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PREFACE

The 8th International Conference on Miniaturisation in Chemistry and Life Sciences,
MicroTAS (Micro Total Analysis Systems) is celebrating its 10th anniversary year. The
conference developed from a small gathering of researchers active in the field of
MicroTAS in Enschede, The Netherlands, in 1994 with 160 participants. The success of
this first meeting was followed by an equally appreciated WTAS workshop in Basel,
Switzerland, in 1996 with a remarkable increase in the number of participants to 275.
Optimism in the research field continued and the subsequent event was the truly
unforgettable conference organised in Banff, Canada in 1998, with a record-breaking 420
conference delegates and about 130 papers submitted. At the following meeting in 2000,
the conference returned to its birth place in Europe (at the University of Twente,
Enschede, The Netherlands) again breaking new records for the MicroTAS conference
with close to 500 attendees and about 140 scientific papers accepted (230 submissions).
Due to the increasing interest that the MicroTAS/Lab-On-A-Chip field was generating,
the subsequent meeting in 2001, in Monterey, CA, USA, forced the conference format
into two parallel oral sessions in order to meet the pressure from the scientific
community. In spite of the 9-11 terrorist attack and subsequent restrictions in
international travelling, the conference attracted about 790 delegates and 276 accepted
scientific contributions. The meeting was also characterised by an impressive commercial
exhibition, demonstrating the transition of several of the earlier UTAS developments into
the industrial sector. The subsequent conference (2002) in Japan is forever etched into our
minds both with respect to the excellent organisation and scientific programme as well as
the wonderful setting in ancient Nara. Although difficulties were developing in the
industrial and financial sectors, following the IT-crash, the Nara meeting attracted 710
delegates with 316 accepted scientific contributions. The next pTAS conference was
organised in another glorious location, Squaw Valley, CA, USA, in October 2003 and
despite the setback in the global economy which clearly also affected academic budgets
the conference attracted over 650 delegates with 325 accepted scientific presentations.

This year’s conference confirms the continuing increase in interest in the uTAS-research
field. More papers were submitted than ever before, 657, giving the Technical
Programme Committee a difficult task in the abstract evaluation procedure. Again the
scientific programme expanded, now to encompass a total of 422 accepted scientific
contributions. We also see a continuing strong presence from the industrial area with
some new players, indicating a recovery in the financial sector.

These two volumes contain the proceedings of the MicroTAS 2004 conference in Malmg,
Sweden, September 26-30. Every paper presented will also be made available from the
Royal Society of Chemistry, Lab on a Chip web-site at www.rsc.org/loc. The proceedings
from the pTAS 2003 conference can also be accessed from this site.

The content of this year’s MicroTAS conference clearly shows that the efforts in
developing cell-based microsystems are increasing. Not only is work quite frequently
focused on cell manipulation, and on-chip culturing but also on complete microsystems
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for cell transport, culturing, analysis and monitoring including feed-back systems are now
presented. The transition to polymer-based technologies continues and the now widely
used SU-8/PDMS platform has opened up the uTAS-field to all those who do not
necessarily have access to high performance clean-rooms, which vastly broadens the
number of players that can now access and work in the field. A clear trend is also the
increase in microfluidic two-phase systems, which seems to have come to a point where
the two-phase fluid handling is well controlled and, eg., applications with
compartmentalised chemistry in oil-immersed aqueous droplets in streaming
microsystems are seen. The more mature areas of chip-based separation science are still
very strong moving towards applications in genomics, proteomics and diagnostics. An
exciting development is the continued progress in nanotechnology and the study of
microfluidic transport, and molecular interaction and separation in nanoscale channels,
this year displaying a representation equal to those in cell-based microsystems.

Looking back at UTAS conferences over the last ten years I can conclude that the field
has matured and broadened from the original very strong focus on chip-based capillary
electrophoresis systems to encompass a new science field of an extremely
interdisciplinary nature with materials physicists and analytical chemists at one end and
cell & molecular biologists and clinicians at the other. The field of microfluidics with all
its aspects in combination with micro- and nanotechnology and life science research is
accelerating, finding new areas where the miniaturised scale really makes a difference,
and this is, of course, what research in this area is all about! We can confidently look
forward to another ten years of exciting developments in this scientific field.

Finally, I would like to express my thanks to all of those who helped in organising this
conference. The local organising committee for their broad network to industrial
supporters and exhibitors and for all the work that is not seen but is yet so necessary. The
Technical Programme Committee for the seemingly endless work reading and evaluating
the 650 submitted abstracts in a medieval castle in southern Sweden. This is a task on
which the whole foundation of the MicroTAS conference rests. Malmé Conference
Agency is greatly acknowledged and I would especially like to thank, Lars Nilsson, Anna
Martinsson and Niklas Swedenborg for their excellent and hard work in making all the
necessary practical arrangements come to fruition. I would like to express my deepest
gratitude to Johan Nilsson and Jorg Kutter, without whom, the administration would have
been a total disaster, and for their expedient and fluent processing of all protocols and
endless abstract and proceedings databases.

Last but not least, I thank all of you in the pTAS-science community for compiling and
contributing your cutting-edge research for these two proceeding volumes. Without you
there would be no meeting!

Thomas Laurell
puTAS 2004 Chairman
July 14, 2004
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SINGLE MOLECULE NANO-BIOSCIENCE

Toshio Yanagida
Graduate School of Frontier Bioscience and Graduate School of Medicine, Osaka University, 1-3,
Yamadaoka, Suita, Osaka, 565-0871, Japan

1. Introduction

Biomolecules assemble to form molecular machines such as molecular motors, cell signal
processors, DNA transcription processors and protein synthesizers to fulfill their functions. Their
collaboration allows the activity of biological systems. The reactions and behaviors of molecular
machines vary flexibly while responding to their surroundings. This flexibility is essential for
biological organisms. The underlying mechanism of molecular machines is not as simple as that
expected from analogy with man-made machines. Since molecular machines are only nanometers
in size and has a flexible structure, it is very prone to thermal agitation. Furthermore, the input
energy level is not much difference from average thermal energy, kgT. Molecular machines can
thus operate under the strong influence of this thermal noise, with a high efficiency of energy
conversion. They would not overcome thermal noise but effectively use it for their functions. This
is in sharp contrast to man-made machines that operate at energies much higher than the thermal
noise. In recent years, the single molecule detection (SMD) and nano-technologies have rapidly
been expanding to include a wide range of life science. The dynamic properties of biomolecules and
the unique operations of molecular machines, which were previously hidden in averaged ensemble
measurements, have now been unveiled. The aim of our research is to approach the engineering
principle of adaptive biological system by uncovering the unique operation of biological molecular
machines. T survey our SMD experiments designed to investigate molecular motors, enzyme
reactions, protein dynamics and cell signaling, and discuss the mechanism of biological molecular
machines.

2. Single-molecule detection (SMD) techniques

How advantageous is SMD for investigations? Observing and manipulating biomolecules
allows their dynamic bebaviors to be directly revealed, as has been demonstrated for motor
proteins. Reactions of biological molecules are generally stochastic. Therefore, even if the reactions
of molecules are initiated at the same time, they cannot be synchronized, so the dynamic behaviors
of individual molecules are averaged and hidden in ensemble-averaged measurements. [n vivo,
biomolecules work in dynamic and complicated heterogeneous systems, involving different kinds
of molecules such as cell-signaling proteins. It is difficult to quantitatively detect dynamic
behaviors of target molecules in such systems by ensemble-averaged measurements. The SMD
techniques are expected to overcome these difficulties and have already been successfully applied
to study the dynamic properties of biological molecules such as motor proteins, enzymes, RNA
polymerase and cell-signaling proteins [1, 2].

The SMD techniques are based on two key technologies for single-molecule imaging and
single-molecule nanomanipulation. First, the imaging technique will be explained. The size of
biomolecules and even their assemblies are in the order of nanometers, so they are too small to
observe by optical microscopy. To overcome this problem, biomolecules can be fluorescently
labeled and visualized using fluorescence microscopy. Single fluorophores in aqueous solution
were first observed in 1995 by using total internal reflection fluorescence microscopy (TIRFM) and
conventional inverted fluorescence microscopy [3]. The major problem to overcome when
visualizing single fluorophores in aqueous solution is the huge background noise, which can be
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caused by Raman scattering from water molecules, incident light breaking through filters,
luminescence arising from the objective lens, immersion oil and dust. In this system, the evanescent
field was formed when the laser beam was totally reflected by the interface between the solution
and the glass. The evanescent field was not restricted to the diffraction limit of light, thus it could
be localized close to the glass surface, which resulted in the penetration depth (~150 nm) being
several-fold shorter than the wavelength of light. Therefore, the illumination was restricted to
fluorophores either bound to the glass surface or located close by, thereby reducing the background
light. Furthermore, by careful selection of optical elements, the background noise could be reduced
by 2000-fold compared with that of conventional fluorescence microscopy. This made it possible to
clearly observe single fluorophores in aqueous solution. Fluorescence measurements from
fluorophores attached to biomolecules and ligands allow the detection of, for example, the
movements, conformational changes, enzymatic reactions and cell-signal processes of biomolecules
at the single molecule level.

