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Biosensors can be miniaturized by either injecting smaller
volumes into micro- and nanofluidic devices or immersing
increasingly sophisticated particles known as ‘smart dust’
into the sample. The term ‘smart dust’ originally referred to
cubic-millimetre wireless semiconducting sensor devices that
could invisibly monitor the environment in buildings and
public spaces1, but later it also came to include functional
micrometre-sized porous silicon particles used to monitor yet
smaller environments2,3. The principal challenge in designing
smart dust biosensors is integrating transport functions with
energy supply into the device. Here, we report a hybrid micro-
device that is powered by ATP and relies on antibody-
functionalized microtubules and kinesin motors to transport
the target analyte into a detection region. The transport step
replaces the wash step in traditional double-antibody sandwich
assays. Owing to their small size and autonomous function, we
envision that large numbers of such smart dust biosensors
could be inserted into organisms or distributed into the
environment for remote sensing.

The successful integration of ATP-consuming biomolecular
motors4–8 into synthetic environments enables the transfer of
mass transport functions from external pumps to components of
biological origin9,10. A well-studied nanoscale transport system,
termed a ‘molecular shuttle’ (ref. 11), uses kinesin motors adhered
to surfaces to move microtubules functionalized with antibodies
for specific capture and transport of antigens12–18. This system
is fuelled by ATP, and the activation and transport velocity
of the molecular shuttle are controlled remotely by photolysis of
caged ATP19,20.

Here, a microdevice is demonstrated that replaces the capture–
wash–tag–wash–detect sequence in traditional double-antibody-
sandwich (DAS) assays with a capture–transport–tag–transport–
detect sequence relying on molecular shuttles (Fig. 1). We capture
streptavidin and gluthathione-S-transferase (GST) from solution
with functionalized microtubules, move the target-coated microtu-
bules until they bind fluorescent markers, and further move the
microtubules carrying both target and marker to a separate location.
We envision that this capture–transport–tag–transport–detect
sequence can serve as the basis of a smart dust microdevice that
can be fabricated in large numbers, stored in an inactivated
state21,22, reconstituted, distributed in an aqueous solution, activated
by light, and finally read out by stand-off fluorescence detection.

To reduce the detection time, a balance between the time
required for the analyte to slowly diffuse to a surface-bound micro-
tubule23 and the time required for the microtubule to move quickly
on a diffusive trajectory24 to the boundary of the cell is required,
suggesting that a flat device is desirable. After additional consider-
ation of assembly and imaging processes, the height and diameter
of the device were chosen as 20 and 800 mm, respectively (�10 nl
sample volume). The bottom surface comprised a coverslip to
enable the observation of the internal processes by fluorescence
microscopy. The sidewalls were formed from thick (20 mm), photo-
lithographically patterned SU8 photoresist, which exhibits low

autofluorescence5. The chosen SU8 processing conditions resulted
in an extended ‘overhang’ at the sidewall and immobilization of
gliding microtubules as they contacted the sidewall (see Methods).

Controlled activation of motor-driven transport within the device
relies on photolysis of (1-(4,5-dimethoxy-2-nitrophenyl)ethyl)-caged
ATP (DMNPE-caged ATP), which is here provided by a UV lamp.
However, sunlight can effectively serve the same purpose19.

Selective recognition of the analyte by both molecular shuttles
and optical tags is required to realize the DAS assay. In a first set
of experiments, a simplified system was used in which biotinylated
microtubules act as molecular shuttles, streptavidin as the analyte,
and biotinylated fluorescent nanospheres as the optical tags. In a
second set of experiments, a commercially available pair of anti-
bodies for GST was used to create a true DAS. In this system, the
biotinylated GST antibody was linked via streptavidin to biotiny-
lated microtubules, GST serving as the analyte and quantum dots
conjugated to the second GST antibody serving as the optical tag.
In both experiments the distinction between the zones for analyte
pick-up and tagging was abolished for three reasons. First, it is per-
missible for the analyte to bind to the antibody on the tag first and
then to the antibody on the gliding shuttle. Second, a sufficient
number of encounters between shuttles and tags still occurs.
Third, the device assembly process is dramatically simplified.

