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Molecular Sorting by Electrical
Steering of Microtubules in
Kinesin-Coated Channels
Martin G. L. van den Heuvel, Martijn P. de Graaff, Cees Dekker*
Integration of biomolecular motors in nanoengineered structures raises the intriguing possibility of
manipulating materials on nanometer scales. We have managed to integrate kinesin motor proteins
in closed submicron channels and to realize active electrical control of the direction of individual
kinesin-propelled microtubule filaments at Y junctions. Using this technique, we demonstrate
molecular sorting of differently labeled microtubules. We attribute the steering of microtubules
to electric field–induced bending of the leading tip. From measurements of the orientationdependent electrophoretic motion of individual, freely suspended microtubules, we estimate the
net applied force on the tip to be in the picoNewton range and we infer an effective charge of
12 e– per tubulin dimer under physiological conditions.
ecent years have witnessed a strong interest in the exploration of biomolecular
motors in nanotechnology (1–4). A molecular motor such as kinesin, which translocates
in 8-nm steps along microtubule filaments
through hydrolysis of adenosine triphosphate
(ATP) (5), can potentially be used as the workhorse in miniaturized analytical systems or
nanoelectromechanical systems (6, 7). In particular, it is envisioned that microtubule shuttles
translocating over kinesin-coated tracks can be
used to carry a specific cargo to designated
places on a chip (8). First steps toward such
applications have been realized, such as partial
confinement of microtubules to micron-sized
kinesin-coated trenches (9–11), docking of
shuttles to their tracks (12), rectification of
motility (13, 14), and coupling of cargo (15).
The much-sought-after goal of dynamic control
of the direction of individual microtubules, a
key requirement for molecular sorting applications, has not been achieved so far. Attempts to
use electric fields to manipulate the negatively
charged microtubules have only resulted in
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large-scale alignment (16) or bulk transport of
the filaments (11, 12).
In this report, we reconstituted the kinesinmicrotubule transport system in enclosed
fluidic channels, which represents two major
advances. First, fluidic channels achieved full
confinement of the microtubules to their
tracks, without the need for any surface
modifications or selective patterning of kinesin
molecules in open-trench structures. Second, the
confined geometry of channels allowed the
localized application of strong, directed electric fields, which could be exploited to steer
individual microtubules, as well as to perform
single-molecule biophysical experiments. By
measuring the electrophoretic motion of individual microtubules, we determined the magnitude of the electric field–induced force on
the microtubule tip, and we directly confirmed
the predicted anisotropy in electrophoretic
mobility.
We fabricated fluidic channels 800 nm deep
(17) between entrance holes in fused-silica
substrates and sealed them (Fig. 1, A and B).
Microtubule motility was reconstituted in the
channels by a pressure-driven flow to flush the
necessary protein constituents (casein, kinesin,
and fluorescently labeled paclitaxel-stabilized
associated protein–free microtubules) from the
entrance reservoirs into the channels (Fig. 1C).
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Using epifluorescence microscopy, we could
discern microtubules moving on either the top
or bottom surface of a channel by adjusting
the focus of the objective (Fig. 1D). The enclosed geometry of the device completely
confined the microtubules to their tracks (Fig.
1E). All regions could be coated with kinesin
proteins, even less accessible regions in more
complicated networks, such as bends (Fig.
1F). The speed of the microtubules in our
channels (0.75 T 0.02 mm/s) was the same as
on a glass coverslip in a standard flow cell
(0.74 T 0.04 mm/s). By applying a voltage
difference between platinum electrodes inserted in reservoirs at either end of a perpendicular cross-channel, we induced an electric
field E perpendicular to the direction of microtubule motion (Fig. 2A). In this way, the
electrical force on the negatively charged microtubules was directed opposite to the electric
field.
We demonstrated that microtubules can be
directed with an electric field. The trajectory of
a microtubule that was subjected to an electric
field of strength kEk 0 35 kV/m (70 V over 2
mm) is shown in Fig. 2B. At the beginning of
the path, the microtubule was oriented perpendicular to the electric field. As the microtubule
progressed, its leading end gradually oriented
itself opposite to the applied field, until the
microtubule finally changed course by 90- and
moved parallel to the electric field and toward
the positive electrode. A trace of the leadingand trailing-end coordinates of the microtubule
showed that they followed exactly the same
path (Fig. 2B). This clearly indicates that there
was no motion of the microtubule perpendicular to its long axis, which is expected if kinesin
molecules hold onto the microtubule. Up to 110
kV/m, we did not observe a measurable
increase or decrease of the microtubule velocity
due to the electric field (18).
The electric force was used to actively steer
individual microtubules into a desired channel of
a Y junction, across and through which a perpendicular channel was fabricated in order to
confine the electric field. As a microtubule approached the junction, it was steered into the
right channel by adjustment of the perpendicular
electric field, whose magnitude was between 0
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and 50 kV/m (Fig. 2C). Figure 2D shows an
experiment in which many microtubules were
selectively steered into the right or the left
channel.
We attribute the observed steering of the
microtubules to a biased search of the free
leading tip of the microtubule for the next
SiO2

