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ABSTRACT

We developed a molecular sorter that operates without external power or control by integrating the microtubule-based, biological motor
kinesin into a microfluidic channel network to sort, transport, and concentrate molecules. In our devices, functionalized microtubules that
capture analyte molecules are steered along kinesin-coated microchannel tracks toward a collector structure, concentrated, and trapped.
Using fluorescent analyte molecules and nanoliter sample volumes, we demonstrated 14 fM sensitivity, even in the presence of high concentrations
of other proteins.

On-chip high-throughput, ultrasensitive screening and bio-
detection for emerging diagnostic applications and innovative
scientific discovery require micro- to nanofluidic systems for
detecting analyte concentrations in the nano- to picomolar
range. Low volume technology is essential to match the
conditions governed by the size and molecular complexity
of tissues and cells. It also promises the sensitivity, cost,
and speed advantages associated with small scales. However,
crucial challenges in such high-throughput analytic methods
arise because (1) very small fluid volumes need to be shuttled
through complex devices and (2) target molecules at low
concentrations need to be recognized, sorted, and (pre)con-
centrated for reliable detection or synthesis. For example,
friction against fluid transport increases dramatically at low
Reynolds numbers, thus limiting sample delivery driven by
conventional mechanical fluid powering components. Few
approaches appear to be suitable to selectively detect,
manipulate, and transport specific molecules in complex
high-throughput devices, largely because the required local
control is not feasible. Inspired by biological transport in
cells, one novel concept to address these emerging biotech-
nology challenges proposes to integrate biomolecular motors
into engineered on-chip structures (for a recent review, see
ref 1). These systems are used to shuttle cargoes, sort and
transport molecules, and power fluid motion in nano- and

microfluidic systems. Several biomolecule-based specific
transporters have been proposed by different research
groups,2–4 and first steps toward this technology have been
realized (for example, see ref 5). However, significant
progress is necessary before practical applications, like on-
chip molecular sorters and concentrators, can be imple-
mented. As a critical milestone toward realizing these
applications, we set out to design and implement arrays of
microfluidics-based, ultrasensitive device structures that are
functionalized by biomolecular motors. We propose to use
these devices to autonomously sort, transport, and concentrate
protein target molecules without the use of external power
or control.

Biomolecular motors, also referred to as motor proteins,
are efficient, robust, and versatile nanoscale protein machines
ubiquitous to all eukaryotic cells. They are responsible for
vesicle transport, cell division, cellular motility, and muscle
contraction.6,7 Among the various motor proteins, we employ
conventional kinesin (kinesin-1) for the proposed transport
and actuation mechanisms in micro- and nanofluidic systems
because it works reliably as a single molecule, cooperatively
interacts in multimotor complexes, and can be readily
genetically engineered and expressed in bacteria. Kinesin
interacts and moves along microtubules in 8 nm steps by
alternatively advancing its two motor domains coupled to
the hydrolysis of adenosine triphosphate (ATP).8,9 This
chemomechanical transduction mechanism is intriguing from
an application standpoint as it eliminates the need for external
power sources. Other advantages of the kinesin-microtubule
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system include the highly processive movement of kinesin
along microtubules (MT)10–12 and the relatively large size
and robustness of microtubules as compared to other cy-
toskeletal tracks. Furthermore, the movement of microtubules
can be rectified and steered with lithographically patterned
channel tracks13–16 and electric fields.5,17,18 Selective cargos,
including biomolecules and nanoparticles, can be conjugated
to and transported with microtubules.19–21

Here we report the development of a new microfluidic
device that contains a large array of kinesin and microtubule-
based detectors, each independently capable of ATP-fueled
autonomous molecular sorting, transport, and concentrating
of target analytes. In our current design, the spacing between
individual detectors was 250 µm, leading to a total of 1600
detectors and a typical fluid volume of 20–30 µL for a total
array area of 1 cm2. The basic design of a single detector is
shown in Figure 1. These detectors function by incorporating
microtubules in carefully designed, kinesin-coated micro-
channel tracks as molecular shuttles to transport cargo. The
microtubules are functionalized to selectively bind protein
cargo molecules from a dilute sample solution and are

transported by surface-immobilized kinesin motors to a
collector region that traps them.

