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Karl F. Böhringer,‡ Carolyn M. Matzke,§ George D. Bachand,|

Bruce C. Bunker,| and Viola Vogel*,†

Department of Bioengineering and Center for Nanotechnology, Box 351721,
University of Washington, Seattle, Washington 98195, Department of Electrical Engineering,
Box 352500, University of Washington, Seattle, Washington 98195, Microdevice Technologies,

Sandia National Laboratories, P.O. Box 5800, MS 0603, Albuquerque, New Mexico 87185, and
Biomolecular Materials and Interfaces, Sandia National Laboratories, P.O. Box 5800,

MS 1413, Albuquerque, New Mexico 87185

Received August 18, 2003. In Final Form: October 6, 2003

Cells regulate active transport of intracellular cargo using motor proteins. Recent nanobiotechnology
efforts aim to adapt motor proteins to power the movement and assembly of synthetic materials. A motor-
protein-based nanoscale transport system (molecular shuttle) requires that the motion of the shuttles be
guided along tracks. This study investigates the principles by which microtubules, serving as shuttle units,
are guided along micrometer-scale kinesin-coated chemical and topographical tracks, where the efficiency
of guidance is determined by events at the track boundary. Thus, we measure the probability of guiding
as microtubules reach the track boundary of (1) a chemical edge between kinesin-coated and kinesin-free
surfaces, (2) a topography-only wall coated completely with kinesin, and (3) a kinesin-free wall next to a
kinesin-coated bottom surface (topography and chemistry combined). We present a guiding mechanism
for each surface type that takes into account the physical properties of microtubule filaments and the
surface properties (geometry, chemistry), and elucidate the contributions of surface topography and
chemistry. Our experimental and theoretical results show that track edges that combine both topography
and chemistry guide microtubules most frequently (approximately 90% of all events). By applying the
principles of microtubule guidance by microfabricated surfaces, one may design and build motor-protein-
powered devices optimized for transport.

Introduction

Over millions of years, cells have evolved molecular
machinery to carry out complex transport processes
necessary for cell survival. Active transport in cells is
driven by the conversion of chemical energy stored in ATP
into mechanical work by motor proteins (e.g., kinesin),
which move along protein filaments (e.g., microtubules).
Current efforts to synthesize molecular motors1 have not
yet delivered an engine comparable in efficiency and size
to biomolecular motors, which has fueled the interest in
hybrid nanodevices that integrate biomolecular motors.2,3

An example of such a hybrid nanodevice is the concept of
a “molecular shuttle”, a nanoscale transport system driven
by the motor protein kinesin.3-5

Recently, several strategies to build microscopic tracks
for molecular shuttles and related hybrid systems have
been proposed. Derived from the “gliding motility assay”,6

filaments glide on motor-protein-coated surfaces (Figure
1), where tracks have been created by various patterning
methods.4,5,7-12 Alternatively, motor proteins can carry
cargo while walking on an ordered array of surface-
immobilized filaments,13-15 similar to the “bead motility
assay”.16 Spatial and temporal control of a transport
system in general requires that motion be confined along
tracks (Figure 1); thus the gliding motility assay modified
with microfabricated surfaces5,8-11,17,18 holds an advantage
over the bead orientation in the ability to create complex
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user-defined tracks and to transport microtubules long
distances (hundreds of micrometers). The various micro-
fabricated surfaces tested to date have all been described
qualitatively to guide the motion of filaments.4,5,7-12,17,18

Represented in Figure 1, these surfaces are created by (a)
a chemical pattern to selectively adsorb the motor
proteins,10 (b) a topographical pattern to create guiding
channels,5,9,17,19 or (c) a combination of selective adsorption
and guiding channels.11,18

Our recent efforts19 have focused on characterizing track
parameters that affect guidance (Figure 1D), for example,
the channel width for its effect on the distance of
microtubule gliding along a kinesin-coated open channel

(Figure 1B). Our findings indicate that track param-
eters, such as track width, determine the frequency
with which microtubules approach the track edge, while
the properties of the edge influence the retention of
the microtubule on the track. Thus, microtubules must
be frequently guided at the track edge to travel long
distances on a track. To separate effects of track width
from edge guiding, we analyze here quantitatively what
happens when a microtubule reaches the track edge of a
chemical pattern, an open channel, or a chemical pattern
at the bottom of an open channel. With this detailed
measure, we establish a consistent comparison of each
type of surface modification for the design of microscopic
tracks. We also gain insight into the mechanism of
guiding for each type of surface and uncover how tracks
may be optimized for increased transport efficiency.
Thus, we establish a quantitative understanding of
why some tracks work better than others. Taking a
quantitative approach is significant for establishing design
guidelines to engineer tracks for the next generation of
nanodevices.

