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Planar chip device for PCR and hybridization with surface acoustic wave

pump
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We have developed a microfluidic device operating at a planar surface instead of a closed channel
network. The fluid is transported in single droplets using surface acoustic waves (SAW) on a
piezoelectric LiNbO; substrate. The surface of the piezo is chemically structured to induce

high contact angles of the droplets or enclose areas where the liquid can wet the substrate.
Combining the SAW technique with thin film resistance heaters, a biological analysis chip with
integrated DNA amplification by PCR and hybridization was designed. To prevent evaporation
of the PCR reagents at high temperatures the sample is enclosed in droplets of mineral oil. On
this chip the SAW resolves dried primers, shifts the oil capped liquid between the two heaters
and mixes during hybridization. The chip is able to perform a highly sensitive, fast and specific
PCR with a volume as low as 200 nl. During the temperature cycles an online monitoring of the
DNA concentration is feasible with an optical unit, providing a sensitivity of 0.1 ng. After PCR
the product is moved to the second heater for the hybridization on a spotted DNA array. With

our chip we were able to detect a single nucleotide polymorphism (SNP) responsible for the

Leiden Factor V syndrome from human blood.

1. Introduction

Employing microfluidic systems, biological analysis assays can
be reduced to a very small scale.'"™ The transition from
macroscopic sample handling to miniaturized chip based
devices has several advantages: The reduced size allows for
the integration of processes from sample preparation to
analysis in a single lab-on-a-chip. As manual handling between
single steps can be eliminated, the process speed is increased
and the risk of contamination is minimized. Moreover, the
small sample volumes help to reduce costs for reagents and
enhance efficiency and sensitivity of the analysis. The compact
PCR-labchip can easily be used in conjunction with pipetting
robots for high-throughput automation and is also a key
component of future cellphone-sized equipment for near-
patient diagnostics.

Most microfluidic systems are constructed using closed
channel networks fabricated in glass, silicon or plastic, in
which the liquid is moved with external or integrated mini-
aturized pumps and valves. Another approach uses channels in
soft polymer layers that can be pneumatically deformed to
induce liquid motion or to lock up cavities.”> With the
reduction of the channel size additional physical effects can
be utilized. The so-called electrokinetic or electrocapillary
effects can be exploited to handle and control a fluid flow
in diameters close to the screening length of the ions in
solution.®’

However, the concept of microfluidics as a closed system has
to deal with some major problems. The pressure required to
move the liquid scales inversely with the channel dimension.®
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This means, that the power of the pumps therefore has to be
increased in the same way the size is reduced, which com-
plicates an integration into a complete system. With hydro-
philic channels that are filled by capillary forces no pumps are
needed, but the fluid control is delicate. Furthermore, when a
biological solution is pumped through a narrow tube, the risk
of reagent loss by adhesion to the wall is large due to the
unfavourable surface to volume ratio. Other problems are that
small channels can easily get clogged and that surface
modification and functionalization is difficult to control.

To process small volumes in a short amount of time was one
of the motivations for the development of on-chip PCR.%?!
Successful PCR was shown for volumes of one microliter down
to even one picoliter.’”> In a ¥ = 1.7 pl chamber sufficient
amplification could be managed in 15 cycles in about 4 min*
and another group reached 30 s for one cycle with ¥ = 280 nl.**
The aspect of sensitivity was much less addressed in the
investigation of microfluidic PCR devices. Starting concentra-
tions normally were in the upper nanogram range. Only a few
researchers investigated the amplification of a low amount of
template DNA. The highest sensitivity that can be reached
with a PCR device is the successful amplification of a single
DNA template. This was shown by Lagally ef al. for a glass
microchamber.’*?

Here, we would like to present a completely different
approach to liquid handling on small scales, that instead of
closed tubing uses a chemically modified surface to provide
virtual fluid confinement. The distribution of the fluid on the
surface is controlled by the surface free energy and not by
channel walls. Depending on the kind of chemical modifica-
tion droplets with high contact angle will form (hydrophobic)
or the liquid will wet the surface (hydrophilic). On a chemically



heterogeneous surface produced in a structuring process, a
fluid can be exactly confined inside a hydrophilic region
surrounded by a hydrophobic area. The chemical modification
can be achieved by coating with silanes®® or thiols*’2®
depending on the kind of substrate used. To structure the
resulting organic films, photolithography or micro-contact
printing® are the easiest to apply.

