Miniaturized flow-through PCR with different template types
in a silicon chip thermocycler

Ivonne Schneegal,*2 Reiner Brautigamb and Johann Michael Kohlera

a|ngtitute for Physical High Technology (IPHT), Micro System Division, Department of
Biotechnical Micro Systems, Winzerlaer Str. 10, D-07745 Jena, Germany.
E-mail: schneegass@ipht-jena.de; Fax: +49 3641 206 399

b CLONDIAG chip technologies GmbH, Loebstedter Str. 105, D-07743 Jena, Germany

Received 30th April 2001, Accepted 6th July 2001
First published as an Advance Article on the web 9th August 2001

Flow-through chip thermocyclers can be used in miniaturized rapid polymerase chain reaction (PCR) despite their
high surface to volume ratio of samples. We demonstrated that a thermocycler made of silicon and glass chips and
containing thin film transducers for heating and temperature control can be adapted to the amplification of various

DNA templates of different sources and properties. Therefore, the concept of serial flow in aliquid/liquid
two-phase system was combined with a surface management of inner side walls of the microchannel and an
adaptation of PCR mixture composition. In addition, the process temperatures and the flow rates were optimized.
Thus, a synthetic template originating from investigations on nucleic acid evolution with 106 base pairs
[cooperative amplification of templates by cross hybridization (CATCH)], a house keeping gene with 379 base
pairs [glutaraldehyde 3-phosphate dehydrogenase (GAPDH)] and a zinc finger protein relevant in human
pathogenesis with 700 base pairs [Myc-interacting zinc finger protein-1, knock-out (Miz1-KO)] were amplified
successfully. In all three cases the selectivity of priming and amplification could be shown by gel electrophoresis.
The typical amplification time was 1 min per temperature cycle. So, the typical residence time of a sample volume
inside the 25 cycle device amounts to less then half an hour. The energy consumption of the PCR chip for a 35

min PCR process amounts to less than 0.012 kW h.

1. Introduction

The polymerase chain reaction (PCR) is a well-established
nucleotide amplification technique, which became one of the
most important techniques for genetic identification and gene
diagnostics during the last decade.l3 The method uses a
repeated temperature cycling involving three different tem-
peratures. This processis performed in thermocycler devices. A
selective doubling of concentration of a certain segment of
double stranded DNA during asingle amplification cycle can be
realized within about 4 min using a conventional thermocycler
device. Thistime can be further reduced by rapid thermocycling
leading to cycle times of about 1 min or less. Most of the
conventional cyclers require roughly 90 min to complete an
amplification. For application of thermocyclers in high-
throughput amplifications, e.g. of medical diagnostic, shorter
amplification timesarerequired. Therefore, faster thermocycler
devices are desirable.

Chip thermocyclers might fulfill thisdemand. They are being
developed in order to minimize the process time as well as
power consumption and required space.4~7 In addition, micro-
system technology opens the way to miniaturized complete
DNA analysis systems.8° Chip thermocyclers are realized in
severa types in the laboratory. Single chamber thermo-
cyclers>10-14 were prepared as well as array thermocyclers and
flow-through devices.15-17 With respect to the high temperature
during denaturation (typically 94 °C), free surfaces of the PCR
sample liquid must be avoided in order to prevent evaporation.
Thetransport of sampleliquid volumesinto thereaction site, the
thermocycling and the transport of products away from the
reaction site favors sealed arrangements for the handling of
small liquid volumes. This fact is an important reason for the
use of flow-through devices instead of stationary devices. A
second argument for a flow-through chip reactor is its
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independence from the need of fast temperature changes of the
device as usualy required for conventional thermocyclers. In
such flow-through devices only the temperature of the stream-
ing liquid is changed, whereas the temperature of the walls
remains constant in contrast to PCR chips working in a
stationary mode.

The temperature regime in chip thermocyclers is controlled
by well defined thermal transport between heating elements,
walls, sample and outer sphere heat sinks. Chip thermocyclers
made of silicon and glass are of interest, because of the very
different heat conductivity of both materials. Regions made of
silicon ensure a homogeneous local temperature distribution,
due to the very high thermal conductivity, while gaps in the
silicon and glassaswall material are used for thermal insulation
and for building-up high temperature gradients.