Methods

Kinesin and Microtubule Preparation. Kinesin prepara-
tion is described in detail elsewhere.20 Briefly, a kinesin construct
consisting of the wild-type, full-length Drosophila melanogaster
kinesin heavy chain and a C-terminal His tag was expressed in
Escherichia coli and purified using a Ni2+-NTA column. The
eluent contained functional motors with a concentration of ∼100
nM and was used as the stock solution. A green fluorescent protein
(GFP)-kinesin fusion protein (a gift from Jonathon Howard)
was also used in surfaces which contained chemical-only patterns
in order to visualize selective adsorption of kinesin.

Fluorescent-labeled tubulin (Cytoskeleton, Denver, CO) was
polymerized into microtubules in BRB80 buffer (80 mM Pipes,
2 mM MgCl2, 1 mM EGTA, pH 6.85 with KOH) with 4 mM MgCl2,
1 mM GTP, and 5% DMSO for 30 min at 37 °C. Microtubules
with lengths between 2 and 20 µm were 100-fold diluted and
stabilized in BRB80 and 10 µM Taxol (Sigma, St. Louis, MO).

Preparation of ppPEO Chemical Patterns. Poly(ethylene
oxide) (PEO) monomers (tetraethylene glycol dimethyl ether)
are polymerized onto a surface by glow charge plasma deposi-
tion.21 The resulting plasma-polymerized films (ppPEO) have
been studied for their ability to resist protein adsorption.21,22

The deposition process has recently been adapted to create
patterned films of ppPEO on glass substrates.23,24 Briefly,
photoresist AZ1512 (Clariant, Somerville, NJ) is exposed through
a chrome mask and developed. A thin film of ppPEO is deposited
and is partially removed via photoresist lift-off to expose bare
glass regions that were protected by the photoresist. The resultant
surface adsorbs proteins such as kinesin in bare glass regions
while remaining free of protein where the ppPEO film remains.
The test surface was a straight edge of ppPEO film on glass that
was separated by at least 150 µm from other patterns to reduce
the effect of nonboundary patterns on the microtubule path.

The ppPEO film at the boundary is ∼20 nm thick24 and was
verified on the test surfaces by atomic force microscopy. Although
kinesin holds the microtubule above the surface at a height
estimated to be as low as ∼10 nm25 or measured by electron
microscopy as ∼20 nm,26 results from Stracke and co-workers27
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Figure 1. Strategies to surface-engineer tracks for molecular
motors (left) and the corresponding test surfaces (right) used
for studying guiding at track boundaries. Each surface is labeled
according to its adhesiveness for kinesin. (A) Microtubules move
along a chemical track of patterned kinesin surrounded by a
kinesin-free surface. In all cases, the direction of microtubule
gliding is determined by the microtubule polarity rather than
the orientation of kinesin on the surface. Guiding is measured
at a chemical edge between kinesin-adhesive (glass) and
nonadhesive (ppPEO) regions. (B) Guiding channels use walls
to guide the motion of microtubules along the bottom of the
channel. A single wall (polyurethane) is tested for its ability to
guide microtubules along the bottom surface. (C) An engineered
surface that combines a guiding channel and a chemical track
will use walls and patterned kinesin to move microtubules along
its track. A single wall (SU8-PEO) that does not adsorb kinesin
is tested for its ability to guide microtubules along the bottom
surface. (D) A typical path of a microtubule as it moves along
a track. The outcome of a microtubule collision with the track
boundary is a key determinant of the total travel distance on
the track. Microtubule collisions with the boundaries are
analyzed by measuring the angle of approach θ and the outcome
of the collision: (a) not guided or (b) guided.
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argue that it is unlikely that the wall height of∼20 nm contributes
to guiding given the ability of microtubules to climb walls <100
nm high. Thus, we do not expect there to be a significant guiding
effect due to the thickness of the ppPEO film.

Preparation of Polyurethane Topography Patterns.
Replica molding28 was used to imprint topography features into
polyurethane with high fidelity. Briefly, a silicon wafer was coated
with photoresist SU8-2 (MicroChem Corp., Newton, MA) and
then exposed and developed to form a patterned photoresist on
silicon. This surface was imprinted into poly(dimethylsiloxane)
(PDMS; Dow Chemical, Midland, MI) and cured. Finally PDMS
was imprinted a second time into polyurethane (NOA 73; Norland
Products, Cranbury, NJ) with a cover glass backing (Corning)
for support and was cured with ultraviolet light. The resulting
surface had straight single walls (∼1 µm high) of the same pattern
as the silicon surface but had uniform polyurethane chemistry
throughout. The polyurethane chemistry uniformly adsorbs
kinesin such that microtubules can glide on all surfaces (the
wall, the surface below the wall, and the surface above the wall).
Each topography-only wall was separated by at least 150 µm
from other features.