On a hydrophobic surface a microliter amount of aqueous
liquid will form a droplet, a closed compartment, having the
shape of a sphere and a small interface to the solid. Therefore
different reagent solutions can be placed on the surface of
the same chip without getting in touch with each other. In a
channel system valves or a separation medium would be
needed for the same task. For a microfluidic device, it is
necessary to move the droplets to bring reagents into contact.
For the actuation of liquids on a solid surface different
approaches have been published. Electrowetting describes the
effect of changing the surface tension of a fluid with an electric
potential induced by two electrodes.>® To move a droplet, an
array of electrode pairs is fabricated with a voltage applied
successively to the single pairs. The electrodes are normally
situated on two opposite plates that are separated by air or an
immiscible fluid.*'** Another possibility is to use the chemical
modification of the substrate itself for the actuation. On a
gradient of the surface free energy®*** a small amount of liquid
will move in the direction of increasing hydrophilicity. Other
groups report using light sensitive materials that change their
surface energy during illumination.>> Furthermore, a soluble
hydrophilic layer on a hydrophobic solid induces a constant
fluid motion until the whole layer is dissolved.*® Lyuksyutov
et al>” even managed to agitate isolated femtoliter droplets
close to a surface via diamagnetic levitation.

Our approach is to use surface acoustic waves (SAW) on a
piezoelectric substrate for the droplet actuation.*®*° The waves
are generated by interdigitated gold electrodes (IDT) being
connected to a high frequency (RF) power source. The fast
alternating electric field generates displacements on the surface
of the piezo with an amplitude in the nm range, moving at
speed of sound on the substrate. When a fluid is placed in the
propagation path of the SAW a momentum is transferred to it.
Small droplets are actuated in the same direction as the wave
when sufficient RF power is applied. As described in a
previous paper the SAW in contact with liquid can also be
used for mixing*® and for dispensing small droplets out of a
larger volume.*! The latter results were obtained on a
chemically structured surface.

The SAW is generated by an IDT structure that is patterned
with the help of photolithography on a planar LiNbO;
substrate. With the same process other metal structures can
be established as well. This allows one to build up a chip with
different functional units. The transport of liquid between the
units can be achieved by the SAW. The chemical patterning
also helps to dispense and guide droplets. The first functional
structure we tested on the chips is a metal thin film resistance
heater with an integrated temperature sensor. The heater is
2 x 2 mm? in size and has an window in the middle, allowing
for optical observation through the transparent piezoelectric
substrate. The temperature is computer controlled with 0.1 K
accuracy.

A chip heater can be used for two processes in DNA
analysis. The first is the amplification of a small amount of
template DNA called polymerase chain reaction (PCR)*
where repeated cycles of three different temperatures lead to
amplification of the DNA strands. To analyze the amplified
DNA, hybridization assays are commonly used.** Employing
this method the binding of DNA in solution to surface coupled
complementary strands is observed, while the temperature is
kept on a value characteristic for the reactants. This provides
information on the corresponding nucleotide sequence. With
the two processes performed subsequently on one chip, a tool
for complete DNA analysis is built suitable for various
applications like the study of gene function, gene expression
and single nucleotide polymorphism (SNP). 4443

To prevent evaporation of the reagents on the open surface
of our chip, the aqueous solution is covered with mineral oil,
that forms a circular shaped cap due to the chemical
modification of the surface. The application of the oil cap
can be also achieved with the help of the SAW actuation, by
simply pushing the oil onto the water droplet, while the
different surface tensions of the two liquids account for
the spatial arrangement. Therefore encapsulation of the PCR
solution against evaporation can be reached much simpler
than with valves in a microfluidic channel system. The contact
area of the oil/water droplet to the chip plane has about the
size of the heater structure. This whole fluid “microchamber”
can also be moved on the chip with the SAW. The speed,
volume and sensitivity of PCR on a planar chip has been
compared to that in closed channel devices in separate
experiments.*®47

To gain better control over progress and efficiency of the
PCR, an optical online monitoring system was integrated. This
can be done with different fluorescent dye systems, that exhibit
varying emission intensities correlated with the amount of
double stranded DNA or the concentration of a special DNA
product with their emission intensity.*® Several devices are
already commercially available for online detection of PCR
products and different groups showed successful monitor-
ing'>* for their microfluidic devices. To investigate the
possibilities for a direct PCR process control on our planar
chip we designed a small optical unit that can collect the
light emitted from a dye inside the oil covered PCR droplet.
The unit is placed below the transparent chip and the
optical path is focused through the window in the heater
structure into the aqueous solution. This yields information on
the amount of amplified DNA and helps to optimize the cycle
parameters.

Our chip comprises two heater structures, one of which is
used for PCR while the other can be used for hybridization of
the PCR product. In the hybridization process, labeled mobile
DNA molecules bind to complementary strands being linked
to a solid surface. The covalent coupling requires a specific
surface chemistry, usually epoxy groups. A square 1 x 1 mm?
array of this chemical modification was applied to the chip in
the center of the second heater with a patterning process. Since
a surface modified with epoxy groups is hydrophilic, the PCR
solution can wet it during hybridization. Furthermore, epoxy
modified lines are also used to guide the movement of droplets
on the chip actuated by SAW. Hence, the array and the tracks
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can be generated in the same photolithographic structuring,
while the rest of the chip is kept hydrophobic.

After the last PCR cycle the oil/water droplet is moved to
the epoxy array with the SAW. When the two aqueous bubbles
of equal volume get in close contact, they get united inside the
oil. After mixing with the SAW the hybridization temperature
is set. The detection of the fluorescence of the processed
hybridization array is done with a commercial slide scanner.