The second key technology is single-molecule nanomanipulation. Biomolecules and even single
molecules can be captured by a glass needl® [5-7] or by beads trapped by optical tweezers. The
optical tweezers are the tool to trap and manipulate particles of 25 nm to 25 pum in diameter by the
force of laser radiation pressure. The particle is trapped near the focus of laser light when focused
by a microscope objective with a high numerical aperture. The optical tweezers produce forces in
the piconewton range on the particles. Biomolecules are too small to be directly trapped by the
optical tweezers, so they are generally attached to an optically-trapped bead. Microneedles or a
bead trapped by a laser act as a spring that expands in proportion to the applied force. Thus, the
force and the displacement caused by the biomolecules can be measured. The displacement of a
microneedle and a bead has been determined with a subnanometer accuracy, much less than the
diffraction limit of an optical measurement. This accuracy of displacement corresponds to the sub-
piconewton accuracy in the force measurements. Thus, the mechanical property of biomolecules
can be determined directly at the single-molecule level. Furthermore, combined with the single-
molecule imaging technique, simultaneous measurements of mechanical and chemical reactions of
single biomolecules are possible.

3. Movement and ATPase turnovers of biological molecular motors

The SDM techniques were first used to study molecular motors. The example discussed here is
that of a microtubule-based kinesin motor, which transports organelles along a microtubule in cells.
Kinesin is composed of two heavy chains, each consisting of a force-generating globular domain
(head), a long a-helical coiled-coil and a small globular C-terminal domain (tail). Microtubules are
cylinders comprising parallel protofilaments, which usually number 13 or 14 when reassembled in
vitro. Movement of single kinesin molecules along a microtubule has been directly observed by
TIRFM. Kinesin molecules, fluorescently labeled at the tail-end without damage, were added to
microtubules adsorbed onto a glass surface in the presence of ATP (adenosine triphosphate). This
demonstrated directly that a single molecule of kinesin could processively move for long distances
along a microtubule without dissociating [4].

In general, the motions of molecular motors and operations of other biomolecules are fueled by
the chemical energy released from ATP hydrolysis. Kinesin and myosin are both motor proteins
and ATPases. To uncover how the biomolecules work using the chemical energy from ATP, it is
crucial to observe the individual cycles of ATP hydrolysis by single ATPase molecules. This has
been achieved using the single-molecule imaging technique TIRFM in combination with the
fluorescent ATP analog, Cy3-ATP . This method was first applied to an actin-based myosin motor
that is involved in muscle contraction and other cellular motility. Myosin has a similar structure to

8th International Conference on Miniaturized Systems for Chemistry and Life Sciences
September 26-30, 2004, Malmo, Sweden



kinesin, although it is twofold larger in size. Cy3-ATP is hydrolyzed by myosin in the same way as
ATP . The rate of the biochemical cycle of ATP hydrolysis averaged for many events or individual
myosin molecules was consistent with that obtained by a conventional biochemical method using a
suspension of myosin.

4. Simultaneous observation of the ATPase turnover and mechanical events of an actin-based
myosin motor

To investigate how the mechanical event of myosin corresponds to the ATPase cycle, the
single-molecule imaging technique was combined with optical-trapping nanometry to
simultaneously measure individual ATPase cycles and mechanical events of a single myosin
molecule (Fig. 1). Dissociation of the myosin head from actin corresponded to the binding of ATP,
and association of the myosin head with actin and generation of displacement were followed by
dissociation of a nucleotide (most likely ADP). Each displacement corresponded to a single ATP
molecule [5].

Understanding the process of a displacement became essential to investigating how myosin
works using the chemical energy from ATP. Optical-trapping nanometry cannot resolve this
process, because the displacement is determined indirectly through a long actin filament and
optically-trapped beads, which have an unknown elasticity. Thus, the signal to noise ratio is not
high enough to resolve the process. To overcome this problem, a more direct method combining
scanning probe and single-molecule techniques has been developed. A single myosin head was
attached to the tip of a scanning probe and the process of a displacement was resolved by measuring
the displacement of a scanning probe with nanometer and millisecond accuracies. The results
showed that a myosin head moved along an actin filament with regular 5.5 nm steps and underwent
five steps to produce a maximum displacement of 30 nm per displacement (i.e. representing the
ATPase cycle). As the step size coincides with the actin monomer repeat (5.5nm) and each 5.5 nm
step is not directly coupled to the ATPase cycle (loose coupling), the results strongly indicate that
the myosin head walks along the actin monomer repeat using biased Brownian motion . This idea
challenges the widely accepted view that the movement is caused by a large conformational change
in the myosin head, tightly coupled to the ATPase cycle in a one-to-one fashion (tight coupling) {6].

Figure 1. Single molecule imaging and optical-trapping nanometry to perform simultaneous
measurements on individual ATPase cycles and mechanical events on a single myosin molecule.
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5. DNA transcription

The initial steps of gene expression include the binding of RNA polymerase (RNAP) to DNA,
the search for a promoter in the DNA sequence and the synthesis of RNA based on the information
encoded by the DNA. These steps are central regulatory mechanisms of gene expression and have
been extensively investigated. Harada ef al. have observed single, fluorescently labeled RNAP
molecules interacting with a single molecule of DNA suspended in solution using optical traps. The
kinetic studies have proposed some mechanisms for promoter searching based on the results of the
binding of RNAP molecules to specific and nonspecific sites on the DNA: sliding, intersegment
transfer and simple dissociation and/or association reactions. This observation provides direct
evidence that a sliding motion is a mechanism used for the search of promoters . The association
and dissociation rate constants of RNAP could be also determined, depending on the sequence of
DNA and on the mechanical strain exerted on the DNA. These values proved difficult to determine
in solution because DNA molecules aggregate to form a network structure. The transcription
process was directly monitored by measuring the displacement or rotation of DNA during the
interaction with RNAP by manipulating DNA with optical and magnetic tweezers. One end of
DNA is attached to a magnetically-trapped bead and the other is interacting with a RNAP adsorbed
onto the glass surface. Rotation of DNA is determined by monitoring the rotation of the bead. The
results showed that the rotation rate is consistent with high-fidelity tracking. The rotation per base
pair is as much as 350 and should, in principle, be detectable. Therefore, this method could resolve
individual steps of transcription in real time [7].

6. Future perspectives

Recently, life science has made remarkable progress. This progress has been possible because
of the identification of functional proteins and studies on the characteristic (structural and
functional) properties of proteins as revealed by molecular cell biology, structural biology and
molecular genetic approaches. The DNA sequences of not only invertebrates but also of vertebrates
(including human) are now available. Thus, research is charging into the post-genomic era. In this
era, we tend to emphasize the concept that the structure explains the function and we endeavor to
understand the mechanisms of the proteins and molecular machines based on this concept.
However, knowing the function of proteins and molecular machines is not a simple task. Moreover,
we could not understand the function of these proteins even if we knew their structures. Proteins
and molecular machines are not simple and their function cannot be learned in analogy to artificial
machines. Proteins and molecular machines have a size in the nanometer range, and a dynamic and
soft structure. In addition, the input energy to the molecular machines is comparable to thermal
energy. Molecular machines function at a very high efficiency when exposed to thermal agitation.
This is contrasted by artificial machines, which use much higher energy than thermal energy to
work rapidly, accurately and deterministically. For such reasons, it is necessary to understand the
dynamic properties of proteins themselves and their interactions to each other. The SMD techniques
have been developed as techniques to directly monitor the dynamics of proteins and molecular
machines and have rapidly expanded to include a wide field of biological sciences. Combined with
nanotechnology from the engineering field, the SMD techniques will prove more powerful in the
future. Thus, the SMD will govern and lead the future direction for research in proteins and
molecular machines.
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HIGH-SPEED PARTICLE SORTING:
COMBINING DIELECTROPHORESIS AND FLUID FLOW

David Holmes, Mairi E. Sandison, Nicolas G. Green and Hywel Morgan
School of Electronics and Computing Science,
University of Southampton, Highfield, Southampton, SO17 1BJ, UK.

Abstract

We present a high-speed particle sorting and deflection system which is an integral part of a
micro flow-cytometer chip capable of high speed detection and sorting of micron-sized particles.
The device sorts particles using a combination of DEP and hydrodynamic forces. DEP focusing of
particles is used to axially centre particles in a channel. Negative dielectrophoresis, together with
hydrodynamic flow is used to achieve high speed particle sorting at a microfluidic T-junction.
Keywords: particle sorting, dielectrophoresis, AC-electrokinetics, micro-flow cytometry

1. Introduction

A number of particle sorting and detection devices have appeared in the uTAS literature in
recent years [e.g.1-6]. Many of these devices mimic the operating principle of a bench-top flow-
cytometer but on the micro-scale. Flow cytometers (or Fluorescent Activated Cell Sorters, FACS)
allow counting and sorting of micron-sized particles such as cells and latex beads. The
disadvantages of conventional FACS machines are the requirement for relatively large sample
volumes (100ul), skilled operators and the high cost of such systems. Many of the functionalities of
a FACS machine have been implemented into micro devices such as detection of fluorescence {1,
2], or scattering from particles [4]. Impedance detection has also been incorporated into micro-
devices for single cell analysis [5]. Although particles can be counted at relatively high speed in
these micro-devices, particle sorting speeds are generally lower.

