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The development of unconventional methods to pat-
tern various surfaces on the micrometer and nanometer
scales is important for a variety of applications such as
optoelectronic devices, biomaterials, and tissue engi-
neering.1 For example, a number of soft lithography
approaches exist (i.e., replica molding, embossing, and
microcontact printing) to fabricate large arrays of self-
assembled monolayers on different types of surfaces.2
In addition, researchers have developed scanning probe
methods that offer more flexibility to pattern nonplanar
architectures with various (bio)molecules.3-5 Recently,
the need for materials’ surfaces with the following
characteristics have been recognized:6,7 (i) tunable
chemical functionality and spatial resolution; (ii) control
over placement on the solid surface; and (iii) flexibility
over the design of the topographical and chemical
architecture. Such surfaces present an ideal test bed to
study fundamental questions in areas such as cell
adhesion where researchers are trying to determine and
compare the importance of the local topography vs
chemical composition.8-10 Therefore, the advancement
of methods that provide control over the micron and
nanoscale organization without compromising the con-
trol over the chemical architecture is needed. In par-
ticular, the usage of polylectrolytes to accomplish this
task is attractive as they offer the ability to adjust
important parameters such as thickness, roughness, and
availability of reactive and/or inert functional groups.11,12

Previous lithography work by Hammond and co-workers
has mostly focused on using microcontact printing on
surfaces modified with either thiols or polyelectrolyte
multilayers.13-18 In addition, Lvov et al. have shown
that polylectrolyte films can be placed selectively onto
microfabricated silicon surfaces.19-21

In this communication we fabricate a template com-
posed of two types of polyelectrolyte features, one
generated by dip-pen nanolithography (DPN)22 and
another generated by microcontact printing.1 We com-
pare and contrast the properties of both types of features
on the same surface and test them in assembly strate-
gies. The experiments we performed allowed us to
observe that the surface properties on the DPN and
microcontact printed patterns are different. The varia-
tions in the surface properties of the two lithographic
patterns are directly related to the results one obtains
when the two types of patterns are used in directed
assembly experiments. Taken in sum, the methodology
we present permits the direct comparison of the litho-
graphic patterns in terms of their size, homogeneity,
adhesion, and recognition properties.

The overall fabrication process was initiated by
generating features with the atomic force microscope
(AFM) tip via DPN. In this approach, the tip is coated
with ink molecules and brought into contact with the
surface.22 The water meniscus that forms between the
tip and the surface is used to transport molecules to a
desired location on the substrate. All the DPN experi-
ments were performed using Multi-Mode SPM from
Digital Instruments, equipped with a Nanoscope soft-
ware system. All the data were collected under ambient
conditions, where the temperature range was 20-22 °C
and the humidity was between 21 and 40%. The “V”
shaped triangular contact and single beam shaped
tapping mode tips (Veeco Instruments) had spring
constants of 0.05 N/m and 42 N/m, respectively. AFM
contact tips that were used for lithography experiments
were coated by dipping them into a solution of PAH
(poly(allylamine) hydrochloride, 2 mg in 1 mL of 5 mM
NaCl) for 2-5 s. In a typical experiment, a tip coated
with PAH was brought into contact with the surface of
the freshly cleaned SiOx substrate. The transfer process
involves PAH diffusing onto the surface via capillary
action once the tip contacts the surface. Frictional
images, collected with a coated tip, showed that PAH
features exhibit a lower lateral signal which can be
attributed to repulsive electrostatic interactions between
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the tip and the deposited “ink”. In addition, we have
verified the delivery of PAH to the surface via the DPN
technique through X-ray photoelectron spectroscopy
(XPS).23 Furthermore, for this study we verified by XPS
that the chemical composition of the DPN-generated
structures is the same as the structures we generated
by microcontact printing. However, XPS does not allow
us to map the mechanical properties of the templates.
To gain further insight into the morphology and com-
position of the features we utilized tapping mode AFM
(TMAFM). The patterned substrate was washed with
DI water and dried under nitrogen to remove excess,
loosely bound polyelectrolytes. The washed surfaces
were imaged by TMAFM, Figure 1A and B, to avoid
damage to the soft structures on the surface.

TMAFM images allowed us to evaluate the results of
the patterning primarily through phase contrast changes.
The height image, Figure 1A, shows no appreciable
differences across the entire area examined. However,
in Figure 1B one can distinguish 8 different lines with
1-µm spacing. Studies have shown that in this imaging
mode the phase image provides more contrast than the
height image and can be sensitive to properties such as
viscoelasticity, stiffness, and chemical composition.24

