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Abstract

The miniaturization of analytical devices by micromachining technology is destined to have a major impact on
medical and bioanalytical fields. To meet the current demands for rapid DNA amplification, various instruments and
innovative technologies have been introduced by several groups in recent years. The development of the devices was
extended in different directions and adapted to corresponding applications. In this review the development of a
variety of devices and components for performing DNA amplification as well as the comparison of batch-process
thermocyclers with reaction chambers and flow-through devices for different purposes are discussed. The main
attention is turned to a flow device concept for thermocycling using microfabricated elements for local heat flow
management, for which simulations and considerations for further improvement regarding design, material choice
and applied technology were performed. The present review article mainly discusses and compares thermocycling
devices for rapid thermocycling made of silicon or of silicon and glass with a short excursion to the possibility of

Ž .plastic chip devices. In order to perform polymerase chain reactions PCRs in the microreactors, special attention
must be paid to the conditions of the internal surfaces. For microchips, surface effects are generally pronounced
because the surface to volume ratio increases upon miniaturization. Solutions for solving this problem are presented.
We propose an overview of layouts for batch-process thermocyclers with different parallelization of reaction
chambers and also of different designs of continuous flow thermocycling chips, paying particular attention to the
parameters which influence the efficiency of such chip devices. Finally we point out some recent issues for
applications in the field of clinical diagnostics. � 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

1.1. Miniaturization of microfluidic chip de�ices:
parallel �s. serial

Both a large number of samples for genotyping
as well as for expression studies, and the huge
number of different molecular species, call for
methods of high-throughput in the specific ampli-
fication of nucleic acid molecules. There are two
strategies for highly-efficient handling of larger
groups of samples. Parallelization is nowadays the
most popular strategy used in laboratories. By use
of microtiter plates or nanotiter plates, hundreds
to thousands of samples can be processed on one
carrier in parallel. Serial processing of many sam-
ples in small time intervals is the alternative to
parallel processing. Both strategies have specific
advantages, but also characteristic disadvantages
Ž .Manz et al., 1998 .

Parallel arrangements are well-suited for dis-
pensing operations and for a parallel read-out of
analytical information by imaging systems. A se-
ries of liquid handling steps can only be per-
formed if the liquid surface can remain open.
However, the evaporation of liquid is a problem
resulting in concentration gradients, which has to
be avoided by covering the top of the compart-
ment. The covering of the arrays ensure the re-
striction of evaporation or contamination from
the surroundings, but the liquid transfer into or
from the single chambers or reactions sites is
complicated. The problem of stability of liquid
samples is particularly important in case of very
small sample volumes and in the case of in-
creased temperature. Both aspects are very im-
portant for the miniaturized polymerase chain

Ž .reaction PCR .
There are two strong arguments against a sim-

ple serial processing of samples in microfluid sys-
tems. One concerns the compatibility with the
parallel sample processing devices usually used in
laboratories, namely all devices around the mi-

Ž .crotiter plates MTP . This argument is practi-
cally important, but neglects the fact that samples
are frequently gained or produced serially. More-
over, a lot of MTP operations are not made in
parallel, but step by step. Therefore, parallel han-

dling is advantageous for some operations, but is
not the ultimate single principle for the handling
of large numbers of samples. The second argu-
ment concerns the dispersion of concentration
clouds in fluid channels and the cross-talk between
samples in serially working devices. This argu-
ment is of fundamental importance in microchan-
nels due to the extreme velocity gradients over
the cross-section of streaming fluids. The huge
amplification effect in PCR makes the situation
still more serious in the case of homogeneous
phase processes. However, the conditions are
completely changed, if microheterogenous phase
systems are applied in microchannel devices in-
stead of homogenous phases. The existence of
liquid�liquid interfaces reduces the dispersion
drastically in cause of the interface tension. Addi-
tionally, an embedding liquid can insulate the
reacting liquid volume fractions from the wall
surfaces. Cross-talk as well as chemical gettering
of templates and enzymes by reaction sites at the
wall surfaces can be avoided. Therefore, serial
sample processing can become a very interesting
alternative to highly parallelized processing in
DNA analyses.

The application results from the flow-through
thermocycler devices in performing DNA ampli-
fication confirm the outlined arguments as de-
monstrated in this review.

1.2. Polymerase chain reaction and micro total
( )analysis systems �TAS

During the progressive development of the PCR
over the last 17 years, this method became one of
the central techniques for nucleic acid analyses
and is the most widely used method for amplifi-

Žcation of defined DNA sequences today Taylor
and Robinson, 1998; Whitcombe et al., 1998;

.Mullis et al., 1994 . The PCR is applied to a
broad range of diagnostic questions like the se-
quencing of human genome, in the fields of vali-
dation and control in food production and envi-
ronmental analysis, forensic medicine, molecular
biotechnology and the pharmaceutical industry.

As a result of the keen demand for high-perfor-
mance PCR devices with high sample-throughput,
but low reagent consumption due to the continu-
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ously increasing number of diagnostic samples,
PCR became the focus of investigations for
miniaturization of this biochemical process in or-
der to enhance its efficiency.

The PCR is a temperature controlled and en-
zyme catalyzed process which consists of the peri-
odical repetition of three reactions at different

Ž .temperatures Fig. 1 . The initial reaction of de-
naturation at a temperature of approximately 94
�C serves to separate the template of double-
stranded DNA into two single-stranded DNA for
subsequent amplification. In the following reac-
tion the temperature decreases to the tempera-
ture necessary for annealing of DNA primer,
short nucleotides which serve as starter molecules
for synthesis and flanks the DNA sequence to be
amplified from both sides. The temperature for
the primer annealing depends on their inherent
nucleic acid sequences and is determined for each
primer pair which is used. The primer extension is
performed by increasing the temperature to ap-
proximately 72�C, the optimal temperature of the
polymerase enzyme. Thus, in one cycle the num-
ber of DNA molecules is theoretically doubled.
The cycles are repeated 20�30 times to yield a
large amount of amplified molecules, i.e. a large
amplification factor N. Because the PCR is not a

Fig. 1. Schematic diagram of the PCR process.

linear amplification process but an exponential
method, already a small inhibition of individual
samples can lead to drastic changes in product
yield. From an initial number of template

Ž .molecules before amplification N the amount0
Ž .of PCR product N is theoretically doubled in

Ž .each cycle n ; the function thereto is given in Eq.
Ž .1 .

n Ž .N�N 2 10

In practice, the amplification is better de-
Ž .scribed by Eq. 2 by inclusion of the efficiency of
Ž .amplification E , which demonstrates the frac-

tion of the copies that are duplicated in each
cycle. Ideally, E�1.0 for a fully optimized PCR
and is constant throughout the exponential phase,
but practically an efficiency of approximately
0.8�0.9 is reached.

nŽ . Ž .N�N 1�E 20

The amplification yield is an important parame-
ter for the estimation of the productivity of
miniaturized thermocycler devices on the basis of
the application of materials for fabrication which
are not always optimal for use in biological appli-
cation. A maximal amount of amplified product in
the range of approximately 1013 molecules has
been obtained, however, the amount can deviate
from this to a much lower quantity in dependence
of the adaptation and optimization of the chip
devices to the PCR process.