In this paper we present a novel approach to achieve rapid particle sorting. The method uses a
combination of hydrodynamic forces and dielectrophoresis to achieve high speed particle deflection
and sorting. Fuhr and co-workers [6] presented DEP based cell sorting devices which used bar-
shaped electrodes that deflected particles across a channel to one or other of an outlet. This method
is relatively slow as the particle may have to be moved a relatively large distance across the channel
to the outlet. Our device differs from previous designs in that it uses a particle positioning system to
focus particles into the centre of the channel prior to the sorting junction as shown in Fig. 1. The
operating principle of the device is shown in Fig. 2. Particles are centred along the axis of the
channel, and arrive at the T-junction with equal probability of flowing into either outlet. A small
negative-DEP deflection force is provided by the electric field configuration of the three electrodes
at the gate, pushing a particle from the central stream line, so that it passes into one or other of the
outlets.

2. Fabrication

Electrodes were patterned using photolithography on 500 um thick glass substrates. SisN,
insulator was deposited to all but the tips of the electrodes, a polyimide flow channel was fabricated
and a second set of electrodes was aligned and bonded to form the 1id. The main channel has
dimensions of 40pm high and 80 pm wide, with both outlets of equal dimensions, 40pm high and
40 pum wide. Inlet and outlet holes were drilled in the lid for sample entry and exit, which was
performed using pressure driven flow via an external pump. A schematic diagram and SEM of one
half of the device is shown in Fig. 1.
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3. Results and discussion

The initial set of focusing electrodes pushes particles into a tight axially centered beam using
negative [7, 8]. This ensures that all the particles follow the same trajectory along the main
channel, with the same velocity, equal to the maximum flow rate in the device. An AC voltage is
applied to the sorting electrode as shown in Fig. 2, to deflect individual particles away from the
equilibrium position into one of the two outlets. With a voltage of 20V peak-peak at IMHz it was
possible to deflect 6um diameter latex beads (Molecular Probes) with velocities of 1500ums™. At
this velocity the system could sort particles at a rate of 200-300 per second.

Fig. 3 shows consecutive frames taken from a video showing the tracks of individual beads
being sorted within the device. The tracks appear stretched because the particles move several tens
of microns during each video frame (40ms per frame). The top sequence shows a particle sorted to
the left, the bottom sequence shows a particle being sorted into the right channel. The bright image
present in all frames is due to beads which have adhered to the channel wall.

4. Conclusions

A device has been implemented that can sort particles using a combination of dielectrophoretic
forces and hydrodynamic forces. Most particles readily undergo negative DEP at high frequencies,
so that latex beads, cells or viruses could be sorted at high speed into different channels using
relatively low AC voltages. The technology is easily scalable so that any number of Y or T-junction
could be fabricated on a chip and particles gated into an array of different channels. In an extension
to this work we have implemented this sorting principle into a full automated micro-FACS system,
where fluorescently labelled particles are detected using confocal optics together with real-time
control electronics to control the sorting. Combining DEP-based focussing and sorting with the
advantages of sub-nL optical detection volume will enable the development of rapid configurable
automated particle sorting systems. Sort speeds greater than 1000 particles per second are expected
with improved designs.
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Figure 2. Diagram showing the operating principle of the sorting chip, together with the focusing
and sorting electrodes. Particles are focused into a narrow beam along the axis of the channel. The
combination of DEP and hydrodynamic forces at the sorting junction move particles left or right
according to the voltage sequence applied to the three sorting electrodes.
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Figure 3. Successive sequence video images (40ms time interval) showing particle trajectories in
the chip. In (a) a particles are sorted to the left, whilst in (b) particles are sorted to the right. The
particles appear elongated because they move a considerable distance in a single video frame. V, =
20Vpp at IMHz.
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CONTINUOUS PARTICLE SEPARATOR BASED ON
PERIODICAL DEP ELEMENTS
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Arthur Jachimowicz' and Michiel J. Vellekoop'
!nstitute of Sensor and Actuator systems (ISAS), Vienna University of Technology,
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Abstract

In this work a novel device for continuous separation of particles based on dielectrophoresis (DEP)
is presented. The dependency of the dielectrophoretic effect on the particle radius is exploited to
separate particles of different size in a microfluidic channel. In the device a separation is established
by forcing the particles on trajectories of different mean velocity in a parabolic flow profile of a
pressure driven flow.

Keywords: dielectrophoresis, particles, separator

1. Introduction

We present a continuous particle separator using periodical dielectrophoresis (DEP) elements
(Fig. 1). Dielectrophoresis is the effect that a polarizable particle experiences a force when exposed
to a non-uniform electric field. As the particles flow through the separation channel,
dielectrophoretic forces are applied to move them up and down, which results in trajectories as
shown in Fig. 2. The amplitude of this trajectory strongly depends on the particle size. Since the
velocity profile of the liquid in a pressure driven flow is parabolic, the flow-speed of a particle
depends on its vertical position in the channel. Larger particles (for which the amplitude of the
trajectory is larger) will now have a lower average velocity, which results in longer retention time
than smaller particles. At the end of the channel there will be a separation of particles depending on
their diameter. This device does not use gravity as a parameter for separation, as in other devices

eg [1].

2. Theory

For the description of the particle behavior dielectrophoretic and hydrodynamic forces are taken
into account. Using a dipole approximation for a polarized particle in an electric field and utilizing
the so-called Stokes Approximation for the hydrodynamic drag, the forces acting on a particle read:

F,. =276, R°KVE?

Fopag = 67nR(v, — v,)

where K =(¢g,~¢)/e,+2¢) is the so-called Clausius-Mossotti Factor and ¢, and ¢, are the
permittivities of liquid and particle respectively. R is the particle radius, E,is the local electric
field, 7 is the viscosity of the liquid and (v, —v,) is the difference of liquid and particle velocity.
The equilibrium between these expressions and the inertia force F =m,dv, /dt as well as the

buoyancy force is used in a model to determine the trajectory of a particle in a channel of given
electric and flow field distribution.
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3. Device

The device consists of two glass slices bonded together with SU-8 [2], which also defines the
channel dimensions. The liquid connections are defined by through holes in one of the glass wafers.
The DEP electrodes (Cr/Au) are 80pum wide.

A simple particle trap structure was used to accumulate and periodically release the particles,
allowing for continuous operation of the device. So, both sample injection and separation are
controlled electronically.

A dynamic simulation model has been developed to optimize the electrode structure and to
estimate the voltage necessary for trapping the particles. The force equilibrium between
dielectrophoretic-, drag- and inertial forces is calculated from which the particle trajectory and
retention time is determined (Fig. 2). The difference in retention time is a measure for the
separation efficiency.

The separation channel has a periodic electrode structure to generate strong non-uniform
electric fields. Because the electrodes are applied on both top and bottom the particles are forced to
follow a trajectory moving up and down periodically in the channel, minimizing the influence of

gravity (Fig. 2).

4. Results and discussion

Polystyrene particles of 8 and 15 pm diameter suspended in de-ionised water were pumped
through the device using a syringe pump. For the characterization of the device the retention time of
these particles was measured separately using a manually triggered stopwatch computer program.

At a DEP voltage of 5.5 V (RMS, 1 MHz) the larger particles show an average 25% longer
retention time than the smaller particles, which proofs the concept. A histogram for several
measurements is shown in Fig. 4. The results presented in this paper can be assumed to contain an
error caused by the reaction time of the manual trigger process (estimated error + 0.1s). Therefore,
the measurements are expected to show an even better distribution if a fully electronic (and more
accurate) detection would be applied.

Additional measurements were carried out using a particle sample mix containing 8 and 15um
particles. Using a similar stopwatch program as mentioned above the time between release and
arrival of the first small and the first large particle was recorded. These measurements confirm the
results shown in Fig. 4.

In addition to separation of particles based on their size, our setup also permits separation on the
basis of dielectric constant and electrical conductivity. This topic is part of current investigations.

5. Conclusions

We have simulated, designed and fabricated a novel particle separation device based on
periodic DEP elements. Our first measurements demonstrate that particles of 8 and 15um show
significant differences in retention time (25%) at a DEP voltage of 5.5 V (RMS, 1 MHz).
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Figure 1. Particle separation chip (1.5x2¢m?). Channel height 70um, width imm, length 10.4
mm. The separation channel has 26 DEP elements.
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Figure 2. Operation principle of the separation channel. Hydrodynamic drag moves the
particles in horizontal direction while DEP forces move them up and down. The dependency of
the trajectory amplitude on the particle size is exploited to establish a separation.
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Figure 3. Simulation results for the Figure4. Histogram of retention time measurements
horizontal displacement of 8 and 15um for different particle sizes. 15um particles show an
particles. average 25% longer retention time.
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STUDY OF HIGH SPEED ACOUSTIC SEPARATION IN MICRO-
CHANNELS USING p-PIV

Holden Li, Vipin Vitikkate, Thomas W. Kenny
Department of Mechanical Engineering, Stanford University, Stanford, California 94305, USA

Abstract

In this paper, we report the behavior of suspended particles comparable to human blood cells
under the influence of an ultrasonic acoustic field, using micron-resolution particle image
velocimetry (u-PIV). This work is in progress towards the design of an integrated micro-channel
structure for cell separation in the microscale regime. The acoustic separation method directly
differentiates particles based on their size at low power (less than 100 mW) and with small sample
sizes (tens of micro-liters). Experimental results show that particles of different sizes can be
separated by a careful design of a continuous flow micro-channels system. We have demonstrated
the capability of separating over a million particles in less than 5 minutes.
Keywords: acoustic separation, particle image velocimetry, micro-channels, p-TAS

1. Introduction

Centrifuges are typically used to separate various components of the whole blood in
laboratories. This method has proven to be fast and effective in large-scale operation, with an
acceleration field up to 10,000G. But the dependence of the radius of rotation prevents further
miniaturizing a centrifuge into a micro-scale device. In order to realize a u-TAS that can diagnose
human health with low power consumption and low sample size, a robust and high speed separation
mechanism is desired. Various other methods of micro-separation on cells have also been proposed
over the years, like micro-filtration [1], magnetic separation [2], electrophoresis [3], di-
electrophoresis etc. Each of these methods has its own merits and disadvantages when miniaturized
to the micro-scale.

