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Abstract A parallel-processing four-station polymerase
chain reaction (PCR) device has been developed, which per-
forms continuous-flow PCR without optimization of the an-
nealing temperature. Since the annealing temperature of each
station can be controlled independently, the device covers an
annealing temperature range of 50-68 °C, which is wide
enough to perform PCR for any DNA fragment regardless
of its optimum annealing condition. This arrangement lets us
continuously obtain an amplified amount of a DNA fragment
at least from one of the stations. The device consists of four
identical cylindrical stations (diameter 20 mm, height 55 mm).
A polytetrafluoroethylene capillary reactor (length 2 m, 1.D.
100 um, O.D. 400 pum) is wound helically up around each
station. The whole assembly is designed to minimize the num-
ber of heating blocks (for providing temperatures of denatur-
ation, annealing, and extension) to be seven and to shape a
compact cube (height 55 mm, base 60 mm x 60 mm). The
reproducibility for continuous-flow PCR is reasonably high
(run-to-run and station-to-station relative standard deviation
of their amplification is lower than 6 % and about 4 %, respec-
tively). Performance on the optimization-free DNA amplifica-
tion has been evaluated with four DNA samples with different
annealing conditions and product sizes (323, 608, 828, and
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1101 bp), which has demonstrated that in all cases, PCR is
successful at least on one station. In addition, three DNA
fragments with different lengths (323, 1101, and 2836 bp)
have been successfully amplified in a segmented-flow mode
without the carry-over contamination between segments. This
result suggests that this device could serve as the PCR module
of a continuous-flow high-throughput on-line total DNA anal-
ysis system integrating all necessary modules from cell lysis/
DNA extraction to PCR product analysis.
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Introduction

Since the introduction of polymerase chain reaction (PCR) in
mid-1980s, it has become one of the most useful and versatile
processes in biological science, and revolutionized a variety of
fields including diagnostics of bacterial/viral infections and
hereditary diseases, forensic science, biodefense, etc [1-5].
As the application area of PCR technology has expanded be-
yond laboratorial territory, there have been great interests and
efforts in developing miniaturized PCR devices with merits
for on-site analysis, such as small dimensions, minimal re-
agent consumption, rapid amplification, and low fabrication
cost [6, 7]. Miniaturized PCR devices fall into two categories:
stationary and continuous-flow types. In the stationary type,
the mode of thermal cycling is similar to that generally
employed in conventional benchtop PCR machines. The
PCR solution is kept stationary in a microwell or
microchamber, and then the whole device is heated and cooled
to make the repetitive cycle of the three temperatures for de-
naturation, annealing, and extension [8—12]. This thermal
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cycling mode, however, causes delay in the temperature re-
sponse of the solution because of the large thermal mass of the
device itself. In the continuous-flow type, the PCR solution
flows through a microchannel or capillary reactor designed for
the solution to contact with the three fixed-temperature
heating zones in sequence and to be subject to repetitive ther-
mal cycling [13—19]. Since such a reactor of minimal cross-
sectional area secures rapid thermal equilibrium of the solu-
tion with external heating zones, the time per cycle can be
greatly shortened to perform fast DNA amplification. This
continuous-flow microfluidic platform, in addition, has great
potential to be the basis of a micro total DNA analysis system
where other functionalities, for example, sample pretreatment
(cell lysis and DNA preparation) and PCR product analysis
are integrated along with PCR amplification [20-22].

