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The adsorption of biopolymers on solid surfaces determines
their functionality, thus affecting the response of biomedical
devices based on hybrid biological/(in-)organic interfaces. In
the case of DNA molecules, the control of their hierarchical
organization at surfaces must be achieved. There is a gap in
controlling the length scales in experiments with DNA
molecules on surfaces. In experiments in which individual
molecules are manipulated by local probes or optical
tweezers[1] the molecules are randomly deposited, anchored,
or passed in a flowing liquid in the proximity of a surface.
Their precise position cannot be predefined, and the address-
ing of individual molecules relies on high-resolution micro-
scopes. On the other hand, devices for diagnostics are based
on specific oligonucleotide sequences patterned into arrays
whose cells have a lateral size in the range of tens of
micrometers. In order to hybridize with complementary
target sequences, DNA single strands in the cells must
retain their own degrees of freedom to as great an extent as
possible. A major limitation to the quantitative application of
bioarray diagnostics is the interference of steric hindrance in a
solid monolayer with the kinetics of hybridization. Therefore
devising techniques for patterning individual DNA molecules
or oligonucleotide probes from solution onto planar surfaces
is of great significance.[2] These techniques could also be used
for patterning peptides, antibodies, and their aggregates for
the fabrication of functional membranes, scaffolds for cell and
tissue growth, biosensors with specific recognition, and
rewritable memories.[3]

Several approaches have been used to control the
organization of DNA molecules on a solid surface, mostly
with the purpose to align individual molecules along the
stretching direction. These include deposition of a DNA
solution on polydimethylsiloxane (PDMS) stamp followed by
transfer printing on mica,[4] molecular combing[5] by capillary
flow, spin stretching,[6] and casting solutions on a surface
prepatterned with PDMS.[7] Arrays of DNA have been
patterned by dip-pen nanolithography,[8] deposition on pre-
patterned templates by electron-beam lithography,[9] drop
projection,[10] and microcontact printing (mCP).[11] All of these
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approaches yield micropatterned DNA surfaces. The only
reports of ordered nanopatterns exploit deposition assisted by
nanobeads[12] and templates made of anodic porous alu-
mina.[13]

We report here on the multiple length-scale patterning of
DNA on surfaces based on a printing technique coupled to
dewetting. The results consist of nanodots on an area of a few
mm2, where each dot consists of a few DNA molecules. Our
method exploits the self-organization of the DNA molecules
in a solution confined between a stamp and the surface. The
stamp imposes the larger length scale, and the self-organiza-
tion brings about the smaller characteristic length scale[14] The
shape, size, and spacing of DNA nanostructures can be
modulated by the choice of stamp features and the concen-
tration of the DNA solution, the latter controlling the wetting
regime. For the first time dewetting is demonstrated as a
viable route to the patterning of arrays of biomolecules.

Mica was used as a prototype surface for this experiment.
Normally a solution of DNA in dilute buffer, such as that
employed in the present study, does not wet mica, and when a
drop of DNA buffer solution is cast on the mica surface, it
generates a random aggregation of biomolecules and their
counterions (Figure 1a). This behavior is dictated by the
electrostatic repulsion between the negatively charged DNA
and the mica surface. The deposited DNA molecules are
arranged randomly. This approach is not suitable for any
application where localization of molecules at precise posi-
tions is required.

To overcome the problem of the placement of biomole-
cules, we applied micromolding in capillaries (MIMIC)[15] to
confine the DNA solution within micrometric channels
defined by the stamp protrusions in intimate contact with
the surface. When the solution is placed at an open end of the
cavity, the solution flows inside driven by capillary forces and
surface tension with the boundary walls. Self-organization of
the molecular solute occurs at the later stages of solvent
evaporation. The process is depicted in Scheme 1, and an
example of the resulting patterned DNA deposit is shown in
Figure 1b.

The large length scale is imposed by the periodicity of the
stamp protrusions, while the smaller length scales, specifically
the size and separation of the DNA deposits, are controlled by
the wetting phenomena that occur in the space between the

stamp and the surface. Depending on the concentration, the
solute precipitates when the critical concentration is reached.
If this occurs in when the channel is filled with a homoge-
neous layer of solution (Scheme 1a), the solute precipitates in
the form of a thin film. As the solution is pinned to the
edges of the channel, the fluid section profile results
in an inhomogeneous rate of evaporation of the solvent
(Scheme 1b). The convective flow of the solute towards the
pinning sites results in the precipitation of split structures in
the channel. The stamp was made of PDMS by replica
molding.[15a] It consists of an array of parallel channels whose
width and height are 1 mm and 230� 15 nm, respectively, and
the pitch is 1.4 mm. The dimensional control can be achieved
by changing the stamp features (periodicity and volume of the
channels), the DNA concentration, and the volume of the
infilling solution. Atomic force microscopy (AFM) was
performed with an NT-MDT microscope in semicontact
mode in air. lDNA solution (100–8000 bp, D9793 Sigma
Aldrich) in 10 mm tris(hydroxymethyl)aminomethane hydro-
gen chloride (Tris-chloride, 93377 Sigma Aldrich) pH 7.4
buffer was used in our experiments. The stamp was placed
onto freshly cleaved mica, and a 10-mL droplet of solution was
deposited next to it and allowed to dry over approximately
12 h under ambient conditions. The stamp was then gently
removed and the sample imaged.

