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Microtubules are among bio-polymers providing vital functions in dynamic cellular processes.
Artificial organization of these bio-polymers is a requirement for transferring their native functions
into device applications. Using electrophoresis, we achieve an accumulation of microtubules along
a metallic glass (Pd4, 5Cus30Ni; sP>g) microwire in solution. According to an estimate based on
migration velocities of microtubules approaching the wire, the electrophoretic mobility of microtu-
bules is around 10~'? m?/Vs. This value is four orders of magnitude smaller than the typical mobil-
ity reported previously. Fluorescence microscopy at the individual-microtubule level shows
microtubules aligning along the wire axis during the electric field-induced migration. Casein-
treated electrodes are effective to reversibly release trapped microtubules upon removal of the
external field. An additional result is the condensation of secondary filamentous structures from ori-

ented microtubules. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4917203]

I. INTRODUCTION

Microtubules (MTs) are dynamic structural elements re-
sponsible for cell evolution in shape and polarity during the
cellular differentiation.' They are also involved in the intra-
cellular cargo transportation as tracks for motor proteins, for
example, kinesin.” Successful reconstruction of such sub-
cellular dynamic parts in in vitro environments>* has made
various visionary goals feasible: utilization of their native
functions in nanotransport devices,® table-top studies of
pattern formation in systems of self-driven components,’~'°
and elucidation of new functions for bio-electronic device
development.'""'? Spatio-temporal organization of the bio
elements is arguably a crucial requirement in device applica-
tions as it is vital for cell survival. A variety of approaches
has achieved spatial arrangements of the reconstructed bio-
molecules to confine their motional activities within prede-
fined areas.'>™'® On the other hand, translocation and orienta-
tion of MTs suspended in solution have been achieved by
using electric fields.'"® > A MT consists of tubulin dimer
subunits (heterodimers each consisting of an a-tubulin mono-
mer and a f-tubulin monomer with dimer dimensions of
46 A x 80 A x 65A). Longitudinal head-to-tail coupling
of the subunit proteins forms protofilaments. Lateral binding
of the protofilaments leads to the tubular filamentous MT
structure. Typically, 13 protofilaments are coupled in a sin-
gle MT, resulting in an outer diameter of 25nm.**** Based
on the typical microtubule length (several pum) and the
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periodic nature of the MT structure, any net electrostatic pa-
rameter of a single tubulin subunit, such as charge or dipole
moment, results in a corresponding value of considerable
magnitude for a MT. For example, the number of tubulin
dimers in a 10 yum long MT is about 16 000. This leads to
substantial electrostatic interactions between MTs.*
Micro/nano-patterned areal electrodes have been used
for reversible aggregation of MTs along the electrode geom-
etry”’ and for spatio-temporal controls of the in vitro
motility.?"**?° Envisioning additional flexibility in bio/
nano-device applications, we recently directed our attention
towards the use of wire type tracks for the kinesin/MT-based
bio-molecular transport system.>*? As explained earlier,
traditional methods rely on patterned tracks which are per-
manently defined on a two-dimensional substrate.'>~'® Wire
tracks can localize the activity of bio-molecules similar to
the traditional approach, yet the wires are independent enti-
ties, thus reconfigurable even in three-dimensional space,
unlike fixed planar tracks. Here, we focus on electrical con-
trol of MTs by employing Pd,; sCusoNi; sP>o metallic glass
(Pd-MGQG) in the form of wires with several micrometers in di-
ameter and a centimeter in length.>*~** The superior function-
alities of metallic glass, including ultrahigh strength, low
Young’s modulus, chemical activity, soft magnetism, and
thermo-plastic formability, are suitable for flexible designs
of functional structures in micro/nano devices. Recently,
large-scale production of metallic glass micro- and nano-
wires has been achieved by adapting a conventional gas
atomization process.’> Metallic properties of the wires allow
the temporal formation of electric fields. Moreover, we have
verified the compatibility between the particular metallic

© 2015 AIP Publishing LLC
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glass microwire and the kinesin/MT-based motility. Thus,
the Pd-MG microwire readily becomes a suitable "metallic"
substitute for a non-conducting glass wire, while carrying
out additional functions, most importantly serving as an elec-
trode for the application of an electric field. Besides the
advantage from flexible electrodes, the long wire geometry
is favorable for aligning MTs along the wire axis as will be
discussed below. This conductive wire-based approach to
align MTs along an intended direction is straightforward in
comparison to the previous methods requiring either high
magnitude AC-fields or nano-fabrication.?>**?”-3 Linearly
organized MTs are necessary for efficient molecular sorting
and delivery, particularly for a long distance delivery beyond
the typical length scale of a single MT. Furthermore, artifi-
cial bundling of MTs along a linear template may be applica-
ble in construction of model cellular structures, such as
axons and tunneling nanotubes.*®*’ Also, the level of order
of intracellular components, correlated with local electric
fields, may play an important role in pathogenic mechanisms
of diseases such as cancer and Alzheimer’s disease.*®*’