The experimental results for the streptavidin system are shown in
Fig. 2. The photoresist structure was fabricated on a glass coverslip
and placed in a humidified chamber. The internal surfaces were
coated with casein and kinesin before a solution containing
biotinylated, rhodamine-labelled microtubules and a solution of
biotinylated 40 nm polystyrene nanospheres was added. The large
overhang at the wall prevents the deposition of microtubules and
nanospheres within 16 mm of the wall. By means of solution
exchanges, streptavidin was added to a final concentration of
1 nM, and subsequently the caged ATP in the solution photolysed
by a 90 s pulse of UV light. Microtubules begin to move, collide
with nanospheres on the surface, pick up the nanospheres if strep-
tavidin is present on either nanosphere or microtubule, and even-
tually reach the wall (see Supplementary Information, Figs S1,S2)
where their accumulation can be imaged (Fig. 2a,d,g; images false-
coloured red). Within hours (see Supplementary Information,
Fig. S3), the microtubules, together with their cargo of nanospheres,
are deposited at the wall, creating a distinct, new band of fluorescent
particles indicative of the presence of streptavidin in the solution
(Fig. 2b,e; images false-coloured green). The overlays in Fig. 2c,f,i
demonstrate the co-localization between nanospheres and microtu-
bules at the wall.

In a second set of experiments, GST (4 nM) was captured and
detected by a commercially available combination of a biotinylated
antibody and a quantum dot-conjugated antibody (Fig. 3). Because
the antibody-labelled quantum dots did not adhere to the surface,
they were dispersed together with the caged ATP in the solution. In sol-
ution, quantum dots are invisible to our imaging system because they
are out of focus and rapidly diffusing. The observed analyte-dependent
deposition of quantum dots (Fig. 3b,e; images false-coloured green) as
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microtubules accumulate at the wall after the activation of the device
(Fig. 3a,d; images false-coloured red) confirms the formation and
active transport of a DAS of antibody-functionalized microtubules,
GST and antibody-functionalized quantum dots. Again, Fig. 3c,f
demonstrates the co-localization between quantum dots and microtu-
bules at the wall. The autofluorescence of the photoresist is absolutely
and relatively stronger in these images, due to the short excitation
wavelength and the low brightness of the quantum dots, respectively.

Control experiments (see Supplementary Information for details)
were carried out and verified the specificity of the sensor. For the
streptavidin system, nanospheres were deposited in densities of
0.40+0.04 mm22 in the presence and 0.083+0.008 mm22 in the
absence of the analyte within the first 16 mm of the wall. For
the GST system, the corresponding quantum dot densities were
0.12+0.01 mm22 and 0.0016+0.0011 mm22. The paired Student’s
t-test for the specificity of streptavidin detection and GST detection
yielded two-tailed P-values of 0.05 and 0.04, respectively.

It was also verified that optical tags were deposited in the detec-
tion zone primarily by active transport and not by diffusion. For the
streptavidin system, nanospheres adhered strongly to the sensor
surface and did not remain in solution; hence, diffusion of nano-
spheres did not contribute to the observed accumulation during
device operation beyond the initial deposition of nanospheres in
the detection zone at a density of 0.074+0.007 mm22 during
device assembly. For the GST system, the contribution of diffusion
to the signal was measured by accumulating microtubules first in the
detection zone, and then introducing the analyte. It was found that
diffusion contributes a quantum dot density of 0.018+0.005 mm22

during device operation (15% of the total signal).
Although the signal strength of the device needs to be signifi-

cantly improved to enable remote detection26, this is the first time
that capture of unlabelled analyte by molecular shuttles has been

integrated with tagging, transport and localized deposition. As a
result, the demonstrated device concept represents a significant
advance with respect to previous demonstrations of conceptual
building blocks, such as analyte capture by antibody-coated micro-
tubules12,13, selective pick-up of tags27, or capture and concentration
of labelled streptavidin28.

The experiments shown here are the results of an initial round of
parameter optimization. To achieve efficient pick-up of nanospheres,
the speed of microtubules was adjusted to 100–150 nm s21 by control-
ling the caged ATP concentration and light dosage. The biotinylation
ratio of microtubules was reduced to 6%, because higher ratios of
biotin–tubulin to unmodified tubulin resulted in impaired motility.
The signal from GST capture was improved when the GST analyte
was present in large excess of the antibody-labelled quantum dots
(35-fold excess is better than threefold excess). The concentration of
solutions, the incubation times and the number of wash steps
between assembly steps were optimized. The microfabrication
process was optimized to prevent delamination of the thick SU8
resist and to create the overhang at the wall.

