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ABSTRACT

We demonstrate localized electrical control of the docking of microtubules onto engineered kinesin-coated structures. After applying a voltage
to a gold electrode, we observe an enhanced transport of microtubules from solution toward the surface and a subsequent increase of the
amount of moving microtubule shuttles. Switching off the voltage leads to a partial detachment of microtubules from the surface. The surface
coverage of microtubules, during both the docking and undocking events, follows an exponential time dependence. We provide a simple
kinetic model, incorporating the equilibrium between free and surface-bound microtubules, that explains these data.

The biological cell possesses a variety of force generating
elements to perform mechanical work. For example, kinesin
motor proteins can bind some cargo and walk along
microtubules, their associated protein filaments, thus provid-
ing a means of directed intracellular transport of material.
Another well-known example of force generation is the
contracting muscle system, caused by myosin motors that
translocate actin filaments. Both kinesin and myosin derive
energy from the hydrolysis of adenosine trisphosphate (ATP).
Exploitation of biomolecular motors in a nanofabricated
environment will open up ways of controlling matter on the
nanoscale,1,2 for example the transport of DNA molecules3

or polystyrene beads.4 Recent work has concentrated on using
the filaments as transporting shuttles3-5 that glide over motor-
protein-coated surfaces. Micro- and nanofabrication tech-
niques, chemical patterning, and combinations thereof have
been used to create well-defined tracks for filament shuttles
(microtubules4,6-9 or actin10-12), allowing spatial control over
the motility. Electric fields that can be switched on and off
in time have been used to influence velocity and orientation
of microtubules6,13 and actin filaments14,15 in motility assays
at a large (∼mm) macroscopic scale. Combined spatial and
temporal control over microtubule motility has, however, not
been reported until now.

In this paper we report the use of localized electric fields
to control the transport of negatively charged microtubule
shuttles from bulk solution into nanoengineered structures
on a substrate. When scaling down the tracks for microtubule
motility toward smaller dimensions, there is a need for a
more efficient docking of microtubules into those structures.
One way to achieve this would be to use large kinesin-coated
areas that collect microtubules from solution and feed them
into the network of tracks (Figure 1a). The use of nano-
fabrication techniques allows for an easy coupling between
the microscopic docking pads and the nanosized microtubule
tracks. Another tool, which does allow additional control, is
to use switchable electric fields to drive microtubules toward
the substrate. Nanofabrication makes it possible to integrate
the electrodes into the structures, thereby enabling the control
of shuttle docking at specific places on a substrate.

To demonstrate the electrical docking of microtubules, we
used nanofabrication techniques to fabricate gold (Au)
electrodes in recessed areas in silicon dioxide (SiO2)
substrates (Figure 1a) and chemical patterning to block
motility on the SiO2. The details of the fabrication process
involve the following. Onto a silicon (Si) substrate with a 1
µm thick layer of thermally grown SiO2, an electron-beam
(e-beam) sensitive resist layer of 600 nm was spun. The
patterns were defined by e-beam lithography, and a reactive
ion-etching step then transferred the pattern into the SiO2.
Finally, e-beam evaporation was used to deposit a 5 nmthick
chromium (Cr) sticking layer and a 30 nm thick Au layer.
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This was followed by a lift-off step to remove the resist.
The samples were subsequently cleaned and a hydrophilic
poly-ethylene-glycol (PEG) ([methoxy(poly-ethyleneoxy)-
propyl]-trimethoxysilane, 90%, ABCR Karlsruhe) self-as-
sembled monolayer (SAM) was grafted onto the SiO2.
Finally, a hydrophobic hexadecanethiol-SAM was grafted
onto the gold. In the experiments, we used 9× 9 mm2

substrates on which square test structures with lengths of
50 and 100µm were fabricated. Two small leads (2000× 2
µm2) connected the test structures to bonding electrodes at
the edge of the substrate. The bonding electrodes were
connected to the outside electronics by wire bonding. A flow
cell (Figure 1b) was built by putting two spacers (∼0.1 mm
thick Parafilm or Scotch double-sided tape) over the bonding
electrodes and part of the leads and covering the chip with

a microscope slide (24× 24 mm2). A 0.1 µm thick gold
layer was evaporated on the cover slide as the counter
electrode. A transparent window of width∼3 mm was kept
free from gold to allow for imaging.