Preparation of SU8-PEO Combined Patterns. SU8-2
photoresist was spun (∼4000 rpm) on a thermally grown silicon
oxide surface, resulting in a 1-1.5 µm thick film. The resist was
exposed through a chrome mask (Photosciences, Torrance, CA)
and developed in acetone. A brief hydrofluoric etch (∼5 s) into
the SiO2 surface was used to remove residual resist. A PEO
triblock copolymer called Pluronic F108 (BASF, Mount Olive,
NJ) [PEO129-PPO56-PEO129; where PEO ) poly(ethylene oxide),
PPO ) poly(propylene oxide)] was used to coat hydrophobic
surfaces to make them nonadhesive to proteins.29 A patterned
SU8-2 surface (hydrophobic) was coated selectively by a solution
of F108 (2 mg/mL in water) to make a surface kinesin-adhesive
in SiO2 regions and nonadhesive in PEO-coated SU8-2 regions
(SU8-PEO). Test surfaces were rinsed twice with water and
once with a buffer of BRB80 before coating with motor proteins
as described below.

Motility Assay. To allow fluid exchange and visualization,
test surfaces were assembled into flow cells by sandwiching no.
00 coverslips (∼80 µm thick) between the test surfaces and glass
slides or glass coverslips (Fisher Scientific, Pittsburgh, PA) sealed
with vacuum grease. The buffer for all experiments was BRB80
(80 mM Pipes, 2 mM MgCl2, 1 mM EGTA, pH 6.85 with KOH).
The flow cells were sequentially filled with a casein solution (0.5
mg/mL casein in BRB80), a solution containing 0.2 mg/mL casein,
1 mM ATP, and kinesin (10 µg/mL for polyurethane surfaces; 2
µg/mL for all other surfaces) in BRB80, and finally a motility
solution [∼3.2 µg/mL of tetramethylrhodamine-labeled micro-
tubules (1-10 µm in length) containing 1 mM ATP and stabilized
by 10 µM Taxol with oxygen-scavenging additives (20 mM
D-glucose, 20 µg/mL glucose oxidase, 8 µg/mL catalase, and 0.2%
2-mercaptoethanol)]. A stochastic detachment rate of microtu-
bules from surface boundaries that is dependent on kinesin
density could potentially skew guiding results. Therefore,
experiments were conducted at a high motor density such that
microtubules were not observed to detach spontaneously from
control surfaces. The assays were performed at ambient tem-
perature (19 °C). Microtubules were visualized on the patterned
surface by a Leica DM-IRBE fluorescent microscope (Leica AG,
Wetzlar, Germany) using rhodamine filters.

Boundaries were determined from transmission microscopy
images (topography-only polyurethane wall) or fluorescence
microscopy images using the fluorescein filters (ppPEO chemical
edge; SU8-PEO wall and chemical edge combined). For each
region, sequential images of microtubules gliding along the
surface were captured using an Orca2 cooled-CCD camera
(Hamamatsu Photonics, Hamamatsu, Japan) with an imaging
area of 64 × 80 µm2. Microtubule positions were tracked with
Metamorph image analysis software (Universal Imaging, Down-
ingtown, PA). Approximately 200 microtubules were analyzed

for each surface type; these were pooled from at least four
boundaries on two preparations of each surface type (i.e.,
topography-only polyurethane wall, ppPEO chemical edge, and
SU8-PEO wall and chemical edge combined).

Approach Angle Analysis. Image analysis consisted of
measuring coordinates for the topographical, chemical, or
combined boundary and the endpoints of the microtubules one
image before crossing or colliding with the boundary. The
microtubule coordinateswereusedto calculateanapproachangle,
θ, relative to the boundary as illustrated in Figure 4 (5 s) and
Figure 5 (10 s). A guiding event occurred if the microtubule aligned
itself with the boundary and remained traveling on the bottom
surface for at least 10 µm. A microtubule was not considered
guided if (1) it detached from the surface after hitting the wall,
(2) climbed up the wall, or (3) detached from the surface after
crossing the chemical boundary. Microtubules could collide
multiple times with the same boundary and were only counted
for multiple collisions if they traveled at least 0.5 µm away from
the boundary or traveled more than 20 µm along the boundary.
The approach angles were sorted into a histogram at each 10°
interval. For each interval, the probability of guiding was
calculated as the ratio of guided events to the total number of
microtubules hitting the boundary on the interval. Standard
errors were determined for the probabilities by the formula SE
) (p(1 - p)/N)0.5, where p is the probability of guiding and N is
the total number of microtubules colliding on that interval.