Il. MATERIAL AND METHODS

The Pd-MG wires were produced in a custom-built gas
atomization system.3 4 Pdy sCusoNiy sPag alloy was used
because it has a high glass forming ability and a high spinn-
ability to form fibers. About 3g of Pd-MG was cut and
heated in a crucible by an induction heating system. The
heating temperatures were monitored by an optical pyrome-
ter with the emissivity of 0.50, which was calibrated at the
Al melting point. After being heated above its melting point
(T, =803K), Pd-MG was supercooled by 10K. The melt
stream was then extruded through the crucible nozzle by the
Ar injection pressure of 0.05 MPa, and was then atomized by
an Ar jet with a pressure of 10 MPa. The jet fragmentation of
the melt stream leads to ligament formation and the elonga-
tion of ligaments allows the formation of fine fibers. The pro-
duced MG wires have a distribution with the range of
50 nm-5 pum in diameter and 10 um—1 cm in length.

The layout of a complete device is described in Figure 1.
Pieces of conductive double-sided tape (Teraoka Tape) were
affixed on a glass slide (S2111, Matsunami). Electrodes were
defined by cutting the tape using a razor blade. Top glue
layers of the tapes were peeled off. Revealed metal surfaces
were cleaned using kimwipes soaked with acetone. A flow
cell including two counter electrodes was defined by paraffin
film (Parafilm M: Pechiney Plastic Packaging). A strand of
Pd-MG microwire was put on the parafilms crossing the flow
channel. The flow channel was then closed by a glass cover-
slip (18 mm x 18 mm, thickness No. 1, Muto Pure Chemical).
The coverslip was gently pressed down while the whole de-
vice was held at T=380°C on a hot plate. The Pd-MG micro-
wire and additional copper wires were then electrically
connected to the electrodes by cold-pressed indium.

The MT solution was prepared by a conventional
method.*® A frozen (at —80 °C) tubulin mixture (5 mg/ml in
PEM buffer (80 mM PIPES, 1 mM EGTA, 1 mM MgCl,, pH
6.9 controlled by NaOH) with 1 mM GTP and 6% (v/v) glyc-
erol, ratio of unlabeled tubulin (T240, Cytoskeleton) to
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FIG. 1. (a) Schematic three-dimensional diagram of the device layout. (b)
Photograph of the device. Photographs for the core region of the device
(black dotted rectangle in (b)), (c) outside the flow cell and (d) inside the
flow cell.

rhodamine-labeled tubulin (TL590M, Cytoskeleton) ~7:3)
was incubated for 15min at 37°C. After incubation, the
tubulin solution was diluted 200 fold by PEM buffer, which
contains 10 uM taxol (T7402 Paclitaxel, Sigma-Aldrich) for
MT stabilization. The MT solution was further diluted (10
folds) in PEM buffer containing a typical antifade system
(20 ug/ml glucose oxidase, 8 ug/ml catalase, 20 mM glucose,
0.5% (v/v) p-mercaptoethanol) and 10 uM taxol for fluores-
cence microscopy.

After filling a casein-treated flow cell (note the next para-
graph) with the prepared MT solution, the two entrances of the
cell were sealed with VALAP (Vaseline-Lanolin-Paraffin), and
the device was mounted in a fluorescence microscope (IX-71,
Objective lens-UPlanFL 40x, Olympus) equipped with a
CCD camera (ImagEM, Hamamatsu, Adaptors: U-TVIXC
and U-PMTVC4XIR) and filter set (XF204, Omega Optical).
Note that the coverslip side is facing down to the lens of the
microscope. Thus, the wire electrode lies between the counter
electrodes and the objective lens. A DC-power supply (AD-
8723D, As One) was connected to the electrodes via the cop-
per wires as depicted in Figure 1(a).