Microtubule motility was imaged by fluorescence micros-
copy with an inverted Olympus microscope (Zeiss 100× oil-
objective, 1.30 NA) and images were recorded with a CCD
camera (Hamamatsu ORCA). The flow cell was first
incubated for 5 min with a casein solution (0.5 mg/mL casein
in BRB80 buffer (80 mM pipes, 1 mM MgCl2, 1 mM EGTA,
pH ) 6.9)) to passivate the Au surface. Then a kinesin-
containing solution was perfused into the flow cell (6µg/
mL full-length Drosophilaconventional kinesin in BRB80,
0.2 mg/mL casein, 1 mM ATP) and incubated for 5 min.
Finally, the flow cell contents were exchanged with motility
solution containing rhodamine-labeled paclitaxel-stabilized
microtubules16 (∼30 nM tubulin, 1 mM ATP, 1 mM MgCl2,
10µM Taxol), an anti-bleaching cocktail (20 mMD-glucose,
0.020 mg/mL glucose oxidase, 0.008 mg/mL catalase, 1%
â-mercaptoethanol (âME)), and a redox mediator (3 mM
ferrocene-dimethanol (Fc(MeOH)2)), all in BRB80 buffer.
As intended, microtubules could be visualized moving on
both the cover slide as well as on the gold, but not on the
SiO2. Voltage pulses were applied to the microelectrode, with
a duration of 30 to 90 s and with amplitudes between+0.5
and +1.2 V (with respect to the counter electrode). Fluo-
rescence images were taken each second. For both the
application of the voltages and the monitoring of the resulting
current, an electrochemical potentiostat (BAS CV50W) was
used in a two-electrode setup.

Figure 2 shows the increasing density of microtubules
upon applying a voltage to an electrode. A typical sequence
of snapshots from a movie is displayed, as taken during and
after the application of a voltage. Initially (Figure 2a), the
number of microtubules present at the gold surface inside
the square structure is limited. Then, att ) 0 s, a voltage of
0.7 V is applied during 60 s and the number of microtubules
at the electrode surface starts to increase with time (t ) 20
s, t ) 60 s). After switching off the voltage, (att ) 60 s),
the number of microtubules that are moving on the gold
surface gradually decreases again. Microtubules were seen
to detach from the gold either by spontaneous release or by
collisions with the SiO2 walls of the structure. Att ) 120 s
(60 s after switching off the voltage), the number of
microtubules inside the structure has decreased considerably,
although there are still more than at the beginning of the
docking event (cf. Figure 2a,t ) 0 vst ) 120 s). In general,
motility was observed to continue unimpeded during bias,
although some microtubules got stuck to the gold after
landing. In some rare cases, motility was slowed or halted
during application of the voltage. Motility on the SiO2

substrate (i.e., outside the square area in Figure 2) was not
observed due to the blocking by the PEG monolayer.

To analyze the docking efficiency of microtubules, we
quantify the amount of microtubules present in each camera
image. In an automated fashion we count the total number
of pixels belonging to microtubule particles in each frame.
The latter number serves to quantify the microtubule density.

Figure 1. (a) Scanning electron microscope (SEM) image of a
nanofabricated structure serving as a track for microtubule motility.
The large droplet-shaped area is a docking place for microtubule
shuttles from solution. The inset shows the connection of the
docking area into the circular structure. The tracks consist of
recessed areas in the SiO2 substrates (see inset, depth∼860 nm),
with a gold-covered bottom. (b) Schematic layout of a flow cell
(not to scale). Square test microstructures (yellow) are fabricated
in the substrate, according to the process described in the text.
Similar to the SEM pictures in (a), the structures consist of gold
areas recessed into SiO2. They are connected to bonding pads at
the edge of the chip via small leads. Two 0.1 mm thick spacers
cover the bonding pads and part of the connection leads. The top
of the flow cell consists of a cover slide with an Au counter
electrode at the inside. A transparent window is kept open for
microscopy imaging. Voltages (V) were applied between the test
structures and the counter electrode and the resulting current (I)
was measured.
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The image processing of the raw images consisted of a
brightness-contrast-gamma correction and a convolution filter
step to improve image quality (see Supporting Information).
An automatic thresholding was then used to discriminate
between microtubule particles and background. As a result,
a binary version of each camera image was obtained with
all microtubule pixels set to 1 and all background pixels set
to 0. Finally, particles smaller than a critical size were
removed. To determine the time evolution of the microtubule-
covered area (A), this analysis was done for each camera
image.

