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ABSTRACT The field of microfluidics has drastically contributed to
downscale the size of benchtop experiments to the dimensions of a chip
without compromising results. However, further miniaturization and the
ability to directly manipulate individual molecules require a platform that
permits organized molecular transport. The motor proteins and micro-
tubules that carry out orderly intracellular transport are ideal for driving in
vitro nanotransport. Here, we demonstrate that a reconstruction of the
cellular kinesin/dynein—microtubule system in nanotracks provides a
molecular total analysis system (MTAS) to control massively parallel

Q-dots moving on microtubule array

Colocalized Q-dots

chemical reactions. The mobility of kinesin and a microtubule dissociation method enable orientation of a microtubule in an array for directed transport

of reactive molecules carried by kinesin or dynein. The binding of glutathione S-transferase (GST) to glutathione (GSH) and the binding of streptavidin to

biotin are visualized as colocalizations of quantum dots (Q-dots) when motor motilities bring them into contact. The organized nanotransport

demonstrated here suggests the feasibility of using our platform to perform parallel biochemical reactions focused at the molecular level.

KEYWORDS: uTAS - motor proteins - molecular transport - kinesin - dynein - nanostructures

ince the concept of miniaturized che-

mical analysis systems was introduced

by Manz et al,' numerous on-chip
technologies have been demonstrated to
realize biochemical reactions, analyses, and
detections including protein and DNA sepa-
rations,”~* PCR>® and immunoassays in
proteomics.” Some of these technologies
have been integrated to micro total analysis
systems (uTAS), and already commercia-
lized for practical uses®® Enhancing the
throughput of uTAS toward further massive
and parallel assay in such as high-throughput
drug screening is a next challenge in the
field. Although multiplexing microfluidic com-
ponents or optimizing assay sequences for a
specific target are dominant approaches,
downsizing uTAS by focusing on a counta-
ble number of molecules is another promis-
ing direction. Besides manipulating a small
amount of liquid solution containing target
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molecules within nanofluidic channels,'®
researchers explored a method to directly
manipulate the molecules by motor pro-
teins in uTAS. For the past decade, motor
protein—driven nanotransport using gliding
assay—based systems (molecular shuttles)
has been used to transport cargos,'' "> load
and unload cargos,'*'> and control bio-
assays.'>'®"” The motor proteins have been
designed to utilize motor functions to ma-
nipulate cargo molecules as done by liquid
solution in uTAS. However, the reported
systems lack the ability to regulate the
direction of molecular transport without ex-
ternal biases or structures owing to the use of
only plus end-directed kinesin motors.'®2'
Scale-down is also limited to a lab-on-a-chip
scale, because assays are performed by per-
fusing solutions containing target molecules,
requiring that numerous molecules are trans-
ported on microtubules.'>*?> Manipulating
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Figure 1. Conceptual basis of the molecular total analysis system (MTAS). (a) Assay sequence to orient microtubule polarity
and Q-dot assay. (b) Representation of the mode of binding of GST to GSH. (c) Representation of the mode of binding of

streptavidin to biotin.

fewer molecules is necessary to minimize the system
and increase the throughput of chemical reactions.

