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Abstract Being beneficial from dramatic process in bio-
chemical and micro-electro-mechanical technologies, this
study presents an integrated microfluidic system capable of
performing a continuous-flow reverse transcription-poly-
merase chain reaction (RT-PCR) combined with fluores-
cence microscopy for rapid diagnosis of RNA-based
viruses. The device consists of two heated cylinders for
heating the different reaction zones of the reverse tran-
scription and the amplification. In the amplification cylin-
der, bath refrigerating is used for thermal protection of the
annealing region, which is heated possibly due to the
thermal effects of radiation, conduction, and/or convection
from denaturation and extension regions, thus resulting in a
space-saving design of the whole device. Detection of the
amplified products is performed on-line by a fluorescence
microscopy with SybrGreen I, a widely used intercalating
dye. In this article, the proposed miniature RT-PCR system
is used to amplify and detect two RNA-based viruses
(Noroviruses (NVs) and Rotaviruses (RVs)), which are
now recognized as the most common etiological agents of
acute viral gastroenteritis causing numerous outbreaks
worldwide. The experimental data have demonstrated the
ability of the presented system to perform a two-step or
one-step RT-PCR process. On this device, the NVs and
RVs RNA samples were successfully reverse transcribed
and amplified within 1 h, and the limit of detection of the
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RNA concentration was 6.4 x 10% copies pl ™" using one-
step RT-PCR process. Consequently, the developed
microfluidic system can provide a promising platform for
fast diagnosis of RNA-based viruses.
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1 Introduction

The past decade has witnessed many significant advances
in molecular biology and nucleic acid analysis technology,
particularly in the genomics and diagnosis fields. The
polymerase chain reaction (PCR) technology for DNA
amplification was first reported by Kary Mullis (Saiki et al.
1985), which has been applied to a diverse range of basic
research and application fields. Recently, attention has
focused on developing microfluidic-based PCR devices
(Nakano et al. 1994; Northrup et al. 1993), since they offer
lower thermal capacitance for rapid thermal cycling
(Hoang et al. 2008), reduced analysis-times, low con-
sumption of sample/reagent, portability, and the potential
for high automation and integration of various analytical
procedures (Obeid and Christopoulos 2004; Prakash et al.
2008b). Generally, microfluidic PCR devices can be divi-
ded into two formats (Zhang et al. 2006; Zhang et al. 2007,
Zhang and Xing 2007): microchamber stationary PCR
(Beer et al. 2007; Belgrader et al. 2003; Ottesen et al. 2006;
Prakash and Kaler 2007), which can achieve PCR functions
by adjusting temperature cycling in a stationary micro-
chamber, and continuous-flow PCR (Dorfman et al. 2005;
Kiss et al. 2008; Kopp et al. 1998; Park et al. 2003; Wang
et al. 2009), in which the reaction mixture moves through
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two or three different temperature regions, thus the thermal
cycling is obtained.