Miniaturization has not only the potential of
saving space and material, but offers also the
opportunity for enhancing processes, such as op-
timized heat transfer due to the large surface to
volume ratio. Also the mass transfer can be greatly
improved by properly designed systems.

2. Requirements and advantages of chip
thermocyclers over conventional thermocyclers

The PCR has advanced DNA amplification dra-
matically but in most cases requires long cycling
times because of the large thermal mass of typical
thermocycling systems in conventional devices
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which accordingly have slow heating and cooling
rates.

2.1. Properties of con�entional thermocycler de�ices

Conventional thermocyclers are sizable devices
accommodating multiple reaction vials. The sam-
ple heating and cooling, connected with the heat-
ing and cooling of the reaction vials and thermal
blocks, is time consuming due to the large ther-
mal mass of the individual components and re-
sults in cycling times of 1�5 min per cycle. Shorter
cycling times require in contrast higher power
devices for heating and chilling. The polymerase
enzyme with a synthesis rate of approximately 100
nucleotides�s is not the time limiting factor for
the amplification of products with a length of
102�103 base pairs, but the thermal device itself.
Therefore, the velocity of the process is depen-
dent mainly on the development of devices for
faster temperature changes and heat exchange
between the device and the sample.

The problems of slow heating and cooling rates
have been solved in part in the LightCycler of
Boehringer Mannheim by placing samples in small
glass capillaries and using heated air for temper-
ing them, but the handling of the capillaries dur-
ing insertion and removal of the samples can be
complicated.

The relatively large dimension of the devices,
correlated to the demand on high power, excludes
the application of such devices outside of labora-
tories and also the construction of a portable,
mobile and compact solution of a thermocycler
device on the given basis.

2.2. Ad�antages of chip elements for rapid
thermocycling

The problems of low process velocity and high
power demands can be drastically reduced by
decreasing the parasitic heat capacities of the
thermocyclers. At present, most of the conventio-
nal thermocyclers achieve heating and cooling
rates of approximately 2�10 K s�1 in a tempera-
ture range of 40�95�C. Therefore, a consequent
reduction of parasitic heat capacities is indis-
pensable. The miniaturization of thermocyclers

offers a possibility to contribute to this point. The
integration of functional elements for the genera-
tion of heat, for controlling the heat flow and for
measuring the temperature is simply possible us-
ing the well-established technologies of thin-film
deposition and microfabrication. From these
technologies arise some important advantages of
miniaturization of thermocyclers which should be
noted. First, the heating and cooling elements
possess small volumes and heat capacities, which
yield at high heating and cooling rates such as
15�40 K s�1. Secondly, heaters and sensors for
local temperature measurement can be integrated
as thin film resistors onto the reactor bottom in
very close proximity to the liquid sample for fast
temperature transition. Thirdly, the choice of
geometries and materials in microsystems allows
configurations of very well controlled local heat
flow during all processes such as heating, cooling
and temporal thermostabilization. Fourthly, with
shrinking the reaction volumes in the microliter
range, the consumption of expensive or danger-
ous reaction materials is also decreasing.

3. Fluidly stationary working microchamber
chip-thermocyclers

Since the introduction of the thermostable Taq
polymerase enzyme of the marine bacterium
Thermus aquaticus into PCR technology in 1985
Ž .Sakai et al., 1985 , considerable effort has been
expended in promoting the automation of the
DNA amplification in thermocycler devices
Ž .Mastrangelo et al., 1998 . The miniaturization of
these devices offers the possibility to improve
them further with the aim of shorter analysis
times and higher sample throughput with minimal
human intervention for less presence failure.

The fluidly stationary microchamber chip-ther-
mocyclers work in the same manner as described
for conventional macroscopic thermocyclers,
where the amplification cocktail is placed in a
reaction chamber which is processed with the
appropriate thermal cycling program. After com-
pletion the samples are removed or detected on-
line.
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3.1. Rapid PCR in chamber thermocycling de�ices

A number of miniaturized devices have been
developed to achieve faster thermal cycling by
basically reducing the thermal mass present in
conventional macroscopic systems.

The first of these devices was described by
Ž .Northrup et al. 1993 . This chip-thermocycler

consists of a microwell cavity structure that serves
as an appropriate reaction chamber formed by
bulk micromachining using anisotropic wet etch-
ing. A 20-cycle amplification in a 50-�l microwell
was performed approximately four times faster
than in a conventional device with a much lower
power consumption.

The miniaturization of DNA amplification de-
vices has also been investigated and promoted by
several other groups over the last decade. Using a
broad range of fabrication technologies and ma-
terials, different designs and application types

Žsuch as single chamber thermocyclers Cheng et
al., 1996; Daniel et al., 1998; Woolley et al., 1996;
Wilding et al., 1994; Baier et al., 1995; Poser et

.al., 1996 were prepared as well as array thermo-
Žcyclers and flow-through devices Kopp et al.,

1998; Kohler et al., 1998; Poser et al., 1999;¨
.Litborn et al., 2000; Schneegaß et al., 2001 .

3.2. Silicon chip thermocyclers with integrated heat
flow barriers

ŽIn previous reports Baier et al., 1995; Kohler¨
.et al., 1999; Poser et al., 1996, 1997a,b, 1999 our

group has shown the development of chip-ther-
mocyclers with different high integration rates of
reaction chambers. Silicon-based thermocyclers
with one, two and 10 chambers for volumes in the

Ž .range of 4�8 �l have been prepared Fig. 2 .
Because the dynamics of a cycler chip is mainly

determined by the heat capacity and the thermal
conductivity of the chip, we proved the possibility
to optimize the chip-thermocycler for fast con-
trolled temperature profiles by choosing materials
and geometries well adapted to cycling processes
for samples of a few microliters. FEM simulations
were performed in order to evaluate the geometry
of the cycler chips, particularly the local heat
flows, the dynamics of the empty and the filled

Fig. 2. A set of three different chip designs with various
numbers of reaction chambers � view on the front side of a
one- and a two-chamber chip as well as a view of their

Žbackside with appropriate heaters and circuits upper part,
. Ž .from left to right and a ten-chamber chip lower part .

device and the temperature distribution in dif-
Žferent phases of the PCR process Poser et al.,

.1996, 1997b . A 32-cycle amplification was per-
formed successfully in a total amplification time
of approximately 16 min in the chip devices for an
amplification product with a length of 850 bp. In
comparison with conventional cyclers, a five-fold
reduction of the time was achieved by reducing
the amplification time to as low as 30 s per cycle.
Similar results where obtained by Taylor et al.
Ž . Ž .1997 and Woolley et al. 1996 . The final adap-
tation and construction showed a high spatial
temperature uniformity in the chambers. We
achieved experimental heating rates up to 80 K
s�1 with relatively low power consumption of 2.5
W per chamber. Under stationary conditions ap-
proximately 1.25 W per chamber were needed for
a temperature of 94�C. By cooling down with a
fan, cooling rates up to 40 K s�1 were obtained.
In connection with the programmable voltage
source for giving temperature set points, the ana-
log controller circuit works quickly and accurately
with typical deviations of �0.1 K. The absolute
accuracy of the monitored temperature was veri-
fied with test substances in the reaction chambers
and by microscopic inspection of their melting

Ž .points Poser et al., 1997a .
Besides these chip devices a chamber array of

90 chambers with a volume of 1 �l per well and
with outer dimensions of 26�30 mm for high-
throughput of samples was designed, constructed
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Ž .Fig. 3. The front view a of a 90-well array for thermocycling
Ž .with uncovered reaction vessels and the back view b with the

heaters and wire bonding pads.

