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T
he activity of protein molecules is in-
herently controlled by chemical mol-
ecules that act as activation signals or

energy sources.1 For example, biomotors
require adenosine triphosphate (ATP) to
generate force and motion in living cells.2

Various applications such as biochips3,4 and
biosensors5,6 have been relying on such
interactions between proteins and chemical
molecules. Thus, it is of great importance
to develop technologies for the controlled
release of signaling chemical molecules in
the fabrication of devices relying on protein
functionalities.7�16 For example, the “caged
ATP” method utilized UV-active compounds
that can hold ATP and release it in the solu-
tion upon exposure to UV light.14�17 Also,
various other methods such as conducting
polymer-based devices8�10 and microfluidic
devices11�13 have been intensively studied
for the controlled release of biochemical
molecules.7 However, these methods often
suffered from various limitations. For exam-
ple, previous methods can be utilized to
control the biomolecular concentration over
the entire solution, but it is often very difficult
to control the local concentrations of desired
biomolecles.18,19Also,manypreviousmethods
required macroscopic auxiliary devices11,14�19

such as pumps and UV-light sources, which
cannot be integrated into compact devices for
nanomechanical systems. On the other hand,

nanoparticles (NPs)20�22 or nanowires
(NWs)23,24 synthesized from the combination
of variousmaterials havebeenapplied todrug
delivery systems20�23 or printable electrical
devices25,26 since the NPs and NWs can be
guided to the desired locations by external
forces.25�29 However, nanostructures that can
store and release specific chemicals upon
electrical stimuli havenotbeendevelopedyet.
Herein,wedeveloped “nano-storagewires”

(NSWs) that can store chemical species and
release themwhen stimulated by an external
electrical bias. In this work, electrodeposition
techniques27,30 were utilized to fabricatemul-
tisegmented NWs composed of a polypyrrole
(PPy) segment containing chemical species
such as ATP, a ferromagnetic nickel (Ni) seg-
ment, and a conductive gold (Au) segment.
Due to the Ni segment, we could drive and
deposit the NSWs onto specific regions on
electrode surfaces via an external magnetic
field.27,28 The NSWs on the electrodes formed
a good electrical contact with the electrodes
via the Au segment, and they released che-
mical species from the PPy segment27,31�33

by the external electric potential from the
electrodes. As a proof of concept, we demon-
strated the control of motor protein activities
using NSWs containing ATP. We also showed
that NSWs can be printed on flexible or even
on 3D structured substrates to build chemical
storage devices. Since the NSWs can store
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ABSTRACT We report the development of “nano-storage wires”

(NSWs), which can store chemical species and release them at a

desired moment via external electrical stimuli. Here, using the

electrodeposition process through an anodized aluminum oxide

template, we fabricated multisegmented nanowires composed of a

polypyrrole segment containing adenosine triphosphate (ATP)

molecules, a ferromagnetic nickel segment, and a conductive gold segment. Upon the application of a negative bias voltage, the NSWs released ATP

molecules for the control of motor protein activities. Furthermore, NSWs can be printed onto various substrates including flexible or three-dimensional

structured substrates by direct writing or magnetic manipulation strategies to build versatile chemical storage devices. Since our strategy provides a means

to store and release chemical species in a controlled manner, it should open up various applications such as drug delivery systems and biochips for the

controlled release of chemicals.
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chemical species and release them at any desired
moment via external stimuli, they can be utilized for
various biochip applications such as the controlled
delivery of drugs and other chemicals for the control
of protein activities.31

RESULTS AND DISCUSSION

Figure 1 shows a schematic diagram depicting the
fabricationmethod of nano-storagewires.We fabricated
multisegmented NWs composed of Au, Ni, and PPy-ATP
segments. The PPy-ATP segment has been utilized for
the controlled release of ATP molecules.8�10 The Ni
segment enables themagnetic localization of NSWs,27,28

while the Au segment provides a good electrical contact
with electrodes. When Ni is exposed to air or aqueous
conditions, the surface oxidation results in high contact
resistance.34,35 Therefore, the Au segment was incorpo-
rated to lower the contact resistance between the NSWs
and the electrodes.36 The detailed procedure for the
NSW fabrication method can be found in the Materials
and Methods section. In brief, a 500 nm thick silver (Ag)
layer was thermally evaporated on one side of an
anodized aluminum oxide (AAO) template (Figure 1a)
to serve as a working electrode.30 After the thermal
deposition of an Ag layer, additional Ag was electro-
chemically deposited using a potentiostat to create a
uniformworking electrode for the deposition of NSWs.37