The result of this analysis is shown in Figure 3b, where
we plot the microtubule-covered area during the event
depicted in Figure 2. Upon application of the voltage att )
0 s, the surface coverage of microtubules starts to increase,
from an initial value of∼103 pixels to∼20 × 103 pixels at
t ) 60 s. The microtubule density thus has increased more
than an order of magnitude. After switching off the voltage
(t ) 60 s), the surface coverage decreases again, in
accordance with Figure 2, toward a value of∼103 pixels at
t ) 125 s. From the time trace it is clear that the growth
rate of microtubules on the surface levels off with increasing
time. The decrease in coverage after switching off the voltage
follows a similar time dependence. We found that both the
growth and decay traces can be well fit with exponentials
(red lines in Figure 3b).

In Figure 3a, we also plot the time evolution of the current
density (Jq) during the same event. The values ofJq were
obtained by dividing the measured current by the area of
the gold exposed to solution.17 Upon application of the
voltage,Jq initially peaks and then a gradual decrease is
observed. Within∼10 s the current density reaches an
approximately constant value of about 35 A/m2 (measured
current∼200 nA).

As a further investigation, we show in Figure 3c and d
similar data (Jq and A) for a series of docking events
measured in another experiment. In this measurement series,
we applied a variety of pulse durations and amplitudes. The
time evolutions of bothJq andA show a similar behavior as
described above. We observe a correlation between the peak
value ofA and the magnitude ofJq in each event.

We attribute the transport of microtubules into the
structures to migration as a result of the electrochemical
current.18 Upon application of a positive bias to the electrode,
both Fc(MeOH)2 andâME are being oxidized at the electrode
surface. Depletion of these redox species at the electrode

surface leads to the development of an electric field in the
solution, driving a migration current. A part of this migration
current will be carried by negatively charged microtubules6,13

in solution, resulting in the transport toward the electrode.
The decrease ofJq with time can be associated with the
formation of a depletion region of electroactive species close
to the electrode.19 Both the data of the docking events upon
application of a voltage, and the subsequent undocking data
can be explained by considering the transport and the
binding/unbinding of microtubules at the electrode surface.

We now develop a simple model to describe these data.
We consider, on one hand, the transport of microtubules
between the bulk and the surface, and on the other hand,
the binding and unbinding dynamics of microtubules at the
surface (Figure 4). We thus distinguish microtubules in three
different states, viz., microtubules bound to kinesin molecules
at the surface, free microtubules at the surface (but not bound
to kinesin), and free microtubules in the bulk. Microtubules
in the bulk (volume concentration [M]) can be transported
toward the surface by both diffusion and migration. We
denote the local volume concentration of microtubules in a
small layerdzabove the surface as [M0]. Microtubules within
this distancedz from the surface can bind to kinesin
molecules with a rate, denotedk′b, and start moving over
the surface (surface concentration of bound microtubules
[MK]). Bound microtubules can also detach from the surface
with a ratekoff.

Considering first the transport of microtubules between
the bulk and the surface, the rate of change in the total
amount of microtubules (bound and free) at the surface is
given as

whereJelectric andJdiff are the migration and diffusion-driven
fluxes of microtubules, respectively. We approximate the
magnitude ofJdiff using the result for linear diffusion19 as

Herekdiff ) Dmt/h, whereDmt is the diffusion constant of a
microtubule andh is the length scale of the diffusion layer
thickness. Upon application of a voltage to the electrode, an

Figure 2. Docking of microtubules onto a Au microstructure upon application of a voltage of 0.7 V during 60 s. The number of microtubules
inside the 50× 50 µm2 structure increases with time (t ) 0, t ) 20, t ) 60 s) during application of the voltage. After the voltage is
switched off att ) 60 s, the number of microtubules decreases again (t ) 120 s, 60 s after switching off the voltage). For clarity, the outline
of the Au electrode is highlighted.