In contrast to these limitations, intracellular trans-
port shows well-organized bidirectional nanotransport
of individual molecules or vesicles, which is supported
by microtubules preorganized for cargo transport by
kinesin and dynein.>>** It can be reconstructed in vitro
as a bead assay-based system by fixing microtubules
on a glass substrate and allowing motors to carry
cargos toward the direction defined by the polarities
of the microtubules.>>~%” Application-oriented assay
reported by Carroll-Portillo et al. demonstrated the
Q-dot transport following a sandwich assay targeting
TNF-0.?® In this assay, however, transport direction
relied on randomly immobilized microtubules, and
the sandwich assays were achieved by passively diffus-
ing TNF-a. and anti-TNF-o-labeled Q-dot. Although
several technical solutions have been presented in-
cluding polarity orientation of microtubules and Q-dot
assays, intracellular transport is not yet applicable to
practical applications. Two important technical chal-
lenges to realize further organized molecular systems
based on a bead assay-based system are controlling
the cargo transport direction by defining the polarities
of individual microtubules and employing both kinesin
and dynein to actively and bidirectionally transport
cargos for biochemical assays. Therefore, our approach
here is to tackle these two challenges: One is to define
polarities of individual microtubules to form a micro-
tubule array in a massive and parallel manner. The other
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is to actively induce chemical reactions of reactive mol-
ecules transported by kinesin and dynein motors. This
enables miniaturization of 4TAS to a molecular total ana-
lysis system (MTAS), where microfluidic channels and
chemical reactions in uTAS correspond to microtubules
(roads to carry target molecules) and Q-dot colocalizations
(individual molecular reactions) in MTAS, respectively.
The bead assay-based system using multiple motors
was reconstructed in a nanotrack array that regulates
the direction of molecular transport and the physical
interaction of target molecules (Figure 1a). Two areas at
the end of the array, named A and B (400 um x 1000 um
each), were prepared on a coverslip by patterning
aluminum and an electron beam resist (see Materials
and Methods for details). To guide microtubules into
the nanotracks, one end was widened to form a V-shape
with an 8.5° angle, and aluminum was overetched
to provide a submicrometer-sized overhang structure
(Figure 2a). A flow cell was constructed and treated with
Pluronic, resulting in a coating of only the glass surface
with kinesin (this assay protocol is in Supporting Informa-
tion section 1).° 732 Microtubules were injected perpen-
dicular to the nanotrack array so that they adhered
mostly to areas A and B (Figure 1a-1) and could glide
spontaneously into nanotracks from both areas. The
V-shape structures increased a ratio of microtubules
gliding from area A to B. Moreover, as discussed below,
we also dissociated the microtubules to further in-
crease the ratio by eliminating microtubules in area
B, which is shown as gray arrows in Figure 1a-2. After
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Figure 2. Optimization and evaluation of the microtubule array. (a) Nanotrack inlet and outlet patterned on a glass substrate.
(b) Microtubule array with defined polarities. (c) Microtubule density per 400-nm-wide nanotrack (mean =+ SE, N = 10 nanotracks).
Blue open circles and red open squares indicate F-microtubules and R-microtubules, respectively. Data from numerical estimations
are plotted as broken lines. (d) Gliding velocity of microtubules (mean + SE, N = 20) depending on the distance from the area ex-
posed to light to initiate microtubule dissociation. () Microtubule density per 400-nm-wide nanotrack with or without microtubule
dissociation (mean =+ SE, N = 10). (f) Orientation ratio (mean =+ SE) of microtubule polarity with or without microtubule dissociation.

immobilization of polarity-oriented microtubules by
glutaraldehyde (Figure 1a-3, Figure 2b), we evaluated
the motilities of kinesin- and dynein-conjugated Q-dots.
As expected, kinesin-labeled Q-dots moved to the plus
ends of microtubules, and dynein-labeled Q-dots moved
in the other direction (Figure 1a-4). This reconstructed
kinesin- and dynein-containing microtubule system per-
mits massive and parallel nanotransport to move target
molecules in designated directions in vitro.

Using this scheme, we demonstrated molecule-
specific binding of GST to GSH and of streptavidin to
biotin to evaluate the feasibility of the molecular system
(Figure 1b,c). We bound GST and GSH to Q-dot 655 and
Q-dot 525, respectively, by taking advantage of the
strong interaction between streptavidin and biotin,
resulting in GST—Q-dot 655—kinesin (GST-Q655-K) and
GSH—Q-dot 525—dynein (GSH-Q525-D) (Figure 1b).
Molecular transport resulting from the movements of
kinesin and dynein caused a collision of the GST and
GSH sequences, which was revealed by Q-dot coloca-
lization. The binding of streptavidin to biotin was de-
monstrated using biotin-PEG-biotin—Q-dot 655—kinesin
(bio-Q655-K) and streptavidin—Q-dot 525—dynein
(avi-Q525-D) (PEG, polyethylene glycol; Figure 1c).