The desired Au, Ni, and PPy-ATP segments were depos-
ited in series (Figure 1b). Following the deposition, the
Ag backing layer was etched using 70%nitric acid,38 and
then the AAO was dissolved in 3 M NaOH solution30 to
disperse the NSWs in the solution (Figure 1c). Here, only
the Ag layer deposited on the side of the AAO template
was exposed to the nitric acid, and the Au segment
prevents the intrusion of the nitric acid into the Ni and
PPy segments. It prevented potential damage to the ATP
stored in the PPy parts. Furthermore, since the diffusion
of small ions such as NaOH in the solution toward the
core of the PPy matrix is negligible,39,40 most of the ATP
molecules can be stored stably within the PPy segment.
The dispersed NSWs were thoroughly rinsed with deio-
nized water prior to the release experiments. Figure 1d
shows a schematic diagram depicting themeasurement
of the real-time controlled release of ATP from a NSW.
Here, the NSW aswell as a counter electrodewas placed
in the solution of an ATP bioluminescence assay kit
containing luciferin and luciferase. When a negative bias
voltage of �2 V was applied to the NSW, the PPy-ATP
segment in the NSW expanded and released ATP. Due
to the released ATP, the luciferin around the NSW was
rapidly oxidized by luciferase, producing light. Thus, the
observation of such light around the NSW by fluores-
cence microscopy can be an indication of the ATP
release from the NSW.23

Figure 1. Schematic diagram depicting the fabrication of NSWs. (a) Deposition of Ag onto an AAO template. A 500 nm thick
Ag layer was thermally evaporated onto one side of the AAO template to serve as a working electrode. (b) Electrodeposition
processes of NSWs. The Au, Ni, and PPy-ATP were electrochemically deposited in series. Yellow, blue, and red segments
represent Au, Ni, and PPy-ATP segments, respectively. (c) Dispersion of NSWs into the solution. The Ag layer and the AAO
template were removed by nitric acid and 3 M NaOH, respectively. (d) Controlled release of ATP from a NSW by applying a
negative bias voltage onto the NSW. A bias voltage of�2 V was applied to the NSWs to release ATPmolecules in a controlled
manner.
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Figure 2a shows the scanning electron microscopy
(SEM) image of NSWs. The NSW consisted of three
distinct segments: dark, intermediate, and bright re-
gions corresponding to PPy-ATP, Ni, and Au segments,
respectively. To confirm the chemical compositions of
each segment, we performed energy dispersive X-ray
spectroscopy (EDS) (Figure 2b). Position 1 (POS1) of the
NSW mainly consisted of carbon and oxygen, while
positions 2 (POS2) and 3 (POS3) contained Ni and Au,
respectively. Strong Si peaks appeared in all regions
since the NSWs were loaded onto a silicon oxide wafer
for the EDS analysis. These EDS results clearly con-
firmed that our fabrication method allowed the syn-
thesis of NSWs with discrete segments.
Figure 2c shows the length of each segment with

respect to applied charges during electrodeposition.
EDS analysis in the line scanning mode was conducted
along the long axis of the NSWs to investigate the
precise lengths of each segment. The length of each
segment linearly correlated with the applied charges.
The growth rate was 14 nm/mC for the PPy-ATP
segment, 0.9 nm/mC for the Ni segment, and 3.2 nm/
mC for the Au segment (Figure 2c). This result implies
that we can control the length of each segment simply
by controlling the applied charges during the electro-
deposition process.
Each segment in a NSW plays a role to extend the

applications of the NSWs. The PPy segment stores
chemical species such as ATP. The Au segment enables
a good electrical contact between the deposited NSWs
and the electrodes because Au does not form an
insulating oxide layer on it. The Ni segment of the