Results

Verifying Chemistry and Topography of Test
Surfaces. We demonstrate selective adsorption of kinesin
to glass versus the ppPEO chemical pattern (1) by
microtubule binding assays and (2) by imaging the
fluorescence of GFP-kinesin. First, at the kinesin con-
centrations used, control glass surfaces supported motility,
while ppPEO-coated glass surfaces did not bind micro-
tubules nor show microtubule gliding (Figure 1A); this
was tested both in the presence and absence of ATP in the
motility assay solutions. The presence of a single functional
kinesin can bind and translate microtubules,30 suggesting
that the adsorption of functional kinesin on ppPEO films
is very low. Second, using a GFP-kinesin fusion protein
in place of wild-type kinesin, we were able to monitor
directly the amount of surface-adsorbed kinesin. At the
ppPEO chemical edge, we noted that GFP fluorescence
patterns matched glass regions and the regions binding
and transporting microtubules (Figure 2A,B). Microtu-
bules bound and moved only on GFP-kinesin regions,
consistent with kinesin adsorbing selectively to the bare
glass regions rather than the ppPEO film. These observa-
tions are consistent with others21,22 who show low amounts
of other proteins adsorbing on ppPEO films.

Patterns imprinted into polyurethane were verified to
have walls approximately 1 µm high with a wall steepness
of σ ≈ 70-80° (Figure 3A). Both upper and lower surfaces
of polyurethane, as well as the wall face, were observed
to move microtubules (Figure 2C), suggesting that the
entire polyurethane surface adsorbed kinesin.

Analysis of SU8-PEO patterns showed we successfully
created walls (topography) combined with selective kinesin
adsorption (chemistry). Scanning electron microscopy
imaging of SU8 test surfaces verified the presence of 1 µm
high walls and measured their steepness to be σ ≈ 90°
(Figure 3B). Control experiments showed that PEO
triblock polymer adsorption to hydrophobic silane-treated
glass or SiO2 greatly reduced surface-bound kinesin,
consistent with control experiments by others.29 Hydro-
phobic SU8-2 surfaces not coated with PEO supported
microtubule binding and movement at the kinesin con-
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centration tested, thus indicating kinesin adsorption. This
finding is consistent with observed properties of PEO
triblock polymer to reduce adsorption of proteins on
hydrophobic surfaces29 comparable to other PEO-termi-
nated surfaces.31,32 In motility assays, we observed that
SU8-PEO bound less than 1% of the microtubule density
compared to SiO2, and microtubule movement occurred
only on the SiO2 surface (Figure 2D), verifying a dif-
ferential kinesin binding affinity due to the different
surface chemistry.

Microtubule Guiding by a ppPEO Chemical
Boundary on a Planar Surface. Microtubules gliding

on the kinesin-coated glass region were tracked as they
crossed the boundary into the kinesin-free ppPEO region
(Figure 1A and Figure 4). These collisions were recorded
and used to calculate the probability of microtubule
guiding over a range of approach angles as shown in Figure
6A. The majority of microtubules (∼88%) detached from
the surface as they crossed from the glass into the ppPEO
region as shown in Figure 4. Microtubules approaching
the ppPEO edge from the glass region were guided by a
narrow range of approach angles. For very shallow angles
(<10°), microtubules were nearly always guided by slight
bending, while collisions at larger angles (>30°) rarely
resulted in guiding (Figure 6A). The ppPEO/glass bound-
ary could guide microtubules by a slight bending (<20°)
of the microtubule’s leading tip such that the microtubule
remained on the glass portion of the surfaces.

Occasionally, we observed microtubules that were
temporarily or permanently stuck to the chemical edge.
Presumably this occurred through the attachment of
nonmotile kinesin to the microtubule, where the trailing
end bound to a nonmotile kinesin at the chemical edge.
These microtubules were able to “swivel”25 around that
anchor point and sample the surface. If the sampled area
is wide enough for the microtubule to bind functional
kinesin near the boundary, the microtubule could continue
gliding driven by these functional kinesin motors. We
estimate the sweep area due to thermal fluctuations of a
microtubule end-bound by a single kinesin to the surface
using the swiveling model of ref 25. Assuming a drag
coefficient25 acting on the microtubule per unit length of
9.4 × 10-3 N s m-2, a 5 µm long microtubule swiveling
along its end for 10 s can sweep out an angle on the order
of 25°. To minimize guiding artifacts from nonmotile
kinesin that contribute guiding events at large approach
angles, we did not include microtubules which remained
stuck for 10 s or longer. To be consistent in our analysis
ofguidingcharacteristicsonthechemical edge,weconsider
models that assume only functional motors.