In this paper, we revisit an old technology [4] of using ultrasonic standing waves to separate
different sizes of particles. The particles are concentrated at the pressure nodes of a static acoustic
field based on size, density and compressibility contrast with the surrounding medium. This
separation mechanism has already been proven to be effective and fast [5, 6]. However, acoustic
separations often required large apparatuses with characteristic dimensions of at least centimeters
and only separations of particles from the medium were demonstrated, but particles of different
properties were not differentiated. There has been recent interest of repeating this method in micro-
channels with diameter of less than 1mm and for separation of particles based on their densities [7].

u-PIV is useful for understanding the behavior of different particles under the influence of
acoustic pressure field and have been used in these studies to extract quantitative measurements.

2. Theory

Two dominant forces act on the suspended particles when subjected to an acoustic pressure
field, namely the acoustic force and Stokes drag (ignoring diffusion, Brownian displacement and
gravity which would only come into play if the acoustic field was orthogonal to them). With
continuous flow in the micro-channels, the particles also experience advective forces due to the
motion of the bulk liquid that carries them along. Yoshioka et al [8] proposed that the acoustic
force, Fys, acting on a spherical particle is - (Pprﬂ/;r J[ 6o, - pr)_ &] .in (fﬂ) n

24 (2 p,*tpP fj B, A

where P is the acoustic pressure, V;, is the volume of the particle, ps, p,, B¢ and B, represent the
density and compressibility of fluid and particles respectively. The wavelength is represented by A
and y is the displacement of the particle in the pressure field.
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At any instant, the acoustic force is balanced by the drag force in Equation 1, and this allows us
to use velocity measurements to extract the acoustic force as a function of position. Based on this
model, particles with dimensions comparable to the white blood cells (10 pm in diameter) will be
concentrated on the pressure nodes about six times faster than particles comparable to a red blood
cell (4 um in diameter). We will utilize this temporal contrast to separate particles by size.

3. Experimental Setup

To understand the forces acting on particles (polystyrene beads from Duke Scientific), u-PIV
[9] is used to obtain measurements of the velocity fields. The experimental setup includes the epi-
fluorescent microscope (Olympus), camera system (COHU), image capturing DAQ card (National
Instrument), LabView program and Matlab software for cross-correlation calculations. For
investigating the two particles separation, image capture with one wavelength is not enough. A
special epi-fluorescent microscope (Carl Zeiss Axioscop 2) is used to simultaneously capture both
particles, which fluoresce at different wavelengths.

4. Results and discussion

The experiments investigate the effects of varying particle size, acoustic pressure and bulk flow
rate in the micro-channels. The particles range in diameter from 3 to 10 pm and the PZT voltage
that provides the acoustic pressure, operating from 18 to 48 V at a frequency of 3 MHz. The flow
rate is varied from 0.5 to 3 pl/min from an external pump. Based on the u-PIV experimental results,
the velocity profile of the particles due to the ultrasonic acoustic standing waves is obtained as
shown in Figure 1. Particles further away from the pressure node have higher velocities than those
near the nodes. It also has demonstrated that by increasing the particle sizes would lead to an
increase in the acoustic force on the particles as shown in Figure 2.

The next set of experiments involves the design of this separation mechanism based on a
chosen acoustic frequency, operating acoustic pressure and flow rate. By adjusting the parameters,
meandering angles and flow rate of the micro-channels geometry, this experiment has shown that
bigger particles are concentrated in the central stream and separated from smaller ones (Figure 3).

5. Conclusions

We have demonstrated the ability to separate different size particles with similar mechanical
properties using ultrasonic standing waves. Velocity measurements are obtained with pu-PIV to
shed light on the forces acting on the particles under acoustic pressure field. Future work will
emphasize further miniaturization and integration within a handheld instrument.
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Figure 1: Fluorescent particles (20X magnification) are concentrated on the pressure node under influence of

acoustic pressure at 3MHz. Pixel array is 656 by 492. 7 pm diameter particles are first randomly distributed
and moved in the channel with a bulk flow rate of 1 ul/min. Particle velocity field of a region of the image is
plotted on the right. Location of pressure node is represented with a dotted line.
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Figure 3: Particles of 8 and 3 pm are used in this experiment to represent the white and red blood cells under
epi-fluorescence microscopy with 5X magnification. The flow rate is set at 3 ul/min and the ultrasonic acoustic
frequency is running at 3.3MHz. Particles are mixed randomly upstream as shown in the left picture (which
was taken at zero flow rate). Larger particles (pointed by arrows) are concentrated in the middle of the micro-
channels and separated from the smaller ones further downstream. The oblong shapes of particles are due to
streaking effects due to limitations of camera system. Fewer 8 um particles are present in the solution since
white blood cells make up only a small fraction of the whole blood.
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UNIDIRECTIONAL TRANSPORTATION OF NANO BEADS BY
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Abstract

Microtubules were immobilized inside a microfluidic channel chemically with the plus end
oriented to one direction. We have also succeeded to transport kinesin-coated beads of 320 nm in
diameter unidirectionally in the channel.
Keywords: kinesin, microtubule, orientation, hybrid nane transport system, biomolecular
linear motors

1. Introduction

Inspired by vesicle transport in a biological cell, we aim to build a bio hybrid nano transport
system based on biomolecular linear motors which enable the manipulation of micro/nano
structures without fluid flow or electrokinetic force [1]. A kinesin, a motor molecule, transports an
object from the minus end to the plus end of a microtubule by hydrolyzing adenosine 5’-
triphosphate (ATP). In order to realize the unidirectional transport using molecules, microtubules
that serve as rail molecules must be functionally oriented in the designated direction.

Some biology groups have already published on orientation techniques of microtubules [2-4];
those describe orientation method and some experimental results. However, the quantitative
analysis of the technique from the engineering point of view was not performed because they focus
on biological interests. Here we measure the orientation yield quantitatively in order to optimize the
process condition for the unidirectional
conveyance of micro/nano objects. ,

2. Experimental

We prepared a channel (width: 2 mm,
depth: 107 pum, length: 40 mm) with two
coverslips to establish the orientation gy
process, because the process can be (1) Coverslip efching with two PDMS
visualized by a dark-field microscope in
millimeter-scale. The coverslip was bonded
with another glass plate using double-sided
adhesive tape as spacers (Fig. 1(1-3)). Fig.
1(a) shows the actual device. The outlet was
connected to a syringe pump to generate a
steady flow, which contribute to the easy
buffer replacement in a channel even when
the channel is on a microscope stage as
shown in Fig. 1(b). The channel can be
miniaturized down to micrometer-scale
(width: 500 pm, depth: 20 pm, length: 30
mm) by the wet etching of a slide glass with

Coverslip

(a) A channel for orientation process.

{2) Bondin
with double-sided tape as spacers.

@T n 10 outict. (b) Observation setup.

Figure 1. Fabrication process of a
glass channel for the orientation test.
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a PDMS mask instead of using spacers [5].

3. The orientation process

We have utilized the gliding assay in a
buffer flow to orient microtubules with some
modifications from [4]. Fig. 2(1) shows the
direction of a buffer flow in a channel during
the orientation process. Figs. 2(2) to (6) are
close-up illustrations of the channel surface.
The movement of microtubules is shown by
arrows of which heads correspond to the minus
end of microtubules. The fluid force orients
microtubules parallel along the flow on a
kinesin-coated surface, but the functional
orientation of the plus/minus polarity cannot be
realized as shown in Fig. 2(2). The pulse
injection of ATP (1 mM) induces random
movement of microtubules as called gliding
assay (Fig. 2(3)), but the continuous flow
removes microtubules gliding upstream, while
almost all the microtubules gliding
downstream remained on the kinesin-coated
glass surface (Fig. 2(4)). Microtubules in this
step were visualized by the dark-field
microscope in Fig. 3(a). Buffers including
0.1 % glutaraldehyde and 0.1 M glycine are
injected with intervals for incubation in order
to fix oriented microtubules (Fig. 2(5)).
Oriented and immobilized microtubules are
shown in Fig. 3(b). After washing out
chemicals, kinesin-coated beads are injected in
the channel and trapped on microtubules.
Injection of ATP starts bead transportation.
When the plus end and the minus end of
microtubules are placed upstream and
downstream,  respectively, beads move
upstream unidirectionally (Fig. 2(6)).

4. Results and discussion

(4) Orientation process: gliding
assay with a buffer fiow. Moving
direction of microtubules follows
the flow.

(1) Buffer flow in a channel.

{5) Microiubu!es are oriented
and immabilized chemically.

icrofubule
Glass surface
(2) Microtubules are trapped on a
kinesin-coated giass surface along
the direction of the buffer flow
without plus/minus orientation.

{6) Beads transport on immobilized
microtubules.