RESULTS AND DISCUSSION

Polar Orientation of Microtubule Arrays. Figure 2 sum-
marizes experimental results obtained during the
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construction of the microtubule array. Analysis of
changes in the density of microtubules in the 400 nm-
wide nanotrack (Figure 2a) indicated that the V-shape
structure increased the number of forward-moving
microtubules (F-microtubules). However, the number
of F-microtubules started to decrease after 10 min
owing to a shortage of microtubules in area A. On the
contrary, the density of microtubules gliding in the
reverse direction (R-microtubules) was almost constant
owing to a narrow outlet opening onto area B, which
restricted movement regardless of the density in area B.
Nanotrack width could be optimized within the range
from 400 nm to 10 um to evaluate the structural effect
for aligning single microtubule filaments. Tracks wider
than 2 um showed smaller differences in the number of
F-microtubules and R-microtubules than those on
narrower tracks less than 1 um (Supporting Informa-
tion, Figure S1). This necessitated the development
of rectifiers."® However, the structural effect was evi-
dent at widths less than 1 um: whereas the densities of
F-microtubules were similar among 400— 1000 nm-wide
tracks, mean densities of R-microtubules during 30-min
assay decreased with reduced channel width (Supporting
Information, Figure S2): 9.61 + 0.65 filaments per track
(mean =+ SE, N = 31), 943 + 0.58 filaments per track
(N =30), 8.10 &+ 0.60 filaments per track (N = 31), 647 +
0.48 filaments per track (N = 30) for 1 um, 800 nm,
600 nm, and 400 nm-wide tracks, respectively. According

A X YN/
VOL.7 = NO.1 = 447-455 = 2013 A@L%{\)

WWwWW.acsnano.org

449



to the statistical significance of the decrease (p < 0.01;
Student's t test), 400 nm-wide track is the most effective
to suppress F-microtubules. The number of F-microtubules
was maximal 10—15 min after starting the assay. The
subsequent decrease could be explained by the glid-
ing of microtubules through nanotracks (each 200 um
long) at a mean velocity of 0.34 4 0.01 um s~ ' (mean +
SE, N = 20). Owing to the limited number of micro-
tubules in area A and B, gliding of microtubules toward
area B caused an irreversible decrease in F-microtubule
density. The orientation ratio at the assay time of 10 min
defined by dividing the number of F-microtubules by the
total number of microtubules is shown in Figure 2f.
Tracks wider than 5 um, which have been used in the
past,'®3373% yielded equal levels of F-microtubules and
R-microtubules (ratio &~ 0.5) because microtubules can
make U-turns and glide randomly. Below the track
width of 1 um, it is experimentally and theoretically
demonstrated that U-turns are effectively suppressed.>’”
In addition to preventing U-turns, we could effect a
significant difference in the number of F-microtubules
and R-microtubules by the V-shape structure of narrow
tracks less than 1 um, which yielded a maximal orienta-
tion ratio of 0.76 £ 0.05 (mean =+ SE).

This experimental result was supported by numer-
ical analysis, with the assumption that (i) the number
of gliding microtubules is proportional to density, (ii)
there are no U-turns in nanotracks, (iii) no microtubules
are found in the bulk solution, and (iv) channel width
defines the probability of microtubule gliding into
nanotracks. The number of microtubules on a nano-
track was estimated by calculating the microtubule
density on a glass surface. Time-dependent microtu-
bule density in area A, dDa/dt, is expressed as the
difference between the number of microtubules gliding
in a nanotrack relative to those gliding out of a nanotrack,
asshownineq 1.PoDg — 7, is the number of micro-
tubules gliding out from a nanotrack to area A at time t,
where P, is the probability of microtubule introduction
to a nanotrack per minute from area B, Dy, is the density
in area B, and Ty, is time for microtubule passing through
a nanotrack. The number of microtubules gliding into a
nanotrack from area A attime t, P,,\Da, is expressed in the
same manner. The difference of these products is divided
by the area A, A;,, to provide dD,/dt. The corresponding
equation can be derived for time-dependent microtubule
density in area B, dDg/dt, as shown in eq 2.

dDp _ PouDsie — 1) = PinDay

ar A M

dDg _ PinDa¢ — 1) — PoutDsn @)
dt AOUt

Then, as shown in eq 3, the number of microtubules
moving in the forward direction per nanotrack at time
t, Ngy, is expressed by integrating the product of
probability and density during the period t to Ty,. The
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corresponding number of microtubules gliding in the
reverse direction, N, is calculated by eq 4.

t
Niw = / PinDagy dt (3)
t =T
t
Ny = / PoutDs(y dt (4)
Jt — 1

Variables and their initial values are summarized in
Supporting Information, Table S1. Using these condi-
tions, Ngg and Ny, are calculated with MATLAB soft-
ware (MathWorks) for each assay period and plotted
along with experimental results in Figure 2c and Sup-
porting Information, Figure S2 as broken lines. The
close agreement of the numerical analysis with experi-
mental data revealed that we could not further reduce
the number of R-microtubules by the structural effect
only (Figure 2¢).

