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ABSTRACT

Eun-ju Lee
Development of Dynamic Substrates for Studies of Cell Adhesion and Migration

(Under the direction of Muhammad Y ousaf)

A class of model substrates that modulate the dynamic environment for a variety of
cell adhesion and migration experiments was developed. The substrate is based on an
electrochemically switchable self-assembled monolayer that presents redox active
hydroquinone groups. In the presence of the cells, the surface can be activated to undergo
chemoselective reaction between quinone monolayers and oxyamine-tethered ligands
resulting in ligand immobilization on the surface. The dynamic substrates were used to probe
in real-time how the interplay between the population of cells, the initial pattern geometry,
ligand density, ligand affinity and integrin composition affects cell migration and growth.
The study also showed cell migration was affected by initial events which dictated
subsequent motility that superseded the composition of the underlying surface chemistry.
Whole genome microarray analysis indicates that several classes of genes ranging from
signal transduction to cytoskeletal reorganization are differentially regulated depending on
the nature of the surface conditions.

A combined photochemical and electrochemical approach generated model substrates

presenting molecularly defined gradients of ligands for studying cell migration and

i



polarization. Deprotection of a photo-labile group by ultraviolet light revealed redox active
molecules in patterns and gradients; consequently so were the coupled ligand molecules. We
show quantitatively the subtle interplay between ligand slope, density and affinity that causes
a cell to modulate its adhesion and migration position and behavior during directed
movement. The methodology for immobilizing ligand and patterning gradient was also used

in producing co-culture model substrate and nanoarrays for adhesion study.
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CHAPTER 1

Chemical Design and Development of a Model Substrate

Introduction

Self-assembled Monolayers (SAMs)

Self-assembled monolayers (SAMs) are ordered monomolecular films formed by
spontaneous organization of molecules (surfactant) on a solid surface [1-7]. The surface on
which a SAM forms and the physical object supporting that surface often are referred to as
the “substrate”. Types of substrates range from planar surfaces (glass or silicon slabs
supporting thin films of metal, metal foils, single crystals) to highly curved nanostructures
(colloids, nanocrystals, nanorods). The principal driving force for formation of these
assemblies is specific interactions between the surfactant head group and the substrate
surface. Depending on the structure of the surfactant, SAMs can be disordered (liquid-like)
or well-packed, resembling the organization of crystals. The degree of order in monolayers is
a product of many factors and includes geometric considerations, electrostatic and dipole-
dipole interactions within the monolayers, affinity of the head group of the surfactant to the
surface. Monolayers of fatty acids, organosulfur adsorbates on metal, alkyl monolayers on
silicon, long-chain organic acids on oxides of metals are all classes of SAMs. The most

studied SAMs to date are monolayers of alkanethiolates on gold.



SAMs have been used for controlling physical properties of interfaces, such as wetting,
adhesion, lubrication and corrosion, as well as understanding fundamental aspects of
interfacial phenomena [1, 2, 8, 9]. SAMs are also widely utilized to generate two-
dimensional micro- and nano-structures by immobilizing biomolecules (e.g. nucleic acids,

peptides and carbohydrates) and cells in a spatially controlled manner [2, 10-19].

SAMs - Alkanethiolates on Gold

The wide use of gold as a substrate for studying SAMs is due to several advantageous
characteristics: 1. gold is exceptionally easy to pattern by a combination of lithographic tools
and chemical etchants; 2. gold is a reasonably inert metal thus it does not react with
atmospheric oxygen or most chemicals; 3. gold binds thiols with a high affinity and does not
undergo any unusual reactions with them; 4. thin films of gold are common substrates used
for a number of existing spectroscopies and analytical techniques, and; 5. gold is compatible
with cells that can adhere and function on gold surfaces without evidence of toxicity [1-3, 16].
SAMs formed from thiols on gold are stable for periods of days to weeks when in contact
with the complex liquid media required for cell studies. The ordering of alkanethiols is
driven by the strong affinity between sulfur and gold, the lateral van der Waals interactions
between the tethered alkyl chains, and the dipole interactions between polar end groups.

Chemisorption of alkanethiols on gold forms stable SAMs and the interfacial structure
can be controlled and tailored using routine organic synthesis [1, 4-6, 20]. The structure of
these monolayers is illustrated in Figure 1-1A. The assembly chemistries involve significant
contributions from the interplay between the metal-sulfur bonding and stabilizing lateral

interactions of the organic groups. The structural model of the SAMs of thiols on the gold



Figure 1-1. Representation of self-assembled monolayer (SAM) of alkanethiolates on the
surface of gold. A. (Left) A space-filling model of alkanethiolates chemisorbed to a gold
surface. The alkyl chains are close-packed and tilted approximately 30° from the normal to
the surface. (Right) Schematic drawing of SAM. The properties of the SAM are determined
by the terminal functional group of the precursor alkanethiol. B. Hexagonal coverage scheme
for alkanethiolates on Au (111). The open circles are gold atoms and the shaded circles are
sulfur atoms. The alkanethiolates coordinate to the hollow three-fold sites of the gold (111)
surfaces. The gold atoms are arranged in a hexagonal relationship.



lattice is shown in Figure 1-1B. The arrangement shown is a (V3 x V3) R 30° structure where
the sulfur atoms (dark gray circles) are positioned in the three-fold hollows of the gold lattice
(white circles). The geometric arrangement of the sulfur moieties on the surface and the
nearest-neighbor distances between the metal atoms at the surface are factors that determine
the upper limit on the density of molecules on the surface. For the organic layer, the
molecules adopt conformations that allow high degrees of van der Waals interactions with
the neighboring molecules to minimize the free energy. These arrangements yield a
secondary level of organization in the monolayer that is important in determining
macroscopic materials properties, such as wetting, of the SAMs. The electron diffraction
studies indicated that the symmetry of sulfur atoms in a monolayer is hexagonal with a
spacing between sulfur atoms of 4.97 A, and calculated area per molecule of 21.4 A* [21].

From the kinetic studies, the adsorption of alkanethiol onto gold (111) surfaces was
found to strongly depend on alkanethiol concentration [1, 2]. At I mM solution of alkanethiol,
the monolayer is formed within a few minutes while it takes over 100 minutes at 1 pM
concentration [22]. Chemisorption of alkanethiols as well as of di-n-alkyl disulfides on clean
gold gives indistinguishable monolayers [20, 23].

The strong chemical bonding that is exhibited is best described by Au" and RS™. A
simple oxidative addition of the S-S bond to the gold surface is possibly the mechanism in

the formation of SAMs from disulfides:

RS-SR + Au(0), — RS Au" -Au(0),.;



There is evidence supporting this disulfide bond cleavage mechanism and the
subsequent formation of a gold thiolate species. The rates of formation of SAMs from dialkyl
disulfides or alkanethiols are indistinguishable, but the rate of replacement of molecules from
SAMs by thiols was much faster than by disulfides.

In the alkanethiol case, the reaction may be considered formally as an oxidative
addition of the S-H bond to the gold surface, followed by a reductive elimination of the

hydrogen:

RSH + Au(0), — RS Au"™Au(0),.; + %4 H,

The combination of hydrogen atoms at the metal surface to yield H, molecules may be
an important exothermic step in the overall chemisorption energetics. It has been shown that
the adsorbing species is the thiolate (RS") by XPS [6, 24, 25], Fourier transform infrared
spectroscopy (FTIR) [25, 26], Fourier transform mass spectrometry [27], electrochemistry
[28], and Raman spectroscopy [29]. On the basis of the bond energies of RS-H, H, and RS-
Au (87, 104 and 40 kcal/mol, respectively), the net energy for adsorption of alkanethiolates
on gold would be ca. -5 kcal/mol (exothermic) [1]. Nuzzo and co-workers used grazing-angle
FTIR to show that the alkyl chains are trans-extended, close-packed and tilted approximately
30° from the normal to the surface [20].

Virtually any functional group can be introduced in the monolayers as a terminal group
and consequently determines the properties of the SAMs. This ability to precisely control
surface composition makes them an invaluable tool for studying interfacial reactions. Co-

adsorption of two or more substituted alkanethiolates leads to formation of a mixed



monolayer, thus enhancing control over surface composition and properties [4, 30]. The
densities of mixed SAMs can also be controlled by adjusting the ratio of alkanethiols. For
SAMs formed from alkanethiols on gold, the typical surface density of molecules when
maximum coverage is obtained is ~4.5 x 10'* molecules/cm” [2]. Most spectroscopic and
experimental evidence suggests that the average properties of SAMs formed from n-
alkanethiols (e.g. wettability, mass coverage) do not change significantly when exposed to ~1

mM solutions of alkanethiols for more than 12-18 hours.

Stimuli-responsive SAM Surfaces for Bio-application

Simple small functional groups (-OH, -COOH) are often adequate for studies of
properties relevant to materials science such as wettability, friction, adhesion and corrosion
resistance. If we consider that these applications are based on the “static” property of SAMs,
the introduction of a dynamic property onto the surface is challenging but of great interest.
By a method which induces surface reactions only when needed we can generate stimuli-
responsive surfaces in which the physical, chemical and biological properties of surfaces are
tuned [12, 31-35]. The surfaces that can be changed or tuned in an accurate and predictable
manner by using an external stimulus have numerous applications in science and technology
ranging from environmental cleanup to data storage.

Methods for modifying SAMs after their formation are critical for the development of
surfaces that present the large, complex ligands and molecules needed for biology and
biochemistry. Modification of the exposed surface of a SAM after formation would be
advantageous for linking biological ligands that may be in short supply to surfaces because

the amount of ligand required for immobilization is very small (nanomoles). Also,



incorporation of ligands into SAMs that are not compatible with synthetic methods can be
achieved. Good candidate methods to create a switchable surfaces via simple modifications
of SAMs are photochemically induced and electrochemically induced reactions [8].
Photochemical reactions can be combined with photolithography in which photolabile
protecting groups are site-selectively removed upon exposure to light for microfabrication
[36]. This kind of surface reaction will be discussed further in the Chapter 3.

Electrochemically induced surface reactions involve an electron transfer between a
surface (e.g. gold and silicon) and a reaction site. Dynamic control of surface properties
could be achieved by application of electrical potentials and reversible oxidation-reduction
reactions. Langer and co-workers reported SAM surfaces which undergo dynamic changes in
interfacial properties in response to an electrical potential [34]. The wettability was altered by
the conformational transitions of the single-layered molecules between a hydrophilic and
hydrophobic state. The stimuli-responsive changes in wettability are of interest for the
development of micro- and nanofluidic devices, self-cleaning and anti-fog surfaces and
sensor devices [12, 33, 37]. Biosensors, which transduce a bio-recognition event into
measurable electronic or opto-electronic signals, have a crucial role in a wide range of
applications, including clinical diagnosis, environmental monitoring, forensic analysis and
anti-terrorism [14, 38]. Kwak and co-workers invented an enzyme-amplified immunosensor
using redox mediation of a ferrocene-dendrimer which was immobilized to the electrode
surface of carboxylic acids SAMs [39].

The development of substrates that dynamically regulate biological functions in
response to applied stimuli can mimic the dynamic properties of biological systems. Surfaces

that can modulate biomolecular activity, protein immobilization, and cell adhesion and



migration at the liquid-solid interface can be useful in diverse biological and medical
applications [15, 17, 40-42]. Mrksich and Yousaf generated hydroquinone-presenting SAMs
and the electrochemically oxidized quinone was used for immobilizing various functional
molecules onto the surface through Diels-Alder reactions [43-45]. Although this strategy
provides a rapid and selective immobilization of biomolecules, the syntheses of
cyclopentadiene tethered molecules for Diels-Alder reactions are challenging. In particular,
the use of cyclopentadiene for common solid-phase peptide synthesis is not feasible because
the cyclopentadiene readily decomposes under cleavage conditions. Alternatively, the
Michael addition provides a straightforward route by using sulfhydryl groups to conjugate
biomolecules onto quinone surfaces. However the resulting quinone-thiol conjugate has a
redox-active signal similar to that of the quinone starting material thus the product cannot be
distinguished from the quinone by electrochemistry and the surface density of immobilized
ligands cannot be determined [46, 47].

A novel coupling chemistry for the quinone molecules with oxyamine-functional group
has been developed by Chan and Yousaf [48-50]. The approach allows for the
immobilization of ligands with precise control of density onto an electroactive SAM of
alkanethiols on gold. Based on this strategy we have designed and developed a stimuli-
responsive SAM on which the surface property is dynamically changing. In this chapter the
chemical method and the surface characterization for the novel dynamic surface will be
discussed. The use of this surface in cell biology will be further discussed in chapters 2, 3

and 4.



Results and Discussion

Synthesis of Hydroquinone Alkanethiol (1d)

The hydroquinone-terminated alkanethiol (1d) was synthesized as shown in Figure 1-
2. The p-dimethoxybenzene is deprotonated by the strong base t-butyllithium which reacts
with undecenylbromide to provide 11-(2, 5-Dimethoxyphenyl)-1-undecene (1a). Subsequent
photoaddition of 1a in the presence of thiolacetic acid converted the alkene to a terminal
thioacetate (1b). Addition of BBr; converted the methoxy groups on the aromatic ring to
hydroxyl groups (1c). Acid hydrolysis of 1c resulted in the removal of the acyl group to

provide the hydroquinone alkanethiol (1d).

Electrochemical Characterization of SAM

The SAM was prepared by immersing the gold substrate in 1 mM ethanolic solution of
hydroquinone alkanethiol (1d) for 12 hours. The conductivity of the SAM-coated gold can be
used as a tool for surface characterization. Using a SAM-coated gold as the working
electrode, the monolayer functionalized with redox-active groups responds to the
electrochemical potential applied and the cyclic voltammetry provides information of the
SAM surface. The electrochemical measurement was performed in 1 M HCIO4 using
Ag/AgCl as reference electrode at a scan rate of 50 mV/s. The interconversion between
hydroquinone and quinone is a reversible redox process in which two electrons and two
protons are involved (Figure 1-3A). The hydroquinone alkanethiol had an oxidation potential

of 580 mV and the quinone had a reduction potential of 44 mV versus Ag/AgCl reference



Figure 1-2. Synthetic route to hydroquinone alkanethiol (1d).
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Figure 1-3. Characterization of redox active monolayers. A. The monolayer presenting
hydroquinone alkanethiols undergo reversible two electron two proton redox process. B.
Cyclic voltammetry of hydroquinone/quinone redox process.
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electrode (Figure 1-3B). This redox process is reversible and the repetitive scan gives an

overlapping cyclic voltammogram over 6 hours.

The Density of Redox-active Molecules in the Mixed Monolayers

The electric current in cyclic voltammetry is directly related to the number of redox-
active molecules on the gold surface. The total charge (Q) that was consumed in the redox
process is related to the density of redox-active molecules (I') by equation 1-1, where n is the
number of electrons involved in the redox couple (n = 2 for hydroquinone/quinone), F is
Faraday’s constant, and A is the surface area of the electrode that is in contact with the
electrolyte. Electric current is the flow of electric charge and it is expressed as in equation 1-
2, where t is the time. Therefore the density of redox-active molecules on the gold surface is

directly reflected in the peak current in cyclic voltammetry.

Q=nFAL (equation 1-1)
I=Q/t (for a steady flow) or [ =dQ/dt (equation 1-2)

I'oc I

It would be advantageous for the ultimate use of the SAM surface in presenting biological
ligand for cell study model to precisely control the ligand density on the surface substrate. To
achieve this we need to determine how effectively and consistently a SAM presenting a
surface of redox active molecules can be generated. As discussed in the introduction,
generally the monolayer is formed within a few minutes with 1 mM solution of alkanethiol.

The 1 mM solution of mixed alkanethiols for making SAMs can be used to generate various

12



densities of a specific alkanethiol by mixing two or more kinds of alkanethiols in a different
ratio. Ideally, it should be determined whether the density of chemisorbed alkanethiol on
gold surface accurately reflects the density in solution which is used for SAM formation.

Since the peak current in cyclic voltammetry is directly related to the density of
hydroquinone alkanethiol on a gold surface, an experiment was designed to compare the
current values from different densities of hydroquinone alkanethiol. Mixed SAMs of
hydroquinone (HQ)-terminated alkanethiol and hydroxyl group (OH)-terminated alkanethiol
were prepared at various ratios with total concentration of 1 mM in an ethanol solution (the
ratio of HQ/OH = 100/0, 75/25, 50/50, and 25/75). Using the SAM substrates as the working
electrode, cyclic voltammetry was performed. Figure 1-4A shows the cyclic voltammogram
of various mixed SAM surfaces. The substrate with higher ratio of HQ over OH in the SAM
solution presents a stronger signal because more electroactive molecules are chemisorbed on
the gold surface.

We determined the density of HQ groups on the monolayer by integrating the area
under the reductive voltammetric wave. This integrated area represents the total charge (Q)
that was consumed in the redox process and gave a density (I'ug) of 2.3 x 10" mol/cm? (1.4
x 10'* molecules/cm?) for the 50 % quinone monolayer and 4.9 x 10™'° mol/cm* (2.9 x 10"
molecules/cm?) for the 100 % quinone monolayer (equation 1-1). The current change at 580
mV where hydroquinone oxidizes and at 44 mV where quinone reduces was recorded and it
was plotted versus HQ volume density in the solution that was used for making mixed SAMs.
As shown in Figure 1-4B, the plot generated straight lines (R? value > 0.99) and this

indicates that the density of HQ in the SAM solution was consistently transferred to the gold
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Figure 1-4. The relationship between electrochemical signals and the densities of redox
active molecules on the SAMs. A. Cyclic voltammograms of mixed monolayers of
hydroquinone- and hydroxyl group-terminated alkanethiols in different ratio. B and C. The
changes of peak current at 580 mV (B) and 44 mV (C) from the cyclic voltammetry (A) were
plotted against the density of hydroquinone alkanethiols in SAM solution. The linearity in
both plots implies that the solution concentration of hydroquinone alkanethiol determines the
actual surface concentration (density) of hydroquinone alkanethiol.
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surface. In other words the mole fraction of HQ in solution ()uq solution) 1S €qual to the mole
fraction of HQ on surface (Yuq surface). From this result we assume that the molecular density

of HQ in the SAM solution is considered as the density of HQ on the gold surface.

Immobilization of Ligand onto the SAM Surface

We have developed a methodology for ligand immobilization to the SAM surface using
oxime linkage in which ketone couples with an oxyamine functional group. The mixed
monolayers of HQ-terminated alkanethiol (75 %) and OH-terminated alkanethiol (25 %)
were prepared on gold surface. While the SAM substrate was applied with cyclic
voltammetry (1 M HClO4, 50 mV/s scan rate) small soluble oxyamine species, aminooxy
acetic acid was added into the perchloric acid electrolyte solution at 150 mM concentration
with stirring. The oxidized quinone on the SAM surface reacts with the oxyamine resulting in
oxime adducts on the hydroquinone ring (Figure 1-5A). This coupling reaction is
chemoselective and there is no side reaction. Figure 1-5B shows the cyclic voltammograms
recorded during the interfacial reaction. The cyclic voltammogram (red line) shows the first
scan of hydroquinone/quinone. Addition of soluble aminooxy acetic acid resulted in the loss
of peak currents for the quinone monolayer. However the oxime product has its own
reversible conversion between oxidized form and reduced form. The increase in peak
currents corresponding to the oxidation (480 mV) and reduction (350 mV) of the oxime
product was observed over time. Independently, aminooxy acetic acid-tethered quinone
alkanethiol was synthesized and the monolayer’s cyclic voltammograms showed identical
peak currents as the immobilization product. This confirms that the new redox-active peaks

in Figure 1-5B originated from the reaction of aminooxy acetic acid and quinone monolayer.
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Figure 1-5. Ligand immobilization onto the SAM surface by oxime formation. A. Redox-
active hydroquinone monolayer undergoes electrochemical oxidation to the quinone. The
resulting quinone then reacts chemoselectively with aminooxy acetic acid to give the
corresponding oxime. B. Cyclic voltammograms recorded in 10-min intervals at a scan rate
of 50 mV/s showed the extent of the interfacial reaction between soluble aminooxy acetic
acid (150 mM) and quinone monolayer. The peaks at 580 mV and 44 mV correspond to the
redox coupling of the quinone, whereas the peaks at 480 mV and 350 mV correspond to the
redox peaks of the product oxime.
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Figure 1-6. Characterization of ligand immobilization reaction on the SAM surface. The

change of peak current at 30 mV and 330 mV from the cyclic voltamograms of Figurel-5B

were plotted against time. They give the rates of the decrease of quinone monolayer (A) and
the formation of oxime on the surface (B).
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As the potentials for oxidation and reduction of oxime are distinguished from those of
hydroquinone/quinone, the extent of the interfacial reaction can be monitored in situ by
cyclic voltammetry.

Since the peak current changes in the cyclic voltammetry are the consequences of
quinone consumption and oxime formation, they provide kinetic information of the
interfacial reaction. The plot in Figure 1-6 shows the peak current changes versus time for the
cyclic voltammograms shown in Figure 1-5B. The decrease is at 30 mV and the increase is at
330 mV in the peak currents. The rate for the loss in peak currents of the quinone monolayer
(30 mV) would follow pseudo first-order kinetics because the aminooxy acetic acid was in
large excess relative to the immobilized quinone. The data was fitted to an exponential decay
(equation 1-3) to obtain a pseudo first-order rate constant (k’) of 0.040 min™', where I is the

peak current at time t, I is the initial peak current and I¢ is the residual nonfaradaic current.

L=1+{y- I ekt equation 1-3
q

The increase of the peak current at 330 mV for the formation of oxime gave the pseudo
first-order rate constant of 0.044 min™. The excellent fit of the experimental data to this
equation (R > 0.98) indicates that quinone groups are sufficiently isolated on the monolayer

that the reactivity is independent of the extent of the reaction.

Synthesis of Tetra(ethylene glycol) alkanethiol

Proteins and cells tend to adhere to glass or hydrophobic surfaces and it is a significant

challenge to create an inert surface which is resistant to non-specific adsorption of proteins or
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Figure 1-7. Synthetic route of tetra(ethylene glycol) alkanethiol (1g).
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Figure 1-8. Structure of inert SAMs.The oligo(ethylene glycol) groups prevent the adsorption
of protein and the alkyl chains provide structural order. The adsorption of protein is

energetically unfavorable as the process requires loss of hydration energy and degree of
freedom for the oligo(ethylene glycol) layer.
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cells in order to study biospecific interactions on the surface. Oligo(ethylene glycol) groups
are well known to reduce non-specific protein adsorption and have desired degrees of
hydrophilicity and adsorptivity toward biological molecules [16, 51-53]. As depicted in
Figure 1-7, an alkanethiol functionalized with tetra(ethylene glycol) group was synthesized
(19). The C;; alkyl chain contributes to the structural order of the SAM on the gold surface
and the tetra(ethylene glycol) chain prevents protein adsorption onto the monolayer (Figure
1-8). The resistance of oligo(ethylene glycol) groups (EG) to the adsorption of proteins is
generally considered a steric repulsion effect, where the EG prevents the protein from
reaching the substrate surface to adsorb [53]. Protein resistance is only observed for the RT
stable hydrated phase of EG. When the protein reaches the interphase by diffusion and
compresses the EG layer, removal of water molecules from solvated EG chains and lessening
conformational freedom of EG chains bring loss in both enthalpy and entropy. Thus the
protein cannot be adsorbed onto the monolayer. The SAM substrate produced with 100 %
tetra(ethylene glycol)-alkanethiol is completely inert and it was observed that no cells or

protein attached to the substrate even after a week of incubation under cell culture conditions.

Synthesis of Hydroquinone-tetra(ethylene glycol) alkanethiol

To make mixed SAM with tetra(ethylene glycol)-terminated alkanethiol for a protein
adsorption-resistant surface, hydroquinone alkanethiol conjugated with tetra(ethylene glycol)
groups was synthesized (Figure 1-9). Acid catalyzed addition of dihydropyran (DHP) to
hydroquinone provided the protected di-tetrahydropyran-hydroquinone (1h). Deprotonation

of 1h with ¢-butyllithium followed by addition of dibromobutane provided the di-

21



. G

(> THF/N.. RT 1) +-Buli at-75 °C, THF
+ —_ >
Gone. HA <j 21, d-dibromobutane in THF Br
OH fexcass)
1h 1l

i o
1" l

HONO

1
1) NaH In DMF undar N,

0'C —-RT
21l in THF

11

Figure 1-9. Synthetic route to hydroquinone-tetra(ethylene glycol) alkanethiol (1l). SAMs
that present this molecule mixed with oligo(ethylene glycol)groups resist the non-specific
adsorprtion of protein.
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tetrahydropyran-hydroquinone-butylbromide (1i). Addition of sodium hydride to deprotonate
tetra(ethylene glycol)alkanethiol-trityl (1j) followed by addition of the bromide (11) afforded
the conjugate (1k). The conjugate was deprotected with trifluoroacetic acid (TFA) to provide

the hydroquinone-tetra(ethylene glycol)alkanethiol (1l).

Immobilization of Biological Ligand on the SAM Surface

The tripeptide RGD sequence is found within the central binding domain of several
adhesive proteins present in extracellular matrix [54-57]. To mimic the adhesive proteins a
short peptide that included the RGD sequence was synthesized with the N-terminal modified
to have an oxyamine functional group.

