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ABSTRACT
We report on the generation of nanometer-wide, non-topographical patterns of proteins on planar surfaces. In particular, we used the regular
lattice of reconstituted microtubules as template structures to specifically bind and transfer kinesin-1 and nonclaret disjunctional motor proteins.
The generated tracks, which comprise dense and structurally oriented arrays of functional motor proteins, proved to be highly efficient for the
guiding of microtubule transporters.

Biomolecular motors are currently explored for an increasing
number of applications in hybrid bionanodevices.1 Along
these lines, gliding motility assays, where reconstituted
microtubule filaments are propelled over a substrate by
surface-attached motor proteins, have been used to transport
micrometer- and nanometer-sized objects, such as small
beads,2 quantum dots3 or DNA molecules.4 However, one
prerequisite for controllable nanotransport is the reliable
guiding of filament movement along predefined paths, a
challenging task that has recently been achieved only via
costly and labor-intensive topographical surface modifications.2,5-10 Here, we report on the generation of nanometerwide, non-topographical tracks of motor proteins. In particular, we used the regular lattice of reconstituted microtubules as template structures to specifically bind and transfer
kinesin-1 and nonclaret disjunctional (Ncd) motor proteins
on planar surfaces. Through this approach, which has been
inspired by biological transport systems found within cells,
dense and structurally oriented arrays of functional motor
proteins were created. The motor tracks proved to be highly
efficient for the guiding of microtubule transporters.
Microtubules are cytoskeletal filaments 25 nm in diameter
and several micrometers long. Their lattice displays an 8 nm
periodicity originating from the size of the dimeric tubulin
proteins that make up the protofilaments. We investigated
two different methods of biotemplated nanopatterning of
planar surfaces with motor proteins: “biotemplated stamp* Corresponding author. E-mail: diez@mpi-cbg.de.
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ing” (Figure 1a) and “biotemplated binding” (Figure 1b). In
the stamping approach, kinesin-1 molecules were bound in
solution with their motor domains to “template” microtubules
in the absence of ATP. The generated complexes were then
adsorbed onto the surface (step I), and ATP was added in
order to propel the template microtubules off the surfacebound motor proteins. This way, tracks of oriented motor
molecules, with their motor domains pointing away from the
surface, were generated (step II). In the binding approach,
the template microtubules were first immobilized on the
surface (step I). Kinesin-1 or Ncd motor proteins were then
specifically bound to the template microtubules via specific
linker molecules or the second microtubule binding site in
their tail domain, respectively (step II). For both approaches,
based on either biotemplated stamping or binding, the
addition of “transport” microtubules in a motility solution
containing ATP led to guided movement along the motor
tracks (step III).
Experiments on the microtubule-assisted stamping and
binding of motor proteins were performed in 2-mm-wide
flow cells self-built from two coverslips (Corning, 22 × 22
mm2 and 18 × 18 mm2) and two pieces of double-sided
sticking tape (Scotch 3M, thickness 0.1 mm). Microtubules
were polymerized from 5 µL of bovine brain tubulin (4 mg/
mL; labeled with different fluorophores as stated below) in
BRB80 buffer (80 mM potassium PIPES, pH 6.9, 1 mM
EGTA, 1 mM MgCl2) with 4 mM MgCl2, 1 mM Mg-GTP,
and 5% DMSO at 37 °C. After 30 min, the microtubule
polymers were stabilized and diluted 100-fold in roomtemperature BRB80 containing 10 µM taxol. Fluorescent
images were obtained using a Zeiss Axiovert 200M inverted

Figure 1. Methods of biotemplated nanopatterning. (a) Biotemplated stamping: kinesin molecules, which are bound in an oriented manner
to the lattice of a template microtubule, are transferred onto the surface by a stamping process (I). After adsorption, the template microtubule
is released when the deposited motor molecules propel the microtubule off the generated track in the presence of ATP (II). The same
molecules will move and guide the transport microtubules (III). (b) Biotemplated binding: motor proteins are bound to a template microtubule
that was previously immobilized on the surface (I and II). Transport microtubules then move specifically on the motor track, thereby
sliding along the template microtubule (III).