In this paper we demonstrate the successful detection of a
SNP with our planar chip and therefore show the possibility to
built up a lab-on-a-chip device on a SAW chip with integrated
thin film heaters. We hope to convince the reader that the
planar SAW chip with a non-contact acoustic nanopump can
be a simple and cheap alternative for the design of biological
diagnostic devices.

2. Experimental
2.1 Droplet agitation with SAW

We first want to give a short overview over the technique of
SAW driven droplet movement on the surface of a LiNbO;
chip. An example for a microfluidic processor designed to
position and move reagents will be shown.

Agitation of small droplets on the surface of a SAW chip is
caused by the effect of acoustic streaming. This phenomenon
appears when intensive sound fields are traveling through a
liquid. The amplitude of the sound is attenuated by the
viscosity of the medium during its propagation. This leads to a
pressure gradient in the liquid. If the gradient is large, the fluid
starts to move in the same direction as the sound wave.>**°

The SAW can also induce intensive sound fields in liquids.
When it reaches the contact line of a droplet on the chip
surface it gets strongly absorbed by the liquid. This leads to a
fast decay of the amplitude and an excitation of a sound wave.
With the sufficient RF power applied to induce the SAW,
the generated sound wave leads to acoustic streaming that
circulates the fluid inside the droplet. This motion can be used
to mix or dissolve reagents.

When the RF power is increased, the whole droplet starts to
move across the surface in the direction of the SAW. The RF
power threshold for the movement strongly depends on the
contact angle of the droplets. On hydrophilic substrates, the
value of the threshold is notedly higher. Beyond the threshold
increasing the RF power leads to higher speed of the droplets.
Velocities larger than 5 cm s~ ! can be reached.

Actuation with SAW can be applied from few picoliters up
to several microliters. The droplets on the surface of a SAW
chip can be moved along the propagation paths of the acoustic
wave having the same width as the IDTs. The SAW can be
induced in two perpendicular directions on the piezo substrate.
This means that a droplet that reaches the crossing of two
propagation paths is forced into a 90° turn (Fig. 1). So with a
proper arrangement of IDTs most of the area of a chip is
accessible with the SAW actuation.

The amplitude of the SAW decreases rapidly when it reaches
the contact line of the liquid and is attenuated by orders of
magnitude after several wavelengths. This means that when
two droplets are successively placed in an acoustic path only
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Fig. 1 Droplet movement with SAW on a microfluidic processor chip
with 6 IDTs. The surface of the chip was made hydrophobic by an
organic silane layer. The setup is cooled to prevent evaporation of the
liquid. (a): Droplet is actuated from the right upper IDT to the
crossing with the perpendicular acoustic path. (b): Both droplets are
moved by the perpendicular transducers. (c): Both droplets shortly
before merging. (d): Droplets have merged and can be further moved
to a different position on the chip. The volume of the droplets is
V' = 200-300 nl.

the one closer to the IDT will be moved. They can therefore be
merged with two opposing IDTs (Fig. 1).

2.2 Design and fabrication of the PCR-Chip

The base material of the chips is a 128° rotated Y-cut LiNbO;
single crystal wafer polished on both sides. The first metal
layer is Pt or Ni for the heater and sensor structure, followed
by a gold layer for the SAW transducer and the contact wires.
The complete chip is protected with sputtered silicon dioxide,
which is removed above the contact pads. All structures are
patterned by photolithography.

Each chip (Fig. 2.) has two heaters witha 1 x 1 mm window
in the middle, surrounded by the temperature sensor. The
sensors of the chips are calibrated by a thermoplate and
resistance measurements controlled by a LabView program.
The resistance was measured for five different temperatures in
the range from 50 to 95 °C. The resistance vs. temperature data
for the Pt wires show a linear dependence, for Ni sensors a
second order term is needed to fit the data.

The chips have eight separately addressable SAW
transducers, two on each side for aligning the droplets on
the heater structures and for mixing during hybridization.
Opposing transducers have different spatial periods to avoid
crosstalk. The RF frequencies of the transducers are close to
150 MHz.

To form a high contact angle of the oil on the chips, the
surface has to be lipophobic. However, the hybridization array
has to be wetted easily and needs active coupling groups for
the oligo DNA spots. Therefore a chemically heterogeneous



Fig. 2 SAW chip with eight interdigital transducers (black rectangles)
and two thin film heaters with a 1 x 1 mm? window in the center. The
windows are surrounded by the temperature sensors, followed by the
heater wires. The whole chip is 15 x 13 mm?>.

surface modification is needed. This is achieved by photo-
lithography. A 1 x 1 mm? square for the array and guiding
tracks for the oil droplet movement are patterned on the chip
with positive photo resist. An organic layer of a hydrophobic
perfluoroalkylsilane is bound to the whole surface. After
removing the photoresist, epoxysilane is grafted from an
organic solution. Finally the chip is stored under argon
atmosphere.