A mixed SAM with tetra(ethylene glycol)alkanethiol and hydroquinone-tetra(ethylene
glycol)alkanethiol was prepared (50:50 ratio on surface) and the electrochemical potential
was applied to the substrate in 1 M perchloric acid. Oxyamine-tethered RGD was added in
perchloric acid with stirring (in 20 mM concentration). Figure 1-10 shows the cyclic
voltammogram of before and after the reaction with oxyamine-RGD. Hydroquinone oxidizes
at 540 mV and the quinone reduces at 320 mV. After the oxime formation, characterization
of the monolayer by cyclic voltammetry shows diagnostic peaks that correspond to the
oxidation (620 mV) and reduction (480 mV) of the oxime conjugate. Integration of the area
under the oxime reductive peak gave a density consistent with the complete conversion of the
quinone monolayers to the RGD oxime conjugate. The monolayers on gold are stable within
the range of applied electrochemical potential with repeated redox scanning for several hours

producing indistinguishable cyclic voltammograms. The ability of cyclic voltammetry to
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Figure 1-10. Cyclic voltammogram characterization of the electroactive monolayers. Mixed
monolayer of alkanethiolates presenting hydroquinone (50 %) and tetra(ethylene glycol)
(50 %) groups on gold was used as working electrode. Electrochemistry was performed at a
scan rate of 50 mV/s in 1 M HClOs. A. The hydroquinone monolayer is reversibly oxidized
to the quinone at 540 mV and reduced back at 320 mV. B. The oxime conjugate with RGD
peptide has characteristic peaks at 620 mV (oxidation) and 480 mV (reduction). The cyclic
voltammograms were used to determine the extent and yield of the interfacial reaction.

24



distinguish the oxime product from the initial hydroquinone-quinone redox couple enables

the quantification of the amount of ligand molecules installed on the surface.

Conclusion

The SAMs of hydroquinone alkanethiols were used for the immobilization of oxyamine
group-functionalized ligands. The electrochemistry based on the differing signal between
hydroquinone/quinone and the oxime product enabled characterization of the density of the
immobilized ligand on the substrate surface. To apply this electroactive substrate in cell
biology, a SAM with resistance to the non-specific protein adsorption was prepared and a

biological ligand (RGD peptide) was successfully immobilized onto the substrate surface.

Materials and Methods

All the solvents for the synthetic procedures were HPLC grade. THF was distilled from
sodium benzophenone under nitrogen before use. Absolute ethanol was purchased from
Aaper Alcohol & Chemical Company. Flash chromatography was carried out using silica gel
(230 — 400 mesh). All amino acids and resin were purchased from Anaspec, Inc. (La Jolla,
CA). All other chemical reagents were purchased from Sigma Aldrich and Acros and used as

received.

11-(2, 5-Dimethoxyphenyl)-1-undecene (1a)
Under an atmosphere of nitrogen 2.0 g of p-dimethoxybenzene (14.5 mmol) was
dissolved in 20 mL of dry THF. The solution was cooled to -78 °C using dry ice/acetone bath,

and z-butyllithium solution in pentane (1.7 M, 10.23 mL, 17.4 mmol) was added over a
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period of 30 minutes. The resulting yellow solution was stirred at RT for 1 hour and a
solution of undecenylbromide (1.88 mL, 8.66 mmol) in THF (10 mL) was added. The
colorless reaction mixture was stirred for 12 hours at RT under atmosphere of nitrogen. The
reaction mixture was concentrated by rotary evaporation and diluted with ethyl acetate. The
solution was washed with saturated NH4Cl1 solution, water, and brine and dried over Na,SOy.
The organic layer was concentrated to a pale yellow oil and purified by column
chromatography with hexane/ethyl acetate (96/4) to give 2.3 g of product as colorless oil
(91.5 % yield). '"H NMR (400 MHz, CDCl3)  1.26 (br s, 12 H), 1.52 (br s, 2 H), 2.01 (q, 2
H), 2.55 (t, 2 H, ] = 7.7 Hz), 3.75 (s, 3 H), 3.76 (s, 3 H), 4.89-5.0 (m, 2 H), 5.79 (m, 1 H),

6.64-6.75 (m, 3 H).

11-(2, 5-Dimethoxyphenyl)-1-(thioacetyl)undecane (1b)

Solution of la (2.3 g, 7.92 mmol) in dry THF (50 mL) was refluxed under an
atmosphere of nitrogen followed by the addition of AIBN (2, 2’-azobisisobutyronitrile, 40-50
mg). Into the reaction flask thiolacetic acid (1.132 mL, 15.838 mmol) was added dropwise
and the reaction was stirred for 12 hours with refluxing. The reaction mixture was
concentrated and purified by column chromatography with hexane/ethyl acetate (8/2) to
afford 2.4 g of product (82.7 % yield). '"H NMR (400 MHz, CDCls) & 1.24 (br s, 14 H), 1.54
(m, 4 H), 2.30 (s, 3 H), 2.54 (t, 2 H,J =7.7 Hz), 2.84 (t,2 H, ] = 7.3 Hz), 3.74 (s, 3 H), 3.75

(s, 3 H), 6.64-6.87 (m, 3 H).

11-(2, 5-Dihydroxylphenyl)- 1-(thioacetyl)undecane (1c)
A solution of 1b (2.4 g, 6.55 mmol) in anhydrous methylene chloride (50 mL) was

cooled to -78 °C using a dry ice/acetone bath. Under an atmosphere of nitrogen, boron
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tribromide (6.19 mL, 65.5 mmol) was added and the mixture was allowed to warm to RT and
stirred for 2 hours. The reaction was cooled to -78 °C and quenched by addition of diethyl
ether and water. The organic layer was washed with water and brine and dried over Na,SO,.
The removal of the solvent gave yellow solid and was used for the next reaction without
further purification. "H NMR (400 MHz, CDCl3) 6 1.24 (br s, 14 H), 1.54 (m, 4 H), 2.31 (s, 3

H),2.52 (t, 2 H, J= 7.7 Hz), 2.84 (t, 2 H, ] = 7.4 Hz), 6.43-6.70 (m, 3 H).

11-(2, 5-Dihydroxylphenyl)-1-mercaptoundecane (1d, Hydroquinone alkanethiol )

The crude product 1c (assuming 6.55 mmol) was dissolved in MeOH (50 mL) and
concentrated HCI (12 M, 5 mL) was added. The mixture was heated to reflux for 12 hours.
The removal of the solvent resulted in a white solid and was dissolved in a small volume of
ethyl acetate. The reaction product residue was precipitated by adding into hexane. The
hexane was removed after centrifuge at 5000 rpm for 15 min. The residue was further
purified by column chromatography with hexane/ethyl acetate (75/25) to give 0.7 g of
product as white powder (36 % yield). "H NMR (400 MHz, CDCl;) & 1.26 (br s, 14 H), 1.56

(m, 4 H), 2.47-2.54 (m, 4 H), 6.51-6.63 (m, 3 H).

Undec-1-en-11-yltetra(ethylene glycol) (1e)

In an oil bath at 80 °C, tetra(ethylene glycol) (7.77 g, 40 mmol) was slowly added with
6.43 mmol of saturated aqueous NaOH (0.26 g) and stirred for 30 minutes, and 1.0 g of 11-
bromo-1-undecene (4.29 mmol) was then added. After 24 hours the reaction mixture was
extracted with hexane. The removal of hexane by rotary evaporation at the reduced pressure

resulted in a yellow oil. Purification by column chromatography on silica gel with ethyl

acetate gave 1.10 g of the product (74 % yield). 'H NMR (400 MHz, CDCls) & 1.25 (brs, 12
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H), 1.55 (qui, 2 H), 2.02 (g, 2 H), 3.42 (t, 2 H), 3.56-3.70 (m, 16 H), 4.89-4.99 (m, 2 H),

5.73-5.84 (m, 1 H).

1-(Thiolacetyl)undec-11-yltetra(ethylene glycol) (1f)

Solution of 1le (1.10 g, 3.18 mmol) in dry THF (15 mL) was refluxed under an
atmosphere of nitrogen followed by the addition of AIBN (2, 2’-azobisisobutyronitrile, 5-7
mg). Two equivalents of thiolacetic acid (0.45 mL, 6.36 mmol) were added dropwise and the
reaction mixture was stirred for 12 hours under reflux conditions. Concentration of the
reaction mixture by rotary evaporation at reduced pressure followed by purification by
column chromatography with ethyl acetate gave the thioacetate (1.0 g) in 74.5 % yield. 'H
NMR (400 MHz, CDCl3) & 1.24 (br s, 14 H), 1.53 (m, 4 H), 2.30 (s, 3 H), 2.84 (t,2H,J=7.4

Hz), 3.42 (t, 2 H, ] = 6.8 Hz), 3.56-3.72 (m, 16 H).

1-Mercaptoundec-11-yltetra(ethylene glycol) (19)

A solution of 1f (1.0 g, 2.37 mmol) in 0.1 M HCI in EtOH (20 mL) was refluxed for 12
hours. The solvent was removed by rotary evaporation and the resulting yellow oil was
dissolved in ethyl acetate. To neutralize 1 M NaHCO; was added and the organic layer was
separated by using a separatory funnel. After washing with water and brine solution the
reaction mixture was concentrated and purified by column chromatography with ethyl acetate
to give the thiol (0.8 g) in 88.8 % yield. 'H NMR (400 MHz, CDCls) & 1.24 (brs, 14 H), 1.55

(m, 4 H), 2.50 (q, 2 H, J = 7.4 Hz), 3.42 (t, 2 H, ] = 6.8 Hz), 3.56-3.71 (m, 16 H).

Di-tetrahydropyran-hydroquinone (1h)

To a solution of hydroquinone (3.4 g, 30.0 mmol) in THF (20 mL) was added 3, 4-

dihydro-2H-pyran (10.39 g, 123 mmol) and 0.5 mL of concentrated HCI. The reaction
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mixture was stirred for 10 hours at RT. The clear solution was concentrated by rotary
evaporation and the resulted white solid was dissolved in methylene chloride. The mixture
was washed with 1 M NaHCO; and brine, and dried over Na,SO,4. Concentration of the
solution by rotary evaporation resulted in white solid and was purified by recrystallization in
methylene chloride (7.2 g, 86.2 % yield). '"H NMR (400 MHz, CDCls) & 1.59-1.66 (m, 6 H),
1.80-1.84 (m, 4 H), 1.94-1.97 (m, 2 H), 3.47-3.55 (m, 2 H), 3.88-3.94 (m, 2 H), 5.28 (t,2 H, J

= 3.2 Hz), 6.95 (s, 4 H).

Di-tetrahydropyran-hydroquinone-butylbromide (1i)

To a solution of 1h (1.9 g, 6.9 mmol) in dry THF (20 mL) at -75 °C, ¢-butyllithium
solution in pentane (1.7 M, 4.5 mL, 7.7 mmol) was added dropwise over 20 minutes under an
atmosphere of nitrogen. This mixture was stirred for 30 minutes and then brought slowly
(over 2 hours) to 0 °C and stirred for an additional 30 minutes to quench any excess -
butyllithium. To this solution excess 1, 4-dibromobutane (2.4 mL, 20.7 mmol) in THF was
added dropwise over 20 minutes. A white precipitate was immediately formed but after
stirring for 12 hours the solution became clear yellow in color. The reaction mixture was then
diluted with 40 mL of methylene chloride and washed with NH4Cl (25 mL) and brine (25
mL), dried over Na,SO4 and concentrated to a yellow oil. Silica gel chromatography using
gradient elution (hexane/ethyl acetate from 20/1 to 10/1) afforded the product (2.13 g, 5.15
mmol, 74.7 %) as a clear oil. '"H NMR (400 MHz, CDCl3) § 1.62-2.02 (m, 16 H), 2.66 (t, 2 H,
J=7.5Hz),3.44 (t,2 H, J = 7.8 Hz), 3.58-3.62 (m, 2 H), 3.88-3.98 (m, 2 H), 5.28-5.32 (m, 2

H), 6.84-6.87 (m, 2 H), 7.02-7.05 (m, 1 H).
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Tetra(ethylene glycol)undecanethiol-trityl (1))

To a solution of 1-(thiolacetyl)undec-11-yltetra(ethylene glycol)) (1f) (2.0 g, 4.73
mmol) in absolute EtOH (40 mL) was added concentrated HCI (1.5 mL). The reaction
mixture was refluxed for 16 hours and cooled to RT. The pH of the solution was adjusted to
7 with 5 % methanolic NH4OH. The solution was extracted with methylene chloride and the
resulted crude oil was added with dry THF (40 mL) and triphenylmethyl chloride (2.0 g, 7.17
mmol). The reaction mixture was stirred under nitrogen at RT for 18 hours and then
concentrated. The purification by column chromatography with hexane/ethyl acetate (1/1)
gave the product (1.4 g, 47.5 % yield). '"H NMR (400 MHz, CDCl3) & 1.14-1.26 (m, 16 H),
1.55 (m, 2 H), 2.10 (t, 2 H,J = 7.3 Hz), 2.74 (s, 1 H), 3.42 (t,2 H, ] = 6.8 Hz), 3.56-3.71 (m,

16 H), 7.16-7.19 (m, 3 H), 7.23-7.27 (m, 6 H), 7.37-7.40 (m, 6 H).

Di-tetrahydropyran-hydroquinone-tetra(ethylene glycol)alkane-trityl (1K)

To a solution of 1j (4.2 g, 6.7 mmol) in DMF (10 mL) at 0 °C was added NaH (480 mg,
20 mmol) slowly. This reaction mixture was stirred at 0 °C for 1 hour and then stirred at RT
for 2 hours. During this time bubbles were observed in the reaction mixture. To this solution
1i dissolved in 5 mL THF (5.45 g, 13.2 mmol) was added dropwise. The reaction mixture
was stirred for another 5 hours at RT then diluted with 40 mL of ethyl acetate. This reaction
mixture was then washed with NH4Cl and brine, and dried over Na,SO4. The resulting
yellow oil was purified by column chromatography with hexane/ethyl acetate (1/1) to give
the product as a clear oil (3.3 g, 51.6 %). 'H NMR (400 MHz, CDCl3) & 1.19-1.4 (m, 20 H),
1.59-1.68 (m, 8 H), 1.83-1.87 (m, 4 H), 1.96-2.01 (m, 2 H), 2.15 (t, 2 H, ] = 6.8 Hz), 2.65 (t,

2 H,J=7.0 Hz), 3.44-3.51 (m, 4 H), 3.58-3.67 (m, 18 H), 3.92-3.95 (m, 2 H), 5.30-5.20 (m,
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2 H), 6.84-6.88 (m, 2 H), 7.02-7.04 (m, 1 H), 7.18-7.22 (m, 3 H), 7.26-7.30 (m, 6 H), 7.42-

7.45 (m, 6 H).

Hydroquinone-tetra(ethylene glycol) alkanethiol (11)

To a solution of trityl (1K) (971 mg, 1.25 mmol) in 10 mL of methylene chloride was
added triethylsilane (0.2 mL, 2.5 mmol) and trifluoroacetic acid (0.1 mL, 5% solution in
CH,Cl,). This reaction mixture was stirred at RT for 8 hours and then concentrated to a
yellow oil. Silica gel chromatography with hexane/ethyl acetate (1/1) afforded the product as
a clear oil (0.52 g, 76.3 %). "H NMR (400 MHz, CDCl3) § 1.26-1.35 (m, 18 H), 1.58-1.63 (m,
4 H), 2.53-2.55 (m, 2 H), 2.63 (t, 2 H, ] = 6.8 Hz), 3.48 (t, 2 H, ] = 7.5 Hz), 3.57 (t, 2 H, ] =

6.7 Hz), 3.60-3.68 (m, 16 H), 6.55-6.58 (m, 1 H), 6.64-6.69 (m, 2 H).

Preparation of Monolayers

All gold substrates were prepared by electron-beam deposition of titanium (3 nm) and
then gold (12 nm) on glass cover slips (7.5 cm x 2.5 cm). All gold coated glass substrates
were cut into 1 cm® pieces and washed with absolute ethanol. The substrates were immersed
in an ethanolic solution containing the alkanethiols (1 mM) for 12 hours, and then cleaned

with ethanol prior to each experiment.

Electrochemical Measurements

All electrochemical experiments were performed using a BAS 100B/W
Electrochemical Analyzer (Bioanalytical Systems, Inc., West Lafayette, IN).
Electrochemistry on SAMs was performed in 1 M HCIO4, using a platinum wire as the
counter electrode, Ag/AgCl as reference, and the gold SAM substrate as the working

electrode. All cyclic voltammograms were recorded at a scan rate of 50 mV/s.

31



Solid-Phase Peptide Synthesis - Linear RGD

All peptides were synthesized by automated solid phase peptide synthesis using a
CS136XT Peptide Synthesizer (CS Bio Co., Menlo Park, CA).

Fmoc (9-fluorenylmethoxycarbonyl)-protected amino acids were used on Fmoc-
Ser(tBu)-Rink Amide-MBHA resin. Synthesized peptide was cleaved from the resin by
agitating in a solution of trifluoroacetic acid (TFA):water:triisopropylsilane (95:2.5:2.5) for 3
hours. TFA was evaporated and the cleaved peptide was precipitated in cold diethyl ether.
The water-soluble peptide was extracted with water and lyophilized. Mass spectral data
confirmed the peptide product. MS (ESI) (m/z): [M+H'] calculated for linear RGD-
oxyamine (C,sH4sN;10ypp), 676.69; found, 676.5. [M+H+] calculated for control scrambled
peptide, GRD-oxyamine (CpsH4sN;10q1), 676.69; found, 676.4. [M+H+] calculated for

control soluble peptide RGD (C;7H3;N¢Og), 490.48; found, 490.3.
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CHAPTER 2

Application of Model Substrate in Cell Biology

Introduction

Cell Adhesion, Extracellular Matrix, and Integrins

Cells do not live in static surroundings, they exist in highly evolving dynamic
environments [1]. Cells adapt and communicate to their environment by numerous methods
ranging from differentiation, gene expression, growth and apoptosis [2-8]. Numerous cellular
responses that have essential roles in the regulation of cellular behavior and fate are triggered
by cell interactions with the extracellular matrix (ECM) and with neighboring cells [9, 10].
As the ECM provides the physical microenvironment in which cells live, it provides a
substrate for cell anchorage, serves as a tissue scaffold, and guides cell migration. The ECM
is also responsible for transmitting environmental signals to cells, which influence essentially
all aspects of a cell’s life, including its proliferation, differentiation and death.

Adhesions with the ECM are formed by essentially all types of adherent cell, but their
morphology, size and subcellular distribution can be quite different. Nonetheless many of
these adhesions are commonly mediated by integrins which are heterodimeric receptors
composed of at least one B and one a subunit. From among the cellular repertoire of 18 a
subunits and 8 B subunits, at least 24 distinct heterodimers can be formed, each binding to

distinct ECM ligands [11-13]. The extracellular ligands that anchor these adhesions include



fibronectin, vitronectin and various collagens. Integrin-mediated adhesion activates signals
that regulate a number of cellular processes including cell migration, proliferation, and
differentiation [14]. Based on information provided by electron microscopy and X-ray
crystallography, integrins are thought to possess affinity regulation mechanisms via structural
change (Figure 2-1) [15, 16].

The adhesions can be characterized into subgroups such as focal adhesion (also termed
focal contact), fibrillar adhesion, focal complex and podosome (Table 2-1) [4]. Focal
adhesions are flat, elongated structures that are several square microns in area, and are often
located near the periphery of cells [17]. They mediate strong adhesion to the substrate, and
they anchor bundles of actin microfilaments through a plaque that consists of many different
proteins which include vinculin, talin, paxilliln and tyrosine-phosphorylated proteins (Figure
2-2). Development of focal adhesions is stimulated by the small GTPase RhoA. In more
central locations of many cell types are the fibrillar adhesions, which are elongated or dot-
like structures that are associated with ECM fibrils [18]. Focal complexes are small dot-like
adhesions which are present mainly at the edges of the lamellipodium [19, 20]. These
adhesions are often associated with cell migration or serve as precursors of focal adhesions.
Their formation is induced by the Rho-family GTPase Rac. Podosomes are small (~0.5 pm
diameter) cylindrical structures containing typical focal contact proteins that are found in
various malignant cells and in some normal cells [21].

More than 50 different molecules are found either stably or transiently in focal
adhesions. The key mechanism for regulation of the adhesion assembly is achieved by

integrins [13]. The most common integrins found in focal adhesions and other ECM

40



it fiit

Wi '
Bent conformation Extended conformation Extended conformation
(low affinity) with closed headpiece with open headpiece

(intermediate affinity) (high affinity)

Figure 2-1. Global and local integrin conformational changes associated with affinity
regulation. Switchblade model for global integrin conformation regulation defined by
electron microscopy (upper panel) and ribbon diagrams based on the bent crystal structure
(lower panel) is shown. (i) Bent conformation (low affinity) (ii) Extended conformation with
closed headpiece (predicted to be of intermediate affinity) (iii) Extended conformation with
open headpiece (high affinity). This figure was taken and modified from reference 15.
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Figure 2-2. Schematic diagram showing the complexity of the cell-ECM adhesion
interaction. This figure was taken from reference 4.
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adhesions are osP; (the classical fibronectin receptor) and o,f3 (vitronectin receptor) [4].
Unlike classical growth factor receptors, integrins bind ligands in a mechanosensory fashion
that requires the assembly of a focal adhesion complex associated with the actin
cytoskeleton. Assembly of a mature signaling complex requires integrin ligands to provide
mechanical resistance, which opposes the contractile force of the associated actin
cytoskeleton and promotes continued ligation events as new integrins are recruited into the
growing focal complex. The actual mechanism by which integrins are internalized by the cell
and returned to the front for making new attachments is mostly unknown, although it is
widely assumed that some are taken up by clathrin-coated pits and returned to the cell surface
via the endocytic cycle [22, 23]. However, it is clear that different integrins on the surfaces of
cells in suspension do circulate into and out of cells at quite different rates.

The ECM provides a structural scaffold and informational cues [24]. The composition
of the ECM can change as a function of the “remodeling” processes that occur during
thrombosis and wound healing, differentiation, and a wide variety of pathological processes.
Notably, local remodeling of the ECM can occur quickly during these processes, as the
induction of new ECM proteins is dynamically influenced by cues from the local
microenvironment. Selection of the appropriate matrix for experiments using cultured cells is
crucial, as it can profoundly affect the cellular response. Not only is the molecular
composition of the ECM important, but also its topography and mechanical properties. These
features of the ECM are determined both by the cells that produce it and by the cells that
grow on or inside the matrix. Cultured cells can selectively remodel or degrade ECM
proteins on substrates and integrin dynamics seem to have an important role in this process.

Pankov ef al. demonstrated that the specific translocation of asf; integrin from focal
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adhesions to fibrillar adhesions drives the formation of the fibronectin matrix [25]. This and
many other examples show the importance of cell-surface interactions, particularly integrin-

mediated adhesion, in organizing the ECM [26-29].

Cell Migration

Cell migration is essential to many biological processes such as embryogenesis, cell
differentiation, wound healing, and immune response [6, 7, 30]. For example, during
gastrulation, large groups of cells migrate collectively as sheets to form the resulting embryo.
Subsequently cells migrate from various epithelial layers to target locations, where they then
differentiate to form the specialized cells that form different tissues and organs. Migration of
fibroblasts and vascular endothelial cells repair tissues from a wound. With the inflammatory
response, leukocytes from the circulation migrate into the surrounding tissue to destroy
invading microorganisms and infected cells and to clear debris. Cell migration also plays
important roles in pathological events like tumor cell invasion, metastasis and tumor-induced
angiogenesis [31]. In metastasis, tumor cells migrate from the initial tumor site into the
circulatory system and onto a new site. The understanding of the fundamental mechanisms
and key regulatory molecules underlying cell migration could lead to effective therapeutics
for treating disease, cellular transplantation and the preparation of artificial tissues.

In order for cells to migrate and organize tissues successfully, they must not only sense
chemical signals in their microenvironment, but also physical cues. How such cellular
mechanosensors detect forces, sense the physical properties of substrates and convert them
into signals is still unknown. Over previous decades, an enormous research effort has helped

with understanding cell migration, including the establishment of polar structures, the
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regulation of the dynamic processes of actin and microtubule polymerization, and the
regulation of spatial and temporal signal transduction [4-7].

Cells migrate directionally in response to a variety of cues, including gradients of
chemokines, growth factors or ECM molecules. Cell migration is an integrated process that
requires the continuous, coordinated formation and disassembly of adhesions in spatially
distinct locations in the cell [6, 7, 31-33] . In general, cell migration can be considered as a
cyclic process. When there is a cue for migration, cells polarize and extend protrusions in the
direction of migration. These protrusions can be large and broad lamellipodia or spike-like
filopodia. Those are usually driven by actin polymerization and stabilized by adhering to the
ECM or adjacent cells via transmembrane receptors linked to the actin cytoskeleton. These
adhesions serve as traction sites for migration as the cell moves forward over them, and they
are disassembled at the rear of the cell allowing it to detach. The details of a cell’s migratory
behavior can differ greatly depending on its environment and cell type.