(3 Gliding assay starts with ATP injection. Microtubule poI;rity
Figure 2. The orientation methodology of
microtubules by a buffer flow. An arrow
indicates a moving microtubule at gliding
assay, which means the arrowhead is the
minus end of the microtubule.

{a) During the orientation process (b) After the orientation process

Figure 3. Microtubules on kinesin coated
surface (2) during and (b) after the orientation
process.

The bead movement was captured by a differential interference contrast microscope as shown

in Fig. 4(a). Fig. 4(b) is a superposition of 10 pictures with 2-second intervals between shots to
visualize the unidirectional movement of beads. Fig. 4(c), an expansion of the framed area in (b),
clearly shows that beads are unidirectionally transported to the right-hand side. We have
investigated the relationship between the orientation yield and the buffer flow rate (Fig. 5(a)). The
ratio of beads moving upstream to all the moving beads is defined as the orientation ratio to
evaluate how microtubules are functionally oriented. As a control experiment the ratio of 50.3 %
was measured on the physically aligned microtubules, which means beads were equally transported
bidirectionally. The ratio reached about 95 % over the flow rate of 8 pm/s. The relationship
between the flow rate and the density of microtubules immobilized on a glass surface is shown in
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Fig. 5(b). The higher flow rate increases the
orientation ratio but decreases the
microtubule density. The flow rate of 8 unv's
is the best both for the orientation and the
microtubule density due to their trade-off.
Another important factor was the
concentration of kinesin in a buffer to coat
the glass surface with kinesin molecules.
The lower concentration of 4 pg/ml did not
yield enough microtubule density, because
the flow removed almost all the
microtubules. The concentration of 40 pg/ml
brought tight binding between microtubules
and kinesin during the orientation process.
The orientation ratio was also successfully
measured as 95.1 % in the micrometer-scale
glass channel.

5. Conclusion

We have optimized the buffer flow rate
and the protein concentration to realize the
unidirectional transport of kinesin-coated
beads in the millimeter-scale channel. Based
on these results microtubules were also
oriented in the micrometer-scale channel in
which 95.1 % of moving beads moved to the
designated direction. Multiple channels
coated with oriented microtubules will be
integrated to realize 2-D transport by kinesin
motors.
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(a) The original picture of bead assay corresponding to Fig. 2-(6).
Beads (320 nm in diameter) movement on oriented and immobilized
microtubules. Right-hand side is the upstream of buffer flow, which
means beads are transported to right-hand side of the picture.
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Figure 4. Moving direction of beads.
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Abstract

A unique platform for the biomimetic transport of nano- and microscale materials with
microtubules and motor proteins has been developed. The platform contains chemically distinct
materials, fluidic and optical access on opposite sides of the platform, and the ability to incorporate
electronics. The chemically distinct materials (gold and silicon dioxide) allow deposition and
confinement of the biomolecular motor kinesin through selective formation of protein anti-fouling
monolayers on the gold surfaces. Additionally, we have designed a custom motion-tracking
program to evaluate the effectiveness of the platform in directing microtubule (and microtubule-
transported cargo) motion.
Keywords: microtubules, motor proteins, motion tracking, directed transport

1. Introduction

Transport mechanisms in living systems can be used to manipulate nanoscale materials in
artificial environments. For example, the movement of nanomaterials could generate macroscale
changes in electrical or optical properties. With the ability to continuously manipulate materials,
one could imagine applications such as reconfigurable electric or optical systems. In nature, motor
proteins “walking” on microtubules transport intracellular cargoes of vesicles and genetic material.
Microtubules are filament-like tubular protein structures, 25 nm in diameter with lengths between 1
and 1000 pm, depending on polymerization conditions. Hydrolysis of adenosine triphosphate (ATP)
produces ordered conformational changes in motor proteins, which results in the protein walking
along the length of the microtubule at the rate of approximately 1 umvs.

Previous work has demonstrated the transport of cargo and control of microtubule motion[1,2].
We are attempting to expand these efforts and build a complete (electrical or optical) system that
incorporates all of these elements. In particular, we are investigating the efficiency of various
topographical features in controlling the motion of cargo-laden microtubules in microfluidic
devices. A custom motion-tracking program will quantify the interaction of microtubules with the
various topographical features.

Anti-fouling coatings for selective deposition of motor proteins have been used on structures
fabricated from photoresist[3]. However, a noble metal surface, such as gold, is more chemically
uniform than a photoresist surface and will produce a more homogeneous monolayer than is
possible with photoresists. The chemical uniformity of the gold will also allow a more
homogeneous mixed monolayer containing both anti-fouling and targeted binding components to
selectively attach nanomaterials such as proteins and cells.

2. Platform characteristics

In our current system, microtubules glide across a silicon dioxide surface coated with kinesin
motor proteins (Figures 1&2). The surface topography consists of goid features patterned on an
oxide surface. The gold features have been patterned with either a lift-off technique or by coating
channels etched in the substrate with gold and then miiling the gold from the channel bottoms. A
glass coverslip serves as the device top. The gold features are selectively coated with an anti-
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fouling monolayer of alkane thiols, which prevent the kinesin from adsorbing to the gold. This
surface treatment confines the microtubule motion to the oxide surface (Figure 3)[4]. A microtubule
collision with a topographic feature will thus lead to a redirection of the microtubule motion.

With the fluidic and optical access on opposite sides of the platform, various solutions can be
introduced and observed simultaneously. Simultaneous observation and fluidic access is
particularly important in studies that involve the introduction of microtubules and/or cargo to a
specific spatial location.

3. Motien-tracking pregram

A custom motion-tracking program has been developed to quantify the effectiveness of various
topographic features in directing microtubule motion. The program measures the length, velocity,
and trajectory of a number of microtubules simultaneously. A sample result of this analysis for the
test case of microtubules moving in a flow cell without topographic features is shown in Figure 4.
As expected, the absence of topographic features produces no preferred direction of microtubule
motion. Relationships between the redirected motion and various feature geometries (such as
channel width, shape, and periodicity) are currently being examined.

4. Cenclusion

A unique platform for the study of microtubules and motor proteins has been presented. This
platform will eventually be expanded to include mixed monolayers on the topographic features (to
exclude motor protein attachment while allowing cargo attachment) and electrical connections that
will be modified by the motor protein/microtubule system. Examining the motion of microtubules
interacting with various platform surface features over time will yield the relative efficiencies of
those features in directing microtubule and cargo motion. The results of these studies will allow
optimization of system level assembly and reconfiguration of nanomaterials.
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Cargo Monolayer

g

Streptavidin

Motor protein Casein

Figure 1. Schematic depicting the motion of
microtubules in our microfluidic platform. Gold
obstacles (which can be isolated structures or
fluidic channel walls) are first coated with a
monolayer to prevent motor protein absorption.
Then, casein partially passivates the silicon
oxide, allowing the attachment of active kinesin
to the substrate. Microtubules introduced to the
system will then be transported across the
surface by the kinesin motor proteins. A
chemical linkage, such as biotin-streptavidin,
allows cargo transport.

Figure 3. Fluorescently tagged microtubules
confined to lithographically defined
microfluidic channels by monolayers on the
channel walls. Channel width = 10 pm.

Figure 2. An image of the microfluidic
platform. The through holes at the top and
bottom allow fluidic access from the back
and optical access from the front of the
platform. For testing, the device is mounted
on a coverslip.

Cirection vs, Tube Lenuth

1 3 5 s
Tube Lengeh m)

Figure 4. Microtubule direction versus tube
length in a platform without topographic
features. Without features to direct
microtubule motion, there is not a preferred
direction/orientation of motion.
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Abstract

F, enzyme is known as the world smallest rotary motor, but its real biological function, namely
the synthesis of ATP, has remained elusive. We describe the use of polydimethylsiloxane (PDMS)
micrometer chamber arrays for the single molecule study of the efficiency of this molecular
motor/generator. The patterned PDMS device allowed the enclosing of extremely small volumes of
water solution. This packing was stable and tight. In this unprecedently small volumes (fL), activity
of a unique enzyme results in rapid detectable (WM) changes in the concentration of its substrates
and products. We employed this technique to follow directly for the first time the ATP consumption
of Fy as it produces mechanical work. As expected, the enzyme was found to function with a yield
close to 100 %. We then turned to the ATP-generating role of F1. We attached a magnetic bead to
the protein and used magnetic tweezers to force backward rotations of the enzyme. In the presence
of ADP and Pi, we could detect the synthesis of ATP upon mechanical rotation at 10 Hz. As all the
system was trapped in a very small volumes this ATP could not diffuse and F, itself served as a
probe to measure the amount of produced ATP. The mechanochemical coupling was found very
tight.
Keywords: Molecular motors, PDMS, Single molecule, ATP synthesis, Femtoliter.

_ ADP+Pi

P,
7 ATP

j ADP+P!
»
I Soluble F,

= Membrane F,
4

Fig. 1. FoF, molecular machinery. Fy convert  Fig. 2. A magnetic bead, fixed to F,, allowed us

the proton gradient into a mechanical torque ~ ~ to input mechanical energy through forced
which is transmitted to F;. This one use the backward rotation. During this “pull-back”
mechanical energy input to drive the synthesis stage, ATP is produced and trapped in the
of ATP against the thermodynamic potential. femtoliter container. After release of the
This process is reversible. Isolated F, only magnetic field, stored ATP fuels the

hydrolyse ATP to produce a mechanical torque. ~ spontaneous rotation and increases its speed.

