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Microcontact printing biomolecules from elastomeric micropatterned stamps onto surfaces is a versatile method
to prepare surfaces for diagnostic applications. We show how to create patterns of proteins having a lengthscale
lower than 100 nm using high-resolution microcontact printing. The elastomeric stamps used have meshes
composed of 100- and 40-nm-wide lines, arrays of 100× 400 nm2 features, and arrays of 100-nm-wide
posts. The spherical geometry of the posts on the stamps contributes to reduce the printed areas below the
effective size of the molded features. Proteins adsorb onto the hydrophobic surface of the stamp during the
inking step, and by varying the concentration of the protein solutions, it is possible to adsorb a single or a
few protein molecules, such as antibodies (fluorescently labeled) or green fluorescence proteins, on each of
the elements forming the high-resolution pattern of the stamp. The transfer of the proteins from the stamp to
a hydrophilic glass surface occurs during the printing step. Characterization of the printed patterns using
atomic force microscopy and fluorescence confocal microscopy reveals sites unoccupied or occupied by one
or more protein molecules that are located within 50 nm of the expected printed locations. The placement of
a small number of protein molecules on a surface at precise locations is the key to localizing and identifying
single proteins and might constitute a method of choice to study single protein molecules on surfaces.

Introduction

The development of molecular machines1-3 and, more
specifically, the development of artificial architectures that
comprise biological objects requires positioning and connecting
of molecular components with high specificity and precision.4,5

One possible approach toward this end is to direct the synthesis
of the building blocks where needed by using self-assembly
principles.6,7 Assembling predefined objects at desired locations,
in parallel or one after each other, constitutes an alternative
strategy of assembly.8,9 Both methods can be combined by using
template-directed self-assembly. This area of research has
experienced considerable progress, in part owing to the develop-
ment of nanotechnologies and in part because studying the
variations in the properties of single molecules should not be
plagued by averaging artifacts. This might be particularly true
in the case of proteins: Proteins can play the role of specific
ligands, receptors, or units in electrochemical pathways, can
serve as adhesive or cohesive molecules, or act as catalysts or
chemo-mechanical elements. In addition, direct observation of
the mechanical properties of proteins, for example, is invaluable
in validating the hypothesis obtained from structural determin-
ations.10-13 Investigating the binding between one antibody and

one antigen on a surface14 is a specific example that necessitates
manipulating single protein molecules and that can give
important insights into the mechanism and strength, kinetic, and
thermodynamic characteristics of the association event, and
maybe on heterogeneous immunoassays in general.15-17

We pioneered the direct patterning of proteins onto surfaces
using microcontact printing (µCP)18 and now extend this method
to the fabrication of arrays of single protein molecules on
surfaces. The direct18-25 or indirect26-31 patterning of proteins
usingµCP relies on using a microstructured elastomer (a stamp).
The patterning of surfaces using micropatterned stamps was
originally developed by Whitesides et al. for self-assembling
alkanethiols on Au with spatial control.32,33 Stamps are made
from poly(dimethylsiloxane) (PDMS) by curing liquid prepoly-
mers of PDMS on a lithographically prepared master. Masters
are usually Si wafers covered with a patterned photoresist or,
for preparing higher resolution masters, Si wafers with a
patterned electron-beam (e-beam) resist.34,35The pattern in the
resist can be transferred into the Si substrate by deep reactive
ion etching to yield more robust and reusable masters.µCP is
a versatile technique because low-resolution stamps (stamps with
features of a few micrometers) are simple to fabricate and can
be used with a variety of inks and substrates.33,36 Improving
the mechanical properties of the PDMS elastomer used to
replicate masters and using inks having small diffusion char-
acteristics were keys to microcontact print patterns having sub-
100 nm resolution.34 In previous work, alkanethiols that have a
molecular crossection of 0.2 nm2 were utilized, and two hundred
of them were needed to cover the width of a 100-nm-wide line.

In this paper, we show how to microcontact print single
protein molecules such as antibodies (whole immunoglobulins
G) and green fluorescent proteins37 (GFPs) onto a glass surface
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by decreasing the printed zones of structures on a PDMS stamp
below 100 nm and by diluting the molecules in the ink, Figure
1. We then employ atomic force microscopy (AFM) and
fluorescence scanning confocal microscopy to characterize the
printed patterns of proteins. Preparing regular patterns over large
scales (200-400 µm with more than 105 dots for example)
allows the observation of a large number of protein molecules
at known locations. Confocal fluorescence microscopy benefits
from the placement of molecules as arrays onto untreated glass
and can consequently be used to count the number of proteins
transferred per feature down to the single-molecule level.

