiful Pathway The Fas Signaling Pathwiore
Than a ParadignBcience296, 1634-1635.

Chu, J., Zhang, H., Huang, X., Lin, Y., Shen, The@, B., ... Li, J. (2013). Apelin ameliorates Thfrduced
reduction of glycogen synthesis in the hepatocytemugh G protein-coupled receptor APIoS One8(2),
e57231.

Constantin, G., & Laudanna, C. (2012). Transmigratf effector T lymphocytes: changing the rulature
Immunology13(1), 15-16.



Bibliography 101

Cox, D., Brennan, M., & Moran, N. (2010). Integrims therapeutic targets: lessons and opportuniisire
Reviews. Drug Discover9, 804—820.

Curtis, a S. G. (1964). A study by interferencde@fon microscopyJournal of Cell Biology2(Q(1), 199-215.

Czeschik, J. C., Hagenacker, T., Schafers, M., &Riberg, D. (2008). TNF-alpha differentially maatek ion
channels of nociceptive neuromMdeuroscience Letterd34, 293—-298.

De Fougerolles, A. R., Sprague, A. G., & Nickersuutter, C. L., et al. (2000). Regulation of inflation by
collagen-binding integring1f1 anda2f1 in models of hypersensitivity and arthrifiie Journal of Clinical
Investigation 105(6), 721-729.

Delanoé-Ayari, H., Rieu, J. P., & Sano, M. (20MI).traction force microscopy reveals asymmetritical forces
in migrating dictyostelium cellfhysical Review Letters05 248103—-1-248103-4.

Dixit, N., Yamayoshi, I., & Nazarian, A., et al.q21). Migrational guidance of neutrophils is meadhtaansduced
via high-affinity LFA-1 and calcium fluxJournal of Immunology187, 472—-481.

Engler, A. J., Griffin, M. A., & Sen, S., et al.q@4). Myotubes differentiate optimally on substsatéth tissue-like
stiffness: Pathological implications for soft aiffsthicroenvironmentsJournal of Cell Biology166(6), 877—
887.

Erdmann, T., & Schwarz, U. S. (2004). StabilityAafhesion Clusters under Constant FoRleysical Review
Letters 92(10), 108102—-1-108102—-4.

Erdmann, T., & Schwarz, U. S. (2006). Bistabilifycell-matrix adhesions resulting from nonlineaceptor-ligand
dynamics Biophysical Journal91(6), L60-L62.

Evans, E., & Ritchie, K. (1997). Dynamic strengfhmmlecular adhesion bondBiophysical Journgl72(4), 1541—
1555.

Faustman, D., & Davis, M. (2010). TNF receptor thpay: drug target for autoimmune diseadésmture Reviews.
Drug Discovery9(6), 482—-93.

Fiedler, S., Shirley, S. G., & Schnelle, T. (1998ielectrophoretic sorting of particles and cefisaimicrosystem.
Anaytical Chemistry70, 1909-1915.

Fletcher, D. a, & Mullins, R. D. (2010). Cell mecties and the cytoskeletoNature 463 485-492.
Folch, A. (2000). Icroengineering of cellular iraetions.Annual Review of Biomedical Engineeridg227—-256.

Folger, R., Weiss, L., & Glaves, D., et al. (197Bjanslational movements of macrophages througharefd
different viscositiesJounal of Cell Scien¢81, 245-257.

Franz, C. M., Taubenberger, A., & Puech, Pi-Halef2007). Studying integrin-mediated cell adhesibthe
single-molecule level using AFM force spectroscdpgience’s STKEO06, pl5.

Galbraith, C. G., Yamada, K. M., & Galbraith, J.(2006). Polymerizing actin fibers position intawriprimed to
probe for adhesion siteScience315 992—995.

