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Abstract

We suggest a concept for powering microfluidic devices with biomolecular
motors and microtubules to meet the demands for highly efficient
microfluidic devices. However, to successfully implement such devices, we
require methods for active control over the direction of microtubule
translocation. While most previous work has employed largely
microfabricated passive mechanical patterns designed to guide the direction
of microtubules, in this paper we demonstrate that hydrodynamic shear flow
can be used to align microtubules translocating on a kinesin-coated surface in
a direction parallel to the fluid flow. Our evidence supports the hypothesis
that the mechanism of microtubule redirection is simply that drag force
induced by viscous shear bends the leading end of a microtubule, which may
be cantilevered beyond its kinesin supports. This cantilevered end deflects
towards the flow direction, until it is subsequently bound to additional
kinesins; as translocation continues, the process repeats until the microtubule
is largely aligned with the flow, to a limit determined by random fluctuations
created by thermal energy. We present statistics on the rate of microtubule
alignment versus various strengths of shear flow as well as concentrations of
kinesin, and also investigate the effects of shear flow on the motility.

(Some figures in this article are in colour only in the electronic version)

Supplementary data files are available from
stacks.iop.org/Nano/18/025101

1. Introduction

Kinesins play an important role in vesicle transport and mitosis
in cells. They move along microtubules and generate forces.
Microtubules are one of the cytoplasmic filaments, consisting
of - and B-tubulin dimers [1]. These biomolecular motors
have been known to generate about 6 pN of force [2-5] and
move along microtubules at a speed of about 1 um s~ [6, 7]
with about 50% efficiency in converting the chemical energy
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from hydrolysis of ATP into mechanical work [1, 8]. These
biomolecular motors and microtubule systems, in vitro, were
introduced as novel prime movers for micro-total analysis
systems (TAS), because they showed exclusive potentials
for nanoscopic, self-contained, and highly efficient ©TAS
systems [9-12]. However, in gliding assays, microtubules
translocate in random directions, which presents a challenge
for creating technologies based on microtubule translocation.
Methods for controlling the direction of translocation
of microtubules on kinesin-coated surfaces can be classified

© 2007 IOP Publishing Ltd  Printed in the UK
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Figure 1. Illustrations of mechanical passive methods and active
methods. (a) Kinesin molecules are selectively adsorbed on a glass
substrate at high density, but rarely on the photoresist patterns (at low
density). The kinesins translocate the microtubule. The
predetermined patterns confine the leading end of the microtubule,
resulting in guiding the direction of the microtubule. (b) An external
uniform load is applied to bend the leading end of the microtubule
towards the parallel direction of the load. The remaining body of the
microtubule is tightly clamped by kinesin bindings during the
translocation from kinesin to kinesin, but the leading end of the
microtubule bends like a cantilever beam subject to a load, resulting
in alignment to the direction of the applied force.

as either passive or active. Passive methods generally use
microfabrication or nanoimprinting technology to produce
structural patterns. For example, as seen in figure 1(a), kinesins
can be selectively immobilized on a glass surface using
biocompatible surface patterns that confine translocation along
certain tracks. When such patterned device structures are used
for assays, the advancing ends of the microtubules run into
walls of the patterns, bend towards the direction that requires
less deflection, and then follow along the patterns or reflect out
from the walls. Obviously, for this approach to be effective,
it is fortunate that a single kinesin generates enough force to
cause bending and even buckling of a microtubule [13]. To
date, guiding microtubules along a straight line using chemical
patterning or mechanical nanotracks [12, 14-20] and sorting
them into one direction using arrow heads in microchannels
have been demonstrated [18-20].

On the other hand, active methods exploit me-
chanical/electrical external forces such as viscous drag
forces [11, 21-23] and electrophoretic forces [10, 19, 24, 25].
As seen in figure 1(b), the mechanism of these methods is as-
sumed to be that the external forces bend the leading ends of
microtubules in a desired direction to a certain degree, right
before the advancing end is engaged to another proximate ki-
nesin. However, the remainder appears to be fixed by kinesin
bindings—at least as long as the applied forces are much less
than those kinesins can generate (typically, a sub-pN force is
applied on the microtubules by external forces, but a single ki-

nesin can generate about 6 pN and more than one kinesin can
translocate a single microtubule simultaneously [2, 4, 17]).