Our device consists of a glass substrate, petal-shaped
channels etched into a hydrofluorocarbon polymer (CYTOP)
film, and the aforementioned micrometer-scale trap region
with a parylene cap (Figure 1a,b). We named the petal-
shaped channels and the trap region “sorter” and “collector,”
respectively. Kinesin motor molecules were preloaded into
the microfluidic device and adsorbed to all exposed glass
surfaces of the microchannels and traps. Previously, we
discovered that CYTOP polymer surfaces, in contrast to
glass, yield nonmotile surfaces for kinesin-driven microtu-
bules,16 presumably because of the very low adsorption of
kinesin to the hydrophobic hydrofluorocarbon surface. Using
this motility contrast between the hydrofluorocarbon and
glass surfaces, we were able to selectively confine the binding
and gliding of microtubules to the glass microchannels in
our device. When microtubules are introduced to the device
in a buffer solution, they diffuse to the kinesin-coated sorter
surfaces, bind to kinesins, and move in the presence of ATP.
Upon reaching a hydrofluorocarbon polymer channel walls,

Figure 1. Design of biomolecular motor-based sorter and concentrator. (a,b) Design concept and structure of the microfluidic device. A
schematic overview of a single sorting and concentrating structure (3D representation and SEM image) is shown in (a), and the detailed
structure and functional concept for the collector structure are depicted in (b). Bioconjugated microtubules land in the sorter regions and
are transported by kinesin toward the collector region. The total device area is 25600 µm2, and the central collector region measures 372
µm2. A parylene layer on the top of the collector serves as cover to prevent microtubule loss from the collector region. Highly selective
motility in the sorter region is achieved by employing CYTOP as a structural material for all guiding structures throughout the device. (c)
Representative time sequence demonstrating the rapid collection of microtubules in the device structure (see also Supporting Information
movie 2, which, in addition, establishes device array uniformity). After 40 min of operation, the MT density in the collector part (d) is
approximately 2 orders of magnitude higher than that on bare glass without microstructures. This microtubule concentrating effect is
quantitatively demonstrated in (d) by comparing the microtubule density in our microfabricated device with a bare glass surface as a
function of time.
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the microtubules were redirected and guided toward the
collector region by fully mechanical processes. The geometry
of the device was optimized to facilitate the binding, guiding
and trapping of microtubules. First, the large cross-section
and petal shape of the microchannels of each detector were
optimized to provide a sizable microtubule landing zone and
to prevent the loss of microtubules at sharp corners (see ref
16). Second, the distinctive arrow-shaped patterns in the trap
region effectively permit only one-way entry of microtubules,
thereby keeping the collected microtubules from escaping
through the entrances. Through this process, analyte mol-
ecules specifically bound to functionalized microtubule
shuttles can be collected and concentrated in the collector
region.