2.3 Instrumentation

The setup for the online PCR-chip with integrated hybridiza-
tion consists of the following components: online detection
with chip holder, heater control, RF-unit and control
software. For the detection we use a small epi-illumination
fluorescence microscope built from standard optical parts
(Owis). Using this microscope, the progress of the PCR can
be monitored through the detection window within the
heater structure. Fluorescence of SYBR Green (Roche)
intercalating dye emitted from the PCR sample drop is excited
by a blue LED array and detected by either a photodiode
detector or a CCD camera. Electrical and RF contact to
the chip is achieved using a clamping mechanism holding
contact pins.

The resistance of the sensor structure on the chip is
determined by a 4 point measurement. Using a calibration
curve for the particular chip the resistance is converted into
temperature readings. A digital feedback (PID) algorithm was
programmed to a microcontroller to regulate the voltage
supply of the heater. Both the acquisition of the fluorescence
intensity signal and the PCR cycle control are managed by the
same JAVA based software.

In our prototype setup, a joystick controlled radio frequency
generator is used to activate the SAW transducers on the chip.
Using this joystick, droplets can be actuated in a very precise
manner in either direction. Of course, this actuation can also
be programmed and then computer controlled.

2.3 PCR and hybridization

The templates used for the experiments were the pGEM-Zf(+)
plasmid from Promega and genomic DNA. Out of the first a
260 bp and from the second a 1382 bp and a 150 bp DNA
fragment were amplified. Each PCR sample was covered by
5 pl of mineral oil. The primers for the plasmid were designed
with the program Primer3 (CCGGAAGCATAAAGT-
GTAAAGC and GTATTACCGCCTTTGAGTGAGC). The
long genomic DNA fragment was amplified with the hu M1-1
and hu MI1-2 primers for the muscarinic receptor
(CCTAGCCACCATGAACACTTCAGC and GTAGGGA-
GCGGACGATGCTAGCTGG). For the short fragment
the primer pair CTGTACTCAACTTAAGTTGTTCT and
CTTAGTAAATATTTCTAATGGGG was used.

Three different kinds of experiments were performed on the
chips: (1) PCR followed by gel electrophoresis: A kit from
Quiagen was mixed with a 1 pM solution of the primers and
different amounts of template DNA. Volumes in the range
between 1 pl and 250 nl were pipetted onto one of the heaters
and covered with oil to prevent evaporation. After cycling the
whole droplet was removed from the chip and mixed with the
gel loading buffer in a small PCR tube. The aqueous phase was
extracted from the oil and loaded on a 8% polyacrylamid gel.
The gel run was performed in a Sigma electrophoresis
chamber. To reach a high sensitivity the DNA bands were
visualized with the silver staining method. (2) PCR with online
detection: The water/oil droplet was arranged in the same way
to one of the heater windows as in the former experiments but
with the SYBR green PCR kit from Roche added. The focus of
the optical unit is set to the middle of the PCR droplet with the
help of the CCD camera. During the heat cycles the actual
state of the amplification is monitored by the control software.
(3) PCR followed by hybridization. An 2 x 2 array of
oligonucleotides was printed with a Gene machines spotter in
the 1 x 1 mm? epoxy array in the left heater window. The
spotting buffer was 5 x SSPE (saline-sodium phosphate
EDTA, Sigma) and the size of the spots was 130 pm in
diameter. After 12 h at 42 °C the chips were washed with a
0.2% SDS solution and incubated in 50 °C water for 20 min.
To create a complete analysis chip with all the necessary
probes on it, 0.5 pl of a 50 nM solution of the two primers was
pipetted into the right heater window and incubated at room
temperature until the water was evaporated. One of the
primers was labeled with the dye Cy3. For long time storage
the chips were kept under argon atmosphere.

Before the experiment 1 pl of the PCR solution is pipetted
onto the heater window and stirred gently with one of the
SAW transducers on the long side of the chip, to dissolve the
dried primers. After about 10 s the oil cover is applied. Before
starting the PCR cycles, the epoxy silane array in the middle of
the second heater is covered with same amount of doubly
concentrated hybridization buffer and oil. Since the fluores-
cence of Cy3 is not excited by the blue light of the online
detection unit, it can also be used for the hybridization
experiments to check the amount of DNA in the droplet.
After the DNA amplification the droplet is heated to 95 °C
for denaturation and then moved acoustically to the second
heater. The two droplets join together as soon as they touch
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inside the oil. The heater is set to the hybridization tem-
perature and the array is incubated for 45-60 min. For
washing the array, the chip is taken out of the holder, stirred
subsequently in 2 x, 1 x and 0.5 x SSC buffer (150 mM NacCl,
15 mM sodium citrate pH 7, Eppendorf) and dried in a stream
of N,. The fluorescence of the DNA spots is scanned with a
GenePix scanner.