1. Introduction

FoF, enzymatic complex is responsible for the most abundant bioreaction in cells, i.e. the
synthesis of ATP, the universal fuel of living organisms (Fig. 1). It is also a beautiful mechanical
machinery at the nm scale [1]. It has already been demonstrated that the isolated F, part is able to
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convert the energy released by ATP hydrolysis into a mechanical torque [2]. Since the real
biological role of F, is not ATP hydrolysis but its synthesis from ADP and Pi, it is generally
assumed that, like its electric counterparts, the enzyme functions in a highly reversible fashion,
being both a motor and a generator. This last process has yet to be demonstrated quantitatively at
the single molecule level [3]. We present here a microdevice approach that allowed us to observe
directly the ATP-synthesis reaction under mechanical energy input to a single enzyme (Fig. 2). This
experiment was achieved by the use of magnetic tweezers to mechanically rotate [4] F; in the
backward direction, and femtoliter PDMS chambers to trap and accumulate the synthesized ATP.
When the magnetic field is released, the enzyme uses this ATP to spontaneously resume its rotation
in the reverse direction, at a speed that reveals the amount of produced ATP.

3. Experimental

Arrays of small cylinders were fabricated from a 1.5 um thick SOI wafer by ICP-RIE. An
aluminum layer was evaporated onto the SOI to serve as a mask for plasma etching and patterned
by using 0.5 um thick photoresist (S1805). PDMS sheets were obtained from this master which had
been treated with CHF; plasma (100 nm thick) to facilitate the removal. The experiments were
conducted in a 50 mM phosphate buffer pH=7.5, in the presence of 0.05 to 0.1 mg/mL BSA, 50
mM KCl, 2 mM MgCl,. For ATP synthesis experiments 10 mM Pi and 100 pM ADP were added.
Thermophilic mutant F, was expressed in £. Coli. It beared 6 His-tags on the N-Terminus of the o
and 3 subunits and two biotins on the y rotor part. This allowed the attachment of the protein to both
the Ni-NTA modified glass slides and the streptavidin-coated plastic (or magnetic) beads. Sealing
was obtained by simply pressing vertically the PDMS against the glass plate.

Fig. 3. (A) Microchamber arrays are
fabricated in a PDMS sheet by molding from a
patterned SOI wafer. (B) Nice features are
obtained at the micrometer scale. The depth
and the internal volume of the chambers
shown here are 1.5 um and 1.4 fL. (C) a
solution containing a fluorescent dye is
enclosed in the chamber (a). Then using a
: focused light beam, the dyes of only one

g C chamber are bleached. (b) shows the
@ fluorescent record just after bleaching, while
(c) is taken 20 minutes later. No diffusion to
the bleached chamber could be observed.

Patterning
and etching

PDMS
moiding

4. Results and discussion

We have designed variously sized microchambers using PDMS (Fig. 3). This polymer
combines several advantages: it is soft and easy to shape, transparent to light, and doesn’t interact
with biological materials. We first checked the possibility to enclose durably, and without diffusion
or leaks, very small volume of water in the hydrophobic chambers formed by the union of the
patterned PDMS layer, and glass plate. Under the condition used, a lifetime of at least 2 hours is
observed before the chambers begin to dry. When a fluorescent solution was introduced in the
device, it was possible to selectively bleached the dyes in only one chamber, proving that diffusion
cannot occur between neighbours containers. Under these conditions, each microchambers can be
considered as an independent reaction vessel for biological studies at the femtoliter scale.
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Single F; motors were attached onto the glass plate, grafted with a bead to allow observation
and enclosed in 6 fl. chamber ( Fig.1). In these conditions, the enzyme quickly exhausted the small
number of ATP molecules that had been trapped in the chamber and, as a consequence, its speed
gradually decreased (Fig.4). The parameter for this decrease is related to k,,(ATP), the volume of
the chamber and the coupling efficiency between ATP hydrolysis and mechanical rotation. We
were thus able to confirm the high yield of this motor.

We then used the bead attached to the protein to pull backward the enzyme, that is, in the ATP-
synthesizing direction. 10 Hz rotating magnetic field was applied, forcing the rotation of the bead
and thus mimicking the action of the F, part of the full enzymatic complex. In the presence of ADP
and Pi, it was expected that this mechanic energy input would drive the synthesis of ATP against
chemical potentials. To detect this product, we simply released the magnetic field, allowing F; to
resume its spontaneous rotations in the opposite direction. ATP synthesis was then recognized as an
increase in the rotating speed of the enzyme during the period with no applied magnetic field
(Fig.4). By comparing with a standard curve of F;’s speed build in the same condition with known
concentrations of ATP, we found the coupling efficiency to be very high also for the ATP

synthesizing reaction.
120 T T T T v T 2,5

v T v v v
A 0 ] C L]
Spontaneous rotation:
- [ T W ATP concentration 2 @
g E read-out
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Fig. 4. (A) ATP molecules available inside of a 6 fl chamber are quickly exhausted by a single F;.
Decrease rate support a coupling ratio close to 100%. (B) Synthesis of ATP through forced
backward rotation. The magnetic field is cut off from time to time to measure the spontaneous
rotating speed in the motor direction. (C) Plot of this speed against the ATP concentration expected
from the number of backward rotations shows the high efficiency of the ATP-synthesizing process.

4. Conclusion

The efficiency of the ATP synthesizing process is a very important biological value, because
almost all the energy that living organism manages goes through FyF,. The high value we found
means that this process has been finely during evolution to allow for an optimal use of available
energy. Moreover the setup we present will help to reveal the succession of events that allow this
uncommon mechanical-to-chemical energy transduction. In a more general sense, these arrays of
small chambers allow for the first time to follow the true activity (increase/decrease in the substrate
concentrations) of single enzymes. We thus expect them to find many more applications in this
area.

References

[1] Boyer, P. D. Biochim. Biophys. Acta, 1140, 215-250 (1993).

[2] Noji, H. Yasuda, R. Yoshida, M. Kinosita, K. Jr, Nature, 386, 299-302 (1997).

[3] Itoh, H. et al. Nature, 427, 465-468 (2004).

[4] Noji, H. Ttoh, H. Adachi, K. Yoshida, M. Kinosita, K. Jr, Biophys. J. 82, 40a (2002).

[5] Rondelez, Y. Tresset, G. Tabata, K. Nitta, H. Takeuchi, S. Noji, H. Proc. microTAS, 515 (2003).

8th International Conference on Miniaturized Systems for Chemistry and Life Sciences
September 26-30, 2004, Malmo, Sweden

23



POSITIONING OF CELLS IN MICROSTRUCTURE AND
EXTRACTION OF CONTINUOUS DNA FIBERS FROM
INDIVIDUAL CELLS

Kyohei Terao', Hiroyuki Kabata® and Masao Washizu'
'Dept. of Mechanical Engineering, The University of Tokyo, Hongo , Bunkyo-ku, Tokyo, Japan
’Horizontal Medical Research Organization, Kyoto University, Yoshida konoe, Sakyo-ku, Kyoto,
Japan

Abstract

The paper presents two technologies for DNA fiber stretching: cell positioning and drawing DNA
fibers out of the cell. The device consists of an electroosomotic flow (EOF) chamber having micro
fabricated structures. The structure for cell positioning has openings whose dimension is chosen to
accept only one cell at a time, to which cells carried by uni-directional EOF are positioned, one cell
at each opening. After enzymatically rupturing cells, DNA fibers can be drawn out of each cell and
stretched by EOF. To maintain stretched conformation, we use an array of micro-pillars around
which the fiber is wound by sequentially changing the direction of EOF. The fiber is freely
suspended without contact to solid surfaces except at the pillars, allowing free access of foreign
molecules. Such configuration is expected to realize high-efficiency gene location based on DNA
hybridization or protein binding.
Keywords: electroosmotic flow, DNA fiber, FISH, cell, manipulation

1. Introduction

Stretching of continuous DNA fibers is the basic technique in gene location based on observation
of molecular binding, including extended-fiber FISH (Fluorescence in sifu Hybridization) [1]. The
requirement is to stretch continuous long DNA strand, typically more than 1 Mega base-pairs, in
such a way to allow binding of foreign molecules (fluorescence-labeled oligonucleotides in the case
of FISH). It is also desirable to stretch the whole set of chromosomes from a cell without being
mixed up with DNA from other cells. The authors have previously demonstrated the stretching of
DNA fibers in a fluid-shear field created by electroosmotic flow (EOF) [2]. However, still
remaining problems were, 1) cells are randomly placed, and DNA fibers drawn from these cells
often overlap with each other, and 2) the stretched DNA fiber cannot be immobilized stably, and
coils back to unstretched shape when EOF is turned off. In this paper, we propose and demonstrate
the use of micro-structures for 1) positioning of cells at predetermined sites on a substrate, one at a
site, and 2) maintaining stretched DNA fibers even after EOF is turned off.