Giagulli, C., Ottoboni, L., & Caveggion, E., et &006). The Src family kinases Hck and Fgr arpelisable for
inside-out, chemoattractant-induced signaling ratijud beta 2 integrin affinity and valency in neyhils,



Bibliography 102

but are required for beta 2 integrin-mediated olet$n signaling involved in sustainedJaurnal of
Immunology177, 604-611.

Giblin, P. A., Hwang, S. T., & Katsumoto, T. R.,att(1997). Ligation of L-selectin on T lymphocgtactivates
betal integrins and promotes adhesion to fibroneitiurnal of Immunologyl59, 3498-3507.

Grabovsky, V., Feigelson, S., & Chen, Ch., et2000). Subsecond Induction of alpha 4 Integrin tltisg by
Immobilized Chemokines Stimulates Leukocyte Tetigand Rolling on Endothelial Vascular Cell Adhesio
Molecule 1 under Flow Condition¥he Journal of Experimental Medicirk92(4), 495-505.

Gruys, E., Toussaint, M. J. M., & Niewold, T. At,a. (2005). Acute phase reaction and acute ppageins.
Journal of Zhejiang University6B(11), 1045-1056.

Harris, A. K., Wild, P., & Stopak, D. (1980). Sitine Rubber Substrates: A New Wrinkle In The StuflZéll
Locomotion.Science2084440), 177-7-179.

Harrison, D. J., Manz, A., & Fan, Z.H., et al. (299capillary electrophoresis and sample injecigstems
integrated on a planar glass chimalytical Chemistry64, 1926-1932.

Haubner, R., & Finsinger, D. (1997). AUFSATZE Stdsemere Peptid-Bibliotheken und Peptidmimetika zum
Design von selektiven Inhibitoren des a & -Integriar eine neuartige Krebstherapdigewandte Chemie
109 1440-1456.

Head, B. P., Patel, H. H., & Insel, P. a. (2014)etaction of membrane/lipid rafts with the cytdsken: impact on
signaling and function membrane/lipid rafts, meatiatof cytoskeletal arrangement and cell signaling.
Biochimica et Biophysica Acta8392), 532-545.

Helenius, J., Heisenberg, C.-P., & Gaub, H. Eal&2008). Single-cell force spectroscopgurnal of Cell Scienge
121(Pt 11), 1785-1791.

Hersen, P., & Ladoux, B. (2011). Biophysics: Pushull it. Naturg 470, 340-341.

Herter, J., & Zarbock, A. (2013). Integrin Regudatiduring Leukocyte Recruitmerdournal of Immunology190,
4451-4457.

Hirschfeld-Warneken, V. C., Arnold, M., & CavalcarA., et al. (2008). Cell adhesion and polarisatim
molecularly defined spacing gradient surfaces oficlRGDfK peptide patcheg&uropean Journal of Cell
Biology, 87, 743-750.

Hoffmann, S., Hosseini, B. H., & Hecker, M., et@011). Single cell force spectroscopy of T cedlsognizing a
myelin-derived peptide on antigen presenting cétienunology Lettersl36, 13—-20.

Hogg, N., Laschinger, M., & Giles, K., et al. (2003-cell integrins: more than just sticking poinisurnal of Cell
Sciencel16 4695-4705.

Hogg, N., Patzak, 1., & Willenbrock, F. (2011). Timsider's guide to leukocyte integrin signallingdafunction.
Nature Reviews. Immunologhl, 416—-426.

Hosseini, B. H., Louban, 1., & Djandiji, D., et 009). Inmune synapse formation determines intemaéorces
between T cells and antigen-presenting cells medsy atomic force microsocopyroceedings of the
National Academy of Scien¢cd9642), 17852-17857.



Bibliography 103

Huang, H., Kamm, R. D., & Lee, R. T. (2004). Cekchanics and mechanotransduction: pathways, prahds,
physiology.American Journal of Physiology. Cell Physiolpg87, C1-C11.

Hutter, J. L., & Bechhoefer, J. (1993). Calibratafratomic-force microscope tipReview of Scientific Instruments
64(7), 1868-1873.