Experimental Section

Preparation of High-Resolution Stamps.High-resolution
masters (molds) for stamps used for printing the smallest features
were fabricated by exposing electron-beam-sensitive photoresists
spin-coated on 4′′ silicon wafers with e-beam lithography
(XLITH, GmbH, Illerieden, Germany). The developed resist
acted as a mask for selectively etching the Si substrate using a
reactive-ion etcher (STS, Bristol, U.K.). The resist was removed
after this etch step using an oxidizing plasma, and a fluorinated
layer (∼5-nm thick) was finally deposited from plasma onto
the patterned Si mold. Dry etching of the masters was performed
with special attention to create small features with slanted
sidewalls and size-dependent etching to reduce the etch depth
of smaller features compared to larger features. Large features
with etch depths of 60, 120, and 240 nm were tested. The stamps
corresponding to the masters with the 120-nm-deep large
features gave the best results: they had 100-nm-wide posts that
were 60 nm high and 80-nm wide posts that were shorter than
50 nm thus keeping the maximal aspect ratio<1. The reactive-
ion-etching recipe had a slow etching rate at the bottom corners
of the posts, which produced rounded caps for small dots or
lines and posts with semispherical tops.

Liquid prepolymers of a PDMS material, referenced in the
text as material B,35,38were carefully mixed by hand and placed
on the Si molds. Curing of the PDMS polymer was done at
100°C for 3 h. The lithographic layout of the stamps included
a series of 400× 400 µm2 fields of various high-resolution

structures: Arrays of posts, ridges, and linelet features and mesh
structures with critical dimensions lying between 40 and 600
nm. The overall areal fill factor averaged over small and large
features was 12.5%. Areal fill factors of meshes and arrays of
dots were typically lower and depended on the printing force.
Because the lithographic layout of the stamps included 400×
400 µm2 areas (filled with various high-resolution structures)
that were surrounded by a 800-µm wide area containing support
structures, stamps were stable enough against pressure-induced
collapse to allow printing by hand.38-40 The stamps were
handled manually using tweezers and were lightly pressed, using
the tips of the tweezers, to initiate and help the contact of the
stamp with the substrate propagate during printing.

Inking of Stamps and Microcontact Printing. FITC fluo-
rescently labelled IgGs from rabbit, BSA, and avidin were
purchased from Sigma and GFP from Clontech. The rabbit IgGs
had 4-5 fluorescein-isothiocyanate labels per molecule on
average and were received dissolved at a concentration of∼5
mg mL-1 in PBS (phosphate-buffered saline, pH 7.4, Sigma).
All biomolecules were stored at 4°C in the dark, and their
diluted solutions in PBS were prepared shortly before inking
and printing experiments to minimize denaturation of the
proteins.

Typically, proteins were deposited on the stamps by covering
these with∼20 µL of a 5 µg mL-1 solution of protein in PBS
for 45 min. The stamps were placed in a polystyrene Petri dish
containing droplets of water to prevent the evaporation of the
ink solution during inking. Successful printing of GFPs required
inking stamps with a solution of GFP having a concentration
>50 µg mL-1. The stamps were rinsed with PBS (3× 10 mL)
and deionized water (3× 10 mL) and then immersed in a large
volume (1 L) of deionized water before being dried under a
stream of N2, to prevent precipitation of residual salts or proteins.
Inked stamps were positioned by hand over glass substrates
(microscope slides from Menzel-Gla¨ser, Germany) and brought
into contact with the substrate for 1 s before being removed by
hand. All printing experiments were followed under a far-field
optical microscope (from Nikon) in order to control that no
collapse of the pattern of the stamps onto the substrate occurred
over large areas. Some stamps could be used about 50 times
without degradation of their printing capability when cleaned
by sonication in a water:ethanol mixture (80:20) for 5 min after
each inking and printing cycle. The results reported here were
obtained using stamps for only one inking and printing
experiment.

Visualization of the Printed Patterns of Proteins. AFM
pictures were recorded using a Nanoscope Dimension 3000
(Digital Instruments, Santa Barbara, CA) operated in tapping
mode using SuperSharpSilicon tips (Nanosensors, Norder-
friedrichskoog, Germany) having a tip radius<5 nm (guaranteed
by the manufacturer). All images for measuring the dimensions
of patterns were taken with the same tip and using a 2× 2 µm2

or a 20× 20 µm2 area. The same pattern was recorded at the
beginning and at the end of each series of experiments to verify
that no change in resolution had occurred during the experi-
ments.