PCR is a very efficient process because it can synthesize
microgram levels of DNA even from a single DNA template
under optimum conditions [23]. However, a number of vari-
ables should be considered in the optimization of PCR. The
annealing temperature is one of primary factors. If the anneal-
ing temperature is too low, non-specific DNA fragments can
be amplified, but when the annealing temperature is too high,
the yield of the PCR product is decreased due to poor anneal-
ing of the primer pair [23]. Therefore, prior to obtaining an
amplified amount of a DNA fragment, gradient PCR at the
annealing temperature range of 50—65 °C is usually performed
to find the optimum annealing temperature. Although com-
mercial gradient PCR machines can generate a temperature
gradient up to 12 different annealing temperatures spanning
a range of 20 °C and show good performance, the PCR pro-
cess usually takes about 2 h for 30 cycles; most of the reaction
time is spent on heating and cooling during the reaction be-
cause of large thermal mass. In addition, these machines are
too expensive, bulky, and energy intensive, making them hard
to bring PCR to on-site analysis. Unfortunately, little attention
has been paid to the development of miniaturized PCR device
capable of carrying out parallel DNA amplifications at differ-
ent annealing temperatures for expeditious optimization of the
PCR condition. Recently, Da Xing group has demonstrated
gradient PCR on a microfluidic device [24]. A nonlinear tem-
perature gradient is made on a single copper plate, and three
circular polytetrafluoroethylene (PTFE) tubes are partly em-
bedded at two zones on the grooved plate so that a PCR
solution in each tube can pass the two zones (hot (90-97 °C)
and cool (6070 °C) zones) alternatively. Although they have
demonstrated three parallel PCR amplifications using the
same DNA fragment of a 112 bp at different annealing tem-
peratures ranging from 60 to 68 °C, still important challenges
remain such as dealing with a large number of samples for
high-performance DNA analysis system.

In this study, we present a cube-shaped compact four-
station PCR device that provides independent temperature
settings for annealing at each station. On this multi-station
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device, continuous-flow PCR of DNA samples is carried out
without optimizing the annealing temperature because four
different settings of annealing temperatures cover the common
annealing-temperature range (50—-65 °C), and therefore the
amplified amount of the predesignated DNA fragment is con-
tinuously obtained at least from one station without non-
specific PCR products. This optimization-free merit can be
also applied to the segmented-flow mode for high-
throughput DNA analysis. We have demonstrated the
segmented-flow PCR of different DNA samples on the same
station without carry-over contamination. To the best of our
knowledge, this is the first report about miniaturized
continuous-flow PCR device capable of carrying out parallel
DNA amplifications at different annealing temperatures that
are operated independently of each other.

Materials and methods
Reagents

The PCR reagents including 7ag DNA polymerase 10x reac-
tion buffer (500 mM KCl, 100 mM Tris-HCI (pH 9.0 at
25 °C), and 1 % Triton® X-100), MgCl, (25 mM), dNTPs
mixture (10 mM each of dATP, dGTP, dCTP, and dTTP in
water), and Taq polymerase (5 units/uL) were purchased from
Promega (Madison, WI) as a part of the PCR Core System II
kit. Table 1 shows a list of primer sets for amplifying five
DNA fragments of different sizes. The sets were synthesized
by Bioneer (Daejeon, Korea). The template DNA for 323-bp
PCR was obtained from Promega (positive control plasmid
DNA, 1 ng/uL in TE buffer (pH 7.4)), and those for PCR of
the rest four from Takara ($X174 RF I DNA (0.5 pg/uL),
Otsu, Japan). A DNA size marker was purchased from
Takara (9X174-Hae III digest), and Gel Red™ dye was ob-
tained from Biotium (Hayward, CA). Ultrapure DI water pro-
duced from a Milli-Q System (Millipore, Billerica, MA) was
autoclaved (SP510, Yamato, Tokyo, Japan) and then used in
all experiments.

Construction of the continuous-flow multi-station PCR
device

The multi-station PCR device has four cylindrical stations that
can have different annealing temperatures, respectively. The
stations are assembled into a compact cube-shaped device
(60 mm x 60 mm x 55 mm in height). Figure 1a shows the
arrangement of heating blocks for four-station thermal cy-
cling. The blocks are made of oxygen-free copper to assure
good thermal conduction. Each station has an independent
annealing block, two stations share one extension block, and
there is one denaturation block common to all stations. As a
total, the device has seven heating blocks. All blocks except
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Table 1 Sequences of primers
and PCR products size Primer Sequence (5' — 3') PCR product size (bp)
a Forward GCCATTCTCACCGGATTCAGTCGTC 323
Reverse AGCCGCCGTCCCGTCAAGTCAG
b Forward AGCGTGCTGGTG 608
Reverse CATCATGGCGACCATTCA
c Forward AGGCTCTAATGTTCCTAACCCTGA 828
Reverse AATCCTGACGGTTATTTCCTAGAC
d Forward ATGGTTCGTTCTTATTACCCTTCTG 1101
Reverse GTTCCATTCTTTAGCTCCTAGACCTTT
e Forward AGGCTCTAATGTTCCTAACCCTGA 2836