Hynes, R. O. (2002). Integrin8idirectional , Allosteric Signaling MachineSell, 110, 673—-687.
Ibelgaufts, H. (2013). Cytokines & cells online lpfatder encyclopedia.

Ingber, D. E. (2006). Cellular mechanotransductjariting all the pieces together agaihe FASEB JournaR0,
811-827.

Jacobson, S. C., & Ramsey, J. M. (1996). Integritiedodevice for DNA Restriction Fragment Analysis.
Analytical Chemistry68, 720-723.

Jaczewska, J., Abdulreda, M. H., & Yau, Ch.Y.,le2014). TNFe and IFNy promote lymphocyte adhesion to
endothelial junctional regions facilitating trandethelial migrationJournal of Leukocyte Biolog95, 265—
274.

Janmey, P. a, & McCulloch, C. a. (2007). Cell meits integrating cell responses to mechanicaligtilAnnual
Review of Biomedical Engineerirgy 1-34.

Kiersnowska-Rogowska, B., Lzycka, A., & Jals&a, E. et al. (2006). Estimation of L-selectin r@gsion on
neutrophils and level of soluble L-selectin fornsgrum of patient with chronic myelogenic leukenfezeq|
Lek 63(9), 756—758.

Kinashi, T. (2005). Intracellular signalling coritiog integrin activation in lymphocytedlature Reviews.
Immunology5, 546-559.

Koukouritaki, S. B., Vardaki, E. A., & Papakonstait. A., et al. (1999). TNF-a Induces Actin Cyteiton
Reorganization in Glomerular Epithelial Cells Inviolg Tyrosine Phosphorylation of Paxillin and Focal
Adhesion KinaseMolecular Medicineb, 382—-392.

Krauss, T. F., Richard, M., & Brand, S. (1996). Fdimensional photonic-bandgap structures operatingear-
infrared wavelengths\ature 383, 699—-702.

LaFleur-Brooks. M. (2008)Exploring medical language: a student-directed aggmh(7th ed., p. p398). St. Louis,
Missouri, US: Mosby Elsevier.

Lampin, M., Legris, C., & Degrange, M. (1997). Gaation between substratum roughness and wettglmét!
adhesion, and cell migration - Lampin - 1998 - dalinf Biomedical Materials Research.pdfurnal of
Biomedical Materials Researctd6, 99—108.

Lee, S., & Spencer, N. D. (2008). Adsorption Prtipsrof Poly (L-lysine)-graft-poly (ethylene gly¢dPLL-g-
PEG ) at a Hydrophobic Interfacénfluence of Tribological Stress , pH , Salt Centration , and Polymer
Molecular WeightLangmuir, 24, 9479-9488.

Lee, S.-Y., Zaske, A.-M., & Novellino, T. et al.Q21). Probing the mechanical properties of TiNgtimulated
endothelial cell with atomic force microscopgternational Journal of Nanomedicing, 179-195.



Bibliography 104

Legate,L.R., Wickstrom, S. A., & Fassler, R. (2Q@Sgnetic and cell biological analysis of integitside-in
signaling.Genes & Developmeri23, 397-418.

Leick, A. (1904) Annalen Der Physiki4, 139.

Leitinger, B., & Hogg, N. (2002). The involvemerttlipid rafts in the regulation of integrin functioJounal of Cell
Sciencell155), 963-972.

Ley, K., Laudanna, C., Cybulsky, M. I., & Nourshlar@. (2007). Getting to the site of inflammatitme leukocyte
adhesion cascade updatBidture Reviews. Immunolqg 678—689.

Li, P. C. H., & Harrison, D. J. (1997). TranspolManipulation , and Reaction of Biological Cells-Chip Using
Electrokinetic EffectsAnalytical Chemistry69, 1564—-1568.