However, the application of chip thermocyclers and partic-
ularly of flow-through thermocyclersis difficult due to the low
compatibility of glass and silicon surfaces with the PCR
process.18 Although several different types of thermocycler
chips were prepared during the last few years, there are only a
few realized protocols. The application of chip thermocyclers
suffered from handling problems and particularly from the
chemical management of the surfaces. The properties of the
surfaces are particularly important in the application of chip
thermocyclers because the ratio of inner wall surfaces of micro-
chambers and channelsto sample volumeismuch higher thanin
conventional systems. The situation concerning the compatibil-
ity of surfaces is still more critical in case of microfluid
channels.

Beside the problem of surface compatibility, the dispersion of
concentration peaks, e.g. the templates of a sample, is a serious
problem for the application of PCR processes in microfluid
arrangements with the character of a flow-injection analysis
system. Therefore, we focused on a thermocycler construction
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and experimenta setup, which is capable of being used for a
liquid/liquid two-phase system, in which the interface tension
compensates dispersion effects of liquid transport in the micro-
channel. Here, the development of adapted PCR protocols and
the experimental arrangement for the application of a flow-
through Si/glass chip thermocycler for miniaturized rapid
amplification is reported. The high quality of amplification of
very different template types will be demonstrated for the three
amplification systems. CATCH, a synthetic system developed
for investigation of cooperative amplification of templates by
cross-hybridization; GAPDH, a gene encoding the glutar-
a dehyde 3-phosphate dehydrogenase; and Miz1-K O, encoding
a human zinc finger protein.

2. Experimental
2.1. Construction of chip thermocycler

The chip thermocycler consists of the reaction channel, etched
into aglass chip, and a cover chip made of silicon and equipped
with thin film platinum heaters and sensors for temperature
control. The glass channel with ameandering design guides the
reaction mixture through the three temperature zones. The chip
was designed with channel loops for 25 amplification cycles.
The extension zone was arranged in the chip center, the
denaturation and the annealing zone at the opposite sides (Fig.
1). The outer dimensions of the chip thermocycler are 26 mm x
50 mm. Syringe pumpswere used for the fluid transport through
the chip.

The thermocycler device was fabricated using standard
micromachining techniques as described previously.1617 The
flow channel wasisotropically etched into the glass chip (Fig. 2)
using a HF etchant and a micropatterned chromium film as etch
mask. Thefluid channel hasawidth of 0.25 mm, adepth of 0.10

«+—inlet

—»outlet

A —denaturation (95 °C)
B — primer extension (72 °C)
C —primer annealing (e.g. 58 °C)

Fig. 1 Schematic sketch of the fluid channel through the individual
temperature zones (A, B, C) of the flow-through thermocycler chip with
inlet and outlet. After theinlet, the channel crossesthe denaturation zone for
completeinitial denaturation of the DNA template. After the final cycle, an
additional extension zone is incorporated for complete synthesis of
amplification products. (schematically: 7 amplification cycles).

Fig. 2 Top-view of the flow-through thermocycler with the fluid channel
layout for 25 PCR-cycles and the individual temperature zones insulated by
thermal gap.

mm, alength of 1512 mm, and a total volume of 33 ul. Etched
channels into glass were preferred to channels in silicon,
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 regimein atwo-
phase-system with low sensitivity against disturbance such as
gas bubbles (Fig. 3).

Silicon wafers (100) were micropatterned using a SisN4
mask, whereas thermal gaps were etched anisotropically using
an orientati on-dependent NaOH etchant (Fig. 4). Thin platinum
films (0.2 wm thick) were deposited by sputtering and
microlithographically etched for the preparation of thermal
transducers, acting asresistive heaters and sensors. Three sensor
elements were integrated in each temperature zone for accurate
temperature control. The primer annealing zone was connected
to a cooling block to avoid overheating from the adjacent
temperature zones. No additional active heating elements were
necessary for the annealing zone. Contact pads for wire bonding
were made of sputtered thin aluminium films (Fig. 5).

The prepared chipswere 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.

180 pm

Fig. 3 Magnification of a glass channel section with dimensions as
followed: channel width: 250 um, channel depth: 100 um.
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Fig. 4 Part of the top view of the thermocycler chip with fluid channels and
inserted thermal gaps for insulation of the individual temperature zones
from each other.
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2.2. Sample handling and instrumentation arrangement

The PCR mixtureswere split into portionsand loaded in parallel
onto the flow-through amplification chip and the commercial
thermocycler device (Mastercycler gradient, Eppendorf-Neth-
eler-Hinz, Germany). In the commercia device, 0.2 ml thin-
wall reaction tubes were used for fast temperature distribu-
tion.