To quantitatively characterize the microtubule transport
and concentration performance in our device structures, we
fluorescently labeled microtubules with tetramethylrhodamine
(TMR), loaded them in an ATP-containing physiological
solution into the kinesin-functionalized device, and traced
their motions via fluorescence microscopy. As predicted,
microtubules rapidly accumulated in the collector (Figure
1c,d and Supporting Information movie 1). The fluorescence
intensity in the collector region increased rapidly in the first
10–15 min; after about 45 min, it appeared to markedly
saturate. Utilizing fluorescent microscopy, we were also able
to count the number of microtubules approaching the
collector entrance and found that 830 ( 25 (mean ( standard
deviation, N ) 3) microtubules were fully trapped within
the collector after 50 min of operation. At the same time,
there were only 29 ( 1.4 (mean ( standard deviation)
microtubules left in the much larger sorter regions, further
highlighting the concentration capability of the collector
structure. Furthermore, we compared the microtubule density
on bare glass surfaces without microstructures to the collector
region (Figure 1e). The results show that our devices yield
about 100-fold higher microtubule density in the collector
region, indicating a concentrating capability of the devices
with a gain of 100. Previous work has shown that microtu-
bule attachment and detachment rates determine an equilib-
rium surface density on bare glass.16 For the detector
structures used in this work, the large petal-shaped sorter
regions quickly reduced the local microtubule concentration
in solution. Combined with the rapid transport of microtu-
bules to the collector, this led to a pronounced depletion of
microtubules in the sorter (see Figure 1e). This in turn caused
the slowed increase of microtubules in the collector after 20
min of operation. As a whole, these observations strongly
indicate that our detector structures very efficiently direct a
large number of microtubule shuttles to the collector.

To demonstrate high-sensitivity protein detection with our
devices, we used biotinylated microtubules and TMR-labeled
streptavidin (TMR-STV). The use of the biotin-streptavidin
linkage is a common approach for loading cargoes onto
microtubules and has been employed in previous studies to
transport CdSe quantum dots,19 microspheres,22 and DNA
molecules.23 Also, streptavidin has recently been used
successfully to immobilize commercially available, biotiny-
lated antibodies onto biotinylated microtubule shuttles.21 As

such, the biotin-streptavidin system provides a model
broadly applicable to immunobased detection. In our assay,
biotinylated microtubules were first loaded into the device
with a physiological buffer solution containing ADP (Figure
2a). The presence of ADP inhibits microtubule motility on
the kinesin-coated surface of the sorter region. Subsequently,
our model analyte (TMR-STV) was loaded at varying
concentrations while allowing the analyte molecules to
selectively bind to the functionalized microtubules. After an
incubation period of 1 min, an ATP-containing solution was
loaded into the device to initiate microtubule motility. At
this point, the analyte molecules were sorted from the general
protein mixture and selectively concentrated in the collector
region (Figure 2b). Our measurements of the spatially
averaged fluorescence intensity of TMR-STV molecules in
the collector demonstrate that the recorded signals vary
linearly with the TMR-STV concentration in the observed
range from 14 nM down to 14 fM (Figure 2c). Control
experiments without microtubules verify that the major
fractions of the observed signals are the result of the
microtubule-based transport to the collector. Also, the
background signal is well below the signals recorded even
for femtomolar analyte concentrations. To quantitatively
examine aspects of the protein detection mechanism and
modulate the sensitivity of our detector, we sequentially
loaded multiple (flow cell) volumes into the chip while
keeping the microtubules in each individual detector im-
mobilized to the kinesin-coated surface in the presence of
ADP. The observed parallel shift of the sensitivity curves
(Figure 2c) illustrates that the number of collected analyte
molecules sharply increases with repeated analyte sample
loading steps and resulting increasing sample volumes. This
suggests that much higher signal-to-noise ratios and sensitiv-
ity (Figure 2d) can be achieved, presumably because analyte
molecules are integrated to vacant binding sites available
on each biotinylated microtubule for the capture and transport
of TMR-STV analyte molecules. Utilizing this enhanced
methodology, we could achieve 2 orders of magnitude higher
detection sensitivity than typical existing immunoassays
employing enzyme-linked immunosorbent assay, ELISA.24