Lines 1-8 were fabricated with different tip speeds.
Lines 1 and 2, 3 and 4, 5 and 6, and 7 and 8 were written
with tip speeds of 20 µm/s for 10 s, 20 µm/s for 30 s, 20
µm/s for 60 s, and 40 µm/s for 60 s, respectively. The
scan size during the fabrication was 10 µm and the
aspect ratio was 1:256. Since the aspect ratio of the scan
size is 1:256 the tip goes over the same line with a
length of 10 µm a number of times depending on the
time spent to scan over it with a specific speed. The
phase image suggests that the properties of the poly-
electrolyte lines deposited during the DPN process are
subject to the tip speed employed during writing as well
as the number of times the tip repeatedly scanned over
the same line. In principle, phase changes are very
sensitive to parameters such as tapping force level
(lighter or harder tapping), AFM probe shape, and
anomalous topographical changes.25 Therefore, match-
ing phase changes with specific properties (e.g., chemical
or mechanical properties) requires a comprehensive
study that includes varying a number of parameters in
order to attribute differences in phase contrast.26 How-
ever, in this case we can use one phase image to
compare the chemical properties of the different lines
relative to one another since they are located on the
same surface. In our experiments, the different lines can
be imaged under the same conditions with any given
tip. The phase changes across the image are due to
chemical heterogeneity on the templated surface. At the
same time the phase contrast within a single patterned
line is at a consistent level which suggests that the
individual DPN lines are chemically homogeneous. The
amount of material deposited during the DPN process
is not enough to produce a detectable height change,
therefore the changes in surface topography that can
influence the phase image are very small.

Another lithographic approach that has been used
extensively to pattern polyelectrolytes is microcontact
printing.13-18 We placed features generated by both
methods on the same surface to better compare and
contrast the properties of the structures generated by
DPN. We initiated the process by cleaning the SiOx
surface, patterning lines by DPN (see above), and then
stamping PAH on the same surface using a protocol
reported by Lee et al.18 We show the results of this
process, after the surface has been washed numerous
times with water, in Figure 1C-F. The “ink” solution
in both lithographic strategies was 2 mg of PAH in 1
mL of 0.5 M NaCl. The vertical stripes generated by
microcontact printing are evident in both the height and
the phase images. The DPN patterns (the six horizontal
lines) are visible only in the phase image. The same
trend is observed with the larger DPN structures,
Figure 1F. In addition, one can clearly see the DPN
patterns even in areas where the stamped stripes
overlap them. Since the same type of ink was used for
the two types of structures one is compelled to assign
the bright and dark contrasts to hard or soft structures.
However, this assignment is not straightforward and
different studies have made variable conclusions.27-29
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Figure 1. Patterns of PAH generated on a SiOx surface. Parts
(a) and (b) represent height and phase images, respectively,
collected in TMAFM after the DPN procedure, as described
in the text. These TMAFM images were acquired simulta-
neously with a scan size of 10 × 10 µm2 and a frequency of
1.97 Hz. The height scale in (a) is 30 nm and in (b) is 10° of
phase lag. Parts (c) and (d) represent height and phase images,
respectively, collected in TMAFM after the DPN and micro-
contact printing procedures, as described in the text. These
TMAFM images were acquired simultaneously with a scan size
of 15 × 15 µm2 and a frequency of 1.97 Hz. The height scale
in (c) is 20 nm and in (d) is 20° of phase lag. Parts (e) and (f)
represent height and phase images, respectively, collected in
TMAFM after the DPN and microcontact printing procedures,
as described in the text. These TMAFM images were acquired
simultaneously with a scan size of 15 × 15 µm2 and a frequency
of 1.97 Hz. The height scale in (e) is 25 nm and in (f) is 20° of
phase lag.
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In this case, the phase image alone cannot be used to
assign specific differences in the properties of the two
types of lithographically defined features. Despite the
fact that the chemical composition of both types of
lithographic patterns is determined by the same ink,
PAH, the differences in the phase images can also be
attributed to variations in stiffness and viscoelasticity
of the material24 after it is delivered to and packed on
the surface. From the consistency of the phase contrast
one can conclude that the DPN patterns appear more
homogeneous. Another imaging mode is needed to get
a better understanding of the mechanical and/or chemi-
cal properties of the template.

Force volume (FV) imaging was used to gain further
insight into the properties of the generated template,
Figure 2. In this mode, force curves are collected at each
pixel of the image. Information with respect to the
adhesion between the tip and the sample can be
calculated from the numerous force curves collected. An
additional advantage of this mode is that height and
FV images are collected simultaneously. In our experi-
ments, FV images were collected at a Z travel distance
of 50 nm with a sample number of 16 points per force
curve. For every experiment 128 sample points per line
were obtained. A trigger threshold of 0.01 V was used
to eliminate the system’s drift. The topography images
were collected simultaneously at 256 sample points per
line. A similar approach has been used to assess
adhesion properties of single-walled carbon nanotubes
through FV imaging.30 The topography image collected
in this mode, Figure 2A, showed 1-2-nm-high PAH
stripes fabricated by microcontact printing. In this
image one cannot distinguish any of the patterns
generated by DPN. However, the FV image collected at
the same time, Figure 2B, reveals both types of patterns
with the thinner lines going diagonally across the image
being the DPN features. Figure 3 shows the distribution
of adhesion forces on the various parts of the surface
generated by microcontact printing and DPN. We used
a single FV image and extracted force curves from
different regions to construct the histograms shown in