The kinesin-powered smart dust biosensor is a significant step
towards mimicking the autonomous, micrometre-sized, multifunc-
tional sensors engineered by nature. In order to apply such smart
dust biosensors in a practical setting, the design requires further
iterations to improve specific processes as well as their integration.
For example, opaque material covering the tagging zone will
ensure that only fluorescent tags transported to the peripheral detec-
tion zone and a negligible fraction of the freely diffusing tags con-
tribute to the sensor signal. In addition, strategies to manufacture,
package and store21,22 such devices at high yield and low cost need
to be developed and taken into consideration in the design
process. The performance has to be optimized and matched to
specific application scenarios. Multiplexing can be achieved by

Capture Wash Tag Wash Detect

Capture Transport Tag Transport Detect

20 µm

800 µm

OverhangAnalyte

Tag-antibody

Excitation/
Emission light

Kinesin

Antibody

Microtubule

Figure 1 | Concept of a smart dust device using active transport by molecular shuttles. a, The capture–wash–tag–wash–detect sequence of a traditional

double-antibody sandwich (DAS) assay. b, The capture–transport–tag–transport–detect sequence of the smart dust device, in which antibodies on

microtubules capture antigens from solution. Kinesin motors are activated, and collisions of antigen-loaded, gliding microtubules with fluorescent particles

functionalized with a second antibody lead to pick-up and transfer of the fluorescent tags to the detection zone, indicating the presence of antigen. A basic

device layout comprises a circular well created in photoresist on a coverslip. Analyte harvesting, tagging and detection are performed in different radial zones.
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Figure 2 | Experimental results for streptavidin as analyte. a–i, Six hours after analyte introduction, microtubules (a) have aggregated at the wall, depositing

along with them a ring of nanospheres (b) indicating the presence of streptavidin. Imaging the peripheral region at higher magnification 3 h after the start of

the experiment reveals microtubule (d) and nanosphere (e) aggregation at the wall. The distinct transition between the capture/tag region and the deposition

region is also apparent in e. In the absence of streptavidin, microtubules accumulate (g) but do not deposit nanospheres (h). Relative localization of

microtubules and nanospheres is shown in c, f and i.
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Figure 3 | Experimental results for GST as analyte. a–f, Microtubules functionalized with anti-GST antibodies and rhodamine have aggregated at the wall

3 h into the experiment (a) after capturing GST and anti-GST antibody conjugated quantum dots from the solution and depositing them at the wall (b).

In the absence of GST, microtubules accumulate (d) but do not deposit quantum dots (e). Relative localization of microtubules and quantum dots is

shown in c and f.
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preparing devices with different antibody pairs and spectrally
separable optical tags29 and mixing the devices in the desired com-
binations. In summary, although centimetre-sized radio-frequency
identification devices are beginning to penetrate the market, the
design of submillimetre-sized distributed sensors for biomedical
and biodefense applications is a new frontier in engineering to
which biomimetic and hybrid systems offer interesting solutions.

Methods
A detailed description of the experimental procedure can be found in the
Supplementary Information.

Photolithography. Round No. 2 cover slips serving as substrate were cleaned and
baked. Approximately 1 ml of SU8-2015 photoresist was spin-coated onto the
substrate, soft-baked, exposed through a printed photomask, post-baked, developed,
rinsed and dried. The immobilization of microtubules at the sidewall is likely a result
of nanoscale, wedge-shape gaps between the glass surface and the photoresist25.

Kinesin preparation. A kinesin construct consisting of the wild-type, full-length
Drosophila melanogaster kinesin heavy chain and a C-terminal His-tag was
expressed in Escherichia coli and purified using a Ni-NTA column30.

General assembly of the smart dust sensor. The assembly and operation of the
smart dust sensor was carried out under minimal illumination to prevent accidental
release of caged ATP. To prevent drying, degradation and photobleaching, the sensor
was also kept under an atmosphere of humidified nitrogen except for the solution
exchange steps. Solution exchange on the sensor surface was carried out manually
using two 100-ml piston-driven air displacement pipettes. All solutions were applied
as droplets onto the sensor surface and exchanged by suctioning the existing droplet
and deposition of a new droplet.