Finally, we verified the cargo specificity of our technique
by including multiple nonanalyte protein species (besides
TMR-STV analyte) in sample solution. First, we added
fluorescein-labeled bovine serum albumin (FITC-BSA) at 15
nM to the TMR-STV solution and applied the same assay
protocol as above. The different spectral excitation and
emission characteristics of TMR and FITC fluorophores
allowed us to differentiate the on-chip distribution of these
protein species. The data clearly indicate that the STV
molecules were carried to the collector region by the
biotinylated microtubules with no measurable effect on the
spatial distribution of the BSA molecules (Figure 3a-d).
Within a 95% confidence interval, no significant variations
in location and time were found for the fluorescence intensity
from FITC-BSA at the varying TMR-STV concentration.
Additional measurements using a physiological (blood
plasma) concentration, approximately 85 µM (Figure 3e),
show that the characteristic detection responses (measured
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fluorescence intensity vs analyte concentration) are indepen-
dent of the presence of nonanalyte BSA proteins. In addition,
glucose oxidase and catalase, which are usually included in
physiological buffers of fluorescent motility assays as part
of an antibleaching system, did not effect the sorting and
transport capabilities of our devices. These observations
strongly support the view that our kinesin- and microtubule-
based molecular sorters are highly specific and selective, and
are generally not influenced by background proteins.

Our biomolecular motor-based assay is a novel alternative
to other existing, high-sensitivity methods utilizing nano-
particles,25 nanowires,26 microcantilevers,27 quartz crystal
microbalances28 or surface plasmon resonance.29 Our detec-
tion strategy, which is based on seamlessly integrating
kinesin-driven, bioconjugated microtubule shuttles in mi-
crofluidic chips, is uniquely capable of molecular cargo
sorting, transporting, and collecting in protein assays without
any laborious, biochemical surface modifications, fluidic

manipulations, electrical wiring, or signal processing that are
required for many conventional methods.

In summary, we demonstrated the use of biotinylated,
microtubule-based molecular shuttles for practical on-chip
sorting, transporting, and concentrating of fluorescently
labeled streptavidin in a microfluidic device. The assays
reported here demonstrate that our unique microfluidic tracks
are capable of efficiently trapping nearly 103 molecular
shuttles in a 20 × 20 µm2 collector region in a 50 min period
of autonomous, self-powered operation. The analyte con-
centration process in each microfluidic sorter and collector
allows detection of analytes at concentrations as low as 14
fM with excellent cargo selectivity and regular flow-through
sample loading. Moreover, the small operational volume of
each sorter and collector structure (∼10 nL for the current
design) is ideally suited for high-throughput, high-content
array detectors and redundant testing to eliminate false-
positive tests on a single chip. In fact, during the work

Figure 2. Molecular sorting and sensitivity of biomolecular motor-based microfluidic device. Tetramethylrohodamine-labeled strepavidin
(TMR-STV) was used as a model system to experimentally characterize the molecular detectors. The experimental protocol is summarized
in (a). Microtubules land and bind to surface-bound kinesins in the absence of ATP fuel. Subsequently, analyte solution is loaded into the
device, and finally ATP is loaded to start the sorting and concentration process. Optical images of the collector region (b) show visibly
different accumulations of TMR-STV as a function of analyte concentration in the range from 14 pM to 14 nM. The microfabricated
structure is presented in blue, and the fluorescence from TMR-STV is marked in green. (c) Sensitivity of the devices in arbitrary units (AU)
in the range from 10 fM to 10 nM (N ) 8 for each concentration, error bars indicate standard deviations). The red and blue curves indicate
experimental results observed by loading a total of 8 and 2 flow cell sample volumes, respectively, into the device. Control experiments in
the absence of biotinylated microtubules (black curve) show that the detected signals are specific. By loading multiple samples volumes
into our microfluidic chip, it is possible to fine-tune the sensitivity of the device. We characterized the detection limit of the device (d) from
the intercept of the sample sensitivity curve (as shown in c) and the control measurements of the absence of biotinylated microtubules. The
errors of the detection limit at different sample concentration (as shown in d) were estimated from the statistical uncertainties of the intercept
of the sample sensitivity curves. The data in (d) indicate that the sensitivity of our biomolecular motor-driven detector is in the lower
femtomolar range. As each microfluidic chip contains about 3200 individual devices, averaging of the signals from the individual detector
will virtually eliminate the possibility of false-positive detections and dramatically reduce the detection limit of the device, probably well
into the attomolar range.
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reported here, we observed that virtually every single sorter
and collector structure behaved identically, indicating that
both the devices and assays are very robust. We also note
that the volume of microfluidic devices with single detection
structures can be readily reduced to the pL range by matching
the length scales to those of eukarytic cells (10–100 µm).
Combining such device structures with the femtomolar
sensitivity of our sorting and concentrating devices should,
for example, make it possible to detect molecules from
individual cells present in relatively small copy numbers.
Furthermore, we suggest that self-assembled and autono-
mously operating, hybrid biomolecular and microfluidic
systems hold significant potential for future developments
of complex, high-throughput, point-of-care, biodiagnostic
techniques