Microtubule Guiding by a Polyurethane Wall with
Uniform Surface Chemistry. Microtubules gliding on
the bottom surface were tracked as they collided with a
kinesin-coated polyurethane wall (Figure 1B). These
collisions were recorded and used to calculate the prob-
ability of microtubule guiding over a range of approach
angles as shown in Figure 6B. Results from this approach
angle analysis agree with our previous findings19 and show
a decrease in the probability of guiding from p ≈ 50% for
microtubules approaching the wall at shallow angles
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(32) Malmsten, M.; Emoto, K.; Van Alstine, J. M. J. Colloid Interface
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Figure2. (A)GFP-kinesinpreferentiallybinds toglass regions
in ppPEO/glass chemical patterns as detected by fluorescence
microscopy. Fluorescent speckles are presumably due to ag-
gregated nonmotile kinesin that adsorbed to the surfaces from
the kinesin solution. (B) Microtubules bind and move selectively
on glass regions but do not bind or move along ppPEO regions.
(C) Microtubules bind and move on all surfaces on the topog-
raphy-only wall of polyurethane, suggesting that kinesin ad-
sorbs to the entire surface. (D) SU8 treated with PEO triblock
polymer also prevents microtubule binding and movement, as
microtubules bind and move along SiO2 regions. Microtubules
not bound to the surface appear blurred due to the opposing
orientation of the test surface and the microscope objective.
The dashed line indicates the ppPEO/glass chemical edge in
images A and B, the polyurethane wall in image C, and the
SU8-PEO/SiO2 wall and chemical edge in image D. Scale bar
) 10 µm.

Figure 3. Scanning electron micrographs of (A) the polyure-
thane wall (topography only) and (B) the SU8-PEO wall on
SiO2 (combined topography and chemistry) verify the geometry
of the wall at the boundary. Scale bar ) 2 µm.

Figure 4. A microtubule detaching at a chemical (ppPEO/
glass) boundary. The GFP-kinesin fluorescent pattern is
imaged (upper left panel) to verify selectivity adsorption of
kinesin and to define the chemical edge (dashed line). A
microtubule glides on the kinesin-coated glass surface toward
the kinesin-free ppPEO region (0 s). The approach angle θ is
measured as the microtubule approaches the ppPEO/glass
boundary (10 s). As the microtubule crosses into the ppPEO
region, it partially detaches from the surface (15 s), before
detaching completely (20 s) and diffusing away from the surface
(25 s, 30 s). Scale bar ) 10 µm.
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(<30°) to p ≈ 0% for orthogonal approach angles. A
topography-only wall could bend the microtubule’s leading
tip into alignment, particularly for those microtubules
approaching at shallow angles. Because all surfaces
(including the wall) are coated with kinesin, two paths of
travel are possible for the microtubule once aligned to the
base of the wall: (1) climbing up the wall (escaping) and
(2) traveling along the bottom surface (guiding). Each of
these paths is equally possible at shallow approach angles
as shown by ∼50% guiding probability per collision.

In some cases, microtubules traveled along the edge
where the wall and bottom surface meet following a
collision with the wall. At this edge, a microtubule may
interact with kinesin on both wall and bottom surfaces,
which potentially causes a preference of the microtubules
for the edge over climbing the wall. If these microtubules
travel long enough to be counted as guided according to
our guiding criteria (>10 µm), they may increase the
probability of guiding above p ) 50% for the shallowest
approach angles.

Generally, microtubules at large approach angles (>30°)
were guided more frequently than observed for the ppPEO
chemical edge. The guiding probability for the topography-
only walls dropped linearly rather than exponentially as
for the glass-ppPEO boundaries (Figure 6B). We propose
this is due to the increased bending of microtubules by
the wall compared to the chemical boundary.

Microtubule Guiding by a PEO Chemical Edge
Combined with a Wall of SU8. Microtubules gliding on
the kinesin-coated SiO2 bottom surface were tracked as
they collided with a kinesin-free wall of PEO-treated SU8
(Figure 1C and Figure 5). These collisions were recorded
and used to calculate the probability of microtubule
guiding over a range of approach angles as shown in Figure
6C. Similar to results for polyurethane walls, the SU8-
PEO wall could guide microtubules by bending the leading
tip of the microtubule (Figure 5). In conjunction with PEO
treatment, however, guiding occurred at all approach
angles, and microtubules could bend more sharply to
accommodate guiding. As a result, we observed a guiding
probability of p ≈ 0.9 for all approach angles as shown in
Figure 6C. This result is consistent with experiments
performed by Hiratsuka et al.11 who reported that mi-
crotubules were rarely observed to climb a 1 µm high wall
with characteristics similar to our combined surfaces
(made using photoresist SAL601). For SiO2/SU8 control
surfaces where PEO triblock polymer was not added and
where presumably there is some kinesin adsorbed to the
wall, we noted that some microtubules could escape over
the wall. The lack of chemical selectivity reduced the
probability of guiding for all angles in this case.

Evidently, guiding may be drastically improved by the
selective adsorption of kinesin to the bottom of tracks if
the microtubule is aligned with the wall. In this case,
the microtubule movement up the wall will be due solely
to fluctuations of the microtubule tip; however, the affin-
ity of the microtubule for kinesin causes the tip to re-
turn to and continue moving along the bottom surface.
This is in contrast to polyurethane (topography-only)
walls, which have kinesin adsorbed to the wall face and
support movement up the wall, thus reducing guiding
probability.