Direct exposure of the Pd-MG wire to the MT solution
leads to fouling of MTs on the surface. In order to avoid
such undesirable events, the wire, in addition to the entire
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flow cell, was coated with casein which passivates the sur-
face.”” The casein coating was the result of introducing
casein solution (Casein 037-20815, Wako Pure Chemical
Industries, 1 mg/ml in PEM buffer) into the flow cell and
incubating for 10 min at room temperature.

lll. RESULTS AND DISCUSSION
A. Electric field control of the local density of MTs

Figures 2(a)-2(h) (Multimedia view) show fluorescence
microscopy images of the MT distribution in the buffer solu-
tion, which depends on the applied DC voltage. The two
movies were acquired on the same region containing a Pd-
MG microwire electrode while a series of voltage pulses
(t=3min) were applied. The observation was separated into
two movies because the number of frames per recording is
limited by the software. The time gap between the two mov-
ies was about 3 min. The voltage was set to zero for 3 min af-
ter each pulse. The images (Figures 2(a)-2(h) (Multimedia
view)) were acquired 20 s before turning on/off the pulses,
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respectively (see below). At a voltage of 2.1V, the MTs
around the electrode appear weakly attracted to the electrode
(black vertical line). At larger voltage, it becomes clearer
that the motion of MTs towards the electrode is in response
to the voltage pulses. This attractive motion is triggered by
an electrostatic interaction between the MT having negative
effective charge in the buffer solution and the wire electrode
acting as an anode in the experimental setup. Upon turning
off the applied voltage, the MTs diffuse back into the solu-
tion. The diffusive motion does not suffice to return the MT
distribution to its initial homogeneity after 3 min. An ele-
vated MT population density is seen around the wire right
before the next pulse is applied. This is a remnant of the pre-
vious trapping cycle, an effect which is more obvious at
higher pulse amplitude.

As MTs are stacked or bundled on the wire during the
trapping process, we quantify the trapped MTs by analyzing
the mean intensity near the wire electrode. Each frame (ex-
posure time: 360 ms) is converted to a grey scale image. The
wire electrode in each frame is defined by a rectangle at a

FIG. 2. Reversible electrophoretic
accumulation of microtubules onto
a Pd-MG microwire. (a)—(h)

Fluorescence and bright-field images
show the voltage dependent distribution
of microtubules in a flow cell. Numbers
are applied voltages in volts (V). The
scale bar (in (d)) indicates 50 um. Time
(top right, in min:s) is tagged in each
frame of multimedia view. (i) The
mean intensity measured on the Pd-MG
microwire as a function of time
(obtained from two separate movies:
Multimedia view of (a)-(d) (left plot)
and (e)—(h) (right plot). A software limi-
tation of the number of frames per re-
cording required two movies which
have a time gap of ~3 min). Numbers
on top of each graph are voltages
applied during the time intervals indi-
cated by the vertical dotted lines. The
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constant pixel area (5090: ~4 um x 204 um) and the mean
intensity of the defined region is calculated using ImagelJ, an
open access software for image analysis (available at http://
imagej.nih.gov/ij/). The mean intensity is plotted in Figure
2(i) (Multimedia view) as a function of time (two diagrams
show results obtained from the two separate movies:
Multimedia view of Figures 2(a)-2(d) (left plot) and Figures
2(e)-2(h) (right plot)). The moments when the images in
Figures 2(a)-2(h) (Multimedia view) were acquired are indi-
cated with arrows on the graph. The mean intensity changes
in correlation with the pulse pattern. An increase of trapped
MTs at higher voltage is observed in each plot. In our partic-
ular electrode configuration, the degree of response of MTs
in the electrophoretic motion is not uniform but gradually
decays in the radial direction from the wire. As an estimate,
we use a simplified electrostatic model treating the buffer so-
lution as a linear dielectric medium, which qualitatively
explains the observations. Electrodes are approximated as an
infinite cylindrical conductor (one of the counter electrodes)
and an infinite line charge (the MG wire) aligned in parallel
to each other. By the method of image charges,*' the electric
field at a point on the line perpendicularly connecting the cy-
lindrical conductor with the line charge is proportional to
(r~' 4 (I—r)""), where r is the radial distance from the line
charge pointing toward the center of the cylindrical conduc-
tor and / is the radial distance to the image line charge
(I = (3 —R?)/ly, here Iy is the center-to-center distance
between the two electrodes and R is the radius of the cylin-
drical conductor.). We consider a situation similar to the
arrangement of the electrodes in the presented device. The
bar-shaped counter electrode is treated as a conducting cylin-
der with R of 200 um and [y is chosen to be 900 um (see
Figure 1(b)). In this situation, the field strength at =20 um
is ~25% of the value at r =35 um. The distance between the
wire and the counter electrode is large enough to ignore the
second term of the formula for the electric field within the
range of distances considered here. Electrophoretic migra-
tion velocities of MTs are linearly proportional to the electric
field strer1gth.19’20 Thus, the distance dependent (~r~!) elec-
tric field formed by the wire electrode leads to the spatial
inhomogeneity of the electrophoretic movements of MTs.
Such a drop of the field strength in the proximity of the wire
qualitatively agrees with our observations (note the 50 um
scale bar in Figure 2(d) (Multimedia view)). MT motions
responding to the voltage pulse, i.e., toward the electrode,
gradually subside as the distance from the wire increases.