A

SiO2

800 nm

C

P

V

D

kinesin motor (Fig. 2E) (16). As a microtubule
is propelled by kinesin molecules, its tip
fluctuates freely by Brownian motion until it
binds to a new kinesin motor (19). In the absence of applied force, the equilibrium position

of the free tip is collinear with the microtubule_s long axis, which gives an equal probability of finding the next motor in either
direction from this axis. The presence of a
perpendicular force, however, will bias the

B

Focus top side

1 µm
I

Focus bottom side

E

10 µm

F

5 µm

Fig. 1. Enclosed submicron channels allow for
full confinement of microtubules. (A) E-beam
lithography and wet etching create 800-nm-deep
trenches in SiO2 substrates. A coverslip coated
with a sodium-silicate solution (dark blue) seals
the channel after annealing. (B) Scanning electron microscopy image of a cross section of a
nanochannel. (C) Schematic cross section along
a channel. Kinesin motor proteins (green) and
microtubule filaments (red) are added to the
channels by a pressure-driven flow. Electric fields
can be induced in the channels by applying a
potential difference between the reservoirs. (D)
Fluorescence microscopy shows that microtubules
(red) move on both sides of the channels (blue).
Yellow ovals indicate microtubules in the focal
plane; white ones denote microtubules just out of
focus. (E) Traces of several microtubules moving
through a confined channel. The figure is an
overlay of microtubule traces traversing the
image during a period of 7 min. No microtubules
are observed outside of the tracks. (F) More
complex geometries, such as the bend in a
rectifying geometry, could also be well coated
with kinesin molecules and could support microtubule motility.

Fig. 2. Bending and steering of microtubules by an electric field. (A) An electric field (E) is induced in
a horizontal channel perpendicular to the vertical direction of microtubule (red) motion. The electric
force on the negatively charged microtubule is along –E, denoted by the blue arrow. Furthermore, the
applied electric field will induce motion of the positive ions in the double layer at the channel walls
(characteristic thickness lD), causing an electro-osmotic flow in the channel. (B) Overlapping coordinates of leading (red symbols) and trailing (black symbols) ends of a microtubule oriented in a field
kEk 0 50 kV/m. (Inset) The positions trace (dashed) in a fluorescence image. (C) A microtubule entering
from the central channel at the top is steered into the right lead of the Y junction by application of a
perpendicular electric field that varies in magnitude between 0 and 50 kV/m (indicated by length of
arrow). (D) By using magnitude and direction of the electric field, many microtubules are steered to the
right (top panel) and left (bottom panel). (E) Bending of a microtubule by a net force. The main part of
the microtubule is held fixed by kinesin molecules; only the free leading tip (length d) is subject to a
force density fnet, which bends it with curvature r –1. (F) Measurements of the average trajectories that
microtubules travel under three different applied fields Ex. Black traces represent averages of many
individual paths. Gray lines are the individual trajectories at kEk 0 0. At kEk m 0, the spread in the
individual trajectories is similar, but they are not shown for clarity. Initial curvatures of the trajectories
are denoted by red circles. (Inset) The linear relation between electric field strength kEk and curvature
R–1. The values of fnet were calculated from E (see text).
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fnet 0 c± ðme,± þ mEOF ÞE