To achieve a higher orientation ratio, it was essen-
tial to eliminate the R-microtubules from area B. To do
this, we developed a microtubule dissociation method,
which involves microtubule depolymerization following
exposure to light (530—550 nm) in an oxygen-scavenging
solution optimized referring components in the widely
used oxygen-scavinging system,*® while maintaining the
activity of kinesin (see Supporting Information section 2
for details). This method employs oxygen radicals that dis-
sociate microtubules in the designated area only. How-
ever, diffusion of oxygen radicals deteriorates microtubule
gliding near the exposed area with prolonged exposure
(Figure 2d). To minimize degradation of microtubule
motility in the unexposed area while ensuring disso-
ciation in the exposed area, we selected an exposure
time of 5 s for microtubule orientation. Under this con-
dition, the mean velocity recovered to 91.0 + 11.4%
(mean £ SD) of normal velocity at a distance 50 um
away from the exposed area.

The orientation of polarity was improved by using
the microtubule dissociation method to greatly de-
crease the number of R-microtubules (Figure 2e, Figure S3).
For 400-nm-wide nanotrack, the mean density of
R-microtubules was decreased from 6.47 + 0.48 fila-
ments per track (mean £ SE, N = 30) to 2.23 £+ 0.38
filaments per track (N = 35), resulting in the significant
difference (p < 0.01; Student's t test). Compared to this
decrease in the number of R-microtubules, the number
of F-microtubules was retained, the trend being similar
to that seen in an assay without the dissociation method
(Figure 2c, Supporting Information, Figure S2). This
results in the drastic change in orientation ratio, which
is plotted in Figure 2f for widths less than 1 um. It re-
vealed that the orientation ratio increased with the
decrease of track width and the highest orientation
ratio (0.91 £ 0.04, mean 4 SE) was produced with a
track width of 400 nm (Supporting Information, Movie 1).
Several groups including ours reported quantitative anal-
ysis of directional gliding of microtubules: bidirectional

VOL.7 = NO.1 = 447-455 = 2013 F@L@Mi{\)

WWwWW.acsnano.org

450



gliding (presumably orientation ratio of 0.5 due to no
control in gliding direction) on a nanoimprinted poly-
mer surface was demonstrated,®' over 70% of micro-
tubules were rectified by arrowhead structures,'® a
similar approach reached ~93%,** and over 95% of
kinesin-coated beads were unidirectionally transported
on microtubules oriented by fluid shear stress.'® How-
ever, none of the previously reported results indicate
polarity orientation of individual microtubules in the
designated unidirectional direction at a specific location
on a chip, which is significant in MTAS to realize the
directional cargo transport. In this engineering point of
view, we first demonstrated that almost all microtubules
are gliding unidirectionally and individually on parallel
nanotracks, even the ratio of 0.91 is not highest among
reported results. For subsequent experiments, accord-
ing to the statistical analysis showing the significant
decrease of R-microtubules on narrower tracks and to
avoid overlap of multiple microtubules on a track, we
selected a track width of 400 nm with 1 um spacing
as an optimum structure to orient single microtubule
filaments with the microtubule dissociation method.
After microtubule immobilization by glutaraldehyde
(Figure 2b), we monitored the movements of kinesin-
coated Q-dots and dynein-coated Q-dots separately and
together, that is, dual assay (see Supporting Information
section 3 for details). The Q-dot trajectories for 20 s are
plotted in Figure 3a for Q655-K, Figure 3b for Q655-D,
and Figure 3c for both Q655-K and Q525-D, which
indicates that the directions of Q-dots transported
depend on the coated-motors. The results imply that
the polarities of the microtubules oriented in the
nanotracks reflect the moving direction of the motors
for cargo transport.