Liliental, J., & Chang, D. D. (1998). Rack1, a netwe for activated protein kinase C, interacts viitegrin beta
subunit.The Journal of Biological Chemistr273(4), 2379-2383.

Limozin, L., & Sengupta, K. (2009). Quantitativdleetion interference contrast microscopy (RICMsift matter
and cell adhesiorChemical Physics and Physical Chemisii§), 2752-2768.

Lokuta, M. A., & Huttenlocher, A. (2005). TNF- alplpromotes a stop signal that inhibits neutropbiihpzation
and migration via a p38 MAPK pathwalpurnal of Leukocyte Biology8, 210-219.

Luo, B., Carman, C. V, & Springer, T. A. (2007)r&tural basis of integrin regulation and signalidgnual
Review of ImmunoR5, 619-647.

Luo, J. X, Li, C. F., & Xu, T. Sh., et al. (201813K is involved inB1 integrin clustering by PSGL-1 and promotes
B1 integrin-mediated Jurkat cell adhesion to fibiime Molecular and Cellular Biochemistr385, 287—-295.

Maciaszek, J. L., Partola, K., & Zhang, Ji., et{a014). Single-cell force spectroscopy as a tephmio quantify
human red blood cell adhesion to subendotheliailemJournal of Biomechani¢c47, 3855—-3861.

Majstoravich, S., Zhang, J. Y., & Nicholson-Dykst8a, et al. (2004). Lymphocyte microvilli are dyma, actin-
dependent structures that do not require Wiskattiéh syndrome protein (WASp) for their morphology.
Blood 104, 1396-1403.

Mao, Y., & Schwarzbauer, J. E. (2005). Fibronefibinllogenesis, a cell-mediated matrix assemblyqassMatrix
Biology, 24, 389-399.

Marshall, B. T., Long, M., & Piper, J.W., et alO3). Direct observation of catch bonds involvirgj-edhesion
moleculesNature 423 190-193.

Maton, D., Hopkins, J., & McLaughlin, C. W. et £008).Human biology and healtEnglewood Cliffs, New
Jersey, USA: Prentice Hall.

Mattila, P. K., & Lappalainen, P. (2008). Filopodiolecular architecture and cellular functioNsture Reviews.
Molecular Cell Biology?9, 446-454.

Millard, T. H., & Martin, P. (2008). Dynamic analgsf filopodial interactions during the zipperipgase of
Drosophila dorsal closur®evelopmentl35 621-626.



Bibliography 105

Muth, C. A., Steinl, C., & Klein, G., et al. (2013 egulation of hematopoietic stem cell behaviothsy
nanostructured presentation of extracellular matomponentsPloS One8(2), e54778.

Mdller, D. J., & Engel, A. (2007). Atomic force mascopy and spectroscopy of native membrane psotdature
Protocols 2(9), 2191-2197.

Nazirizadeh, Y., Becker, T., & Reverey, J., e{2012). Photonic crystal slabs for surface conteastancement in
microscopy of transparent objec@ptics Expres20(13), 14451-14459.

Nazirizadeh, Y., Muller, J. G., & Geyer, U., et @008). Direct Observation of Photonic Modes imfehic Crystal
Slabs.IEEE, 72—75.

Nazirizadeh, Y., Reverey, J., & Geyer, U., et 2013). Material-based three-dimensional imagindpwit
nanostructured surface&pplied Physics Letter402 011116.

Nourshargh, S., & Alon, R. (2014). Leukocyte Migpatinto Inflamed Tissue$mmunity 41, 694-707.

Ornatsky, O., Bandura, D., & Baranov, V., et aD1Q). Highly multiparametric analysis by mass cyttm.
Journal of Immunological Methog361, 1-20.

Osborn, L., Hession, C., & Tizard, R., et al. (1p&3rect Expression Cloning of Vascular Cell AdioesMolecule
1, a Cytokine-Induced Endothelial Protein That Bitol LymphocytesCell, 59, 1203-1211.