In order to characterize the electric field-induced MT
movement, we traced individual MTs moving around the
wire electrode while electric potentials were applied. The x-
coordinates (perpendicular to the wire axis) of several MTs
in image frames of the movie, Figures 2(e)-2(h)
(Multimedia view), are plotted in Figures 3(a) and 3(b) as
functions of time (interval of 5s) for two different applied
potentials, 2.6 V and 2.9 V, respectively. Here, the coordinate
indicates the center of mass of the MT, as measured by
Imagel. There are two reasons that lead to challenges in
tracking MTs, therefore, limiting our sampling of MTs (34
and 33 MTs were sampled for the applied potentials 2.6 V
and 2.9V, respectively). First, MTs in our experiments are
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not moving within a single focal plane unlike in the case of
MTs in a two-dimensional chamber.?’ Second, the electro-
phoretic force in our experiments is comparably weak, as it
will be discussed below. These factors lead to strong fluctua-
tion of MTs in three-dimensional space. As a result, MTs are
often going out of focus, overlapping with each other, or
even completely disappearing out of view as time passes.
The MTs we sampled for this analysis are those that can con-
fidently be tracked. Each line connecting a group of data
points (color online) represents the change in location (x-
coordinate) of an individual MT with time. Gray horizontal
bars (x &~ 97 um) are added in the plots to mark the location
of the wire electrode. As expected, the lines for MTs in prox-
imity of the wire indicate that MTs are attracted toward it,
and the overall motion trend is symmetrical with respect to
the wire axis. A surprise is the appearance of MTs apparently
moving away from the wire. First, we consider a simple pic-
ture modelling only the electrophoretic response of MTs to
an electric field, which decays with radial distance (r) as
~ r~ 1. Since the wire lies in the observation plane, the dis-
tance in x between a MT and the wire axis is a measure of
the radial distance. Assuming that the local drift velocity
(dx/dt) of a MT is proportional to the electric field strength,
ie., dx/dt = ox !, the x-coordinate of a MT at time ¢ is writ-
ten as, x(f) = (x3 — 2ar)'/%. Here, o is a proportionality con-
stant and xo is the x-coordinate at t=0. x-f curves with
several different initial distances are shown in Figure 3(c)
for the case of o« =2 as an example. These curves exhibit
MTs approaching the wire (x = 0), a resemblance to the ex-
perimental results. However, this model fails to reproduce
the outward motion of MTs. Such motion will require an
additional flow field that must be repulsive (outward from
the wire) with strength comparable to the electrophoretic
attraction. We consider an electro-osmotic flow as a possible
candidate for a repulsive flow field.**** Electro-osmotic
flows are created by responses of mobile positive ions gath-
ered on glass surfaces to external electric fields. Thus, the
flow direction is opposite to that of the electrophoretic
motion of MTs whose effective charges are negative. To
qualitatively understand the influence of the electro-osmotic
flow, we assume that the flow velocity is proportional to the
tangential component of electric field (E,) measured at the
coverslip surface. In our experimental setup, E, varies with
the distance x as ~x/(x? 4 d?), here d is the shortest distance
between the wire axis and the coverslip surface (assuming
that the wire axis is parallel to the surface). Adding
this term, one arrives at a net velocity field,
Vet = —ox ' + px(x2 4+ d?)”". Here, f is a coefficient and a
minus sign indicates a direction toward the wire. Integration
of this equation produces characteristic curves representing
the net motion of MTs. Resulting curves with several differ-
ent initial distances are plotted in Figure 3(d) for the con-
stants, d=40, «=7, and =18 as an example. These
numbers constitute a combination that produces a transition
in the motion direction (see below) at x ~ 30 um, similar to
the experimental results (markers put on the regions ~30 um
above/below the wire in Figures 3(a) and 3(b)). In taking
account of an electro-osmotic flow, this approach can thus
explain the emergence of the repulsive zone in which MTs
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FIG. 3. (a) and (b) Time evolution of x-coordinates (center of mass) of MTs moving near a Pd-MG wire electrode while electric potentials ((a) 2.6 V and (b)
2.9V) were applied. The gray bar (x =~ 97 um) on each panel indicates the location of the wire. Each line connecting the same symbols (color online) traces an
individual MT. (c) Time evolution of the distance (x) between a charged object and a wire electrode using a model considering electrophoretic movement
only. The motion velocity is given by —aux~!. The presented curves are for the case of o = 2 with several initial distances. (d) Time evolution of the distance
(x) between a charged object and a wire electrode using a model including a counter flow. The motion velocity is given by —ox™! + Bx(x? + dz)fl. The pre-
sented curves are for the case of « =7, = 18, andd = 40 with several different initial distances. (e) Initial distances (xo) of MTs versus the time required
for the MTs to reach the wire. The large empty symbols indicate the experimental results (blue squares for 2.6 V and red circles for 2.9 V). The small filled
symbols model curves of xp = V/2at with the best-fit values of o (1.064 um? /s for 2.6 V (blue squares) and 1.397 um? /s for 2.9V (red circles)).
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avoid approaching the wire electrode. MTs with initial dis-
tances larger than a critical value (x. = d{o/(f — oc)}l/ 2
which is the distance where the net velocity becomes zero)
move away from the wire. Meanwhile, MTs with initial dis-
tances smaller than the critical value collapse onto the wire
eventually.

