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Cell polarity is the ability to establish spatial, temporal, and
functional asymmetry throughout the cell in response to cues from
the local environment. This complex phenomenon plays a critical
role in determining directed cell migration, ultimately impacting a
wide range of biological processes including embryonic develop-
ment, tissue repair, and the immune response.1

In particular, cell polarity derived from cell adhesion through
cell-cell and cell-extracellular matrix (ECM) interactions regulates
many cell and tissue functions. Polarity within a cell can be
generated through cell-cell interactions mediated by cell surface
cadherins, which induce protein asymmetry at the intersecting
membranes. Cell adhesion to ECM may also cause cell polarity by
the nonuniform distribution of interactions between cell surface
integrin receptors and ligands on the ECM.2 These sites of external
contact then recruit cytoskeletal and signaling proteins that in turn
serve as a scaffold to recruit additional signaling proteins to generate
an anisotropic subcellular nanoarchitecture that estabilishes cell
polarity.3

In this report we develop a combined nanolithography, fluores-
cence microscopy of key organelles, and electroactive immobiliza-
tion surface strategy to examine how the surface nanoadhesive
environment directs the polarity of an adherent cell without the
influence of cell-cell interactions.

In order to probe how cell polarity is established with the
minimum amount of ligand mediated adhesions we developed a
surface methodology based on dip pen nanolithography (DPN), a
technique in which an atomic force microscope tip is used to deposit
molecules in nanometer-sized features, to generate symmetric and
asymmetric nanoarrays for studies of single cell polarity (Figure
1).4 Until now, there have been no studies using this powerful
technique to examine how the precise nanoadhesive environment
influences cell polarity.5 DPN was used to produce arrays of
nanometer-sized spots of hydroquinone terminated alkanethiol on
gold covered glass substrates. The remaining bare gold regions were
backfilled with tetra(ethylene glycol) terminated alkanethiol. Elec-
trochemical oxidation of the nanopatterned hydroquinone yields the
corresponding quinone, which can react chemoselectively with
soluble oxyamine-terminated ligands to precisely immobilize a
variety of molecules to the surface for cell adhesion studies.6 The
polarity of a cell can be experimentally measured through the
systematic reorientation and alignment of several organelles in the
cell including the nucleus, centrosome, and Golgi apparatus, which
can be visualized using fluorescent dyes to map the direction of
polarity.7

A symmetric nanoarray was produced via DPN deposition of
hydroquinone terminated alkanethiol on a gold substrate in a 20×
20 array of 500 nm diameter spots, with a pitch of 3µm and a
total area of 60µm × 60µm. An expanded region of the nanoarray
is shown in the lateral force microscopy (LFM) image in Figure 2.
The remaining bare gold regions were backfilled with tetra(ethylene

glycol) terminated alkanethiol (1 mM in ethanol, 12 h). The
hydroquinone presenting nanoarrays were converted to the corre-
sponding quinone through electrochemical oxidation, and an
oxyamine terminated linear Arg-Gly-Asp (RGD) peptide (10 mM
in PBS, 5 h) was then immobilized to the surface. The RGD peptide
is found in the central binding region of fibronectin and is known
to bind to integrin cell surface receptors.8

For cell adhesion on the nanoarray, 3T3 Swiss Albino mouse
fibroblasts were added to the substrate for 8 h. Three fluorescent
dyes targeting the nucleus, golgi apparatus, and the centrosome or
actin cytoskeleton were used to visualize the cells. Giantin, a protein
found in the membrane of the Golgi apparatus cisternae was chosen
as a marker for that organelle.9 As can be seen in the fluorescent
micrograph in Figure 2, the adherent cell adopts 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 symmetric nanoarray for many cells (n
) 28). In fact, almost all cells had a diffuse Golgi around the
nucleus, a strong indicator of no polarity.

