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We report a combined photochemical and electrochemical approach to generate model substrates that
have molecularly defined gradients of ligands for studying cell migration and polarization. Our strategy
utilizes a substrate bound with a photo-labile group protected redox active molecule that can be
deprotected with ultraviolet light in patterns and gradients. The unveiled redox active molecule reacts
selectively with soluble oxyamine tethered ligands for molecular level tailoring of the surface. This
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reaction is quantitative and can be monitored and controlled with cyclic voltammetry to determine the
yield of reaction and therefore also to control the precise density of ligand on the surface. The surface is
also designed to be inert to non-specific protein adsorption, thus the only interaction between cell surface
receptors and the material is a ligand-receptor interaction, which is critical for studying the subcellular

a

nano-architecture within cells during cell migration. We show the subtle interplay between ligand slope,
ligand density and ligand affinity that causes a cell to modulate its adhesion and migration position and
behavior during directed movement. We also show single cell polarity direction on gradient patterns is
controlled by the presentation of peptides on the underlying surface.

molecularly defined model substrates to recapitulate these
Introduction processes. In order to fully understand the complex signaling and
cytoskeletal aspects of the cellular nano-architecture during
migration, a multidisciplinarily coordinated effort is required for
integrating  sophisticated surface chemistry to generate
molecularly defined model substrates with modern cell biology
and microscopy techniques.

Despite the routine use of model substrates, little is known
about the mechanisms by which adherent cells initiate migration
in response to signals based on changes in ligand density, ligand
affinity and presentation on the surface. This is due to the
difficulty in generating model substrates that are defined at the
molecular level.”® Several methods have been employed to
generate gradients, including polymer blend,'®'* laminar
flow,'>!¢  photo-patterning,'™® soft lithography,'*?* magnetic
field,”"** and electric field,”** but many of these strategies rely
on protein adsorption in flow and have limited success in the
preparation of molecularly defined ligand gradients for studying
the influence of slope on ligand-mediated cell migration
(haptotaxis). These technical challenges result in the need for
model substrates that can examine how the interplay between
ligand density, affinity and presentation that may influence
migration. Therefore, without these model systems, many
important fundamental cell motility questions remain elusive and
unexplored. Herein, we report a model substrate that presents cell
adhesive ligands in molecularly defined gradients. We use these
surfaces to quantitatively determine how the relationship between
slope, ligand density and ligand affinity affect cell polarity and
75 cell migration.

2 Cell adhesion and cell migration are critically important for a
number of fundamental biological processes. These diverse )
processes range from wound healing, metastasis, to
development.' To initiate a complex series of events that lead to
cell migration, an adherent cell requires the ability to integrate

2s information derived from soluble growth factors with positional
information gained from interactions with the extracellular matrix
and with other cells.” The network to determine how a cell
responds and moves involves complex signaling cascades that
guide the directional and contractile functions of the cytoskeleton

30 as well as the synthesis and release of proteases that facilitate
movement through tissues.’ The biochemical events of the
signaling cascades occur in a spatially and temporally
coordinated manner and dynamically shape the cytoskeleton in
specific sub-cellular regions.* Therefore cell migration involves a

s precise but constantly changing subcellular nano-architecture.

While many of the key proteins and signaling molecules have
been discovered that affect cell adhesion and migration, the
molecular network details of how the cell interprets and processes
external cues to initiate internal signaling and overall movement

w is largely unknown.’ For cell migration on an immobilized
gradient (haptotaxis) the spatial presentation of ligands and the ’
density of ligands on extracellular matrix proteins play a
significant role in shaping cell function and motility.® The ability
to decipher the outside-in signaling, governed by the extracellular

4s matrix proteins interactions with cell surface receptors, remains
challenging and elusive due to the complexity of generating
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Our model system utilizes a photochemical approach that
unveils redox active surface bound groups that can selectively
immobilize ligands in patterns and gradients onto electroactive
self-assembled monolayers (SAMs) of alkanethiolates on gold.
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Figure 1. A photochemical strategy for patterning immobilized ligands to
an electroactive self-assembled monolayer. (Top) 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 soluble aminooxy terminated ligands to form a
covalently bound oxime conjugate on the surface. (Bottom) The chemical
structures of the low affinity Linear-RGD and high affinity Cyclic-RGD
aminooxy tethered ligands for integrin cell surface receptors used for cell
polarity and cell migration studies.