NSWs allows one to utilize magnetic fields to drive the
NSWs and place them onto a specific location for
device applications. As a proof of concept, we demon-
strated the deposition of NSWs onto a specific location
on a solid substrate using ferromagnetic Ni patterns
(Figure 2d).27 Here, Ni patterns (5 μm � 10 μm) on a
silicon oxide wafer were placed in the dispersions of
NSWs, and an external magnetic field was applied. In
this case, the magnetic field around the Ni patterns
became larger than other regions, and, thus, the NSWs
were driven to the Ni patterns due to its magnetic
segment. Figure 2e shows the SEM image of NSWs on
ferromagnetic Ni patterns. The NSWswere aligned and
localized on the Ni patterns. This result indicated that
the position and the alignment of individual NSWs can
be controlled by utilizingmagnetic fields, which can be
utilized to assemble complicated device structures for
practical applications.
Figure 3a shows fluorescence micrographs of NSWs

with (right panel) and without (left panel) the applica-
tion of bias voltages as described in Figure 1d. Without
a bias voltage, NSWs appeared as dark regions (left
panel). When a negative bias voltage was applied, the
PPy-ATP segments expanded and released ATP into
the solution. The released ATP stimulated the oxidation
of luciferin around the NSW, producing light (right
panel). Note that although the released ATP could
usually diffuse out over a long distance in solution
environments,31 in this experiment, it reacted with
nearby luciferase and luciferin immediately and gen-
erated fluorescent light only near the NSWs. This result
clearly shows that our NSWs could store biochemical

Figure 2. Characterizations of NSWs. (a) SEM image of a single NSW. The dark, intermediate, and bright regions represent
PPy-ATP, Ni, and Au segments, respectively. (b) EDS spectra on the NSW. The blue, red, and green spectra correspond to
position 1, 2, and 3 of part (a), respectively. (c) Growth length of each segment versus applied charges. (d) Schematic diagram
depicting the localization of NSWs driven by magnetic fields. NSWs in the solution were attracted to predefined Ni patterns
when external magnetic fields were applied. (e) SEM image of NSWs localized on Ni patterns.
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species such as ATP and release them using electrical
stimuli. It also should be noted that the Au segments
without oxide layers should have helped make a good
electrical contact with the electrode surfaces. We
performed a control experiment using a conducting
AFM to estimate the effect of Au segments on the
contact resistance of NSWs (Figure S1 in the Support-
ing Information). The results show that the NSWs with
Au segments had 600 times or lower contact resis-
tances than those without Au segments.
Figure 3b displays the fluorescence intensity of the

NSWs as a function of time. The fluorescence intensity
was averaged over the NSWs as shown in Figure 3a.
The fluorescence intensity increased with the applica-
tion of �2 V bias voltages, but it decreased abruptly
with the removal of the bias voltages. The fluorescence
intensity of NSWs confirmed that the PPy-ATP segment
released ATP molecules when the bias voltage was
applied, while it ceased to release when the bias
voltage was removed. It should be noted that, upon
the application of electrical stimuli, ATP molecules
could be repeatedly released from the NSWs with a
short response time. It is also worth discussing the
lifetime of the chemical species in NSWs. The lifetime of
NSWs is expected to vary depending on the properties
of stored chemical species and environmental condi-
tions. In the case of ATP, it can be easily destroyed
when moisture in the PPy segment is completely
removed. We could keep the deposited NSWs under
dry environments over 12 h and demonstrate the

release of ATP (Figure S2a in the Supporting
Information). However, we can expect that for a longer
storage of ATP in the NSWs, the device should be
stored in humid or wet environments. The ATP in NSWs
is expected to be stored for a long time period at a low
temperature just like other biological molecules. For
example, we could store the NSWs with ATP in deio-
nized water at �20 �C for 2 weeks and use them to
release ATP (Figure S2b in the Supporting Information).
We performed a simulation to estimate how much