Rho family small guanosine triphosphate (GTP)-binding proteins (GTPases) are central
regulators of actin organization and they control the formation of lamellipodia and filopodia.
The proteins Rac, Cdc42 and RhoG are especially required for protrusion [19, 20, 24, 34,
35]. For migration, a cell must be polarized, which means that the molecular processes at the
front and the back of a moving cell are different. Establishing and maintaining cell polarity in
response to extracellular stimuli appear to be mediated by a set of interlinked positive
feedback loops involving Rho family GTPases, phosphoinositide 3-kinases (PI3Ks),
integrins, microtubules, and vesicular transport (Figure 2-3).

Integrins are a major family of migration-promoting receptors. They support adhesion

to the ECM or other cells and link with actin filaments on the inside of the cell. Integrins
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activate migration-related signaling molecules and also mediate inside-out signaling, that is,
activation to a high-affinity state by cytoplasmic signals [4]. The binding of ligands to the
extracellular portion of integrins leads to conformational changes in the receptors by
changing interactions between the o- and B-chain cytoplasmic domains and to integrin
clustering [36]. This combination of occupancy and clustering initiates intracellular signals
such as protein tyrosine phosphorylation, activation of small GTPases, and changes in
phospholipid biosynthesis that regulate the formation and strengthening of adhesion sites, the
organization and dynamics of the cytoskeleton, and cell polarity during migration. Although
integrins themselves do not have any catalytic activity, signals are transmitted through direct
and indirect interactions with many partners of integrins.

The migration is initiated with a cascade of events, including the activation of G
proteins or tyrosine kinases, the stimulation of guanine nucleotide exchange factors (GEFs)
for Cdc42, and the activation of lipid kinases and the subsequent recruitment of activated
Rac. The local activation of Rac and/or Cdc42, in concert with other regulators such as
WASP/WAVE family proteins and the Arp2/3 complex, stimulates the formation of a
branching actin filament network at the leading edge, which in turn induces a protrusion in
the direction of migration. Localized activation of Cdc42 and Rac decreases Rho activity and
enhances PI3K activity and the production of PI(3,4)P,/PIP; at the leading edge [37, 38].
Cdc42 influences polarity by restricting where lamellipodia form and localizing the
microtubule-organizing center (MTOC) and Golgi apparatus in front of the nucleus, oriented
toward the leading edge. Integrins and other adhesion molecules are activated by PI3Ks,
PKCs, and/or Rap via talin, and they stabilize the protrusion via structural connections to the

actin filaments [39]. They also signal to Rac, which promotes recruitment of additional
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integrins and the formation of adhesions. New adhesions at the leading edge in turn reinforce
high Rac, Cdc42 and PI3K activity. The activity of Rho is low at the leading edge and higher
at the rear and sides. Adhesions transmit propulsive forces and serve as traction points over
which the cell moves. The migration cycle is completed as adhesions disassemble and the
rear retracts. The disassembly of adhesions is controlled by pathways that include FAK,
ERK, Src, and the protease calpain, as well as microtubule dynamics [40]. Retraction at the
rear requires Rho kinase and is a myosin-dependent process.

Although our understanding of cell migration in the molecular basis has progressed
there are still many unresolved issues regarding how cells establish and maintain their
polarity, how cells migrate in vivo, how cells recognize their targets, and how the spatially
distant component processes are integrated temporally and spatially across the cell [41]. To
answer those questions, developing novel models that can present, quantify and perturb

localized signals will be necessary.

Fibronectin Mimics - RGD and PHSRN

Fibronectin (FN) is a dimeric glycoprotein composed of disulfide-linked subunits with
a molecular weight of 220-250 kDa each [42]. Being present at high concentrations (~300
pg/mL) in plasma, FN interacts with collagen, heparin, fibrin as well as integrin family and
has been shown to be involved in cell adhesion, cell morphology, thrombosis, cell migration
and embryonic differentiation [11, 43].

Since the peptide sequence Arg-Gly-Asp (RGD) was discovered in FN as a minimal
adhesion sequence by Pierschbacher and Ruoslahti in 1984 [44], the tripeptide sequence has

been universally used in many studies regarding to cell adhesion and migration [45, 46].
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Numerous materials have been RGD-functionalized to promote cell adhesion [47-50] and
soluble, small RGD-based peptides which block integrin signaling are studied for therapeutic
purposes as inhibitors of tumor growth, angiogenesis and metastasis and as platelet-inhibitory
drugs [51-54]. The RGD sequence is also commonly shared by many adhesive proteins in the
ECM and in the blood including vitronectin, osteopontin, collagens, thrombospondin,
fibrinogen, and the von Willebrand factor [45].

The RGD motif is located in the 10™ type III repeating unit of FN (FNIII10) and many
cell types binds to the specific central cell binding domain of FN spanning from the 8" to the
10™ type III domain. However, other data indicate that an additional synergistic subregion,
the FNII9 domain, is required for full adhesive activity for the asp; and oy 33 mediated cell
adhesion [55, 56]. The peptide sequence Pro-His-Ser-Arg-Asn (PHSRN) was identified as a
minimum synergistic sequence enhancing cell adhesion and spreading. However PHSRN
alone cannot support cell adhesion [57, 58]. RGD and PHSRN are separated by 30 - 40 A
and placed on the same surface of FN by a small rotation of a flexible linkage connecting the
9™ and 10" type III domain [59].

Cell cultures on different types of surfaces (e.g. glass, polymer film, SAM and tissue
culture plate) which were adsorbed with FN suggest that many biological phenotypes such
as focal adhesion assembly, cell adhesion, cell differentiation, gene expression, migration
and apoptosis can be affected by the chemical functional groups or hydrophobicity of the
surface [60-65]. There is evidence that the different surface properties lead changes in
integrin specificities toward FN and thus changes in the biological activities of cells [60, 66].
Although it is unclear what conformational change FN undergoes, Garcia et al. suggested

that changes in the orientation and the distance of the linkage between the 9™ and 10" type III
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domain of the FN central cell binding domain might be an important factor to determine such
integrin specificities against FN on different surfaces [66]. Some recent studies have noticed
the structural basis of FN domains and created model molecules with RGD and PHSRN

sequences to clarify their roles in cell adhesion [67-71].

Design Rationale for Model Substrate

In order to elucidate the spatial and temporal mechanisms of these complex processes
on a molecular basis, model substrates that can dynamically modulate the interaction
between cell and material at the molecular level would be extremely useful [72, 73]. Herein,
we develop a novel surface chemistry technology to generate a class of molecularly well-
defined dynamic substrates that permit the precise modulation of the environment that an
adherent cell senses in space and time. We demonstrate this methodology by electrically
switching on adhesive ligands that induce the migration and growth of cells, which were
initially confined on the defined patterns. We determine how the interplay of several
parameters including the population of cells, pattern geometry, ligand density, ligand affinity
and integrin composition influence cell behavior on these dynamic surfaces. We also found
that cells retain an imprint of their initial condition, which influences the subsequent
migratory behavior as if cells have a memory of the earlier environment. Genome-wide
microarray analysis revealed that several genes in signal transduction, cytoskeletal
reorganization and proliferation are differentially regulated at the transcription level
depending on the dynamic surface microenvironment.

To prepare surfaces for the dynamic study of complex cell behavior we designed model

substrates based on the following considerations: 1. the surface must be able to present
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ligands in a well-defined environment and must be amenable to chemoselective reactions that
immobilize ligands or transformations that reveal ligands to adherent cells during the course
of cell migration or cell adhesion. This important feature requires an orthogonal chemical
reaction to immobilize ligands to a surface in the presence of cells and complex protein
mixtures with no side reactions. The immobilization reaction should be fast, kinetically well-
behaved, and unreactive toward other biopolymers (DNA, RNA, proteins, lipids etc.) at
physiological conditions; 2. the yield of immobilization reaction and therefore density of
immobilized ligands on the surface must be precisely determined. This requires that the
model substrates are compatible with sensitive and quantitative in sifu surface analytical
techniques; 3. the surface should have the ability to pattern different population of cells in
defined geometries ranging from a single cell to hundreds of cells; 4. a non-invasive method
that can activate the surface by immobilizing or unveiling ligands in the presence of attached
cells is required; 5. the surface must be inert to non-specific protein adsorption, i.e. the only
interaction between cell and material is a ligand-receptor mediated interaction; 6. the model
substrate should be compatible with high throughput microarray technologies and several
surface and microscopy techniques that are routinely used to characterize cell behavior, and
;7. The surface should possess the ability to perform massively parallel experiments
simultaneously.

Our approach for the dynamic substrate is based on an electrically switchable self-
assembled monolayer (SAM) that presents redox active hydroquinone groups (Figure 2-4A).
The substrate is essentially a working electrode that can oxidize and reduce the surface-
bound molecules upon an applied potential. A mild electrochemical pulse readily converts

the hydroquinone monolayer to the corresponding reactive quinone. The reversible redox
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coupling between the hydroquinone and the quinone is stable and can be characterized by
cyclic voltammetry [74, 75]. We have previously demonstrated that the resulting quinone
monolayer can react rapidly and selectively with soluble oxyamine groups to form a
chemically stable oxime conjugate on the surface [76]. By synthetically tethering ligands to
the oxyamine, this methodology can potentially immobilize a variety of ligands such as
peptides, carbohydrates, and other biomolecules to the surface. Furthermore, because the
oxime conjugate undergoes redox coupling at different potentials from the quinone, the
product possesses diagnostic waves that can be characterized electrochemically by cyclic
voltammetry [76-78]. This feature permits the quantitative determination of yield and
therefore density of ligand immobilized on the surface in situ. Most importantly, the highly
selective coupling between the quinone and oxyamine prevents cross reaction with other
biomolecules including DNA, proteins, carbohydrates, and lipids. This coupling strategy
therefore is ideal for bioconjugation in the presence of complex protein mixtures and in the
presence of adhered cells in serum-containing media.

Table 2-1. Characteristic features of different types of cell-matrix adhesions (adapted from
reference 4)

Property/structure Focal complexes Focal adhesions Fibrillar adhesions
Location Edge of Cell periphery Central region of cells
lamellipodium
Morphology Dot-like Elongated, oval Fibrillar or beaded
Size (long axis) 1 pm 2-5um Variable (1 — 10 um)
Typical constituents Paxillin ay integrin a5 integrin
Vinculin Paxillin Tensin
Tyrosine- Vinculin
phosphorylated a-actinin
proteins Talin
Focal adhesion kinase
Tyrosine-
phosphorylated proteins
Induced by Rac Rho Rho (?)
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Figure 2-4. A chemical strategy for immobilization of ligand (RGD) for cell adhesion. A. A
surface presenting redox active hydroquinone groups (H»Q) is oxidized to the corresponding
quinone (Q) by applying an electrochemical potential to the underlying gold. Reaction of the
quinone monolayer with soluble RGD-oxyamine at physiological conditions generated the
peptide oxime conjugate on the surface. The oxime conjugate Q. is also electroactive and
can undergo a reversible redox process resulting in the HyQox. The chemical structure of
RGD-oxyamine is shown below. B. The quinone monolayer, Q, is inert to the non-specific
attachment of cells. C. Addition of 3T3-Swiss albino fibroblasts to the RGD immobilized
oxime surfaces resulted in cell attachment and proliferation.
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Results and Discussion

Ligand Immobilization for Cell Attachment

To determine whether the electroactive surface can support biospecific cell attachment
via the oxyamine ligand immobilization strategy, we prepared mixed monolayer surfaces
presenting 1 % hydroquinone and 99 % tetra(ethylene glycol) groups. The high density of
background ethylene glycol groups within the monolayer has been shown to reduce non-
specific protein adsorption [79]. This feature ensures that the cell-surface interaction is
mediated only by the cell surface receptors and ligands on the surface. Electrochemical
oxidation of the monolayer (750 mV for 10 seconds) converts the hydroquinone groups to the
reactive quinones (Figure 2-4A). Addition of 3T3-Swiss albino fibroblasts to the resulting
quinone monolayer showed no cell attachment to the surface (Figure 2-4B). This result
demonstrates that the surface resists non-specific cell attachment and that electrochemical
oxidation does not compromise the integrity of the monolayer. To facilitate cell adhesion an
oxyamine-tethered RGD peptide (structures in Figure 2-4) was synthesized and conjugated to
the quinone monolayer (20 mM in PBS, 4 hours). Addition of fibroblasts resulted in
attachment and proliferation on the RGD-immobilized surface (Figure 2-4C). To show the
attachment was specific we added soluble RGD peptide (final concentration of 1 mM, 1
hour) as a competitive inhibitor of the surface-bound RGD and the adherent fibroblasts
detached from the surface (data not shown). Furthermore, as a control experiment a
scrambled peptide (GRD-oxyamine) was immobilized to the quinone monolayer and no
attachment of cells to the surface was observed (data not shown). These results confirm that
cell attachment to the monolayer surface was mediated only by the immobilized RGD

ligands.
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Dynamic Surfaces for Biospecific Cell Migration

The method for ligand immobilization onto the SAM surface via oxime formation was
applied to generate dynamic model substrates for studies of cell migration. We used
microcontact printing to first pattern hexadecanethiolate monolayers on the surface.
Microcontact printing is a method for patterning SAMs on surfaces (Figure 2-5). SAMs form
in the regions of contact between a topographically patterned elastomeric stamp, which is
wetted with chemical ink consisting of n-alkanethiols, and the bare surface of gold. Then the
remaining bare gold regions were backfilled with a mixed monolayer of 1 % hydroquinone
and 99 % tetra(ethylene glycol) groups (Figure 2-6A). The hydrophobic patterns were then
adsorbed with fibronectin (0.1 mg/mL in PBS, 2 hours) to enhance cell attachment. Addition
of fibroblasts to the surface resulted in cell attachment only to the microcontact printed
regions. Observation by live-cell microscopy showed that while most cells are quiescent
within the patterns, the cells near the edge of the patterns are highly dynamic. The patterned
cells constantly sample the surface microenvironment outside the pattern via filopodia and
lamellipodia protrusions and membrane ruffling. Electrochemical activation converted the
hydroquinone monolayer to the quinone, followed by immobilization of linear RGD-
oxyamine (20 mM in serum-free medium, 2 hours) to install the peptide ligands to the
monolayer. The short electrochemical pulse applied (750 mV, 5 seconds) to oxidize the
hydroquinone groups and the addition of the soluble oxyamine-functionalized RGD peptide
does not affect cell viability. The surface microenvironment surrounding the cell patterns is
switched from being inert to adhesive with surface-immobilized RGD ligands. As a result,
cells confined within the confluent patterned region initiated migration in response to the

changes in the surface microenvironment.
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Figure 2-5. Microcontact printing. Microcontact printing is a soft lithography method for
patterning SAMs on surfaces. Patterned photoresist serves as a master to generate an
elastomeric stamp (PDMS). Alkanethiol-wetted stamp transferred the thiol to the bare gold
by physical contact and SAMs are formed in the regions of contact.
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Figure 2-6B shows representative fluorescent images for ligand-mediated migration of
patterned cells over time on three different sizes of circular pattern (160 um, 110 pm, and 60
um in diameter). After 2-3 hours of linear RGD immobilization, cells begin to protrude and
move beyond the edge of the pattern, and after 10 hours the cells have moved a significant
distance away from the initial circular patterns. Despite the different sizes of the initial
patterns, all the cells continued to migrate and after 30 hours of RGD immobilization it was
difficult to define the original pattern. As a control, the exact same substrates without the
RGD immobilizing reaction were prepared. There was no migration and the cells stayed
confined within the circular patterns even after 48 hours in the incubator (Figure 2-6C). As a
further control to show the migration was due to the biospecific interaction between integrin
receptors on the cell and the newly immobilized RGD ligands, soluble RGD was added into
the cell medium (final concentration of 0.7 mM for 1 hour) and the cells detached from the
RGD presenting regions but not from the hydrophobic fibronectin islands (data not shown).
When a scrambled peptide (GRD-oxyamine) was immobilized under the same conditions
(this peptide is not a ligand for integrin receptors) the cells were observed over 48 hours not
to migrate from the patterns (Figure 2-6D). Therefore the dynamic presentation of ligands on
the surface in the presence of the cells functioned as a molecular switch to turn on cell
migration.

Unlike many conventional migration assays including wound healing assays [80, 81],
Boyden chamber [82], and other methods [83-86] where cells migrate on ill-defined
substrates, our dynamic substrate approach is mediated by the underlying surface chemistry
where the ligand presentation, density, activity, and composition is defined at the molecular

level. These features allow for the proper control and interpretation of cell behavior on
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Figure 2-6. Example of a dynamic substrate for spatial and temporal control of cell migration
and growth. A. (a) Surfaces compatible with cell imaging were prepared by evaporating
titanium and then gold onto glass coverslips. (b) Microcontact printing was used to pattern
hydrophobic islands of hexadecanethiol. (¢) The remaining bare gold regions were filled with
a mixed monolayer of tetra(ethylene glycol) (EG4OH) and hydroquinone (H,Q) terminated
alkanethiol. (d) The patterned hydrophobic area was adsorbed by fibronectin and fibroblasts
attached, proliferated and remained confined to the patterned regions. (e) Application of
oxidative potential to the monolayer and subsequent addition of oxyamine-RGD (20 mM, 2
hours) resulted in the rapid immobilization of peptide and hence the migration and
proliferation of cells off of the circular islands. B. Representative figures from fluorescence
microscopy over the period of time with three different sizes of circular patterns. The
diameters of the pattern are 160 um, 110 um, and 60 um, respectively. In all three sizes of
the patterns, upon ligand presentation cells gradually migrated out and broke down the
patterns completely within 30 hours after RGD immobilization. C and D. The cells on
substrates with no RGD (C) or scrambled peptide (GRD) immobilization (D) do not migrate.
Color: green, tubulin; red, actin filaments; blue, nuclei.
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tailored biospecific ligand-receptor mediated surfaces. Furthermore, because these substrates
modulate the surface property in the presence of attached cell culture, it is possible to
monitor cell behavior in response to various changes in the surface microenvironment in real-

time.

The Role of Cell Population and Pattern Shape on Cell Migration and Growth

Using the dynamic substrates it was determined how the number of cells and initial
pattern shape affect motility and growth. We used a nuclear labeling index (NLI) assay,
which measures the amount of DNA synthesis occurring within adhered cells undergoing
growth, to compare the role of pattern size and geometry on cell migration and cell growth.
Dynamic substrates were prepared as described above and upon activation of the surface by
immobilizing linear RGD, cells were allowed to migrate from the patterns for 20 hours and
then 5-bromo-2’-deoxyuridine (BrdU, a thymidine analog that incorporates into newly
synthesized DNA) was added in the cell culture medium (10 uM) for one hour to allow
pulse-labeling of DNA. The cells were then fixed and the BrdU-labeled nuclei were detected
via anti-bromodeoxyuridine and a Cy2-conjugated secondary antibody. Whole cell nuclei
were also stained with DAPI and the results were visualized with fluorescence microscopy.
To interpret the migration distance as a function of initial pattern geometry and size of the
patterns, we defined areas by drawing circles or lines proportionally to the initial pattern
radius or width to keep track of the cells according to the distance migrated (Figure 2-7 top
and middle panel). The total number of nuclei and BrdU-labeled nuclei were counted in each
area. The percentage of the newly synthesized nuclei (DNA) was calculated to give a NLI

(ratio of BrdU-labeled nuclei to total nuclei). The bar graphs in Figure 2-7 show the NLI
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according to the migration distance. For the analysis, it was assumed that cells initiated
migration from the boundary edge of the pattern and the cells found within the interior of the
patterned area had no migration upon surface activation. In the bar graphs of Figure 2-7A-C,
the first sets of data (distance 0 pm) represent the NLI of the cells within the initial pattern.
These cells are considered as having no migration, and therefore their NLI is set as the basal
level of new DNA synthesis in non-migratory, contact inhibited quiescent cells. The bar
colors of the data set for each distance traversed corresponds to the regional zones of the
same color in the pattern diagram above. Figure 2-7A and 2-7B compare the role of cell
population in cell migration and growth by analyzing the NLI for small and large size of
circular patterns that restrict the initial population of the cells. We also compare the effect of
pattern geometry (circle versus straight line) on cell migration and growth (Figure 2-7C).

The comparison of NLI in relation to migration distance is a measurement to visualize
the relative balance between migration and growth activity. We found that regardless of
pattern size or shape the cells that migrated farther from the initial pattern had higher rate of
new DNA synthesis (higher NLI). The cells that migrated the farthest were found to be the
cells initially located at the edge of the pattern. Upon surface activation, these cells have
greater access to free space that supports adhesion and migration and therefore are able to
turn on their cell growth program before the cells originally located near the crowded center
of the pattern do. These results may be also influenced by cell-cell interactions during cell
movement. To control the cell number and therefore population of cells we generated
different sizes of patterns to determine how the initial cell population influences subsequent
cell migration and growth after surface activation. Interestingly, it was observed that cells

within the small and large circular patterns had similar basal levels of DNA synthesizing
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Figure 2-7. Example of cell migration and growth dependence on geometry and population of
cells. The migrating cells on the dynamic substrates were treated with BrdU to identify
proliferating cells. The NLI implies that actively migrating cells have higher growth rate. See
the discussion for details. Data are collected from 6 to 8 separate substrate chips each in (A),
(B) and (C). Data are mean + SEM.
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activity (27.5 % and 31.2 %, respectively) (Figure 2-7A and 2-7B). After surface activation,
the cells which migrated approximately 165 pm (off small) and 80 pm (off large) circular
patterns at the time point of 20 hours had similar levels of NLI (see the *-noted bar graphs
with NLI of approximately 65 %). These results show that for the same time period and
growth rate (i.e. same NLI) cells from the small pattern (less cell population) migrated farther
than cells from the larger population pattern. This result implies that there may be less cell-
cell interactions in the smaller population patterns after surface activation and therefore the
cells may migrate with less constraint where the dominating factor for migration is the
number of cell-ligand interactions rather than the number of cell-cell interactions.

For the cells initially confined within line patterns, we also observed that the farther the
cells migrate the higher the growth rates (Figure 2-7C). We found that the basal level of
DNA synthesis within the line patterns was much higher (48.4 %) than for the circular
patterns. Interestingly, the comparison between circular and line patterns (Figure 2-7A and 2-
6C) showed a different trend for migration and growth. Within 20 hours, cells with
approximately NLI 65 % were found to migrate a distance of 180 um from the large
population line patterns which is similar to the distance cells travelled from the small
population circular patterns. Although the cells migrate approximately the same distance and
have similar NLI after 20 hours the cells on the line patterns took longer to initiate migration.
For example, many cells on circular patterns have already migrated a significant distance
within 10 hours after RGD immobilization on the surface while most cells on line patterns
are not observed to migrate. This indicates the degree of curvature of the pattern where cells
are originally confined can have a dramatic impact on the ability of cells to initiate migration

and growth. On the straight line pattern the cells are densely packed parallel to the edge of
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the pattern and upon surface activation the cells at the edge must move out perpendicular to
their alignment. This may require a massive rearrangement of the cell cytoskeleton and
therefore it takes much longer to initiate migration compared to the cells on small circular
patterns that are not restricted by geometry. However, after moving beyond the line patterns
the cells are able to migrate with limited cell-cell interactions compared to the circular
patterns where several cells are joined during migration. Therefore the comparable migration
distance with the similar level of NLI in Figure 2-7A and 7C (*-noted bar graphs) appears to
be influenced more significantly by the initial geometry. Overall the NLI measurements
show that the actively migrating cells generally have a higher growth rate and there is a
delicate interplay of cell-cell interactions, cell-substrate interactions and initial geometry in

dictating subsequent migration and proliferation.

The Role of Integrin Composition on Cell Migration

The role of integrin composition on cell migration and growth on the dynamic surfaces
was studied. We compared the rate of migration and growth for several Chinese Hamster
Ovary (CHO) cell lines where the cytoplasmic a5 subunit of the asf3; integrin, a fibronectin
receptor, has been either deleted or truncated. Three mutant CHO cell lines were examined:
B2a27 expresses a full-length of human a5 subunit with 27 amino acids in the cytoplasmic
domain; B2al0 expresses an o5 with a 17 amino acid cytoplasmic truncation; and B2
expresses only the B1 subunit where the a5 is knocked down. In previous research Bauer et
al. used these cell lines to examine the role of a5 cytoplasmic domain in cell adhesion, cell

motility and cytoskeletal organization [87]. On fibronectin-coated surface they found B2a27
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and B2al0 displayed similar adhesion, motility and actin organization to wild type CHO cells
while the untransfected B2 cells showed no migration and no actin reorganization.

To test whether these mutant cells behave in a similar manner on our molecularly
defined surface, the same experimental procedure as in Figure 2-7B was performed with the
three CHO cell lines. We found that both B2a27 and B2al0 cells patterned on 160 pm
diameter circles migrated and proliferated to a similar extent as the 3T3-Swiss albino
fibroblasts did upon activation on 1 % linear RGD-immobilized surface (Figure 2-8). In
contrast, although untransfected B2 cells adhered to the initial pattern, they did not migrate
when the surface was activated with linear RGD ligands. Thus, the truncated a5 cytoplasmic
domain is not essential for cell motility but the extracellular domain and the cytoplasmic
domain adjacent to the membrane may have important functions in cell migration. This cell
motility and growth data is consistent with the results obtained from the fibronectin-coated
surfaces [87]. Taken together, these results demonstrate dynamic surfaces are well-suited for
evaluating the dependence of cell growth and migration on integrin composition and

expression levels.