ð1Þ

Electrokinetic measurements were performed on single microtubules in order to
measure the magnitude of this force. The
electrophoretic mobility of rodlike polymers,
such as microtubules, has only been treated
theoretically, and is predicted to be anisotropic for perpendicular (me,±) and parallel
(me,¬) orientations of the rod to the electric
field (20, 23):
me,¬ 0

ez
ez
and me,± 0 2=3 g±
h
h

ð2Þ

Here, h and e are the viscosity and dielectric
constant of the fluid, respectively, and z is
the electrostatic potential at the no-slip plane
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equilibrium position toward the direction of
higher potential and thereby increases the
probability of finding the next binding site in
this direction.
The field-dependent trajectories of microtubules were traced to quantify the microscopic
bending in experiments analogous to Fig. 2B.
For kEk 0 0, the average path of several (N 0 18)
microtubules was indeed a straight line in the
initial direction of motion (Fig. 2F). For kEk 0
35 kV/m, the average microtubule path deviated
from the straight path, ultimately orienting itself along the electric field (N 0 17). The
curvature of the trajectory upon entering the
electric field was fitted by a circle of radius R 0
15 T 2 mm. At a higher kEk 0 70 kV/m, the
average bending of the path (N 0 10) was more
pronounced, and the curvature was described
by a circle of R 0 8 T 1 mm. The observed
curvature of the microtubule path increased
linearly with applied electric field (Fig. 2F,
inset). The average bending radius did not
depend on microtubule length.
The forces that act on the microtubules in
the presence of an electric field have a nontrivial origin. The net force per unit length on
the microtubule, fnet, stems from two components. First, the electric force was shown to
equal the drag that moving counterions in the
microtubule_s double layer experience from the
surrounding fluid: fe 0 cmeE (20–22). Here, c is
the Stokes drag coefficient per unit length
and me the (negative) electrophoretic mobility
of the microtubule. The second contribution to
the force on the microtubule results from the
fluid motion in the channel due to the fielddriven motion of counterions at the glass
channel walls. This electro-osmotic flow
(EOF) (Fig. 2A) exerts a drag force on the
microtubule opposite from the electric force,
fEOF 0 cmEOFE. Here, mEOF is the (positive)
electro-osmotic mobility. At the beginning of
the microtubule path, the electric field is
perpendicular to the microtubule, resulting in
a net force:
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Fig. 3. Electrophoresis of single microtubules and measurement of the EOF velocity. All measurements
were performed at neutral pH in the presence of 160 mM Kþ. (A) Electrophoresis in channels of
individual microtubules. Shown is an overlay of images at 0 s (blue microtubules) and at 0.6 s (red
microtubules). Intermediate positions of two selected microtubules are indicated by white lines. The
selected microtubules not only move in the direction of the electric field, but also perpendicular to it.
(B and C) Binned data (N 0 1496) of orientation-dependent electrophoretic velocities of microtubules
in the x direction [perpendicular to the electric field (B)] and in the y direction [parallel to the electric
field (C)]. Error bars denote standard deviation of binned data. The amplitudes A in both curves equal
(me,¬ – me,±)E. The offset of the vy graph, By 0 (me,± þ mEOF)E º fnet, applied during steering as in
Fig. 2A. (Insets) Linear relation between By and E. There was no significant dependence of the velocity
on microtubule length. (D) EOF velocity as a function of electric field, measured by monitoring the
change in resistance of a channel that is replenished by a solution of a different resistivity r by an
EOF. (Inset) Two typical measurements of the time Dt that it takes the EOF to replace a channel
volume (length 5 mm) at kV k 0 80 V. Each data point in the main graph represents an average of 4 to
6 separate measurements. The slope of the graph equals mEOF.