In addition to moving directions, run length (RL)
and velocity are key factors for mass transport of
cargos because introducing both kinesin and dynein
into the molecular system may deteriorate the motility
of each of the motors. For kinesin, RL and velocity were
4.2 um and 030  0.10 um s~ ' (mean + SE, N = 99),
respectively, in the single assay (Q655-K) and 4.5 um
and 0.28 £0.10um s~ ' (mean = SE, N = 98) in the dual
assay (Q655-K and Q525-D); for dynein, the respective
values were 5.5 yumand 0.22 + 0.10 um s~! (mean =+ SE,
N = 98) in the single assay (Q655-D), and 3.7 um and
0.23 £ 0.15 um s~ ' (mean & SE, N = 96) in the dual
assay (Q655-K and Q525-D) (Supporting Information,
Figures S4, S7, S8). These results, along with statistical
analysis involving t tests showing nonsignificances
among these results (p > 0.1; Student's t test), demon-
strated that kinesin- and dynein-coated Q-dots re-
tained their motility in the dual assay. In addition, RLs
measured here using multiple motors were larger than
those obtained with a smaller number of motors,**4°
which increases the chance of Q-dot collisions result-
ing in efficient colocalization of them in the following
experiments. The microtubule array, which is the first
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demonstration of parallel and individual microtubules
with predefined polarities on nanotracks and supports
motility of kinesin and dynein, is realized by integrating
optimized approaches for microtubule gliding, etching
of nanotracks, and microtubule dissociation.

Colocalization of Q-dots Carried by Kinesin and Dynein. Q-dot
colocalization assay on the microtubule array was per-
formed as follows after optimizing protein concentra-
tions: Streptavidin-conjugated Q-dot 525 and Q-dot 655
were used in all experiments to evaluate colocaliza-
tion mediated by the binding of either GST to GSH or
streptavidin to biotin. We prepared GSH-Q525-D by
conjugating the Q-dot 525 (10 nM) to biotin-PEG-GSH
(25 nM), and then adding 100 nM dynein solution. For
GST-Q655-K, we first incubated the Q-dot 655 (10 nM)
in the presence of biotin-GFP-GST (25 nM), which was
expressed in Escherichia coli. Kinesin was added at a
final concentration of 100 nM. The colocalization assay
was conducted on the microtubule array by sequen-
tially injecting GSH-Q525-D, GST-Q655-K (each at a
final concentration of 1 nM), and a 1 mM solution of
ATP into a flow cell along with washing steps in between.
Each washing step removes excess or unbound mol-
ecules from the flow cell. The subsequent molecular
system is depicted in Figure 1b. Two Q-dots moved in
opposite directions according to the polarity of the
microtubule, and eventually some of the oppositely
traveling Q-dots on the microtubule passed each other
or became bound to each other.

In the experiment involving colocalization of bio-
Q655-K and avi-Q525-D (Figure 1c), both streptavidin-
labeled Q-dots were first coated only with motors
(i.e., Q655-K and Q525-D) to avoid two biotin moieties
in a biotin—PEG—biotin molecule from attaching to
the same Q-dot, thereby preventing adhesion. We first
bound Q655-K (5 nM) to the microtubule array and
then added biotin—PEG—biotin (0.5 «M) to produce bio-
Q655-K. After eliminating the excess molecules by rinsing
with solution BRB80, Q525-D (2 nM) in the ATP solution
was introduced to the flow cell to start the colocalization
assay. Using both GST—GSH and streptavidin—Dbiotin
molecular systems: GSH-Q525-D, GST-Q655-K, bio-
Q655-K, and avi-Q525-D, we conducted the same ex-
periments on microtubules randomly immobilized on
a coverslip to evaluate RL, velocity, and colocalization
(random microtubules in Figure 4d,e(iii)). This con-
firmed that the role of the nanotracks was restricted
to orienting microtubule polarities to create the micro-
tubule array, and that they did not affect the assay.