Reverse AATCCTGACGGTTATTTCCTA

the one for denaturation are thermostated by using a pair of a
heater cartridge (3 mm in diameter and 50 mm in length;
Watlow, Richmond, IL) and a temperature sensor (1 mm in
diameter and 50 mm in length; Watlow, Richmond, IL) that
are connected to a temperature controller (DX4-KCSNR,
Hanyoung Nux, Incheon, South Korea). Since the denatur-
ation block has thin and long shape with large surface area,
two heater/sensor pairs are used to achieve a homogeneous
temperature distribution (Fig. 1¢). A 2-m-long PTFE capillary
(100 pm 1.D. and 400 um O.D.; EJ-06417-72, Cole-Parmer,
Vernon Hills, IL) coils helically, with 30 turns at a fixed pitch
per turn of helix, up around each 20-mm-diameter cylindrical
structure assembled from an annealing copper block and a
plastic thermal insulator block. The PTFE capillary reactor,
whose net length without the inlet and outlet parts is 1 m, sits
into grooves (400-um width and 400-pm depth) formed on
the surface of the cylindrical assembly. With arranging heating
blocks and plastic thermal insulator, and winding capillaries as
shown in Fig. 1a, thermal cycling for DNA amplification can
be run repetitively in the sequence of denaturation, annealing,
and extension. The contact lengths of a wound capillary with
heating blocks in each cycle are 10 mm, 10 mm, and 20 mm
for denaturation, annealing, and extension, respectively.
Thermal isolation of each heating block is secured. Each an-
nealing block, in particular, should be well isolated from the
higher-temperature denaturation and extension blocks. It is
accomplished by making a convective air space in between

Fig. 1 a Scheme of a continuous-flow multi-station PCR device (4 an-
nealing block, £ extension block, D denaturation block, / insulator, S
station). The arrows indicate flow directions of PCR mixture solution.
b, ¢ Photographic images of a continuous-flow multi-station PCR device.

(Fig. 1c). The heat loss from the outer surface of the annealing
block is minimized by covering the surface with a thick cop-
per plate (Fig. 1b).

Multi-station PCR

The PTFE capillaries are washed with ethanol and DI water
before and after use. PCR mixtures are prepared just before
running PCR as follows: the PCR mixture for the 323-bp
DNA amplification contained master mix (1x MgCl,-free po-
lymerase buffer, 1.5 mM MgCl,, 0.2 mM of dNTPs mix, 1
unit 7ag polymerase), 1 pM of forward and reverse primers,
and 20 pg/uL of positive control plasmid DNA as a template.
In the cases of the other DNA samples (1101, 828, and
608 bp), 0.5 uM of forward and reverse primers and 20 pg/
pL of X174 RFI DNA as a template were used with the same
master mix. When running a multi-station PCR, 20-pL of the
same PCR mixture is introduced into the upper end of each
capillary mounted on the device. Denaturation and extension
temperatures are common to all stations: 92 and 72 °C, re-
spectively. Four different annealing temperatures are set on
four stations, respectively, so as to span 15° with 5 °C differ-
ences between two adjacent stations: for example, 50, 55, 60,
and 65 °C. The flow rate of PCR mixture solution through a
capillary reactor, which varies with the length of a DNA frag-
ment to be amplified, ranges from 0.2 to 3.0 pL/min. Four

.

sensor

The annealing blocks are covered with copper plates to protect PCR
mixture solution in the PTFE capillary from air cooling. Each heating
block has holes for heat cartridges and temperature sensors
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PCR product solutions coming out of the lower ends of cap-
illaries are collected and analyzed by agarose gel electropho-
resis. The performance of our multi-station PCR system has
been compared with that of a commercial PCR machine (T
Professional, Biometra, Gottingen, Germany) under the same
experimental conditions.