Despite the potential of active methods, they have not
been studied extensively in the past. We recently conducted
a detailed study on the use of electric fields to achieve active
control, and found the approach to be quite effective [24].
For example, clockwise translocation of a microtubule along
a 30 um diameter circular trajectory was easily achieved using
four electrodes that were used to rotate the applied electric
field in a counterclockwise direction. However, integration
of electrodes and electric control equipment into microfluidic
devices might often not be portable. Since such microfluidic
devices will require same procedure for introducing flows,
using shear flows to steer microtubules might provide an
attractive alternative. This motivated our investigation into the
effects of simple hydrodynamic shear. In fact, microtubules
have been observed to be aligned parallel to the flow direction
during in vitro gliding assays as a result of repeatedly loading
and flushing buffer solutions with kinesin and microtubule
molecules into the microchannels. Furthermore, shear flow
has been reported to make microtubules move parallel to the
flow direction [23], and then has also been used to produce
isopolar microtubule arrays to investigate the directionality
of kinesin [22]. Recently, shear flow has been used to
align microtubules parallel to the flow direction, followed by
immobilization to provide pathways for kinesins to carry beads
along with them in microchannels [11, 21].

The present work follows up on these qualitative findings
by providing quantitative analysis of the governing parameters
determining the rate of microtubule redirection/alignment in
the presence of shear flow. Specifically, we explore the
rate of microtubule alignment as functions of applied shear
stress and the concentration of kinesin. The goal of this
work is to provide quantitative understanding of microtubule
translocation behaviour in vitro as well as in vivo, when shear
stresses are present.

2. Materials and methods

2.1. Kinesin and microtubule preparation

For most experiments we used a bacterially expressed kinesin
motor, NKHK560cys. This motor consists of the head and
neck domain of Neurospara crassa kinesin (amino acids 1—
433) and stalk of Homo sapiens kinesin (residues 430-560)
and a reactive cysteine at the C-terminal end [26]. Kinesin
was expressed and purified as described previously [20, 27].
Tubulin was purified from cow brain by three cycles of
microtubule polymerization and depolymerization followed
by phosphocellulose ion exchange chromatography, and
fluorescently labelled tubulin (TMR-tubilin) was prepared by
reacting polymerized microtubules with a 20-fold excess of
tetramethylrhodamine (Molecular Probes) at room temperature
for 30 min. Labelled tubulin was purified from this
mixture by repeated depolymerization and polymerization.
For all experiments, microtubules were polymerized by
incubating 2 mg ml~! tubulin (equal ratios of TMR-labelled
and unlabelled tubulin), 1 mM GTP and 4 mM MgCl, in
BRB80 buffer at 37°C for 20 min. Microtubules were
stabilized by the addition of 10 uM taxol. All motility
assays were carried out in BRB80 buffer at pH 6.8 at room
temperature.
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Figure 2. Schematic diagrams of the experimental setup.

2.2. Experimental setup

Figure 2 shows the experimental setup. This setup monitors the
motility of microtubules by kinesin and controls shear stresses
(flow rates) in microfluidic channels. Rhodamine-labelled
microtubule motility is captured via a CCD camera (Orca ER,
Hamamatsu, Japan) equipped with a fluorescent microscope
(Axiovert 200, Carl Zeiss, Germany). Controlled flow can
be generated in the microfluidic channels by using a high-
resistance capillary connected in series with a syringe pump
(KDS210, KD Scientific, Holliston, MA, attainable pressure
ranges from O to 250 psi), and by using feedback control from
a pressure transducer (40PC250G2A, Honeywell).