optical microscope with a 100x oil immersion objective (NA
) 1.3). For data acquisition, a back-illuminated CCD camera
(MicroMax 512 BFT, Roper Scientific) was used in conjunction with a Metamorph imaging system (Universal Imaging
Corp., Downington, PA). Images were acquired every second
with an exposure time of 100 ms.
Figure 2 shows an example of the generation and the usage
of a stamped kinesin “nanotrack”.11 Transport microtubules
frequently bound to the stamped kinesin molecules and
moved either precisely along or across the tracks. Sometimes,
a microtubule walking across a track changed its direction
and moved further along the track.
Analysis of the movement showed that microtubules
preferably walked well-guided along the tracks (Figure 3a).
Movement thereby occurred with equal likelihood in the
direction in which the template microtubule had walked off
the track or in the opposite direction. This behavior is
expected because (i) the high torsional flexibility of the
kinesin molecules12 allows the kinesin heads to bind microtubules in any orientation, and (ii) the twofold symmetry of
dimeric kinesin molecules13 supports binding in either
direction. Thus, only the orientation of a transport microtubule determines its direction of movement. Transport
microtubules moved with similar speeds along the tracks in
either direction. This speed was, moreover, independent of
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filament length and equaled the speed observed during walkoff (Table 1).
Once moving along a kinesin track, the guiding probability
was larger than 80% (n ) 60 microtubules), meaning that
80% of the transported microtubules followed the tracks to
their ends. The reasons for not being guided were either the
kinesin density on the track, which was in some cases
insufficient for very short (<1.5 µm) microtubules, or kinks
in the tracks that microtubules could not follow. Taking into
consideration the lengths of the smallest microtubules that
reliably moved along the tracks, we estimate the motor
density to be at least 0.7 functional kinesin molecules per
micrometer.
To further characterize the motor tracks, we labeled the
stamped kinesin molecules with kinesin antibodies that
specifically targeted an epitope at the motor domain (Cterminus of the kinesin).14 Fluorescein-5-isothiocyanate
(FITC)-labeled secondary antibodies were then used to
visualize the kinesin locations on the surface (Figure 3b).
Although presumably not all kinesins were labeled by an
antibody, the motors in the track appeared dense and
homogeneously distributed. Because the kinesin antibodies
bound specifically to the motor domains, the labeling
provided further evidence for the orientation of the kinesin
molecules: the heads or motor domains pointed away from
Nano Lett., Vol. 6, No. 10, 2006

Figure 2. Generation and usage of stamped kinesin nanotracks. The location of the tracks is inferred from fluorescent micrographs of the
kinesin-decorated template microtubules before ATP addition (shown in white). Real-time images of moving template and transport
microtubules are superimposed in color. (a) Track generation. Immediately after ATP addition, the template microtubule (green) started to
move one filament length, detached from the surface, and left a track of kinesin molecules on the surface. (b) A transport microtubule (red)
followed the created track in the direction the template microtubule had walked off. (c) Another transport microtubule (red) followed the
same track opposite to the walk-off direction and detached from the track after reaching its end. Scale bars represent 5 µm. Arrows indicate
the directions of movement. See also Supporting Information movies S1 and S2.

the surface and were not attached to the substrate. This is of
great importance for their biological activity and cannot be
controlled by other direct protein patterning techniques, such
as microcontact printing15-20 or dip-pen nanolithography.21
Because kinesin molecules decorate the whole surface of
the template microtubules (not shown in Figure 1a), we asked
whether the nanotracks will be significantly broadened by
the random substrate binding of those kinesin molecules
released during walk-off. Evaluating fluorescence data, as
presented in Figure 3b, we found that only few motors bound
to the surface unassociated with the tracks and their density
was too low to support motility. The labeling technique using
the fluorescent antibodies also allowed us to quantitatively
estimate the lateral width of the stamped tracks. Fitting the
fluorescence intensity profile perpendicular to the track in
Figure 3b by a Gaussian function (averaged over a microtubule length of 4 µm) yielded an apparent width (full width
at half-maximum) of wAB ) 451 ( 6 nm. Because of the
limited optical resolution, this value represents the convolution of the real track width, wtrack, with the one-dimensional
point-spread function (width wPSF) of our imaging system.
If a Gaussian-like distribution for the locations of the trackforming kinesin molecules is assumed, then the track width
2
(deconvolution of
can be estimated by wtrack ) xw2AB-wPSF
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two Gaussian functions22). Because the lateral width of a
microtubule is at least 10 times smaller than the optical
resolution of the imaging system, it is reasonable to approximate wPSF by measuring the fluorescence intensity
profile perpendicular to a fluorescein-labeled reference
microtubule. Such a measurement yielded 386 ( 8 nm and
the actual lateral width of the kinesin track was thus
determined to be wtrack ) 233 ( 18 nm. Although being a
rough estimate, this value documents the narrow width of
the track. However, it exceeds the width of the template
microtubule by multiple times. Physical reasons for this
broadness were presumably: (i) a nonperfect straightness
of the template microtubule along the length over which the
intensity profile was averaged, (ii) kinesin molecules (contour
length of about 70 nm) that were bound on the sides of the
template microtubule, and (iii) some broadening of the
apparent track width due to the antibody labeling procedure. Moreover, because the localization accuracy of
fluorescent objects is limited by the number of detected
photons23 the determined track width has to be considered
as an upper limit.
Toward the usability of the stamped kinesin tracks for
nanotechnological applications, we performed an additional
experiment where nanocargo (streptavidin-coated quantum
2179