Figure 3. The arithmetic means and standard deviations
we obtained from the histograms were 66.6 ( 8.8 nN,
58.4 ( 6.8 nN, and 46.0 ( 10.5 nN for areas in the image
corresponding to clean SiOx surfaces, patterns generated
by DPN, and patterns generated by microcontact print-
ing, respectively. Since the data were extracted from a
single FV image and were collected with one tip, one
can directly compare the interaction between the clean
tip and various regions. Since our experiments were
done in air, the FV image gives information regarding
differences in hydrophobicity of the structures on the
surface.31 This type of analysis has been used to monitor
changes in the surface chemistry of substrates as they
undergo reactions.32 As a comparison among the various
regions on the surface one can view the microcontact-
printed patterns as less hydrophilic than the rest of the
surface. Furthermore, based on the arithmetic means
we extracted from the histograms shown in Figure 3,
the relative hydrophilicity of the regions on the surface
is SiOx > DPN-generated PAH patterns > microcontact-
printed PAH patterns. The proof-of-concept imaging
experiment we report in this paper does not allow us to
account for differences in the chemical or charged nature
of different parts of the template. However, in future
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Figure 2. Topographical (a) and force volume (b) images of
the template collected with a clean tip. The scan size is 6 × 6
µm2. The color Z scale corresponds to 80 nm in (a) and 200
mV in (b). The numbers in the images (1, 2, and 3) correspond
to regions that were used to construct the histograms in Figure
3 in parts (a), (b), and (c), respectively.

Figure 3. Histograms showing the distribution of forces
required to separate a clean cantilever from (a) a clean SiOx

surface, (b) a surface patterned with PAH via DPN, and (c) a
surface patterned with PAH via microcontact printing.
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experiments we plan to utilize FV imaging in solution
with tips modified with various functional groups to gain
further insight into the properties of the micro- and
nanostructures.

A properly engineered surface template can be used
to guide or resist the assembly of molecules, colloids, or
particles.16,17,33,34 To further compare the properties of
the two types of lithographic patterns we performed a
self-assembly experiment shown to be primarily gov-
erned by electrostatic interactions.35 A colloidal solution
of polystyrene (PS) particles (Aldrich) with a diameter
of 100 nm and concentration of 12.5 × 1012 (5 wt % in
water) particles/cm3 was used. The latex particles were
suspended in sodium azide (0.02 wt % in water) giving
each particle a net charge of 1.5 × 105 e- with a surface
charge density of -20 µC/cm2. The patterned substrates
were exposed to the colloidal solution for 20 min to 3 h.
The substrates were rinsed with DI water for 30 s
followed by drying with nitrogen. Images collected by
TMAFM, Figure 4, show that colloids adsorb only onto
the microcontact-printed patterns. Other researchers
have reported colloidal adsorption experiments on mi-
crocontact-printed patterns composed of polyelectrolytes
and have observed the directed placement of properly
charged colloids.16 We recorded increased packing of
colloids onto the microcontact-printed patterns only
after longer incubation times, and, at the same time,
no consistent assembly onto the DPN patterns was
observed regardless of the pattern size. Although there
are many factors that can contribute to this selective
assembly in addition to surface roughness,36 we believe
that the governing factor is the variable surface charge
density of the two types of patterns. Our previous
studies have shown that the DPN patterns composed
of PAH can be used to guide the placement of charged
DNA molecules.23 To test whether significantly smaller
particles will attach to the DPN- and microcontact-
printed patterns we used small charged magnetic
particles prepared by a literature procedure reported
by Fu et al.37 The diameter of these particles ranged

from 2 to 10 nm. The template containing patterns
generated by DPN and microcontact printing was
sequentially exposed to PS particles and magnetic
nanoparticles. The results of this experiment are shown
in Figure 5. While we observed that the smaller
particles did adsorb onto the DPN patterns they also
attached to the microcontact-printed regions that were
not fully covered with the PS particles. This experiment
supports our hypothesis that the variable surface charge
helps the selective adsorption of certain types of par-
ticles onto parts of the template. Future studies with a
variety of nanoparticle sizes and different types of
polyelectrolytes can help us determine how to better
control this process. These experiments are underway
in our laboratory.

In summary, this study describes the following: (1)
a methodology that combines the layer-by-layer ap-
proach with DPN and microcontact printing; (2) a way
to map the mechanical properties of the two types of
structures on the same surface through FV imaging; (3)
a set of experiments that show differences in the surface
chemistry between patterns generated by microcontact
printing and DPN; and (4) a comparison between the
selectivity of particle adsorption onto both types of
lithographic patterns. The template we fabricate in this
study opens new possibilities to test and compare the
selective deposition of multiple types of particles, bio-
molecules, and cells on the same surface. Such studies
can be used to address important questions with respect
to cell adhesion behavior using a flexible and low-cost
approach.
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Figure 4. TMAFM images of a template surface composed
of PAH patterns generated by DPN and microcontact printing
after exposure to a colloidal solution as described in the text.
These TMAFM images were acquired simultaneously with a
scan size of 5.6 × 5.6 µm2 and a frequency of 1.197 Hz. The
height scale in (a) is 250 nm and in (b) is 60° of phase lag.

Figure 5. (a) 3D AFM topography image collected after the
sequential adsorption of PS and magnetic particles. Parts (b)
and (c) represent the line profiles indicated by the arrows in
(a).
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