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Abstract
A combination of soluble and extracellular matrix (ECM)-immobilised molecular gradients steer cell
migration and location in vivo. Here, gradients of ECM molecules are formed in vitro by the
combination of a surface nanopatterning technique called block copolymer nanolithography (BCN)
and a biofunctionalisation technique. A modified substrate dip coating process of BCN allows for
the formation of precise molecular gradients of cyclic RGDfK peptide patches at interfaces which
are presented to cells for testing cell adhesion and polarisation. Surfaces formed by BCN consist of
hexagonally ordered gold dot patterns with a gradient in particle spacing. Each dot serves as a
chemical anchor for the binding of cyclic RGDfK peptides which are specifically recognised by
αvβ3 integrins. Due to steric hindrance only up to one integrin binds to one functionalised gold dot.
Applying particle spacing gradients we demonstrate how cell morphology, adhesion area, actin and
vinculin distribution as well as polarisation are influenced by the peptide patch spacing gradient. As
a consequence, these gradients of adhesive ligands induce cell orientation towards smaller particle
spacing when the gradient strength is 15 nm/mm at least. Eventually, this measures a minimal value
of ligand patch spacing sensitivity of adhesive cells which is approximately 1 nm across the cell
body.
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Introduction
Cell polarisation and directed cell migration plays a crucial role in many physiological
processes such as embryonic development, wound healing, tissue remodelling, or
angiogenesis, as well as in pathological processes such as inflammatory diseases or cancer
metastasis (Lauffenburger and Horwitz, 1996). Cell polarisation and migration is initiated by
several external stimuli such as topography, elasticity, mechanic pressure, soluble or bound
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chemicals. The last is termed haptotaxis (greek: haptein, to fasten; taxis, arrangement),
describing the phenomenon of directed migration along an immobilised ECM gradient (Carter,
1965). Many cells are dependent on contacts with either a substratum like the extracellular
environment in a tissue or surrounding cells (Gilmore, 2005). Adhesion-dependent cells which
fail to form external contacts initiate apoptosis (Gilmore, 2005). Thus, polarisation and
migration of cells is often associated with cells looking for environments which allow their
survival and development. In order to initiate migration, tissue cells such as fibroblasts establish
a polarised morphology with spatially differentiated adhesion stability. This allows for the
generation of a force which contracts the cytoskeleton and enables it to shift the body forward
(Mitchison and Cramer, 1996).

The most common haptotaxis assay is performed with Boyden chambers where cells migrate
across a porous membrane which is coated with ECM proteins on its lower side and the number
of traversed cells is quantified (Boyden, 1962). However this system is not suitable for live-
cell imaging and completely lacks any information of the molecular composition of the gradient
in the porous mesh. Therefore, it is desirable to mimic transparent substrates with a defined
gradient of immobilised biomolecules. Although many concentration gradient systems have
already been established (DeLong et al., 2005; Kang et al., 2004), none of those can exclude
local aggregation effects or possess a precise spatial control of the bound ligands. The latter,
however, is crucial for the study of cooperative effects of receptor clustering and spacing in
signal transduction and for understanding the mechanism of gradient sensing looking at small
membrane protrusions in the micro- and nanometer size range (Maheshwari et al., 2000).

The first approaches to produce immobilised biomolecule gradients were realised by adsorbing
proteins to surfaces with gradients of wettability (Fisher, 1989). Further progress in the
development of more elaborated and better defined gradients was, for example, achieved with
microfluidic systems (Dertinger et al., 2002), photoimmobilisation of peptides on self-
assembled monolayers (Herbert et al., 1997) or by coupling electrochemical potential gradients
with electrosorption reactions of organothiols (Plummer and Bohn, 2002; Plummer et al.,
2003).