A rough estimation of the electrophoretic mobility of
MTs is performed based on the electrophoretic motion-only
case for simplicity. The mobility (u) is defined as a propor-
tional coefficient in the relationship between velocity and
electric field, i.e., vV = uﬁ . Electric field strength at a distance
x is given by, E(x) ~ =V/{In(a/h) - x}. Here, V is the elec-
tric potential on the wire, a is the radius of the wire, and % is
the distance between the wire and the counter electrode. Since
we have set v = —u/x (here again, a minus sign indicates a
motion direction toward the wire electrode), we can write
UE(x) = —a/x, and therefore, yt = {aln(a/h)}/V. The coeffi-
cient o is estimated from the experimental results. For this,
the initial distances (xg) of MTs are plotted as a function of
travel time in Figure 3(e) (blue empty squares for 2.6V, red
empty circles for 2.9V). Here, the travel time is the time
required for the MT to reach the wire. The little filled blue
squares and red circles represent the equation, xy = \/2—05,
with the best-fit values of o, 1.064*0.116 ,um2 /s and
1.397+0.363 um? /s, respectively. From these values (with
a =2.5pum, h =900 um), we find u ~ — 2.4 x 10712 m?/Vs
and ~ —2.8 x 107?m?/Vs for 2.6V and 29V of the
applied potential, respectively. The discrepancy between these

30s after

\ -
< ¢ field
\ 3:52 | turned off
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two values could be due to the use of an incomplete model as
well as the high fluctuation in the motion of MTs. More strik-
ingly, these values are four orders of magnitude smaller than
the mobility measured from previous studies based on an ex-
perimental set-up that consists of a fluidic channel between 5
and 50mm sized reservoirs making contacts with electro-
des.'”?° We ascribe such a significant suppression of the mo-
bility, seemingly common for near-electrode observations,”'
to screening by electrode polarization that leads to a large
drop of the applied potential near the electrode.** A reduction
of the effective charge of MTs by screening may be also taken
into account in understanding these results.?!

B. Electric field control of the local orientation of MTs

A specifically designed electrode can align MTs along
the electrode geometry.>” A narrowly constricted electrode
provides charged objects with force fields converging toward
the electrode. MTs in the vicinity of the electrode gradually
approach the electrode, until complete binding to the elec-
trode minimizes the electrostatic energy. Even though the
wire diameter in our work is at least 200 times larger than
that of a single MT, we observed MTs preferentially aligning
along the wire axis. Figure 4 (Multimedia view) shows a se-
ries of fluorescence microscopy images selected from a
movie acquired on a different device at higher magnification.
Figures 4(a)—4(g) (Multimedia view) demonstrate MTs
(marked with symbol-tagged colored arrows) aligning line-
arly along the wire axis during the electrophoretic migration

FIG. 4. Fluorescence and bright-field
images of microtubules aligning along
a Pd-MG microwire during electropho-
retic migration. (a)—(g) Microtubules
approaching to the wire electrode in
3.0V pulse. Symbol-tagged colored
arrows trace microtubules making a
linear arrangement along the wire.
Numbers are time (min:s). Voltages
are tagged in each frame of multimedia
view of Figure 4. (h) Microtubules
around the wire 30s after the field is
turned off. (i) Microtubules re-aligned
on the wire 15's after the field is turned
back on. The scale bar (in (i)) indicates
20 um.  (Multimedia view) [URL:
http://dx.doi.org/10.1063/1.4917203.3]

15s after \
field turned |
back on
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in a 3.0V pulse. The absolute time for each frame is tagged
at the bottom right corner (in min:s). The electric field-
induced alignment is achieved in a reversible manner as
shown in Figures 4(h) and 4(i) (Multimedia view), indicating
MTs around the wire 30 s after the field is turned off and 15s
after the field is turned back on, respectively.