Methods. Device Fabrication. To fabricate the collector
device, we first prepared a cover glass substrate using piranha
clean and HF (1:20 diluted) surface treatment. This was
followed by spin-coating of the clean glass substrate with a
CYTOP (Asahi Glass Co.) film of about 1 µm thickness at
3000 rpm and curing of the CYTOP film at 180 °C for 30
min in an oven. CYTOP channels were patterned by
lithography and plasma etching using SF6 gas at a pressure
of 20 mTorr, an RF etching power of 120 W, and a gas flow
rate of 20 sccm (standard cubic centimeters per minute).16

After stripping the photoresist remaining from the previous
lithography process, new photoresist was spun onto the
substrate as a sacrificial layer and patterned such that the
required collector structures form when a parylene layer was
subsequently deposited. Adhesion between parylene and
CYTOP was increased by an oxygen descum (80 W, 250
mT, and 90 s). Parylene was deposited and patterned by
plasma etching using O2 gas at a 100 mTorr pressure, 150
W etching power, and a gas flow rate of 100 sccm. Finally,
all photoresist was stripped using PRS2000 and the devices
were carefully rinsed in DI water to free the CYTOP and

parylene sorter and collector structures from sacrificial
photoresist layers.

Protein Preparation. For our 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), the stalk of Homo
sapiens kinesin (residues 430-560), and a reactive cysteine
at the C-terminal end. The NKHK560cys gene was ligated
into the pT77 plasmid and expressed in Eschirichia coli
BL21 cells using TPM medium with 50 µM ampicillin at
37 °C. Expression was induced by adding 0.1 mM IPTG at
a cell density corresponding to an OD of 0.6–0.8 and
continued overnight at 22 °C. Cells were centrifuged and
resuspended in lysis buffer containing protease inhibitors,
DNase, and lysozyme followed by sonification. The super-
natant of this extract was loaded on SPFF ion exchanger
(Amersham Biosciences), and kinesin was eluted by a step
gradient protocol. Tubulin and TMR-labeled tubulin were
obtained by standard procedures. Briefly, tubulin was purified
from cow brain by three cycles of microtubule polymeriza-
tion and depolymerization followed by phosphocellulose ion
exchange chromatography to eliminate microtubule associate
proteins. Tubulin was labeled with TMR (Molecular Probes)
by reacting polymerized microtubules with a 20-fold excess
of dye at room temperature for 30 min. Competent, labeled
tubulin was purified from this mixture by repeated depo-
lymerization and polymerization.