Segmented-flow PCR

To establish segmented-flow PCR of different DNA samples
on our continuous PCR device, checking of carry-over con-
tamination in a capillary reactor should be preceded. Two
5-uL segments of the 323-bp PCR mixture (positive control)
and negative controls mixture (containing all reagents in the
PCR mixture but 7aq polymerase (negative control A), the
template DNA (negative control B), or the primer pair (nega-
tive control C)) are sequentially injected onto a hydrophobic
carrier fluid of perfluorodecalin (Acros Organics, Geel,
Belgium) using an HPLC injection valve (77251, Rheodyne,
Rohnert Park, CA) equipped with a 5-puL sample loop. This
mode of injection lets a 2-uL perfluorodecalin segment inter-
vene between two 5-pL aqueous segments without forming
any air bubbles in the flow. Checking of carry-over contami-
nation is made by analyzing all of the negative control seg-
ments by agarose gel electrophoresis after PCR. For negative
controls contaminated by the preceding positive control, a
5-uL segment of washing solution (1% gel loading buffer,
Takara) is interposed between the two segments in order to
see that the washing solution can effectively rinse out the
DNA or protein molecules adsorbed on the inner surface of
the capillary reactor. Temperatures for thermal cycling are 92,
55, and 72 °C for denaturation, annealing, and extension, re-
spectively, and the flow rate is 3.0 pL/min.

The PCR mixtures containing different templates and
primers for amplifying 2836-, 1101-, and 323-bp fragments
are sequentially injected with the same volume (5 pL) at reg-
ular intervals. The PCR segments are separated by a group of
three segments in the sequence of 2-uL perfluorodecalin,
5-uL washing solution, and 2-uL perfluorodecalin. PCR am-
plifications in this segmented-flow mode are performed at a
flow rate of 0.2 puL/min and 92-55-72 °C for denaturation-
annealing-extension.

Results and discussion

Continuous-flow multi-station PCR device

We have developed a continuous-flow PCR device with four
cylindrical stations, where PCR can be run in parallel at four
different annealing temperatures. The design of this capillary-

based device is based on the cylindrical single-station PCR
device reported previously [25]. The single-station device is
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comprised of three thermostating metal blocks and a fused-
silica capillary reactor coiled helically on the cylindrical
heating block assembly. Since the single-station device is set
at an annealing temperature during PCR thermal cycling, the
PCR amplification using this device will be successful only
for samples with known optimal annealing temperatures.
Thus, the process for finding an optimal annealing tempera-
ture, such as gradient PCR, should precede PCR amplification
on this device. With our multi-station device, on the other
hand, parallel-processing PCR can be carried out at four dif-
ferent annealing temperatures so that the range could cover
optimal annealing temperatures of most DNA samples. If we
make a 5 °C gap between adjacent temperatures, the four
temperatures can span a 15 °C range, for example, 50—
65 °C. It is, therefore, expected that this arrangement will
allow successful PCR at least on one station.

Our continuous-flow multi-station PCR device has three
characteristic features in its design. Firstly, although the de-
vice has four, independent PCR thermal cyclers, the assembly
is so compact that the device could be developed to be a
portable system. The compact cube-shaped assembly
(60 mm x 60 mm x 55 mm in width, length, and height) is
realized by minimizing the number of heating blocks that
needs to carry out parallel PCR amplification with different
annealing temperatures. The assembly has only seven heating
blocks: four for annealing, two for extension, and one for
denaturation step. Each cylindrical station whose diameter is
only 20 mm is positioned at each corner of the square plane
(Fig. 1a). Secondly, the annealing blocks are thermally well
isolated from nearby high-temperature extension and denatur-
ation blocks by allowing convective air cooling all around
each annealing block (Fig. 1c). Lastly, efficient thermal equi-
librium between the capillary reactor and heating blocks is
secured by sitting the capillary into fitted grooves on the sur-
face of each cylindrical station, and by letting the capillary
regions contacting with heating blocks not be exposed to the
ambient air.

The surface temperature distribution of the PCR device has
been measured by an infrared (IR) camera (P620, FLIR
Systems, Inc., Wilsonville, OR) (see Electronic
Supplementary Material (ESM), Fig. S1). Fifteen points from
each heating block are selected, and temperatures are evaluat-
ed using and image analyzer (Tools, FLIR Systems, Inc.,
Wilsonville, OR). The standard deviations of measured tem-
peratures from each heating zone are within +0.2 °C (relative
standard deviation (RSD) <0.21 %, n = 15). To check the tem-
perature uniformity of heating blocks, we specified three areas
(boxes 1, ii, and iii in ESM Fig. S1a) from each heating block
and analyzed all spots’ temperatures in the boxes. The surface
temperatures of the three areas representing for denaturation,
annealing, and extension block, respectively, are 91.6 0.2 °C
(0.23 % RSD, n=4255), 55.2+0.2 °C (0.30 % RSD,
n=3565), and 72.0+0.2 °C (0.26 % RSD, n=4255),
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indicating that a homogeneous temperature distribution is
nearly achieved throughout the copper blocks. The surface
temperatures of each heating block are also measured by using
a thermocouple having small flat probe, and the result corre-
sponds with that of IR camera (ESM Fig. Slc).