We consider a simple argument based on the electro-
static interaction between a MT, a rigid rod, and an infinitely
long wire of cylindrical symmetry. MTs near the wire are
pulled toward the wire by electrophoretic migration. Upon
landing on the surface of the wire, the MTs will be at partic-
ular orientations which are decided by the MTs’ initial con-
ditions (e.g., location, orientation, and length) and the field
strength. Near the wire electrode, the electric field is approxi-
mately cylindrically symmetric. For instance, in the situation
given above, i.e., a distance of 900 um between the cylinder
and the line charge, the electric potential is almost uniform
along a cylinder encircling the line charge with a radius of
10 um. The difference between the maximum and the mini-
mum potential is within 1% of the minimum value. This
increases up to about 5% when the distance between the cyl-
inder and the line charge is 300 um. The cylindrically sym-
metric electric field formed by the anodic wire electrode
provides a MT, a negatively charged rod, with an anisotropic
double-well potential energy, with two energy minima at the
MT orientations parallel and anti-parallel to the wire axis.
This anisotropy ultimately leads to a MT orientation along
the wire axis, which is energetically most favorable.

The kinetics for the alignment process can be described
by considering electrostatic force fields that trigger the elec-
trophoretic rotational movements of MTs. A situation of a
MT making contact with a wire (only the section of interest
is emphasized) at an arbitrarily chosen orientation is shown
in Figure 5(a). Due to the cylindrical symmetry of the elec-
tric field, all the forces exerted on infinitesimal segments of
the MT are vertically pointing toward the centre line of the
wire as drawn in Figure 5(b) (force vectors are drawn only
for some arbitrarily chosen points representing the seg-
ments). Note that the force fields are drawn in the top-view
schematic. In fact, all the segment points can have different
z-components. In general, the forces are decomposed into
two components orthogonal to each other. One is perpendic-
ular (Fp: blue arrow) and the other is parallel (Fp,: green
arrow) to the MT projected onto the top-view plane. The two
independent groups of force components are separately
marked along the MT in Figures 5(c) (parallel) and 5(d) (per-
pendicular). The forces in Figure 5(d) generate a torque (t,,)
which rotates the MT about the wire axis until the net torque
vanishes. The torque vector is indicated in Figure 5(c) at the
contact point. The blue open circular arrow shows the direc-
tion of the rotation. Meanwhile, the forces in Figure 5(c) will
generate a torque (t,) which rotates the MT about the radial
axis defined at the contact point (the green open circular
arrow showing the direction of the rotation). A finite torque
exists until the MT is oriented precisely parallel to the wire
axis. Here, we only focus on the rotational motion although
the forces partly generate a translational motion along the
MT axis as well. Putting all these rotational motions to-
gether, the final orientation of the MT will be the same as the

J. Appl. Phys. 117, 144701 (2015)

wire axis in any case. One exceptional case is that the initial
orientation of MT is precisely perpendicular to the wire axis.
In such a case, no rotational force to orient MTs along the
wire axis is generated. However, this situation constitutes an
unstable equilibrium. The electrostatic energy is not the only
factor which makes it unstable. In reality, while a MT
approaches a contour of the minimum electrostatic energy, it
is also changing its static energy arising from the bending of
its body. The electrostatic equipotential plane is cylindrical.
Therefore, it is probable that MTs, by virtue of thermal per-
turbation, avoid the unfavorable orientation perpendicular to
the wire axis. In this simple picture, we neglected frictional
forces which come from the physical contact of MTs with
the casein-treated wire surface, ion charge distributions, and
fluid dynamics, which provide more precise descriptions
about the electric field profile and the electrophoretic mobil-
ity of MTs.?’ The frictional force (which is proportional to
the electric field strength), together with the bending stiffness
of the MT, is significant for determining the final MT orien-
tation in a real situation. In the realistic situation, therefore,
the final orientation of a MT on the surface of the wire elec-
trode will depend on the electric field strength in a more
complicated manner. Reversely, real time monitoring carried
out with feedback control of the electric potential may allow
delicate manipulation of the final orientation of an individual
MT. Nevertheless, as is seen in our experimental results, the
MT alignment with the wire axis is generally quite good,

Side view

a) M—— c)

V7

iContact

4

I
1

t 1 1t 4.