This approach is based on the photochemical activation of a
mixed monolayer presenting nitroveratryloxycarbonyl (NVOC)
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protected hydroquinone and tetra(ethylene glycol) groups (Figure
1). The NVOC protected hydroquinone permits the photo-
patterning of immobilized ligands, while the tetra(ethylene
glycol) provides the inert property necessary to resist the
nonspecific protein adsorption. Illumination of the monolayer
with a mercury lamp (365 nm) readily removes the NVOC group
to reveal the hydroquinone.”>?’ Subsequent electrochemical
oxidation converts the hydroquinone to the corresponding
reactive benzoquinone on the surface. The resulting
benzoquinone monolayer can then react selectively with soluble
aminooxy terminated ligands to form an oxime conjugate on the
surface. This strategy possesses several unique features that are
essential in the fabrication of molecularly defined gradient: 1.

s Ligands on the monolayer surface are presented uniformly in a

homogeneous environment.”® 2. Ethylene glycol terminated
SAMs ensure that the immobilized ligands alone mediate cell-
surface interactions by preventing nonspecific protein
adsorption.”’ 3. Electroactive monolayer permits quantitative
determination of ligand density by cyclic voltammetry.® 4.
Oxyamine tagged ligands react with the quinone form of the
monolayer rapidly and in high yield at physiological pH and
room temperature.’’ This reaction can be done in complex protein
mixtures and in the presence of cells to install ligands on the

s surface during cell migration experiments. 5. The aminooxy

groups can be easily introduced into most biomolecules through
straightforward solution or solid phase synthesis.*> 6. Various
complex gradients of immobilized ligands can be routinely
generated for patterning cell culture by using photolithographic
masks (Figure 2).

—

EChem Oxidation
Ligand Immobilization

Cell
Culture

Figure 2. A strategy for generating gradients of immobilized peptide
ligands for directing cell adhesion. UV Illumination of the NVOC
protected hydroquinone through a gradient photo mask reveals the

s 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. Seeding cells to the resulting peptide gradient surface mediates
cell attachment and migration on a molecularly defined surface.

Results and Discussion

To generate ligand defined gradients we prepared substrates
presenting a mixed monolayer of NVOC protected hydroquinone
(1%) and tetra(ethylene glycol) (99%). These substrates are
initially inert to cell adhesion. After ultraviolet (UV) illumination

s through a photo-mask with a dumbbell gradient pattern for 30

min to selectively unveil the hydroquinone, the monolayer
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substrate was then electrochemically activated by applying an
oxidative potential at 750 mV for 10 s. We first immobilized
soluble rhodamine oxyamine (50 mM in MeOH, 2 hrs) in order to
characterize the surface modification by fluorescence
s microscopy.” Figure 3A shows the optical micrographs of
various photo-masks used in generating the dumbbell gradients.
Figure 3B shows fluorescent images of rhodamine oxyamine
conjugated to the quinone monolayer after the photo-patterning.
The immobilization of rhodamine oxyamine in selective region
o results in a gradient pattern identical to that of the photomask.
This result confirms that the surface chemistry is compatible with
the use of photomasks to generate complex ligand defined
gradients on monolayer surfaces.
We next extended this photochemical strategy to pattern
s peptide ligands in gradients for attached cell culture to determine
the relationship between slope and ligand density on cell
adhesion and migration. We used solid phase peptide synthesis to
generate an RGD-oxyamine ligand. The RGD peptide is found in
the central cell-binding domain of fibronectin and is known to
o facilitate cell adhesion through cell surface integrin receptors.34

@

Figure 3. Representative images for the photo-patterning of fluorescent

molecules and peptide ligand mediated cell attachment and migration on

molecularly defined gradients. (top) (A) Optical micrographs of the

photo-masks used in generating several dumbbell gradient patterns with
o 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. (bottom) Another group
of experiment based on different pattern shape. 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).