Paguirigan, A. L., & Beebe, D. J. (2008). Microtligs meet cell biology: Bridging the gap by validatand
application of microscale techniques for cell bgital assaysBioEssays30, 811-821.

Pankov, R., & Yamada, K. M. (2002). FibronectiraaglanceJournal of Cell Sciencd 1520), 3861-3863.

Park, S., Koch, D., & Cardenas, R., et al. (20@&)l motility and local viscoelasticity of fibrokdés.Biophysical
Journal, 89, 4330-4342.

Partridge, M. A., & Marcantonio, E. E. (2006). latton of Attachment and Generation of Mature Faedhesions
by Integrin-containing Filopodia in Cell Spreadimhplecular Biology of the Celll7, 4237-4248.

Pasche, S., Textor, M., & Meagher, L. et al. (2068lationship between Interfacial Forces Measbse@olloid-
Probe Atomic Force Microscopy and Protein ResigafdPoly (ethylene glycol) -Grafted Poly (L-lys)ne
Adlayers on Niobia Surfacelsangmuir, 21, 6508-6520.

Paszek, M. J., Boettiger, D., & Weaver, V. M., ef(2009). Integrin clustering is driven by mechatiresistance
from the glycocalyx and the substra®.0S Computational Biolog$%(12), e1000604.

Patterson, K. C., Yang, R., & Zeng, B.X., et aD13). Measurement of cationic and intracellular oiation of
integrin binding affinity by AFM-based nanorob8iophysical Journal105 40-47.

Pawley, J. B. (2006 handbook of biological confocal microscof8rd ed.). Berlin: Springer.

Peters, J. . H., Sporn, L. . A., & Ginsberg, M. ¢t.al. (1990). Human endothelial cells synthegizecess, and
secrete fibronectin molecules bearing an alterebtispliced type Il homology (ED1Blood 75(9), 1801—
1808.

Petersen, K. E. (1979). Fabrication of an intergbtmhar silicon ink-jet structuréEEE Transactions on Electron
Devices ED-26(12), 1918-1920.



Bibliography 106

Philipp, S., Puchert, M., & Adam-Klages, S., et(2010). The Polycomb group protein EED couples Télfeptor
1 to neutral sphingomyelinageroceedings of the National Academy of Sciencésedfnited States of
Americag 107(3), 1112-1117.

Pober, J. S., & Sessa, W. C. (2007). Evolving fiomst of endothelial cells in inflammatioNature Reviews.
Immunology7, 803-815.

Provenzano, P. P., & Keely, P. J. (2011). Mechamiggmaling through the cytoskeleton regulates peliferation
by coordinated focal adhesion and Rho GTPase smgndburnal of Cell Science 24, 1195-1205.

Puls, A., Eliopoulos, A. G., Nobes, C. D., Bridgés,& Young, L. S. (1999). Activation of the sm&ITPase
Cdc42 by the inflammatory cytokines TNFand IL-1 , and by the Epstein-Barr virus transfimgrprotein
LMP1. Journal of Cell Sciengd 12 2983-2992.

Ramsden, J. J., & Horvath, R. (2009). Optical bisses for cell adhesiodournal of Receptor and Signal
Transduction ReseargcB9(3-4), 211-223.

Rape, A.D., Guo, W.H., & Wang, Y. L. (201Responses of cells to adhesion-mediated signaisiveersal
mechanism(A. W. Johnson & B. A. Harley, Eds.) (pp. pp1-18pringer US.

Rico, F., Chu, C., & Abdulreda, M.H., et al. (2010¢mperature modulation of integrin-mediated adtesion.
Biophysical Journgl99, 1387-1396.

Rietzler, M., Bittner, M., & Kolanus, W., et al.428). The human WD repeat protein WAIT-1 specificalteracts
with the cytoplasmic tails d¥7-integrins.Journal of Biological Chemistn27342), 27459-27466.