On Non-Dynamic Surfaces Cell Migration Rate Depends on Ligand Affinity and Density

To understand the role of ligand density and affinity in directing cell migration a series
of studies was performed where cell migration rates were monitored on surfaces presenting
different densities and affinities of RGD ligands. Integrin receptors are known to have higher
affinity to cyclic RGD than linear RGD ( ICso[cyclic RGD] / ICso[linear RGD] ~ 107 ) [88,
89]. To modulate the ligand affinity on the surface, oxyamine-functionalized linear RGD and

cyclic RGD was used. For these studies SAMs were prepared as mixed monolayers
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Figure 2-8. Growth versus migrating distance for integrin a subunit mutants of CHO cells on
dynamic surfaces. Data are mean + SEM and more than 6 separate substrate chips for each

cell line were used for the analysis.
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Figure 2-9. Non-dynamic SAM surface presenting linear and cyclic RGD. Mixed SAM
presenting hydroquinone and tetra(ethylene glycol) groups was prepared on gold. Upon
electrochemical oxidation to quinone, linear or cyclic RGD was immobilized as an oxime
adduct. Linear RGD presenting surface has low affinity to integrins while cyclic RGD
surface has higher affinity. The structures of linear and cyclic RGD are shown with the

“RGD” sequence in red.
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presenting hydroquinone (from 1 % to 10 %) and tetra(ethylene glycol) (99 % to 90 %)
groups on gold.

Upon electrochemical oxidation to quinone, linear RGD or cyclic RGD was
immobilized. The Figure 2-9 shows the scheme of this experiment and the structures of linear
and cyclic RGD. The completion of the coupling reaction was determined by cyclic
voltammetry. Each substrate was rinsed with water and 3T3-Swiss albino cells were then
seeded to determine migration velocity as a function of peptide density. This type of
substrates is termed as a “non-dynamic surface” since there is no patterned region of cells
and the entire surface is composed of peptide ligands prior to cell seeding. Time-lapse
images were recorded and the movement of the cells was tracked.

Figure 2-10 shows some representative cell images from the time-lapse movie. The
cells on linear RGD surface were often found in different locations from the original
attachment sites while the cells on the cyclic RGD surface were not motile. Figure 2-11
compares cell velocity on the surfaces with different density and ligand affinity. For the non-
dynamic high affinity cyclic RGD surfaces, the attached cells rarely migrate and there is no
substantial difference in cell migration rate from 1 to 8 % ligand density. This reflects that
the polyvalent adhesive interaction between integrin receptors and cyclic RGD ligands is too
strong even at low densities to allow significant cell motility. However for low affinity linear
RGD surfaces, we observed a biphasic behavior where cell migration velocities increased up
to 5 % ligand density and then decreased from 6 % to 8 %. The biphasic cell migration rate
data show that at low ligand density (1 - 5 %) cells are able to attach and release integrin

receptors from the surface and migrate with increasing velocity but at higher ligand densities
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(> 5 %) the adhesiveness of the surface overcomes the ability for the integrin receptors to
detach and therefore the migration is not effective.

Additionally, a mixture of linear and cyclic RGD peptides (1:1 ratio) was immobilized
on the surface and cell movements were recorded. Interestingly, for the mixture RGD surface
the migration rates were faster at lower density and exhibited an earlier biphasic behavior
than for the linear RGD surfaces. From this study a mixture RGD surface allows the greatest
cell motility at 1 - 2 % ligand density and at higher densities the effect of the cyclic RGD
predominates and causes motility to significantly decrease.

Why cells migrate with higher velocity on the mixture RGD surface than on the linear
RGD surface at <2 % ligand density is intriguing. It may be because cells possess the ability
to modulate the combinatorial variability of the affinity states of the integrin receptors for
complex ligands. Previous work has shown a biphasic migration rate on fibronectin-coated
surfaces depending on the concentration of the fibronectin solution used [90]. However, these
surfaces are unable to define the ligand orientation and the actual ligand density on the
surface because they rely on non-specific fibronectin adsorption. Because our surface is
based on molecularly well-defined ligand coupling and presentation, it is ideal to study the
influence of ligand concentration and affinity on cell motility. The results presented here are
significant because there have been no studies of cell motility on different affinity and mixed

affinity peptide presenting surfaces.
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Figure 2-10. The images of cells from the non-dynamic surfaces. Cell movements on 1 %
and 2 % linear/cyclic RGD surfaces over 24 hours were recorded as time-lapse movie. The
images at 0, 10 and 20 hr are shown here. The blue- and red-colored boxes were drawn to
designate the original location where the cell was attached at 0 hr.
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Figure 2-11. Plot of cell migration velocity versus surface density of linear, cyclic and
mixture RGD peptide on non-dynamic surfaces. For linear RGD peptide surfaces (blue line)
there is a biphasic behavior where cell velocity increases as peptide density reaches from 1 %
to 5 % and then decreases at higher densities of peptide. While the migration rate is low for
cyclic RGD surfaces (red line), the mixture peptide surfaces render a biphasic behavior.
Seven to ten individual cells from each experiment were tracked for 30 hours to give mean
velocity. Data are mean + SEM.
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Determining Cell Migration Memory on Dynamic Surfaces - The Dynamic Presentation of

Ligands Alters Cell Migration Rates

For metastatic cells the ability to migrate with different behavior and rates when
originating from a tumor is of major interest in cancer biology. Although metastasis from a
primary tumor is generally considered as a result of the complex interplay of random
mutations, pre-existing genetic background and the local microenvironment, some types of
tumors are metastasized by nonrandom processes [91, 92]. In this case, the
microenvironment within and outside the primary tumors provide a selective path for
metastasis. To explore the role of the dynamic microenvironment on cell motility, we wanted
to test a novel hypothesis - whether the initial cell adhesion site and surroundings would
influence subsequent migratory behavior of the cells or do cells have a migration memory
that modulates their migration behavior after leaving the initial adhesion location. For this
study, we employed the dynamic substrates to compare the rate of migration of cells from
patterns onto regions presenting the same RGD ligand density and affinity as non-dynamic
surfaces. If the initial location and environment affects cellular behavior, the dynamic and
non-dynamic surfaces may induce different migratory behavior responses although the
surface chemistry composition (ligand type and density) are identical. The cell migration on
the dynamic surfaces was recorded by time-lapse microscopy in the same manner as Figure
2-10. In this set of experiment, the cells were first patterned on the fibronectin-adsorbed
circular area and then linear or cyclic RGD was installed at 1 % and 2 % surface density.
Upon exposure to the RGD ligand, the movement of the cells was recorded (Figure 2-12).

The plots in Figure 2-13 compare the total migration distances over time. For the non-

dynamic surfaces, the migration on cyclic RGD is much slower than on linear RGD as
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Figure 2-12. The images of cells from dynamic surfaces. Cells were first patterned on
fibronectin-adsorbed circular area. The immobilization of linear and cyclic RGD on the
surface was followed. The migration of the cells was recorded as time-lapse movie. The
images at 2, 5, 9 and 28 hr after exposure to RGD are shown here. The control surface was
not treated with RGD thus no cell migration was observed (right).
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Figure 2-13. Comparison and evaluation of cell migration memory on dynamic and non-
dynamic surfaces. The total distance cells migrated on dynamic or non-dynamic surfaces was
plotted over 30 hours. The movement of cells every hour was tracked and summed up to get
total distance cells migrated by that time. A. Cell migration on linear RGD surface. The
average migration velocities were obtained from the slope of best fit line and they are 12.3
pm/hr (dynamic 2 %); 7.3 pm/hr (non-dynamic 1 %); 7.8 pm/hr (non-dynamic 2 %). B. Cell
migration on cyclic RGD surface. The average migration velocities are 11.6 pm/hr (dynamic
2 %); 4.4 um/hr (non-dynamic 1 %); 3.1 pm/hr (non-dynamic 2 %). Cells on the dynamic
surfaces migrated much faster than cells on the non-dynamic surfaces regardless of ligand
affinity. For each surface the experiment was repeated 6 times. The movement of a total of
10 to 12 cells on each surface was tracked and data are mean = SEM.
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expected due to the much higher affinity of cyclic RGD for integrin receptors. However, we
observed on dynamic surfaces cells migrate much faster (from the initial patterns) regardless
of ligand affinity. The average velocity of cell migration is similar for linear and cyclic
dynamic surfaces (12.3 pum/hr and 11.6 pm/hr respectively). The most striking result is for
the dynamic and non-dynamic cyclic RGD surfaces. The cells migrated much faster on
dynamic surfaces presenting 2 % cyclic RGD when released from the initial pattern whereas
on the non-dynamic 2 % cyclic RGD surface the cells migrated much more slowly. This
result clearly demonstrates that cells retain a memory of their initial pattern or state and when
released from the pattern they are able to modulate their ability to migrate that overcomes the
adhesiveness of the ligands presented.

To further investigate these results we examined the focal adhesion structures within
cells. Focal adhesions are large, dynamic protein complexes through which the cytoskeleton
of a cell is connected to the ECM [4, 93]. The assembly and morphology of focal adhesions
are critical in signal transduction during ligand mediated cell adhesion, polarization and
migration. The focal adhesion structure of adhered cells on the surfaces were analyzed by
visualization with an anti—paxillin antibody. Paxillin is a protein found within focal
adhesions and is a well characterized marker for these structures [94]. More motile cells are
known to have fewer focal adhesions and they are found at the periphery of the cell, which
enhances attachment and detachment from the surface during active migration. Figure 2-14
shows focal adhesion staining of representative cells migrating on dynamic and non-dynamic
linear and cyclic RGD surfaces. Interestingly, cells on the higher affinity non-dynamic cyclic
RGD surfaces (bottom left micrograph) have more and larger focal adhesions and therefore

cells migrate intermittingly and slowly, but on the dynamic surface presenting cyclic RGD
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(lower right micrograph) the cells have focal adhesions only on the periphery and are very
motile and look indistinguishable from cells on lower affinity RGD surfaces (top row). Since
the cells are contact inhibited on the patterned islands we hypothesize that once they are
allowed to migrate their motility program supersedes the affinity of the substrate in order for
the cells to find more space to migrate and divide. We expected once the cells moved off the
patterns onto high affinity cyclic RGD surfaces that the cells would immediately halt their
migration due to the very high affinity of cyclic RGD to their cell surface integrin receptors.
Instead, the cells migrated at a greater velocity and therefore the cells are somehow able to
retain a memory of their initial pattern and are able to either down-regulate their integrin
receptors or change the affinity state of the integrins to migrate. We also observed for longer
periods (> 20 hours) some cells divided and the resulting daughter cells continued to be very
motile and had similar focal adhesion size and number as the parent cells. This result brings
the issue of persistence of cell motility memory that is carried through cell division. We are
currently investigating whether the integrin receptors remain in the high active state of
migration (with selective integrin antibodies) which is carried through cell division to the
daughter cells. The study in the role of cell-cell communication, integrin activity (regulation)
state and key gene signaling levels in the future may decipher the complex signaling that
regulates this behavior. These results are the first to show that cells are able to modulate their
migration behavior on a molecularly defined surface based on their initial position and may
be important to understanding basic cell migration and the transition to metastasis for cancer

cells from tumors.
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Figure 2-14. Comparison of fluorescent micrographs of fibroblasts with focal adhesion
staining on dynamic and non-dynamic surfaces. Color: green, paxillin; red, actin; blue,
nuclei.
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Whole Genome Microarrays Reveal Differential Gene Expression on Dynamic and Non-

Dynamic Surfaces

To investigate how the cells are able to modulate their migratory behavior at the
genomic level on different RGD ligand affinity dynamic and non-dynamic surfaces, we
incorporated whole genome microarray analysis with these molecularly tailored surfaces. We
used this strategy to identify key genes that may be responsible for the cell migration
memory mechanism that is employed to regulate cell behavior on different surface
compositions.

A total of five different groups of samples were compared and the procedure is
illustrated in Figure 2-15. For the fibronectin surfaces, the cells were seeded onto fibronectin
patterns to which they adhered and became contact inhibited. The cells on this substrate were
not exposed to the RGD ligand and therefore cells were not able to migrate and remained
confined to the patterns (Figure 2-15A). For the dynamic surfaces, the substrates with
patterned cells were activated electrochemically and RGD peptide immobilization was
followed (Figure 2-15B). Either cyclic RGD or linear RGD was installed onto the surface.
Upon recognizing the RGD ligand, cells initiated migration. For the non-dynamic surfaces,
RGD peptide (cyclic or linear form) was coupled to the surface before adding cells (Figure 2-
15C). For both dynamic and non-dynamic substrates, cells were incubated for 24 hours after
migrating on immobilized RGD ligand surfaces. Cells on the fibronectin surface were also
incubated for 24 hours. After this period of time, cells from each substrate were collected and
RNA was extracted. Total RNA was purified, amplified and labeled with Cy5. As a reference,
RNA was obtained from regularly cultured cells in tissue culture flasks and incorporated with

Cy3 after purification and amplification. Each sample and reference was hybridized onto a
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Figure 2-15. Comparison of gene expression by whole mouse genome microarray. Schematic
diagram of two-color whole genome microarray hybridization experiment. A. Fibronectin
surface — microcontact printed area was adsorbed with fibronectin to enhance cell attachment.
No RGD was added thus there was no cell migration; B. Dynamic surface — in the presence
of the cells on the fibronectin patterns, RGD (linear or cyclic form) was immobilized. Cells
were allowed to migrate for 24 hours in complete medium at 37 °C, 5 % CO;; C. Non-
dynamic surface — linear or cyclic RGD was immobilized on the SAM surface via an
interfacial oxime linkage. Cells were added onto the surface and incubated for 24 hours in the
same condition as above. From each surface cells were collected by trypsinization and RNA
was extracted. RNAs were amplified using random primers and labeled with CyS5. For the
reference of hybridization experiment, cells grown in common culture flask were harvested.
RNA was extracted and amplified in the same method and labeled with Cy3. Labeled nucleic
acid samples (A, B and C) and reference were used in microarray hybridization. After
scanning the microarray slides, the intensity of two colors in each array was normalized and
analyzed.
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whole mouse genome microarray. Each microarray analysis visualizes differential gene
expression between reference and the sample. By normalizing the data, gene expression
levels between sample groups can also be compared.

Cell numbers in regular culture were maintained below 70 - 80 % confluency; hence
these cells are regarded as proliferating and migrating at a normal rate. Cells on the
fibronectin patterns are close packed and the resulting contact inhibition arrests both growth
and migration. However, cells on the dynamic surface and non-dynamic surface are
permitted to migrate freely on the RGD tailored surfaces, although how the cells gain access
to the RGD ligands to initiate migration is different. A cluster image created by GeneSpring
software visualizes differential gene expression levels between samples (Figure 2-16).

The gene expression pattern profiles are strikingly different for dynamic, non-dynamic
and fibronectin surfaces. The ligand affinity between the cyclic and linear form of RGD also
had interesting gene expression profile differences between dynamic and non-dynamic
surfaces. For example, Myl7 (Myosin, light polypeptide 7, regulatory) which functions in
focal adhesions, tight junctions and regulation of actin cytoskeleton shows higher expression
on dynamic surfaces than the reference. In non-dynamic surface conditions it is expressed at
even higher levels while fibronectin surface conditions kept the expression level similar to
that of reference. Wnt6 (Wingless-related MMTYV integration site 6) which is important in
the Wnt and hedgehog signaling pathways is up-regulated on the fibronectin surface and
dynamic surface but is significantly down-regulated on non-dynamic surface conditions.
Cells on both dynamic and non-dynamic surfaces that had been exposed to RGD peptide
expressed high levels of IL1a (interleukin-1-a). [L1a is known to be produced as a response

to infection or environmental change to stimulate growth and initiate an immune response.
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Interestingly the expression level is 3 to 4-fold higher on dynamic substrates, but cells that
were directly added onto RGD surfaces expressed extremely high level (15 to 24-fold) of
IL1a. Rasgrp2, Ras guanyl releasing protein 2, is a component in MAPK signaling pathway
and it can activate Ras. It is up-regulated on dynamic and fibronectin surface samples but on
non-dynamic surface samples it has only 60 % the level of regular expression.

Genes that show distinguished patterns between sample surface groups are summarized
in Table 2-2. The numbers in the table represent the fold change in expression level
compared to the reference sample. Many genes are found to be related to cell signaling
pathways which regulate proliferation, migration, development and apoptosis. Also several
genes functioning in focal adhesion and cytoskeleton organization/biogenesis are regulated
differently according to the surface conditions. The integrin subunits responsible for
fibronectin binding (a5pB1) are expressed at similar levels for the dynamic surfaces compared
to the reference. They are slightly up-regulated on non-dynamic surfaces while down-
regulated on the fibronectin surface. A few other integrin subunits show characteristic
expression patterns between samples while most integrin subunits have little variation in
expression level when compared to the reference. Whether the regulation of such integrin
subunit numbers on the cell surface at the transcription level is directly linked to cell
migration is not clear. Some extracellular matrix protein genes are regulated at different
levels depending on the surface conditions and how the cells use them to modify the surface
for subsequent migration is to be investigated. From the overall microarray data analysis
several of the genes that have the greatest difference in expression levels have roles in certain
key signaling pathways related to proliferation and migration. In particular, a few candidate

genes in the Wnt and Hedgehog signaling pathway are of great interest for their specific role
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Figure 2-16. Hierarchical cluster analysis of microarray data. The expression profiles of 1716
genes whose intensity differed 2.5-fold or more between the reference and at least one
sample were chosen for hierarchical clustering analysis with Genespring software. The
cluster image was created according to underlying similarities in patterns of gene expression.
The column represents each sample group, in which the mean of four separate microarray
data are shown (t-test p-value less than 0.05). The genes are listed in rows. The normalized
expression level for each gene is coded by color. Red indicates high expression and blue
indicates low expression in each sample. For example, I11a, interleukin-1-a, is extremely up-
regulated in non-dynamic surface samples but only mildly up-regulated in dynamic and
fibronectin surface samples. Myl7, Myosin light polypeptide 7, is significantly highly
expressed in dynamic and non-dynamic surface samples while it is down-regulated in
fibronectin surface sample (gene accession number in parentheses). The expression of Wnt6
and Rasgrp2, wingless-related MMTYV integration site 6 and Ras guanyl releasing protein 2
respectively, are up-regulated on dynamic surfaces and fibronectin surface samples while the
non-dynamic surface samples have much lower expression. [Dyn C], dynamic surface with
cyclic RGD; [Dyn L], dynamic surface with linear RGD; [FN], fibronectin patterned surface;
[ND C], non-dynamic surface with cyclic RGD; [ND L], non-dynamic surface with linear
RGD].
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in cell motility and proliferation mechanisms that influence cell migration memory. Because
both Wnt signaling and Hedgehog signaling are important in the development stage, some
genes may have key information for migration in development.

To validate the microarray data, semi-quantitative real time polymerase chain reaction
(semi qPCR) for some genes was performed and the data was normalized with the data of
Gapdh (glyceraldehyde-3-phosphate dehydrogenase) with the assumption that it is a
housekeeping gene. The comparison of gene expression level from microarray data and PCR
is shown in Table 2-3. Although the PCR method used was much less sensitive than the
microarray for quantification of gene expression, the tendency of gene expression degree
between surface samples appeared analogous. This genomic profiling analysis combined
with proteomic analysis may reveal a signature map that regulates cell motility and cell

migration memory.

The Effect of Synergy Peptide PHSRN on Cell Adhesion and Migration

We applied the same ligand coupling methodology to immobilize the PHSRN peptide,
which is known as having a synergistic effect in cell adhesion, onto hydroquinone SAM
(Figure 2-17). When cells were added onto a PHSRN-presenting (2 % surface density)
surface we found that the cells behaved differently from a RGD-presenting surface. The cell
movement on the PHSRN or RGD surface was recorded by time-lapse microscopy. The cells
on the PHSRN surface generally showed highly dynamic protrusions of lamellipodia and
ruffling. As some images are shown in Figure 2-18, the cells on the PHSRN surface threw
their membrane out of their body very vigorously appearing like fast random walking while

the cells on the RGD surface established some extent of adhesion to the surface.
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Figure 2-17. Immobilization of RGD and PHSRN onto hydroquinone/quinone monolayer.
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Figure 2-18. Cytoplasmic protrusions on the surface presenting RGD (A) and PHSRN (B).
Images were taken every 20 minutes. Cells on PHSRN surface showed highly dynamic
protrusions of lamellipodia. The lamellipodia stretched out 1.5 - 2 times of cell body toward
all directions. The protrusion of the cells on RGD surface was less dynamic.
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Figure 2-19. The effect of soluble PHSRN onto migration rate. The cells were incubated on
the peptide-immobilized (total density 1 %) surfaces. Their movement was tracked upon
addition of PBS (control), soluble PHSRN or scrambled peptide NRSHP into the medium (10
uM). The total distance cells migrated for 20 — 24 hours was used to obtain mean velocity.
Migration is faster when soluble PHSRN is treated.
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We also observed that addition of soluble PHSRN to the cell culture medium drove
cells to move faster. Various surfaces with peptide immobilized at 1 % of total surface
density were prepared. They included surfaces with PHSRN, linear RGD, cyclic RGD and
mixture of PHSRN and linear RGD (1:1 ratio). After 2 hours incubation of the cells on those
surfaces movie of the substrates were taken for at least 12 hours. Then soluble PHSRN was
added into the cell culture at 10 uM concentration and the movie was taken for another 12
hours. Based on the movie images, cell movement was tracked and the total distance cells
migrated over a certain time period gave the mean velocity of cell migration. Figure 2-19
compares the migration rates on various ligand surfaces before and after addition of soluble
PHSRN. The fast moving cells on the PHSRN surface showed little decrease in motility after
adding the soluble PHSRN, but overall they have the highest migration rate comparing to
other ligand surface conditions. The migration rate of the cells on the other three ligand
surfaces (i.e. linear RGD, cyclic RGD and mixture of PHSRN and linear RGD) increased
after adding the soluble PHSRN. As a control experiment, soluble scrambled peptide NRSHP
was added instead of PHSRN: it didn’t affect the cell movement. The cells on the surface
have their integrins already engaged to the ligand which was immobilized on the surface.
How the soluble PHSRN would affect the pre-organized integrin-ligand interactions and
therefore change the migratory behavior is interesting.

As focal adhesion morphology can provide information on migration, the
immunostaining of focal adhesion was performed. It revealed that the cells on the PHSRN
surface could form only a small number of focal adhesions in fibrillar shape at the edge of
the cells which corresponds to the fast movement (Figure 2-20). In contrast, the cells adhered

on the RGD surface had well-developed focal adhesions at the end of actin stress fiber as a

92



(A) PHSRN

20pm 20pm

20pm 20pm ! 30pm

Anti-Vinculin Anti-Paxillin

Figure 2-20. Fluorescence images of cells on the surface presenting PHSRN (A) and RGD
(B). For characterization of focal adhesion, cells on PHSRN or RGD surface were
immunostained with antibodies of vinculin and paxillin. On the PHSRN surface, staining
with anti-paxillin does not show focal adhesion. However, staining with anti-vinculin shows
clear fibrillar shape focal adhesions. Cells on the RGD-presenting surface showed many actin
stress fiber bundles. More focal adhesions were observed for the cells on the RGD surface.
Color: green, vinculin or paxillin; red, actin; blue, nuclei.
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dot-like shape which is observed in stationary cells rather than migratory cells. This implies
that when integrins interact with the RGD or PHSRN ligand they form different focal
adhesion in size and shape that are probably caused by recruiting different components at the
adhesion site thus affecting downstream signaling.

Rho family GTPases are key regulators of the cytoskeleton, determining cell shape,
attachment and movement [24]. Rho proteins act as molecular switches, “on” when GTP-
bound, which transduce signals through associated effector proteins, including kinases Rho
kinase (ROK) and p21-activated kinase (PAK). In response to extracellular signals and
guidance cues, Rho GTPases are activated by exchange factors (GEFs) and down regulated
by GTPase activating proteins (GAPs) (Figure 2-21).

One model for how migrating cells maintain polarity is based on the fact that Rho and
Rac are mutually antagonistic, each suppressing the other’s activity [95]. Active Rac at the
leading edge of cells would suppress Rho activity, whereas Rho would be more active at the
sides and rear of the cell and suppress Rac activity, thereby preventing Rac-mediated
protrusion at sites other than the leading edge. Figure 2-22 summarizes how Rho, Rac and
Cdc42 take part in cell motility [96]. Cdc42 regulates polarity, Rac stimulates lamellipodial
extension, and Rho regulates rear retraction.

To investigate whether the distinguished features of membrane protrusions, focal
adhesion and motility on RGD and PHSRN surfaces is related to the activity in Rac and Rho,
we performed GTPase activity assay with the cells cultured on RGD and PHSRN surfaces.
As described in Figure 2-23, the assay uses agarose beads attached with GTPase-binding
protein which can bind only to the active GTPase. If a cell lysate sample contains active

GTPase, the beads will “pull-down” the active form of GTPase and the isolated active
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Figure 2-21. The regulation of GTPase activity. GTPases are activated by exchange factors
(GEFs) and down regulated by GTPase activating proteins (GAPs).