Ž .and tested Fig. 3 . The parallel arrangement of
nine thin-film transducers and especially the short

Ž .distances between the reaction vessels 200 �m
assure a high thermal uniformity over the whole

reaction area with a heating rate of 18 K s�1 and
a cooling rate of 9 K s�1.

We could demonstrate the ability of these de-
vices for fast thermocycling on different biological

Ž .test systems Poser et al., 1996, 1997b .
The integrated optical windows in the lid of the

thermocycler chambers allow the on-line detec-
tion of the amplification products using fluores-
cence labeling. A high amplification rate could be
obtained using the devices. The results shown in
Fig. 4 demonstrate the fourth cycle to be the
threshold cycle, where the amplification already
reaches detectable quantities of nucleic acids.

4. Flow-through thermocyclers

4.1. Microsystem technology and microfluidics

In recent years, the combination of microsys-
tem technology and microfluidics has been pro-
moted for various applications, such as filtering
Ž . ŽQin et al., 1998 , cell sorting Sikorski and Pe-

. Žters, 1999 , electrophoresis Colyer et al., 1997;
.Lagally et al., 2000; Manz et al., 1992 , DNA

Žsequencing Carrilho, 2000; Woolley and Mathies,
. Ž .1995 , immunoassays Chiem and Harrison, 1997 ,

Ž .cell lysis Waters et al., 1998 and several other
Žapplication fields Ehrlich and Matsudaira, 1999;

.Ehrfeld et al., 1998 . Pioneer research groups

Fig. 4. Diagram of the fluorescence signal of amplified DNA as a function of the number of cycles. At the fifth cycle detectable
amounts of nucleic acids are obtained.
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such as G.M. Withesides, R.A. Mathies, A. Manz
and J.M. Ramsey, D.J. Harrison, A. de Mello and
co-workers supported, with their investigations,
the development of microfluidic chip devices for

Žthe most manifold applications Freemantle,
.1999 . The combination of microfluidic compo-

nents with different elements for temperature
and flow measurement offers the possibility to
establish complex integrated microfluidic systems.

The future trend is directed toward the realiza-
Ž .tion of miniaturized total analysis systems �TAS ,

where all sample-handling steps are performed in
an integrated fashion. Unit operations form the
basis of �TAS. Basic �TAS systems that combine
analysis with a single reaction have been reported
Ž .Lagally et al., 2000 . Many protocols for genetic
analysis require the execution of a complex series
of preparative steps. The ultimate manifestation
of �TAS is a fully integrated device that receives
a sample, performs a multi-step process, and ana-
lyzes the result. Such devices will find their appli-
cation mainly in analytical chemistry with an ex-
pansion into other fields such as biology, medicine,
materials science, physics, microtechnology and

Ženvironmental and nutritional sciences Jakeway
.et al., 2000; Qin et al., 1998 . Micromachining

technologies incorporating advanced microfluidic
techniques allow faster and fully automated anal-
yses, improved sensitivity, and enhanced preci-
sion.

A �TAS device for DNA amplification, where
a PCR chamber was connected with a microflu-
idic system and several vents for sample loading
and removing was presented by Burns and co-

Ž .workers Burns et al., 1998 . In their device the
fluid is moved as discrete drops by applying pres-
sure and is positioned by hydrophobic patches
Ž .Handique et al., 1997 . No information regarding
possible cross-contaminations of a consecutive
sample application, which might be observed by
the used stop-flow mode, was given.

4.2. Surface to �olume ratio and heat transfer-
microcentrifuge tube �s. capillary tube

The microcentrifuge tube is the standard vessel
in molecular biology. However, it is not suitable
for rapid thermocycling because of its wall thick-

ness and because of the conical geometry of the
tubes, resulting in limited conditions for heat
transfer. Also the thermal distribution within the
sample is more limited in microcentrifuge tubes
than in capillary tubes. There the cross-sections
are smaller with, respectively, shorter ways for

Ž .thermal convection Wittwer et al., 1994 , and the
thermal distribution is enhanced according to
Fick’s law, because the time needed for heat
dissipation is directly proportional to the second
power of the channel cross-section. On that basis,
the time to reach a temperature equilibrium in
each temperature zone determines the rate for
reduction of the process time. For a channel,
which is 40 �m deep and 90 �m wide, a time for
achieving the temperature equilibrium of less than

Ž .100 ms has been calculated Kopp et al., 1998 .
The compatibility of wall surfaces is a major

problem in the application of chip-thermocyclers.
There is a contact area of approximately 40 mm2

with wall surfaces in the case of a reaction volume
of approximately 20 �l in a plastic cup or in a
well of a microtiter plate. That means, we find a
surface to volume ratio, which is in the order of
approximately 2 mm�1 in this classical case for
PCR. This ratio increases up to approximately 10
mm�1, if stationary chip-thermocyclers with
chamber volumes of a few microliters and a capil-
lary slit chamber with a depth of 0.4 mm, nano-
titer plates with chamber volumes in the sub-mi-
croliter range or flow-through chip-thermocyclers
with larger capillary diameter are applied. The
ratio increases further up to 40 mm�1, if capillar-
ies with a diameter in the range of 100 �m are
used.

The use of glass and silicon for the construc-
tion of chip-thermocyclers is mainly due to their
thermal properties, besides their ability for com-
mon use in micromachining technologies. Silicon
possesses a very high heat conductance, whereas
glass is a comparatively bad thermal conductor.
Therefore, the heat conditions for heat flow in
microdevices can be controlled easily by choosing
both these materials in the correct geometries.
Silicon can be used as wall material in order to
construct regions with a very good local equilib-
rium of temperature. It is also used in order to
couple Joule heat originating from thin film resis-
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Fig. 5. Schematic sketch of the cross-section of the fluid
Ž .channel through the individual temperature zones a, b, c of

the flow-through thermocycler chip with inlet and outlet.
After the inlet, the channel crosses the denaturation zone for
complete initial denaturation of the DNA template. After the
final cycle, an additional extension zone is incorporated for
complete synthesis of amplification products. The individual
samples moving through the channels are demonstrated by
dots.

tance heaters. The high heat conductivity of sili-
con also supports the thermal transport between
the reaction mixture and temperature sensors,
which is necessary for rapid and precise tempera-
ture control. Glass elements are used for the
construction of walls in regions between different
temperature zones and for the construction of
heat flow barriers between the reaction chambers
and the surroundings in order to obtain a control
of passive heat transport.