of the microtubule. The anisotropy factor g±
accounts for the perturbation of the ionic
atmosphere around the rod (20, 23) and
approaches a maximum value of 3/2 for
infinitely small Debye lengths (24). Measurements of these anisotropic electrophoretic mobilities of colloidal cylinders have
not, as far as we know, been reported. The
small height of our channels allowed us to
observe individual microtubules in a single
focal plane, which enabled us to test the
predicted anisotropy of the mobility. The
anisotropic mobilities induced an observable orientation-dependent velocity of microtubules, with components perpendicular
(vx) and parallel (vy) to the electric field
(fig. S1):
vx 0 1=2 ðme,¬ j me,± Þ sin 2qIE
vy 0 Eðme,¬ j me,±Þ sin2 q þ ðme,± þ mEOF Þ^E
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Here, q is the orientation of the filament
with respect to the x axis (Fig. 3A). Note
that the velocity is not necessarily collinear
with the electric field. The EOF adds linearly as
an orientation-independent velocity decrease in
the y direction.
The electrophoretic motion of individual
microtubules in channels without kinesin is
shown in Fig. 3A. In accordance with the bending experiments, we observed that freely suspended microtubules move opposite to the
applied electric field along the channel. Values
of orientation-dependent vx (Fig. 3B) and vy
(Fig. 3C) were measured for different E. The
red lines are fits of Eq. 3 through the binned
data and clearly describe the q dependence of
the velocities very well. These data are direct
evidence of the anisotropic electrophoretic microtubule mobility, and the amplitudes of the curves
provide a straightforward measure of the anisotropy. As expected from Eq. 2, microtubules
move fastest if they are oriented parallel to the
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Fig. 4. Demonstration of molecular sorting. (A) Color image of a mixture of red- and greenlabeled microtubules approaching a Y junction. Electrical force is used to steer microtubules
carrying green and red fluorophores into the right and left reservoirs, respectively. (B) Example of
successful sorting events for a green- and a red-labeled microtubule. As a function of time, first a
green microtubule is steered into the right reservoir (t e 10 s), and subsequently a red
microtubule is sent into the left reservoir. (C) Steering efficiencies for 189 red and 110 green
microtubules. Steering of microtubules into the wrong reservoir (3 and 12%) was mainly due to
differences in stiffness between microtubules or due to the simultaneous arrival of microtubules
of opposite color. The fractions 19 and 25% of microtubules in the perpendicular channels are
artificially high because microtubules were sometimes purposely directed into the perpendicular
steering channel so as to avoid such errors.
electric field and slowest for perpendicular
orientations (Fig. 3C). To extract the values of
the anisotropic microtubule mobilities, we measured mEOF 0 (1.33 T 0.01)  10–8 m2V–1s–1 in
our kinesin-coated channels (Fig. 3D), yielding
me,± 0 –(2.30 T 0.04)  10–8 m2V–1s–1 and me,¬ 0
–(2.93 T 0.02)  10–8 m2V–1s–1. The anisotropy in electrophoretic mobility is not related
to the well-known factor 2 anisotropy in
Stokes drag coefficients (25), because, in
electrophoresis, the retarding shear acts on
the length scale of the Debye length lD,
whereas, in Stokes drag, this length scale is
on the order of the size of the object. The
values of mEOF, me,±, and me,¬ are all constant
over the probed range of electric fields (insets
of Fig. 3, B to D).
These mobility measurements permit a calculation of the net force applied in the bending
experiments (Eq. 1). From the values c± 0 (7.4 T
2.0)  10 –3 kg/ms (26) and (me,± þ mEOF) 0
–(9.7 T 0.2)  10–9 m2V–1s–1, we calculated the
net electrokinetic applied force on the microtubule as fnet 0 E–(7.2 T 2.0)  10–11 N/V^ E.
The forces applied in the bending experiments (Fig. 2F) thus ranged up to 5.0 T
1.4 pN/mm at kEk 0 70 kV/m. Knowledge of
the magnitude of this force allowed determination of both the persistence length and the
surface charge of the microtubules.
The persistence length of the microtubule
was determined from observations of the bending radius under a known perpendicular force.
The bending of the microtubule tip can be expressed in terms of the free tip length d
Einversely proportional to motor density (19)^
and its persistence length Lp. For perpendicular
forces fnet, the induced curvature r –1 of the free

tip, in the limit of small deflections, is as
follows (Fig. 2E and fig. S2):
rj1 0