3. Results

3.1 PCR cycle management

The chip-PCR chamber consists of a water droplet covered by
an oil cap that is placed in the middle of the window in the
heater structure (Fig. 3). The temperature is measured with the
sensor line around the window while resistive heating is
provided by the outer line. To investigate the temperature
distribution on the chip, an IR image was taken at 95 °C. Fig. 4
shows the temperature distribution along a straight line
beginning at the sensor and leading to the edge of the chip.
When the sensor reads 7' = 95 °C the inner heater line is about
98 °C. The difference can be explained by the low heat
conductivity of the LiNbO; (5.6 W mK ™ !). To reach the
sensor the heat has to bridge the 25 um distance between the
two lines through the bulk material. In the area around
the heater the temperature drops fast. When an oil droplet is
placed on the structure, covering the sensor, the temperature of
the heater wire does not change significantly.

To yield more information about the temperature inside the
water droplet covered by oil we used a thermochrome dye
chromazone (Eckart) that changes its color from blue to white
around 70 °C. The exact characteristic of the transition was
measured with a diluted dye solution in a temperature
controlled spectrometer. The transmission at 630 nm shows a
typical sigmoid signal increase close to the transition tem-
perature. We used this curve as a reference for the measure-
ment inside the droplet. The transition on the chip was
determined from the color change of the dye in a water droplet
covered by oil. The observation was done with a video
microscope. For the video, the temperature of the heater was
raised in steps of 0.1 K s~ !. The colour values were determined

Fig. 3 Oil covered aqueous PCR solution in oil situated on a chip
heater.
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Fig. 4 Temperature distribution on the chip starting at the sensor of a
thin film heater measured with an IR camera. The temperature was
determined along the arrow shown in the insert. The heater was set to
95 °C. The inner heater wire reaches 98 °C, the outer 93 °C. For the
measurement the chip was covered with gold outside the heater
structures, since the camera is not able to measure on transparent
substrates. In the gap between the heater and sensor the temperature
can not be determined for the same reason. The different reflectivities
of the platinum of the heater and the gold were taken into account for
image processing.

from the images by video processing. The derivatives of the
reference and the processed curve show a perfect match of the
peaks marking the half point of the transition (Fig. 5). This
means that the sensor temperature is the same as inside the
PCR droplet. The varying widths of the transition peaks in
Fig. 5 are caused by the methodical differences of the two
techniques. Whereas in the spectroscopic method the transmis-
sion was measured at 630 nm, the image processing includes a
wider colour range in the observation and therefore the
transition appears broader.
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Fig. 5 Squares: The first derivative of the temperature dependent
transmission of the chromazone dye measured with a temperature
controlled spectrometer. The maximum, representing the half point
of transition from blue to white, is at 70.3 °C. Circles: The first
derivative of the color change from blue to white, measured with image
processing on the chip heater. The maximum at 70.2 °C perfectly
matches the spectrometer data.



Since the heat conductivity of the oil is 0.15 (W mK ™)
which is 37 times lower than that of the bulk material, the heat
in the droplet is expected to be transported mainly by the
LiNbOj; and the oil serves as an insulation to the surrounding
air. The video images of the dye experiments show a fast
stirring of the solution during elevated temperatures, which
should level gradients in the droplet.

The maximum heating rate on the chip is about 50 K s !,
but for the PCR experiments best results are obtained at
10 K s™'. The cooling rate at 25 °C ambient temperature is
5 K s~ '. Both heating and cooling rates are notedly higher
than those of conventional thermal cyclers (1-2 K s~ 1). This is
because of the low thermal mass of the chip and the low heat
capacity of the bulk material. A graph of three temperature
cycles is shown in Fig. 6.

During the temperature cycles the chip was covered with a
small plastic cap to avoid disturbing air streams. Inside the cap
the loss of water by evaporation from the droplet after 35 PCR
cyles was about 10%. The missing water had no influence on
the efficiency of the PCR, it can also be avoided by putting a
piece of wet wadding into the plastic cap.

3.2 PCR optimization

For the on-chip PCR three different surface modifications
were tested. Best results were obtained with fluoroalkylsilanes
that can also be structured by photolithography.

Before performing a PCR the chips have to be cleaned to
remove all contaminations. Due to the high stability of the
organic layer the chips can be cleaned with organic solvents
and strong detergents without causing damages. The chips
can be recycled for a number of PCRs. The efficiency of the
cleaning procedure was tested by PCR without template. In
these experiments no product appeared in the electrophoresis
gels, showing that the cleaning is sufficient to remove all
contaminations.

Two different metals were tested for the heater and sensor
structure. Platinum is the common material used for thin film
sensors, because of its strict linear resistance vs. temperature
dependence (RTD). Nickel is much cheaper than Pt, but the
RTD is slightly curved. To reach the same accuracy for the
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Fig. 6 Three temperature cycles performed with a chip heater with a

heating rate of 10 K s™! and a convective cooling rate of 5 K s~ '.

temperature measurement as Pt, an extra parameter is needed
by the heater controller.