When designing the molecular structures, we also
evaluated specific binding between GSH-Q525 and
GST-Q655, and bio-Q655 and avi-Q525 without motors
in bulk solution (bulk solution in Figure 4d,e(i)) andon a
glass surface (glass surface in Figure 4d,e(ii)). Two
Q-dots were simply mixed and incubated in bulk solution
and then placed on a coverslip to visualize colocaliza-
tions. On a glass surface, molecules were sequentially
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Figure 3. Conceptual diagrams and trajectories of Q-dots carried by kinesin or dynein on the microtubule array: (a) Q655-K
(N =47), (b) Q655-D (N = 34), and (c) Q655-K and Q525-D in a dual assay (N = 53) on the microtubule array. “X” and “Y” are the
distance traveled parallel and perpendicular to the array, respectively.

immobilized, and finally the number of colocalized
Q-dots was counted under a microscope. These mol-
ecular structures are illustrated as legend in Figure 4d,e,
and experimental details are provided in the Supporting
Information sections 4 and 5. In all control experiments
for four experimental conditions, we omitted biotin—
PEG—GSH or biotin—PEG—biotin molecules from the
molecular systems described above.

As we examined the effects of mixing two motors in
the dual assay, it is also necessary to evaluate how cargo
molecules (GST, GSH, streptavidin, and biotin) affect
motor activity. At optimal concentrations of Q-dots
and proteins, the binding of cargo molecules to motors
did not compromise motor functions. We measured both
RL and velocity and compared the results with those
obtained without conjugation to GST or GSH. The same
measurement was also done using the streptavidin—
biotin binding system. Comparison of the RLs and velo-
cities of those labeled Q-dots confirmed that the binding
of cargo molecules did not perturb the mobility of kinesin
or dynein (Supporting Information, Figures S5—S8). In
applications of motor proteins for molecular transport,
roadblocks on microtubules are reported to hamper
motility of motors.*'~** Although such a phenomenon is
critical in a gliding assay-based system**? or single
molecule level in a bead assay-based system,**** long-
distance transport by multiple motors in a bead assay-
based system is stably achieved in our colocalization assay.

Massive and parallel Q-dot colocalizations on the
microtubule array were realized using GST—GSH and
streptavidin—biotin bindings. Overview of Q-dot trans-
port according to the polarity of a microtubule array
is captured in Figure 4a or Movie 2. Individual Q-dot
motion could be analyzed if two Q-dots colocalized
(Figure 4b, Movie 3) or passed one another (Figure 4c,
Supporting Information, Movie 4). Since we recognized
the bindings by spatial colocalizations of two fluores-
cent spots (red and green), there are possibilities to
include false-positive detection caused by a nonspecific
binding of two Q-dots or halting of motors. Therefore, we
implemented the control experiments as described to
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evaluate significances of colocalizations due to GST—
GSH or streptavidin—biotin bindings over molecular
sequences without these binding molecules. In addition,
some Q-dots might be colocalized before settling down
and binding to a microtubule, we claimed Q-dot coloca-
lizations when at least one of two Q-dots were motile on a
microtubule and resulted in an overlapped Q-dot spot.
Binding specificities in the control experiment (N > 5)
were plotted in Figure 4d,e following normalization with
the results obtained using the full molecular system (i.e,,
lower values mean more specific binding, depending on
the nature of the binding molecules). The value decreases
with an increase in the number of specific binding events
in the full molecular system. The full molecular systems
are depicted in the legend for easier understanding.

For a GST—GSH molecular system (Figure 4d), bind-
ing specificities in (i) bulk solution and (ii) glass surface
are 0.33 and 0.40, respectively. This means only 33% or
40% of Q-dots were colocalized when the GSH mole-
cule was omitted in the control experiments. In other
words, those colocalizations were caused nonspecifi-
cally. Specificities on (iii) random microtubules and (iv)
the microtubule array are also calculated as 0.17 and
0.095, respectively. Kinesin motility on microtubules
increased specificity of GST—GSH bindings. Streptavi-
din—biotin molecular system also showed higher spe-
cificities on random microtubules and the microtubule
array as seen in GST—GSH system except the result in
bulk solution (Figure 4e). This can be explained by the
fact that the colocalization with the full molecular system
decreased when both biotins of the biotin—PEG—biotin
molecule bound to the same Q-dot in the bulk solution.
The resulting specificity value was 0.61, which is the
highest in all molecular systems investigated. Due to
high specificity between streptavidin and biotin mol-
ecules, smaller values than the GST—GSH system are
obtained: 0.055, 0.00, and 0.16 on (ii) a glass surface, (iii)
randomly immobilized microtubules, and (iv) the mi-
crotubule array, respectively.