FIG. 5. (a) Schematic diagram of a microtubule making contact with a cylin-
drical wire electrode at an arbitrarily chosen orientation. (b) Top view of (a).
The electrostatic force vectors are indicated along the microtubule projected
onto the top-view plane. The force vector is decomposed into two compo-
nents, perpendicular (F,: blue arrow) and parallel (F,,: green arrow) to the
microtubule projected onto the top-view plane (color online). (c) Side view
of (a) indicating the perpendicular force components along the microtubule.
(d) Top view of (a) indicating the parallel force components along the
microtubule. Torque vectors generated by the two independent force groups
are indicated at the contact point.
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indicating that this simple model describes the experimental
situation reasonably well.

Some of the trapped MTs are permanently fixed to the
electrode. This is possibly due to either native defects in the
passivating layer or surface damage by strong binding.
Electric fields over a certain value affect the MT stability
severely as also seen in previous studies.'>**” In the partic-
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the electrode may also produce a direct effect on the stability
of MTs, a polymer built based on electrostatic coupling
(~1eV) between tubulin subunits.***> Further study to clar-
ify this issue will be important for future applications.
Weakly fixed (non-contact) MTs are seen to have freedom in
the lateral motion on the wire, indicating the direction of the
trapping force is indeed perpendicular to the surface.

ular case of the device presented here, the MTs trapped on
the wire are destroyed when applying a 3.3 V pulse (Figure 4
(Multimedia view)). Whereas this is possibly due to altera-
tion of buffer conditions during the electric excitation, the
substantial external electrostatic force exerted on MTs near

C. Electric field-induced MT condensation

We observe an additional remarkable phenomenon, in
that trapped MTs condense into a secondary filament by

3500 (a.u.)| EI
® S 24500 +----------- .\. _____________
)
c 3000———3-3-&—L!—O-P—oo-m.——
3
£1500+---@¢® ¢----------------

o
—
—_—

Time (Interval: 1 sec)

FIG. 6. Fluorescence and bright-field images of microtubules trapped on a Pd-MG microwire while voltage is applied (2.6 V). (a)—=(f) MTs laterally bind to
each other forming secondary filamentous structures as time (top right in min:s) increases. The symbol-tagged colored thin arrows point to MT-elements form-
ing secondary filaments appearing in the next consecutive image (the resulting secondary filaments are indicated by a thick arrow with the same color and sym-
bol). (g) MTs in the condensed structures in a different region about 5s before the field is turned off. (h) The same region as in the panel (g) showing MTs
diffusing away from the wire electrode in the absence of an external field (about 1 min after the field has been turned off). The scale bar (in (h)) indicates
20 pum. (i) Time course of MT condensation. Fluorescence images indicate MTs in the region defined with the white dotted rectangle in (e). The number in
each image indicates time (min:s). The intensity profiles measured along the dotted line are shown below the images, respectively (vertical axis: intensity, hori-
zontal axis: distance). Vertical (horizontal) scale bars in the first profile graph are 3500 in arbitrary unit (3.4 um). Black dotted lines are added as guidelines. (j)
The intensity of MTs (see the main text) plotted as a function of time (from 1:55 to 2:05 with intervals of 1s). Inset: The intensity profile at time 2:00 showing