So far, all techniques for gradient fabrication consisted only of proteins or bioactive molecules
deposited at an average density on a surface where the concentration continuously varied in
average as a function of substrate position. However, controlling the average densities of
biomolecules and proteins at interfaces is not sufficient to unfold molecular processes involved
in cell signalling (Arnold et al., 2004; Cavalcanti-Adam et al., 2006). Therefore, a profound
knowledge of local biomolecule or protein density, respectively presentation, with a resolution
of single molecules is necessary for understanding the complex cell-ECM interaction at a
nanometer level. The importance of designing model surfaces with nanometer accuracy is
underlined by the observation that collagen fibres interact at a spatial periodicity of 67 nm with
tissue cells in vivo (Poole et al., 2005). Another example is given by the process of integrin
clustering which requires a maximum inter-integrin ligand spacing of 58 nm in order to form
focal adhesions (Arnold et al., 2004; Cavalcanti-Adam et al., 2006). Different cellular
responses can be triggered not only by varying the average bound concentration of bioactive
molecules on the surface but also by their mere position relative to each other.

We chose a cyclic RGDfK peptide selective for the αvβ3 integrin (Haubner et al., 1996) to
perform experiments on chemical gradient sensing of Mc3t3 osteoblasts. The formation of
gradients depends on hexagonal arrays of gold nanoparticles which were fabricated on the basis
of block copolymer micellar self-assembly (Spatz et al., 2000, 2002; Glass et al., 2003a,
2003b). By a modified dip-coating procedure we were able to vary the spacing between
individual nanoparticles continuously in the range of several mm2 on a single substrate with
nanometer precision. The gold particles served as anchor points to which cyclic RGDfK
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peptides provided with a thiol anchor are covalently bound, called cyclic RGDfK peptide
patches. Since each cyclic RGDfK patch forms a binding site for up to one integrin per patch
(Wolfram et al., 2006), this model platform enabled us to quantify the response of cells to
continuously changing nanometer-defined integrin-integrin spacing.

Materials and methods
Preparation of gradient surfaces

The general preparation method to form gold nanodot patterns (regular arrangement of gold
nanodots) from diblock copolymer micellar solutions is described elsewhere (Spatz et al.,
2000, 2002; Glass et al., 2003a,2003b; Haupt et al., 2002, 2003). For this study we used a
polystyrene-block-poly[2-vinylpyridine-(HgoldCl4)] diblock copolymer (Polymer Source),
consisting of a polystyrene block with in average 989 monomers and a poly[2-vinylpyridine]
block with in average 385 monomer units. We dissolved 50 mg in 10 ml toluene and added
17.2 mg of tetrachloraurate(III). By providing the exact amount of gold precursor in the micellar
solution the gold particles are formed in the required size of approximately 8 nm. For exact
gradient formation a custom-made dipping machine was connected via a voltage-controllable
power supply unit to a computer and the retraction velocity along the desired gradient length
(2 mm for the samples shown here) was decreased from 40 mm/min to 8 mm/min in such a
way that equivalent stretches were pulled for each velocity.

Prior to dipping, cover slides were cleaned in piranha solution (3:1 H2SO4/H2O2) for
approximately 1 h, rinsed with MilliQ water in an ultra sound bath and dried under nitrogen.
To remove all organic components and to reduce the gold precursor, samples were treated with
H2 plasma for 40 min (H2 pressure: 0.4 mbar, power: 150 W; machine: TePla 100-E, Plasma
System).

To prevent unspecific protein or cell binding, the space between the gold dots was covalently
linked to polyethylene glycol (PEG, molecular weight 2000) (Blümmel et al., 2007; Arnold et
al., 2004). For cell experiments the gold dots were functionalised by the cyclic RGD-based
peptide, i.e. c(-RGDfK-), which consists of the cyclic adhesive peptide linked via the spacer
aminohexanoic acid to mercaptopropionic acid (Kantlehner et al., 2000). For immobilisation
of c(-RGDfK-)-thiols on gold dots, the PEG-functionalised substrates were immersed for 24
h in a 25-µM c(-RGDfK-)-thiol/water solution to link the molecule via the thiol group to the
gold nanodots. The substrates were then rinsed extensively with MilliQ water and shaken for
24 h with several water exchanges to remove non-covalently bound c(-RGDfK-)-thiols.

Cell culture
Mc3t3 osteoblasts were cultured in DMEM (Invitrogen, Germany) supplemented with 10%
fetal bovine serum (FBS) and 1 % L-glutamine (Invitrogen) at 37 °C and 10% CO2. Only cells
at passage 5– 25 were used. Before plating on the patterned glass substrates, cells were detached
with 0.25 % trypsin and 1 mM EDTA in Hanks’ buffered salt solution (HBSS). The samples
were sterilised in 70 % ethanol for 15 min and washed with phosphate-buffered saline (PBS)
at room temperature. Cells were plated at a density of 40 cells/mm2 in DMEM containing 1 %
FBS and 1 % L-glutamine for all the experiments.