95



1. Direction of movement (Cdc42)

+«—— 4. Contraction (Rho)

2. Lamellipodial protrusions
(Rac)

3. New adhesions
with substratum

8. Dissolution of old adhesions
and tail retraction

Figure 2-22. Factors in cell motility. The figure was adapted and modified from reference 96.
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Figure 2-23. GTPase activity assay. A. The assay uses GTPase-binding protein bound bead to
selectively pull down active form of GTPase. B. The overview of pull-down assay for
GTPase. The active GTPases which were pulled down by the beads can be quantified by

immunoblot.
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Figure 2-24. The activity of Rac and Rho was compared from the cells cultured on RGD and
PHSRN surfaces by pull-down assay. For the Rac activity before and after serum stimulation,
the cells on the PHSRN surface showed increased activity while the cells on the RGD surface
had decreased activity after serum stimulation. The cells on the RGD surface only showed
significant Rho activity increase by serum treatment.



GTPase can be quantified by using immunoblotting (Western blotting). The activity of Racl
and Rho was specifically assayed. Since our observation was sustained behaviors rather than
instant reaction by adhesion onto the surface, we incubated 2 hours on the surface before
proceeding to the activity assay. The growth factors in serum which is added in cell culture
medium also stimulate Rho and Rac so we performed the assay separately with serum-
starved condition (0.5 % BSA) and serum- fed condition (1 % bovine calf serum).

As shown in Figure 2-24, the change in Rac activity before and after serum stimulation
is contradictory on PHSRN and RGD surfaces. The Rac activity of the cells on the PHSRN
surface was increased while it dropped on the RGD surface after serum stimulation. In the
case of Rho activity, only integrin interaction with RGD allows significant Rho activity
increment by serum treatment. These results are consistent to the observation in that the cells
on the PHSRN are highly motile without polarity while the cells on the RGD surface develop
focal adhesion and actin cytoskeleton. This assay also implies that the integrin interaction
with PHSRN and RGD triggers different downstream signaling pathways. The nature of the
integrin conformation or activation state may recruit molecular components in the focal

adhesion in a different manner and it consequently turns on different effector GTPases.

Conclusion

A dynamic substrate has been generated and shown to have spatial and temporal control
of cell behavior. The model substrate is based on an electroactive surface where patterned
cells can be released upon mild electrochemical activation to install adhesive ligands which
are required to initiate and support cell migration and growth. The use of the reversible

hydroquinone-quinone system that is under external electrochemical control allows for the
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quantitative real-time change in surface properties in the presence of adhered cells. The
chemoselective reaction between soluble oxyamine-tethered ligands and the quinone form of
the redox couple is compatible with cell culture conditions and this synthetic flexibility
allows for tailoring the surface with a variety of biomolecules and ligands. The use of cyclic
voltammetry to distinguish between the diagnostic peaks of the product oxime and the initial
hydroquinone-quinone peaks is essential for characterizing the extent of the interfacial
reaction and therefore allows for the precise control of ligand density on the surface.

It was shown that the dynamic surface has exquisite molecular control of the ligand-
receptor interaction between cell and material and it was demonstrated the utility of this
methodology by studying the interplay of cell population, ligand density, geometry and
integrin composition on cell behavior in real-time. We have also shown for the first time a
novel behavior of cell migration memory where cells are able to change their migration
velocity and focal adhesion patterns depending on their initial position that supersedes the
underlying surface chemistry. Furthermore, whole genome microarray analysis showed
several genes regulating cell signaling, cytoskeleton organization and proliferation are
expressed at significantly different levels depending on the spatio-temporal control of the
surface composition. The ability of the surface to immobilize various kinds of biological
ligand allowed the comparison of signaling pathways as well as the observed behaviors.

The dynamic and non-dynamic surfaces can be potentially used to decipher how the

dynamic microenvironment influences cell motility in cancer cell biology and development.

100



Table 2-2. Summary of microarray data (numbers indicate the fold change in expression level
compared to the reference sample)

Category |*DynC DynL FN NDC NDL Name Symbol
Wingless-related MMTYV integration site
3.09 3.75 278 1564 1312 2 Wnt2
Wingless-related MMTYV integration site
251 2.90 577 050 048 6 Wnt6
2.48 3.22 889 081 0.89 Axin2 Axin2
Signaling 2.75 257 3.00 067 0.77 Secreted frizzled-related protein 1 Sfrpl
3.35 3.81 1.46 23.96 15.28 Interleukin 1 alpha llla
2.37 2.37 491 0.60 0.69 RAS, guanyl releasing protein 2 Rasgrp2
2.42 3.52 5.68 1.37 1.11  Patched homolog 2 Ptch2
1.31 1.81 1.17 15.94 14.69 Amphiregulin Areg
4.05 3.09 599 948 1543 Von Willebrand factor homolog Vwf
Adi%?(lnn/ 3.09 3.09 3.62 13.86 10.71 NCK associated protein 1 like Nckap1l
Regulation 154 0.75 2.55 0.28 0.23  Insulin-like growth factor 1 Igfl
of Actin 1.65 1.88 0.50 0.46 0.29  Actin, alpha 2, smooth muscle, aorta Acta2
2.03 2.50 0.90 5.60 4.09 Myosin, light polypeptide 7, regulatory Myl7
7.32 8.38 1385 1.12 0.63 Integrin, alpha 11 ltgall
1.50 1.92 1.64 5.39 7.78 Integrin alpha 2 Itga2
Integrins Integrin alpha 5 (fibronectin receptor
1.04 0.98 056 180 2.85 alpha) Itga5
Integrin beta 1 (fibronectin receptor
0.83 0.91 052 110 1.17 beta) Itghl
1.34 1.54 3.02 064 0.48 Intercellular adhesion molecule Icaml
Cadherin EGF LAG seven-pass G-type
Adhesion 0.88 0.86 242 945 9.69 receptorl Celsrl
Molecules 1.50 1.80 1.30 5.38 5.56 Cadherin 5 Cdh5
1.53 1.63 0.98 12.77 16.94 Cadherin 6 Cdh6
271 2.81 3.57 10.13 8.98 Junction adhesion molecule 2 Jam2
1.66 1.56 3.00 0.49 0.32 Procollagen, type Il, alpha 1 Col2al
Extracellular 3.82 4.78 7.82 3.86 4.20 Procollagen, type XVIII, alpha 1 Col18al
Matrix 6.63 5.24 751 1.23 0.98 Laminin, alpha 4 Lama4
0.71 0.68 052 456 5.20 Laminin, beta 3 Lamb3
1.43 1.81 2.31 8.47 6.59 Fibroblast growth factor 21 Fgf21
1.84 2.19 0.49 2.74 2.22  Connective tissue growth factor Ctgf
Growth Gremlin 2 homolog, cysteine knot
3.47 2.70 1.33 4.69 3.38  superfamily (Xenopus laevis) Grem2
0.66 0.84 0.87 381 3.65 Growth differentiation factor 9 Gdf9
0.86 1.31 1.80 1.29 1.38 Caspase 9 Casp9
Aldehyde dehydrogenase 1 family,
Apoptosis 0.52 047 113 123 1.69 memberlLl Aldh1i1
Aldo-keto reductase family 1, member
3.78 4.38 4.83 1156 12.36 C18 Akricl8
*Symbols:

Dyn C — Dynamic surface with cyclic RGD
Dyn L — Dynamic surface with linear RGD

FN — Fibronectin patterned surface

ND C — Non-dynamic surface with cyclic RGD
ND L — Non-dynamic surface with linear RGD
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Table 2-3. Microarray data vs. semi-qPCR data

DynC DynlL FN ND C ND L Name
ltgall 7.32 8.38 13.85 1.12 0.63 | Integrin, alpha 11
(PCR) 2.16 2.67 2.35 0.79 0.65
Integrin alpha 5 (fibronectin receptor
Itgab 1.04 0.98 0.56 1.80 2.85 | alpha)
(PCR) 1.09 1.36 0.90 0.93 1.26
Integrin beta 1 (fibronectin receptor
ltgbl 0.83 0.91 0.52 1.10 1.17 | beta)
(PCR) 1.05 1.17 0.91 0.93 0.98
Colla2 1.70 1.27 1.97 0.55 0.52 Procollagen, type |, alpha 2
(PCR) 1.43 1.03 0.97 1.07 1.11
Col2al 1.66 1.56 3.00 0.49 0.32 Procollagen, type Il, alpha 1
(PCR) 0.94 0.61 0.76 0.83 0.78
Wingless-related MMTV integration
wnt2 3.09 3.75 2.78 15.64 13.12 | site 2
(PCR) 1.92 0.40 0.63 1.32 1.21
Wingless-related MMTYV integration
Wnt6 251 2.90 5.77 0.50 0.48 | site 6
(PCR) 4.46 2.38 1.47 1.16 1.34
Catenin (cadherin associated protein),
Ctnnbl 1.12 0.79 1.12 0.90 1.14 | betal
(PCR) 1.12 1.04 1.02 1.17 1.30
Actb 0.96 1.59 0.89 1.55 2.35 actin, beta, cytoplasmic
(PCR) 0.73 0.61 0.64 0.87 0.86
Tcf7 1.49 1.22 2.51 2.65 4.15 | transcription factor 7, T-cell specific
(PCR) 1.20 0.65 0.74 1.12 1.67
glyceraldehyde-3-phosphate
Gapdh 1.21 1.11 1.20 1.23 0.90 dehydrogenase
(PCR) 0.80 0.77 0.87 0.93 0.93
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Materials and Methods

Preparation of Monolayers

All gold substrates were prepared by electron-beam deposition of titanium (3 nm) and
then gold (12 nm) on glass cover slips (7.5 cm % 2.5 cm). All gold coated glass substrates
were cut into 1 cm” pieces and washed with absolute ethanol. The substrates were immersed
in an ethanolic solution containing the alkanethiols (1 mM) for 12 hours, and then cleaned

with ethanol prior to each experiment.

Electrochemical Measurements

All electrochemical experiments were performed using a BAS 100B/W
Electrochemical Analyzer (Bioanalytical Systems, Inc., West Lafayette, IN).
Electrochemistry on SAMs was performed in 1 M HCIO4, using a platinum wire as the
counter electrode, Ag/AgCl as reference, and the gold SAM substrate as the working

electrode. All cyclic voltammograms were recorded at a scan rate of 50 mV/s.

Solid-Phase Peptide Synthesis

All peptides were synthesized by an automated solid phase peptide synthesis using the
CS136XT Peptide Synthesizer (CS Bio Co., Menlo Park, CA).

Linear RGD Fmoc (9-fluorenylmethoxycarbonyl)-protected amino acids were used on
Fmoc-Ser(tBu)-Rink Amide-MBHA resin. Synthesized peptide was cleaved from the resin
by agitating in a solution of trifluoroacetic acid (TFA):water:triisopropylsilane (95:2.5:2.5)
for 3 hours. TFA was evaporated and the cleaved peptide was precipitated in cold diethyl

ether. The water-soluble peptide was extracted with water and lyophilized. Mass spectral data
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confirmed the peptide product. MS (ESI) (m/z): [M+H'] calculated for linear RGD-
oxyamine (CpsHa4sN;;0y), 676.69; found, 676.5. [M+H'] calculated for control scrambled
peptide, GRD-oxyamine (CasHisN;j1O11), 676.69; found, 676.4. [M+H'] calculated for
control soluble peptide RGD (C;7H3;N9Os), 490.48; found, 490.3.

Cyclic RGD The peptide DfKRG was synthesized using H-Gly-OH preloaded 2-
chlorotrityl resin. The mixture of acetic aicd:trifluoroethanol:dichloromethane (1:1:3) was
added for cleavage. The resulting peptide was dissolved in DMF and added with N, N-
diisopropylethylamine (DIEA) and PyBOP. The reaction was stirred for 12 hours and the
solvent was removed in vacuum. The resulting cyclic peptide was treated with
TFA:water:triisopropylsilane (95:2.5:2.5) for 3 hours and precipitated in diethyl ether. To
introduce the oxyamine group on Lys side chain, the peptide was treated with BOC-
aminooxy acetic acid, PyBOP and DIEA in DMF for 10 hours. After removing DMF, the
peptide was added with TFA for 1 hour and precipitated in diethyl ether. The sample was
dissolved in water and purified by HPLC (Waters). MS (ESI) (m/z): [M+H'] calculated for

cyclic RGD-oxyamine (C29H44N0O9), 677.72; found, 677.4.

Cell Culture

The 3T3-Swiss albino cells (Tissue Culture Facility, UNC at Chapel Hill) were cultured
in Dulbecco’s Modified Eagle’s Medium (Sigma) supplemented with 10 % bovine calf serum
(Hyclone) and 1 % penicillin/streptomycin (100 units of penicillin/ 100 ug of streptomycin
per mL, Gibco) at 37 °C and 5 % CO,. To detach cells from the culture flask, cells were
rinsed with phosphate-buffered saline twice (PBS, sigma) and 0.05 % trypsin /0.53 mM

EDTA (Gibco) was added. After incubating for 5 minutes, cells were resuspended in serum-
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free medium and centrifuged at 1000 rpm for 5 minutes to remove trypsin. Cells were
resuspended in serum-free medium and added onto the substrates for the experiments.

CHO cell lines B2a27, B2al0, and B2 were gift from Prof. Rudy Juliano. CHO cells
were cultured in Minimum Essential Medium Containing GlutaMAX™-I (L-Alanyl-L-
Glutamine) substituted on a molar equivalent basis for L-glutamine (Gibco) supplemented
with 10 % fetal bovine serum (Hyclone) and 1 % penicillin/streptomycin (Gibco) at 37 °C

and 5 % CO,. The same procedure as above was used to detach cells from the culture flask.

Preparation of Dynamic Surfaces

Microcontact printing was used to print hexadecanethiol on the gold-coated substrates
in circular or linear patterns with a poly(dimethylsiloxane) stamp. The substrates were
immersed in a 1 mM ethanol solution of hydroquinone-terminated alkanethiol and
tetra(ethylene glycol)-terminated alkanethiol for 12 hours to make mixed SAMs. The
substrates were rinsed with absolute ethanol and dried under air flow. The patterned regions
with hexadecanethiolate monolayer were adsorbed with fibronectin (from bovine plasma,
Sigma) by adding a solution of fibronectin in PBS (0.1 mg/mL) onto substrates. After 2
hours, the substrates were rinsed with water and dried. The 3T3-Swiss albino cells in serum-
free medium were seeded onto the SAM substrates in a concentration of 10° cells/mL and
incubated at 37 °C and 5 % CO,. After 3 hours, the serum-free medium was replaced with
serum-containing medium and incubated at the same condition. When cells were attached
and relaxed evenly on the patterns (usually after 10 — 12 hours), the substrates were rinsed in
serum-free medium twice. The substrates were oxidized electrochemically at 750 mV for 5
seconds. To the substrates was added 20 mM RGD-oxyamine peptide (linear, cyclic or

mixture RGD) solution in serum-free medium and incubated at 37 °C and 5 % CO; for 2

105



hours. The substrates were then placed in serum-containing medium and incubated at 37 °C

and 5 % CO; and monitored with live cell microscopy.

Preparation of Non-dynamic Surfaces

Mixed SAMs were prepared by immersing gold-coated glass cover slips in a 1 mM
ethanol solution of hydroquinone-terminated alkanethiol (1 to 10 % in v/v) and tetra(ethylene
glycol)-terminated alkanethiol for 12 hours. The substrates were rinsed with absolute ethanol
and dried under air flow. The substrates were oxidized electrochemically at 750 mV for 10
seconds and rinsed with water. The substrates were incubated with 20 mM RGD (linear,
cyclic or mixture RGD peptide) in PBS for 3 hours at room temperature. The substrates were
then washed in water and dried. 3T3-Swiss albino fibroblasts were then added in the
concentration of 10* cells/mL. The low cell seeding density is in order to exclude interactions

between cells.

Immunostaining for Fluorescence Microscopy

Adherent cells were fixed with 3.2 % paraformaldehyde in PBS for 10 minutes and then
permeabilized with 0.1 % Triton-X100 in PBS (PBST) for 10 minutes. Cells were then
stained with anti-paxillin antibodies (1:200, BD biosciences) or anti-a-tubulin antibodies
(1:500, Sigma) in PBST containing 5 % goat serum for 1 hour, followed by Cy2-conjugated
goat anti-mouse IgG (1:200 in PBST, Jackson ImmunoResearch), phalloidin-
tetramethylrhodamine B isothiocyanate (1:100 in PBST, Sigma), and DAPI (4°, 6-diamidino-
2-phenylindole dihydrochloride, Sigma) (1:500 in PBST) for 1 hour. Substrates were rinsed

with deionized water before being mounted onto glass cover slips for microscopy. All optical
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and fluorescent micrographs were imaged using a Nikon inverted microscope (model

TE2000-E). All images were captured and processed by MetaMorph.

Movies

Time-lapse images were recorded by 2 or 5 minutes interval for 30 — 72 hours. The
images were combined using MetaMorph software to create movie files. Cell tracking
function in MetaMorph was used to measure the total distance cells had migrated on dynamic

or non-dynamic surfaces.

BrdU Staining

Actively growing cells on the dynamic surfaces were pulsed for 1 hour with 10 uM
BrdU (bromodeoxyuridine, Sigma) at 37 °C and 5 % CO,. After washing with PBS, ice cold
70 % ethanol was added and cells were incubated for 20 minutes at room temperature (RT).
Cells were washed in PBS and then 2 M HCI was added and incubated at RT for 20 minutes.
After rinsing with PBS, cells were treated with 0.1 M sodium borate (Na,B4O7, pH 8.5) for 2
minutes at RT. Then 0.5 % BSA (bovine serum albumin) in PBST was added for 15 minutes.
Anti-BrdU monoclonal antibody (BD pharmingen) in 0.5 % BSA/PBST (1:500) was added
for 1 hour at RT. Cells were washed in PBST and treated with Cy2-conjugated goat anti-
mouse IgG (1:100) for 30 minutes at RT. Washing in PBST was followed. DAPI diluted in

PBST (1:500) was added for 10 minutes to stain whole nuclei.

Whole Genome Microarray

Dynamic and non-dynamic surfaces were prepared with linear RGD or cyclic RGD as
described above. The peptide was immobilized in the density of 2 % of the surface area.

Cells were allowed to migrate for 24 hours in the incubator before being collected for RNA
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extraction. Cells on the fibronectin pattern were prepared with no addition of RGD ligand,
but they were incubated for the equal amount of time with the non-dynamic substrates. As a
reference, regularly cultured cells in tissue culture flasks were used. Cells from 70~80 %
confluent monolayers with regular morphology and behavior were harvested to extract RNA.
Total RNA from each sample and reference was purified using the RNeasy Mini Kit (Qiagen
Inc., Valencia, CA, USA) according to the manufacturer's protocol. RNA quality check,
labeling, array hybridization and image scanning were performed by the Genomics and
Bioinformatics Core at the UNC Lineberger Comprehensive Cancer Center (Chapel Hill, NC,
USA) and the following is a brief description of the method. The integrity of the RNA was

determined using the 2100 Bioanalyzer RNA Series I Kits (Agilent Technologies Inc.,

Santa Clara, CA, USA). The spike mixes of Two-color RNA Spike-In kit (Agilent
Technologies Inc.) were diluted, then added directly to RNA samples prior to amplification
and labeling. Total RNA samples (2.0 pg) were amplified using T7 primers to make cRNA.
The cRNAs from samples were labeled with Cy5 and the reference cRNA was incorporated
with Cy3. The labeled samples and reference were co-hybridized to Agilent Whole Mouse
Genome Microarrays (G4122F). They were then washed and scanned on an Agilent DNA
microarray scanner (Agilent Technologies Inc.). Each microarray experiment was repeated
three more times per sample. The microarray images generated by the scanner were analyzed
using Feature Extraction 9.5.3 software (Agilent Technologies Inc.). The raw data tables
were uploaded into the UNC Microarray Database where a Lowess normalization is
automatically performed to adjust the Cy3 and Cy5 channels. All microarray raw data tables
are available at the UNC Microarray Database (https://genome.unc.edu/). The Hierarchical

cluster image was created by GeneSpring 7 (Agilent Technologies Inc.). Using this software
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the raw data was normalized by intensity dependent (Lowess) normalization (per spot and
per chip). Among 41,233 genes, 1716 genes were selected by filtering the data with t-test p-
value of four replicates less than 0.05 and normalized data larger than 2.5 in at least 1 of 5

sample conditions.

PCR

Total RNA from each sample and reference was purified using the RNeasy Mini Kit
(Qiagen Inc., Valencia, CA, USA) according to the manufacturer's protocol. Reverse
transcription was carried out on 1 pg of total RNA. Semi-quantitative real-time PCR was
performed with Mastercycler (Eppendorf). Cycling parameters for PCR were as follows;
denaturation at 95 °C for 30 seconds, annealing at 60—75 °C for 30 seconds, depending on
the primer, and elongation at 72 °C for 5 minutes. The number of cycles was varied between
30 and 40 depending on the respective mRNA abundance. The primer sequences, annealing
temperature and the concentration of Mg are shown in Table 2-4. Three independent

samples were analyzed for each condition and results were normalized to GAPDH.

Immunoblot Analysis / GTPase Activity Assay (Racl)

Cells were deprived of serum for 20 hours in DMEM/BSA (0.5 %) and seeded on either
a PHSRN-immobilized surface or a RGD-immobilized surface (peptide density 1 %). After
2 hours incubation, the cells on the surfaces were washed with TBS (Tris-buffered saline; 20
mM Tris buffer, pH 7.6, 150 mM NaCl, 1 mM MgCl,) at 4 °C. Then 900 pL of lysis buffer
(50 mM Tris, pH 7.6, 150 mM NaCl, 1 % Triton X-100, 0.5 mM MgCl, and protease
inhibitors-100 mM AEBSF-HCI, 5 mM bestatin, 1.5 mM E-64, 2 mM leupeptin, 1| mM

pepstatin A, 80 uM aprotinin) was added onto the cells on the surfaces. On the ice, lysed
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cells were scraped off the surface substrates and collected in 1.5 mL tubes. After
centrifugation for 5 minutes at 4 °C, the lysates were transferred to new tubes. For the
quantification of whole protein amount in each cell lysate, Dc Protein assay (Bio-rad) was
used as the manufacturer's instructions and the whole protein amount was equalized for each
lysate sample. The lysates were added with PAK (p21-activated protein kinase) PBD (p21-
binding domain) Agarose beads (Cell Biolabs) at 7 mg/mL and incubated at 4 °C with
agitation for 30 minutes. The beads were centrifuged at 10,000 rpm for 30 seconds and the
supernatant was aspirated. The beads were washed four times in a lysis buffer and then
suspended in SDS-PAGE sample buffer and boiled at 95 °C for 5 minutes. The lysate and
Racl pull-down samples were run on 15 % SDS-PAGE gel and transferred to PVDF
membrane. Membranes were blocked for 1 hour using 5 % (w/v) dry non-fat milk in TBST
(20 mM Tris, pH 7.4, 500 mM NaCl, 0.1 % Tween 20). Membranes were incubated
overnight at 4 °C in the same buffer containing primary antibodies, mouse anti-mouse Racl
(Invitrogen) at 1:1000 dilution. The incubation with horseradish peroxidase-conjugated
secondary antibodies (goat anti-mouse IgG, Southern Biotechnology) at 1:5000 dilution for 1

hour was followed. Racl were detected by enhanced chemiluminescence (Thermo).
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Table 2-4. Primer sequences and PCR conditions

. Annealing [Mg*]
Gene Primer Sequences temp (°C) (mM)
e | Forward |5 CTG CAG CTG CAT TTC CGA GTC TG -3 o s
tga Reverse | 5'- GAA GCC GAG CTT GTA GAG GAC GTA -3’ :
Forward | 5°- GTG ACC CAT TGC AAG GAG AAG GA -3’

Itgbl TR verse | 5- GTIC ATG AAT TAT CAT TAA AAG TTT CCA 3’ 51.2 1.5
. | Forward | ’5-CGATGA CGCTCT GCC AAA CT -3 - s
gl Reverse | 5- CCG AAG TTC TGG CAT TGG GA -3° :
toaqy | Forward |5 CCG CCTTCCTCT GCT TCA TAC CCAT 3 o s
tga Reverse | 5°- GCC GCC TCT CCT CGT TCA CAC ACT C -3’ :
1y | Forward |5~ CAG AGT GGA ACA GCG ATT ACT -3 1
Collaz I verse | 5- GCC CGT CTC CTC ATC CAG GTA CG -3° 358 >

Forward | 5°- GTG GAG CAG CAA GAG CAA GGA -3’
Col2al : i 60.2 1.5
Reverse | 5°- CTT GCC CCA CTT ACC AGT GTG -3
, | Forward |5 CTG GCT CTG GCT CCCTCT G s 1
Witz everse | 5- GGA ACT GGT GTT GGC ACT CTG 3° :
, | Forvard | '3~ CAAGCA CAA CAATGA AGCAGG C 3 ‘s 1
Wit R verse | 5°- TCG GGA CTC ACG GTG TTT CTC -3’ >8.
Forward | 5°- TGC CCG AGG CGC AAG ACT G -3’
Wnt6 i : 57.5 0.7
Reverse | 5- ATT GCA AAC ACG AAA GCT GTC TCT C -3
Forward | 5- AAG GAA GCT TCC AGA CAT GC -3°
Ctnnbl 55 1.5
Reverse | 5°- AGC TTG CTC TCT TGA TTG CC -3’
oy | Forvard|5-GCC AGAAGC AAG GAG TTC AC 3 2 1
¢ Reverse | 5°- TAC ACC AGA TCC CAG CAT CA -3’ :
oy | Forvard |5 CCC CATTGA ACA TGG CAT TG -3 s 1
ot Reverse | 5'- ACG ACC AGA GGC ATA CAG G -3’ :
Forward | 5°- GCC CAT CAC CAT CTT CCA G -3°
Gapdh - ~ 57 1.5
Reverse | 5'- TGA GCC CTT CCA CAA TGC C -3
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CHAPTER 3

Development of Gradient Surfaces for Biology

Introduction

In this chapter the application of photo-patterning and molecular gradient surfaces in

the studies of cell polarity, migration and co-culture will be discussed.