Rinker, K. D., Prabhakar, V., & Truskey, G. A. (2Q0Effect of Contact Time and Force on Monocytéhésion to
Vascular EndotheliunBiophysical Journgl80, 1722-1732.

Roduit, C., van der Goot, F. G., & De Los Rios, IBaet al. (2008). Elastic membrane heterogenditivimg cells
revealed by stiff nanoscale membrane dom@iephysical Journgl94(4), 1521-1532.

Ruoslahti, E., & Pierschbacher, M. D. (1987). Nesvdpectives in Cell AdhesiorRGD and IntegrinsScience238,
491-497.

San Lek, H., Morrison, V. L., & Conneely, M., et £013). The spontaneously adhesive leukocytetiomc
associated antigen-1 (LFA-1) integrin in effectocells mediates rapid actin- and calmodulin-depetde
adhesion strengthening to ligand under shear flawrnal of Biological Chemistr288 14698-14708.

Sariisik, E., Docheva, D., & Padula, D., et al.12R Probing the interaction forces of prostateceamrells with
collagen | and bone marrow derived stem cells ersthgle cell levelPloS One8(3), e57706.

Schmitz, J., Manevich, E., & Tschope, M., et aQ®). Linking single integrin—ligand bond propestie cell
adhesiveness under external forces exemplifieth@ WL A-4—-VCAM-1 bond.Soft Matter5, 4141-4151.

Schneider, U., Schwenk, H.-U., & Bornkamm, G. (19¢haracterization of EBV-genome negative “nulitd'T”
cell lines derived from children with acute lympHediic leukemia and leukemic transformed non-haalgki
lymphoma.nternational Journal of Cancef9, 621—-626.

Selhuber-Unkel, C. (2006). Biological adhesion anaopatterned substrates studied with force spectpgsand
microinterferometryphD Dissertation



Bibliography 107

Selhuber-Unkel, C., L6pez-Garcia, M., Kessler,&Spatz, J. P. (2008). Cooperativity in adhesiarstgr
formation during initial cell adhesioBiophysical Journgl95, 5424-31.

Seminario, M., Sterbinsky, S. A., & Bochner, B(898). beta 1 Integrin-dependent binding of Judediss to
fibronectin is regulated by a serine-threonine phasaseJournal of Leukocyte Biolog§4, 753—-758.

Shimaoka, M., Xiao, T., & Liu, J. H., et al. (2008tructures of theL | domain and its complex with ICAM-1
reveal a shape-shifting pathway for integrin retiata Cell, 112, 99-111.

Shimizu, Y. J., Van Seventer, G. J. A., & Horgan].Ket al. (1990). Costimulation of proliferatinesponses of
resting CD4+ T cells by the interaction of VLA-1dWLA-5 with fibronectin or VLA-6 with lamininThe
Journal of Immunologyl45 59-67.

Song, K. H., Kwon, K. W., Choi, J.-C., Jung, J.flR¥., Suh, K.-Y., & Doh, J. (2014). T cells sersephysical
cues using lamellipodia and filopodia to optimimg@luminal path findinglntegrative Biology6, 450—459.

Springer, T. a., & Dustin, M. L. (2012). Integrimside-out signaling and the immunological synafserent
Opinion in Cell Biology24, 107-115.

Stadtmann, A., Germena, G., & Block, H., et al.120 The PSGL-1-L-selectin signaling complex retpda
neutrophil adhesion under floWwhe Journal of Experimental Medicirzl((11), 2171-2180.

Svitkina, T. M., Bulanova, E. A., & Chaga, O.Y.,at (2003). Mechanism of filopodia initiation bgarganization
of a dendritic networkJournal of Cell Biology160, 409-421.

Tamkun, J. W., Desimone, D. W., Fonda, D., Pate5.RBuck, C., Horwitz, A. F., & Hynes, R. (1986&}ructure
of Integrin , a G lycoprotein Involved in the Tramsmbrane Linkage between Fibronectin and A&iill, 46,
271-282.