Cell data analysis and statistics
Cell images were taken with an Olympus IX inverted microscope placed in an incubation
chamber with 5 % CO2. Phase-contrast images were taken with a 10x objective at spacings of
1 to 9 mm every mm over the whole substrate. Projected cell area, eccentricity, angle of
orientation and gradient polarisation ratio (GPR) of a large number of cells were analyzed. The
GPR is given by the ratio of the maximum x-width (length parallel to the gradient axis) with
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the maximum y-width (length perpendicular to the gradient axis) of a cell body. Data were
analyzed with MatLab 7.0 and Image J 1.37x software. Data sets were compared using Student's
t-test; P values less than 0.05 were considered statistically significant.

Critical point drying and scanning electron microscopy
Cells adhering to RGD-nanopatterned glass coverslips were fixed in 2 % glutaraldehyde in
PBS for 15 min and then dehydrated in graded ethanol. Samples were then transferred to the
chamber of the critical point dryer (CPD 030 critical point dryer; Bal-Tec) to replace ethanol
with liquid CO2 at a temperature of 10 °C and a pressure of 50 bar. Then, a change in phase
from liquid to gas CO2 was obtained at 40 °C and at a pressure of 74 bar.

Glass samples were sputter-coated with a carbon layer to be imaged with a field-emission
scanning electron microscope (FE-SEM, LEO-1530, LEO, Oberkochen, Germany). To
visualise the gold nanoparticles on the surface, an acceleration voltage of 3 kV was applied
under a pressure of 5310−6 mbar. The geometrical order and nanoparticle spacing were then
analyzed using ImageJ software version 1.37×.

Immunofluorescence staining
After 2.5–24 h on the substrates, as indicated, cells were washed with PBS and fixed with 3.7
% paraformaldehyde in PBS for 10 min. The cells were then permeabilised with 0.1 % Triton
X-100, blocked with 1 % BSA in PBS for 10 min and incubated with a 1:50 dilution of mouse
anti-human vinculin (Sigma) for 1 h at room temperature. Then the cells were labeled with
1:50 dilutions of appropriate Alexa 488-conjugated secondary antibodies (Molecular Probes,
Eugene, OR, USA) in PBS for 1 h. Filamentous actin was labeled with TRITC-conjugated
phalloidin (Sigma). Cells were visualised with the DeltaVision system (Applied Precision Inc.,
Issaquah, WA, USA) on an Olympus IX inverted microscope (Olympus, Hamburg, Germany).

Results and discussion
Development of particle spacing gradients by micellar block copolymer nanolithography

We have developed a dip-coating technique for substrates based on the self-assembly of diblock
copolymer micelles resulting in hexagonally ordered gold dot patterns on flat surfaces like
glass coverslips (Spatz et al., 2000, 2002; Glass et al., 2003a,2003b). The lateral spacing
between the gold dots is controlled by the molecular weight of the diblock copolymers, the
polymer concentration and the speed at which the substrate is retracted from the micellar block
copolymer solution (Arnold, 2006). The higher the pulling rate, the thicker is the micellar film
on the surface and the denser is the packing of the micelles, resulting in less particle spacing.
Continuous variations of the substrate retraction speed results in the gradual variation of the
spacing between the gold nanoparticles, forming the gold nanoparticle spacing gradient (Fig.
1).