Molecular Gradients in Biology

Generating biomolecular gradients is an important signaling method for guiding cell
growth, migration and differentiation in vivo [1-7]. In the dynamic three-dimensional
environment of living tissue the spatiotemporal profile of a specific biomolecular gradient
often plays essential roles in many processes such as development, inflammation, wound
healing and cancer [8, 9]. During developmental processes, the concentration gradients of
morphogens determine shape and size of organs and the pattern of development [10-12].
Chemoattractants direct leukocytes to correct locations in immune system [13] and proper
integration of directional cue is essential for nerve growth cone guidance [14-16]. For proper
biological function in all these processes, high fidelity is required and cells do this by
modulating many gradient-induced signaling cascades.

However we do not understand how the gradient of those signaling molecules are
generated and maintained and take direct action on cells to induce distinct cellular responses.

A chemical gradient serves as a directional signal and cells respond with changes in cell



morphology and motility [17-19]. Cell migration can be induced by different mechanisms
[20-22]. While chemokinesis is non-directed migration, chemotaxis is directed migration
toward soluble protein and haptotaxis is directed migration toward insoluble, substrate-bound
protein. There have been abundant studies in chemotaxis but much less is known about the
signal transduction mechanisms in haptotaxis due to the limited availability of gradient
substrate of immobilized ligand [23-25]. Therefore it is necessary to develop a general
methodology to create a gradient surface of immobilized molecules. The ideal gradient
surface should generate a continuous gradient with precise control of molecular density and
be able to chemoselectively install the target molecule with the quantification tools available.
The ability to present a ligand gradient within a selective region with temporal control is

extremely useful to investigate concentration-dependent cell response.

Methods for Gradient Generation

There have been numerous efforts to develop in vitro methods to simulate the
biological gradient [26]. The traditional in vitro gradient-generating methods have
contributed significantly to our understanding in that the gradient signaling is highly
regulated by the factors such as unique complement, concentration and spatiotemporal
distribution. Biological hydrogels made from collagen, fibrin, or agarose are used to expose
cells to biomolecular gradients [27, 28]. Cells or tissue are either seeded on a cell culture
surface and overlaid with gel, or are homogeneously mixed with the liquid hydrogel solution
prior to gelation. The gradient can be generated by a co-culture of transfected cells that
release the biomolecules of interest, or molding voids within the gel and filling them with

soluble biomolecules at a known concentration. The biological hydrogel method is easy and
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provides cells with an environment more similar to in vivo tissue, but it has little control over
the spatiotemporal evolution of the gradient and generates gradients with poor reproducibility.

Under a microscope, gradients can be generated by injecting a biomolecule solution
into the extracellular environment of the cell culture using a micropipette [29]. This method
is often used for characterizing single cell responses. Boyden chamber or transwell assay is
often used for chemotaxis study [30]. A chemoattractant solution is added in the lower
compartment and cells seeded on a porous membrane are placed in the upper compartment.
The chemoattractant diffuses into the upper compartment and a gradient across the
membrane is generated. Cells respond by migrating through the membrane to the bottom
surface where they can be fixed, stained and counted to quantify the degree of chemotaxis
induced by the gradient. However these traditional methods cannot control the gradient
formation over space and time and have poor reproducibility.

With the rapid advance in microfabrication technology over the past 30 years, methods
for creating and modulating micrometer-scale environments for cell culture have evolved
[31-33]. Microfluidics as a gradient-generating method enhances the reproducibility of the
gradient and the level of quantification of biological responses. The gradient can be
generated by selectively adsorbing or tethering biomolecules to the cell culture surface
through microfluidic channels or by connecting gradient generators. Although a gradient is
better characterized using microfluidics, creating dynamic control over the shape, position, or
concentration of the gradient would require a significant level of expertise and equipment.
Many other methods have been also employed to generate gradients, including polymer
blend [34, 35], laminar flow [36, 37], photo-patterning [38, 39], soft lithography [40], and

electric fields [41, 42], but all these methods have limited success in the preparation of
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molecularly defined gradients for studying the influence of gradient slope on ligand-mediated
cell migration (haptotaxis).

Our gradient surface is based on a photo-labile group protected hydroquinone
monolayers on gold. The deprotection of the nitroveratryloxycarbonyl (NVOC) group by UV
illumination to reveal the hydroquinone group is well characterized owing to the redox
activity of the resulting hydroquinones (Figure 3-1) [43, 44]. NVOC protected hydroquinone
is electrochemically inactive but the yield of the deprotection reaction is obtained by cyclic
voltammetry (CV) measurements of the redox active hydroquinone/quinone pair. The
reaction fits with the first order rate constant of 0.11 min™ [43]. The hydroquinone groups in
the gradient can be electrochemically oxidized to the corresponding quinones and addition of
oxyamine tethered molecules produces an oxime linkage [45]. The oxyamine groups react
quickly with quinones and the different CV of the oxime redox pair from
hydroquinone/quinone enables measurement of the yield of the coupling reaction (Chapter 1).
The chemoselective reaction between quinones and oxyamines allows for the immobilization
of any kind of biomolecules on the surface by introducing the oxyamine functional group to
the molecule of interest. The use of a photo-mask with a gradient pattern when deprotecting
NVOC group by UV results in hydroquinone groups residing in the corresponding gradient

pattern, therefore the coupling biomolecules are also patterned in the gradient.

Photo-patterning for Co-culture Model

The photo-patterning method can be combined with microcontact printing to generate a
model substrate for co-culture study. /n vivo tissues are composed of various cell types and

the interactions between them create unique microenvironments to affect cellular and
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Figure 3-1. A photochemical strategy for patterning immobilized ligands to an electroactive
self-assembled monolayer. Mixed monolayers presenting NVOC protected hydroquinone and
tetra(ethylene glycol) groups are illuminated with ultraviolet light (365 nm). Photochemical
deprotection of the NVOC group reveals the hydroquinone. Electrochemical oxidation of the
monolayer converts the hydroquinone to the quinone. The resulting quinone monolayer can
then undergo selective immobilization with aminooxy terminated peptide ligands.
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physiological functions [46-50]. There have been reports proving how cell-cell interactions
modulate overall cellular or tissue function. Heterotypic cell interaction between
parenchymal cells and nonparenchymal neighbors alter cell growth, migration and
differentiation [51]. In a co-culture of transgenic cells and wild type cells the release of
regulatory signals by wild type cells helps the transgenic cells restore the cellular function
[52]. Also lineage commitment of mesenchymal progenitor cells is influenced by cell
signaling from adjacent cells [53]. Therefore creation of model systems to study heterotypic
cellular interactions would benefit area of research such as stem cell differentiation, nerve
regeneration, cancer cell transformation, immune mechanisms and tissue engineering.

There have been approaches of various co-culture systems to mimic intercellular
interactions. Starting from random mixing of different cell lines, a co-culture model has been
developed to have more functional and elegant control. They include thermo responsive
polymer surfaces [54, 55], soft lithography generated substrates [56-58], extracellular matrix
(ECM) components deposited layers [59] and three-dimensional scaffold [60]. As many
complex factors (growth factors, ECM guidance and soluble signaling molecules, etc.) are
involved in cell-cell communication in vivo rather than simple cell-cell contact, it would be
extremely beneficial if we can mimic such complexity in a co-culture system.

For studies of co-culture systems, self-assembled monolayer (SAM)-based substrates
which efficiently pattern different cell types with spatial control by combining microcontact
printing and photo-patterning were generated. These substrates possess the ability to present
biological ligand molecules on the surface and thus biospecific interactions between ligand

and cell surface receptors can be studied. The photo-patterning also enables ligand molecules

126



to be immobilized in the gradient in the presence of cells and this feature adds

microenvironmental complexity to the co-culture system.

Results and Discussion

Synthesis of Nitroveratryloxycarbonyl (NVOC) Protected Hydroquinone Alkanethiol

Hydroquinone alkanethiol protected by a photo-labile nitroveratryloxycarbonyl group
(3e) was synthesized by the scheme shown in Figure 3-2. Deprotonation of di-
tetrahydropyran-hydroquinone (1h) with ¢butyllithium followed by the addition of
dibromohexane provided the di-tetrahydropyran-hydroquinone-hexylbromide (3a). Addition
of sodium hydride to deprotonate tetra(ethylene glycol)alkanethiol-trityl (1j) followed by
addition of the bromide (3a) afforded the conjugate (3b). The tetrahydropyran groups were
deprotected with mixture of acetic acid, water and THF (3c). The addition of 6-
nitroveratryloxycarbonyl chloride with 4-dimethylaminopyridine installed the NVOC group
on the hydroquinone (3d). Deprotection of the trityl group with TFA provided the NVOC

group protected hydroquinone alkanethiol (3e).

Ligand Slope, Density and Affinity Direct Cell Polarity and Migration

To generate ligand defined gradients a substrate presenting a mixed monolayer of
NVOC protected hydroquinone (20 %) and tetra(ethylene glycol) (80 %) was prepared. After
ultraviolet (UV) illumination through a photo-mask with a dumbbell gradient pattern for 30
minutes, the monolayer substrate was electrochemically activated by applying an oxidative

potential at 750 mV for 10 seconds. As shown in Figure 3-3, the immobilization of the ligand

127



G (A

11 t-Bull gt -75 "C, THF

2 1, S-glbromehexane n THF Br
{encess)
B B
1h %
\1}1] MaH in DF under N,
0" «RT
A THF
\/\of\/o\/\a
0 3b
l.\oulendd:w:THF-m:i
g AN N g
-
CHy oMaP | o ra
CHCLIN
HyCO ) é‘?m
NGy
\/\of\zo\/\o/\/\/\/\/\/\s
Bd

5% TFA In CH.Cl, 7 N,

Ha Trdsopropy slane
HyCO
NO;

OH

Figure 3-2. Synthetic route to nitroveratryloxycarbonyl (NVOC) protected hydroquinone
alkanethiol (3e).
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Figure 3-3. A strategy for generating gradients of immobilized peptide ligands for attached
cell culture. UV Illumination of the NVOC protected hydroquinone monolayers through a
gradient photo-mask reveals the hydroquinone in selective regions on the monolayer.
Electrochemical oxidation of the hydroquinone monolayer to the quinone permits selective
immobilization of soluble peptide ligands to the patterned gradient surface. Addition of cells
to the resulting peptide gradient surface mediates cell attachment and migration on a
molecularly defined surface.
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creates a gradient surface of biomolecules and this substrate is compatible with regular cell
culture. We first immobilized soluble rhodamine oxyamine (50 mM in methanol, 2 hours) in
order to characterize the surface modification by fluorescence microscopy. Direct
visualization of the monolayer by fluorescence microscopy was prohibited due to quenching
of the fluorescence by the gold film [61]. Therefore, in order to visualize the surface we
transferred the monolayer to a transparent medium where we could then characterize the
photo-patterning and subsequent immobilization by fluorescent microscopy. Figure 3-4A
shows the optical micrographs of various photo-masks used in generating the dumbbell
gradients. Figure 3-4B shows fluorescent images of rhodamine oxyamine conjugated to the
quinone monolayer after the photo-patterning. The immobilization of rhodamine oxyamine in
selective region results in a gradient pattern identical to that of the photo-mask. This result
confirms that the surface chemistry is compatible with the use of photo-mask to generate
complex ligand defined gradients on monolayer surfaces.

This photochemical strategy was used to pattern RGD ligands in gradients for attached
cell culture to determine the relationship between slope and ligand density on cell adhesion
and migration. A mixed monolayer presenting 1 % NVOC protected hydroquinone and 99 %
tetra(ethylene glycol) groups was prepared. [llumination through various dumbbell gradient
photo-mask patterns followed by electrochemical oxidation converted the surface to gradient
regions of reactive quinone monolayer. Selective immobilization of oxyamine-RGD (20 mM
in PBS for 4 hours) to the quinone monolayer generated the peptide gradients on the surface.
Addition of Swiss 3T3 fibroblasts resulted in cell attachment to the dumbbell gradient
patterns. The cells initially attached to the higher peptide density regions of the gradients.

The monolayer substrates were then placed in serum containing media to allow cell growth
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Figure 3-4. Representative images for the photo-patterning of fluorescent molecules and
peptide ligand mediated cell attachment and migration on molecularly defined gradients. A.
Optical micrographs of the photo-masks used in generating several dumbbell gradient
patterns with varying slopes. B. Fluorescent images of surface immobilized rhodamine
oxyamine after the photo-patterning. C. Fluorescent images of Swiss 3T3 fibroblasts on
linear-RGD ligand gradients. Cells were allowed to attach, proliferate and migrate on the
gradients until they stopped moving and then fixed and stained for actin (red), tubulin
(green), and DNA (blue).
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and migration. The cells proliferated and moved down the gradients and then stopped at their
final positions due to the lack of peptide ligand density to support further adhesion and
migration. Figure 3-4C shows representative fluorescent images of fixed cells on various
RGD immobilized gradients. The images show that the adherent cells are completely
confined within the patterns demonstrating that the use of UV light and electrochemical
oxidation did not damage the monolayer surfaces which would lead to nonspecific cell
attachment. Furthermore, cell attachment on these peptide gradients clearly depends on the
density and slope of immobilized ligands. As the peptide density decreases along the gradient
a minimum density is reached below which cell adhesion cannot be supported. Finally, the
relative positions at which cells attached along both sides of the gradients are remarkably
similar on most of the symmetrical patterns. This result implies that both the photo-patterning
and the surface chemistry that control the peptide immobilization are well defined on these
gradient surfaces. As controls we immobilized a scrambled peptide-oxyamine (GRD-ONH)
to the gradient surfaces and no cells attached. We also added a soluble competing RGD
peptide (1 mM for 30 minutes) to the media and all the adhered cells on gradients detached
indicating a biospecific attachment between the cells and the surface.

Whether ligand density alone or the combination of slope and ligand density governs
cell migration is intriguing. If cell migration is solely based on the underlying ligand density,
the adherent cells would migrate down the gradient until the ligand density is insufficient for
supporting cell attachment. The minimum ligand density for cell attachment over long
periods of time (equilibrium position) would therefore be similar on all the gradients. In
order to determine the peptide density for cell attachment along the gradient, we used an

image analyzing software (ImagelJ) to first obtain a density profile of the gradient based on
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the pixel intensity of the photo-mask. Figure 3-5A shows the optical micrographs of the
photo-masks. Figure 3-5B shows the fluorescent images of the attached cell culture on RGD
immobilized dumbbell gradients generated by the photo-mask shown in Figure 3-5A. Figure
3-5C shows a plot for the relative density with respect to the distance along the gradient
generated from Imagel. To extrapolate the density along the gradient from this plot, the
maximum peptide density was assumed as 2.7 x 10* molecules/um® (2.7 x 10"
molecules/cm®) based on a 1 % NVOC hydroquinone monolayer that has been completely
modified to the peptide ligand on the surface. The ligand density at 1 % NVOC
hydroquinone was determined based on integration of the area under the oxidative or
reductive waves corresponding to the hydroquinone monolayer after the photo-deprotection
of monolayer presented only the NVOC hydroquinone groups. By aligning the density plot
with the patterned cells, the minimum ligand density for supporting cell adhesion along the
gradient was precisely determined. Interestingly, the data show that the minimum density
varies on each gradient. This result suggests that cell migration is not solely dependent on
density of surface-bound ligands.

We next examined how the slope of ligand presentation may play a role in affecting
how, where and when cells migrate. By allowing the cells migrate from a higher density of
ligand toward a lower density on gradients with different slopes, a correlation between the
angle of the slope and minimum ligand density for cell attachment on the gradient can be
established. For these experiments, gradient patterns with various slopes on a photo-mask
were generated by systematically varying the length of the gradients. To calculate the slope
arbitrary values for both the density and distance along the gradient obtained from Imagel

were used. Then the peptide gradients with slopes ranging from -1 (the shallowest) to -8 (the
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Figure 3-5. Analysis of the slopes and ligand densities along various linear-RGD ligand
gradients to determine their influence on cell adhesion and migration. A. Optical micrographs
of the different gradient photo-masks. B. Fluorescent images of fixed and stained cells after
they stopped migrating on peptide gradients of various slopes. C. A plot of ligand density
versus distance along the gradient was generated from the photo-mask shown in A using
Imagel. The plot is aligned perpendicularly with the patterned cells in order to determine the
minimum density required to support cell migration on a peptide gradient.
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steepest) were prepared for cell culture. Figure 3-6 shows a plot for the dependence of
minimum ligand density for cell attachment of various cell-types on the slopes of gradients.
The data show that the cells on steeper slopes terminate migration at higher peptide density
when compared to the cells on shallower slopes. This result suggests cells that migrate on
linear RGD defined gradients can sense and therefore respond accordingly to the subtle
changes due to ligand presentation on the surface.

To establish a connection between the underlying gradient and intracellular protein
activation, the migration experiment was repeated using focal adhesion kinase-null (FAK-/-)
cells derived from mouse embryos. FAK is a non-receptor protein tyrosine kinase localized at
focal adhesions and is essential for integrin-stimulated cell migration [62]. Focal adhesions
are sites found at the plasma membrane that mechanically link and anchor the cytoskeleton to
integrin clusters and the extracellular matrix. These are also centers for complex biochemical
signaling for many pathways critical for cell function [63]. Deletion of FAK expression has
been shown to impair cell migration [64]. Unlike the Swiss 3T3 fibroblasts, FAK-null cells
on linear RGD gradients migrated to the same ligand density at equilibrium regardless of the
slopes (red line). A separate experiment with wild-type (FAK+/+) cells exhibited similar
dependence of ligand density on the slopes as the Swiss fibroblasts (black line). This result
suggests that focal adhesion kinase may be critical in sensing ligand presentation during cell
migration.

As further evidence that ligand affinity also plays a role in cell migration, the surface
immobilized with cyclic RGD was used to compare the cell migration equilibrium positions
with linear RGD peptide gradients (blue line). At steeper slopes the FAK+/+ cells required

more cyclic RGD ligand density than for linear RGD. This result implies that although the
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affinity for cyclic RGD is greater than that for linear RGD the steepness of the gradient
across a cell length alters the requirements for ligand density for cell migration. These are the
first results to compare ligand affinity, density and slope for cell migration studies.

Figure 3-7 shows an illustration summarizing the data obtained from Figure 3-6 for
linear RGD immobilized surfaces. Upon addition of FAK+/+ and FAK-/- cells to the surface,
both cell lines initially attached to the region of the gradient that presents the highest linear
RGD ligand density. The cells migrated and proliferated at this high density region until they
became contact inhibited and then started to migrate down the gradient. For the FAK+/+ cells
there is no impairment of their cell migration machinery and are therefore able to sense the
change in ligand density across their length and tune their position along the gradient.
FAK+/+ cells require a higher ligand density to support adhesion on steep gradients and a
lower ligand density on shallow gradients. In contrast FAK-/- cells that have their focal
adhesions severely compromised due to the absence of the critical focal adhesion kinase were
unable to sense the peptide gradient and positioned themselves to the same density
irrespective of slope. For the FAK+/+ cells the severity of the change in ligand density at
steep slopes induce the cells to require more ligands to support adhesion. On shallow slopes
the cells are able to migrate to regions with a much lower ligand density indicating fewer
ligands are required to support cell function and adhesion. These results show that a cell has
the ability to modulate its behavior by precisely determining the change in ligand density and
affinity from its leading to trailing edge. The ability for a cell to modulate its internal nano-
architecture to sense and respond to the surface environment is critical for regulating

directional movement.

136



w
o

““ FAK+ cyclic RGD
"= FAK+ linear RGD
““ FAK- linear RGD

N
()]

n
o

I' (molecules/um?)
(3]

—
o

Slope

Figure 3-6. Relationship between ligand density, ligand affinity and gradient slope for two
different cell-types. Each data point represents an average from four separate sets of
experiments. The cells over time position themselves to varying ligand density depending on
the slope of the gradient. Mouse embryonic fibroblasts (FAK+) cells re-adjust their position
depending on the slope and affinity of peptide ligand while FAK-null fibroblasts (FAK-)
which have a focal adhesion defect, position themselves to the same density irrespective of
slope and ligand affinity.
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Figure 3-7. An illustration describing the dependence of ligand density (linear RGD) on the
slopes of gradients for FAK+/+ cells and FAK-/- cells. The cells initially attach to the higher
density region of the gradient pattern (left) and proliferate and migrate down various slopes
to their final equilibrium position over time. The migration of FAK+/+ cells is governed by a
combination of ligand density and slope of the gradient. The cells migrate to different ligand
density along the gradient and therefore are able to modulate their position according to the
steepness of the slope. In contrast, the migration and final position of FAK-/- cells depends
only on the ligand density. These cells move to the same ligand density regardless of slope.
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This methodology was extended to study single cell polarization. The ability for a cell
to polarize and therefore generate asymmetry within itself due to external factors is critical
for a range of biological processes [65]. The role of the underlying adhesive environment and
cell-cell interactions is critical to establish cell polarity but is not well understood due to a
lack of studies on molecularly well-defined surfaces. In order to study the underlying surface
chemistry requirements for cell polarity, cells were confined to small pattern gradients where
the cells attach and become polarized due to the underlying linear RGD ligand gradient but
are not able to migrate (Figure 3-8). The most conclusive method to determine cell polarity is
to measure the vector between the cell nucleus, concentrated Golgi and centrosome. The
polarity of a cell can be experimentally observed and measured through the systematic
reorientation and alignment of these organelles, which can be visualized using fluorescent
dyes to map the direction of polarity [66]. Giantin, a protein found in the membrane of the
Golgi apparatus cisternae was chosen as a marker for that organelle [67]. As can be seen in
the series of fluorescent micrographs in Figure 3-8, the adherent cells adopt a morphology in
which the nucleus is located approximately in the center of the cell. By determining the
alignment vector of the Golgi apparatus relative to the nucleus and centrosome, we found no
consistent directional polarity on the non-gradient square patterns for many cells (n = 18). In
fact, almost all cells had a diffuse Golgi around the nucleus, a strong indicator of no polarity.
For gradient square patterns (Figure 3-8, middle and right columns) the cells are polarized
towards the higher density linear RGD regions as shown by the relative positions of the
nucleus and the concentrated Golgi apparatus. Statistical analysis of the three patterns show
the polarity vector for cells on the gradients is directed to the higher density and therefore

more adhesive region of the pattern, whereas there is no net vector in any direction on the
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Figure 3-8. Single cell fluorescent images of polarized cells on small pattern linear-RGD
immobilized gradients. A. Optical micrograph of the microfiche photo-mask used for the
photo-deprotection of the NVOC-hydroquinone to generate a surface gradient. B. Fluorescent
image of immobilized rhodamine-oxyamine to the surface generated by the gradient photo-
mask. This fluorescent gradient is used to show that the ligands immobilized on the surface
have the same slope as the photomask. C. Representative phase contrast micrographs of 3T3
Swiss Albino mouse fibroblast adhered to non-gradient and gradient patterns of immobilized
linear RGD peptide. D. Fluorescent images of the cells stained for actin (red) nuclei (blue)
and Golgi apparatus (green) to determine the direction of cell polarity. The vector between
the concentrated Golgi with respect to the nucleus and centrosome determine directional cell
polarity (E). For the non-gradient pattern (left column), the diffuse distribution of the Golgi
surrounding the nucleus indicates the cell is not polarized. For cells on the gradient surfaces
(center and right columns) the net vector points consistently towards the higher density
adhesive regions. These results show the underlying peptide ligand gradient directs cell
polarization.
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non-gradient or uniform square pattern (Figure 3-8E). These results clearly show in the
absence of cell-cell interactions a cell can be directly influenced by its surface gradient
environment to polarize towards the higher density ligands. Interestingly, when a higher
affinity ligand (cyclic RGD) is immobilized to the gradient patterns no net directional
polarity occurred. We hypothesize the affinity of the ligand and the spatial presentation of the

ligands combine to govern the ability for the cell to polarize.