While there have been a number of reports of nucleic
acid amplification on microdevices for the DNA-based
disease diagnosis, however, a lot of diseases do not result
from DNA virus but RNA virus, such as Noroviruses
(N'Vs) and Rotaviruses (RVs), which are now recognized as
the most common etiological agents of acute viral gastro-
enteritis causing numerous outbreaks worldwide (Kou et al.
2008). NVs and RVs are usually spread by the fecal-oral
route via ingestion of contaminated food or water (Atmar
and Estes 2001), by person-to-person transmission (Becker
et al. 2000), or by airborne droplets of infected vomitus
(Marks et al. 2003). To date, NVs cannot be cultivated
from clinical samples, and no animal models are available
to study NVs. RVs can be cultured, and however, it is very
difficult. The primary methods for NVs or RVs diagnosis
were electron microscopy (EM), enzyme-linked immuno-
sorbent assay (ELISA), and reverse transcription-PCR
(RT-PCR) (Gouvea et al. 1990; Koopmans et al. 2002;
Medici et al. 2005). Due to its high sensitivity and speci-
ficity, RT-PCR has become the most sensitive and com-
monly used method for the detection of these viruses.
However, this approach is time-consuming and expensive
when standard thermocyclers are used. Therefore, the
functional integration of RT and PCR onto a miniaturized
RT-PCR device is appealing. Similar to microfluidic PCR
devices, the miniaturized RT-PCR devices can also be
divided into two categories: microchamber stationary
RT-PCR and continuous-flow RT-PCR. A functional
lab-on-a-chip for RT-PCR was reported by Liao et al.
(2005), where the development of a miniature RT-PCR
system was used for the diagnosis of RNA-based viruses.
This miniature RT-PCR was performed using a two-step
reaction approach (i.e., performing RT and then moving the
mixture to another chamber to perform PCR) followed by
off-chip detection. Single-step RT-PCR approaches
(wherein both RT reaction and PCR are performed in the
same reaction chamber with no human intervention
between these steps) have been reported recently. Quake
and co-workers (Marcus et al. 2006b) were one of the first
groups to demonstrate microchip RT-PCR in a single
chamber. Although there have been a few demonstrations
(Beer et al. 2008; Hsieh et al. 2009; Huang et al. 2006;
Kaigala et al. 2008; Lee et al. 2008; Lien et al. 2007; Lien
et al. 2009; Marcus et al. 2006a, b; VanDijken et al. 2007)
of chamber stationary RT-PCR microfluidics, they gener-
ally lack the flexibility to change the reaction rate, resulting
in more cycling and heating time. Moreover, in order to
reduce the reaction time and power consumption, the sys-
tem thermal mass often needs to be optimized considerably
(Liu et al. 2002). Compared with microchamber stationary
system, the continuous-flow system allows for rapid heat
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transfer and thermal cycling of the minute fluidic element
due to both the high surface-to-volume ratio (SVR) and the
short linear thermal diffusion distance in the microfluidic
channels. This design advantage is achieved by maintain-
ing the zones at preset constant temperatures (Obeid et al.
2003). Currently, the structural styles of the continuous-
flow RT-PCR microfluidics can be divided into two main
categories: the  serpentine-channel continuous-flow
RT-PCR (Felbel et al. 2008; Obeid et al. 2003; Obeid and
Christopoulos 2003; Tsai and Sue 2006) and the spiral-
channel continuous-flow RT-PCR (Hartung et al. 2009). In
the latter configuration, PCR device has an underlying
advantage of a circular arrangement of temperature zones
in the sequence of denaturation, annealing, and extension,
which could increase the PCR efficiency compared with
the former. Hartung et al. (2009) have reported a flow-
through RT-PCR system for the diagnosis of RNA-based
pathogenic viruses. However, this microfluidic device is
not very compact, which has a diameter of 7 cm, thus
resulting in more energy consumption. In addition, it has
not an on-line detection method for the pathogenic virus
diagnosis. A miniaturized fluorescence detector has been
demonstrated to measure the fluorescence intensity of the
single fluid segments inside the reaction tube, where the
only SybrGreen I labeled A-DNAs instead of the patho-
genic virus RNAs were used.

This study presents a compact continuous-flow reverse
transcription-PCR (RT-PCR) integrated with fluorescence
detection for rapid identification of NVs and RVs. The
device consists of two heated cylinders for reverse tran-
scription and amplification reactions. In the amplification
cylinder, the cycling water bath is utilized for thermal
protection of the annealing region which is heated probably
due to the effects of heat radiation, conduction, and/or
convection from denaturation and extension zones, thus
leading to a space-saving design of the whole device. The
amplified products are detected on-line by a fluorescence
microscopy, in combination with SybrGreen I, a widely
used intercalating dye (Trantakis et al. 2010).