4.3. General principle of function of the flow-through
thermocycler de�ice

Chip devices for flow-through thermocycling
Ž .were presented at first in 1996 Baier et al., 1996 .

The first group to publish the application of a
microfluidic system with a continuous flow for
driving DNA amplifications was Kopp and his

Ž .co-workers in 1998 Kopp et al., 1998 . The prin-
ciple consists of transferring the amplification
mixture through a single fluidic channel which
repetitively passes through the three different

Ž .temperature zones Fig. 5 . Thus, the pattern of
the layout determines the time a sample is ex-
posed to the temperature of each zone as well as
the number of cycles to be performed. Thereby,
the flow-through thermocycler chip depends no
longer on the temperature to time conversion as

required for most of the commercial cyclers, but
only on a temperature to channel length conver-
sion. The residence time of the PCR reaction
mixture within the appropriate reaction zone only
appears as a function of the length of the chan-
nel, the cross-section of the channel and the
applied flow rate of the reaction mixture within
the reactor channel.

Such a universal system offers the possibility to
perform several different reactions along the flow
trajectory by adding reagents via downstream side
channels. For analytical purposes, an array of
channels can increase the diagnostic throughput.

4.4. Continuous flow and serial flow mode

For performing a successful PCR, the accurate
residence time of the sample in the appropriate
temperature has to be ensured. In a flow-through
chip the residence time depends on the cross-sec-
tion and the length of the channel in each zone
and also on the flow rate of the sample through
the channel. The generation of a continuous flow
is a crucial factor for the reproducibility of the
residence time in each cycle. The formation of
bubbles especially in the denaturation zone due
to the high temperatures can be significant and
might be critical, because of the ability to expand
differently in the channel and to interfere with
the flow resulting in poor fluid flow and hot spots
Ž .Duffy et al., 1998 .

One of the most attractive features of flow
reactors is the possibility to generate a serial
sequence of sample plugs, which are separated by
small zones of a medium to enhance the sample
number capacity of the device.

One way for creation of a serial sample flow is
to interspace the liquid column by air or gas, but
because of different flow behavior of liquid and
gas, the formation of a constant flow is not always
given and should not be preferred therefore.

Using liquid medium for interspacing sample
sequences, attributes such as interface tension
and interface interaction play an important role
in fluid control. In addition, interaction between
the liquids and the wall surfaces must be taken
into account. In a continuous sample flow, the
sample, which passes a wetted surface will leave a
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thin film of sample behind the backside of the
sample volume. This film can cross-contaminate
the next sample, which will pick up this small
volume of the film. The thickness of the remain-
ing liquid film behind the back-meniscus of the
sample is related to the internal friction within
the liquid, the contact angle of the surface and

Žthe flow rate used for sample movement Litborn
.et al., 2000 . Transporting liquid through a capil-

lary tube with a surface of low wettability, no
cross-contamination between different sample
plugs appears. However, this effect can be sus-
pended by micro roughness of the surface, con-
tact angle hysteresis as well as chemical affinities.
One of the dynamic effects that can lead to
hysteresis is slow adsorption and desorption of

Žsolute molecules dissolved in the liquid Israe-
.lachvili, 1994 . In respect of this fact, a careful

choice of the channel material with low affinity to
the compounds of the PCR mixture or an ap-
propriate chemical modification is necessary for
continuous sample flow.

4.5. Two-phase system for flow segmentation in the
serial flow mode

A concept with the best potential for generat-
ing serial sample sequence reducing surface con-
tacts, is the use of a system with two immiscible
fluids, a liquid�liquid two-phase system. For this
purpose we checked a number of compounds
immiscible in water for the usage in PCR. For
example, dodecane as carrier flow medium did
interfere with the PCR and resulted in low

Žproduct amounts no remarkable product yields
.were obtained . Because of its volatility, an addi-

tional adaptation to maintain the flow on a con-
stant rate was essential. Finally the use of non-
volatile mineral oil, which was commonly utilized
in the past to prevent sample evaporation in
thermocyclers without heated lid, led to the ideal
sample transport and showed the expected ampli-
fication results. In contrast, Litborn and co-
workers recently reported a successful DNA am-
plification using the hydrocarbon octane for gen-

Ž .erating a carrier flow Litborn et al., 2000 .
Using mineral oil for generation of a two-phase

system for sample transfer, we could demonstrate,

that an aqueous sample droplet in a continuous
carrier flow of the oil in a hydrophobized channel
moves well separated from the subsequent sample
droplet as confirmed by the findings of Katsura et

Ž .al. 2001 who used a water-in-oil emulsion for
the formation of droplets as ‘microreactors’. The
aqueous sample droplet detaches from the chan-
nel surface because the oil forms a thin layer on
the channel surface and reduces the surface con-
tact of the sample. The sample easily repels from
the surface due to the smaller contact angle,
which leads to a lower risk in cross-contamination
of samples. In addition, the mineral oil does not
interfere with the analysis method of gel slab
electrophoresis we used for visualization of ampli-
fication results.

4.6. Sample handling and instrumentation
arrangement for serial sample sequence

The sequential injection of samples into a con-
tinuous flow, which was developed mainly for
chromatographic separation, was recently demon-
strated also for the rapid sample loading in minia-
turized analysis devices, e.g. the bead injection for

Ždetection of enzymatic ligand reaction Ruzicka,
.2000 .

For the creation of a serial flow mode we
periodically injected small sample volumes into
the continuous carrier flow, which was generated

Žby a syringe pump P-200 module, World Preci-
.sion Instruments . The sample injection was per-

formed automatically by a precision syringe drive
Ž .module PSD�2, Hamilton with integrated valve

for sample uptake and a connected six position
Ž .valve with a sample loop PR-750, Rheodyne .

The detailed module arrangement has been de-
Ž .scribed previously Schneegaß et al., 2001 . This

module arrangement allowed a sample injection
free of air bubbles, but the valve composition
possesses a comparatively large dead volume of a
few microliters preventing ultra-high sample se-
quence. For a higher sample throughput the use
of an adapted ‘T’-shaped injector channel is con-

Žceivable Weigl and Yager, 1999; Li and Har-
.rison, 1997 or of a ‘wedge’-shaped injector chan-

nel as reported for capillary electrophoresis
Ž .Bousse et al., 2000 . The fast sample injection for
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capillary electrophoresis attained by an electro-
kinetic flow was recently reported by several

Žauthors Alarie et al., 2001; Kwok and Manz,
.2001; Smith et al., 2001; Attiya et al., 2001 .