Spatio-Temporal Control of Cell Morphing on Dynamic Pattern and Gradient Surfaces

We designed our substrates to express RGD ligands in a continuous gradient in the
presence of the cells in selected region. First we generated a pattern by microcontact printing
hexadecanethiols on a gold surface (Figure 3-9). The remaining bare gold was backfilled
with tetra(ethylene glycol)- and NVOC-protected hydroquinone-terminated alkanethiols
(99:1 ratio) in order to render the surface resistance to the non-specific adsorption of proteins
(see Chapter 1). The UV light was irradiated to the monolayers through the photo-mask for
10 minutes. The NVOC groups underneath the transparent pattern of the photo-mask are
cleaved to expose hydroquinone groups. The use of a photo-mask with gradient design can
produce corresponding gradient pattern of hydroquinones on monolayers. The addition of
cells onto the monolayers resulted in the attachment of the cells exclusively on the
hydrophobic microcontact printed pattern. In the presence of the cells on the surface, a mild
electrochemical potential (750 mV for 10 seconds) was applied to oxidize hydroquinones to
quinones. The subsequent addition of soluble RGD-oxyamine (20 mM for 1 hour) installed
the adhesive ligand molecules on the monolayers as oxime adducts. The oxidative potential

applied to the surface and the addition of soluble RGD to the substrate does not affect
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Figure 3-9. A strategy for the spatial and temporal control of cell migration on dynamic
gradients. A. An optically transparent gold coated glass substrate was fabricated by
depositing a layer of titanium (3 nm) followed by a layer of gold (12 nm) onto microscope
glass cover slips. B. Hexadecanethiols were microcontact printed in order to generate a
hydrophobic pattern on the gold coated substrate. C. The remaining bare gold region was
backfilled with a mixed monolayer presenting both the NVOC hydroquinone and
tetra(ethylene glycol) groups. D. UV illumination through a photo-mask with gradient pattern
deprotected the NVOC groups to reveal the hydroquinone in selective region on the
monolayer surface. E. Cells were then added onto the substrate, and adhered exclusively to
the hydrophobic patterns. The adherent cells proliferated but remained confined within the
patterns. F. The monolayer substrate was then applied by a mild oxidative potential to
convert the unreactive hydroquinone monolayer to the corresponding reactive quinone. G.
Addition of soluble adhesive peptide (RGD) oxyamine installed the peptide to the quinone
monolayer via a stable oxime formation. The oxime conjugate subsequently converted the
surface property from inert to cell adhesive. H. As the adherent cells near the edge of the
patterns sensed the changes in the microenvironment, they initiated migration toward the
peptide defined gradient generated by the photo-patterning.
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integrity of monolayers or viability of the cells. If the cells confined in the first pattern
recognize the RGD ligands in the photo-pattern, they would initiate migration towards the
second pattern. This is similar to the dynamic surface in Chapter 2. The difference is that the
RGD ligand is patterned on the surface, therefore the cells on the initial geometry would
morph to the confined photo-patterned geometry. Also a gradient of RGD is important factor
for the cell migration.

Figure 3-10 shows representative fluorescence microscopy images of the cells
migrating from initial pattern to photo-generated ligand patterned area. As the cells in a
round pattern sense RGD in the adjacent photo-patterned rectangle the migration is directed
and is shown as the two patterns merging in Figure 3-10A. The left half of Figure 3-10B
shows a dumbbell shape photo-mask with gradient that was used to generate a photo-pattern
across the microcontact printed line pattern. When the RGD gradient was applied on the
photo-pattern, the cells were observed to migrate up to a certain density of the ligand on the
surface. This implies that the cells have a gradient sensing mechanism and the density of the
RGD molecules along the gradient is directly related to the decision of motility on the
surface. The observation in this experiment was consistent with the studies of ligand slope
and density of previous section.

We also tested if cells are able to “hop” over certain distances to achieve migration by
designing the substrate in which the microcontact printed pattern and photo-pattern were not
in contact (Figure 3-10B, right). Interestingly, morphing from the first pattern to the second
was observed in that the cells were able to bridge to the ligand presenting area. At this point
it is not clear whether the cells were able to sense adhesive ligand from a distance (within 50

um) to direct migration or they happened to discover the RGD region by random checking.
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Figure 3-10. Fluorescence micrographs showing morphing in which patterned cells migrated
toward photo-patterned ligand area. A. A photo-mask of rectangle was used to generate a
photo-pattern of hydroquinone monolayers that overlapped the microcontact printed circular
pattern. The photo-patterned region was completely inert to cell attachment, resulting in 3T3
Swiss albino cells adhering exclusively to the hydrophobic circular pattern generated by
microcontact printing. Electrochemical oxidation and addition of RGD oxyamine
immobilized adhesive ligand onto the photo-patterned monolayers. Cell migration occurred
by adhesive interaction between cell surface receptor integrins and RGD. Scale bar 60 pm. B.
Left. In the presence of the cells on microcontact printed line pattern, gradient of RGD ligand
was generated in dumbbell shape across the line pattern by photo-patterning. Cells migrated
accordingly by sensing underlying ligand gradient. Right. Photo-generated square pattern
was located 50 um apart from the microcontact printed cell pattern. The cells were still
observed to migrate toward the square pattern which supported RGD presentation. Scale bar
200 pm.
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To investigate how the cell migration is affected by gradient factors, we designed a
substrate in which two RGD gradient patterns with different slopes were positioned across
the microcontact printed line patterns (Figure 3-11). The time-lapse images of the cells were
recorded over 51 hours at 37 °C and 5 % CO,. In this experiment we can test whether the
cells tend to migrate up or down the gradient and how fast they migrate according to the
underlying gradient of ligands. As shown in Figure 3-11, when the cells move to the head
parts of the dumbbell shaped pattern the ligand density underneath is almost constant and the
highest. The cells moving in the direction of the red arrows are migrating toward decreasing
ligand density (down the gradient). In contrast cells along the blue arrows are migrating in
the direction of increasing ligand density (up the gradient).

The cells initially confined in the microcontact printed lines show active sampling
toward RGD dumbbell patterns by throwing out their filopodia and lamellipodia. In 10 to 15
hours, cell fronts were seen to move toward RGD gradient patterns. The confluent layer of
the cells on the microcontact printed region did not lose cell to cell interactions and the
joined cells migrate collectively rather than migrating individually. In 51 hours cells were
found to fill up the dumbbell patterns completely. The migration of the cell front was
measured in each designated region (A-G) and the plot of migration over time is shown in
Figure 3-12.

The cells in zone D are moving to the highest density of RGD and the migration was
completed at an early stage (20 hours). The cells in zone A are moving from the highest
density down the gradient’s steep slope and accomplished 70 % migration in 20 hours and
100 % in 35 hours. The cells in zone E are migrating from a high density of RGD to the low

density along a gentle slope. They reached 100 % migration within 35 hours although they
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Figure 3-11. Time-lapse micrographs showing the migration of patterned cells toward photo-
generated RGD peptide gradients. Two dumbbell shape gradients of RGD with different
slope were generated across the micro-contact printed line patterns of the cells. Within 17 hrs
the cells started to migrate actively toward RGD gradient patterns and the dumbbell gradient
patterns were seen to be filled with migrating cells in 51 hrs. We can analyze migration
according to the direction of the gradient. The RGD density in the green arrow zone is
constant and the highest. The cells moving in the direction of the red arrow would be
experiencing the density of the RGD decreasing while the cells in the blue arrow zone are
moving up the gradient of RGD. For further analysis each zone was labeled A-G. Scale bar
200 pm.
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Figure 3-12. A plot showing migration over time in each zone A-G from Figure 3-11. The
migration was set to 100 % where the two cell fronts migrating from both microcontact
printed regions merged at the gradient pattern and the % migration was determined relatively.
For the cells migrating toward the edge of the photo-pattern, reaching at the edge was
considered as 100 % migration. The cells in high density of RGD zone moving down the
gradient tend to migrate faster (A and E). The migration of the cells moving up the gradient
of RGD is rather slow but steady (B and F).
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moved only 35 % of the total distance in 20 hours. The RGD density is low in zone G and the
cells migrate toward an even lower density of RGD. In the early stage the cells seemed to
migrate quickly but the cell front was tracked back and overall migration was slow. The cells
in zones B and F are migrated towards a higher density of RGD and the overall migration
was gradual. The cells in zone B migrate a bit faster than the ones in zone F and it may be
because of the slope difference in the ligand gradient. The zone C is in the similar condition
to G and the cells were observed to migrate at a low rate probably due to the small numbers
of RGD molecules. Overall the cells tend to migrate faster when they move down the
gradient rather than up the gradient. Also the cells on the gradient with a steep slope were
observed to respond faster than the cells on the mild gradient in both directions, either up or
down the gradient. Therefore microscopy compatible gradient surface allows illustrating cell
migration in the response to change in the ligand density.

In summary, we have created a photo-patterned gradient surface in which electroactive
quinone monolayers became available for ligand coupling by photo-deprotection of the
NVOC group. With this photo-patterning methodology, ligand immobilization onto the SAM
surface is as quantitative and effective as hydroquinone/quinone monolayer. Combined with
microcontact printing, the gradient of adhesive ligand was presented dynamically in the
presence of the cells. As demonstrated in the migration study, this gradient surface is ideal
for studying concentration-dependent cellular responses. Owing to the flexibility of ligand
immobilizing method the substrate is applicable to tissue patterning and developmental

modeling.
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Application of Microcontact Printing and Photo-patterning for Ligand Mediated Co-cultures

For the co-culture of different cell types, two patterns were separately created on a
substrate using chemical methods. The first pattern was generated by microcontact printing
(Figure 3-13) and mixed SAMs of tetra(ethylene glycol)-terminated alkanethiols (99 %) and
NVOC-protected hydroquinone-terminated alkanethiols (1 %) were prepared. The removal of
NVOC groups upon UV illumination patterned the hydroquinone groups on the surface.
Fibronectin was adsorbed onto the microcontact printed region to enhance the attachment of
the first cell type. Electrochemical activation of hydroquinone groups and the following
addition of oxyamine-functionalized RGD installed the adhesive peptide onto the photo-
patterned area via oxime linkage to the quinones. When the second cell type was added, the
cells adhered only to the photo-patterned RGD region as integrin receptors recognized the
RGD ligand. In the same manner any biomolecule tethered with an oxyamine group can be
coupled to the quinones by forming oxime adduct therefore this type of substrate has
potential to be used for various ligand-receptor interactions. The oxime is chemically stable
but the previous study showed that electrochemical reduction of the monolayer in pH 7
buffer solution can break the oxime and release the surface-bound ligand as a hydroxyl group,
resulting the hydroquinone monolayer being recovered (Figure 3-14) [44]. When a reductive
potential was applied onto the co-culture substrate, the cell type that attached to the RGD
ligand was released.

The photo-patterning method provides an important feature in that ligand molecules can
be installed onto the surface in gradient. By the use of photo-mask with gradient design
ligand gradient with various slopes can be generated and it can stimulate cellular response

such as migration within the pattern. Photo-pattering with gradient design highlights the
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Figure 3-13. Schematic overview of substrate preparation for co-culture. A glass coverslip
was coated with Ti (3 nm) and then gold (12 nm) by an electron-beam deposition method. A.
To generate patterned surfaces, hexadecanethiols were microcontact printed onto the gold
surface and the remaining bare gold regions were backfilled with a mixture of NVOC-
hydroquinone and tetra(ethylene glycol) alkanethiols (1:99 ratio). B. The substrate was
illuminated with UV light through a patterned microfiche mask, which resulted in the
selective deprotection of NVOC groups to reveal the electroactive hydroquinone. C. An
adhesive protein, fibronectin, was added to the substrate and only adsorbed to the
hydrophobic microcontact printed pattern. Cells were seeded onto the entire substrate but
exclusively adhered to the fibronectin patterned regions. D. The patterned hydroquinone
groups were then converted to the reactive quinone groups by application of a mild oxidative
electrochemical potential. Addition of soluble RGD-ONH; led to the installation of the
adhesive peptide to the patterned quinone region via a stable covalent oxime linkage. E.
Addition of a second cell line generated patterned co-cultures with exquisite spatial control. F.
By application of a mild reductive electrochemical potential the oxime linkage is broken and
the RGD peptides are released which in turn causes one population of cells to release from
the surface. This strategy allows for the analysis of both cell types where their interactions
are controlled spatially and temporally on a surface.
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Figure 3-14. Application of a mild reductive potential to the oxime at the physiological pH
releases surface-bound ligand and regenerates hydroquinone alkanethiolates.
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delicate interaction between ligand and receptors. The characterization of gradient surface
generated by photo-patterning is shown in Figure 3-15. In order to visualize the gradient
pattern with fluorescence microscopy, rhodamine was immobilized through an oxime linkage.
The rhodamine gradient slope gained from the imaging software was in accord with the
gradient slope of the photo-mask. When RGD peptide was immobilized in the gradient
pattern, cells attached up to certain density of ligand on the surface. In Figure 3-15A, cell
adhesion diminished significantly when the ligand density reduced to 16 % on the gradient,
where 100 % is the maximum density of RGD prepared on a surface of hydroquinone and
tetra(ethylene glycol) (1:99 ratio). The minimal density of ligand for cell adhesion is
dependent of gradient slope. Also cell migration can be induced by the immobilized adhesive
ligands depending on ligand type, density and affinity. Hence this co-culture system has the
potential to model cellular microenvironment where not only cell-cell contacts but also
ligand effects in cell-cell interactions can be studied.

Figure 3-16A shows micrographs of the co-culture of two different cell lines. The
microcontact printed area (rectangular shape) was patterned with cell lines transformed with
GFP-actin therefore they were seen by both optical and fluorescence microscopy. The photo-
patterned RGD region was attached by regular mouse fibroblast and they were only seen by
brightfield imaging. Application of the reductive potential onto this surface discharged the
oxime linkage. The release of the RGD ligand from the surface resulted in that the photo-
patterned region did not support cell adhesion any longer and therefore the cells in the pattern
were released as well (Figure 3-16B). The cell-cell contact can be spatially controlled by
varying pattern size, geometry and distance of two patterns by use of a printing stamp and

photo-mask. By deciding when to activate the surface with a specific ligand the substrate can
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Figure 3-15. Characterization of the ligand gradient. Ligand gradient generated by photo-
patterning affects cell adhesion. Using a mask with gradient pattern effectively produces
gradient surface of hydroquinones thus creates ligand gradient on the surface. Imaging
software (ImagelJ) generated the gradient slope from the fluorescence image as shown at the
bottom. By comparing the cell image with the slope profile of the ligand gradient, the
required ligand density for cell adhesion can be traced. In this figure cell adhesion was
greatly diminished when the ligand density was reduced to 16 % from the “saturated” ligand
density.

155



Release

Patterned Cells

Figure 3-16. The co-culture of two different cell lines. The microcontact printed region was
patterned with GFP-actin transformed cell line and the photo-patterned RGD area with
regular fibroblast. The views under the optical brightfield microscopy and the fluorescence
microscopy prove the combined method of microcontact printing and photo-patterning is
effective to prepare a substrate for co-culture purpose. The photo-patterned RGD was
released by applying reductive potential, as the result, the fibroblast cells detached from the
pattern. (Scale bar: 100 um)
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be also temporally controlled. Furthermore how the ligand gradient affect cellular behavior
and cell-cell communication can be studied with this co-culture system.

In summary, we generated a functional co-culture substrate by combining the strategy
of microcontact printing and photo-patterning. This co-culture model substrate is
spatiotemporally controlled and adds complexity of microenvironment by applying
biological ligands in gradient onto the surface. The co-culture patterning strategy with ligand
immobilization can be applied in the studies of nerve regeneration or tissue engineering for

treatment purpose.

Materials and Methods

All the solvents for the synthesis were HPLC grade. THF was distilled from sodium
benzophenone under nitrogen before use. Absolute ethanol was purchased from Aaper
Alcohol Chemical Company. Flash chromatography was carried out using silica gel (230—
400 mesh). All amino acids and resin were purchased from Anaspec, Inc. (La Jolla, CA). All
other chemical reagents were purchased from Sigma Aldrich and Acros and used as received.
FAK+/+ and FAK—/— mouse embryonic fibroblasts (MEF) were purchased from American

Type Culture Collection (Manassas,VA).

Di-tetrahydropyran-hydroquinone-hexylbromide (3a)

To a solution of 1h (3.0 g, 10.78 mmol) in dry THF (50 mL) at -75 °C was added ¢-
butyllithium solution in pentane (1.7 M, 11.8 mL, 20 mmol) dropwise under atmosphere of
nitrogen. The mixture was stirred for 40 minutes at 0 °C and brought to RT and stirred for an

additional 30 minutes. To this solution excess 1, 6- dibromohexane (4.88 g, 20 mmol) in
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THF was slowly added and the mixture was stirred at RT for 12 hours under atmosphere of
nitrogen. Using rotary evaporation THF was removed and the reaction mixture was extracted
in ethylacetate. After washing with NH4Cl, water and brine, the crude product was dried over
NaSO4. The resulted clear oil was purified by column chromatography with hexane/ethyl
acetate (8/1) to afford a white solid (1.9 g, 40 % yield). '"H NMR (400 MHz, CDCls) & 1.38-
2.05 (m, 20 H), 2.62 (t,2 H, J = 7.6 Hz), 3.47 (t, 2 H, J = 6.8 Hz), 3.50-3.57 (m, 2 H), 3.81-

3.89 (m, 2 H), 5.30 (m, 2 H), 6.79-6.85 (m, 2 H), 6.99-7.0 (m, 1 H).

Di-tetrahydropyran-hydroquinone-tetra(ethylene glycol)alkane-trityl (3b)

The solution of 1 (1.4 g, 2.25 mmol) in DMF (8 mL) was chilled to 0 °C and NaH (144
mg, 6 mmol) was added slowly. The reaction mixture was stirred at 0 °C for 1 hour and then
stirred at RT for 2 hours. To this solution 3a (0.6 g, 1.36 mmol) dissolved in dry THF (5 mL)
was added dropwise. The reaction mixture was stirred at RT for 12 hours. By rotary
evaporation THF and DMF was removed and the mixture was diluted with 20 mL ethyl
acetate. The reaction mixture was washed with saturated NH4Cl and brine, and dried over
Na,S0s. The resulted yellow oil was purified by column chromatography with hexane/ethyl
acetate (1/1) to give the product (0.6 g, 44.8 % yield) '"H NMR (300 MHz, CDCls) & 1.16-
1.39 (m, 20 H), 1.49-1.68 (m, 14 H), 1.75-1.85 (m, 4 H), 2.14 (t, 2 H, J = 7.2 Hz), 2.60 (t, 2
H, J = 7.6 Hz), 3.38-3.43 (m, 4 H), 3.47-3.56 (m, 18 H), 3.79-3.89 (m, 2 H), 5.30 (m, 2 H),

6.77-6.85 (m, 2 H), 7.0 (d, 1 H), 7.19-7.25 (m, 3 H), 7.28-7.33 (m, 6 H), 7.39-7.42 (m, 6 H).

Hydroquinone-tetra(ethylene glycol) alkane-trityl (3c)
The product 3b (0.6 g, 0.61 mmol) was taken up in 30 mL of a 3:1:1 mixture of acetic

acid/water/THF and stirred at RT for 16 hours. The reaction mixture was concentrated under
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high vacuum condition and dissolved in ethyl acetate. The solution was washed with water
three times and brine, and dried over Na,SO4. The crude product was directly used for next
reaction as 'H NMR indicated only minor impurities (0.3 g, 61.3 % yield) '"H NMR (400
MHz, CDCl3) 6 1.14-1.40 (m, 18 H), 1.52-1.66 (m, 8 H), 2.11 (t, 2 H, ] = 7.3 Hz), 2.54 (t, 2
H, J=7.5 Hz), 3.40-3.44 (m, 4 H), 3.53-3.64 (m, 16 H), 6.50-6.53 (m, 1 H), 6.59-6.63 (m, 2

H), 7.16-7.20 (m, 3 H), 7.24-7.28 (m, 6 H), 7.38-7.40 (d, 6 H, ] = 7.4 Hz).

6-Nitroveratryloxycarbonyl hydroquinone-tetra(ethylene glycol) alkane-trityl (3d)

To a solution of 3¢ (0.3 g, 0.368 mmol) in anhydrous methylene chloride (20 mL) was
added 4-(dimethylamino)pyridine (67.43 mg, 0.552 mmol) and 4, 5-dimethoxy-2-nitrobenzyl
chloroformate (also called 6-nitroveratryloxycarbonyl chloride or NVOC-CI) (111.6 mg,
0.405 mmol). The reaction mixture was stirred at RT for 12 hours under nitrogen. The
resulted clear orange solution was diluted with 20 mL of methylene chloride, then washed
with 1 M HCI (0.38 mL), water and brine. The organic layer was dried and concentrated to
yellow oil. The column chromatography with hexane/ethyl acetate (2/8) gave the product (0.2
g, 51.5 % yield). '"H NMR (400 MHz, CDCl3) & 1.19-1.38 (m, 18 H), 1.47-1.62 (m, 8 H),
2.14 (t,2 H,J=7.3 Hz), 2.61 (t,2 H, 7.7 Hz), 3.38-3.42 (m, 4 H), 3.48-3.56 (m, 16 H), 3.95
(s, 3 H), 3.97 (s, 3 H), 5.60 (s, 2 H), 6.82-6.89 (m, 2 H), 6.96 (d, 1 H), 7.20-7.24 (m, 4 H),

7.29-7.33 (m, 6 H), 7.39-7.41 (m, 6 H), 7.75 (s, 1 H).

6-Nitroveratryloxycarbonyl hydroquinone-tetra(ethylene glycol) alkanethiol (3¢)

Methylene chloride (30 mL) containing 5 % trifluoroacetic acid was added with 205 uLL
of tri-isopropylsilane (1 mmol). This solution was added to 3d (0.2 g, 0.19 mmol) and stirred

at RT for 12 hours under nitrogen. The reaction mixture was concentrated to yellow oil and
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the purification by column chromatography (hexane/ethyl acetate (5/1) to hexane/ethyl
acetate (1/2)) afforded the product as clear oil (0.1 g, 64.8 % yield). "H NMR (400 MHz,
CDCls) 6 1.28-1.38 (m, 18 H), 1.48-1.68 (m, 8 H), 2.48 (t, 1 H,J =7.4 Hz), 2.61 (t, 2 H,J =
7.7Hz),2.70 (t, 1 H, J = 7.3 Hz), 3.38-3.42 (m, 4 H), 3.49-3.56 (m, 16 H), 3.96 (s, 3 H), 3.98

(s, 3 H), 5.63 (s, 2 H), 6.82-6.89 (m, 2 H), 6.97 (d, 1 H), 7.23 (s, | H), 7.75 (s, 1 H).

Microscopy of Surface Immobilized Rhodamine

Scotch tape (3M) was adhered to the monolayer. The resulting substrate was then cured
at 85 °C for 20 minutes. The tape was peeled from the substrate, resulting in transfer of the

monolayer from the gold substrate to the tape.

Microscopy of Attached Cell Culture

Adherent cells were fixed in 3.7 % paraformaldehyde in phosphate buffer saline (PBS)
for 10 minutes and then permeabilized with 0.1 % Triton X in PBS (PBST) for 10 minutes.
Cells were then stained with anti-tubulin (1:1000) in PBS containing 10 % goat serum for 1
hour, followed by Alexa 488-conjugated goat anti-mouse IgG (1:100 in PBST), phalloidin-
tetramethylrhodamine B isothiocyanate (1:50 in PBST), and DAPI (1:300 in PBST) for 1
hour. Substrates were rinsed with deionized water before mounted onto glass cover slips for
microscopy. For single cell polarity studies on surface gradients, a combination of
fluorescent dyes were used to visualize the fibroblasts: DAPI (4’, 6-diamidino-2-
phenylindole dihydrochloride for the nucleus, Sigma, St. Louis, MO), phalloidin-
tetramethylrhodamine B isothiocyanate (Sigma, St. Louis, MO) for F-actin cytoskeleton,
anti-giantin (Covance Research Products, Berkeley, CA) with a fluorescent tagged secondary

antibody (fluorescein conjugated goat anti-rabbit IgG, Jackson ImmunoResearch
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Laboratories, Inc., West Grove, PA) targeting the Golgi apparatus, and mouse monoclonal
anti-gamma tubulin (Sigma) to track centrosome position. All optical and fluorescent
micrographs were imaged using a Nikon inverted microscope (model TE2000-E). All images

were captured and processed by MetaMorph.

Fabrication of Photo-masks

The photopatterns were designed and drawn in PowerPoint. The patterns were then

reduced 25 times and printed onto microfiches.

Photochemical Deprotection of Substrates

A substrate presenting NVOC protected hydroquinone and tetra(ethylene glycol)
groups (2:8) was illuminated with ultraviolet light (100W Hg lamp, Nikon) filtered through a
band-pass filter (365 nm) for 30 minutes to ensure complete deprotection of the NVOC
groups. A substrate presenting NVOC protected hydroquinone and tetra(ethylene glycol)

groups (1:99) was illuminated with ultraviolet light for 10 minutes.

Photopatterning of Peptide Ligands

UV illumination of a substrate presenting NVOC protected hydroquinone and
tetra(ethylene glycol) groups (1:99) through a photo-mask for 10 minutes removed the
NVOC groups. The substrate was then oxidized electrochemically at 750 mV for 10 seconds
to convert the hydroquinone to the quinone. A RGD-oxyamine solution (20 mM in PBS) was
added to the substrate for 4 hours to ensure complete immobilization of the peptide ligands.

The substrate was then cleaned with water and dried before using for cell culture.
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Cell Culture

Swiss 3T3 fibroblasts, FAK+/+ and FAK—/~ MEF were cultured in Dulbecco’s
Modified Eagle Medium (Gibco) supplemented with 10 % calf bovine serum and
penicillin/streptomycin. Cells were removed with a solution of 0.05 % trypsin/ 0.53 mM
EDTA, resuspended in serum-free culture medium (10,000 cells/mL), and plated onto the
SAM substrates. After 2 hours, the substrates were placed in serum containing media and

maintained at 37 °C in a humidified 5 % CO, atmosphere.