2.3. Microchannel fabrication

Microfluidic channels were etched in 100 mm diameter glass
substrates using standard HF wet-etching and lithography
techniques. The channels are typically 100 um deep, 400 um
wide, and 15 mm long. These bottom microfluidic channels
were bonded to coverslips using a low-temperature SU-8 (T, =
75 °C) bonding technique shown in figure 3, wherein a PDMS

1. HF-wet etching using photolithography

FR
A
Cr

2. Electrochemical drilling for pores

3. Ozygen plasma treatment for
PDMS (80 W, 250 mTorr, 10 sec)

| PDMS |

4. Spin coat of 500 nm 517-8 on PDMS

y SU-3
| PDMS |

(polydimethylsiloxane) stamp is used for transferring SU-8
to the glass surface. The PDMS stamp is first treated with
oxygen RIE (Reactive Ion Etching) for 10 s at 80 W and
250 mTorr to make the surface hydrophilic [28]. SU-8 2
(Microchem) is immediately poured on the PDMS surfaces and
spun at 4000 rpm for 30 s to obtain a coating of about 500 nm
thickness. The glass microfluidic channels are stamped onto
the top of the SU-8 layer and separated 30 s later, transferring
the SU-8; the process is quite reliable because the SU-8 has a
much higher affinity for glass than for PDMS, and furthermore,
the SU-8 only transfers where it is in direct contact with the
glass (e.g., it does not fill the etched channels). The glass/SU-
8 is then cured on an 85 °C hot plate for 2 min to remove the
solvent. Bonding to a top coverslip (22 x 30 x 0.17 mm?,
Corning) is done by applying pressure of 50 kPa at 75°C
for 2 min using a cleanroom press. This bonding procedure
minimizes SU-8 exposure to the fluid, since most of the wetted
surfaces are glass.

The glass substrates are pre-drilled before bonding using
an electrochemical drilling method, wherein the glass is
submerged in a 45% NaOH bath and is drilled using a sharp
electrode biased at 35 V (DC) relative to a sacrificial electrode
in the bath. Nanoports (N-125S, Upchurch Scientific, Oak
Harbor, WA) are connected on top of the drilled holes for
external reservoirs for loading solutions.

2.4. Shear flow control (wall shear stress t,)

Relatively low shear stresses are required in the microchannel
for these experiments. This, in turn, requires very small flow
rates and, as it turns out, very low pressure differences across
the microchannel. In our microchannel (several tens of pum
in depth, a few cm long), the required shear stresses can
be generated by pressure differentials of the order of tens of
Pa. Such low pressures are hard to control using standard
pressure/flow hardware from commercial vendors. Instead, one
can connect a long microcapillary (e.g. 50 um in diameter and
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Figure 3. Procedures of microchannel fabrication.
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1 m long, Polymicron Technologies, Phoenix, AZ) in series
with the microchannel, so that the required pressure differential
can be raised to a more easily managed range (even to hundreds
of kPa; see the Supporting Online Information available at
stacks.iop.org/Nano/18/025101). As seen in figure 2, a syringe
pump is operated in a feedback loop through a serial port
of a PC, and the pressure values are acquired by the DAQ-
board and LabVIEW (PCI-6014, NI, Austin, TX). Flow rates
are calibrated by measuring the weight of a fluid passing
through the capillary and coming out from microchannels
versus time with a digital balance (AL104, Mettler Toledo,
North Brook, IL); flow rates are averaged over 10-30 min to
reduce uncertainty. Further details and a typical calibration
plot are shown in the Online Supporting Information available
at stacks.iop.org/Nano/18/025101.

In this work, the wall shear stress was chosen to
be a principal parameter to ascertain the external viscous
loads on microtubules.  This is because viscous loads
are linearly proportional to the wall shear stress once the
microtubules are translocating near a glass surface (in gliding
assays, microtubules are approximately 21.5 nm above the
surface [2]). However, the wall shear stress (t) in HF-etched
microchannels varies along the periphery because the velocity
profile is asymmetric. In other words, 7y, at the bottom or top
surface is higher than 7, at the side surfaces. To determine the
uncertainty from the variance of the wall shear stress, as seen in
figure 4(b), FLUENT (Fluent Inc., Lebanon, NH) simulations
were conducted. The simulations show that t, at the bottom
surface (focus of view; see figure 4) is mostly uniform, except
below the under-etched surfaces of the top surface, and slightly
larger than the average wall shear stress, but no more than 10%
larger. Therefore, in these experiments, the variance of ty, at
the bottom surface is compensated for. The average wall shear
stress is expressed with the cross-sectional area, entire surface
area, and a pressure gradient as follows [29].