Assembly of the streptavidin-specific smart dust sensor. Rhodamine-labelled
microtubules and biotin-labelled microtubules were prepared by polymerizing
rhodamine-labelled and biotinylated tubulin, respectively, and subsequently diluted
100-fold into BRB80 buffer (80 mM PIPES, 1 mM EGTA, 1 mM MgCl2, pH 6.9)
containing 10 mM paclitaxel.

The surfaces of the sensor were wetted for 5 min with BRB80 (100 ml), coated for
5 min with casein (0.5 mg ml21 in BRB80, 100 ml) and for 10 min with kinesin
(�10 nM in BRB80 with 0.5 mg ml21 casein and 0.1 mM DMNPE-caged ATP,
100 ml). The surface was then washed once with antifade solution (0.2 mg ml21

casein, 0.1 mM DMNPE-caged ATP, 20 mM D-glucose, 20 mg ml21 glucose oxidase,
8 mg ml21 catalase and 10 mM dithiothreitol (DTT) in BRB80, 100 ml). The surface
was incubated for 5 min with a motility solution containing biotinylated and
rhodamine-labelled microtubules (ratio 10:1, 16.0 mg ml21 biotinylated
microtubules, 1.6 mg ml21 rhodamine-labelled microtubules, 0.1 mg ml21 casein,
0.1 mM DMNPE-caged ATP, antifade system in BRB80, 100 ml). The surface was
washed again with antifade solution (100 ml) and incubated for 5 min with a
suspension (100 ml) containing 0.5 nM biotinylated fluorescent microspheres
(diameter 40 nm, FluoSpheres F8766, Molecular Probes). After washing the surface
twice with antifade solution (2� 100 ml) and incubating it with antifade solution
(100 ml) the sensor was ready for operation.

Operation of the streptavidin-specific smart dust sensor. An analyte solution of
Alexa Fluor 568-labelled streptavidin (Invitrogen) was loaded by solution exchange
(1.0 nM streptavidin in antifade solution, 100 ml). For the control experiment, this
step was omitted. Caged ATP was subsequently released by illuminating the sensor
for 90 s with UV light (1.4 mW cm22 intensity).

Assembly of the glutathione-S-transferase-specific smart dust sensor. Mixed
microtubules (13% rhodamine, 6% biotin) were prepared by polymerizing a mixture
of unlabelled, rhodamine-labelled and biotinylated tubulin and subsequently
diluting 100-fold into BRB80 containing 10 mM paclitaxel. Rhodamine microtubules
were prepared as described above.

The surfaces of the sensor were wetted, coated with casein and kinesin,
and washed three times (as described above). The surface was then incubated
for 10 min with a motility solution containing mixed and rhodamine-labelled
microtubules (ratio 50:1, 15.0 mg ml21 biotinylated microtubules, 0.3 mg ml21

rhodamine-labelled microtubules, 0.1 mg ml21 casein, 50 mM ATP, 20 mM
D-glucose, 20 mg ml21 glucose oxidase, 8 mg ml21 catalase and 10 mM DTT in
BRB80, 100 ml). The surface was again washed three times and incubated for 10 min
with a solution of 8 nM unlabelled streptavidin in antifade solution (100 ml).
Thereafter the surface was washed three times and incubated for 10 min with a
solution of 32 nM biotinylated anti-GST in antifade solution (100 ml). Finally, the
surface was washed three times and incubated with a suspension of 0.2 nM
anti-GST-conjugated Qdot 655 in antifade solution (50 ml) for a final quantum
dot concentration of 0.1 nM.

Operation of the glutathione-S-transferase-specific smart dust sensor. GST
analyte was loaded at a final concentration of 4 nM by introducing 50 ml of 7.7 nM
GST in antifade solution without mixing. For the control experiment, this step was

omitted. Caged ATP was released after 25 min by illuminating the sensor for 240 s
with UV light (1.4 mW cm22 intensity).

Read out of the smart dust sensor. Read out was performed with a fluorescence
microscope equipped with a �100 oil objective (NA 1.4), a �10 air objective
(NA 0.3), and an electron multiplying charge coupled device (EMCCD) camera.
To image microtubules and Alexa Fluor 568-labelled streptavidin a rhodamine
cube (Excitation 535 nm, Emission 610 nm), for FluoSpheres a fluorescein filter
cube (Excitation 480 nm, Emission 535 nm), and for Qdots 655 a modified
Qdot cube (Excitation 420 nm, Emission 655 nm) were used.
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