2 Materials and methods
2.1 Design of the experimental arrangement

The continuous-flow RT-PCR microfluidic device, depicted
schematically in Fig. 1, was manufactured by the Auto-
mation Engineering R&M Centre (AERMC), Guangdong
Academy of Sciences (Guangzhou, China). It includes one
heated cylinder for reverse transcription and another for
amplification. The two cylinder reactors both have a
diameter of 3.5 cm and a height of 7.5 cm. The RT cylinder
includes one larger central hole (12 mm diameter) for the
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Fig. 1 Schematic diagram of
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resistance cartridge heater (12 mm diameter, 60 mm length,
100 W, Guangzhou Haoyi Thermal Electronics Factory,
Guangzhou, China) and two small holes (1 mm diameter
and 10 mm deep) for the K-type thermocouples (K-type,
0.005 inch diameter, Omega Engineering Inc., Stamford,
CT, USA). The amplification cylinder is machined into
three pieces corresponding to the denaturation, annealing,
and extension regions. The extension region is twice the
size of the other two zones, thus occupying half the cylin-
der. The three thermostatic zones are mounted together by
bakelite with a ~7 mm slit between them in order to avoid a
direct thermal contact among the three parts. For thermal
protection, a small hole (3.5 mm diameter) was drilled
through the annealing region for bath refrigerating, which
provides better temperature control and uniformity. Each
zone includes one larger central hole (6 mm diameter) for
the resistance cartridge heater (6 mm diameter, 60 mm
length, 100 W, Guangzhou Haoyi Thermal Electronics
Factory, Guangzhou, China) and two small holes (1 mm
diameter and 10 mm deep) for the K-type thermocouples.
The thermocouples were connected to a data acquisition
system (Model PCI 4351, National Instruments Corp.,
Austin, TX, USA) that converted the analog signal to a
digital one. To control the temperatures for reverse tran-
scription at 42°C, denaturation at 95°C, annealing at 50°C,
and extension at 72°C, a computer received the temperature
signal through a PCI-4351 interface (National Instruments
Corp., Austin, TX, USA) and determined the power input to
the heater using a home-made fuzzy proportional/integral/
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derivative (PID) control algorithm that was programmed
with LabVIEW 8.0 (Version 8.0, National Instrument
Corp., Austin, TX, USA).

The two cylinder reactors are connected by a transparent
PTFE capillary (i.d. 0.5 mm/o.d. 0.9 mm, Wuxi Xiangjian
Tetrafluoroethylene Product Co. Ltd. (Wuxi, China)). A
residence time of 45 min can be realized in the RT zone
with a capillary length of about 5.5 m when a flow rate of
23.6 pl min~ ' is used. The amplification cylinder can be
used for the realization of up to 40 temperature cycles. The
length of the capillary amounts about 5 m in case of 40
cycles including the inlet for sample injection and the
outlet for product collection. It enters the cylinder through
a hole (1.5 mm diameter) crossing the annealing and
denaturation zones, thus providing an initial denaturation
step. Then the capillary is wound 40 cycles in the spiral
channel which is 1.1 mm width and 1.1 mm depth. The
capillary exits the cylinder through a hole (1.5 mm diam-
eter) in the elongation region, providing an additional
extension on the 40th cycle. The inlet and outlet lengths of
the capillary were about 0.2 and 0.6 m, respectively.

In addition to the two cylinder reactors, the experimental
arrangement also includes a precision syringe pump
(Cole—Parmer® CZ-74901-15, Tllinois, USA) for compel-
ling the reaction sample flowing continuously through the
microchannel, and a fluorescence microscope (M17,
Bio-Rad, CA, USA) for product detection was also integrated
in the complete setup (Fig. 2). The filters in the fluores-
cence microscope were chosen as follows: EF450-490
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Fig. 2 Photograph of the complete microfluidics system of the
continuous-flow reverse transcription-PCR (RT-PCR) thermocycler
setup with fluorescence detection, which was used for the described
experiments

(BP470), BF520, and DMS505. A cooled charge-coupled
device (CCD) camera (MCI15, Guangzhou Ming-Mei
Technology Co., Ltd, Guangzhou, China) was used to
acquire pictures of fluorescence in the capillary every few
minutes at the end of PCR reaction.