ATP can be stored in each NSW and can be released
from it. The detailed explanation can be found in the
Supporting Information (supplementary note 1, Figure
S3). In brief, the initial ATP concentration within a NSW
was estimated as 0.81M considering the dimensions of
the NSWs and the concentration of the used chemical
species. Then, the ATP release from the NSWs was
simulated using a commercial finite element method
package, COMSOLMultiphysics. We modeled our NSW
system based on the thin layer diffusionmodel.31,41 On
the basis of the simulation result, the ATP concentra-
tion inside the PPy-ATP segment was estimated to be
0.81M at 0 s, 0.60M at 5 s, and 0.40M at 10 s during the
application of a negative bias voltage (Figure S3).
Therefore, 12 � 10�17 mol of ATP was released from
eachNSWevery 10 s at the initial stages. Assuming that
the ATP in our present PPy-ATP patterns was used to
fill our flow cell with dimensions of 1 cm � 0.8 cm �
150 μm (W� L� H), the ATP concentration in the flow
cell could increase up to 119.85 μM. However, it also

Figure 3. Controlled release of ATP via electrical stimuli. (a) Fluorescence images of NSWs on a Au substratewith (right panel)
andwithout (left panel) the application of a�2 Vbias voltage. The ATP bioluminescence assay kit (luciferin/luciferase kit from
Sigma Aldrich, USA) was used to detect the release of ATP. (b) Graph of the fluorescence intensity with respect to time.
Thefluorescence intensity indicatingATPmoleculeswas repeatedly increased anddecreasedwith application and removal of
�2 V bias voltage, respectively. The data were obtained from the NSWs in (a). (c) Control of biomotor motility using NSWs.
Here, the thin Au surface on glass was coated with kinesin biomotors. The white line in the red dotted circle represents a
microtubule on the kinesin biomotors. Other white lines represent the NSWs on the substrate. (d) Schematic diagram
depicting the controlled release of ATP from an individual NSWbetween two electrodes. The NSWwasmagnetically localized
onto an electrode consisting of Ni (green) and Au (orange), and then a �2 V bias voltage was applied across the NSWs. (e)
Optical (left) and fluorescence image of a single NSW with (right) and without (middle) a �2 V bias voltage.
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should be noted that the maximum possible ATP
concentration by our method can be increased much
further simply by depositingmore NSWs, implying that
our method can be utilized to control the ATP con-
centration from zero up to a very high concentration.
The released ATP could be utilized to control the

activities of protein molecules such as biomotors
(Figure 3c). Here, NSWs were first deposited onto a
thin Au film, and, then, the Au film was utilized as a
substrate for themicrotubule�kinesinmotility assay.42

When a bias voltage was applied onto the substrate,
ATP was released from the NSWs. The kinesin mol-
ecules were activated, resulting in the motion of
microtubules on them.31 It is worth discussing the
advantages and disadvantages of our method for the
control of biomotor activities compared with previous
works. Previously, a thermoelectric chip was utilized to
control the localized activity of biomotors by control-
ling the local temperature.43�45 This method can
efficiently turn on and off all biomolecular activities
related with temperature in a localized region.

However, in our method, one can selectively control
the biomolecular activities related with ATP or any
released chemical species while leaving other biomo-
lecular activities unaltered. Thus, our NSWs should be a
new powerful tool for the selective control of specific
biomolecular activities in a localized region.17�19,43�45

We could place individual NSWs between two elec-
trodes for the controlled release of ATP molecules
(Figure 3d). Here, an external magnetic field was
applied to trap a NSW between two Ni/Au electrode
patterns from its solution (details in the Materials and
Methods section). Figure 3e illustrates the optical and
fluorescence images of a single NSW deposited on top
of two neighboring Ni/Au electrodes. The NSW was
located on top of two Ni/Au neighboring electrodes as
expected (left panel). The fluorescence micrograph
shows that the NSW luminesced only upon application
of a�2 V bias voltage (middle and right panels). In this
case, since the bias voltage was applied between two
nearby electrodes, an additional separate electrode
was not required. Thus, we should be able to fabricate