4.7. Surface passi�ation, PCR mixture composition
and effect of additi�es

Achieving a fluid flow without significant bubble
formation has been a notable challenge requiring

Žcareful attention to surface chemistry Woolley et
.al., 1996 . As already elucidated above, special

attention must be paid to the surface conditions
of the fluid channel. Unfortunately, glass as a
microchip substrate is less ideal for amplifying

ŽDNA because of the proclivity of protein e.g.
.Taq-polymerase to be deactivated by adsorption

to the surface. Adsorption of molecules in solu-
tion to surfaces can be influenced by regulating
the kind and number of binding groups on the
surface. This feature can often be changed by
chemically modifying surfaces or by addition of
certain solute molecules into the medium that
adsorb on the surface. For example, addition of
surface active molecules such as detergents to
water can cause a wide spectrum of contact an-

Ž .gles Israelachvili, 1994 . Beside hydrophobizing
procedures of the channels by different silanizing
reagents like hexamethyldisilazane, trimethyl-
chlorosilane or octadecyltrichlorosilane, we sup-
plemented the PCR mixture with several addi-
tives with different effects. Tween 20, a non-ionic
surfactant, was added to the PCR mixture to
reduce the surface tension, thus stabilizing the
sample droplets in the oil flow and simultaneously

Žthe polymerase during PCR Katsura et al., 2001;
.Chiem and Harrison, 1997 . The stabilization of

the annealing of primers and the polymerase to
the DNA template was supported by glycerol and

Ž .bovine serum albumin BSA , which also serves in
preventing denaturation of the polymerase on the
channel surface by deactivating of possibly avail-

Žable reactive groups on the surface Taylor et al.,
. Ž .1997 . The addition of polyethylene glycol PEG

for preventing protein adsorption is also de-
Ž .scribed by several authors Giordano et al., 2001 .

On the basis of the application of the described
methods for modification of surface effects, we

Fig. 6. PCR products of three different PCR systems ampli-
Ž .fied in the flow-through PCR chip lanes 2�4 . Product detec-

tion was performed by gel electrophoresis in agarose gels
Ž .3% ; In lanes 1 and 2 the product yield and specificity of the
flow cycler is compared with that of a conventional thermocy-
cler and is represented by the example of the GAPDH system.
M, marker; lane 1 and 2, product of the gene encoding for the

Ž .glutaraldehyde 3-phosphate dehydrogenase GAPDH ; lane 3,
Žproduct of the CATCH system a completely synthetic system

�Cooperative Amplification of Templates by Cross-Hybridiza-
�tion for investigations of evolution in cooperatively coupled

. Žamplification systems ; lane 4, the Miz1-KO system system
that encodes for a zinc finger protein relevant in human

.pathogenesis .

could demonstrate amplification results in our
miniaturized devices with an adequate product
yield and specificity comparable to the results
achieved in a conventional thermocycler
Ž . Ž .Mastercycler gradient, Eppendorf Fig. 6 . This

Žwas proved for several biological systems Poser
.et al., 1999; Schneegaß et al., 2001 .

Combined with the progress in developing de-
vices for genetic diagnostics, several groups have
developed individual methods and protocols of
surface passivation for preventing the molecule
adsorption and have shown successful DNA am-

Žplification in their devices Giordano et al., 2001;
Shoffner et al., 1996; Wittwer et al., 1994; Li and

.Harrison, 1997; Lao et al., 2000 .

5. Design considerations for chip-thermocyclers
and their construction

5.1. Various designs of flow-through thermocyclers
� their assets and drawbacks

We have utilized the principle of a continuous
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flow thermocycler in designing various flow-
through thermocyclers, where pre-mixed samples
are transported through a single channel, while
they are subjected to thermal cycling.

To design a flow-through thermocycler the fol-
lowing aspects, besides the choice of the material,
must to be taken into consideration: the number
of cycles to be processed, the channel cross-sec-
tion or variation on it, the length of the channel
of each of the three thermal zones, the kind of
fluid delivery, the geometry of the heaters, the
local position of the thermal sensors, and the kind
of thermal insulation of the three zones. The
arising design influences the chip periphery which
has to be provided, such as the chip mounting and
packaging, a detection unit as well as the electric
and fluidic control.

According to the requirements of the PCR
process, the first design we created, TC1997, was
a chip consisting of three sections representing

Ž .the individual thermal zones Kohler et al., 1998 .¨
In this first layout of a flow-through thermocycler

Ž .the flow channel was worked out in Si 100 and
Ž .covered by glass Fig. 7 . There the thermal zones

for 16 cycles were arranged in the order of the
denaturation zone, followed by the annealing zone
and the extension zone. The layout resulted in a
very narrow area, where the temperature reaches
the temperature set point due to high tempera-
ture gradients within each thermal zone. Also the
residence time of the sample was reduced in
comparison to the time which was previously esti-
mated according to design. We obviated this
problem by the exchange of the annealing zone
with the extension zone whereby the temperature
profile of the temperature transitions was im-
proved. The insulation of the thermal zones was
performed by inserting glass chips using the lower
thermal conductivity of the material. The channel
part between the outer zone of extension to the
opposite denaturation zone was realized by a
‘connecting channel part’ with a 16-fold decrease
of cross-section to accelerate the flow in this

Ž .pass-over area Fig. 8 . Thus, a prolonged stay of
the sample in the annealing zone after the primer
extension could be avoided. The drawback of this
construction is shown in the flow behavior. Be-
cause the channel was fabricated in silicon, the

Fig. 7. Schematic sketch of the cross-section and the construc-
tion principle of the flow thermocycler design TC1997 consist-
ing of three Si-chips, which represent the individual thermal
zones. The annealing zone is coupled to a cooling block.
Thermal insulation is achieved by incorporating a glass chip
with drilled holes and additional thermal gaps.

channel loop turns featured angular structures
due to the anisotropic etching of silicon. Further-
more, the discontinuous cross-section of the
channel resulted in formation of air bubbles at
the border of cross-section changes and also at
the sharp-edged channel turns. Thereby, a contin-
uous flow rate of the sample could be generated
only with difficulty due to flow disturbances by
bubble formation. In the case of the serial flow
mode, turbulence and mixing of the carrier flow
and samples was observed. Therefore, this design
could be used for a continuous sample flow with a
few limitations, but its application to a serial flow
mode with a consecutive sample sequence was
excluded.

In the next chip, TC1999, which was designed
with channel loops for 25 amplification cycles, the

Fig. 8. Photograph of a section of the thermocycler chip
Ž .TC1997 , where the variation of the channel cross-section for
accelerating the flow in the intermediate zone and several
thermal gaps for isolation of the zones are shown.
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Ž .Fig. 9. Top-view of the flow-through thermocycler TC1999
with the fluid channel layout for 25 PCR-cycles and the
individual temperature zones insulated by thermal gaps.

extension zone was arranged in the chip center,
the denaturation and the annealing zone at the
opposite sides. The outer dimensions of the chip-
thermocycler were 26 mm�50 mm. The cross-
section of the channel was constant and without
any variation. In this case the channel was made
of glass and possessed smooth edges due to the
fabrication technology. The channel of the exten-
sion zone, positioned in the middle of the chip,
was double-looped to enlarge the channel and
thus the residence time of the sample. An addi-
tional part of a loop for primer extension was
integrated at the outlet side of the chip layout to
ensure a completed product synthesis. At the
inlet side an additional channel over the whole
length of the denaturation zone is integrated in
order to realize a complete initial denaturation of
the template DNA prior to the first PCR cycle
Ž .Fig. 9 . The application of this chip design to the
PCR process demonstrated a very good con-
formity of the results of the conventional and the