_ Ax

Ty = APChA—S. (@)
Here, A P, is the pressure gradient between the microchannel
ends, A, is the cross-sectional area, and A, is the entire
surface area of the microchannel except the inlet and outlet
areas. From the resistance analogy of the microchannel and
the capillary (see Supporting Online Information available
at stacks.iop.org/Nano/18/025101), the pressure between the
microchannel and the capillary is divided as follows.
R apy @

cap

APy =

By substituting equation (2) into equation (1), the average wall

shear stress becomes

_ Rch ﬁ
Rcap As

Ty APy, 3)
Therefore, this experimental setup makes it easy to generate
nanolitre flow rates ranging from 0 to 250 nls~', which
correspond to wall shear stress ranging from O to 2.0 Pa. We
estimate the uncertainty of the flow rate to be about 0.6 nl s~
(limited by uncertainty in the pressure transducer reading),
which corresponds to about 0.005 Pa uncertainty in the wall
shear stress.
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Figure 4. (a) A scanning electron microscope picture showing the
cross section of the microchannel made of glass substrates and a
microscope coverslip and then bonded with SU-8. Observation was
made on the bottom where t,, is nearly constant. (b) FLUENT
simulation result of wall shear stress distribution within the
HF-etched microchannel. The bottom wall shows almost constant
wall shear stress (t,, = 0.45 Pa). The unit is the pascal.

2.5. Surface concentration of kinesin

In this work, we use two different kinesin surface densities.
Unfortunately, a quantitative measurement of the functional
kinesin surface densities cannot be easily provided; however,
it is generally accepted that most adsorption isotherms are
monotonic, and therefore the higher bulk concentration should
result in a higher surface density. When we adsorb kinesin
from a solution containing a concentration of 4.5 pug ml~!,
assuming complete adsorption of kinesin to the microchannel,
we expect a total surface density of about 2500 kinesins zm™2.
Note that the number of adsorbed kinesins that are active
and interact with the microtubule is much lower. Based
on comparative experience with other kinesins, we know
that these experimental conditions lead to surface densities
that are just sufficient for continuous microtubule motility.
Further dilution of kinesin results in an intermediate assay
where microtubules are translocated for limited distance.
Therefore, we refer to this concentration as a ‘low’-density
(concentration) assay. On the other hand, if we use
11.25 ugml~! of kinesin, the resulting surface density is
about 2.5 times higher and we refer to this assay as a
‘high’-density (concentration) assay. This range of kinesin
concentrations showed significant variation in results. Each
gliding assay was performed by using 100 ul of kinesin
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Figure 5. Gliding assay response to the application of shear flow (7, = 0.45 Pa). The series of pictures was captured at 5, 30, 50 s after shear
flow was applied, respectively. Continuous application of a viscous drag force produces alignment of the microtubules parallel to the flow
field at low concentration of kinesin. The arrow indicates the flow direction.

solution at different concentrations, allowing this to incubate
for 5 min. Subsequently, 100 1 of 0.03 mg ml~! microtubule
solution was introduced. The standard buffer solutions used to
generate shear flow contained 80 mM of K-PIPES (to adjust the
pH to 6.8), 1 mM of MgCl,, 1 mM of EGTA, 3 mM of ATP, and
a ‘high’ or ‘low’ concentration of kinesin as described above
to reduce the unexpected detachment of microtubules.

It was also discovered in our previous study that surface
preparation was very important in achieving highly repeatable
results. Typically, gliding assays are conducted in glass
chambers built with coverslips as received. = However,
it was found in our previous study that the surfaces
of the glass coverslips may affect the adsorption of
kinesin. Thus all microchannels were cleaned with piranha
(H,0,:H,SO4 = 1:1) for 10 min, etched with 20 times diluted
HF (49%) for 10 s, and rinsed with DI water for 10 min.
It was observed that the number of microtubules on treated
glass surfaces at a low concentration of kinesin is comparable
with that on untreated glass surfaces (as received) at a normal
concentration [14]; from this it might be inferred that the
surface treatment increases the surface density of kinesin.