Samples microcontact printed with fluorescently labeled
proteins were investigated using a home-built sample scanning
fluorescence confocal optical microscope.41 One of the two lines
of an argon ion laser (514.5/488 nm) was used to excite the
fluorescence. The light was coupled into a single mode fiber,
the exit of which served as the excitation pinhole and emits a
perfect Gaussian beam. The light emitted by the end of the fiber
was attenuated to a fewµW so as not to saturate the optical

Figure 1. Fabricating high-resolution patterns of proteins usingµCP
starts with (A) and (B) depositing proteins from solution onto the surface
of a stamp during an inking step and (C) transferring the proteins to a
substrate in the area of contact to (D) yield a patterned substrate once
the stamp has been removed.
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transitions of the chromophores. The beam was then collimated
and directed via a dichroic mirror onto the entrance pupil of an
oil immersion objective (Leica, 1.3 NA,×60), which focused
the beam to a diffraction-limited spot (∼250 nm) onto the
surface of the glass substrate. The fluorescence from the sample
was collected by the same objective and directed through the
dichroic mirror to an avalanche photodiode (EG&G, SPCM-
AQR, Canada). A holographic notch filter for the respective
excitation wavelength removed the remaining Rayleigh-scattered
light. Images were recorded by scanning the sample through
the laser focus and recording the number of collected photons
at each pixel. Typical integration times per pixel ranged from
1 to 10 ms. Alternatively, the sample position was fixed, and
the number of detected photons per time interval was measured
continuously to create a time trace. Note that the sample piezo-
electric scanner was actively linearized over the full 60× 60
µm2 scan range with an absolute accuracy of better than 10
nm. The overall detection efficiency of the setup was∼6.5%.
Such a high detection efficiency is instrumental when detection
of single chromophores is desired. Similar studies are in
principle possible with commercial microscopes; however, the
detection efficiency should then be evaluated carefully.

Results

High-Resolution Microcontact Printing of Proteins. A
major challenge for the microcontact printing of very small dots
and lines is the reduction in stability of elastomeric features of
shrinking dimension. The mechanical stability of tall cylindrical
pillars, for example, diminishes when the pillars are made
smaller rendering them more prone to collapse during inking
and printing. Successful printing of small and large patterns at
the same time requires a minimal height of the features,
however. High-resolution stamps fabricated on silicon-on-
insulator wafers38 with vertical sidewalls and planar tops were
tested with different feature heights of 60 and 120 nm, but these
stamps proved inefficient to print very small patterns and single
protein molecules because of the limited mechanical stability
of their high-aspect-ratio posts. Other routes to create stamps
with more stable (less deep) high-resolution features were not
effective or unpractical for this work. Instead, we preferred to
reduce the areas of contact between the stamps and substrates
by molding posts that had a semispherical top. Most advanta-
geous was to have the smaller posts with less height, the larger
features with proportionally larger height, and tall support
structures surrounding zones with small patterns to remove part
of the printing pressure from the high-resolution areas.

We prepared and characterized masters and stamps with dots,
lines, and meshes having feature sizes from 40 nm up to 600
nm to test high-resolution printing. A single type of high-
resolution structure was repeated inside 400-µm-large fields that
were surrounded by micrometer-sized support meshes. Some
of the patterns that were used in the current work are short lines
(linelets) 400 nm long, 100 nm wide, and spaced with a 800-
nm pitch, 80-nm dots spaced in a square lattice with a pitch of
320 nm, and 100-nm dots spaced in a square lattice with a pitch
of 400 nm, Figure 2. Patterns were made with variable heights;
the 100-nm-wide posts were 60 nm high as shown in the three-
dimensional AFM image in Figure 2, and the posts are close to
spherical with a diameter of 120-140 nm and a height of 60
nm. Estimation of the contact area between the posts and a glass
surface during printing were calculated with (JKR model) and
without (Hertz model) adhesion forces between the stamp and
the substrate. These calculations suggested that such posts have
an area of contact with a diameter between 20 and 110 nm when

exposed to a printing pressure of 10 g per cm2. These posts are
60 nm shorter than adjacent larger features, and it is likely that
some water condensates spontaneously when these posts come
into close contact with the hydrophilic substrate. For these
reasons, the pressure exerted onto these posts during printing
may decrease, which should result in smaller effective areas of
contact.38,42,43These posts that are used throughout this work
are referred to as 100-nm posts because they result from 100-
nm-wide exposures in the e-beam lithography writer. Developing
the exposed resist, reactive ion etching the Si mold, and surface
tension phenomena occurring when the polymer is released from
the mold all contribute to the final geometry of the patterns.
The resulting posts have a 140-nm base and a top diameter<50
nm, Figure 2. Typically, the smaller 80-nm posts did not provide
reproducible printing experiments probably because their height
(<50 nm) rendered them insufficiently mechanically stable.
Examples of other structures used in Figure 3 are 40-nm-wide
ridges spaced in an 800-nm mesh and 100-nm-wide ridges
spaced in a 2-µm mesh.