Ž .chip device Poser et al., 1999 . A further im-

provement of the chip design was made by re-
designing the loops of the primer extension zone
from two longitudinal loops to nine smaller

Ž .transversal loops Fig. 10 . Thus, the thermal be-
havior was improved by avoiding the sample to
move from the border of the primer annealing
zone to the border of the denaturation and back
to the border of the denaturation zone and
thereby generating a relatively high, wavelike
temperature gradient within the extension zone in
which the DNA molecules, moving toward the
annealing border after the turn to the denatura-
tion border, might be already partially denatured
resulting in less amplified molecules. The new
layout of the channels in the extension zone real-
ized a continuous thermal gradient, which is fa-
vored for DNA synthesis in the extension zone.
Although initially conceived as the better design,
this could be confirmed mainly for the thermal
behavior, but not in every respect for the flow
behavior. In this design, the number of channel
turns, which are involved in a higher affinity for
molecule adsorption because of the flow behav-
ior, was increased. On this basis, the previous
chip design was more advantageous according to
the flow behavior of small sample droplets in the
serial flow mode. A distortion of the sample plugs
at the channel turns could be reduced, resulting
in a more uniform sample flow correlated to a
high reproducibility of amplification yields. The
thermal isolation of the individual zones was real-
ized by thermal gaps in the silicon, respectively, to
the previous design.

The recently new-designed flow-through ther-
mocycling chip, TC2000, consists of a minimal

Fig. 10. Top-view of the flow-through thermocycler with a fluid channel layout for 25 PCR-cycles and the individual temperature
zones insulated by thermal gaps and aside an enlarged detail of the looped channel of two extension zones as well as an additional
extension zone. The layout of the channel in the extension zone is redesigned in comparison to the flow cycler design TC1999.
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Fig. 11. Top-view of the flow-through thermocycler chip
Ž .TC2000 with a fluid channel layout for 32 PCR-cycles. The
fluid channel alternately passes the upper glass-chip and the

Ž .bottom chip made of Si 110 . The part, which is located at the
glass chip serves for thermal insulation in addition to incor-
porated thermal gaps.

looped fluid channel, which is made of glass as
Ž . Ž .well as of Si 110 Fig. 11 . The advantage of the

Ž .use of Si 110 is found in the possibility to manu-
facture channels with two rectangular side walls
and two opposite sites, which are sloped at a wide
angle. This construction supports a smooth flow
transition from a silicon channel into a glass
channel. The insulation of the thermal zones is
performed by leading the channel through a glass
substrate, additional to the thermal gaps as pre-
pared in the previous chip layout. This layout
combines all important advantages of the previ-
ous designs and improves the flow behavior and

fluid control by avoiding the discovered draw-
backs.

To check the efficiency of the created layouts,
the amplification tests were conduced using vari-
ous biological systems with different lengths of
templates and products as well as diverse cycling
parameters as described previously. To compare
the amplification yield and specificity, the PCR in
the chip device was always accompanied by a
control sample in a conventional thermocycling
device.

In conclusion to our experiences in designing a
flow-through PCR chip, special attention must be
paid not only to parameters concerning the flow
behavior but also to the heat distribution and
dissipation to obtain a chip device which is suit-
able for continuous sample application as well as
for serial sample flow mode.

Comparing few characteristic parameters of the
various outlined designs of flow-through chips in
correlation to the level of miniaturization, the last
design proved to be the best. In Table 1 defined
parameters like the number of cycles or channels

Ž . Ž .respectively N , the area occupied by them A ,
the lateral distance between the loop of two cy-

Ž .cles, the cross-section area of the channel XSA ,
Ž .and the relative thermal resistance R� , i.e. the

thermal transmission from one to the other ther-
mal zone calculated in consideration of the re-
maining substrate beams, is put into correlation.
The characteristic parameter as a function of
selected features specify the efficiency of minia-
turization by keeping the rules for PCR. The
higher the value of the specific parameter the

Table 1
Comparison of characteristic parameters of three different designs of flow-through devices correlated to the level of miniaturization

TC1997 TC1999 TC2000

Number of cycles N 16 25 32
Ž .Volume per cycle V �l 3.4 1.5 2.0
Ž .Total volume V � �l 54.4 37.5 64.0
Ž .Lateral extension per cycle l mm 2.3 1.8 0.56

2Ž .Cross-section area of channels XSA mm 0.113 0.021 0.1
2Ž .Occupied active area A mm 1196.0 1404.5 260.6
�1Ž .Relative thermal resistance R� mm 9.419 4.363 17.857

between the zones
V �R�

Characteristic parameter N 0.428 0.117 4.385A
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Žbetter the achieved miniaturization Zieren, M.,
.2000, private communication .

5.2. Material, geometry and power parameter of
thermal transducers

The thermal sensor elements manufactured by
thin-film deposition normally possess a resistance
value, which can slightly differ from the theoreti-
cally calculated value. This is caused by inhomo-
geneity of the layer structure, minor changes in
structure transfer from the lithographic mask or
slight variations of the layer thickness. Therefore,
for temperature measurements the sensor ele-
ments have to be calibrated prior to use, in order
to refer different resistance values to their correct
temperature. We favored the use of platinum as
transducer material, because the characteristic of
the integrated platinum resistance sensor is linear
in an operating range from room temperature up
to 100�C with a high temperature coefficient of

Ž .the resistance Poser et al., 1997b . In this man-
ner, with knowledge of slope and offset, a simple
calculation and monitoring of temperature can be
realized. The nickel�chromium in contrast, has a
much lower temperature coefficient and was
therefore excluded from the application.

The thin-film platinum heating resistors of the
first flow-through layout, TC1997, consisting of
three individual Si-chips, were designed, accord-
ing to our knowledge, from the chamber thermo-

Ž .cycler Fig. 12 , using meandered geometries of
the heater channels. They were designed for 14.6
and 16.6 W maximum power for the zone of
primer extension and denaturation, correspond-
ing to resistances of 220 and 250 � in the case of
16 cycles. The primer annealing zone was con-
nected to a cooling block to avoid overheating
from the adjacent zones. Hence, for this chip no
active heating element was necessary.