Taubenberger, A. V. (2009). Quantifying adhesiveriactions between cells and extracellular matyisingle-cell
force spectroscopyphD Dissertation

Taylor, T. B., Winn-deen, E. S., & Picozza, E.akt(1997). Optimization of the performance of ffutymerase
chain reaction in silicon-based microstructuidgcleic Acids ResearcBA5(15), 3164—3168.

To, W. S., & Midwood, K. S. (2011). Plasma and welt fibronectin: distinct and independent funcauring
tissue repairfFibrogenesis & Tissue Repa#, 21.

Tulla, M., Helenius, J., & Jokinen, J., et al. (8DOTPA primes alpha2betal integrins for cell adtre$-EBS
Letters 582 3520-3524.

Vaday, G. G., Hershkoviz, R., Rahat, M. A., Latt, & Cahalon, L. (2000). Fibronectin-bound TNFplah
stimulates monocyte matrix metalloproteinase-9 esgion and regulates chemotagi®, 737—747.

Vanderslice, P., Ren, K., & Revelle, J. K., et(2B97). A cyclic hexapeptide is a potent antagarfistipha 4
integrins.Journal of Immunologyl584), 1710-1718.

Wang, N., Tytell, J. D., & Ingber, D. E. (2009). Mf&notransduction at a distance: mechanically cogiphe
extracellular matrix with the nucleudature Reviews. Molecular Cell Biologh0, 75—-82.

Wang, Y. X., Botvinick, E. L., & Zhao, Y. H., et.dR2005). visualizing the mechanical activatiorSof. Nature
434, 1040-1045.



Bibliography 108

Whitesides, G. M. (2006). The origins and the fataf microfluidics.Nature 442 368-373.

Wilson, S. M., & Bacic, A. (2012). Preparation ¢&pt cells for transmission electron microscopppdimize
immunogold labeling of carbohydrate and proteiriaggges Nature Protocols7, 1716-1727.

Witte, V., Laffert, B., & Rosorius, O., et al. (200 HIV-1 Nef Mimics an Integrin Receptor SignahttRecruits the
Polycomb Group Protein Eed to the Plasma Membmdoéecular Cel| 13, 179-190.

Woolf, E., Grigorova, I., & Sagiv, A., e al. (200ymph node chemokines promote sustained T lymytieoc
motility without triggering stable integrin adhesiess in the absence of shear forlskegure Immunology
8(10), 1076-1085.

Yamada, K. M., & Kennedy, D. W. (1979). Fibroblastlular and plasma fibronectins are similar butidentical.
The Journal of Cell Biology80(25), 492—498.

Yeung, T., Georges, P. C., & Flanagan, L. A., e{2005). Effects of substrate stiffness on celfphology,
cytoskeletal structure, and adhesiGell Motility and the Cytoskeletpf0, 24—-34.

Zaidel-Bar, R., Cohen, M., & Addadi, L., et al. @0). Hierarchical assembly of cell-matrix adhestomplexes.
Biochemical Society Transactiqré, 416—420.

Zamir, E., & Geiger, B. (2001). Molecular complgxitnd dynamics of cell-matrix adhesiodsurnal of Cell
Sciencel114(20), 3583—-3590.

Zhang, K., & Chen, J. F. (2012). The regulatiorintégrin function by divalent cation€ell Adhesion & Migration
6(1), 20-29.

Zhang, X. H., Wojcikiewicz, E. P., & Moy, V. T. (88). Dynamic adhesion of T lymphocytes to endogheklls
revealed by atomic force microscofxperimental Biology and Medicin231, 1306—-1312.

Zhu, D. M., Dustin, M. L., & Cairo, C. W., et aR§07). Analysis of two-dimensional dissociation stamt of
laterally mobile cell adhesion molecul@&ophysical Journgl92, 1022—-1034.