the complete merging of two peaks, which had been separate before. (Multimedia view) [URL: http://dx.doi.org/10.1063/1.4917203.4][URL: http://dx.doi.org/
10.1063/1.4917203.5]
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laterally coupling with each other. A representative observa-
tion of the electric field-induced MT condensation is pre-
sented in Figure 6 (Figures 6(a)-6(f) and Figures 6(g) and
6(h) (Multimedia view), because of a frame size limitation.).
Upon application of an electric field around a wire electrode,
MTs are accumulated along the wire with a preferential ori-
entation as already discussed. MTs marked by thin yellow
arrows (tagged with asterisks) in Figure 6(a) (Multimedia
view) are coupled in parallel and a secondary filament results,
which is marked in Figure 6(b) (Multimedia view) by a thick
yellow arrow (tagged with the same symbol). Several similar
events are indicated by using different color-coded arrows
(tagged with different symbols) through Figures 6(a)—6(f)
(Multimedia view). We notice that the intensity of the result-
ing filament is enhanced as MTs condense into the filament.
Snapshots showing different times of the MT condensation
are arranged in Figure 6(i) (Multimedia view) with intensity
profiles along the lines indicated in the snapshots. The
enhancement of the intensity is obvious when two peaks have
merged. The intensity distribution may serve as a measure to
count MTs in a bundled structure. The intensity values of
MT-filaments are defined by subtracting the background in-
tensity (average intensity for the distance 0-3.4 um and
10.2—-13.6 um, see the black-dotted guide lines in the first pro-
file graph) from the peak values (Figure 6(j) (Multimedia
view)). The graph shows a somewhat discrete intensity distri-
bution. However, a simple addition of the values evidently
fails to count MTs in the secondary filaments. Furthermore,
in this particular case, counting MTs in bundles from the mi-
croscopy analysis may require extra care since the MTs are
not moving on a flat surface, i.e., a single focal plane. The in-
homogeneous intensity profile along the secondary filaments,
a signature of laterally overlapping MTs, is maintained for a
considerable amount of time even after the field is turned off,
indicating that it is likely a consequence of physical coupling
rather than a temporary overlap. The snapshot in Figure 6(h)
(Multimedia view) shows some of the secondary filamentous
structures diffused away from the wire electrode about 1 min
after the field was turned off. The same region before the field
was turned off is shown in Figure 6(g) (Multimedia view).
The trapped MTs are oriented and the trajectories of
thermal motion of them are confined within the cylindrical
surface of the wire due to the electric field. Such a situation
favors MTs interacting with each other over a large length
due to their quasi-one-dimensional nature. The probability of
such a scenario may depend on the strength of the electric
field that controls (1) the anisotropy barrier to orient MTs,
(2) the degree of spatial confinement, i.e., the trapping force,
and (3) the local density of MTs (with time). Therefore, as
long as any attractive force exists between the like-charged
MTs, the presented experimental configuration may be very
efficient to control and promote MT condensation. However,
the origin of the attractive force in our experiments with
MTs in a typical buffer solution (see Sec. II) remains
unclear. In other works, additional macromolecules, such as
motor proteins*®*’ and globular polymers,*®*® are involved
in binding MTs in a bundle by either using the specific bind-
ing mechanism (the former) or controlling the entropy land-
scape (the latter). It is reasonable to find the origin from the
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mechanism of the counterion-induced attractive interaction
between like-charged polyelectrolytes as it successfully
explains the case of cytoskeletal filaments.’*~* Moreover,
the coupling kinetics obtained from a simulation study on
actin filaments™* is quite similar to what we observe in our
experimental study. However, the high ion concentration and
the high valency of the ions generally required for the
counterion-assisted aggregation are still far removed from
our experimental situation. Neither 1 mM MgCl, nor mono-
valent salt, which we can find from the buffer solution, was
sufficient to observe MT bundles in previous studies.’*>
The direct electrostatic interaction between MTs, which has
been theoretically estimated treating MTs as ordered elec-
trets,”® may be relevant as it may support the long range spi-
ral order experimentally observed in a MT-crowded
system.” Additionally, local electric fields produced by
micro/nano-wire electrodes may work as external control pa-
rameters in the study of phase transitions.”®

IV. CONCLUSIONS

In summary, we have elucidated that a free-standing
wire-type electrode with several micrometers width is capa-
ble of spatio-temporal manipulations of MTs under physio-
logical conditions. We performed fluorescence microscopy
of rhodamine-labeled MTs to demonstrate electrical control
of the distribution of MTs in solution. DC-electric fields gen-
erated by using a Pd-MG microwire intensify the density of
MTs along the wire. Casein coating of the electrode sup-
presses the permanent grafting of MTs to the electrode,
allowing reversible control of the local density of MTs. MTs
are preferentially oriented along the axial direction of the
wire during the electric field-induced migration. Reduction
of the wire dimensions to a regime comparable with the size
of the bio-molecules, multiple arrays or networks of the
wires, and simulation studies to determine proper excitations
balancing the complex force fields in the ionic medium may
open more controllable avenues to regulate the bio-motility
system for molecular delivery, sorting, and assembly.
Moreover, the ability to organize substances in a three-
dimensional system is of general importance. The flexible
cylindrical geometry of the electrode may allow a unique
external force condition in fundamental research, such as
electric field-induced assembly of charged rod-like elements
and artificial cellular structures. The electric field-induced
MT condensation presented in this work constitutes a prelim-
inary result of this type. Generally, artificial micro/nano-
structures producing local electromagnetic fields at a proper
length scale embody a rational strategy for the study of inter-
actions between charged cellular elements and local electro-
magnetic fields, which are ubiquitous in living cellular
systems and potentially relevant to diseases like cancer and
Alzheimer’s disease.”™*’
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