A serpentine geometry was selected to save
space, to cover a broad area of the chip with
heaters and to realize resistive sensors with an
increased resistive length on a small area. The
transducers convert electrical energy into heat

Fig. 12. Thin-film platinum transducers with meandered
geometries. Two symmetric structures consisting of wide
heaters and fine sensors are shown. They were mainly applied
to the miniaturized chamber thermocycler chip.

utilizing Ohm’s resistance. For Ohm’s resistance
Ž .R the following equation is valid:

� l Ž .R� 3A

where � is the specific resistance, l the length of
the transducer element and A the cross-section.
Assuming the resistive cell to have a quadratic

Žform l�b, where b is the width of the trans-
. Žducer element and A�hb h is the layer thick-

.ness ; then the quadratic resistance R results in:Q

� Ž .R � 4Q h

The value of the quadratic resistance calcu-
lated with the specific resistance of compact plat-

Ž .inum using Eq. 4 is R �480 m�. IncludingQ
the number of quadratic resistive cells n, the
overall resistance R can be calculated

Ž .R�nR 5Q

The maximal current density S is determined
by the current density of the migration, which is
determined for platinum with S �109 A m�2

Pt
Ž .Dagge et al., 1996 . The maximal achievable
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Fig. 13. Back view of the silicon chip of the flow-through
thermocycler with integrated Pt thin-film transducers. Heaters
are displayed by wide structures and sensing elements by fine
structures.

power P for the thin-film heater is calculatedmax
by:

2Ž . Ž .P �R S bh 6max Pt

Further designs were equipped with parallel
heating channels with a thickness of 0.1 �m to
create the heating areas on which a set of fluidic

Ž .channels was arranged Fig. 13 . For the given
resistance of 20 � of the platinum heating ele-
ment per zone where a maximum operating volt-
age of 17 V is applied, a maximum power of 14.45
W results for the heater of each thermal zone.

The resistive transducers were positioned on
the silicon part of the chip devices, because of the
high temperature conductivity of the material,
whereby the wafer thickness of less than 400 �m
used was negligible for thermal transition. For
accurate temperature control, each heating ele-
ment is flanked by two sensing elements to observe
the whole area for thermal homogeneity. The
temperature distribution over the whole chip was
checked by an IR-thermocamera.

6. Fabrication of chip devices

The combination of silicon�glass technology
and thin-film elements enables the fabrication of
thermocycler chips with a high thermal stability
and sufficient homogeneity of the temperature
over the whole area. It allows the performance of
a single thermal cycle within the range of a few

seconds. We fabricated the devices by using stan-
Ždard microphotolithographic techniques Chen

.and Pepin, 2001 .´

6.1. Channels in glass

Etched channels into glass are often preferred
Ž .to channels in Si 100 , because they show smooth

and rounded edges and curves as well as constant
cross-sections. A rounded shape of channel loops
should support not only a continuous flow PCR,
but also a homogeneous flow behavior of a serial
flow regime. For preparation of channels in glass,

Ž .borosilicate glasses like Pyrex Corning �7740
� Ž .and Borofloat Schott were used; the glass

wafers were 400 �m thick and polished. A solu-
tion of HF�HNO was used to etch the glass to a3
depth of 100 �m through a Ni�Cr metal mask.
According to isotropic etching, a 100-�m-deep
channel was approximately 240 �m wide at the
surface.

6.2. Channels in silicon

Fluidic channels in silicon were fabricated by
using a Si N layer for masking. Thermal gaps3 4
were etched 470 �m into the front which was
faced to the channels after bonding. The remain-
ing membrane of 30 �m was mechanically opened
after chip completion. A very narrow silicon beam
between the thermal gaps served in covering the
glass channel. At the reverse of the silicon wafer
a metal layer of platinum for fabricating the
thermal transducers and an aluminum layer for
generating bonding pads, both 0.1 �m thick, were
deposited by sputtering.

6.3. Chip assembly

The prepared chips were assembled by anodic
bonding. Fluid connections were prefabricated
mechanically and attached by glue bonding on
top of the glass chip, where holes were drilled by
ultrasonic drilling. The careful alignment was of
prime importance, especially in the case of the
chip designs, where the fluid channel crosses ei-
ther both substrates or different silicon chips and
the correct alignment was essential for a consis-

Ž .tent fluid stream see design TC1997 and TC2000 .
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7. Plastics as material of choice for fabrication of
chip devices

7.1. Fabrication of microfluidic de�ices and chamber
thermocycler chips in plastics

Silicon and glass has been the most popular
material for fabricating chip devices but increas-
ingly, plastic materials appear to be more and
more attractive for fabrication of devices for
biomedical diagnostics because the materials are
cheap, they enable the manufacturing of single
use, disposable devices by technologies, which are
not limited to formation of only planar structures
and do not require routine access to cleanrooms

Žas in the case of silicon and glass Quake and
Scherer, 2000; Chou et al., 1999; Unger et al.,

.2000; Becker and Heim, 2000 . Whidesides and
co-worker have written several recent reviews on
the alternative microfabrication strategy of soft
lithography and gave an overview of the most
important technologies covering microcontact
printing, micromolding, microtransfer molding,
replica molding, solvent assisted micromolding,

Žand near-field contact-mode lithography Mc-
.Donald et al., 2000; Qin et al., 1998 .

With progress in the development of chip-ther-
mocycler for the batch mode, several groups in-
troduced the use of the alternative polymer mate-
rial for preventing the described problems of sur-
face effects and biological incompatibilities, since
polyethylene for example is used as tube material

Žin conventional thermocyclers Taylor et al., 1998;
.Woudenberg et al., 1996 . Special efforts were

made on the field of combination PCR with capil-
lary electrophoresis, where both modules were

Ž .fabricated mainly in poly dimethylsiloxane

Ž . ŽPDMS Effenhauser et al., 1997; Gawron et al.,
.2001 , but also in other plastics such as polycarbo-

Ž . Ž . Žnate or poly methylmethyacrylate PMMA Lee
.et al., 2001 . The combination of PDMS and glass

Žin a hybrid chip device was also investigated Hong
.et al., 2001 .

7.2. Fabrication of a flow-through thermocycler chip
in PDMS

We utilized the transparent elastomer PDMS
Ž .Sylgard 184, Dow Corning for micromolding a
flow-through thermocycler chip. PDMS is known
for its low interfacial free energy, low reactivity
and the possibility of conformal contacting and

Ž .easy releasing Chen and Pepin, 2001 . As a pre-´
master we used the microfabricated glass chip
with the fluid channel of our designed device,
which was chemically modified by a silanizing
reagent to support easy repelling of the polymer.
The resulting mold was silanized and used as a
final master. Thus the chip part holding the flu-
idic channel could be precisely molded, as de-
monstrated in comparative pictures of a fluid
channel cross-section in silicon and the analog in

Ž .PDMS molded channel Fig. 14 . A second chip
was prepared for covering the channel and facing
the heater platform by using the spin-on tech-
nology to create a comparably thin layer of PDMS
Ž .less than 80 �m on a silanized glass chip, which
was removed after bonding. To bond both PDMS
parts to a complete chip device, a technique for
activation of the PDMS surface by treatment in a

ŽO -plasma was used Duffy et al., 1998; Patel et2
.al., 1999 . The treatment with plasma and the

subsequent assembly of the parts led to their
irreversible binding due to the formation of cova-

Ž . Ž .Fig. 14. Scanning electron microscopy photographs of the channel geometry in silicon�glass a and in PDMS b .
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Fig. 15. Flow-through PCR chip in PDMS which is mounted
on the platform for heating management and control.

lent siloxane bonds. The resulting chip is pliable,
yet extremely durable, biocompatible and rapidly
produced. In Fig. 15 the completed flow-through
thermocycling chip made of PDMS is shown,
which is mounted to the silicon part of the sili-
con-glass thermocycler with integrated thin-film
transducers at the reverse serving as a basis for
thermocycling. The used heating platform enables
a successful DNA amplification in this disposable
device. The property of PDMS easily adheres to
all smooth surfaces forming a very close connec-
tion supporting heat dissipation.