We use mainly antibodies in solution as the ink to build on
previous work as much as possible and to investigate the rules
for microcontact printing down to the single molecule level.18,21

Inking the stamps is simple. High-resolution stamps made of
material “B”35 are hydrophobic (advancing and receding contact
angles with water ofΘadv ∼ 115° andΘrec ∼ 95°, respectively)
and have a surface chemistry comparable to those made of
Sylgard 184, and both kinds of stamps have the same tendency
to adsorb proteins from a solution. It takes typically less than
an hour to form a complete layer of antibodies on the stamp by
adsorption from a PBS solution with a concentration of

Figure 2. AFM images obtained on a PDMS stamp molded from Si
master that was prepared using e-beam lithography and reactive ion
etching. The patterns in this Figure consist of linelets (short lines) with
a 400-nm-length and a 100-nm-width spaced on a square lattice with
a 800-nm-pitch (top left quadrant). The next quadrant (bottom left)
comprises a similar pattern but with one more linelet in the center of
the lattice cell. 80-nm posts spaced with a pitch of 320 nm (bottom
right) and 100-nm posts spaced with 400 nm (top right) populate the
last two high-resolution quadrants. The 100-nm posts, used throughout
this work, are 60 nm tall as is visible in the three-dimensional AFM
representation. The AFM scans of these posts on the stamp (solid line)
and of their counterparts on the master (dotted lines) are convolved
with the geometry of the AFM tip, which reduces the width of the
features in the master and broadens the posts on the stamp. The scan
corresponding to the master has been inverted for clarity.
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antibodiesg5 µg mL-1.18 The AFM images in Figure 3, parts
A and B, show antibodies printed onto glass using patterns
formed by 100-nm-wide ridges arranged in a mesh having a
2-µm pitch. It is obvious from the figure that high-resolution
µCP is not restricted to the patterning of small areas only but
that patterns can extend over hundreds of micrometers. The
patterns of proteins in Figure 3A reveal that inking of the stamp,
printing, and transferring the proteins occurred in a homoge-
neous manner.

Figure 3B shows high-quality lines of printed proteins having
a texture in which single elements are discernible. This
represents the narrowest pattern that we could use successfully
to print high-resolution patterns of proteins (see below). The
proximity of the objects detected by the AFM in Figure 3B
points to the dense deposition of the antibodies onto the stamp
during inking. Antibodies (in solution) are described as disks
10 to 14 nm in diameter and a few nanometers thick.17,44-46

We expect to have a maximum of maybe seven antibody
molecules across the lines forming the patterns. Therefore, the
characteristics of these patterns should be proportionally more
affected by the exact position and shape of its constituents here
than when patterns are much larger.19,21,47 The experiments
shown in Figure 3, parts C and D, in which 40-nm-wide lines
constituted the mesh reveal that using narrower lines did not
increase the lateral resolution of the printed patterns of antibod-
ies. We do not think that mechanical instabilities of these
patterns of the stamp account for the “defects” observed in the
image.38,40 Possibly, the transfer of proteins initiated in the
regions of contact and propagated to some of the recessed
regions of the stamp because of the lateral interactions between
the protein layer covering the stamp.48 The inking and printing
conditions were identical for all four images of the figure, but
the patterns printed with the smaller mesh comprise irregular
aggregates of proteins that are dispersed on a width of∼100

nm. The average thickness of the proteins on the surface is 4-5
nm and is consistent with earlier work.18

We tried to reproduce these high-resolution printed patterns
with proteins of various molecular weights, GFP (30 kDa),
bovine serum albumine (BSA, 66 kDa), and avidin (66 kDa).
The characteristics of the printed patterns using avidin and BSA
were very similar to their counterparts made using antibodies,
whereas GFP has to be more concentrated in the ink solution
(up to 500µg mL-1 in PBS) to obtain dense patterns of proteins
such as the one in Figure 3B. This observation is consistent
with previous observations, i.e., that small proteins interact less
with uncharged surfaces than do large proteins.49,50