∂([MK] + dz[M0])

∂t
) Jelectric+ Jdiff (1)

Jdiff ) Dmt

([M] - [M0])

h
) kdiff([M] - [M0]) (2)
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electrochemical current starts to flow and microtubules
migrate toward the electrode as a result of the electric field
in the solution. The additional flux of microtubules is
proportional to the bulk concentration and mobility of
microtubules (µmt) and the electric field in the bulk. The latter
quantity equalsJq/σ (with σ the conductivity), yielding18

Finally, assuming equilibrium between [MK] and [M0] at
all times,20 [MK] can be expressed as a fraction of the total
amount of microtubules (bound and free) present at the
surface:

wheredz‚k′b ) kb. Combining eqs 1-4 yields for the rate
of change in the concentration of microtubules bound to the
surface:

To convert the surface concentration of microtubules [MK]
into units of covered-area pixels (A), we use thatA ) [MK]-
NASa0. Here,NA is Avogadro’s number,S is the electrode
area (in m2) visible within the camera image, anda0 is the
average area of a microtubule in an image (in pixels). Using
this transform and solving eq 5 (boundary conditionAt)0 )
A0) under the assumption that the microtubule concentration
in the bulk is constant,21 we obtain forA(t):

Figure 3. Time traces of the microtubule-covered area (A) and current density (Jq). (a,b) Measurement data ofA (b) andJq (a) corresponding
to the event shown in Figure 2. The increase and decrease in area were fitted with exponentials (red lines, see text) with time constantsτ
equal to 37 and 27 s for the docking and undocking, respectively. (c,d) Series of docking and undocking events from a different experiment.
A variety of voltage pulse durations (30 to 90 s) and amplitudes (0.55 to 0.75 V) was applied. The high noise in theA(t) data present in
the last event in Figure 3d is due to the passing of cluster of fluorescent material. (e,f) Results from an analytical model [eqs 6-8] describing
the qualitative response in surface coverage (f) upon application of a block-shapedJq pulse of 60 s duration (e). Time constants were
chosen in accordance with the time constants in (b) to facilitate a comparison. (g,h) Control experiment on a glass surface. Plotted is the
measured change in surface coverage of microtubules on a glass slide (h) after changing the bulk microtubule concentration [M] (g). At t
) 0 s, microtubules are added and att ) 900 s the flow cell was flushed with a motility solution without microtubules. The docking and
undocking from the glass slide follow similar exponential time dependences (red lines). The plotted time dependence of [M] (g) is an
estimate based on the fits in (h). All images contained 672× 512 pixels.

∂[MK]
∂t

)
kb

kb + dz koff
((kdiff +

µmtJq

σ )[M] -
koffkdiff

kb
[MK]) (5)

A(t) ) Ass+ (A0 - Ass)‚e
-t/τ (6)

Jelectric)
µmtJq

σ
[M] (3)

[MK](t) )
kb

kb + dz koff
([MK](t) + dz[M0](t)) (4)
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where the time constantτ ) (koffkdiff/kb)-1 under the assump-
tion thatkb . dzkoff.20 We will show later from the results
that this assumption indeed holds. The steady-state coverage
Ass is given by

where we defined an effective transport on-ratekon(Jq) as

Figure 3 shows that eq 6 provides a good analytical
description of the observed data. In Figure 3f we plot the
time evolution of the covered area upon application of a
block-shapedJq pulse of 60 s duration (Figure 3e). As a result
of theJq there is an exponential growth in covered area from
A0 toward a steady-state coverageAss. The magnitude ofAss

depends onJq according to eqs 7 and 8. Switching offJq

leads to an exponential decay toward the initialAss(Jq ) 0).

We analyzed 45 docking and subsequent undocking events
from 12 movies that were recorded in different experiments
in two electrode sizes (50 and 100µm lengths). First, all
the undocking events were fitted with the model eq 6, with
A0, Ass, andτ as free parameters. For each undocking event,
we calculated the values of the binding affinity ratiokb/koff

and the diffusion transport ratekdiff via eqs 7 and 8,22 putting
Jq ) 0. The results of the fitted values forτ, kb/koff, andkdiff

are displayed in Table 1. The distribution of time constants
is given in Figure 5. A clear peak between 10 and 30 s is
present in the data, with the median value of the distribution
τ ) 25 ( 3 s (standard error of the mean).