The increase of specificities on microtubules indicates
that the designed GST—GSH or streptavidin—biotin
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Figure 4. Q-dot binding assay on a microtubule array. (a) Q-dots on the microtubule array; (b) approaching and binding of
two Q-dots; (c) approaching and crossing of two Q-dots; (d) binding specificity of the GST—GSH molecular system; (e) binding
specificity of the streptavidin—biotin molecular system with schematic illustrations for each molecular binding.

molecules carried by motors induced more molecular
specific bindings than those caused by diffusion in
bulk solution or on a glass surface. Here, it should be
noted that over 100 of colocalized Q-dots were counted
for the results in bulk solution and on a glass surface,
however, colocalizations on microtubules were ~10
Q-dots in a field of view (81.9 um x 41.0 um) and others
passed one another even on the same microtubule. One
of the reasons is the difference of Q-dot concentrations
at binding of two Q-dots in four experimental condi-
tions: 25 nM in bulk solution and ~1 nM on a glass
surface or microtubules. Although Q-dot concentration
was lowered for identifying individual Q-dots on a glass
surface or microtubules, more colocalizations could be
observed if we could increase the concentration. An-
other possible reason is that we could not control the
position of motors on a microtubule at the collision of
two Q-dots. Microtubules are composed of about 13
protofilaments depending on the polymerization con-
dition. When two Q-dots, which are about to collide,
might be carried by motors on different protofilaments
of a microtubule, passing one another may be a result.
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In addition, since our microtubules were polymerized
in BRB80, over 50% of them were expected to be com-
posed of 14 protofilaments resulting in a counter-
clockwise helicity.** Motors moving on a protofilament
follow this helicity and may interact with the nanotrack
surface, which might decrease the number of coloca-
lizations. To ensure the evaluation of specific bindings
by GST—GSH or streptavidin— biotin, about 2-fold of Q-dots
(>200 in a field of view) compared to full molecular
systems were counted in the control experiments. There-
fore, results prove that molecular binding was carried out
in a massive and parallel manner under directional control
of molecular transport in vitro at a Q-dot concentration of
1 nM. Compared with the concentrations in previously
reported methods for GST or streptavidin®®*” detection,
our Q-dot concentration of 1 nM implies that GST—GSH
or streptavidin—biotin bindings achieved in the system
are applicable for detection in future.

CONCLUSION

In summary, we developed a novel method to orient
individual microtubules to produce the microtubule
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array with predefined polarities, which was achieved
not only by a protein assay but also by integration of
the nanofabrication of nanotracks and the microtubule
dissociation method. The designed molecules using
GST—GSH or streptavidin—biotin bindings demon-
strated molecular specific bindings as a result of carry-
ing cargo molecules by kinesin or dynein motors.
Compared with in vitro applications based on a micro-
tubule gliding assay, our MTAS will allow exploitation
of motors involved in in vivo molecular transport for

MATERIALS AND METHODS

Nanotrack Fabrication. Borosilicate coverslips (26 mm x34 mm,
Matsunami Glass, Tokyo, Japan) were immersed in a 10 N KOH
solution for at least 8 h and then washed thoroughly with
deionized water. An aluminum layer was thermally deposited
to a thickness of 150 nm. After a dehydration bake at 200 °C for
5 min, an electron beam resist (ZEP520A, Zeon Corp., Tokyo,
Japan, diluted by addition of an equal volume of toluene) was
spincoated at 4000 rpm for 90 s and baked at 180 °C for 2 min.
Nanotracks were drawn by an electron beam writer with the
optimal settings of 60 #C cm™2 and 400 pA. The resist layer was
developed in ZED-B solution (Zeon Corp.) for 2 min and rinsed in
ZMD-B (Zeon Corp.) for 10 min. The remaining aluminum layer
was etched using an aluminum etchant (H3PO4:CH3;COOH:HNO;
=50:5:1) and washed with deionized water. The etching time was
optimized to 8 min to create an overhang structure to ensure that
microtubules were confined to nanotracks (Figure 2a).