Multi-station PCR

Performance of our multi-station PCR device has been
checked by running PCR amplifications for four DNA sam-
ples with different annealing conditions and PCR product
sizes (Table 1 (a—d)), and then comparing its amplification
yield with that of a commercial, batch-mode PCR machine
under the same experimental conditions. The annealing tem-
peratures of four stations are set with a 5 °C regular interval
between two adjacent stations, so that the device can span an
annealing temperature range of 15 °C (50 °C/55 °C/60 °C/
65 °C or 53 °C/58 °C/63 °C/68 °C). The range is adjusted to
cover optimal annealing temperatures used in most PCRs in
biological or clinical fields. Figure 2 shows agarose gel elec-
trophoresis results of four DNA fragments (323, 1101, 828,
and 608 bp) amplified in the commercial batch system and the
continuous-flow multi-station one at four different annealing
temperatures. Fluorescence intensity of each DNA band is
evaluated with image analysis software (ImageJ, NIH), where
relative differences between two PCR systems are below 8 %
except for 608-bp DNA fragment in Fig. 2d (see ESM
Table S1). It is noted that results from our device are almost
equal to those from the commercial one, which demonstrates
that the PCR yield of our device is comparable to that of
commercial one in a wide range of sample and annealing
conditions.

In Fig. 2, different DNA samples show very different
PCR behaviors at the set temperatures for annealing. The
323-bp DNA fragment is amplified without any non-
specific DNA band in the whole range of annealing tem-
peratures (Fig. 2a) while the optimal annealing temperatures
of samples having longer PCR products fall in specific
ranges: 53—63 and 53-58 °C for the 1101 bp and 828 bp
DNA fragments, respectively (Fig. 2b, c). In the case of the
DNA sample for amplifying 608-bp fragment, the optimal
annealing temperature range is so narrow that amplification

a
M1M2 M3 M4

S182 S384 M1 M2 M3M4

Fig.2 Agarose gel electropherograms of amplified DNA fragments from
a commercialized PCR machine and a continuous-flow multi-station PCR
device at different annealing temperatures (M commercialized PCR ma-
chine, S stations of the continuous-flow multi-station PCR device). Panels

C
S1 .82 83 sS4 M1 M2 M3M4

of 608-bp product is dominant only on a single station
(Fig. 2d). Undesired DNA fragments are amplified below
this temperature due to non-specific bindings of primers to
the template DNA. We assume that the intensity difference
of the DNA bands between M1 and S1 in Fig. 2d is caused
by the slight temperature difference in the solution. The
temperature profile of the reaction solution in our
continuous-flow type device would be different from that
of benchtop device which the reaction solution does not
move. Even though temperatures of heating blocks are set
at the same value, the difference in temperature profiles
between the flowing and non-flowing liquid arises [26].
In addition, exposed cooling region of the capillary can
also affect the temperature profile, because the whole de-
vice is not completely insulated from the ambient environ-
ment. For the delicate sample having very narrow optimal
annealing temperature range, close attention to maintain
constant environmental condition may be necessary.

The results in Fig. 2 indicate that when this four-station
PCR device is employed, most of PCR would be successful
at least on one station. Since our device is based on the use of a
capillary reactor, it would be well coupled with microchip-
based DNA analyzers [27, 28] that use only minimal amounts
of DNA samples and is featured by rapid analysis. Therefore,
it would be not difficult, by using a proper microchip analyzer,
to check which station is the most successful in amplifying the
desired DNA fragment for a DNA sample. On checking, all
but the best station are turned off, and then we can continu-
ously obtain the desired DNA fragment from our device as
much as we want. In this preparation mode of PCR, we do not
need a separate step for determining the optimal annealing
temperature for a DNA sample, like gradient PCR, prior to
amplification of the desired DNA fragment.