&

For the cell migration studies, we prepared mixed monolayer

presenting 1% NVOC protected hydroquinone and 99%
tetra(ethylene glycol) groups. Illumination through various
o dumbbell gradient photo-mask patterns followed by

electrochemical oxidation converted the surface to gradient
regions of reactive benzoquinone monolayer for subsequent
immobilization of oxyamine tethered ligands. Selective
immobilization of soluble oxyamine tagged RGD peptide (30
s mM in PBS, 4 hrs) to the benzoquinone 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
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regions of the gradients. The monolayer substrates were then
placed in serum containing media to permit cell growth and
migration. The cells proliferated and migrated down the gradients
and then stopped at their final positions due to the lack of peptide
ligand density to support further adhesion and migration
(experiment stopped after 72 hours, although no further migration
occurred beyond 48 hours on the gradients). As controls to
separate the role of cell proliferation and migration, all
experiments were repeated in the absence of serum (to minimize
cell proliferation) and the cells stopped at approximately the
exact same locations on the various gradients. Furthermore the
experiments were repeated in serum in the presence of 5 ug/ml of
mitomycin C (this molecule inhibits cell proliferation but does
not affect cell migration at this concentration level) and the cells
again stopped at the same ligand density on the peptide gradients.
Figure 3C 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. These results show that cell
attachment on the 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 migration and 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. To show biospecific cell
attachment, we also added a soluble competing RGD peptide (1
mM for 30 min) to the media and all the adhered cells on
gradients detached indicating a ligand-receptor interaction
between the cells and the surface.

200 pm

os Figure 4. 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 (M). (C) A plot of ligand

100 density (I') versus distance (D) along the gradient was generated from the

photo-mask shown in 4A wusing Image]. 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.

This journal is © The Royal Society of Chemistry [year]
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We next studied whether ligand density alone or the
combination of slope and ligand density governs cell migration. If

cell migration is solely based on the underlying ligand density,

we expect that 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 irrespective of slope. In order to
determine the peptide density for cell attachment along the
gradient, we used an image analyzing software (Imagel) to first
obtain a density profile of the gradient based on the pixel
intensity of the photomask and the corresponding fluorescent
micrographs of rhodamine immobilization. The slope profile for
the photomask and the corresponding rhodamine immobilized
surface are approximately identical (Supplementary Data). Figure
4A shows the optical micrographs of the photomasks. Figure 4B
shows the fluorescent images of attached cell culture on RGD
immobilized dumbbell gradients generated by the photo-mask
shown in 4A. Figure 4C 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, we
assume that the maximum peptide density () is 2.7x10*
molecules/umz based on 1% NVOC hydroquinone monolayer s due to ligand presentation on the surface. To establish a
connection between the underlying gradient and intracellular
protein activation, we repeated the migration experiment 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

that has been completely modified to the peptide ligand on the

s 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 presenting only the s
NVOC hydroquinone groups. The value obtained was 4.5 x 102 migration.”® Focal adhesions are sites found at the plasma
mol/um? (2.7x10* molecules/um?). By aligning the density plot
with the patterned cells, we determine the minimum ligand
density for supporting cell adhesion along the gradient.
Interestingly, our data show that the minimum density varies on ¢
each gradient. This result suggests that cell migration is not solely

35 dependent on density of surface-bound ligands.
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null fibroblasts (FAK-) which have a focal adhesion defect, position
60 themselves to the same density irrespective of slope and ligand affinity.