In both devices, we subjected the reactions to aunique initial
cycle of denaturation at 94 °C, followed by 25 cycles of
template denaturation at 94 °C, primer annedling a the
appropriate temperature depending on the PCR system, e.g.
58 °C, and extension at 72 °C. An additional final extension at
72 °C was also included. After completion of the amplification,
the samples were stored on ice or frozen at —20 °C until further
analysis.

For amplification of asingle sample, the mixture wasinjected
and transported across the flow-through chip by a syringe pump
(P-200 module, World Precision Instruments). The serial flow
mode was achieved by periodical injection of small sample
volumesinto a continuous carrier flow, which was generated by
a syringe pump. The sample injection was performed by a
precision syringe drive module (PSD/2, Hamilton) with inte-
grated valvefor automatic sample uptake and a connected three-
way selector valve with a sample loop (PR-750, Rheodyne). In
our arrangement a sample loop was incorporated instead of the
often used T-injectors. Thisloop holds sample volumes, loaded
by a separate syringe pump (PSD/2) and transfers them into the
carrier flow without disturbing it by switching the selector valve
and leading the flow through the sample loop. The usage of a

bonding
pads

Sensors

Fig. 5 Back-side view of the silicon chip of the flow-through thermocycler
with theintegrated Pt thin-film heater (wide structures) and thermal sensors
(fine structures).

chip with heaters and sensors

computer control for precise sample intervals supports the
development of an automated sample loading. Our instrumental
arrangement of the different modules for sample amplification
in a seria flow mode is shown in Fig. 6. This module
arrangement allowed a sample injection free of air bubbles.

2.3. Process control

The fluid movement was observed by a stereo microscope.
Temperature accuracy of the chip device was achieved by
calibration of the transducers using the interdependence of
resistance and the temperature, which was determined in a
precision thermal oven. The stability of temperature of the
individual temperature zones was +0.1 K during the amplifica-
tion process. The process temperature was controlled by an
analog electronic controller. We developed and wrote a
specially adapted software package, which communicates with
the syringe pumps for sample injection and transport of carrier
flow and checks the temperature progression and stability of the
temperature zones by using the thin film transducers. (Figs. 6
and 7).

2.4. Chemicals and materials

All chemicas for PCR amplification were purchased from
Qiagen (Taq PCR Core Kit). Tween 20, Trizma base, ethidium
bromide, and bovine serum albumin (BSA) were purchased
from Sigma. All syntheses of primers and of the template of the
synthetic PCR system CATCH were performed by MWG
(Germany).

2.5. Templates

In addition to the appropriate quantity of DNA template and
primer of each PCR system, the PCR amplification mixtures
contained 200 uM of each deoxynucleoside triphosphate,
1.5 mM MgCl, for CATCH and GAPDH, and 2.5 mM
MgCl,for Miz1-KO (Myc-interacting zinc finger protein-1,
knock-out), respectively, Tween 20 within therange of 1to 40%
(w/v), BSA within the range of 0.1 to 20 pg, 20% (v/v) of Q-
Solution (Qiagen), and 5 U Tag polymerase in Tris buffer, pH

sample loop
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Fig. 6 Schematic diagram of instrumentation for a serial flow mode of the flow-through PCR chip from the sample application to a manual analysis by gel

electrophoresis.
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8.0 in afina volume of 50 ul. The optimal concentration of
Tween 20 and BSA was investigated and determined for the
used amplification systems. The PCR mixtures were prepared
prior to the sample application. For each amplification a
maximum volume of 10 ul was applied.

2.5.1. Synthetic sequence (CATCH) The CATCH system, a
system for investigations of evolution in cooperatively coupled
amplification systems, is a completely synthetic PCR system.
Primers were 20 nucleotides long each and the template was
106 bp long; the sequences of the primer were: primer 1, 5'-
CCTCTGCAGACTACTATTAC-3; primer 2, 5-
CCTGAATTCTTGCTGTGACG-3'. Details of the system were
described previously.1920 The PCR amplification mixture
contained 17.5 ng template DNA and 0.25 uM of each primer.
The applied optimal annealing temperature was 40 °C.