The water droplet inside the oil has a spherical shape with a
flat region where it is in contact with the chip surface. This
leads to a surface to volume ratio that is comparable or smaller
than in conventional PCR tubes. Standard PCR kits therefore
could be used without additional ingredients like BSA,
detergents or PEG that prevent adsorption to the interfaces.

3.3 Sensitivity and specificity of the chip PCR

The effectivity of the PCR can be tested by reducing template
concentrations until no product can be detected anymore after
a large number of cycles. For the test, human genomic DNA
was used with chromosome-specific primer pairs for the
amplification of a 150 bp and a 1382 bp fragment. Genomic
DNA can be considered a “difficult” template since it has a
high sequential and spatial complexity. In a 1 pl droplet a
successful amplification of the 1382 bp fragment could be
completed in 35 cycles from as low as 6 genome equivalents
(Fig. 7). Under the same conditions only one chromosome
containing the 150 bp fragment was enough to produce a
visible band on the electrophoresis gel (Fig. 8). This represents
the maximum possible sensitivity that can be reached by a
PCR device. This is even more remarkable when considering
that the tests were done with genomic DNA. As stated in Fig. 8
the concentration used for the single template experiments is
0.1 genome equivalents. Following statistics, this means that
the right template chromosome should be contained in every
fifth PCR sample. From a series of experiments we determined
that on the average two out of ten experiments are successful,
which is in good accordance with statistics.

A well known problem of PCR is the lack of specificity for
the desired product resulting in a number of longer or smaller
fragments, that can also be detected after the process. To
suppress the side products one has to optimize temperatures

Fig. 7 Chip PCR (35 cycles) detected with electrophoresis gel.
Lanes 1,2: 150 bp fragment of human genomic DNA cycled
from 6000 genome equivalents (one genomic equivalent equals to
2 x 23 chromosomes); lane 3: no template; lane 4: 1382 bp fragment
was amplified from 6 genome equivalents.
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Fig. 8 Chip PCR (35 cycles) for the 150 bp fragment detected with
electrophoresis gel with different template concentrations of human
genome equivalents. Lanes 1: 120; 2: 12; 3: 1.2; 4: 0.1 (in accordance
with statistics only every fifth PCR experiment was successful with
this dilution containing approximately 4 chromosomes); 5: 0 genome
equivalents.

and cycle times. We found that for the chip heater the accurate
annealing time is crucial for a high selectivity. Depending on
the primer/template system the window of annealing tempera-
tures leading to successful amplification was 6-8 °C wide. The
selectivity was highest at the upper end of the temperature
interval. The chip heater generally showed a higher sensitivity
than our commercially available tube cycler (Mastercycler,
Eppendorf). The reason for that can probably be found in the
fast heating and cooling rates (10 K s, 5 K s !) and the small
volume preventing temperature gradients.

3.4 Rapid operation and low volume

Another important aspect of miniaturized PCR devices besides
the sensitivity and the specificity is the time needed for the
amplification process. To test how short the cycle times can be
chosen for the 150 bp fragment the cycle times were
successively reduced. With a 5 s span for each of the three
different temperatures one cycle can be completed within 20 s,
which means a total time of 10 min for 30 cycles. For this
period a successful amplification was demonstrated starting
from 10 genomic equivalents. Depending on the desired
concentration at the end and the amount of template
molecules the process time could even be reduced further.
Short process times also have a positive effect on the effectivity
of the polymerase in the PCR solution, because the lifetime of
the enzyme is reduced during the high temperature state.

Low volumes for the PCR improve the transport of heat
during the PCR cycles and allow for the design of small
devices. To check on this parameter, we reduced the normally
used 1 pl for the PCR to lower volumes. The amount of 5 pl oil
for the cover was kept constant. From a 200 nl droplet PCR
with 200 templates a 150 bp band was still visible in the
electrophoresis gel. Smaller volumes cannot be detected with
the electrophoresis gel and were therefore not tested.

3.5 Online detection

A direct observation of the amount of DNA after each cycle
can indicate if the amplification was successful and can
help to optimize the PCR parameters. A large number of
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commercially available kits exists to detect the state of the
PCR during the process using different kind of fluorescent dye
systems. To explore the possibilities of online monitoring
during the on-chip PCR, an optical unit for the detection of a
fluorescence signal was assembled. The unit uses the principle
of fluorescence microscopy with epi illumination of blue light
at 490 nm. Both an image of the PCR droplet and the intensity
of emitted light can be captured. The filters were chosen for the
dye SYBR Green, that emits at 510 nm. The intensity of the
emission depends on the amount of double stranded DNA (ds
DNA) in the solution, because its quantum yield increases by
orders of magnitude when it intercalates. At the end of every
elongation phase the amount of ds DNA is the highest. At this
point the intensity is captured by the software for every cycle.
A reference signal is measured for every following denatura-
tion. The ratio of the two signals is plotted to a graph in the
software screen, so that the actual state of the PCR during
the temperature cycles is continuously displayed. During a
successful experiment the signal curves away from the plateau
of the background at a certain cycle number and increases
until a saturation is reached. The start point of the signal
change depends on the template concentration.