We also examined how the slope of ligand presentation may
play a role in affecting how, where and when cells migrate. By
coaxing the cells to migrate from higher density ligand toward
lower density on gradients with different slopes, we can establish
s whether there is a correlation between the slopes and minimum
ligand density for cell attachment on the gradient. For these
experiments, we generated gradient patterns with different slopes
on a photo-mask by systematically varying the length of the
gradients. We use arbitrary values for both the density and
distance along the gradient obtained from ImageJ to calculate the
slopes. We then prepared the peptide gradients with slopes
ranging from -1 (the shallowest) to -8 (the steepest) for cell
culture. Figure 5 shows a plot for the dependence of minimum
ligand density for cell attachment of various cell-types on the
s slopes of gradients. The data show that Swiss 3T3 fibroblasts

(FAK+/+) 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

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.*® Deletion of FAK expression has been
shown to impair cell migration.*” Unlike the Swiss 3T3
fibroblasts, we found that FAK-null cells on linear-RGD
gradients migrate to the same ligand density at equilibrium
== FAK+ cyclic RGD regar(.iless of thf: slopes (red line). As a control, we repeated the
s experiments using wild-type (FAK+/+) cells, and observed that
FAK+/+ cells exhibit 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
10 ligand affinity also plays a role in cell migration, we immobilized

a cyclic-RGD peptide to the surface and compared the cell

> migration equilibrium positions with linear RGD peptide

~ gradients (blue line). We found at steeper slopes the FAK+/+
Ny cells required more cyclic-RGD ligand density than for linear-

s RGD. This result implies for the first time that although the

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 and are significant to fundamental cell biology

Relationship between ligand density, ligand affinity and and cancer metastasis studies.
gradient slope for two different cell-types. Each data point represents an
ss 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-

Figure 6 shows an illustration summarizing the data obtained
from Figure 5 for linear-RGD immobilized surfaces. Upon
seeding of FAK+/+ and FAK-/- cells to the surface, both cell

us lines initially attached to the region of the gradient that presents
the highest linear-RGD ligand density. The cells migrated and
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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 therefore are able to sense the change in ligand
density across their length and tune their position along the
gradient.

Direction of Cell Migration‘
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Figure 6. 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.

s 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.

By presenting various slope planes we were able to show that
FAK+/+ cells require higher ligand density to support adhesion
on steep gradients and lower ligand density on shallow gradients.

s In stark 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.
Further analysis of the underlying gradient shows the percent
drop-off in ligand density along a cell length ranges from 55% for
the steepest gradient (-8) to 5% for the shallowest gradient (-1)
for a 100 um length cell. 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

s able to migrate to regions with much lower ligand density

indicating fewer ligands are required to support cell function and
adhesion. Interestingly, the FAK+/+ cells were able to migrate
towards much lower ligand densities when presented on a
shallow gradient than would support their initial attachment in a
standard adhesion assay. These results show quantitatively 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

s environment is critical for regulating directional movement.

We next extend this methodology 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.38 The role of the underlying
adhesive environment and cell-cell interactions is critical to
establish cell polarity but is not well understood.
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Figure 7. 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

s 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

s columns) the net vector points consistently towards the higher density

adhesive regions. These results show the underlying peptide ligand
gradient directs cell polarization.

In order to study the underlying surface chemistry
requirements for cell polarity, we confined cells 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 7). The most conclusive method to determine cell

s 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.** Giantin, a protein found in the membrane of the Golgi
apparatus cisternae, was chosen as a marker for that organelle.*'
As can be seen in the series of representative fluorescent
micrographs in Figure 7, the adherent cells adopt a morphology

This journal is © The Royal Society of Chemistry [year]
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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 = 68). In fact, almost all cells had a diffuse Golgi around
the nucleus, a strong indicator of no polarity. For gradient square
patterns (Figure 7, middle and right columns) the cells
consistently polarize towards the higher density linear-RGD
regions as shown by the relative positions of the nucleus and the
concentrated Golgi apparatus (n=82). Statistical analysis of the
three patterns (Figure 7E) 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 non-gradient or uniform square
pattern (Figure 7E). 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 peptide 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. These results show the
underlying gradient directly determines cell polarization using the
acceptable polarity measure of the vector between the nucleus,
Golgi and centrosome. The combined photochemical and
electroactive surface strategy may be used to determine single
cell polarity on a variety of ligand immobilized surfaces and how
cell geometry may influence the requirements for adhesion and
migration on molecularly defined gradients.