Table 1. Mean Gliding Velocity of Microtubules (Mean (
Standard Deviation, n ) Number of Evaluated Microtubules)
along Stamped Kinesin Nanotracks

Figure 3. Evaluation and application of stamped kinesin nanotracks. (a) Distribution of movement directions on the created
kinesin tracks with respect to the walk-off direction of the template
microtubule. Although movement along the tracks (0 and 180°) is
predominant, movement across the tracks is occurring at statistically
distributed angles. (b) Fluorescent image of a kinesin track labeled
with anti-kinesin and FITC-labeled secondary antibodies after
the template microtubule had walked off. (c) Cargo transport along
a kinesin nanotrack. Time-lapse images of three quantum dots
(shown in green) that are bound to a motile transport microtubule
(not shown) are superimposed to a fluorescent micrograph of the
template microtubule before walk-off (shown in red, see also
Supporting Information movie S3). Scale bars represent 5 µm.

dots bound to biotinylated microtubules) was transported
along the tracks24 (Figure 3c). Moreover, we observed that
sometimes the tracks were used by multiple microtubules
(with and without cargo) at the same time, occasionally even
with microtubules passing each other in opposite direction
(data not shown).
Our experiments on motor stamping confirm earlier studies
in which motor proteins were deposited using filaments
themselves to infer biophysical data on the flexibility of
myosin heads25 and on the behavior of oriented dynein
arrays.26 Here, we advanced this approach to kinesin motors
and demonstrated the suitability of such motor tracks for the
setup of guided nanotransport systems.
2180

walk-off
(µm/s)

track usage
(both directions)
(µm/s)

track usage
parallel to
walk-off
(µm/s)

track usage
antiparallel to
walk-off
(µm/s)

0.62 ( 0.11
(n ) 39)

0.59 ( 0.16
(n ) 39)

0.56 ( 0.14
(n ) 22)

0.63 ( 0.17
(n ) 17)

Biotemplated binding of motor proteins was demonstrated
using kinesin-1 and Ncd motors. In a first approach,
biotinylated kinesin-1 molecules were bound via streptavidin
to biotinylated template microtubules that were immobilized
on the surface using specific antibodies.27 Figure 4 shows
examples of track usage by transport microtubules. To reduce
the unspecific surface-binding of streptavidin and kinesin,
it was crucial for us to block the glass surface with a
polyethyleneglycol-terminated copolymer (Pluronic F127)
after application of the antibodies. In experiments where the
template microtubules were immobilized by tubulin antibodies (Figure 4a and b), free tubulin was added to the motility
solution in order to saturate the microtubule binding sites of
those antibodies and thus to avoid static binding of transport
microtubules to the surface. A further and almost complete
reduction of the undesirable interactions of the transport
microtubules with the surface became possible when the
template microtubules were immobilized by rhodamine
antibodies and transport microtubules labeled with Alexa 488
were used. Using either immobilization procedure, the
transport microtubules followed the tracks precisely in either
direction. In total, we imaged 27 transport microtubules
moving along biotinylated kinesin tracks. In all guiding
events, the microtubules were neither observed to be pushed
off the tracks by the motors nor did any microtubule move
unspecifically on the surface.
In a second approach, Ncd motor molecules were bound
to antibody-immobilized template microtubules28 via their
second, ATP-independent microtubule binding site.29 Because template microtubules were frequently ruptured off the
surface by Ncd motors that nonspecifically bound to the
antibodies (control data with GFP-labeled Ncd not shown),
we also fixed the template microtubules using glutaraldehyde.
We found that this treatment, which preserves the microtubule structure,30,31 also reduced nonspecific Ncd surface
binding. Figure 5 shows examples of track usage by transport
microtubules. Less than 10% of these microtubules (n ) 80)
moved across the tracks at arbitrary angles, some even
becoming aligned with the tracks later on. Presumably, this
alignment behavior, which is superior to the guiding achieved
with kinesin-1 motors, originates from the fact that Ncd is a
non-processive motor. Each Ncd molecule undergoes only
one catalytic cycle per encounter with a microtubule, and
about 4 Ncd molecules are required to work in concert to
continuously move a microtubule.32 Therefore, non-aligned
movement of a transport microtubule across a Ncd track is
rather unlikely. Non-processive microtubule motors might
thus provide an advantage over processive ones in terms of
Nano Lett., Vol. 6, No. 10, 2006