We compare the derived average value ofkdiff, viz., (5.3
( 0.8) × 10-7 m/s (Table 1), with an estimate forkdiff (eq
2). For the latter we useDmt ) 4 × 10-13 m2/s, as calculated
from the Einstein relationD ) kBT/γ. Here, kB is the
Boltzmann constant,T is the absolute temperature, andγ is
the drag coefficient. The value ofγ was analytically
estimated to beγ ) 10-8 kg/s for a cylinder with the
dimensions of a microtubule23 (Supporting Information).
Using this order-of-magnitude estimate forDmt we can
calculate that, on the time scale of the experiments, the
diffusion layer thicknessh is on the order of a fewµm ((h
) (Dmtt)1/2). Thus we obtain a rough estimate forkdiff ) 10-7

m/s, which is in good agreement with the fitted value.
As a second step in the analysis, we used eq 6 to fit the

data of the docking events in order to investigate the
correlation betweenAss andJq. In the fitting procedure we

Figure 4. Schematic of the transport of microtubules between 3
different states. Microtubules can be transported between the bulk
solution (volume concentration [M]) and the surface (local volume
concentration [M0]) via diffusion and via migration transport in the
case of an electric field. Free microtubules close to the surface are
in equilibrium with microtubules bound to kinesin molecules
(surface concentration of kinesin-bound microtubules [MK]). Only
microtubules that are within a distancedz from the surface can
interact with and bind to kinesin. The microtubule fluxes at the
surface are denotedJon and Joff, for binding and unbinding,
respectively. We denote the diffusion fluxJdiff (driven by a
concentration gradient over a characteristic lengthh) and the
migration flux Jelectric. We denote the height of the flow cell asz.

Ass) kon(Jq)[M]τNASa0 (7)

kon(Jq) ) (kdiff +
µmt

σ
Jq) (8)

Table 1. Results Derived from Exponential Fits to Undocking Events

structure
visible electrode

area S (µm2)
time

constant τ (s)a

diffusion rate
kdiff (m/s)b

binding affinity
kb/koff (m)b

small electrode (N ) 16) 2500 24 ( 2 (6.2 ( 1.4) × 10-7 (9.8 ( 1.3) × 10-6

large electrode (N)29) 4880 25 ( 4 (4.8 ( 1.0) × 10-7 (9.1 ( 1.2) × 10-6

all events (N ) 45) not applicable 25 ( 3 (5.3 ( 0.8) × 10-7 (9.3 ( 0.9) × 10-6

a Median value of the distribution( standard error of the mean.b Average( standard error of the mean.

Figure 5. Histogram of time constants derived from fitting the
undocking events. Events in both electrode structures (45 events)
were used. The arrow indicates the median value. The inverse of
the time constant equalskb/(koffkdiff) ) (τ)-1 ) 4 × 10-2 s-1.
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fixed the time constant to beτ ) 25 s, as found from the
undocking events (Table 1), and we fitted theAss values.
We obtainedAss for each docking event and we can evaluate
this versus the measured current densityJq.

Figure 6 shows fittedAss data versus measuredJq for two
different electrode sizes. Each plot shows a series of docking
events for a typical experiment. In agreement with eqs 7 and
8, there is a clear increase in the binding rate of microtubules
with increasing current density. Although the scatter in the
data points is considerable, we expect from the model that
the increase is linear. The straight lines in Figure 6 are least-
squares fits to thekon(Jq) data points, where the intercept
with the y-axis (kon(Jq ) 0) ) kdiff, eq 8) was set by the
values given in Table 1. For the slopes we find values of
∂kon/∂Jq ) 1.4 × 10-7 m3 A-1 s-1 and 4.1× 10-8 m3 A-1

s-1 for Figure 6a and b, respectively. The predicted value of
the slope, according to eq 8, is determined by the microtubule
mobility and the conductivity, viz.,22 ∂kon/∂Jq ) µmt/σ ∼ 4
× 10-8 m3 A-1 s-1. This is of the same order of magnitude

as the values found from the fits (Figure 6). We attribute
the difference in the slopes between the two plots mainly to
the uncertainty in theJq values (we cannot compare theJq

scales due to the different sizes of the electrodes17). We
emphasize that the value that we find forµmt/σ is an order
of magnitude estimate, which we find in reasonable agree-
ment with the analytical value.