Using arrays of posts, we could isolate some of the antibody
aggregates observed in the previous experiments using the
meshes. Isolated features such as dots are less stable than grids
formed with lines of similar width however, and we could not
print arrays of dots smaller than 100 nm in a well reproducible
manner. We were consequently limited to printing antibodies
using the 100-nm posts, Figure 4. This pattern was optimal in
terms of such a stability and separation among the printed
features. Aggregates in Figure 4A are regularly spaced on the
substrate, occupying 70% of the potential printing sites, and
are within 50 nm of the positions defined by the lithographic
pattern. Despite this variation in position and the existence of
empty spots, the pattern is clearly visible even on a smaller
scale, Figure 4B. The positions of the printed proteins relative
to the lithographic pattern are likely to originate from the
distribution of the proteins inked onto the posts. Proteins
deposited from solution near the periphery of a 100-nm-wide
post will at most be printed 50 nm away from the center of the
pattern.

The statistical distribution of the size of the aggregates is
reported in Figure 4C. Analysis of these data and data from a
large number of images for this and for other samples prepared
similarly suggests the existence of five distinct populations that
have each a size below 2000 nm2, discernible in the graph of
Figure 4C. The smallest objects are∼350 nm2 in size, and the
larger objects in the graph can apparently be classified in
populations having an area ofn × 350 nm2. The lateral size of
a protein molecule observed with an AFM depends on the
conformation and orientation of the protein on the surface to
some extent and on the scanning conditions (e.g., geometry of
the AFM cantilever, force applied, ambient medium, etc.). A
size of 350 nm2 is plausible for a single antibody molecule
imaged on a surface by a tip having a radius<5 nm.17,44 We
suggest that the aggregates consist of one to five antibodies,
and we infer from the histogram in Figure 4C that∼30% of
the occupied sites may correspond to a single antibody molecule.
To obtain a second, independent characterization of high-
resolution patterns of printed proteins we performed confocal
fluorescence microscopy experiments.

Analysis of the Patterns using Confocal Fluorescence
Microscopy. Very few techniques can detect and characterize
single molecules on surfaces. Although confocal fluorescence
microscopy does not have the spatial resolution of AFM, it can
detect individual fluorophores on a surface with submicrometer
resolution.51 We made high-resolution arrays of proteins on glass
using the method described above, first using fluorescently
labeled antibodies and second using GFPs. The confocal
fluorescence images obtained for microcontact-printed fluorescein-
tagged antibodies are shown in Figure 5. The first type of pattern
consists of arrays of linelets spaced with a 800-nm pitch, Figure
5A. The dimension of this pattern is large enough to be optically
resolved. The distribution of intensities seems wide, and most

Figure 3. AFM images of antibodies microcontact printed on glass
using high-resolution PDMS stamps. The patterns in (A) and (B) were
produced using a grid of 100-nm-wide lines that were separated by 2
µm, and the patterns in (C) and (D) used 40-nm-wide lines separated
by 800 nm. Stamps were inked for 45 min with a 5µg mL-1 solution
of rabbit antibodies in PBS for all experiments.
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of the sites exhibit fluorescence. The image in Figure 5B
corresponds to antibodies printed from the 100-nm posts. This
time, no fluorescence is detected in one-third of the lattice points,
and many dots exhibit a similarly low or medium fluorescence.
Schmidt et al. demonstrated that it is possible to extract the
number of chromophores in a cluster by measuring the
fluorescence intensity emitted by the cluster.52 The fluorescence
intensity of a cluster is determined by fitting a Gaussian to its
fluorescent peak. The volume of the Gaussian then corresponds
to the fluorescence intensity. Here, we analyze the fluorescence
images in a similar way. However, we take advantage of the
deterministic placement of the fluorescently tagged antibodies
in a regular grid provided by the high-resolutionµCP process.
The data analysis procedure is as follows: in a first step, the
measured pattern is described analytically as a lattice defined
by the base vectorsa1 anda2 and an offsetx0

wherek is an integer used to label all lattice pointsxk inside of
an image,i(k) and j(k) being the integer coefficients. The best
values fora1, a2, andx0 yield a maximum intensity averaged
over all lattice points within the image, thus providing a well-
defined criterion for the determination of the lattice parameters.
In the following, we assume that the observed pattern can be
described as an array of two-dimensional Gaussian intensity
profiles. The centers of these profiles, given by the vector rk,
may vary within the area of the dots.

wherexk andyk are the Cartesian components ofr k andσx,k and
σy,k are the widths of thekth spot in two dimensions. The fit of
eq 2 to the measured intensity distribution is performed
iteratively. One iteration consists of fitting each spot individually
as a two-dimensional Gaussian using the Levenberg-Marquard
algorithm. The fit is performed to minimize the difference
between the measured data and a distribution, calculated
according to eq 2, without the contribution of the spot to fit.
Randomizing the order in which the spots are analyzed leads
to a better convergence. Finally, this fit yields integrated
intensities of thekth spotIk with a standard deviationσIk.