Figure 4. Printable “nano-storage”devices. (a) Schematic diagramdepicting the directwritingof NSWsonto a solid substrate.
“NSW ink”waswritten onto a Au substrate using amagnetized needle. (b) SEM image (left) of NSWs printed via direct writing
and fluorescence image of the same sample with (right) and without (middle) the application of�2 V bias voltages. The ATP
bioluminescence assay solution (luciferin/luciferase kit from Sigma Aldrich, USA) was used to detect the release of ATP. (c)
Schematic diagram showing a flexible nanostorage device. Polyimide filmwas coatedwith a Au layer andNi patterns (green).
NSWs were driven and deposited on the Ni electrodes via external magnetic fields. (d) Photographic image (left) and
fluorescence image of the flexible storage device with (right) and without (middle) a bias voltage of �2 V. (e) Schematic
diagramdepicting the controlled release of ATP fromNSWs deposited on amicropipet. Themicropipet was placed in the ATP
bioluminescence kit, and then a bias voltage of �2 V was applied to release ATP from the NSWs. (f) SEM image of NSWs
deposited on a micropipet. (g) Optical (left) and fluorescence (right) images of NSWs attached on a micropipet when a bias
voltage of �2 V was applied.
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micro- and even nanoscale storage devices based on
NSWs for the controlled release of chemical species.
This result also clearly shows that our device can be
utilized to control the local concentration of biomole-
cules without any bulky equipment, which can be an
advantage compared with previous methods.7�19

NSWs are quite versatile nanostructures that can be
utilized for various chemical storage device applica-
tions for controlled release of biochemical species
(Figure 4). First, we demonstrated the direct writing
of NSWs on solid substrates for a printable device
(Figure 4a). Here, a Ni needle was dipped into the
NSW solution to form a small droplet of “NSW ink” at its
end. Then, it was fixedonaprobe-manipulator andused
as a “pen” to directly write NSWs on the Au substrate.
Figure 4b shows the SEM image (left panel) and fluo-
rescencemicrographs (middle and right panel) of NSWs
prepared by this direct writing method. The SEM image
shows that NSWs are deposited on the substrate in
the shape of an “H”. Furthermore, the “H” shape lit up
when a negative bias voltage of�2 Vwas applied to the
underlying Au substrate. This clearly shows that NSWs
can be easily written onto the desired region of the
substrate to build storage device structures for the
controlled release of biochemical molecules.
We also demonstrated flexible nanostorage devices

(Figure 4c). Here, NSWs were driven by magnetic fields
and deposited onto Ni/Au films on a transparent and
flexible polyimide film (left panel of Figure 4d). The
device transmitted some light, and it can be easily
bent. The middle and right panels of Figure 4d are the
fluorescence images of a flexible nanostorage device
without and with a�2 V bias voltage on the substrate,
respectively. Note that the linear patterns containing
NSWs illuminated brightly when a negative bias vol-
tage was applied. Since the networks of NSWs are
flexible and can be prepared on many different sub-
strates including flexible substrates, it should open up
various applications such as flexible storage devices for
the controlled release of biochemical molecules.
The NSWs can be deposited onto curved surfaces

such as the sharp end of amicropipet to fabricate quite

versatile storage devices (Figure 4e). Here, the end of
an Au-coated micropipet46 was placed in the solution
of NSWs so that NSWs adhered onto it, resulting in
probe-shaped storage devices. Figure 4f shows the
SEM images of NSWs at the end of the micropipet.
When a negative bias voltagewas applied to themicro-
pipet, the tip region appeared bright (Figure 4g).
These results indicate that the release of ATP mol-
ecules was localized at the tip of the micropipet
where the NSWs were attached. Therefore, such
probe-shaped storage devices can be used for the
delivery of chemicals to individual cells through a
direct injection. Also, these results show that we can
deposit NSWs onto virtually any structure to create
nanoscale devices for the controlled release of bio-
chemical materials.

CONCLUSIONS

In conclusion, we report an NSW structure that can
be deposited onto virtually any substrate to build
nanostorage devices for the real-time controlled re-
lease of biochemicalmolecules upon the application of
electrical stimuli. The NSWs were three different seg-
ments comprising PPy, ferromagnetic Ni, and conduc-
tive Au, each of which was used to store chemical
species, align NSWs by magnetic fields, and make a
good electrical contact to external electrodes, respec-
tively. NSWs have been deposited onto specific loca-
tions on solid substrates via various methods such as
direct writing or magnetic field driven assembly, and
they were utilized for the controlled release of ATP. We
also demonstrated the deposition of NSWs onto flex-
ible substrates or the end of micropipets to fabricate
flexible or probe-type nanostorage devices, respec-
tively. These results clearly show that NSWs are quite
versatile structures, allowing us to fabricate nanosto-
rage devices on virtually any substrate for the con-
trolled release of biochemical molecules. Thus, our
strategy should provide great opportunities in various
areas such as drug delivery systems,8�10 biosensors,5,6

and biochips3 for the controlled release of chemicals to
biosystems.