3. Results

3.1. Qualitative results

Figure 5 shows the translocation of microtubules on kinesin-
coated glass surfaces in the presence of shear flow (z, =
0.45 Pa). Initially, the microtubules are translocating in
random directions, as observed in typical gliding assays.
However, 5 s after the shear flow is applied, the advancing
ends of the microtubules appear to bend towards the direction
of the flow field. After 50 s, nearly all the microtubules are
translocating roughly parallel to the flow field.

Using these observations and the results of our previous
work [24] as a guide, our hypothesis is that, although viscous
drag is too weak to detach a microtubule from kinesin, the drag
force is sufficient to deflect the leading end of the microtubule
into the flow direction by an appreciable amount, as long
as the leading end of the microtubule is cantilevered beyond
its kinesin supports (e.g., for the period of time before the
advancing tip engages another proximate kinesin). Since the
drag force (about 0.09 pN um~! for a 10 wm long microtubule
perpendicular to the flow direction under t, = 0.45 Pa) is
much less than the force a single kinesin can generate (about
6 pN), the only question is whether the drag force is sufficient
to completely explain the observations qualitatively. This
hypothesis has several testable corollaries. (1) the rate of
microtubule alignment in the presence of shear flow should
strongly depend on the surface concentration of active kinesin,
because if we presume that microtubule deflection can be
modelled much like a cantilever beam deflecting under a
uniform loading, the amount of deflection is proportional to
the length of the cantilever to the fourth power. (2) The rate
of deflection should also increase with increasing wall shear
stress, Ty (which is proportional to the flow rate/pressure
gradient). (3) In low-kinesin-concentration cases, we should
observe sharp bending at a few points along the length of a
microtubule, corresponding to the location of kinesin supports,
accompanied by sharp-turning trajectories. However, in high-
kinesin-concentration cases, the closely spaced kinesins will
create a more gradual turning along gently arcing trajectories.

All three of these qualitative features are observed in our
images, and, as we show in the following section, in our
quantitative data. Qualitatively, figure 6 shows snapshots of
microtubules at fixed times after the application of various
shear stresses, and at two concentrations of bulk kinesin.
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Figure 6. Gliding assay response to the application of various wall
shear stresses. (a) Low kinesin concentration, no wall shear stress
(standard gliding assay). (b)—(d) Low-concentration kinesin gliding
assays, after 50 s exposure to different wall shear stresses, such as

Ty = 0.09, 0.18, and 0.45 Pa, respectively. (e) High kinesin
concentration, no wall shear stress (standard gliding assay).

(f)—(g) High-concentration kinesin gliding assays, after 120 s
exposure to wall shear stresses, such as 7, = 0.09, 0.18, and 0.45 Pa,
respectively.

The alignment of microtubules for the low-concentration case
(figures 6(a)—(d)) is much more pronounced than in the high-
concentration case (figures 6(e)—(h)), even though the high-
concentration images are shown after a longer exposure to
shear. It is noted that, in both cases, the buffer solution does
not contain microtubules; therefore it is not surprising that the
microtubule concentration on the surface slowly decreases due
to the occasional microtubule detachment. Further analysis of
images such as these will be presented in section 3.2. Figure 7
compares examples of individual microtubule trajectories on a
low concentration of kinesin (low surface density of kinesin)
and high concentration of kinesin (high surface density of
kinesin). In figure 7(a), a microtubule is translocating upwards
in the image, with its leading end bent slightly to the right,
in the presence of a nearly perpendicular flow field (v, =

7,=0.18Pa  t=0s

No kinesin
kinesins

Another
kinesin

~

(a) Low concentration

(b) High concentration

Figure 7. The process of aligning microtubules at different
concentrations of kinesin using shear flow. (a) A microtubule gliding
on a low density of kinesin deflects like a cantilever beam subject to a
load, showing significant deflection as one leading end advances until
it is apparently bound to another kinesin. (b) A microtubule gliding
on a high density of kinesin makes a slower and more gradual turn.