To measure the sensitivity of the device, a series of PCRs
with plasmid template numbers from 7 x 10°-7 x 10! was
performed on the same chip. Fig. 9 shows the intensity curves
in question. The points where the signals rise from the plateau
is plotted against the cycle number in Fig. 10. In a log plot the
data can be fitted by a straight line. This can be expected for an
ideal PCR where the amount of ds DNA is doubled for every
cycle. A linear interpolation to the x-axis in Fig. 10 indicates a
sensitivity limit of 10% copies or 0.1 ng of ds DNA.

Normally 7 = 1 pl solution was used for the online PCR
droplet, but also smaller volumes were tested. For 7= 0.5 pl
the signal is still high enough to show a distinct result.
Depending on the template concentrations also lower volumes
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Fig. 9 Online PCR traces for 5 different template concentrations of
plasmid. The point where the signal rises from the plateau at 1.0 is
dependent on the concentration.



24
22
20 -
18 -

16 —

cycle number

14 —

12 —

10 —

IIIInJ

10 10° 10* 10°
copies

Fig. 10 The point where the signal in Fig. 9 rises from the plateau
against the template concentration. The data can be fitted by a straight
line. Interpolation of this line to the x-axis yields the sensitivity limit of
the online detection.

than 0.5 pl are possible when the typical integration time of 1 s
for the photodetector is increased. With 1 s integration time
the shortest time for a complete cycle that can be handled by
the software is 17 s. This means that each of the three
temperatures is kept for 3 s. With the plasmid system the PCR
was still successful for these short times (Fig. 11).

To test the reproducibility of the PCR curves 5 successive
experiments were performed on the same chip. On the curves
the start of the signal increase and the maximum of the first
derivative appeared at the same cycle number. The maximum
amplitude was dependent on the position of the droplet on the
heater structure and therefore varies around 10-20%. This
variation and the signal noise can be reduced when the surface
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Fig. 11 A PCR (35 cycles, 700 templates) with the plasmid system can
be performed in cycle times of 3 s for the three temperatures. The
effectivity for these short times, however, is reduced compared to
longer cycle times. The numbers in the graph annotation represent the
time in seconds for: denaturation_elongation_annealing.

in the heater window is not a homogeneous hydrophobic
surface, but is structured with a spot of PEG-silane. Owing to
the hydrophilic character of this silane, the PCR droplet is
anchored to the surface and the position is fixed. Since the
contact area of the droplet with the surface is larger the signal
intensity is increased as well.

When SYBR Green I is used for the online detection of the
DNA amplification no specific information about the kind of
ds-DNA in the solution is given. Commercial instruments like
the Lightcycler (Roche) therefore use a melting curve analysis
after the PCR cycles. This can help to identify the desired
product, because the transition temperature from ss-DNA to
ds-DNA depends on the length and sequence of the product.
This feature was also included into the software. During a
0.1 K s™! temperature increase the fluorescence signal can be
recorded every second. As the main focus of the experiments
lay on PCR followed by hybridization, that also can detect the
desired product, the optical unit was designed for SYBR Green
I only. This dye also has the advantage that the excitation is far
away from that of Cy3 at the labeled primers.

3.6 Droplet movement

With the interdigitated transducers (IDT) on the LiNbO;
substrate a SAW can be induced. With sufficient RF-power
the wave can move a liquid droplet over the surface of the chip.
In our preliminary experiments, fine tuning is done with a
joystick connected to a multichannel RF-source. To keep the
droplet in the acoustic path of the transducer two hydrophilic
tracks were structured on the surface at the boundaries of the
3 mm wide path. This was done in the same process step
that establishes the epoxysilane square in one of the heater
windows. The four small transducers generating a SAW
perpendicular to the large ones (see Fig. 2) cannot move the
whole oil droplet, but allow for an exact alignment on the
heater windows. They are also used for resolving dried primers
into the PCR solution and to stir during hybridization.

For a PCR experiment with subsequent hybridization the
epoxy array was covered with 1 pl double concentrated
hybridization buffer and oil. After the temperature cycles the
PCR droplet was pushed into the other. The two aqueous
samples inside the oil merge as soon as they get in close
contact, covering the spotted array with the correct buffer
conditions. The unification works very reproducibly since the
buffer on the hydrophilic array is fixed to its position and the
moving droplet is kept on the right path with the fluidic tracks
on both sides.

The aspect of contamination of the surface during the
translation of the PCR products over the surface was
investigated with a fluorescence test. After a high concentra-
tion of labeled DNA was moved, the remaining amount was
monitored with a fluorescence scanner. No signal was detected
on the surface for the moving DNA. Only when the droplet
rested on the surface some molecules remained adsorbed.