2.5.2. GAPDH The target sequence of GAPDH, a house
keeping gene, was included in the amplification tests.2t A
mutant of genomic DNA served as template. Genomic DNA
was utilized as template for investigation of cross-contamina-
tion between samples during the seria flow. The used primer
sequences were: primer 1, 5-CCAGTGAGCTTCCCGTT-
CAGC-3; primer 2, 5-CCCATCACCATCTTCCAGGAGC-
3.

The amplification mixture with a final volume of 50 ul
contained 25 ng template DNA and 50 ug of each primer. An
optimal annealing temperature of 59 °C was determined.

2.5.3. Zincfinger protein For amplification of Miz1-KO, the
used template was a modified, extracted sequence of a knock-
out vector. Miz1-KO encodes a human zinc finger protein,
which plays arolein cell proliferation.22 The sequences of the
primerswere: primer 1, 5-GAGCCCAGAAAGCGAAGGAG-
3; primer 2, 5-GGGGATGGGGACTGGCAATGAAGA-
CAGC-3'. The PCR amplification mixture contained 10 nmol
template DNA and 50 pmol of each primer. The temperature of
52 °C was used for optimal primer annealing.

flow-through chip device  electronic control

(elements of one temp. zone) (of one temperature zone)

2.6. Product identification After completion of the PCR
reaction, the products were collected at the outlet and analyzed
by agarose gel electrophoresis using ethidium bromide as
fluorescent dye, a UV source and fluorescence filter in
conjunction with a CCD camera to photographically record the
DNA product bands.23 Agarose gels (2 to 4%) were prepared
using the casting technique of surface tension gels on small
glass plates for preparing thin gels with low sample loading
capacity and the ability to record sharp product bands. The
agarose gelsfor short products of approx. 100 bp were prepared
with high-resolution agarose (small fragments, Eurogentech)
and 1< TAE buffer, pH 8.023 in order to be able to detect sharp
bands. The gel electrophoresiswas carried out in agel chamber
(EasyCastTM-type B2, OWL, USA) according to the instruc-
tions of the manufacturer. A standard size ladder of known
DNA fragment sizes ($pX174 Hinc Il DNA Size Marker,
Advanced Biotechnologies Ltd, UK) served as marker for the
evaluation of the gels.

3. Results and discussion
3.1. Composition of amplification mixture

The CATCH system was selected first for amplification
experiments in the flow-through thermocycler. Then the other
two PCR systems were tested in order to prove a universal
applicability of the flow-through thermocycler chip. These
studies included variations of reactant composition and tem-
peratures, which were not all described here in detail.

The amplification products of the three PCR systems, which
were successfully amplified in the chip thermocycler, are
represented in Fig. 8. The product of CATCH corresponds to a
DNA fragment with alength of 106 bp, the GAPDH of 379 bp
and the Miz1-KO of 700 bp. We selected these amplification
systems, because the length of their products represents the
range of medically important and clinically relevant applica
tions of PCR.

temperature
Sensors
1 } | ™
2 ag]igﬁfriér\\ -3 electronic controller
5 - -
3 — 7
heater l|~t
PC
carrier flow pump AC ;:gné/ittarter DA :gné/iftarter
. - |RS232
SP200 e >1COM1
PAD16DAC4
sample pump
PSD2 [< RS2s2 @
sample loop software of PCR control
PR750 & 24TTL 1O

Fig. 7 Schematic of theindividual moduleswith electronic control and the temperature control circuit of the PCR chip device (exemplary for one temperature

Zone).
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3.2. Optimization of the chemical state of channel surfaces
and the effects of additives

The advantage of silicon as bottom material of the flow channel
is its very high thermal conductivity in comparison to the
plastics usualy used as materia of reaction tubes in conven-
tiona thermocycler devices. On the other side, the bio-
compatibility of native silicon is comparably low.