0.18 Pa). The leading end is observed to experience a
large bending in a short distance. In contrast, high-kinesin-
density cases show much more gradual alignment, as shown
in figure 7(b), for instance. The microtubule indicated with a
dotted arrow in figure 7(b) turns smoothly, with a large radius
of curvature. Our interpretation of figure 7(a) (at = 0 and 3 s)
is that the microtubule seems to be transiently cantilevered over
a region where the kinesin failed to engage the microtubule.
We hypothesize that the cantilevered portion of the microtubule
seems to be deflected towards the flow direction by the
bending moment caused by a uniform transverse load, while
the remainder was tightly fixed by active kinesins like a series
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Figure 8. Definition of microtubule translocation direction
0; (—180° < 6; < 180°). Counterclockwise is positive.

of clamps along its length. The deflection gradually increases
as the microtubule translocates, until the tip is engaged by
another kinesin (figure 7(a), t = 6 s), and the process repeats.
As a side note, probabilistically, the longer and the more
cantilevered microtubules are expected to be observed on the
lower concentration of kinesin—and this is indeed the case.

3.2. Quantitative results

We use straightforward image processing techniques to analyse
quantitatively the rate of microtubule alignment. Briefly,
angles between the leading end of each microtubule in the
video frame and the direction of the flow field, as shown in
figure 8, were measured in each video frame manually. The
translocation direction 6; is defined as the angle between the
flow-field vector and a vector pointing in the direction of
microtubule translocation.

Before considering aggregate statistical behaviour, let
us consider the behaviour of some individual microtubules.
In figure 9, representative histories of the angle 6, (as
defined in figure 8) for ten randomly chosen microtubules are
plotted in the presence of three different wall shear stresses.
The microtubules were chosen so that their initial 6; were
distributed evenly between . Figure 9(a) shows the values
with low kinesin density, but figure 9(b) shows histories with
high kinesin density. In all cases, obviously, shear flow appears
to align all microtubules, but in the low-density cases, the
alignment is more pronounced, and occurs much faster, than
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in the high-density cases, as supposed by the cantilever beam

bending hypothesis.
We also obtained ensemble statistics for N = 50
microtubules as a function of time. The average ; = 0 for

both randomly oriented and perfectly aligned microtubules, so
this is not a useful statistic; however, the root-mean-square
(RMS) value 6, has a value of O, = (72/3)'/? = 103.9°
for randomly oriented microtubules, while an ensemble of
perfectly aligned microtubules will have 6, = 0.0°; thus
we use Oys as a convenient measure of statistical alignment.
In figure 10, O is plotted as functions of time under
different shear stresses and different concentrations of kinesin.
Figure 10(a) shows the results at low concentration of kinesin
(corresponding to images of figures 6(a)—(d)). The 6, before
shear flows are applied is quite close to 103.9°, as expected
(error bars include sampling as well as estimated measurement
errors). After shear flows are applied, O,y decreases with time
and, consistent with figure 5, the rate of alignment is larger
under stronger wall shear stress. Figure 10(b) shows the result
at exactly the same conditions, except with high concentration
of kinesin (corresponding to figures 6(e)—(h)). 6.5 decreases
significantly faster at low concentration of kinesin than at high
concentration when comparing results at similar wall shear
stress. Again, these statistical results are also consistent with
the hypothesis of a cantilever beam deflection described above.

4. Discussion

In this study, we conducted numerous gliding assays to
investigate the translocation behaviours of microtubules on
different surface densities of kinesin in the presence of various
wall shear stresses. However, when shear flow was applied,
the surface density of microtubules appeared to gradually
decrease, and also microtubules were observed to be detached
from the surfaces even under a very low shear rate—at which
the average velocity is several tens of um s~!. Our calculations
showed that this range of shear rate should result in forces far
less than the 6 pN that a kinesin can exert. A closer analysis
suggested that this behaviour is related to reversal kinesin
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Figure 9. Individual microtubule directions 6; versus time. (a) Low-density-kinesin cases show faster alignment at various shear stresses. 6;
for 10 cases are shown. (b) High-density-kinesin cases show slow and random alignment.
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Figure 10. 6, (directionality) of microtubules versus time (N = 50)
at high concentration of kinesin.

detachment from the surface. We eliminated this artefact by
mixing the same concentration of kinesin (the same used to
first introduce kinesins into the device) into the buffer solutions
used in the experiment, to maintain a constant surface density
of kinesin during the application of shear flow. These free
kinesins in the buffer solution prevented the decline of the
surface density of kinesin and this method proved to be quite
successful. Clearly, in future devices, kinesins should be
irreversibly crosslinked to the substrate surface.