Protein preparations. Tubulin was purified from porcine brains
by two assembly disassembly cycles and phosphocellulose chro-
matography,*® and stored in liquid nitrogen at 6 mg mL™".
Tetramethyl rhodamine-conjugated tubulin was prepared by
adding 10-fold molar excess of the dye to tubulin, resulting in a
labeling stoichiometry of 1.3.° Unlabeled and labeled tubulin
were mixed (10:1) and polymerized into microtubules for 30 min
at 37 °C. A kinesin construct for microtubule gliding consisted of
human kinesin (amino acid residues 1—573) with an N-terminal
histidine tag. Another kinesin construct consisting of human
kinesin (residues 1—465), an N-terminal histidine tag, and a
C-terminal avi-tag was prepared to assay Q-dot transport. Both
kinesins were purified as described.”® Biotinylated dynein
(SNAP647-labeled GST380) was a gift from Dr. Takahide Kon,
Osaka University, Japan.>® Tubulin was purified from porcine
brain and stored at a concentration of 6 mg mL~". Fluorescently
labeled tubulin was prepared by conjugation to tetramethyl
rhodamine (C1711, Molecular Probes). Labeled and nonlabeled
tubulins were mixed at the ratio of 1:10 and polymerized to
labeled microtubules.

Microtubule Array in Nanotracks. Flow cells were constructed by
placing two pieces of parafilm (25 x 5 mm?) as spacers on a
nanotrack-patterned coverslip, 5 mm apart, and covering them
with a glass coverslip (18 x 18 mm?, Matsunami Glass). Nano-
tracks were coated for 5 min with Pluronic F108 (3 mg mL~’,
F108, BASF), which transforms a hydrophobic ZEP520A surface
to a hydrophilic surface that repels kinesin.?" After clearing
unbound material by washing with BRB80 buffer (80 mM PIPES,
1 mM EGTA, 1 mM MgCl,, pH 6.8), 0.1 mg mL~" kinesin (in BRB8O
with 0.2 mg mL™" casein) and 0.1 mg mL™" paclitaxel-stabilized
microtubules in BRB80 were introduced sequentially to the flow cell,
with a 5-min incubation period and a 5-min washing step involving
BRB80 for each. Densities of F/R-microtubules were measured
by evaluating their gliding direction. The buffer was then re-
placed by an optimized oxygen scavenging system (36 ug mL™"
catalase, 1% f-mercaptoethanol, 20 mM dithiothreitol in BRB80)
for microtubule dissociation (see Supporting Information sec-
tion 2 for details). After exposure to light within the optimal
wavelength range 530—550 nm for 5 s in area B (Figure 1a-2),
microtubules in area A started gliding into nanotracks upon
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use with bead assay-based systems. MTAS, for which
more functionality has yet to be demonstrated, is the
first molecular platform that implements controlled
and individual transport of target molecules to the
designated direction for chemical reactions. The next
challenge is how to utilize a specific protofilament of
microtubule for further effective reactions. It will make
MTAS close to practical applications to perform parallel
and massive molecular reactions for a high-throughput
screening.

injection of an ATP solution (1 mM ATP in BRB-O,, which
comprised 36 ug mL~" catalase, 25 mM glucose, 216 ug mL™"
glucose oxidase, 1% [-mercaptoethanol, and 20 mM dithio-
threitol in BRB80 Figure 1a-3). Once the optimal assay time of 10
min had elapsed, microtubules were chemically immobilized by
exposure to 0.1 wt % glutaraldehyde for 3 min, and then 0.1 M
glycine for 5 min (Figure 2b). As discussed in the main text, over
90% of microtubules had the same polarity and guided Q-dot
transport as a microtubule array (Figure 1a-4, Figure 3).

Optical Imaging and Image Processing. Microtubules and Q-dots
were visualized using a fluorescent microscope (IX71, Olympus)
equipped with a 100x oil objective (NA 1.3), a Dual-View image
splitter (Optical Insights, LLC), and an electron multiplying
charge-coupled device camera (iXon EM-++ DU-897, Andor Tech-
nology PLC). Q525 and Q655 were spatially separated by the
Dual-View splitter in the optical path and projected to the
charge-coupled device. Acquired images and movies were
processed using Andor iQ software.
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