When the concentration of the DNA solution was
1.25 mgmL�1, the resulting pattern consisted of homogeneous
lines (Figure 2a) whose full width at half maximum is
approximately 750� 50 nm, with a periodicity of 1.4 mm and
an average height of 10� 1 nm. When a more concentrated
solution was used, dots formed on top of a layer a few < thick
stretching along the length of the channels. For DNA
concentrations between 2 and 4 mgmL�1 the dots are roughly
aligned but without well-defined spacing (Figure 2b,c). When
the concentration exceeded 5 mgmL�1 spatial correlations
emerge among the dots, and the dot size increases. In this
case, the dots are perfectly aligned along the edges of the
channel (Figure 2d) as a result of the pinning of the solution
and the convective flow from the center towards the edges.
The height of the aligned hemispherically capped dots (full
width at half maximum: 150 nm) is 18� 2 nm on average, at a
distance of 600� 30 nm along and 1.4 mmperpendicular to the

Scheme 1. a) Deposition of DNA from solution by micromolding in
capillaries (MIMIC) as described in the text. b) Pinning occurs during
the last stages of solvent evaporation.

Figure 1. AFM images of 10 mL of a solution of lDNA on mica.
Samples prepared by a) drop casting and b) patterning as shown in
Scheme 1a. Scale bar is 1 mm.
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patterned line. Whereas the height can be measured accu-
rately, the full width at half maximum of the dots may be
overestimated by nearly a factor of two because the tip
convolution for curvature radii of tips is 10–20 nm.

To verify the results, we performed a control experiment
by patterning 10 mm TRIS buffer alone; in this case stripes
approximately 2 < in height were observed. Moreover, we
observed an ordered dot array also when the DNA concen-
tration was kept constant at 5 mgmL�1 and the buffer
concentration was varied between 20 and 100 mm. DNA is
known to adopt coiled conformations at high concentration of
salts, provided that they are salting-out or “structuring”
salts.[16] The Tris-chloride system behaves as a neutral or
slightly stabilizing salt. We therefore conclude that the arrays
consist of DNA dots. We estimate that a dot of average
volume, 3 B 105 nm3, may contain up to 10000 base pairs,
based on a density of 1.3 gcm�3 and considering DNA as the
most abundant species in the dot.

Patterning occurs during the deposition of DNA mole-
cules inside the channels. The DNA molecules, with a
negatively charged shell, have a low affinity to the negatively
charged mica surface, and the surface tension is a major
driving force for the dot formation. In dilute DNA solutions
the repulsive electrostatic interaction between the DNA
molecules and the surface are shielded by the buffer, and a
homogeneous continuous layer with salt and DNA is depos-
ited. The transition from continuous lines to split strings of
dots at higher DNA concentration arises from either dewet-
ting of the initially continuous stripes,[17] or nucleation and
growth in a partial wetting regime.[18] Both phenomena have
been observed in thin films of molecular materials and are
known to result in spontaneous spatial correlations in size and
distance.[19] Dewetting is the rupture of an initially continuous
film upon an external stimulation. It can develop by
nucleation and growth of holes[20] or a spinodal mechanism,[21]

which occurs by fluctuations of the film surface with the
emergence of a characteristic wavelength. In the case of
growth in partial wetting regime, correlations arise because of
intertwined nucleation and ripening, the latter of which is a
size- and distance-dependent phenomenon that stops when
the nuclei have reached the same size at an equilibrium

distance. In both regimes, the smaller length scales, dot size
and spacing, depend on the initial concentration of the
solution.

At high concentration, the dots are attracted to the corner
formed by the stamp and the surface as a result of both
capillary forces and the need to minimize their surface energy.
The effect of surface tension and viscosity[22] on the channel-
filling rate at increasing DNA concentration, as well as the
interplay between the flow profile and deposition, are
currently under investigation.

In summary, the possibility to pattern ordered arrays of
nanostructures made of DNA has been demonstrated using a
featureless stamp with micrometer channels. Our results hint
at the possibility of the patterning of DNA for many
applications by stamp-assisted deposition from a solution
onto a substrate in a regime of partial wetting or dewetting.
Our method is suitable for upscaling the deposition onto large
areas. The control of multiple length scales by exploiting
confinement and competing interactions between the adsor-
bate and the substrate represents a remarkable example of
integrated top-down/bottom-up processes.
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