1 d2
fnet
4kB T Lp

ð4Þ

where kB is Boltzmann_s constant and T is
temperature. We assert that the microscopic tip
curvature r –1 equals the macroscopic path curvature R –1. From the linear relation of R –1
versus fnet (Fig. 2F, inset, and Eq. 4), we
determined d2/Lp 0 0.41 T 0.12 nm. We
estimated d 0 0.26 T 0.06 mm for the free tip
length from our observations of the length of
the shortest microtubules (0.52 T 0.13 mm) that
still moved in smooth trajectories in our
channels. The persistence length of the microtubule_s free tip was thus determined to be Lp 0
0.16 T 0.09 mm. This value is on the low end
of published values on paclitaxel-stabilized
microtubules that find Lp 0 0.2 to 5.2 mm
(27, 28), but the persistence length of the tip
does not necessarily represent the persistence
length of the entire microtubule (29).
The electric charge of a microtubule is determined in two independent ways from the electrophoretic mobilities. First, the value of me,¬ is
proportional to z (Eq. 2), which is a direct measure of the surface charge density s via the linear Grahame equation s 0 ez/lD. From me,¬, we
find that z 0 –37 mV, which yields a surface
charge density of 0.20 e–/nm2. A second
measure of the surface charge follows from
the value of g± (20, 23). The experimentally
determined anisotropy factor g± 0 3/2 me,±/me,¬ 0
1.18 yields a value of z 0 –50 mV via the inverse transformation (24) z 0 `–1(g±, a/lD).
This z corresponds to s 0 0.27 e–/nm2. The
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average of both measurements gives s 0 0.24 T
0.04 e–/nm2, with the error estimated from the
difference between the two values (30).
From the measured s and the known 25-nm
diameter of a 13-protofilament microtubule, we
calculated an effective charge of 12 T 2 e– for
the solution-exposed surface of the tubulin
dimer. A rough estimate of the bare charge of
the free dimer of 47 e– at pH 0 6.9 follows from
the crystal structure of the tubulin dimer (31), if
one assumes the isolated dissociation constants
of the individual amino acids. The effective
charge constituted only about 25% of the bare
charge, which can be attributed mainly to
screening by counterions that are tightly bound
to the microtubule surface.
Having developed an understanding of the
steering mechanism of individual microtubules,
we demonstrated the applicability of the electrical steering of microtubules in nanostructures
by sorting a population of two different molecules on a chip (Fig. 4A, movie S1). To this
end, we introduced a mixture of rhodamine- (red)
and fluorescein-labeled (green) microtubules
into our nanostructures. Using a color-sensitive
camera, red microtubules approaching a Y
junction were sent into the red-collecting reservoir and green microtubules into the green reservoir (Fig. 4B) by reversing the polarity of the
electric field. After a series of successful singlemolecule redirections, one reservoir contained
predominantly red microtubules, whereas the
other reservoir contained mainly green microtubules (Fig. 4A).
We quantified the sorting efficiency in Fig.
4C. A large fraction (72%) of the red microtubules approaching the junction were directed,
as intended, into the red reservoir. Only 3% of
the red microtubules incorrectly ended up in the
green reservoir. The remainder of the red microtubules (25%) was steered into the perpendicular
channel. A similar analysis was made for the
green microtubules (69, 12, and 19%, respectively, Fig. 4C). The final result is that 91% of
the microtubules sent into the left reservoir are
red (136 out of 149), and 94% of the microtubules in the right reservoir are green (76 out
of 81). Real use of this sorting method, e.g., for
purification, will benefit from automation,
which can be incorporated straightforwardly.
The use of biomolecular motors for sorting
forms an interesting alternative to existing
pressure- or EOF-driven microfluidic devices
(32–34) by which whole cells are sorted.
In conclusion, our experiments demonstrate
the ability to electrically steer individual microtubules in enclosed submicron channels, as demonstrated by the single-molecule sorting of