2. Positioning of cells
For the positioning of individual cells onto a substrate, we use an array of triangular pillars having

the minimum spacing of 2j{tm and made of 10im height SU-8 photo polymer (Microchem. Corp.),
as shown in Fig. 1.The array is located at the center of a micro-chamber (Fig. 1 a) equipped with a
pair of electrodes to create EOF. The chamber is filled with a buffer, and cell suspension is fed from
the entrance side (left in Fig. 1 a) of the array, and a voltage (20V across 5cm electrode spacing) is
applied. The cell used in the experiment is the fission yeast, S. pombe, having an ellipsoidal shape

of approximately 3ptm x 3{Um x 10{tm. The cell, settling down to the bottom and carried by EQOF,
goes into the gap of the triangular pillar array, and because it is larger than the minimum spacing, it
is trapped there (Fig. 2 a). The trapped cell blocks the flow through the gap, and the flow pattern
changes, so that next incoming cells must either go over the pillar or go into the neighboring gap,
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thus only one cell is trapped at a gap. Fig. 2 b) and c) are the photos of the trapped cells after
flushing free cells, showing that cells are neatly positioned on the gaps, one at a place.

a)

triangular pillar

Top View

Cell suspension is | gjde View
fed onto this area

/ silicone rubber

A’
— glass substrate

Pt electrodes

Cross sectional View
A A

76mm

Fig. 1. a) Flow chamber for uni-directional EOF, having an array of triangular pillars fabricated on
glass substrate. b) Microscopic image of the triangular pillars.

a) triangular pillar b)

trapped
cell

20um

Fig. 2. a) Positioning of single cells by trapping between pillars. b) Light icroscope image of
trapped cell. ¢) Fluorescence image of DNA in the cell.

3. Maintaining stretched DNA fibers

The stretched DNA fiber coils back to random
conformation when EOF is turned off. To maintain
stretched shape even after the removal of EOF, we use
micro-pillars, around which DNA fibers are wound, as
schematically shown in Fig.3.

Fig. 4 a) shows the device for this purpose, consisting
of two pairs of electrodes (A-D) in a flow chamber.
The procedure is as follows. 1) By applying voltage to
the electrodes, A positive and C negative, EOF from A Fig. 3. Maintaining DNA fibers by

to C is created, and the cells are positioned at the winding it around pillars
triangular pillars. 2) With EOF C—A, DNA fiber is

stretched out (Fig.4 b1). 3) With EOF D—B, the fiber is pushed against the sidewall of the pillar
(Fig.4 b2), 4) the rotating EOF is created by sequentially switching the voltage in such a way that

micro-pitlar trapped cell
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A—C (Fig.4 b3), B—D (Fig.4 b4), C—A (Fig.4 b5), and the fiber is wound around the pillar to be
immobilized. :
Thus the fiber is suspended bridging over the triangular and the circular pillar, while the middle
part of the fiber is held without contact to the solid surface, allowing free access of foreign
molecules without steric hindrance. Such configuration is expected to realize high-resolution high-
efficiency FISH.

a)

micro-pillar

(]
Tap View
[}

Side %iew %

AA AA

'J.

50pm

A-D: elebtrode

B

76mm

Fig. 4. a) Flow chamber for rotating EOF. Insert shows micro-pillars on the glass substrate.
b) Winding of DNA fibers around a pillar with the rotating EOF (arrow)

5. Conclusions

With the use of EOF in combination with microfabricated structures, we have demonstrated 1) the
positioning of cells at a predetermined site on a substrate, one at a site, 2) drawing DNA fibers out
of each cell, and 3) winding of DNA fiber around pillars by rotating EOF. The stretched DNA
fibers are suspended between the pillars to allow free access of foreign molecules in such a process
as FISH.
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Abstract

This paper proposes an original approach to handle submicrometer-sized biological or artificial
materials for micro total analysis applications. After the enclosure of nanoparticles or DNA inside a
cell-sized lipidic vesicle, it becomes possible to manipulate these objects as readily as cells within a
microdevice equipped with electrode atrays, and to monitor the operations by conventional optical
detection systems. Fusion of different liposomes by silicon micromachined electrodes has been
demonstrated and opens up the route to ultra-small biomimetic reactors controlled in MEMS
devices.
Keywords: liposome, DNA, nanoparticle, electroosmotic flow, electrofusion

1. Introduction

With the remarkable technical advances made in nanostructure fabrication and single molecule
isolation [1], new strategies are to be elaborated to manipulate these objects in view of high
throughput reactions and analyses performed in microfluidic devices. Due to their tiny dimensions
and to the Brownian motion, observation and individual control of nanoobjects in suspension
require sophisticated apparatus (e.g. optical tweezers) not always compatible with routine
operations.

For several years, synthetic lipid-bilayer containers, the so-called liposomes, have been widely
used in biotechnology as delivery vehicles of drug and gene [2]. Cell-sized liposomes can be easily
prepared in large amount with any sort of material inside. This compartmentalization has dramatic
advantages: i) vesicles protect materials inside from the environment, which is an important feature
for constructing future artificial cells [3], ii) handling of nanoobjects becomes as straightforward as
with cells, iii) fusion of two reactant-loaded liposomes should allow to trigger reactions more
efficiently thanks to the small enclosing volume [4]. Liposome electrofusion has been already
proven in previous experiments [5]: with silicon micromachined electrodes, various fluorescent
liposomes were fused together at a success rate up to 75 % for DC pulses of electrical field typically
around 10 kV.cm™,

The two new aspects of our work will be accordingly introduced, i.e. encapsulation of materials
and manipulation of liposomes in microfluidic device.

2. Encapsulation of DNA and nanoparticles into liposomes

Liposomes were obtained after the ‘reverse-phase evaporation’ protocol [6] from a mixture of
phospholipids (Sigma) and lipophilic fluorescent dye DiO or Dil (Molecular Probes), diluted in
chloroform and methanol 2:1. A dry lipidic film was made by rotary evaporation under high
vacuum. After moisturization by buffer (5 mM MgCl,, 200 mM glucose, pH~7.5) containing M
DNA (Takara) at 10'" molecules/mL and SYBR Green (Molecular Probes), 10 um-average large
liposomes were formed entrapping some of the surrounding fluorescent-stained molecules.

Figure 1 gives a fluorescent image of DNA-loaded liposomes taken just after that preparation.
40 % to 50 % of liposomes larger than 5 um contained at least one A-DNA molecule. In order to
prove DNA was really enclosed and protected from the environment by the liposome membrane,
we put 1 mg/mL of DNase I (Roche) — an enzyme which digests DNA and accordingly stops its
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fluorescence — into the liposome solution. For comparison, we prepared another liposome solution,
but this time DNA was injected after the formation of liposomes so that it cannot be enclosed inside
them. Figure 2 shows the decay of fluorescence in both cases. After 5 hours, even though all DNA
was not completely digested, the steady-state fluorescence intensity in the first case was larger than
in the case where DNA was only outside the liposomes. This result indicates that after digestion a
fraction of DNA is confined in liposomes and protected from the DNase. In the first case again, we
checked thereafter the enzyme was still active by adding a small amount of DNA: as expected,
fluorescence transiently increased then decayed due to the enzyme activity down to the same level
as before.

The same process was also applied to trap 200 nm polystyrene spheres. Like N-DNA, the
nanoparticles could move freely while remaining confined by the liposome membrane (Figure 3).
Therefore, biological materials but also inorganic structures can be contained by liposome with
excellent sealing properties.

3. Liposome manipulation

Figure 4 exemplifies the concept of single molecule manipulation. A DNA molecule is
encapsulated into a ‘giant’ liposome which serves as a conveyor traveling through a flow channel.
The actuation is carried out by an array of microelectrodes generating standard or traveling-wave
dielectrophoresis.

To convey the previously loaded liposomes, we have designed a PDMS microfluidic channel on
a microarray of gold electrodes. Four layers of AZ4620 thick photoresist (Clariant), patterned
directly on the chip, were used as a sacrificial layer for the molding of PDMS (Figure 5). It can be
seen on Figure 6 that this process allows to align precisely a thick, narrow and long channel on
micropatterns. As a proof of principle, standard electroosmotic flow was achieved by connecting
electrodes A and A’ at the ground and by applying a S V/3 MHz AC potential on electrode B’
(Figure 7).

4. Conclusions

Biological or inorganic submicrometer materials have been successfully entrapped inside cell-
sized lipid containers, which act as a barrier against the outside environment. The manipulation and
observation of these nanoobjects have been made easier by the utilization of these micrometer-sized
liposomes, which can be moved or even fused thanks to conventional electrical techniques.
Encapsulation, manipulation and fusion will be soon integrated on a same chip for using liposomes
as ultra-small reactors. Self-assembly of nanostructures or gene expression from DNA could then
take place in a controlled manner through the electrofusion of reactant-loaded liposomes.
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Figure 1. Fluorescent image of DNA-loaded
liposomes. Green dots stand for A\DNA
molecules whilst lipids are labeled in red.
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Figure 2. -DNA digestion by DNase [ with
DNA inside and outside liposomes, and DNA
outside only. In the first case, small amount
of DNA is injected to verify the viability of
the enzyme. The fluorescence of SYBR
Green is recorded at 520 nm under excitation
at 497 nm.

Figure 3. Trajectory of a 200 nm fluorescent
red bead confined inside a fluorescent green
liposome.