Discussion
From our approach angle analysis, we found that (1)

chemical patterns of kinesin only guide at shallow
approach angles, (2) topography-only walls guide only half
the time at shallow angles and guiding drops off linearly
with increasing approach angle, and (3) combined patterns
(topography and chemical) yield the most guiding events
(p ≈ 0.9) independent of the approach angle of microtu-
bules. We aim to understand the mechanism of guiding
by determining how a chemical edge and a wall contribute
to guiding. Therefore, we have derived models that
incorporate the material properties of microtubules and
wall geometry to predict results consistent with our
observations.

Estimating Microtubule Guiding Due to Thermal
Fluctuations at a Chemical Boundary. In chemical
patterns, a microtubule that partially crosses onto a
ppPEO region is free to fluctuate, because it is bound only
by kinesin on the glass surface. Without a physical
boundary such as a wall to push against the free end of
the microtubule, microtubule bending originates only from
fluctuations by the microtubule tip due to Brownian
motion. The fluctuating microtubule tip sweeps out an
area on the surface and is guided if the microtubule
approaches at a shallow enough angle such that its
overhanging portion can bend back into the glass region
where it can resume gliding (Figure 7).

The amount of bending can be determined from the
stiffness of the microtubule and the amount of time
the microtubule is given to fluctuate. These two param-
eters are measured by the flexural rigidity (EI) and
the first passage time (tk). In this case, the first pas-
sage time is the average time that a microtubule free
tip takes to deflect a given distance. Small deflections
will have short first passage times, while larger deflec-
tions will take long times, with the exact relationship
depending on the energy required for the large deflections.
The first passage time for a fluctuating particle can be
written33 as

where U0 is the elastic energy of the particle and τ is the
relaxation time. The elastic energy U0 for a microtubule
which bends in the guided path (Figure 7C) is

where L is the overhang length, R is the radius of curvature
of the bend with R ≈ L2/8h,19 h is the tip displacement,
and θ is the approach angle with tan θ ) 4h/L. The

(33) Howard, J. Mechanics of motor proteins and the cytoskeleton;
Sinauer Associates: Sunderland, MA, 2001.

Figure 5. Microtubule guiding by a wall of SU8-PEO. SU8
auto-fluoresces under illumination and is used to determine
the orientation of a wall of kinesin-free PEO-treated SU8 (light)
on a kinesin-coated SiO2 surface (dark) in the upper left panel
(dashed line). A guided microtubule approaches the wall at
angle θ (0 s, 10 s) and undergoes bending (20 s) until it is aligned
with the wall (30 s) and proceeds along the bottom surface (40
s). Scale bar ) 5 µm.

tk ) τxπ
4xkT
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) 2EI
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relaxation time τ is estimated in Gittes et al. (1993) as

where γ is the perpendicular drag coefficient, L is the
overhang length of the microtubule fluctuating, and n is
the bending mode. For this calculation, we consider only
the first bending mode (n ) 1) since it will contribute the
most to the deflection. Furthermore, the perpendicular
drag coefficient per unit length γ can be approximated by
the formula for a cylinder moving near a surface,25

where η is the viscosity (η ) 1.03 × 10-3 kg m-1 s-1 for
water at 19 °C), b is the height of the cylinder axis to the
surface [estimated at∼11 nm25], and r is the hydrodynamic
radius [r ≈ 15 nm for microtubules;25 if the ppPEO layer
decreases the distance between surface and microtubule,
this would lead to fewer guiding events as the drag
increases and the tip fluctuations are reduced]. Rewriting
eq 1 in terms of the microtubule overhang length L and
approach angle θ, we have

According to eq 5, the time tk needed for thermal
fluctuations to bend a microtubule by an angle θ will
increase dramatically as the approach angle θ increases.

Initially, tk will decrease when the overhang length L
increases due to the decreased elastic energy barrier;
however, it will increase as L continues to increase due
to the increase in the relaxation time (τ).

For the average microtubule to be guided, the first
passage time tk must be within the time that a microtubule
has to sample the surface. Assuming a microtubule travels
at ∼0.5 µm/s, it will have approximately tk ) 10 s to sample
the surface until it overhangs by L ) 5 µm (average
microtubule length). Using EI ≈ 30 × 10-24 N m2,34 we
calculate τ ) 0.5 ms for a microtubule overhang of length
L ) 5 µm (γ ) 1.1 × 10-2 kg m-1 s-1 at 19 °C). By (1), for
this first passage time (tk) and the relaxation time (τ), an
average microtubule tip will bend at least U0 ≈ 11 kT
(where 1 kT ) 4.0 × 10-21 J at 19 °C). This corresponds
to an approach angle of θ ≈ 4°. For guiding to occur, the
microtubule approach angle must be at a shallow enough
angle that this bending is enough to reach the adhesive
glass region (Figure 7C). Because this represents only an
average microtubule, we expect at this approach angle a
guiding probability of 50%. In fact, we observe microtubule
guiding at much larger angles with a guiding probability
of p ) 1/2 at θ ≈ 13°.