Figure 4. Usage of biotinylated kinesin tracks on surface-immobilized template microtubules. (a) Sequence of fluorescent images showing
one transport microtubule (brightly labeled) moving on a template microtubule (dimly labeled) immobilized by tubulin antibodies. (b and
c) Overlays of template microtubules (white) immobilized by tubulin antibodies (b) and rhodamine antibodies (c) with the paths of transport
microtubules (colored). The paths were determined by automatic tracking of the ends of the motile transport microtubules. Scale bars
represent 5 µm. See also Supporting Information movies S4 and S5.

Figure 5. Usage of Ncd tracks on surface-immobilized template
microtubules. (a) Overlay of template microtubules (white) immobilized and fixed by glutaraldehyde with the paths of transport
microtubules (colored). (b) A microtubule takes a turn at a track
crossing and gets redirected. (c) Kymograph (horizontal: fluorescence intensity profile along the template microtubule, vertical:
time, 170 s) showing two transport microtubules that are sliding
contemporaneously on one track in opposite directions. Scale bars
represent 5 µm. See also Supporting Information movies S6-S8.

reliable guiding and transport on the nanoscale. The shortest
moving microtubules that were propelled continuously along
the Ncd tracks had lengths of 0.8 µm. On the basis of the
fact that 4 motor molecules are necessary for continuous
gliding32 the motor density on the tracks was at least 5
functional Ncd molecules per micrometer.
We noted that moving microtubules were often tethered
to the track with their trailing minus ends, whereas the
leading plus ends frequently lifted up. This might be the
result of a prolonged residence time of Ncd molecules at
the microtubule minus ends, which we did in fact observe
in experiments using GFP-labeled Ncd (data not shown). In
Nano Lett., Vol. 6, No. 10, 2006

terms of redirecting the movement of transport microtubules
at track crossings and branching points, this behavior was
found to be advantageous and reorientation onto the track
geometry was even possible at T-like junctions (Figure 5b).
Moreover, it was observed that microtubules walked in both
directions along the tracks and were able to pass each other
while sliding on the same track (Figure 5c). Because of the
torsional flexibility in the Ncd molecules that are immobilized on the template microtubules, such bidirectional
track usage was to be expected.
In summary, we demonstrated a novel approach for the
nanometer structuring of surfaces with functional motor
proteins. Biotemplated patterning allows the highly localized
and oriented surface binding of proteins combined with low
protein denaturation. This way, functional protein patterns
of high surface density are producible. Other techniques to
generate nanometer-wide structures of functional proteins on
planar surfaces involve indirect-write patterning by dip-pen
lithography.33 Because dip-pen lithography offers the possibility to freely design the pattern layout, it would be
interesting to generate motor tracks similar to the ones shown
here by this method.
The created motor tracks showed that nanoscale-patterning
is possible and can lead to reliable guiding of microtubules
without topographical barriers. Recently, non-topographical
patterning of surfaces with kinesin motors was demonstrated
only in the micrometer range.10,34 In those experiments,
gliding microtubules could not be prevented from walking
off the patterned tracks when they approached the boundaries
at obtuse angles.10 Because of the high flexural rigidity of
the microtubules, in those cases the thermal energy of the
system was not sufficient to bend the leading tips of the
microtubules back onto the patterned motors. This problem
is circumvented by the small width of our motor nanotracks,
where the encounters of the microtubules with the boundaries
are restricted to extremely shallow angles. Topography-free
guiding, as demonstrated here, is expected to significantly
ease the design and fabrication of microtubule-transport
2181

systems and opens up the possibility to transport cargo of
unlimited size, that is, without any constraints by the
dimensions of topographic guiding channels. Moreover,
biotemplated nanopatterning is a promising tool for in vitro
studies on the individual and cooperative action of motor
proteins as well as for the reconstitution of complex
subcellular machineries in synthetic environments.
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then added to the fixed microtubules in the flow cell. Finally, after
washing twice with BRB20 containing 10 µM taxol and 1 mM ATP,
motility solution containing microtubules (∼30 nM tubulin) and ATP
anti-bleaching solution (in BRB20) was flown in.
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