Depending on the above mentioned parameters, spacing between dots from 20 to 300 nm and
gradual variations in spacing of Δ=30–40 nm per sample could be obtained (Arnold, 2006). A
single dot had a diameter of approximately 6 nm. Bearing in mind that the diameter of one
integrin molecule is in the range of 8–12 nm (Xiong et al., 2001), only one integrin can
potentially bind to one c(-RGDfK-) peptide patch which is presented by a nanodot after
biofunctionalisation. Before functionalisation of the nanodot the surrounding glass substrate
was blocked with PEG which prevents adsorption of cell-derived adhesive proteins or others
in the media and consequently prevents a possible non-specific adhesion of cells onto the glass
surface (Fig. 2). PEG-based substrates are widely used as biologically inert interfaces
(Blümmel et al., 2007). Topographic effects of the nanodots are minimised since the PEG layer
when swollen by water is designed such that the same height as the height of gold dots is

Jakubick et al. Page 4

Eur J Cell Biol. Author manuscript; available in PMC 2009 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



reached. This was confirmed by scanning force microscopy and X-ray photoelectron
spectroscopy data (Blümmel et al., 2007).

Effect of c(-RGDfK-) patch spacing gradient on the substrate-projected cell area
The cell adhesion area depends strongly on the strength of adhesion to the surrounding
environment (DiMilla et al., 1993). Mc3t3 osteoblasts were plated onto a c(-RGDfK-) patch
spacing gradient surface for approximately 23 hours and the projected cell adhesion area was
evaluated. The patch spacing covered a range from ~50 nm to 80 nm along 2 mm effective
length of the substrate. Thus, the gradient strength is Δ15 nm/mm. The graph of the projected
cell area as a function of substrate position is shown in Figure 3. Cells on the dense part formed
an average adhesion area of ~2400 µm2 while the ones attaching to c(-RGDfK-) patch spacing
of ≥70 nm decreased their area to ~1500 µm2.

Formation of actin fibres and focal adhesion clusters
Focal adhesions are macromolecular assemblies linking the ECM with the intracellular
cytoskeleton for mechanical anchoring, cell shape control and biochemical signalling. When
integrins bind to matrix ligands, clustering of integrins is initiated and actin filaments are
coupled via anchor proteins to the intracellular domain of the receptor which together form the
focal adhesion. In Figure 3 representative cells on a homogenous 50-nm pattern and along the
gradient at a position where the c(-RGDfK-) patch spacing is ~70 nm are shown. Cells were
stained for vinculin (green) and actin (red). The cell on the small, homogeneous spacing pattern
presents well developed, major vinculin clusters symmetrically distributed over the periphery
of the cell. Well-established actin stress fibres connect mature focal adhesions. Along the
gradient we found highly elongated cells with fine, aligned actin stress fibres and rather
unorganised vinculin aggregates mainly at the front and the rear of the cell body. Remarkably,
the size of the vinculin clusters is considerably larger towards the gradient direction which
offers a smaller c(-RGDfK-) patch spacing. Actin stress fibres are more dominant towards
smaller dimensions indicating an asymmetry in actin distribution. Still, focal adhesions of both
cellular sides are connected via actin stress fibres. Mechanical tension generated between these
focal adhesions by myosin-activated actin stress fibre contraction might enable the cell to test
the differential stability of connected focal adhesions. This might result in deleting weak focal
adhesions and indicate a mechanism by which cells may orient towards more stable ECM
adhesion areas. These results are in agreement with earlier findings (Arnold et al.,
2004;Cavalcanti-Adam et al., 2006,2007) where an increase of the spacing between the
adhesive dots to more than 73 nm resulted in limited cell adhesion, cell spreading and formation
of focal adhesions.

Cell orientation
Cell orientation was determined for each cell by fitting an ellipse to the cell body and analysing
the angle of the major axis, called cell body axis, relative to the direction of the c(-RGDfK-)
gradient (Fig. 4C). The cell orientation angle measurements after 23 hours cell culture indicated
a significantly higher amount of cells to be aligned in the direction of the gradient compared
to cells adhering to homogenously nanopatterned areas (Fig. 4A, B). The analysis of the
gradient polarisation ratio (GPR) which is the ratio of the maximal width of the cell shape
parallel and vertical to the gradient axis (scheme in Fig. 4C) presents a significantly larger GPR
value along the gradient than for cells on small (50 nm) or large (80 nm) homogenously c(-
RGDfK-) patterned areas (Fig. 4D). Therefore, the cell cortex must be polarised in response
to the anisotropy of the cell-adhesive environment which is also retrieved from the distribution
of actin and vinculin in Figure 3. The length of a cell adhering along a gradient with a strength
of Δ15 nm/mm after 23 hours (Fig. 3) equals ca. 70 µm. Calculating the particle spacing
between the front and back of such a cell gives ~ 1 nm. This is the minimum average change
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in c(-RGDfK-) patch spacing a cell requires to sense between its front and back for 23 h in
order to interpret the environment and to orient itself along the gradient direction.