Interestingly, eq 5 predicts nearly perfect guiding at
small approach angles to the chemical edge, consistent
with our observations. For microtubules aligned to the
chemical edge, the fluctuating tip nearly always samples
enough area to find the kinesin on the glass side of the
edge. This is equivalent to the free tip needing only very
slight bending on the order of a few kT, which will happen
quite quickly as the first passage time for these small
energies is small. Consequentially, chemical tracks are
best arranged in straight narrow tracks (<1 µm in width)
that bind only aligned microtubules and restrict the
microtubule to shallow approach angles.

While our measurements have not included microtu-
bules that are stuck and swiveling around nonmotile
kinesin, a certain amount of swiveling may be occurring
as the microtubule glides along the surface bound by few
functional kinesin molecules. If a microtubule is driven
by two motors spaced 300 nm away from one another along
the microtubule and 20 nm of “play” (a fraction of the 70
nm overall length of kinesin),35 they could allow the
microtubule to change its angle 8° without detaching from
the surface. A microtubule angle change of 8° over what
is predicted by the bending theory (∼4°) brings the
expected approach angle where guiding will occur closer
to the measured angle of θ ≈ 13°.

Our experiments use a high motor density to prevent
detachment of microtubules from the surface. Although

(34) Mickey, B.; Howard, J. J. Cell Biol. 1995, 130, 909-917.
(35) Gibbons, F.; Chauwin, J. F.; Desposito, M.; Jose, J. V. Biophys.

J. 2001, 80, 2515-2526.

Figure 6. Probability of guiding for various microtubule approach angles at (A) a ppPEO/glass chemical boundary, (B) a polyurethane
wall (topography), and (C) a combined chemical edge and topographical wall of SU8-PEO and SiO2 (shown ( standard errors).
The probability drops according to the least-squares fit equations (A) y ) 1.2 exp(-0.064x), (B) y ) 0.64 - 0.0067x, and (C) y )
0.87 (N ) number of total collisions; bin width ) 10°).

Figure 7. Schematic of guiding by microtubule bending at a
chemical boundary. (A) A microtubule approaches the chemical
boundary and (B) undergoes thermal fluctuations of its free tip
(of amplitude h) in the ppPEO region, which does not contain
kinesin. (C) For microtubules approaching at a shallow angle
θ, the fluctuations provide enough bending (through a micro-
tubule length L) for the tip to reach the glass region and continue
gliding.
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lower motor densities with only one to two kinesin
molecules bound per microtubule could exploit a swiveling
mechanism25,35 for guiding, the assays suffer from sto-
chastic detachment of microtubules not related to bound-
ary collisions. Therefore, guiding mechanisms at low motor
densities are not presented in this paper.

PathofLeastBendingforaMicrotubuleTraveling
up a Wall. One way to understand how a wall may lead
to guiding is to know how a wall changes the path of the
microtubule. Walls cause microtubules to change their
path either by bending them along the wall or by bending
them up the wall, where they may or may not detach from
the surface. Bending a microtubule requires energy, and
therefore we may assume that microtubules follow an en-
ergetically favorable path that requires the smallest angle
of bending. For walls of steepness σ < 90°, the climbing
angle F of the microtubule on the wall is less than the
approach angle θ and can be calculated by

where F is the climbing angle along the wall face with
respect to the bottom surface, θ is the approach angle of
the microtubule to the wall, and σ is the wall steepness
as illustrated in Figure 8A.

For topography-only polyurethane surfaces, kinesin
coats both walls, thereby enabling climbing of microtu-
bules at angle F. To estimate the smallest value of F that
is still considered guided by our selection criteria (mi-
crotubule remains in focus for 10 µm), we consider a
microtubule that climbs the 1 µm high wall over a 10 µm
distance. For a wall with steepness σ ) 80° (Figure 3), the
wall face will have a width of w ) (1 µm/sin 80°) ≈ 1 µm.
Assuming a straight path for the microtubule, the climbing
angle on the wall is approximately F ) arctan(1 µm/10
µm) ≈ 6°. For smaller climbing angles, it becomes
increasingly likely that the microtubule will lose its
original direction of movement due to random fluctuations
in its path, which results in a ∼50% probability of
returning to the bottom edge of the wall. For a wall with
steepness σ ) 80°, a value of F ) 6° corresponds to an
approach angle of θ ≈ 30° according to eq 6 (plotted as
Figure8B).Thismodel correspondswellwithexperimental
data where we observe approximately the same amount
of guiding for θ < 30°.