Experimental Protocol. Microtubules were polymerized
by incubating 2.4 mg/mL tubulin, 1 mM GTP, and 4 mM
MgCl2 in BRB80 buffer at 37 °C for 20 min and subse-
quently stabilized by adding 10 µM taxol. Microtubule
biotinylation was achieved by incubating microtubules with
100 µM biotin-XX succinimidyl ester (B-1606, Invitrogen)
for 30 min at room temperature. Unreacted biotin was
quenched with 1 mM K-glutamate for 10 min and removed
by repeated (4 times) microtubule pelleting in an airfuge
(Beckman Instruments, 164000g, 5 min) and resuspension
in BRB80 buffer with taxol. Flow chambers were constructed
from microscope slides and microfabricated cover glasses
containing the collector devices separated by ∼100 µm
thickness double side tapes (Scotch 3M). To reduce the
fluorescence background, some devices (when indicated)
were bleached by exposing them for 20 min to the arc-lamp
excitation of the fluorescence microscope. Devices were
pretreated by flushing 100 µL of a 40 mg/mL aqueous
solution of Pluronic (Pluronic F108 Prill, BASF) through
the microfluidic chip. Protein loading was identical to that
for standard kinesin gliding assays: Chambers were loaded
with kinesin (0.4 mg/mL Pluronic and 2.1 µM kinesin in
BRB80 buffer) and incubated for 5 min. During this
incubation, a reference picture was taken and the reference
intensity was measured from the collector region. Then,
biotinylated microtubules (9.6 µg/mL tubulin) in a BRB80
buffer containing 10 µM taxol, 1 mM ATP, and an oxygen
scavenger system) were loaded into the chip and incubated
for 3 min. The chamber was loaded with various TMR-
streptavidin concentrations (1 mM ADP, 2 mM MgCl2, 10
mM glucose, 100 µg/mL glucose oxidase, 80 µg/mL catalase,

Figure 3. Device selectivity. We experimentally demonstrated the
analyte selectivity of our devices by mixing TMR-STV with an
FITC-labeled background protein, BSA, by using the standard
protocol and identical devices. TMR-labeled STV signals were
measured by green wavelength excitation, and FITC-labeled BSA
signals were recorded by blue wavelength excitation. (a-d)
Fluorescence micrographs of an experiment to detect 1.4 nM TMR-
STV in the presence of 15 nM FITC-BSA. The collector micro-
structure is presented in light-blue color, and TMR-STV is shown
in light-reen color. (e) Device sensitivity is not affected by
background protein at different concentrations of BSA ranging from
15 nM FITC-BSA (N ) 12, black) to 85 µM BSA (N ) 12, red).
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10 mM DTT, and 0.4 mg/mL Pluronic) and incubated for 1
min. Then, a microtubule motility solution (1 mM ATP, 2
mM MgCl2, 10 mM glucose, 100 µg/mL glucose oxidase,
80 µg/mL catalase, 10 mM DTT, and 0.4 mg/mL Pluronic)
was loaded into the chip and incubated for 5 min. Samples
were observed with an inverted fluorescence microscope
(Zeiss Axiovert 200, 40×/1.3 NA Plan Neofluar objective),
and images were recorded with a digital CCD camera (Orca
ER, Hamamatsu, Japan). The average fluorescence intensity
difference was determined by subtracting reference intensity
from the final experimental picture.
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Supporting Information Available: Movie 1: Video
sequences of the self-contained microtubule concentrating
process in a microfluidic device. The movie was captured
using a 100× oil-immersion objective (Plan-Neofluar, Zeiss)
showing the central collector region of an active sorter device
at high resolution. Microtubules were labeled with TMR and
loaded into devices following the kinesin coating step. The
cross-shaped portion in the image represents the collector
region and the light gray regions are the CYTOP micro-
structures. The movie shows that microtubules in the
peripheral sorter region of the device are guided to move
into the collector region. Most microtubules are rapidly
trapped in the collector, only very few of them escape. Movie
2: Comparison of multiple sorter devices of a large array.
The movie was recorded with a lower magnification oil
objective (40× Plan-Neofluar, Zeiss) to show entire devices
with their sorter and collector regions. Microtubules were
labeled with TMR and loaded into devices after the kinesin
coating step. The movie sequence was recorded following a
short transport and sorting period after the activation of the
microfluidic chips. To show multiple neighboring sorters in
an array, we rapidly translated the microfludic chip with the
microscope stage. The sequence demonstrates that all
individual sorting devices in the array transported microtu-
bules and function in an identical manner. This material is
available free of charge via the Internet at http://pubs.acs.org.
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