The best guess for the probability of a certain intensity per
dot, P(I), is then obtained by calculating a convolution of the
intensities as obtained from the fit with the corresponding
standard deviations

The intensity distribution obtained for Figure 5A shows several
distinct maxima of intensity, which is expected from the
relatively large area of the printed features (100× 400 nm2)
and the likelihood that they comprise several fluorescent centers
(several printed antibody molecules each conjugated with four
to five fluorophores). The small, narrow peak atI ) 8 of the
graph in Figure 5C is assigned to the sites of the lattice without
any protein, and most of the lattice points are occupied by three
or more proteins. A similar analysis of the pattern comprising
the smaller printed areas, Figure 5B, reveals less distinct maxima
of intensity, corresponding to zones with zero (I ) 3), one (I )
8), or two protein molecules (I ) 13), see Figure 5D. The dots
without fluorescent centers yield a positive intensity maximum
due to an overall background signal. It should be noted that the
addition of the appropriate background signal in the fitting
routine leads to instabilities in the fitting routine. The total
intensity distribution can be regarded as a sum of Gaussian
functions Gn(I), where n denotes the number of protein
molecules per lattice point:

and

wherePn is the integrated probability for findingn proteins at
one spot. If it is assumed that there is no interaction between

Figure 4. High-resolution patterns of antibody molecules microcontact
printed on glass as characterized using an AFM. (A) This pattern was
formed by printing rabbit antibodies using 100-nm posts on a PDMS
stamp inked with a 5µg mL-1 solution of protein in PBS for 45 min.
(B) This higher resolution image reveals that the printed areas comprise
none, one, or only a few protein molecules forming aggregates. (C)
The size distribution of the aggregates suggests that they contain a
discrete number of∼350-nm2 proteins. The line indicates the Gaussian
fit used to estimate the size distributions.
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the chromophores, the central positionIn and the widthσIn of
the intensity distribution of an aggregate ofn protein molecules
can be calculated from the intensityIB and width σIB of the
background and the intensityIP and widthσIP of the contribution
to the fluorescence due to one single protein molecule.σIP is
the standard deviation in the probability distribution of the
intensity corresponding to a single protein molecule, which
originates from the variable number of chromophores per protein
and orientational effects. This standard deviation is independent
of the number of proteins per spot.

By least-squares fitting the functionP(I), the probabilityPn

of finding n protein molecules per dot can be determined. In
Figure 5D, the resulting fit to the data is displayed along with
a decomposition into the Gaussian functionsGn(I). The first
three peaks, corresponding ton ) 0-2 protein molecules per
printed site, are clearly seen in the graph showing that a higher
number of proteins does not lead to pronounced features in the
curve in agreement between theory and experiment. This
deconvolution can now be used to “count” the proteins at a
given spot: given the fitted intensityI of an individual spot,

for each number of proteinsn the corresponding probability
P(n|I) is given as

If the proteins adsorb from solution onto the dots on the stamp
in an independent manner, the probability distribution of finding
none or a few proteins per dots should follow a Poisson
distribution. Indeed, the number of protein molecules per printed
site measured by this method follows approximately a Poisson
distribution. The mean number of protein molecules, printed
from the 100× 400 nm2 linelets and from the 100-nm posts, is
3.5 and 1.1, respectively. This proportionality of the mean
number of protein molecules for the larger and the smaller
printed areas seems reasonable. For the smaller structures, a
similar fraction (one-third) of unoccupied sites is inferred from
the AFM and confocal fluorescence experiments, and sites with
only one protein molecule are the most prevalent.