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 reagents were purchased from
Aldrich and used as received. All reagents used in cell culture
were obtained from Gibco BRL. 3T3-Swiss albino fibroblasts,
FAK+/+ and FAK—/— mouse embryonic fibroblasts (MEF) were
purchased from ATCC.

Synthesis of Alkanethiolates

NVOC protected hydroquinone tetra(ethylene glycol) alkanethiol,
tetra(ethylene glycol) alkanethiol, and rhodamine oxyamine were
prepared as previously described.?®

Solid-Phase Peptide Synthesis

All peptides were synthesized by 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
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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,sHysN;;O0q1), 676.69;
found, 676.5. [M+H'] calculated for control scrambled peptide,
GRD-oxyamine (C,sHysN;0y;), 676.69; found, 676.4. [M+H']
calculated for control soluble peptide RGD (C;7H;3NgOyg),
490.48; found, 490.3.

s Cyclic RGD. The peptide DfKRG was synthesized using H-Gly-

OH preloaded 2-chlorotrityl resin. The mixture of acetic
aicd:trifluoroethanol:dichloromethylene (1:1:3) was added for
cleavage. The resulted 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 resulted 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

s 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 (C,,H,N,,O,), 677.72;
found, 677 4.

Microscopy of Attached Cell Culture
Adherent cells were fixed in 3.7% paraformaldehyde in
phosphate buffer saline (PBS) for ten minutes and then

s permeabilized with 0.1% Triton X in PBS (PBST) for ten

minutes. Cells were then stained with anti-tubulin (1:1000) in
PBS containing 10% goat serum for one 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 one 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

s 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 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

s processed by MetaMorph.

Preparation of Monolayers

All gold substrates were prepared by electron-beam deposition of
titanium (5 nm) and then gold (15 nm) on glass cover slips (75
mm x 25 mm). 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
alkanethiolates (1 mM) for 12 hours, and then cleaned with
ethanol prior to each experiment.

Electrochemical Measurements
All electrochemical experiments were performed using a
Bioanalytical Systems CV-100W potentiostat. Electrochemical
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oxidation of the monolayer was performed by applying an
oxidative potential at 750 mV for 10 s in 1M HCIO,, using a
platinum wire as the counter electrode, Ag/AgCl as reference, and
the gold/SAM substrate as the working electrode.

Fabrication of Photomasks.
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 (1:1) 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.

Photopatterning of Peptide Ligands

UV illumination of a substrate presenting NVOC protected
hydroquinone and tetra(ethylene glycol) groups (1:99) through a
photomask for 30 minutes removed the NVOC groups. The
substrate was then oxidized electrochemically at 750 mV for 10 s
to convert the hydroquinone to the quinone. A RGD oxyamine
solution (50 mM in PBS) was added to the substrate for four
hours to ensure complete immobilization of the peptide ligands.
The substrate was then clean with water and dried before using
for cell culture.

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.

Conclusions

We have developed a molecularly defined gradient that presents
RGD peptide ligands for attached cell culture on model surfaces
where the only interaction between cell and material is a ligand—
receptor interaction. We have shown for the first time, that the
ligand slope, ligand density and ligand affinity all direct cell
migration behavior on biospecific molecular gradients. We also
show how this strategy may be used to study the factors that
influence and regulate cell polarity. The methodology presented
here can be used with various cell lines and various ligands to
study the interplay of gradient and ligand composition on
adhesion, migration and cell-cell communication.*** The
synthetic flexibility of the strategy also allows for the
straightforward immobilization of a variety of biomolecules,
different affinity ligands and small molecules that contain the
oxyamine group.44’45 The gradient surfaces are designed at the
molecular level and therefore provide exquisite control of the
density and presentation of ligands for numerous cell based
studies, assays and new biotechnological applications. This

methodology  combined with live cell fluorescence
microscopy,’®®’  nano-patterned  surfaces and  dynamic
substrates”***>? will provide the generation of dynamic gradient
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surfaces where the spatial and temporal control of cell migration
may allow for internal and external insights into the subcellular
nanoarchitecture that governs cell movement and cell-cell
communication.**”’
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