The flow rate of the PCR mixture solution through the
capillary reactor varies with the size of the DNA fragment to
be amplified: 3 uL/min for 323 bp DNA, 0.3 pL/min for
608 bp DNA, and 0.2 puL/min for 828, 1101, and 2836 bp
DNA. The residence times of a PCR mixture on the three
heating blocks of denaturation, annealing, and extension are
2,2, and 4 s, respectively, at the rate of 3 uL/min. It is known
that an extension rate of 7ag polymerase is up to 100
nucleotides/s [29]. The 4-s residence on the extension block

S1 S2 83 S4 M1 M2 M3 M4

S182 S3 84

(a—c) represent the amplifying results of DNA fragments with length 323,
1101, and 828 bp at 53, 58, 63, 68 °C for annealing, and panel (d) is for
608 bp of DNA fragment at 50, 55, 60, and 65 °C for annealing
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for amplifying 323-bp fragment, therefore, is matched with
the polymerization rate. However, we need, in general,
1 min to extend a DNA strand by 1 kb with 7ag polymerase
in a batch system. The rapid extension of our system might be
due to the use of a capillary reactor that has high surface-to-
volume ratio and thus allows rapid heat transfer [30].

To check the station-to-station amplification efficiency var-
iance of the multi-station PCR device, triplicate amplifications
of the 323-bp fragment are done on each station. The amount
of the PCR product is determined by measuring the fluores-
cence intensity of the 323-bp band on an electrophoresis gel
image with ImageJ software. Figure 3 shows the relative am-
plification efficiency and the amplification reproducibility of
each station. RSDs in amplification efficiency are 2.5, 3.8, 5.7,
and 4.6 % for stations S1, S2, S3, and S4, respectively, and the
station-to-station RSD is 4.2 %, which would be acceptable
for practical use. Furthermore, PCR for 323 bp DNA fragment
with serial diluted template DNA in a range of 4.4—4.4 x 10°
copy/uL reaction solution are carried out through our multi-
station PCR device in order to find out the minimum amount
of'initial DNA required for the reaction. As a result, 44 copy of
template DNA/uL reaction solution is the minimum limit
amount of initial DNA for visible band of PCR product in
agarose gel electrophoresis.

Segmented-flow PCR

Our capillary-based PCR device can run PCR amplifications
of different DNA samples in a sequential injection mode
forming a segmented flow. However, in this case, negligible
cross-contamination between different PCR segments should

1.0 4 I
x T I T
I 1 T
=
<
2
2
S 05+
£
@
2
©
[}
(6
0.0 T T T T
s1 s2 s3 s4
Station

Fig. 3 Triplicate amplifications of 323 bp DNA fragments from four
stations (S1-S4) of a continuous-flow multi-station PCR device are done
to test the reproducibility. PCR products are analyzed by an agarose gel
electrophoresis, and fluorescence intensities of the DNA bands are calcu-
lated by Image] software. RSDs of S1-S4 are 2.5, 3.8, 5.7, and 4.6 %,
respectively, and RSD between the four stations in the three consecutive
runs is 4.2 %. DNA amplification is done at 92-55-72 °C for denaturation-
annealing-extension with a flow rate of 3 pL/min
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be secured. To cleanse the capillary surface contaminated by
preceding segments, washing solution segments of 1x gel
loading buffer are interposed between sample segments so that
sample and washing solution segments are arranged alternate-
ly. Since the color of the washing solution is blue, this arrange-
ment help to locate each sample segment in the segmented-
flow mode. To check the possibility of carry-over contamina-
tion, we let a PCR mixture segment without the primers, the
template DNA, or Taq polymerase for the 323 bp DNA (neg-
ative controls) follows the complete PCR mixture segment for
323-bp amplification without a washing solution segment be-
tween the complete and a negative control segments. We have
found that carry-over contamination is not significant in the
segment without 7aq polymerase or the primers (Fig. 4, lanes
2 and 4, respectively), but serious in one without the template
DNA (Fig. 4, lane 3). The DNA band in lane 3 is an amplified
product of 323 bp, and a few template DNA molecules
adsorbed onto the reactor surface may be served as template
for the following PCR. Such carry-over is almost discouraged
with 5 pL of the cleansing buffer (Fig. 4, lane 5). These results
from the carry-over tests demonstrate the high resistance of
Teflon to adsorption of biomolecules. When glass, silicon, and
other polymers such as poly(dimethylsiloxane) are used for the
material of PCR reactors, the inner surface of the reactor should
be almost always chemically modified to gain resistance to
adsorption [22, 31-36]. It is also noted that the Teflon capillary
reactor is essentially the only expendable in our PCR system.
To demonstrate the segmented-flow PCR capability of our
device, four PCR mixtures for amplifying different DNA frag-
ments with a wide size range (2836, 1101, and 323 bp) are
injected in series into the capillary PCR reactor. Figure 5
shows that different DNA fragments can be amplified sequen-
tially (shown in the D lanes) with efficiency similar to that of
the commercial, batch-mode PCR machine (shown in the M