We selected a second type of protein to characterizeµCP
experiments on single protein molecules, using fluorescence.
This protein is GFP; it is intrinsically fluorescent and has a
comparatively large quantum yield of fluorescence.37,53 Two
types of experiments were conducted in which patterns of
printed GFP molecules were characterized and photobleaching
of single printed GFP molecules was observed. Contrary to the

Figure 5. Scanning confocal fluorescence images of arrays of FITC-labeled antibodies that were microcontact printed on a glass substrate. These
arrays were prepared by inking a high-resolution stamp with a 5µg mL-1 solution of anti-goat antibody in PBS for 45 min. The antibodies were
printed using (A) linelets or (B) 100-nm posts separated by 400 nm. (C and D) Distribution of the intensity of the fluorescent spots visible in the
corresponding images. The thick lines correspond to the data, and the thinner lines (shifted slightly upward for better clarity) represent the fit of
the data according to eq 4 and are composed of the underlying Gaussian curves. The numbers above the Gaussian curves correspond to the calculated
numbers of protein for a given spot intensity.
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2 ) σIB
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antibodies patterned in Figure 5, each GFP contains only one
fluorescent center. Figure 6A shows a confocal fluorescence
image of the linelet array. There is a small number of fluorescent
protein molecules per lattice point, less than one on average.
This is consistent with the less efficient inking observed for
GFP, the possible denaturation or photobleaching of some of
the GFPs, and the small size of the excitation beam (<250 nm)
relative to the separation distance (800 nm) of the printed sites.
For these reasons, low levels of fluorescence are detected on
the surface, and the printed pattern is not directly recognizable.
It is nevertheless possible to recompose the lattice, with a high
degree of confidence, from a few regularly spaced fluorescent
points. The matching observed and recomposed lattice points
(Figure 6B) confirm that fluorescence originates from regularly
spaced printed proteins. The attribution of the fluorescent points
to single protein molecules is reinforced by the following
photobleaching experiment. The position of the sample, with
respect to the laser focus, was fixed at the two positions
indicated in Figure 6B while recording the fluorescence signal,
Figure 6C. One-step-photobleaching events are observed at both
positions, revealing that one fluorescent GFP molecule only was
printed at each site.

Discussion

Inking and Printing. Our experiments tend to show that
microcontact printing of proteins at the 100-nm scale works in
a way similar to that for larger scales. As observed previously,
the transfer of the proteins from the stamp to the substrate is

absolute in the area of contact,18 at least when the substrate is
hydrophilic glass.23 The borders of the printed patterns are very
sharp, even for assemblies comprised of only a few protein
molecules (Figure 3, parts A and B), the overall number of
defects is very low, and the printed patterns have an excellent
contrast. This suggests that microcontact printing is a method
of choice for creating high-resolution patterns of proteins on
surfaces in which precise placement and low levels of defects
are advantageous.54 100 nm represents an optimum in terms of
lengthscale when using “semisoft” stamps; lower feature-sizes
may require harder stamps, which may lead to a different
mechanism of transfer of the proteins. The number of “defects”,
e.g., having too many or not enough proteins per printed site
becomes high, especially for patterns of dots. Lowering the
chance of covering a site of a pattern by inking a stamp with
diluted solutions of proteins relaxes the need for having a pattern
with dimensions similar to that of a protein molecule. The results
in Figures 4-6 were achieved using patterns with a dimension
larger than the maximal dimension of an antibody molecule. In
principle, diluting the ink more to use patterns several hundreds
of nanometers wide is possible, but keeping the placement of
the printed proteins accurate helps to localize and characterize
the patterns. At such a small scale, it is difficult to know how
both the inking and printing conditions affect the printed
patterns. The softness of stamps and the presence of proteins
inked in the recessed regions of the pattern make it difficult to
characterize an inked stamp using AFM or fluorescence
microscopy, respectively. The characterization of a stamp after

Figure 6. Scanning confocal fluorescence experiments of GFPs microcontact printed on glass using the linelets pattern of a stamp that was inked
with a 50µg mL-1 solution of GFP in PBS for 45 min. (A) The detected fluorescence does not reveal immediately the geometry of the printed
pattern because some printed spots might be empty or occupied by denaturated, nonfluorescent GFPs. (B) Nevertheless, the observed fluorescent
signals are sufficient to reconstruct the pattern statistically with a high degree of confidence. (C) In these analyses of the fluorescence as a function
of time recorded at the position indicated by the arrows, the abrupt decrease in intensity corresponds to the bleaching of a single fluorophore. The
lateral scales in (A) and (B) are in micrometers.
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inking and printing is consequently indirect. It is similarly
difficult to predict accurately and to model possible deformations
or rounding of high-resolution patterns during printing. The
round shape of the posts might enhance the resolution of the
printed patterns by reducing the effective contact area between
the stamp and the substrate. We observed that proteins printed
using the 100-nm posts were distributed within(50 nm of the
theoretical center of the dots. Stamps inked with proteins are
employed in an apparently dry state, and previous experiments
showed that lines of printed proteins can be very regular and
straight. This suggests first that high-resolution patterns are not
unstable to the extent of misplacing proteins during the printing
step and, second, that proteins do not migrate during or after
printing but form a “high-resolution ink.” Together, these
observations suggest that proteins adsorb randomly onto the dots
of the stamps and transfer accurately to the surface during
printing.