Larger approach angles lead to large climbing angles
which are not generally guided as the microtubules climb
the wall quickly and go out of focus or detach. Microtubule
bending will vary statistically; there is a distribution of

climbing angles for a single approach angle. However,
this model correctly predicts that as the approach angle
to a polyurethane wall increases, the probability of
guiding decreases from a maximum of ∼50% at shallow
approach angles. At near orthogonal angles, the prob-
ability approaches zero as microtubules climb up the wall
instead.

Combining topography and chemistry to make tracks
for guiding, such as for SU8-PEO surfaces, may improve
guiding due to the fact that kinesin is not adsorbed to the
wall face and therefore cannot support microtubule
climbing. A microtubule that bends to climb the wall and
is still partially bound to the bottom surface will have its
leading end free to sample the surface similar to the
chemical boundary since it is unbound by kinesin. The
nearest kinesin molecules are on the bottom surface and
are an angle F away, due to the wall-induced bending of
the microtubule according to eq 6 (shown in Figure 8A).
The probability of the fluctuating end on the wall being
guided can be estimated in the same way as for the
chemical patterns, using the climbing angle F instead of
the approach angle θ.

In fact, the steepness for combined patterns corresponds
to σ ) 90° (Figure 3B) where we expect guiding at all
angles as F f 0° and where guiding will always occur
(according to eq 6). Our model agrees with qualitative
observations of others11 who note that steep walls and
chemical selectivity were needed for frequent guiding of
microtubules.Themodelpredictsan increasingprobability
of guiding as the wall steepness increases.

The occasional microtubule that is not guided could be
due to variation in the wall steepness. According to the
model, we expect the climbing angle and therefore the
guiding probability to fall for even a modest 5° decrease
in wall steepness. Therefore, microtubule guiding may be
sensitive to changes in wall steepness beyond our ability
to measure it with the scanning electron microscope.

Prediction of Travel Distance for Straight Tracks.
Previously we derived a relationship between guiding in
collisions and microtubule travel distance in straight
tracks of polyurethane.19 Using this relationship, we can
predict microtubule travel distances for chemical versus
topography versus combined-patterning methods. The
total distance traveled (dtotal) along the track before escape
in a nonguided collision is a sum of the initial distance to
first collision (d1) and distances between collisions (d2)

where pguiding is the average probability of guiding for a
collision with the track boundary. In our previous work19

on 1.5 µm wide topography-only polyurethane channels,
for example, we have measured d1 and d2 and the average
approach angle as 11 ( 8 µm, 16.6 ( 7 µm, and 11° ( 7°,
respectively. Assuming that these values are the same
for all track types, the guiding probability corresponding
to an approach angle of 11° in Figure 6 is estimated as
pguiding ≈0.59, 0.56, and 0.87 for chemical-only, topography-
only, and combined tracks, respectively. From eq 7, we
predict 〈dtotal〉 ≈ 35, 32, and 122 µm for chemical-only,
topography-only, and combined straight tracks, respec-
tively. Based on guiding probabilities at track boundaries,
we plan to extend our model so that guiding in complex
track shapes (i.e., curved tracks) can be predicted.

This analysis provides knowledge of when and where
each patterning type may be useful as a molecular shuttle
track through an understanding of the limitations of each

Figure 8. (A) The path of least bending is shown for a
microtubule approaching a wall at an angle θ. For walls of
steepness σ < 90°, the climbing angle F of the microtubule on
the wall is less than the approach angle θ according to eq 6. (B)
This relationship is plotted for topography-only polyurethane
walls (σ ) 80°).

tan F ) tan θ cos σ (6)

〈dtotal〉 ) d1 + d2( pguiding

1 - pguiding
) (7)
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type. Chemical patterns are useful tracks when the
microtubule/boundary crossings are limited to small
approach angles,19 where the guiding probability is nearly
one (p ≈ 1). Thus, for thin straight segments which limit
the possible approach angles, chemical tracks will ef-
fectively transport filaments. For tight turns, microtubules
will be approaching the boundary at larger angles;
therefore combining walls with kinesin selectively ad-
sorbed to the bottom surface may be the best option.
Topography-only tracks may be useful when additional
surface area is needed to capture a large number of
microtubules in solution as in a sensing application.

Conclusion

This study determines quantitatively how chemical and
topographical patterns on a surface can influence filament
paths. We have also derived physical models that yield
additional insight into the design of efficient tracks for
motor protein shuttles. Our work may also shed light on
cellular transport mechanisms where cargos must over-
come obstacles in crowded cellular environments. By
incorporating efficient tracks for molecular shuttles, we

will be able to engineer simple nanoscale devices using
complex track shapes.
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