Therefore, in order to perform PCR in a silicon micro-
channel, special attention must be paid to the conditions of the
internal surfaces. For microreactors, surface effects are gen-
eraly pronounced because the surface to volumeratio increases
upon miniaturization.12

We examined possible surface treatments to passivate the
inner surface of the flow channel of the silicon-glasschiptofind
an inert surface compatible with PCR. Initial amplification tests
using silicon-glass powder indicated the inhibitory effect of the
untreated material. In Fig. 9 the influence of the addition of
silicon-glass powder in different quantities to a PCR mixture,
amplified in the commercial thermocycler, is shown. The DNA
amplification, here shown for the example of the CATCH
system, isstrongly affected by increasing quantities of untreated
powder. The bands of amplification products disappeared by
increasing the material addition, therefore we assumed a
possible adsorptive effect of the material on the basis of
hydroxyl groups formed at the surface of the oxidized material.
A treatment of the material with a silanizing agent such as
hexamethyldisilazane (HMDS) before the addition to the
amplification mixture indicated the positive effect of a hydro-
phobic material surface to the amplification. In spite of
increasing the added amount of material powder, the product
signal did not decline significantly. This result agrees with
results obtained by Lao et al., who found an enhanced
amplification by silanizing the reactor.24

bp
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Fig. 8 PCR products of three different PCR systems amplified in the flow-
through PCR chip. Product detection was performed in agarose gel (3%);
M—marker, lane 1—CATCH, lane 2—GAPDH, lane 3—Miz1-KO.
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Fig. 9 PCR amplification of the CATCH system in a commercia
thermocycler, affected by the addition of glass-silicon powder in different
quantities, untreated (lane 2 to 4) and treated with hexamethyldisilazane
(HMDS) (lane 5 to 7) to afinal volume of 25 ul in comparison to a control
without material addition (lane 1). The effect of the addition isdemonstrated
in the following order: 0.8 mg (lane 2), 1.9 mg (lane 3), 3.3 mg (lane 4), 0.9
mg (lane 5), 1.9 mg (lane 6), 3.2 mg (lane 7). M—marker.
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Beside this materia treatment of the inner channel surface,
severa additives were included into the amplification mixture
to minimize negative surface effects. We found BSA to be very
effective in preventing surface denaturation of polymerase on
glass capillary surfaces, in agreement with previous work.2s
Thefinal concentration of 5ug ul—1 BSA was determined to be
optimal for amplification of the investigated PCR systems.
Smaller amounts were found to be less effective and have
resulted in lower product yields and weaker product bands
respectively, aswell aslarger amounts of BSA which alsoled to
decreased signals, probably on the basis of reduced mobility of
the enzyme and limitations of diffusion. The surfactant
Tween 20, which acts in relaxing the surface-tension of
solutions and is often used in protocols of protein and nucleic
acid handling, served as a dispersant, emulsifier and solubilizer
in protecting the enzyme. A final concentration of up to 10%
Tween in the amplification mixtures showed an enhanced
amplification efficiency in comparison to the addition of
smaller or larger quantities, where weaker signals were found.

The obvious effect of the surface on the enzyme was
demonstrated by amplification of the PCR mixture in an
untreated thermocycler chip. No amplification was observed,
but the subsequent addition of polymerase to this sample
resulted in a strong product signa after amplification in the
commercial thermocycler. The resulting signal intensity was
adequate to the product yield of the sample, which was directly
amplified as a control in the commercial thermocycler . Thisis
shown for the example of GAPDH in Fig. 10. Severa tests
revealed that no significant effect of the surface appeared on the
nucleotides, but on the protein component of the mixture, e.g.
by adsorption. So, the absence of asignal after amplification in
the untreated chip and the reappearance of the signal after
polymerase addition provided strong evidence for the influence
of the surface on the polymerase activity and the requirement of
thorough surface treatment for efficient amplificationin silicon-
glass chip devices. Therefore, al chips were silanized after
assembly prior to the first usage. The fluid channel was filled
with the silanizing agent and incubated for 30 min at room
temperature, followed by a drying step with nitrogen. Then the
chip was flushed for 10 min with aflow rate of 3 ul min—1 with
a solution consisting of the corresponding concentration of the
additives BSA and Tween 20 and the amplification mixture,
without DNA template, primer and polymerase enzyme. After
that treatment the chips were ready to use and showed
reproducible amplification results as proved by the application
of asample divided into small volumes, which were processed
successively and analyzed by electrophoresis.

bp
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Fig. 10 Influence of the flow channel surface on the Taq polymerase. PCR
amplification of the GAPDH system in an untreated flow-through
thermocycler (lane 2) in comparison to the commercial thermocycler (lane
1). After supplement of additional polymerase to the sample from the chip
device, the signa yield of the commercia cycler was achieved with this
sample, amplified in the commercia cycler (lane 3). M—marker.