To further examine the influence of cell-ECM interactions on
polarity we generated a single cell asymmetric nanoarray via DPN
consisting of two sections of 500 nm diameter spots with a total
area of 60µm × 60 µm. The higher density region was a 20× 10
array with a pitch of 3µm, and the lower density region was a 10
× 5 array with a pitch of 6µm (Figure 2). Linear RGD was
immobilized, and fibroblasts were seeded and visualized as
described above. A representative cell shown in the fluorescent

Figure 1. A schematic depiction of the production of asymmetric
electroactive nanoarray patterns. DPN is used to pattern hydroquinone
terminated alkanethiol in nanometer-sized spots. The remaining bare gold
region is then backfilled with an inert tetra(ethylene glycol) terminated
alkanethiol. Following electrochemical oxidation of the hydroquinone groups
and chemoselective peptide immobilization, cells are seeded onto the surface.
After a set period of time, the polarization of the cell is evaluated using
fluorescent dyes targeting the nucleus (blue), centrosome (red), and golgi
apparatus (green).
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micrograph is polarized toward the higher density region of the
asymmetric nanoarray, as evidenced by the relative positions of
the nucleus and the concentrated Golgi apparatus. Statistical analysis
of the two nanoarrays show the polarity vector for cells on the
asymmetric array 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 symmetric array (Figure 3). This result
clearly shows in the absence of cell-cell interactions a cell can be
directly influenced by its nanoadhesive environment to polarize
toward the higher density peptide ligands. We also generated
symmetric arrays with decreasingly smaller spot sizes and found
cells did not attach to spot sizes of<180 nm for linear RGD but
did attach to the higher affinity ligand cyclic RGD (20× 20 array
with 180 nm spots spaced 3µm apart).

Interestingly, when a higher affinity ligand (cyclic RGD) is
immobilized to the asymmetric array no net directional polarity
occurred (supplementary data). We also generated a doubly
asymmetric array for single cell polarity studies consisting of a
high-density region (500 nm spots spaced 3µm apart) and a low-
density region (250 nm spots spaced 6µm apart) and found for
cyclic RGD that the cell polarized again toward the higher density
region (supplementary data). We hypothesize the affinity of the
ligand and the spatial presentation of the ligands combine to govern
the ability for the cell to polarize. To examine the role of focal
adhesions in directing cell polarity we added a focal adhesion kinase
knockout fibroblast cell line (FAK -/-) to the asymmetric arrays
and found no net directional polarity on either linear or cyclic RGD
nanoarrays. Furthermore, upon addition of nocodazole (100 nM,
30 min), a microtubule destabilizing drug, the polarized cells lost
directional polarity on all asymmetric nanopatterns showing the
microtubule network is critical for establishing directional polarity.

We also examined the spatial distribution of focal adhesion
formation on the asymmetric nanoarrays for polarized cells.10 We
found a significantly larger amount of focal adhesions corresponding
to the higher density region on the asymmetric nanoarrays (Sup-
porting Information).

In conclusion, we have demonstrated using dip pen nanolithog-
raphy an investigation of single cell polarity at the level of the
cellular nanoenvironment. We have shown that the spatial presenta-
tion of ligands and the affinity of ligands on the substrate have a
substantial effect on the polarization of adherent fibroblasts. This
was demonstrated through staining of the nucleus, centrosome, and
the Golgi apparatus on symmetric and asymmetric peptide nanoar-
rays. Massively parallel DPN patterning in combination with the
general electroactive immobilization strategy could lead to the
development of single cell polarity arrays to screen for small
molecule inhibitors or for fundamental investigations of cell
adhesion and migration.11
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Figure 2. (A) (Left) Lateral force microscopy image of an expanded region
of the control symmetric nanoarray (20× 20, 500 nm spots spaced 3µm
apart). (Right) Representative fluorescent micrograph of 3T3 Swiss Albino
mouse fibroblast adhered to a symmetric nanoarray of immobilized linear
RGD peptide. The diffuse distribution of the Golgi surrounding the nucleus
indicates that the cell is not polarized on the symmetric nanoarray. (B) (Left)
Lateral force microscopy image of an expanded area of an asymmetric
nanoarray composed of two arrays of 500 nm spots 20× 10 (spaced 3µm
apart) and 10× 5 (spaced 6µm apart). The vector between the concentrated
Golgi with respect to the nucleus and centrosome indicates the cell is
polarized toward the higher density region of the array. The cells were
stained for nuclei (blue), Golgi apparatus (green), and actin (red).

Figure 3. (Left) Polarty vector defining the distance between nucleus center,
centrosome center, and Golgi center. (Right) Vector was used to define
internal polarity on symmetric and asymmetric peptide nanoarrays. The axes
represent distance in microns from the nucleus center to the centrosome
center for cells (n ) 17) on the asymmetric array. For asymmetric nanoarrays
the net vector pointed toward the higher density adhesive region while there
was no net polarity for cells on the symmetric adhesive array.
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