MATERIALS AND METHODS

Fabrication of NSWs. For the fabrication of NSWs, an anodic
aluminum oxide (Anodisc, Whatman Inc., USA) membrane was
used as a template. The pore size and the thickness of the AAO
template were 200 nm and 60 μm, respectively. First, a 500 nm
thick Ag layer was thermally evaporated onto the back side of the
AAO template.30,37 Then, the AAO template was installed on a
custom-built Teflon electrochemical cell (diameter of 8 mm) and
immersed in Ag plating solution (Techni Silver 1025, Technic Inc.,
USA). An additional Ag layer was electrochemically deposited
using a potentiostat (Reference 600, Gamry Instruments Inc.,
USA) at a bias voltage of �0.9 V. In this process, a platinum (Pt)
wire with 1 mm diameter (I-Nexus Inc., Korea) was used as a
counter electrode, andanAg/AgCl electrode (MF-2052, Bioanalytical
System Inc., USA) was used as a reference electrode. The desired Au

(Orotemp 24, Technic Inc., USA) and Ni (High Speed Nickel
Sulfamate FFT, Technic Inc., USA) segments were sequentially
deposited at a bias voltage of�0.9 V. Finally, PPy-ATP segments
were deposited using pyrrole�ATP deposition solution (0.1 M
pyrrole (Sigma Aldrich, USA) and 20 mM ATP (Sigma Aldrich,
USA)) at a bias voltage of þ0.9 V. After the completion of each
deposition process, the electrochemical cell was thoroughly
rinsed using deionized water. After finishing all deposition
processes, the Ag backing layer was etched off using 70% nitric
acid (Sigma Aldrich, USA), and then the AAO template was
dissolved in 3 M NaOH solution to disperse the NSWs. The
dispersed NSWs were centrifuged, and the supernatant was
replaced with deionized water at least three times.

Surface Characterization of NSWs. A field emission scanning
electron microscope (FE-SEM) (Hitachi 4800, Hitachi, Japan)
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was used for the imaging of NSWs. The composition of NSWs
was analyzed by energy dispersive X-ray spectroscopy (Hitachi
4800, Hitachi, Japan).

Magnetic Alignment of NSWs. To create Ni patterns on a cover
glass, we first patterned photoresist (AZ 5214) on a cover glass
via the conventional photolithography process, followed by the
thermal evaporation of Ni (200 nm). Subsequently, the photo-
resist pattern was removed by dipping the substrate in acetone.
Finally, the NSW solutionwas dropped onto the Ni patterns, and
an external magnetic field (50 mT) was applied in the perpen-
dicular direction to the plane of the substrate using a solenoid
until the solution was dried.

ATP Bioluminescence Assay. For theATPbioluminescence assay,
NSW solution was dropped on a desired substrate (i.e., a Ti/Au
(10/30 nm)-coated glass slide), and the substratewas placed in a
vacuum chamber for 1 h to dry the solution. For the fabrication
of a flow cell, the NSW deposited substrate was covered with a
Ti/Au (10/30 nm)-coated glass slide as a counter electrode,
using 3M double-sided tape as a spacer. The ATP biolumines-
cence assay solution (Sigma Aldrich, USA) was prepared as
recommended in the provider's manual. The assay solution
was injected into the flow cell, and the negative bias voltage of
�2 V was repeatedly applied for the release of ATP from the
NSWs. The luminescence from the reaction was observed via
fluorescence microscopy at an FITC channel.