We confirm the validity of the equilibrium model for
docking and undocking of microtubules to a surface with a
control experiment on a glass surface (Figure 3h). Here, we
measured the time evolution of microtubules binding to a
kinesin-coated glass slide in a flow cell consisting of two
glass cover slides separated by 100µm thick spacers. Att
) 20 s we flushed the flow cell with motility solution
containing 2 pM microtubules (Figure 3g). As predicted from
the model, the microtubule population on glass grows
exponentially toward an equilibrium value. Then, att ∼ 920
s the flow cell was flushed with a motility solution without
microtubules, effectively setting [M] ) 0 at that time (second
arrow in Figure 3g). As a result, the population of micro-
tubules bound to the glass flow cell decreases exponentially
toward its new equilibrium value. We can compare the rate
constants for microtubule docking onto our gold microstruc-
tures with the docking observed on a macroscopic glass slide.
In the case of a glass flow cell the value of [M] cannot be
taken constant during the experiment.21 This results in a slight
modification in the expressions forτ and Ass, but the
qualitative behavior for the surface coverage is similar. From
the fits in Figure 3h we calculate (Supporting Information)
a binding affinity of microtubules on a glass surface ofkb/
koff ∼ 2 × 10-5 m. This is slightly higher than the value 0.9
× 10-5 m found for the gold surfaces in our structures, in
line with the observation that the microtubule density on glass
(Figure 3h,Ass∼ 104 pixels in a 61× 80µm2 camera image)
is usually slightly higher than on gold surfaces without
applied voltage (Figure 3d,Ass(Jq ) 0) ∼ 103 pixels in a 50
× 50 µm2 electrode area).

In conclusion, we have observed the electrostatic docking
of microtubule shuttles into microfabricated structures after
application of a voltage. The microtubule coverage on the
gold surface exponentially approaches a steady-state equi-
librium value (Ass). The value ofAss is found to be linearly
dependent on the current density flowing through the
electrode. Switching off the applied voltage leads to the
partial undocking of microtubules, again displaying an
exponential dependence. We provided a simple kinetic model
for the equilibrium between microtubules in solution and
microtubules bound to kinesin at the surface. From this
model, we estimated the binding affinity of microtubules for
a gold surface to bekb/koff ) 0.9 × 10-5 m, which is lower
than for a glass surface (kb/koff ) 2 × 10-5 m). From the
data we also derived that the diffusion-driven transport rate
kdiff of microtubules into square gold electrodes waskdiff )
(5.3( 0.8)× 10-7 m/s. We achieved aJq-dependent increase
of the microtubule-transport rate (up to a 10-fold increase
compared tokdiff) by applying a voltage to the gold surface.
We attribute this effect to migration of microtubules. We
have shown that the same model also describes the binding

Figure 6. Steady-state microtubule coverage as a function of
current density at the electrode. Lines are least-squares fits through
the data with they-axis intercept fixed at thekdiff values for each
electrode size (Table 1). (a) Data recorded in a (50µm)2-sized
electrode; data points corresponding to events shown in Figure 3c
and d. The fit has a slope∂kon/∂Jq ) 1.4× 10-7 m3/As (∂Ass/∂Jq )
5.6 × 102 pixels m2/A). (b) Data for a movie recorded in a (100
µm)2-sized electrode. Slope∂kon/∂Jq ) 4.1× 10-8 m3/As from the
fit (∂Ass/∂Jq ) 2.9 × 102 pixels m2/A).
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and unbinding to a glass surface. The use of localized electric
fields in nanofabricated structures and the better understand-
ing of the binding dynamics of microtubule shuttles to a
surface will be useful for the future exploitation of bio-
molecular motors in a nanotransport system.
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