Conclusion
The c(-RGDfK-) patch spacing gradient fabrication method is of great ease and highly
adjustable with respect to gradient strength and ligand patch spacing. The projected cell area
and the cell shape give clear indications of the sensitivity of the cell to ligand patch spacing
gradients. Mc3t3 osteoblasts polarised their cell body towards smaller c(-RGDfK-) interligand
spacings if an average ligand patch spacing difference of at least 1 nm between the back and
the front of a cell is presented to cells. Differential strength of oppositely placed focal adhesions
might be tested by coupling focal adhesion through myosin-activated, contracting actins stress
fibres. This results in deleting weak focal adhesions and indicates a mechanism by which cells
may orient towards more stable ECM adhesion areas.
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Fig. 1.
Nanoparticle spacing gradient surfaces. (A) Gradient sample with a 2 mm length from substrate
position 3 mm to 5 mm which covers nanodot spacings ranging from ca. 55 nm to 85 nm. Each
gold particle has a diameter of approximately 6 nm. Origin of the graph indicates the dipping
edge as explained in (B). Error bars represent standard deviations (standard errors ~1 %). (B)
Schematic drawing of the dip-coated substrates illustrating the differently patterned areas. (I)
3 mm homogenously nanopatterned area, small constant particle spacing; (II) 2 mm particle
spacing gradient; (III) homogenously nanopatterned area, large constant particle spacing,
including the dripping edge which displays an area of uncontrolled nanoparticle aggregation
forming upon solvent drying. (C) Scanning electron microscopy pictures taken at different
positions of the substrate: area (I) at position 2 mm, area (II) at position 4.3 mm and area (III)
at position 6 mm.
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Fig. 2.
(Upper panel) Scheme of biofunctionalised nanopatterns to control integrin clustering (Arnold
et al., 2004): gold dots are functionalised by c(-RGDfK-) thiols; glass areas between cell-
adhesive gold dots are covalently bound to polyethyleneglycol to prevent unspecific protein
binding. Therefore, cell adhesion is only mediated via c(-RGDfK-)-covered gold nanodots.
(Bottom panels) Mc3t3 osteoblast in contact with a biofunctionalised 80-nm pattern and
exhibiting cell protrusions sensing the pattern. Bars: 20 µm (left); 200 nm (right).
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Fig. 3.
Projected cell area as a function of substrate position. Projected cell area along a 2-mm c(-
RGDfK-) patch spacing gradient on a sample covering a spacing from 50–80 nm after 23 h
cell culture. Insets: Mc3t3 osteoblasts after 23 h adherence on a homogeneously nanopatterned
area with 50 nm c(-RGDfK-) patch spacing and along the spacing gradient, respectively. The
latter one displays a section of the gradient which represents approximately 70 nm c(-RGDfK-)
patch spacing. Cells were immunostained for vinculin (green), and actin was visualised using
TRITC-phalloidin (red). Bars: 20 µm.
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Fig. 4.
Cell polarisation along c(-RGDfK-) patch spacing gradients. Angles of the main cell body axis
with the gradient direction after 23 h on 55 nm homogenously nanopatterned samples (A) and
on the c(-RGDfK-) patch spacing gradient ranging from 50 to 80 nm spacing along a 2 mm
substrate length (B). Data were acquired from three separate experiments. For graph (A) 347
cells and graph (B) 428 cells were evaluated, error bars present standard error, p<0.01. (C)
Describes the analysis of the main cell body angle with the direction of the gradient and the
gradient polarisation ratio (GPR). The GPR is given by the ratio of the maximum x-width
(length parallel to the gradient axis) with the maximum y-width (length perpendicular to the
gradient axis) of a cell body. GPR of a cell adhering on homogeneously nanopatterned areas
(50 nm, 80 nm) and on the c(-RGDfK-) patch spacing gradient area with spacing ranging from
50 to 80 nm along 2 mm substrate length after 23 h are given in (D).
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