Our cantilever beam hypothesis is supported by observa-
tions of microtubule tip fluctuations in gliding assays. This
is caused by thermal fluctuation (the energy of which is pro-
portional to k7, where k is the Boltzmann constant and 7 is
the absolute temperature) that causes random events in individ-
ual microtubule translocation and alignment. Similarly, in the
presence of shear, a microtubule’s trend towards alignment is
not always monotonic, as seen in figure 9. We also note that the
late-time 6,,,s appears to asymptotically approach to a non-zero
value, and that this asymptotic 6, is larger at higher kinesin
concentrations (see figure 10). A similar trend has been also
observed in the presence of electric fields [24].

This might seem counterintuitive, but this observation of
poorer late-time alignment with higher kinesin density can be
explained by scaling arguments. As some length AL of a
microtubule tip becomes cantilevered, the deflection of the tip
due to Brownian motion is expected to scale as (AL3kT)'/?
(see Gittes et al [30]). However, at the same time, the
steady deflection due to the viscous drag force scales as AL*.
Thus, in high-density-kinesin cases, when the typical AL is
shorter, the ratio of random deflection to steady deflection is
actually larger when AL is shorter, so the range of possible
turning angles as the tip moves from kinesin to kinesin is
actually larger. This result also implies that microtubule
alignment may become extremely slow at very high kinesin
concentration. Furthermore, since the microtubules may be
detached by extremely high shear stress, one would expect that
lower kinesin densities give a wider range of shear stresses
available for effective alignment of microtubules.

As for the future of this approach for developing uTAS
systems powered by biomolecular motors and microtubules,
we may need practical, uncomplicated wall shear stress
(nanolitre flow rate) control in the microchannel. Since,
typically, a head-height difference (H) of 1 cm between
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reservoirs can produce a hydrostatic pressure gradient
(APy) of about 100 Pa (APy = pgH, p is the
density of a fluid), from equation (1), the required
wall shear stress is determined by the geometry of the
microchannel. For instance, the microchannel used in our
experiments (100 pum deep, 400 um wide, and 15 mm
long) results in a hydrodynamic resistance of R =
4.94 x 10" kgm™* s~! (see Online Supporting Information
available at stacks.iop.org/Nano/18/025101). Therefore, the
average wall shear stress (7y) in the microchannel becomes
approximately 0.3 Pa. Since the shear stress can be linearly
controlled by changing the head-height difference and most
1TAS systems (including bimolecular motor-driven devices)
require loading flows through the microchannel, the shear flow-
based microtubule redirection/alignment method will be quite
useful for developing biomolecular motor powered, stand-
alone devices.

5. Conclusion

Pressure-driven shear flow can be used as an effective method
to actively control the direction of microtubules on kinesin-
coated surfaces. The proposed mechanism appears to be that
shear flow imposes viscous drag forces on cantilevered leading
ends of the microtubules during translocation. This hypothesis
suggests that the kinesin density is a major factor governing
both the rate of redirection, and the ultimate statistical degree
of alignment—lower kinesin densities lead to both faster and
better ultimate alignment of the microtubules. Statistical data
on the rate of microtubule alignment, and scaling arguments for
the relative importance of random tip fluctuations compared
to shear-induced tip deflection, support this hypothesis. As a
practical methodology, we discovered that using kinesin-free
buffer to flush such systems results in rapid rates of detachment
(over a few or a few tens of seconds). We suggest that the
desorption rate of kinesin from the surface may be of the order
of this timescale, and so kinesin must be added to the flushing
solution to prevent this problem. It is hoped these results are
useful beyond our interest in microsystem development, e.g. to
help understand the effects of shear and flow on microtubule
translocation in biological systems.
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