8. In cell PCR – a specific application of the
flow-through thermocycler at the single cell level

The application of single cells for intracellular
amplification of mRNA in our flow-through ther-
mocycler device demonstrated the high potential
and relevance of the device in in situ PCR, which
deals with expression studies of selected genes.

We could show the successful amplification and
detection of intracellular mRNA of the gene
MDR1 encoding glycoprotein P-170 which is
mostly the molecular base of multidrug resistance
Ž .MDR providing a channel for an active efflux of
cytostatics out of the cells and is often induced by
applied chemotherapeutics within leukocytes of

Žleukemic patients Dassow et al., 1998; Lassner et
.al., 1997 .

The DNA of the leukocytes was stained by
propidium iodide. To distinguish between ampli-

fied and initial non-amplified DNA, specific
priming for the MDR1 gene with FITC-labeled
primers was performed. Thus according to the
detected fluorescence, it could be distinguished
on the cellular level between affected cells stained
in yellow-green and the ‘healthy’ leukocytes in

Ž .red Fig. 16 .
The gene sequences were amplified after load-

ing PCR master mix containing fixed and perme-
abilized leukocytes into the fluid channel. After
PCR completion, the intracellular amplification,
i.e. the amplification products remain inside the
cell due to their size, was analyzed by a fluores-
cence microscope.

The described example for in cell application
offers for instance a tool for fast determination of
MDR1-mRNA positive cells in the whole blood
of leukemic patients for estimation of successful
therapies.

A similar basic approach was made by Wilding
Ž .et al. 1998 , when he performed a PCR with

white blood cells in a silicon chamber device after
the cells were isolated from the blood on a inte-
grated microfilter. However, the chip device was
not constructed with the aim of single cell analy-
sis and is therefore not suited for it.

Fig. 16. Photograph of a cell population of leukocytes, which
was subjected to in cell PCR, where a specific primed se-
quence is amplified inside the cell. Thereby, FITC-labeled

Ž .primers bright spot were incorporated into amplified
products. The background consists of cells with propidium

Ž .iodide stained DNA grey spots where no amplification oc-
curred.
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9. DNA detection by integrated analytic modules

From most of the miniaturized PCR devices
the sample must be manually transferred to an
analysis device, increasing the time needed for
the assay and the possibility of introducing exter-
nal contamination.

Integrated systems combining rapid thermocy-
cling with analysis modules such as for capillary
electrophoresis address the outlined problem
Ž .Jakeway et al., 2000 . Toward this goal, several
research groups have investigated the integration
of detection modules into the PCR device
Ž .Mastrangelo et al., 1998 . Therefore, the DNA
detection on the chip by an implemented optical

Ž .fiber was mentioned Woolley et al., 1998 . The
Ž .integration of capillary electrophoresis CE has

made considerable progress, since the CE belongs
to one of the first miniaturized biochemical

Žprocesses Woolley et al., 1996; Harrison et al.,
.1993; Waters et al., 1998 and an analyzer is now
Ž .available commercially www.agilent.com . Vari-

ous detection methods are used for on-chip de-
tection. Laser-induced fluorescence is the pre-
ferred detection method of DNA in microchan-
nels. Beside this technique, also other methods

Ž .such as chemiluminescence Hsueh et al., 1996
Žand electrochemical detection Woolley et al.,

.1998 are reported.
Currently we are investigating the integration

of a detection system with an additional module
for chip based separation in our chip design. To
our knowledge no integrated module for DNA
detection on a flow-through thermocycler-chip is
reported to date.

During the last years considerable effort has
been expended in developing �TAS devices on
the basis of microchamber thermocycling devices
with the aim of initiating the construction of

Žlab-on-a-chip devices Colyer et al., 1997; Lagally
.et al., 2000 .

10. Conclusions and prospects

As we have shown, the field of continuous
analysis in miniaturized devices offers an oppor-
tunity to discover and explore fundamental new

principles for biochemical processing, with the
potential to greatly improve the performance,
sensitivity, and cost of diagnostic procedures.

It could be demonstrated, that chip thermocy-
cler devices, which are fabricated in glass and
silicon and equipped with thin-film transducers
for temperature control are powerful tools for
rapid DNA amplifications due to their low ther-
mal mass.

Comparing continuous flow chip devices to
batch-process chip devices we notice advantages
as well as disadvantages on both sides. Therefore,
it would be greatly helpful for biomedical and
bioanalytical applications, e.g. diagnostics and
drug screening, and research on genomics and
proteomics to combine continuous flow and
batch-process devices.

Concerning PCR in chip devices, special atten-
tion must be paid to the conditions of the internal
surfaces. For miniaturized chip devices, surface
effects are generally pronounced due to the in-
creasing surface to volume ratio. On the basis of
an optimal thermal and fluidic design, surface
treatments and PCR processing, PCR results,
which are equivalent in yield and specificity to a
conventional thermocycler, can be achieved for
the flow-through thermocycler chip.

Miniaturized continuous flow and serial flow
DNA amplification are both very promising tech-
niques for nucleic acid analysis. The application
of the serial flow mode with a liquid�liquid two-
phase system enables a high-throughput of small
samples without cross-contaminations and es-
tablishes the feasibility of performing regular
screening assays for clinically relevant sequence.
The continuous flow amplification was demon-
strated to be especially effective using larger sam-
ple volumes of a few microliters. However, it
could not be proved to be consistently free of
cross-contaminations, a problem which was solved
by the introduction of the two-phase system.

The reliable operation of the flow-through chip
device in amplifying DNA was verified by various
amplification systems, and it was proven that
flow-through thermocycler chips are suited for
rapid �-PCR and are applicable to very different
templates. The amplification is efficient and highly
selective for all templates; even higher product
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selectivity of the chip thermocycler was found for
distinct amplification systems in comparison to
commercial thermal block devices. The time con-
sumption for amplification is low. Also power
consumption of the microchip is small, and the
device is capable of being integrated in battery
supplied portable compact analysis or diagnostic
systems.

A disposable microchip in plastics for continu-
ous flow was fabricated with relatively simple and
inexpensive methods by molding of PDMS using a
microfabricated master. Its application indicates
comparable results to the silicon�glass chip de-
vice.

In conclusion, it seems possible to integrate
several modules with complementary functions on
a single amplification chip and to equip the device
with all essential functions for automatic manage-
ment from the sample load to the final result in
order to introduce it into the clinical environ-
ment.

In our opinion, flow-through devices and sys-
tems will establish themselves as valuable tools in
the diagnostic laboratory and, because of their
potential for integrated sample handling and mul-
tiple sample processing, will greatly expand the
repertoire of nucleic acid analysis.
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