Kinesin andMicrotubule Preparation. Chimerakinesin (NKHK560cys)
was expressed in Escherichia coli Rosetta 2(DE3)pLysS and purified
by His-tag affinity chromatography as reported previously.47

This chimera kinesin consisted of the head and neck domains of
Neurospara crassa kinesin and the stalk domain of Homo sapiens
kinesin. For the preparation of microtubules, the rhodamine-
labeled tubulin (TL590M, Sigma Aldrich, USA) was mixed with
the unlabeled tubulin (T240, Sigma Aldrich, USA) at themolar ratio
of 5%, as previously reported.48

Biomotor Assay. Gliding assays were performed to observe
microtubules propelled by kinesin.49 First, NSWs were deposited
on a Ti/Au (10/30 nm)-coated glass substrate, and then a flow
cell was fabricated. Afterward, the flow cell was incubated with
casein solution (0.5 mg mL�1 in BRB80 buffer) for 3 min. Then,
it was incubated with kinesin solution (0.2 mg mL�1 kinesin,
0.5 mg mL�1 casein in BRB80 buffer) for 30 min. Microtubule
solution containing rhodamine-labeled microtubules (0.1 μM
tubulin), 20 μM Taxol, 1 mM dithiothreitol, antibleaching cocktail
(3 mg mL�1

D-glucose, 0.1 mg mL�1 glucose oxidase, 0.017
mg mL�1 catalase), and a redox mediator (3 mM ferrocene-
dimethanol (Fc(MeOH)2)) in BRB80 buffer was introduced to the
flow cell, and the flow cell was incubated for 3 min. Since the
motility of the microtubule�kinesin system is temperature
sensitive,50 the temperature was maintained at 35 �C using a
microscope incubation system (INU-TIZ-F1, Tokai Hit, Japan).

Optical Imaging. Bright field and fluorescence images were
observed using a microscope (TE2000U, Nikon, Japan) equipped
with an EMCCD (DQC FS, Nikon, Japan) and an LED light source
(CoolLED pE-1, Custom Interconnect Ltd., UK). The LED light
source with an excitation wavelength of 550 nm and a TRITC
filter (EX 540/25, DM 565, BA605/55, Nikon, Japan) was used for
fluorescence imaging. We analyzed the fluorescence intensity
from NSWs using the Metamorph analysis software (Molecular
Devices, USA).

Fabrication of Single NSW-Based Devices. Ni/Au (200/30 nm) elec-
trodes were fabricated via the conventional photolithography
process.27 Then, the NSW solution was dropped on the Ni/Au
electrodes. Finally, a magnetic field (50 mT) was applied in the
perpendicular direction to the long axis of the linear Ni/Au
electrodes in order to address the individual NSW on top of two
neighboring Ni/Au electrodes separated by 5 μm.

Direct Writing of NSWs. Commercially available Ni needles
were magnetized inside a solenoid (50 mT) and dipped into
the NSW solution (1010 unit mL�1) so that a small droplet of the
NSW solution was formed at its end. Then, the needle was
installed on a probe-manipulator (MST-PM50, MS Tech., Korea)
andutilizedas a “pen” todirectlywriteNSWsonaTi/Au (10/30nm)-
coated glass substrate.

Fabrication of Flexible Devices. A commercially available Kapton
polyimide film (0.2 mm, DuPont Inc., USA) was sonicated in

acetone and then used to fabricate a flexible device. For the
formation of a working electrode, Ti/Au (10/30 nm) layers were
thermally deposited on the polyimide film. Subsequently, Ni
line patterns with 100 nm thickness were fabricated on top of
the Ti/Au-coated polyimide film. NSW solution (1010 unit mL�1)
was dropped on the polyimide film, while a magnetic field (50
mT) was applied along the long axis of the Ni line patterns.

Fabrication of an NSW-Coated Micropipet. Borosilicate glass capil-
larieswith an initial inner diameter of 1.2mmandouter diameter of
1.5 mm (World Precision Instruments Inc., USA) were used as
startingmaterials for the fabricationofmicropipets. Aglass capillary
was loadedonaverticalmicropipetpuller (PC-10,Narishige, Japan).
The center of the glass capillary was preheated by applying 68 V
and postheated by applying 48 V to the heater element of the
puller. Then, the capillary was stretched and cut. After pulling the
capillary, the surface of the micropipet was cleaned by piranha
solution (H2SO4�H2O2, 4:1).

42 The entire surface of the micropipet
was covered with Ti/Au (10/30 nm) layers. Finally, the end of the
micropipet was dipped into the NSW solution (1010 unit mL�1) for
5 min so that NSWs would adhere onto it.
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