3.3. The temperature protocol and the optimization of
flow rates

The flow-through thermocycler chip depends no longer on the
temperature to time protocol required of most of the commercial
cyclers, but only on a temperature to channel length protocol.
The residence time of the PCR reaction mixture within the
appropriate reaction zone only depends on the length of the
channel, the cross-section of the channel and the applied flow
rate of the reaction mixture within the reactor channel.

The influence of the flow rate on the amplification efficiency
wasinvestigated in order to minimize the demand of timefor the
whole amplification procedure. In Fig. 11 the effect of different
flow rates on the signal intensity, i.e. the amplification yield, is
shown. For the investigated systems, an optimal flow rate of
1 ul min—1was determined, which represented atotal procedure
time of about 35 min for 25 cycles. The decrease of the flow rate
down to 0.5 uml min—1 |ed to adecrease of the signal intensity.
Weattribute thisto the extended stay of the polymerase enzyme
at high temperatures such as 94 °C in the denaturation zone,
which may inactivate the enzyme resulting in lower amplifica-
tion yields over time. Increasing the flow rate up to 2.0 ul
min—1, thesignal intensity continuously declined indicating that
the amplification process requires a certain time for its
completion. The period of one PCR process depends on the
synthesis rate of the polymerase enzyme and the diffusion
time.2> Due to the small channel cross section, the diffusion
time is amost negligible, therefore the flow rate can theoret-
icaly be adjusted up to the synthesis rate of the enzyme.
Wittwer et al.25 optimized PCR temperature and cycle times of
their microchamber device and found that they could improve
product specificity significantly, while decreasing the required
amplification time in comparison to conventional standard heat
block instruments. The amplification of our 106 bp CATCH
fragment was performed only slightly slower than the fastest
amplification reported by Kopp et al.,2> who were the first to
refer to the successful rapid amplification in a continuous flow
chip thermocycler. They described the 20-cycle amplification of
a 176 bp DNA fragment at various flow rates, resulting in
reaction times of 1.5 to 18.8 min, i.e. 4.2 sup to about 56 s per
cycle, whereas only the longer cycling times resulted in product
yields comparable to those of a conventional cycler device. We
performed in our flow-through thermocycler a25-cycle amplifi-
cation of a 379 bp GAPDH fragment from genomic DNA in a
total reaction time of 35 min using the optimal flow rate of 1 ul
mi—1, i.e. 84 s per cycle, and found significant product
amplification using aflow rate of 2ul min—1,i.e. 42 sper cycle.
We suppose that a further reduction of the total procedure time
is possible by careful adaptation of the flow rate to appropriate
amplification product lengths.

405 — —
393_ . c—
341- —
205- =—
160- -
79-
M 1 2 3 4

Fig. 11 Influence of the flow rate of the amplification mixture within the
fluid channel on the amplification efficiency, illustrated by the example of
GAPDH. Theyield of the amplified products at 0.5 ul min—1 (lane 1), 1.0
ul min—1 (lane 2), 1.5 ul min—1 (lane 3), and 2.0 ul min—1 (lane 4) is
demonstrated in an agarose gel (3%). M—marker.

3.4. Liquid/liquid two-phase system

Mineral oil, which was used sometimes in thermocyclers for
overlaying of samplesto prevent evaporation, was applied to the
flow-through thermocycler to generate a liquid two-phase
system. For generating a continuous carrier stream, the oil
emerged as optimal because of its compatibility with the PCR
process. For this purpose a syringe pump was used to create a
precise flow of mineral oil through the cycling chip (P200
pump, see Fig. 6). In addition to the surface treatment of the chip
device and the supplement of BSA and Tween, the usage of
minera oil presented a good combination for efficient amplifi-
cation of DNA in the chip device. As shown in Fig. 12 for the
example of GAPDH, the flow-through thermocycler chip
generated a product signal with adequate yield and specificity
compared to the sample of the commercia thermocycler.