Zilker, A., Engelhardt, H., & Sackmann, E. (1983ynamic reflection interference contrast (RIC-) micopy. a
new method to study surface excitations of celt tarmeasure membrane bending elastic modalirnal de
Physique48, 2139-2151.



Acknowledgement 109

9. Acknowledgements

Some years ago, | thought that | would not choagphysics for the further research field until
now | studied biomechanics and measured the tirgefof single molecules. Without the kindest

help from many people, | am not able to accompiigtPhD research.

First of all, | would like to sincerely thank my mervisor, Prof. Christine Selhuber-Unkel to
allow me to work in the interesting project and #eey patient guidance in the physical field as
well as for the financial support during the whoésearch period. | want to also thank Prof.
Dieter Adam for his nice guidance in immunologye8iglly, | benefited a lot from the efforts of
the above two professors and learned a lot in ikexrdisciplinary field. | am very grateful to
Prof. Thomas Bosch for inviting me to realize mgaarch abroad and for his agreement of my
official supervisor, without his facilitation, togia work is just a dream. Additionally, 1 would
like to thank the encouraging from Dr. Konstantihaiturin and his guidance in improving my

presentation.

Secondly, | am very appreciating the warmest hedlmfmy colleagues. The early guidance from
Dr. Saskia Viebig in the biomaterials study and kepport in my work gave me a lot of
confidence. Dr. Constanze Lamprecht introduced ¢ohow to use the AFM, which made my
measurements very effective and efficient. As wadliren Gutekunst helped me very patiently on
the fluorescence microscopies and also | thanktihie for making my life abroad easy.
Benjamin Spetzler helped me for installing the RI@¥d the following imaging was very
smooth and also his bachelor thesis and Hiwi woakienmy project more integrated. Equally, |
thank Manuela Lieb for her many help in the tectamidelp in the lab and Ellen Riemer for her
general help in office. Meanwhile, | thank my HiWtudents Katharina Siemsen, Anneke
Mohring and my master student Chengqgi Xu for theerwork time together. Indispensable, |
thank Hendrikje Neumann, Mohammadreza Taale, Dhiako Tellkamp, Dr. Julia Reverey,
Michael Timmermann, Katharina Gopfert, Laith Kadémn their harmonious and encouraging

work environment.

Thirdly, 1 would like to thank the help from the que within collaborations. Justyna Sosna



Acknowledgement 110

helped me every time | asked for the CLSM imagingl avas accompanied during the
immunofluorescence and FACS experiment. | also fitedea lot from the discussion with her.
Sabine Mathieu prepared the culture medium and idRy times. | also want to thank Yousef
Nazirizadeh for the providing PCS and the imagietptwith surface contrast microscopy and
the people prepared the biocompatible samples: éleHolz, Grace Suana, Ahmed Zayed,
Klaas Loger, Kristina Schliter, Melike Baytekin-@Ggrof3. Furthermore, | would like to thank

the entire Bosch group, where | spent the first tmemths very happily.

Particularly and importantly, | would like to thanky parents for their support all the time in my
education.

Last but not least, | thank Wei for his foreveribkin my academic ability whenever | felt

frustrated as well as the best accompany and carg idaily life.



Appendix

111

10. Appendix

c. C o
O~0~ 0~0~ o~0~,
;002 0-0° ;0.0
0""0'\9 O""O'\c} 0—“‘0-\%
~0~0 ~0—0 ~0—0
CL.O—-? o--0-*3 Q_o—~
~—0—0 Q‘:'OfO ,-0.»09
O o’ O
9 2 o 5
0= 0= o=C

Fig. 65: Interfacial structure of adsorption of PLL-g-PEG on the surface.The surface is
negatively charged and PLL has positive charge {fieddfrom Pasche et al., 2005).
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Fig. 66: Chemical structure of cRGD.(Selhuber-Unkel, 2006)
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Fig. 67: Chemical structure of cLDV.
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