Figure 4. Concept of DNA manipulation: the
molecule is enclosed inside a cell-sized
liposome which is in turn handled by an array
of microelectrodes inducing dielectrophoretic
forces.
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Figure 7. Electroosmotic flow on a red
fluorescent liposome in a microfluidic device.
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Abstract

We developed a prototype of the cell sorting system for the intercellular reaction analysis, which can
sort two kinds of cells individually. To realize the functional sorting, innovative concepts of the
asymmetric sheath flow and the additional protection flow were proposed in the 2-D sheath flow
system. In the evaluations of the fabricated system, two kinds of fluorescent beads were selectively
introduced to the diagnostic chamber using on chip micro valves. In additional, a multiple sorting
system having four outlet chambers was also fabricated. Basic sample injection behaviors were
evaluated. These devices are applicable for not only the intercellular reaction analysis but also the
high-throughput multiple cell analysis.

Key words: cell analysis, cytokine, cell sorter, sheath flow, on chip micro valve

1. Introduction

In recent years, a lot of chip devices for cell analysis have been reported. One of the target is to
observe cell reaction which concerns to the human diseases. In our research, we focus on the chip
devices for intercellular reaction, so-called cytokine reaction which plays important roles on allergy,
rheumatism, and many human diseases. In order to analyze these intercellular reactions, a cellular
analysis system which can handle various cells individually is quite helpful. The methods which
can handle the individual cell, such as laser tweezers and on-chip cell sorters using sheath flow have
been reported so far. The laser tweezer can handle individual cell easily, however, its throughput is
poor in practical use. While, the sheath flow cell sorter can achieve high-throughput operation and
is easy to extend to a multiple handling system due to its simple structure. Conventional cell sorters
mainly target the high throughput cell handling or the single-species handling with good accuracy.
In this paper, we developed the cell sorting system which can handle two different cells one by one.
Prototype of the multi-outlet cell sorting system was also described.

) On chip
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time was about 150msec [1,2]. (a)Model: CELL A to chamber

Intercellular reaction

(cytokine reqctionfisgnalyzed.
X«w-\ NN
N

J

_— § ey
i
Diagnostic chamber

L
Sorting zone

B
CELL A Stop
) ==Protection fow
M iy e CELL B Plow
“ygme

Ed
(b) Mode3: CELL B to chamber
Figure 1. Mechanism of the prototype cell sorter
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This device has two innovative concepts of the 2-D sheath flow system that are the asymmetric
sheath flow and the additional protection flow. An asymmetric channel structure of the sheath
buffer flows improves the directional controllability of the cell flow. The cell flow is controlled by
not only the sheath buffer flow but also the protection flow (center flow). The protection flow
realizes a virtual wall to prevent the cell from flowing into the other cell inlet as shown in Fig 1.

3. Experimental

The prototype device having one diagnostic chamber and two-cell inlets were designed and
fabricated based on the CFD (computational fluid dynamics) simulation results. A silicon was
etched to form channels and through holes using deep RIE and anodically bonded with a Pyrex glass
(#7740). A diaphragm of silicone rubber was bonded to the Si structure to fabricate pneumatic on
chip micro valve [2].

As a pilot study, we evaluated switching behaviors of the fluorescent dyed water (10uM
RhodamineB). A dyed water was injected to the device using syringe pump, and was switched by the
on chip micro valves. Next, we demonstrated the sorting of 6um green and red fluorescent beads.

4. Result and discussion

Switching behaviors of the prototype cell sorter is shown in Fig .2. Fig .2a is switching from
model (cell A injection) to mode2 (cell A waste), while Fig .2b is from mode3 (cell B injection) to
mode4 (cell B waste). The flows switched successfully with in 150msec using on chip micro valve.
The protection flow avoids reverse flow to the other cell inlet effectively. Fig .3 shows the time
dependant results of individually sorted beads to the same diagnostic chamber. Individual two
kinds of beads sorting was confirmed. We achieved controlling the number of the beads sorted to
the diagnostic chamber. The result shows the feasibility of the controllable cell collection with
various combinations.

Omsec 100msec 200msec 200msec

(a) Switching from model to mode2 (b) Switching from mode3 to mode4

Figure 2. Switching evaluation using on chip valve

(a) 3 green beads (b) 3 green beads (¢} 3 green beads
1 red bead 2 red beads 3 ved beads
Figure 3. Beads injection to the diagnostic chamber. Individual red beads (CELL B)
injections after injection of three green beads (CELL A).

We extended the concept of the prototype cell sorter chip to multiple cell sorter. Fig .4 shows the
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other prototype cell sorter chip having multiple outlet chambers (four diagnostic chambers and two
cell inlets) for the high-throughput multiple cell analysis. Four switching modes to the diagnostic
chambers were realized successfully (Fig .4b). The concept of this system can be applicable for
intercellular reaction analysis which requests introduction of the reagent to the cell collection
chambers. The improvements of controllability of the multi cell sorter are under investigation.

Diagnostic chamber

Buffer Buffer
. CELLA
CELLB (CEL
Protection flow
(a) SEM image of prototype device (b) Evaluated switching behavior

Figure 4. Prototype cell sorter chip of multiple chambers

5. Conclusions

We have developed a cell sorting system, which can sort two kinds of cells individually. The
concepts of an asymmetric sheath buffer flow and an additional protection flow were proposed for
the functional sorting. In the prototype device, selective sorting of two kinds of beads were realized
successfully. We fabricated the multiple cefl sorter and demonstrated a switching behavior. The
2D-sheath flow concepts proposed in this paper can be applicable for intercellular reaction analysis
as well as the high-throughput multiple cell analysis.
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Abstract

A novel concept of assembling various chemical functions onto a single microfluidic device is
proposed. The concept, “CAPILLARY-ASSEMBLED MICROCHIP (CAs-CHIP), involves
embedding chemically functionalized square capillaries onto a lattice microchannel network
fabricated on polydimethyl siloxane (PDMS) possessing same channel dimensions to outer
dimensions of square capillaries (Figure 1). This approach would allow easy fabrication of
chemically-functionalized microfluidic device by freely embedding functional square capillaries on
PDMS microchannel network. Here we report a fabrication method of CAs-CHIP, and an
application for preparing a multiple chemical sensing chip as an example.
Keywords: chemical function, PDMS microchip, sensor, square capillary, surface
modification

1. Introduction

Recently, integration of chemical functions onto microfluidic device has become a target of
much current research in analytical chemistry. Many kinds of position-selective immobilization
techniques such as a laminar flow patterning, photo polymerization were reported by many groups
[1-3].

These techniques are quite promising for integrating a single chemical function onto a microfluidic
device; however, an experimental difficulty arises when different and plural chemical functions are
integrated into a single microfluidic device. This is because most techniques listed above require
introduction of reagent solutions into the “whole microchannel”, although the chemical
modification is only carried out at a defined position of it. Therefore, in general, once a certain
chemical function is patterned at part of the channel, position-selectively, other reagents should be
introduced over another patterned surface to integrate plural chemical functions into a single
microchannel. This may lead to contamination or deterioration of the previously patterned chemical
function. Here we propose a simple and promising approach for assembling various chemical
functions onto a single microfluidic device as shown in Figure 1. Our concept, called a capillary-
assembled microchip (CAs-CHIP), involves embedding of chemically functionalized square
capillaries into the lattice microchannel network fabricated on PDMS having the same channel
dimensions as the outer dimensions of the square capillaries[4]. Here we report the first example
implementing the concept and we give a simple example application of the method for preparing a
dual chemical sensing chip which can measure pH and calcium ion simultaneously.
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Figure1 General concept for preparing CAs-CHIP

2. Experimental

Square capillaries were cut into appropriate lengths (usually one to three millimeters) and
embedded into the lattice microchannel network fabricated on the PDMS plate. Plugged capillaries
were prepared by introduction of PDMS prepolymer into square capillaries (inner width: 50 pm)
and cured at 70 °C for more than 5 h. These plugged capillaries were also cut and used for
preparing the designed channel network. After embedding all the capillaries, a PDMS cover was
bonded on top. For this, a spin-coated PDMS prepolymer on a glass slide was used as a cover plate.
PDMS prepolymer was spin coated on the glass slide at S000 rpm, then adhered to the capillary-
embedded PDMS plate with clippers before curing. Bonding was carried out by curing at 70 °C for
5 h. The chemical sensing capillaries for pH and calcium ion were prepared by immobilizing
respective sensing membranes to inner surface of capillaries.

3. Results and discussion

Figure 2 shows the preliminary design of the microchip for dual chemical sensing. By using
spin-coated PDMS prepolymer as a cover plate, fabrication of a capillary-embedded microchannel
(capillary) network without any solution leakage was successfully performed. For sensing
application, we have prepared pH and calcium ion-sensing capillaries by attaching hydrogel-based
membrane and plasticized PVYC membrane to inner surface of square capillaries, and embedded
them into PDMS chip. When the sample solution passed through the sensing capillaries, the
fluorescence of each membrane changed by selective interaction with each analyte. The most
characteristic feature of this chip is that the different type of capillaries can be embedded onto a
single microfluidic device.
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4. Conclusions

We have proposed a novel concept for assembling various chemical functions onto a single
microfluidic device, called a capillary-assembled microchip (CAs-CHIP). By employing spin-
coated PDMS prepolymer, we fabricated a capillary-embedded microchannel (capillary) network
with no solution leakage. Two different types of chemical sensing layers were prepared inside the
square capillaries, and these modified capillaries were embedded into a lattice PDMS channel
network to fabricate a parallel dual-sensing microchip. Many types of surface modification methods
inside capillaries are well known, so that the proposed method has great potential to fabricate
different microfluidic devices having various chemical functions for analytical or synthetic
applications.
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