3.5. Realization and optimization of serial flow

For realization and optimization of the serial flow, a specific
template pair of the GAPDH amplification system was utilized.
One of the templates was the wildtype with alonger amplified
product (460 bp). The other template was modified and the
amplification resulted in a shorter product (379 bp) due to an
excision. The application of the different templates, but the
same primer pairs and amplification condition resulted in
products with different length, which can be clearly distin-
guished in the gel. On this basis, both systems were used to
investigate cross-contaminations between samples in serial
flow. For this aim both templates were applied to the
amplification in the chip device, whereas the template for the
longer product (460 bp) was injected first followed by the
shorter (379 bp) and again by the longer product. In the case of
cross-contaminations the second sample should show an
additional band of 460 bp besides its main product band of
379 bp, and the third sample should also have an addition signal.
As an interesting result, by using the liquid/liquid two-phase
system of sample and mineral oil no amplification attributed to
cross-contaminations have been detected so far, athough the
reactions were carried out one after another without additional
rinsing meanwhile (Fig. 13). Thus, establishing the more
sophisticated two-phase system, we upgraded and improved our
earlier experimental arrangements, which were created on the
basis of an unsegmented flow of the different samplesin an one-
phase system, where we could not prevent cross-contamination
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Fig. 12 PCR products of GAPDH. Comparison of amplification efficiency
(signal intensity) and specificity of the amplified product of theinvestigated
system between a conventional thermocycler (lane 1) and the flow-through
chip device (lane 2). M—marker.
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between the samples.1” The volume ratio of sample to mineral
il as carrier medium which enables an amplification without
cross-contamination could be determined to be 1:0.8. Thusin
1 h about 50 samples with a volume of 1 ul can be amplified.

3.6. Product evaluation and per spectives of product
analysis system

Comparing the amplification results of the conventional
thermocycler and the flow-through thermocycler chip in more
profounded analyses, we observed, that the product bands of the
chip thermocycler often appeared more clear and without the
blurring of the product bands due to a small quantity of
unspecific by-products as observed in samples of the conven-
tiona cycler (Fig. 12). Therefore we conclude that the flow-
through thermocycler has the capacity for higher temperature-
dependent product specificity than the conventiona
thermocycler, due to its faster temperature transitions between
the individua temperature zones.

For more convenient product detection, the direct coupling of
the device to sensitive analytical systems is feasible, and
conventional parts for e.g. fluorescence detection of DNA are
available.26-29 The use of other detection systems than agarose
gel electrophoresis, eg. online fluorescence detection by
photodiodes, may eliminate the need to remove the samples
from the chip. The integration of such a detector with an
additional module for chip-based separation in our chip design
is currently under investigation. As a result, the creation of a
complete lab-on-the-chip analytical chip device for DNA
amplification is expected.

4. Conclusions

In conclusion, we have demonstrated successful DNA amplifi-
cation in a microfabricated silicon-glass chip thermocycler.
Optimal thermal and chip design, surface treatment and PCR
processing resulted in equivaent performance in yield and
specificity for the silicon-glass flow-through thermocycler chip
as compared to reactions in polypropylene tubes of a conven-
tional thermocycler.

We have shown by the example of three different amplifica-
tion systems that the described flow-through thermocycler chip
was suited for u-PCR and is applicable to very different
templates. The amplification was efficient and highly selective
for al templates, even higher product selectivity of the chip
thermocycler was detected for some amplification systems by
generation of faster temperature transitions between the tem-

bp
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Fig. 13 Products of the GAPDH amplification system in agarose gel (3%).
Inlane 1 the product of the amplification with amodified templateis shown,
and inlane 2 the amplification using the wildtype template. The productsare
clearly distinguished in the gel from each other. Because the same primer
pairs and amplification condition are used for both templates, this system
waswell suited for investigations of cross-contaminations between samples
in seria flow. M—marker.
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perature zones in comparison to the commercia thermal block
devices. The time demand for amplification was low corre-
sponding to the miniaturization of the device, the choice of
material and the optimized layout of the device.

Wefound the minera oil to bewell suited as separation liquid
for serial flow; no inhibition effects were observed in the
microsystem despite the high surface to volume ratio. A
continuous flow PCR was performed as well as a serial flow.
The application of the serial flow modus enables a high-
throughput of samples and establishes the feasibility of
performing regular screening assays for clinicaly relevant
sequences. In the case of 1 ul samples, 50 samples h—1 in one
microchannel were available for amplification. The electrical
power consumption of the microchip issmall, and therefore, the
device could be integrated in battery supplied portable compact
analysis or diagnostic systems.

The described kind of chip design provides an excellent set of
possibilitiesfor practical application. The flow-through thermo-
cyclers with constant ratio of residence times in the different
temperature zones can be applied for different analytical
problems. The demonstrated layout alows in principle ap-
proaches in the various field of biochemical thermoregulated
processes for a new generation of microstructured chip devices
for automated lab-on-a-chip strategies.
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