fluorescein- and rhodamine-labeled microtubules. The steering of microtubules is described
in terms of force-induced bending of the free tip
of the microtubule, which yields a persistence
length Lp 0 0.16 T 0.09 mm. Our singlemicrotubule electrophoresis experiments revealed an orientation-dependent electrophoretic
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mobility and yield a charge of 12 T 2 e– per tubulin
dimer under physiological conditions. This value
may be important to elucidate the effect of in
vivo electric forces on microtubules. Endogenous
physiological electric fields, with a typical value
up to 103 V/m, are shown to be involved in cell
division, wound healing (35), and embryonic cell
development (36), but their microscopic effect
has so far not been understood. The application
of biomotors in nanofabricated environments is
an exciting development, offering novel possibilities for future developments in lab-on-chip
sorting or purification applications.
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Intercellular flow of the phytohormone auxin underpins multiple developmental processes in plants.
Plant-specific pin-formed (PIN) proteins and several phosphoglycoprotein (PGP) transporters are
crucial factors in auxin transport–related development, yet the molecular function of PINs remains
unknown. Here, we show that PINs mediate auxin efflux from mammalian and yeast cells without
needing additional plant-specific factors. Conditional gain-of-function alleles and quantitative
measurements of auxin accumulation in Arabidopsis and tobacco cultured cells revealed that the action
of PINs in auxin efflux is distinct from PGP, rate-limiting, specific to auxins, and sensitive to auxin
transport inhibitors. This suggests a direct involvement of PINs in catalyzing cellular auxin efflux.
uxin, a regulatory compound, plays a
major role in the spatial and temporal
coordination of plant development (1–3).
The directional active cell-to-cell transport controls asymmetric auxin distribution, which underlies multiple patterning and differential
growth processes (4–7). Genetic approaches in
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Arabidopsis thaliana identified candidate genes
coding for regulators of auxin transport, among
them permease-like AUX1 (8), plant-specific
PIN proteins (9) (fig. S1), and homologs of human multiple drug resistance transporters PGP1
and PGP19 (10, 11). PGP1 has been shown to
mediate the efflux of auxin from Arabidopsis
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fields has been quantified to be 0.11 mm (37). Our value of
the tip persistence length is close to this value. The
suggestion of Kis et al. (38) that protofilament sliding
reduces the stiffness of short lengths of microtubules could
serve as a possible explanation of the low Lp, together with
possible defects in the tip structure.
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protoplasts and heterologous systems such as
yeast and HeLa cells (12). Similarly, PIN2 in
yeast conferred decreased retention of structural
auxin analogs (13, 14). Plants defective in PIN
function show altered auxin distribution and
diverse developmental defects, all of which can
be phenocopied by chemical inhibition of auxin
efflux (1, 4–7, 9). All results demonstrate that
PINs are essential components of the auxin
transport machinery, but the exact mechanism
of their action remains unclear.
Studies of the molecular function of PINs
have been hampered mainly by the technical inability to quantitatively assess auxin flow across
the plasma membrane (PM) in a multicellular
system. We therefore established Arabidopsis
cell suspension culture from the XVE-PIN1 line,
in which we placed the PIN1 sequence under
control of the estradiol-inducible promoter (15).
Treatment with estradiol led to the activation of
PIN1 expression as shown by the coexpressed
green fluorescent protein (GFP) reporter and
reverse transcription polymerase chain reaction
(RT-PCR) of PIN1 in seedlings (Fig. 1A) and
cultured cells (fig. S2). In estradiol-treated
XVE-PIN1 cells, the overexpressed PIN1 was
localized at the PM (Fig. 1, B and C). The syn-
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