Cell Patterning with Microcontact Printing

Hexadecanethiols (1 mM in ethanol) were printed on the gold-coated substrates using
poly(dimethylsiloxane) stamp. The substrates were immersed in a 1 mM mixed ethanol
solution of NVOC protected hydroquinone tetra(ethylene glycol) alkanethiol and
tetra(ethylene glycol) alkanethiol for 12 hours. Photo-deprotection of NVOC group by
illuminating UV light through photo-mask was followed by cell seeding onto the SAM
substrates. The 3T3-Swiss albino cells in serum-free medium were added in a concentration
of 10° cells/mL and incubated at 37 °C and 5 % CO,. After 3 hours, the serum-free medium

was replaced with serum-containing medium and incubated at the same condition.

Time-lapse Microscopy

Time-lapse images were recorded by at 10 minute intervals for 51 hours. The images

were combined using MetaMorph software to create a movie file.

Photopatterning of Peptide Ligands for Co-culture

After removing NVOC groups by UV illumination, the first cell line was seeded onto

the microcontact printed surface. The substrate was then oxidized electrochemically at 750
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mV for 10 seconds to convert the hydroquinone to the quinone. An RGD oxyamine solution
(10 mM in serum-free medium) was added to the substrate for 1 hour for immobilization of
the peptide ligands. The substrate was then cleaned with serum-free medium. The addition of

the second cell line was followed.
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CHAPTER 4

The Use of a Model Substrate for Cell Adhesion in Dip-pen Nanolithography
and Total Internal Reflection Fluorescence Microscopy

Introduction

Dip-pen Nanolithography for Cell Biology

Lithographic methods are widely used in microfabrication, nanotechnology and
molecular electronics. Dip-pen nanolithography (DPN) is based on a scanning-probe
technique in which an atomic force microscopy (AFM) tip is used to pattern molecules onto a
surface with precise nanometer-scale features (Figure 4-1) [1]. Unlike many other
lithographic methods, DPN transports small amount of molecules to a substrate in a positive
printing mode and it does not rely on a resist, stamp, or complicated processing methods.
DPN technique is widely used in fabrication of nanostructures and nanoarrays of DNA and
proteins [2-5]

In biology it is challenging to study subcellular nanoarchitecture structure because there
are not many tools available. For example, integrin receptors on the cell surface regulate
affinity against adhesive ligands and the nature of interaction between ligand and integrins
determines whole cell body’s behavior. In particular, the number and size of biospecific
interactions between extracellular ligands and integrins can be critical for cell adhesion and

cell migration. However, we do not quite understand such physical features due to the lack of
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Figure 4-1. Schematic representation of DPN. The figure was taken from reference 1.
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molecularly defined nanopatterned model substrates. The protein nanoarrays created by
nonspecific adsorption of protein to nanometer-sized patterns do not offer precise control
over the orientation and spatial distribution of the immobilized ligand [6, 7]

A model substrate which can present nanometer size ligand molecules with precise
control of spatial distribution will be useful to understand the nanoarchitecture of adherent
cells. Combining the ligand immobilization method on quinone monolayers with DPN, a
chemoselective peptide-immobilized electroactive nanoarray was generated and its use in

cell-adhesion studies will be discussed [8].

Total Internal Reflection Fluorescence Microscopy

A number of molecular events in cellular surfaces such as cell adhesion and membrane
dynamics have been studied with conventional fluorescence microscopes [9, 10]. However,
fluorophores that are bound to the specimen surface and those in the surrounding medium
exist in an equilibrium state. When the fluorophores are excited and there is a much larger
population of non-bound molecules in the medium, the resulting fluorescence from the
fluorophores bound to the specimen surface would be overwhelmed by the background
fluorescence. Total internal reflection fluorescence microscopy (TIRFM) was developed to
solve this problem [11]. TIRFM employs the phenomenon of total internal reflection, which
occurs at the interface between an optically dense medium, such as glass, and an optically
less dense medium —water or aqueous solution. At a large angle of incidence, the excitation
beam reflects back into the glass and generates at the interface with water so called
evanescent wave. The evanescent wave is generated only when the incident light is totally

reflected at the glass-water interface. The evanescent electromagnetic field decays
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exponentially from the interface, and thus penetrates to a depth of only approximately 100
nm into the sample medium. Thus the TIRFM enables a selective visualization of surface
regions such as the basal plasma membrane of cells [12-14]. TIRF efficiently rejects
background signal from the bulk of solution and allows for super sensitive detection - down
to single molecules. TIRF is real-time, low volume (< 0.1 pL), in situ technique which is
well-suited for analysis of biomolecular interactions such as protein-protein, receptor-ligand,
protein-DNA, DNA-DNA, and protein-membrane interactions [10, 15-19].

TIRFM has been used to study a variety of systems, including single molecule
fluorescence [20] as well as events and structures at the cell surface such as exocytosis [21,
22], and ion channels [23]. It has also been integrated with other methods such as
interference reflection microscopy [24] and fluorescence correlation spectroscopy [25].

Due to the flexibility of surface chemistry and conductivity, gold has been widely used
for biointerfacial studies and as a platform for many biotechnologies. However, due to gold’s
efficient quenching of fluorescence, limited optical transparency, and lack of long-term
stability due to monolayer desorption, it has not found wide use in practical biosensor
applications. Until recently, it was thought that gold surfaces precluded the use of live-cell
high resolution fluorescence microscopy to study internal cell structure dynamics. However
the combination of fluorescence microscopy (a fundamental tool in cell biology research) and
gold surfaces as model substrates in cell biology allows for the development of sophisticated
immobilization strategies to install a variety of biologically relevant ligands on the surface.

The use of TIRFM to study cell adhesion on patterned self-assembled monolayers
(SAMs) on gold surfaces will be discussed. Microcontact printing was used to pattern

hydrophobic features to which the extracellular protein fibronectin was adsorbed, while DPN

173



was used to produce electroactive nanoarrays of hydroquinone-terminated alkanethiol on
gold-coated quartz substrates [26]. The hydroquinone was electrochemically oxidized to the
corresponding quinone, and an oxyamine-tethered linear Arg-Gly-Asp (RGD) peptide was
chemoselectively immobilized. A prism-based method of TIRFM was used to examine
adhered cells on both microscale and nanoscale features. TIRFM can be used to visualize
internal features of a cell on chemoselectively tailored gold SAM surfaces and open many
areas for integrating TIRFM with material science and cell signaling dynamics to study cell

behavior.

Results and Discussion

Electroactive Nanoarrays for Biospecific Ligand Mediated Studies of Cell Adhesion

Hydroquinone-terminated alkanethiol was patterned by DPN in nanometer-sized spots
on a gold substrate (Figure 4-2). The remaining bare gold region was then backfilled with
tetra(ethylene glycol)-terminated alkanethiol. Application of an oxidative electrochemical
potential converts the hydroquinone to the corresponding reactive quinone on the surface.
The resulting quinone monolayer then undergoes a chemoselective coupling reaction with the
soluble oxyamine-tethered peptide.

This nanoarray is molecularly well-defined as immobilized ligands on the monolayer
which are uniformly presented in a homogeneous environment. The use of tetra(ethylene
glycol)-terminated alkanethiol ensures that cell adhesion is due only to biospecific
interactions between immobilized ligands and cell receptors. The density of ligand on the
surface can be precisely determined owing to the electroactive nature of both the original

monolayer and the resultant immobilized ligand. The use of electrochemistry allows
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measuring the extent of the reaction and thus the amount of immobilized ligand on the
surface. Furthermore, if the oxyamine group is introduced, any molecule can be coupled to
the monolayer surface and therefore these electroactive nanoarrays can be applied for a
variety of cell biological studies and biosensing applications.

Silicon AFM tips were first immersed in a 5 mM solution of hydroquinone-terminated
alkanethiol in acetonitrile for 40 seconds and then dried. The AFM tip was subsequently used
to print the hydroquinone alkanethiol on a gold-coated glass substrate in 500 nm spots. A 20
x 20 nanoarray with dimensions of 65 X 65 pm was generated by using nanolithography
software. Figure 4-3 shows a lateral force microscopy (LFM) image of the hydroquinone-
terminated alkanethiol nanoarray before backfilling the remaining bare gold region of the
substrate with tetra(ethylene glycol)-terminated alkanethiol. The LFM profile shows that
each spot in the array has similar features in terms of spot size and lateral force.

The hydroquinone groups presented in the nanoarrays were converted to the
corresponding quinone by applying an oxidative potential (750 mV vs. Ag/AgCl, 15 seconds
in 1 M HClO4). An oxyamine-functionalized linear Arg-Gly-Asp (RGD) peptide was then
immobilized to the quinone nanoarray (10 mM in phosphate-buffered saline (PBS), 5 hours).
Cyclic voltammetry showed the monolayer presenting hydroquinone groups underwent a
reversible oxidation at 580 mV and reduction at -30 mV in 1 M perchloric acid. Addition of
soluble oxyamine-RGD resulted in new peaks corresponding to the oxidation (520 mV) and
reduction (180 mV) of the oxime product (Figure 4-4). By integrating the peaks in the cyclic
voltammogram and controlling the number and size of the DPN spots, we can calculate the
approximate density of initial hydroquinone/quinone and the immobilized oxime conjugate

ligands per spot. For 500 nm spots, we determined the number of molecules to be
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Figure 4-2. A schematic diagram for the preparation of electroactive nanoarrays by DPN. An
AFM tip coated with hydroquinone terminated alkanethiol patterned the gold surface with
nanometer-sized spots. The remaining bare gold region was backfilled with tetra(ethylene
glycol) terminated alkanethiol. The electroactive nanoarrays were electrochemically oxidized
to convert the hydroquinone groups to the corresponding quinone. An oxyamine terminated
peptide was selectively immobilized onto the quinone monolayer via an oxime conjugate to
promote cell adhesion on the electroactive nanoarray.
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Figure 4-3. Lateral force microscopy (LFM) image of an electroactive nanoarray. The array
was generated by DPN of hydroquinone terminated alkanethiol on gold. The array consists of
400 spots (20 x 20) with an average spot size of 500 nm in diameter. Also a lateral force
profile for the line drawn across the image is shown.

177



200 O 200 400 600 800
E (mV) -

Figure 4-4. Cyclic voltammograms of the redox active reactant and product. The diagnostic
oxidation and reduction peaks to characterize the extent of ligand immobilization on the
electroactive nanoarray.
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approximately 1.1 x 10> for hydroquinone/quinone; this is similar to full monolayer coverage
for that size spot. By integrating the redox peaks for the oxime conjugate product after
oxidation and ligand immobilization, we found the reaction to only proceed to approximately
85 % completion as characterized by cyclic voltammetry. This is probably due to the
difficulty of reacting every quinone on a densely packed spot region. Therefore, this results
in approximately 0.9 x 10° molecules per 500 nm spot of ligand-oxime conjugate on the
nanoarray. By monitoring electrochemistry to regulate the duration of the reaction of the
peptide-oxyamine with the quinone form of the surface it is possible to adjust the density of
the peptide ligand on each spot. This is not possible with other nanoarray immobilization
strategies. This exquisite control would prove critical in determining how ligand clustering
influences cell adhesion and focal complex formation.

For the cell-adhesion studies on the electroactive nanoarrays, we immobilized two
different forms of the RGD peptide to induce specific adhesion. The assembly and
morphology of focal adhesions are critical in signal transduction during ligand-mediated cell-
adhesion polarization and migration. The focal adhesion structures of adhered cells on the
electroactive nanoarrays were analyzed by visualization with an anti-paxillin antibody.
Paxillin is a protein found within focal adhesions as discussed in Chapter 2 [27].

In order to study the effect of ligand affinity on focal adhesion structures of adherent
cells, we immobilized a linear and a cyclic RGD oxyamine (10 mM in PBS, 5 hours). The
affinity of integrin receptors for cyclic RGD is known to be much stronger than that for linear
RGD (K4 of 10® M versus 10° M, respectively). The difference in the binding affinity
between the two peptides has been shown to result in dramatically different focal-adhesion

patterns in adherent cells on model surfaces [28, 29]. Figure 4-5 shows a fluorescence

179



micrograph of 3T3 Swiss Albino fibroblasts on a 65 x 65 pm nanoarray composed of 500 nm
diameter spots spaced 3 pum apart. The micrographs show a cell adhered to a cyclic RGD
nanoarray that is identical in dimensions and numbers of spots to a linear RGD nanoarray.
The adherent cell adapts a rectangular morphology, thus indicating that the cell is confined
by the peptide nanoarray.

Interestingly, for the linear RGD nanoarrays, the focal adhesions stained by anti-
paxillin antibodies are located primarily at the periphery of the cell. Image analysis of many
single cells (n = 22) on the nanoarray shows the focal adhesions are approximately 6 pm in
diameter and that there are higher concentrations at the edge of the cell. This suggests that
the cells are in a more motile state on lower-affinity linear RGD peptides.

For the cyclic-RGD nanoarray we observed many more focal adhesions, and they are
distributed throughout the cell body. Further analysis shows the focal adhesions are
approximately 2 pm in diameter and that there are approximately 8 times the number of focal
adhesions on the cyclic RGD nanoarray than on the linear one. As a control, a scrambled
oxyamine-RDG peptide was immobilized to the nanoarray; no cells adhered to the surface.
With the addition of soluble linear RGD peptide (50 uM, 30 minutes) cells adhered to the
immobilized linear and cyclic RGD nanoarrays were detached, thus indicating the cells were
attached biospecifically and only through the immobilized peptides. The addition of a
fibroblast with focal adhesion kinase knockout cell line (FAK -/- cells) that is compromised
in its ability to make focal adhesions on both the linear and cyclic nanoarray did not support
attachment; this further showed the specificity of immobilized peptide and cell-surface
integrin receptors required for biospecific adhesion. We also observed on nanoarrayed

surfaces of linear and cyclic RGD peptides that the size of the focal adhesions are
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Cyclic RGD

Figure 4-5. Representative fluorescent micrographs of cells on linear and cyclic RGD
nanoarrays. Comparison of the focal adhesions (green dots) shows that the cell attached to
linear RGD has focal adhesions distributed at the perimeter, while the cell adhered to cyclic
RGD has focal adhesions distributed throughout the cell. Color: green, paxillin; red, actin;
blue, nuclei.
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approximately 2 - 6 um and appear in the classical needle-like structures; this is consistent
with focal adhesion size and structure determined for many different cell lines on fibronectin-
coated substrates. Taken together, the nature of the ligand immobilized nanoarray directly
influences the number and size of focal adhesions.

To determine the influence of spot size and separation and ligand affinity on cell
adhesion, we next generated differently sized nanoarrays. We observed that a nanoarray of
500 nm spots with double the distance between spots (6 pm apart instead of 3 um) did not
support cell attachment on either ligand. Interestingly, nanopatterned surfaces with 200 nm
spots spaced 3 um apart supported cell attachment for cyclic RGD but not for linear RGD.
This result shows lower ligand density is required for the higher-affinity cyclic RGD to
support cell adhesion. This might support the role of ECM ligand clustering on modulating
the adhesion and migration behavior of cells.

The overall dramatic differences in the distribution and size of focal adhesions between
the linear and cyclic RGD nanoarrays suggest that the underlying nature of the ligands on the
nanoarrays can influence the nanoarchitecture of adherent cells. Further careful investigation
is required to precisely determine the subtle interplay between nanoarray spot size, ligand
affinity and spacing for determining cell adhesion and migration.

In conclusion, we have demonstrated the use of DPN to generate an electroactive
nanoarray that can immobilize a variety of peptide ligands for biospecific ligand-mediated
cell adhesion. We have shown that the nanoarray and subsequent ligand immobilization can
be characterized by electrochemistry. We have further shown that the affinity of immobilized
ligands for integrin receptors can dramatically affect the focal adhesion structures of the

adherent cells. The use of the immobilization strategy based on the chemoselective reaction
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between quinone and oxyamine, coupled with the inert surface provides a general route for

the preparation of nanoarray substrates presenting a variety of ligands.

TIRFM of Cell Adhesion on Patterned SAMs on Gold

A prism-based method of TIRFM was used to examine the cells adhered on patterned
SAMs on gold-coated quartz surfaces. As shown in Figure 4-6, the prepared slide was placed
in contact between a quartz prism and a 60 x water immersion objective, using immersion oil
and water, respectively, to maintain a similar refractive index between each interface. TIR
was established by adjusting the quartz prism, thus changing the angle of incidence (®) of a
532 nm green diode laser beam. The emitted fluorescence of fluorophores excited by the
evanescent wave created was filtered and captured by a CCD camera.

Microcontact printing generated patterned SAMs of hexadecanethiol on gold-coated
quartz (Figure 4-7A). To characterize the microcontact printed features scanning electron
microscopy (SEM) was used as shown in Figure 4-7B. Following backfilling with
tetra(ethylene glycol) alkanethiol (EG4SH), the ECM protein fibronectin was adsorbed to the
hydrophobic regions in order to support cell adhesion. 3T3 Swiss Albino mouse fibroblasts
were allowed to adhere to the patterns, fixed, and stained with an antibody targeting paxillin
followed by a fluorescently labeled secondary antibody. As can be seen in the TIRFM
micrograph in Figure 4-7C, paxillin is distributed throughout the cells.

We produced electroactive nanoarrays on gold-coated quartz substrates by integrating
the previously described chemoselective ligand immobilization strategy and DPN. An
oxyamine-tethered ligand, linear RGD-ONH,, was reacted following electrochemical

activation of the nanopatterned surface (Figure 4-8). 3T3 Swiss Albino mouse fibroblasts
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Figure 4-6. Schematic depiction of TIRFM experiment. The sample was placed between a
water immersion 60 X objective and a quartz prism as shown (using water and immersion oil,
respectively, for similar refractive indices). Fluorescence excited by TIR was collected
through the objective, filtered, and captured on a CCD camera. (Complete optics path has
been omitted for clarity.)
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Figure 4-7. Patterning by microcontact printing. A. Microcontact printing was used to pattern
50 um features of C;6-SH on gold substrates. The remaining bare gold regions were
backfilled with EG4-SH, and fibronectin (Fn) was adsorbed to the microcontact printed area.
Cells were then seeded on the surfaces. B. SEM micrograph of microcontact printed
monolayers of C;-SH on gold. C. Representative micrograph of a fibroblast adhered to a 50
pum microcontact printed feature. The cells were stained with anti-paxillin antibodies and a
TRITC secondary antibodies to visualize the focal adhesions in the cell. TIRFM signal from
TRITC labeled secondary antibody is pseudocolored red.
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Figure 4-8. Preparation of electroactive nanoarray. A. DPN was used to produce electroactive
nanoarrays of hydroquinone-terminated alkanethiol (H>Q-C,;-SH). Following backfilling
with EG4-SH, the nanoarrays were electrochemically oxidized and an oxyamine-tethered
ligand (linear RGD-ONH;) was chemoselectively immobilized. B. Expanded lateral force
microscopy image of an electroactive nanoarray on gold.
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were then seeded to the substrates, fixed, and stained for nuclei, actin, and paxillin. As shown
in Figure 4-9A, the paxillin-TRITC (tetramethylrhodamine B isothiocyanate) signal found in
TIRFM is localized primarily to the perimeter of the cell. We then imaged the same
substrates using conventional fluorescence microscopy. The representative fluorescent
micrograph in Figure 4-9B was taken of a cell on a nanoarray of immobilized linear RGD
using standard fluorescence microscopy following TIRFM imaging. Interestingly, there is not
a significant amount of photobleaching of the TRITC secondary antibody following extended
imaging using TIRFM.

In conclusion we have demonstrated that TIRFM can be used to visualize the internal
structures of cells adhered to SAMs on gold surfaces. We have also shown that TIRFM
imaging can be used in conjunction with more traditional methods of imaging, such as
fluorescence microscopy, to study cells. Finally, we show the combination of TIRFM with
surface patterning techniques (microcontact printing, DPN) and an electroactive
immobilization strategy to tailor surfaces with ligands to study cell behavior.

In the future, TIRFM could be used to explore the intricacies of the cell
nanoarchitecture on surfaces presenting various patterns of biospecific ligands. In particular,
this technique could be used to study signaling dynamics in cell adhesion, polarization, and
migration on well-defined surfaces presenting more complex surface chemistries such as

gradients or by integration with patterned dynamic surfaces.
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Figure 4-9. Images of a cell acquired by TIRFM. A. Representative TIRFM micrograph of a
cell on a nanoarray. TIRFM signal from TRITC labeled secondary antibody is pseudocolored
red. B. Representative micrograph of a 3T3 Swiss Albino fibroblast taken with fluorescence
microscopy following imaging using TIRFM. Color: green, actin; red, paxillin; blue, nuclei.
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Materials and Methods

Preparation of Electroactive Nanoarray Substrates

Glass cover slips were first cleaned with piranha solution (concentrated sulfuric
acid/30 % H,O, = 3/1, v/v). An adhesion layer of titanium (5 nm) and a transparent layer of
gold (15 nm) were then thermally evaporated onto the surface. After preparation, the gold
substrates were again cleaned with Piranha solution for approximately 1 minute, copiously
rinsed with purified water (Millipore Direct-Q UV system, and either stored in water or dried
with air and used directly. All DPN and LFM measurements were made with a MFP-3D
Stand Alone atomic-force microscope (Asylum Research, Santa Barbara, CA). Silicon AFM
tips (0.03-0.08 N m™', MikroMasch USA, Wilsonville, OR) were immersed in a solution of
hydroquinone alkanethiol (H,Q-C;;-SH, 5 mM in acetonitrile) for 40 seconds, then gently
dried with a stream of air. Nanoarrays of dots approximately 500 nm in diameter were then
produced by using Microangelo nanolithography software (Asylum Research). The
nanoarrays were imaged directly following printing with the same tip at a scan rate of 4 Hz to
produce the LFM image shown in Figure 4-3. The remaining exposed areas of gold were
passivated by soaking the substrate in a solution of tetra(ethylene glycol) alkanethiol (EGs-

C11-SH, 1 mM in ethanol) for 12 hours, followed by immersion in water for 1 hour.

Electrochemistry and Peptide Immobilization

All electrochemical measurements were conducted on a BAS 100B/W Electrochemical
Analyzer (Bioanalytical Systems, Inc., West Lafayette, IN). All cyclic voltammograms were
recorded at a scan rate of 50 mV/s in 1 M HCIlO4 at room temperature. For cell-adhesion

studies, the H,Q-C;;-SH nanoarrays were first oxidized by applying a potential of 750 mV
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(vs. Ag/AgCl) for 15 seconds in 1 M HCIO4. The resulting quinone was then treated with
oxyamine-tethered peptide (10 mM in PBS) for 5 hours to install the peptide on the surface.
Cell Culture and Microscopy

3T3 Swiss Albino mouse fibroblasts were seeded on the patterned substrates, incubated
overnight in Dulbecco's modified Eagle's medium (Sigma) with 10 % bovine calf serum and
1 % penicillin/streptomycin, and then fixed with 3.2 % formaldehyde in PBS. The cells were
then permeated with PBS containing 0.1 % Triton X-100 and stained with three fluorescent
dyes: DAPI (4°, 6-diamidino-2-phenylindole dihydrochloride; Sigma), phalloidin-
tetramethylrhodamine B isothiocyanate (Sigma), and anti-paxillin (BD Biosciences, San
Jose, CA) with a secondary fluorescently labeled antibody (Cy-2 conjugated goat anti-mouse
IgG, Jackson ImmunoResearch Laboratories, Inc., West Grove, PA). Fluorescence images
were taken by using a Nikon Eclipse TE2000-E inverted microscope (Nikon USA, Inc.,

Melville, NY).

Substrate Patterning by Microcontact Printing

A gold-coated quartz slide was patterned by microcontact printing of hexadecanethiol
(Ci6SH, 1 mM in ethanol). The remaining bare gold region was then backfilled with
tetra(ethylene glycol) alkanethiols. Bovine fibronectin (0.1 mg/mL in PBS, Fisher) was

adsorbed onto the microcontact printed region for 1 hour.

Cell Visualization Using TIRF Microscopy and Fluorescence Microscopy

Following the cell staining procedure, patterned substrates were prepared for TIRFM
analysis. A glass coverslip was flamed and placed over the area of patterned cells, trapping a

layer of PBS between the glass and quartz. The edges of the coverslip were sealed using 90 s
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curing epoxy (Araldite 2043, McMaster-Carr, Princeton, NJ). All TIRFM measurements
were made using a prism-based method with an Olympus IX51 inverted microscope and
Olympus UPLSAPO 60 x water immersion objective (NA = 1.2, Olympus America, Inc.,
Center Valley, PA), as shown in Figure 4-6. The excitation radiation was supplied by a green
diode laser module (532 nm, 30 mW, GDLM-5030 L, Photop Technologies, Chatsworth,
CA). The emitted radiation was sent through a green emission filter (585 nm/70 nm band
pass, Chroma HQ585/70, Chroma Technology, Rockingham, VT) and captured by a CCD
camera (Cascade II 512B, Photometrics, Tucson, AZ). Final image analysis was performed
using MatLab R2007B (The Mathworks, Inc., Natick, MA). Fluorescence microscopy
images were taken using an inverted Nikon Eclipse TE2000-E microscope (Nikon USA,

Melville, NY).
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