Fig. 4 Agarose gel electropherogram of amplified DNA fragments from
a continuous-flow multi-station PCR device. Lane 1, 323 bp amplified
DNA fragment as a positive control; lanes 2—4, PCR products in the
absence of Tag polymerase (negative control 1), template DNA (negative
control 2), and primers (negative control 3) without washing after ampli-
fying 323 bp DNA fragment; /ane 5, PCR product of negative control 2
with washing (5 pL of 1x gel loading buffer) the capillary after amplify-
ing 323 bp DNA fragment. DNA amplification is done at 92-55-72 °C for
denaturation-annealing-extension with a flow rate of 3 uL/min
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M1 M2 M3 D1 B D2 B D3 B

Fig. 5 Agarose gel electropherogram of amplified DNA fragments in a
segmented-flow mode (M commercialized PCR machine, D continuous-
flow multi-station PCR device, B washing buffer). /-3 indicate amplified
DNA fragments with length of 2836, 1101, and 323 bp, and each DNA
fragment comes from distinct regions of the same template DNA or from
different template DNA. DNA amplification is done at 92-55-72 °C for
denaturation-annealing-extension with a flow rate of 0.2 puL/min

lanes). Fluorescence intensity of each DNA band is estimated
with imageJ, where relative differences between two PCR
systems are below 12 % (see ESM Table S2). The PCR prod-
uct of the preceding segment does not appear in the following
segment, as well as in the washing solution segment in be-
tween (shown in the B lanes), which confirms that carry-over
contamination is effectively discouraged in this segmented-
flow PCR with the intervening washing solution segments.
The volume of each sample segment has been made constant
by using an HPLC injection valve equipped with a fixed-
volume sample loop. The volume is 5 pL, which is nearly
the lowest limit that can be provided by using such an
HPLC injection system. In the sequence of samples at our
present segmented-flow pattern, one period corresponding to
the interval of sample injection consists of four segments: a
sample, a perfluorodecalin, a washing solution, and another
perfluorodecalin segment. Since the total volume of one peri-
od is about 14 puL and the maximum flow rate used in this
work is 3 pL/min, the maximum throughput of PCR amplifi-
cation with the present setup would be about 5 min per
sample.

Conclusions

Our multi-station device that covers the general annealing-
temperature range simplifies the conventional two-step DNA
amplification process (optimum annealing temperature deter-
mination and then PCR amplification) into a single-step one,
where the solution of an amplified DNA fragment free from
non-specific PCR products flows continuously from one sta-
tion at least. The device has been designed to minimize the
number of heating blocks in the miniaturized format and to
ensure the reproducibility in DNA amplification at every

station. Although the sequential PCR of different DNA sam-
ples under a segmented-flow mode has been demonstrated to
show potential applicability to high-throughput DNA analysis
without optimum annealing temperatures provided, the pres-
ent sample volume of each segment, 5 pL, is not small enough
to claim a high-throughput. The sample volume should be
reduced to the level of nL or pL by a combination with an
adequate segmentation technique [37, 38] to attain the full
applicability. Since the device is based on the use of capillary
reactors, it has great potential for expanding into a micro total
DNA analysis system including modules of cell lysis/DNA
extraction, optimization-free PCR, PCR product analysis,
etc. Our group has reported a continuous DNA analysis mi-
crochip that can be interfaced with a segmented-flow PCR
system [39], and successfully demonstrated on-line analysis
of different DNA samples amplified under a segmented-flow
mode from the multi-station PCR device [40].
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