Microcontact printing proteins at high-resolution using con-
tinuous structures reveals an interesting phenomenon. Despite
the same inking and printing conditions, the transfer of proteins
from 100-nm-wide and from 40-nm-wide structures seems
different, see Figure 3. The protein coverage of the glass
substrate after printing, using the 40-nm-wide lines in Figure
3D, is less than 50%, whereas a complete and compact
monolayer of antibodies (measured using fluorescence micros-
copy) forms on a planar PDMS surface inked under similar
conditions. Previous studies on the influence of substrate
topography on protein adsorption suggest that rougher surfaces
prevent the aggregation of proteins more by lowering the lateral
mobility of proteins during the adsorption process.55,56Another
possibility is the interference of structures from the stamp on
the lateral interactions that proteins in a dense layer can have
with neighbors.48,57 These possibilities may help to obtain
isolated protein molecules on the stamp after the inking or
printing steps. For the single protein patterning experiments,
we expected the number of protein molecules per dot to be
consequently sensitive to the concentration of the ink. Decreas-
ing the concentration of the protein solution greatly increases
the fraction of sites nonoccupied by proteins:∼60% of all
potential printed sites are empty when using a concentration of
antibodies in PBS<1 µg mL-1. Increasing the concentration
induces the formation of aggregates, see Figure 4C. Above an
inking concentration of 50µg mL-1, all sites of the pattern
formed by the 100-nm posts are occupied by protein molecules
arranged in a way similar to that of a dense layer formed when
using larger structures. This underlines that the concentration
of antibodies in the inking solution probably acts as a nonlinear
parameter and becomes dominant for the microcontact printing
of single protein molecules.

Concluding Remarks

A complete understanding of a specific process requires
the independent observation of many single-molecule events.
Ideally, this should allow for a deconvolution of the bulk
behavior into all possible processes on the single molecule
scale, weighted with the appropriate average. Observations of
individual molecules have been proven to allow otherwise
inaccessible insight into biochemical reactions and dynamics.
Fluorescence techniques are prominent in these single-molecule
studies. Scanning confocal fluorescence microscopy and related
optical methods are easy to apply with little interference from
the system under investigation. Such fluorescence studies are
usually conducted by decreasing the observation volume and
by diluting the species to be observed.51,58 Analysis of single

molecule fluorescence experiments is often hampered however,
because the position of the isolated molecules is unknown. For
example, the fluorescence detection of single-molecule binding
events at interfaces could drastically improve the sensitivity of
assays,59 but it is necessary to localize precisely both binding
partners to perform such assays. Several solutions based on co-
localization assays were developed for this reason.60 As an
alternative, we propose the use of high-resolutionµCP as a way
to place single biomolecules on a nontreated planar surface
reproducibly and rapidly and to observe them efficiently while
minimizing nonspecific deposition or recognition events. Ex-
periments based on AFM and confocal fluorescence microscopy
point toward the successful printing of single antibody or GFP
molecules. From the AFM measurements, protein molecules are
localized within(50 nm of their theoretical positions. As the
uncertainty on the position of the protein is largely less than
the lateral resolution achievable by confocal microscopy, all
printing sites of a high-resolution pattern can be individually
resolved. It is possible to improve the information retrieved from
experiments using statistical algorithms and by filtering experi-
mental data.61 The density of information present in these high-
resolution patterns is high because of the redundancy of the
printed sites without the need to dilute the initial solutions of
proteins. Therefore, the combination ofµCP and of confocal
fluorescence studies allows manipulation and characterization
of molecular objects at the same time, which can usually only
be done using local probing techniques. Microcontact printing
at the single molecular level as it is achieved here benefits from
the absence of noticeable diffusion of the protein molecules on
the targeted substrate during printing and increases the chance
of depositing only one protein molecule on some posts of the
stamp during inking. Stamps made from harder elastomers could
allow molding of smaller structures and improving the placement
of single proteins. We think that the work presented here
provides a better method to study single protein molecules on
surfaces and, possibly, to construct artificial molecular structures
by employing single molecules as high-resolution building
blocks.
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