3.7 Hybridization on chip

For a specific detection of the PCR product with hybridization
on the integrated chip, an array of four oligonucleotide spots
was printed into the epoxy square. Two test systems were
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chosen for the experiments. The first was the plasmid with
matching and totally mismatching oligos. More clinically
relevant is the Factor V Leiden syndrome used as the second
system. This disease is caused by a single nucleotide
polymorphism (SNP) on the relevant gene and leads to
increased blood coagulation. Oligos matching the product
with and without the SNP were used for the array. Blood
samples were taken from volunteers and purified with a
commercial kit from Quiagen.

For the PCR with subsequent hybridization a small amount
of the primer pair solution was dried on the window of the first
heater. At the beginning of the experiments the primers were
then dissolved into the PCR solution by gently mixing by
SAW. With the online detection the state of the DNA
amplification was observed. When the concentration of ds-
DNA was high enough, the product was denaturated for 60 s
and immediately transferred to the spotted array by SAW.
The heater was set to the hybridization temperature for about
45-60 min. After cooling down, the oil was removed with a
paper tissue and the chip was taken out of the holder and
immersed in 2 x SSC, 1 x SSC and 0.5 x SSC. Finally
the chip was dried in a stream of nitrogen and put to a
fluorescence scanner. Two representative images for the
plasmid and Factor V Leiden syndrome are shown in Fig. 12.
For the latter the intensity difference between the spots is
significantly smaller than with the plasmid, as can be expected
for a SNP. Nevertheless a clear result can be obtained for both
systems. When the solution was gently stirred during the
hybridization the spots appeared more homogeneous and the
fluorescence intensity was increased.

4. Discussion and outlook

We demonstrated a novel analytical microfluidic device based
on the combination of a planar SAW chip with a chemically
structured surface and miniaturized thin film resistant heaters.
Instead of small channels the fluid is manipulated in oil
covered droplets that can be ultrasonically actuated along the
surface plane. We showed that with employing our device an
analysis about the SNP causing the Leiden Factor V can be
performed. The necessary primers for the template amplifica-
tion and the probes for the hybridization can be applied to the

Fig. 12 Left: Hybridization on chip with the plasmid. The upper two
spots are a total mismatch oligo. The lower two spots are a total
match oligo. Right: Hybridization with the Leiden Factor V system.
The oligos in the upper spots have one mismatch, the lower ones are a
total match. The spot size is 90110 pm.
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chip surface and dried to create a single use assay for a special
biological problem. The process steps that can be done on our
device in the actual state are: Resolving the dried primers,
placing the solution on the heater and covering it with oil.
After running the PCR heating cycles the droplet can be
moved to a second heater that generates the elevated
temperature for the hybridisation on its surface. Micro devices
that can perform PCR with subsequent hybridsation,>1~>3
were designed by several groups, but to our knowledge, we
present the first example of functional microfluidic device on a
planar chip with a surface acoustic nanopump.

A SAW chip has several advantages over microfluidic
channel systems. Besides avoiding the problems of clogging, of
large pressure drop and of large surface area, it enables one to
resolve dried reaction components from the solid surface by
actively mixing the fluid in a droplet. The stirring can also help
to speed up a binding reaction and to get a more homogeneous
fluorescence in hybridization. An oil cover forming a circular
shaped cap on the hydrophobic surface reliably prevents
evaporation. The PCR cycled in the oil cap, heated by the
metal thin film structure has a unique performance as
compared to both classical and microfluidic devices. It can
reach the maximum sensitivity of only one template molecule
of human genes with a high specificity. The sample volume can
be as small as 200 nl, which is in the range of the smallest
mentioned in literature. For one cycle the time can be reduced
to 17 s due to the fast cycling rates and the effective heat
distribution, which brings us close to the IR heated device of
Giordano er al®® that completes 15 cycles in 4 min. The
transparent LiNbO; also enables online monitoring to control
the state of the DNA amplification. For detection purposes,
we built a SYBR Green sensitive epi-fluorescence microscope
with a sensitivity of 0.1 ng DNA. The modular design of
the optical unit would allow for an extension with additional
detection channels at wavelengths higher than 510 nm. They
could be used for more specific dye systems than SYBR Green,
using quenching or flourescence transfer effects.

The PCR oil compartment can be easily moved to the
second heater and the change of buffer conditions for stringent
hybridization is simply achieved by merging the PCR droplet
with the liquid on the spotted array. Hybridization on the chip
works reproducible with low background fluorescence. The
experiments show that agitating with the SAW during
the hybridization has an additional positive effect on the
fluorescence intensity and the homogeneity of the spots. The
specificity is high enough to clearly detect SNP with a tenfold
difference in fluorescence intensity between the mutation and
the wildtype.

After hybridisation, the whole chip was washed and the
fluorescence of the DNA spots was scanned by a commercial
scanner. Only a few attempts to integrate a hybridization
array analysis are reported. One example is the electrochemical
method.>® It appears to be rather easy to integrate a small
optical unit that can collect the emitted fluorescence light
below the chip focussing through the transparent window in
the hybridization heater. Due to the high refractive index of
LiNbO; (n = 2.2) also evanescent illumination of the DNA
spots could be used, which would allow for observation
without washing.
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