2.2 Reagents and samples

The reaction reagents, 5x M-MLV buffer (375 mM KClI,
250 mM Tris—HCl (pH 8.3), 15 mM MgCl,, 50 mM DTT),
reverse transcriptase M-MLV (RNase H™) (200 U ul™h,
Ribonuclease inhibitor (40 U ul™"), 10x Tagq DNA poly-
merase buffer (500 mM KCI, 100 mM Tris—HCI (pH 8.3),
15 mM MgCl,), thermostable Taq polymerase (5 U pl™")
and Deoxynucleotide triphosphate (ANTPs) (2.5 mM each
of dATP, dGTP, dCTP, and dTTP) were all purchased from
TaKaRa Biotechnology (Dalian) Co., Lid. The double-
deionized (dd) H,O was offered by Tiangen Biotech Co.
Ltd. (Beijing, China). Diethylpyrocarbonate (DEPC) was
from Shanghai Sangon Biological Engineering & Tech-
nology services Co. Ltd. (SSBE), China. Primers of NVs
target the RNA-dependent RNA polymerase gene and can
detect GGI and GGII simultaneously. Primers of RVs are
designed according to the VP7 gene. The oligonucleotide
primers (Kou et al. 2008) (Table 1) were synthesized by
Invitrogen Biotechnology Co., Ltd (Shanghai, China).
RNA samples of NVs and RVs were gifts from Guangdong
provincial center for diseases control and prevention
(GDCDC, Guangzhou, China) and Guangzhou overseas

Chinese hospital (The first affiliated hospital of JiNan
university, Guangzhou, China).

Bovine serum albumin (BSA) (Fraction V, Purity
>98%, Biotechnology Grade, No. 735094), which was
used to dynamically coat the inner surface to decrease the
surface adsorption (Zhang et al. 2006), was purchased from
Roche Diagnostics GmbH (Mannheim, Germany). Sodium
hypochlorite solution, which was used to remove the
residual nucleic acid from the microchannel after each
amplification, was from Guanghua Chemical Factory Co.
Ltd. (Guangzhou, China). GoldView™ and SybrGreen I
dyes were purchased from SBS Genetech Co. Ltd. (Beijing,
China). The DL 2000 DNA markers, which contain 2000,
1000, 750, 500, 250, and 100 bp DNA fragments, were
from Win Honor Bioscience (South) Ltd. (Guangzhou,
China).

2.3 Modification of the inner surface of capillary

To reduce reaction inhibition and reagent adsorption, the
PTFE capillary was cleaned and passivated according to
the protocol of our previous work (Li et al. 2009; Wang
et al. 2009). Briefly, the PTFE capillary was rinsed with
200 pl 0.5% sodium hypochlorite at the flow rate of
100 pl min~!, and washed with deionized water. The
capillary used for RT need to be treated with DEPC water.
To further protect the reaction from surface inhibitory
effects, the static and dynamic passivation methods were
both used for the sacrificial surface adsorption of chemical
additives comprising 0.025% BSA. For the static passiv-
ation, 200 pl 1x RT or PCR buffer containing 0.025%
BSA solution was introduced to the capillary and was
driven by a precision syringe pump with the flow rate of
50 ul min~"'. For the dynamic passivation, BSA of a cer-
tain concentration was added to the RT or PCR mixture.

2.4 Continuous-flow RT protocol

For the detection of the foodborne pathogenic virus dis-
eases, the RT reaction is an essential process to synthesize
cDNA from the clinical RNA samples. In the separate
continuous-flow RT reactions, the optimum assay was
performed in 10 pl of a mixture containing 2 pl target
RNA, 1x M-MLYV buffer, 0.5 mM of each dNTP, the
primer pair (1 pM each), 20 U RNase Inhibitor, 100 U of

Table 1 Primers of NVs and

RVs (Kou et al. 2008) Virus Primer Sequence (5'-3') Location
NVs JV12 ATACCACTATGATGCAGATTA 45524572
(327 bp) JV13 TCATCATCACCATAGAAAGAG 4858-4878
RVs P1 GGCTTTAAAAGAGAGAATTTCCGTCTGG 1-28
(392 bp) P2 GATCCTGTTGGCCATCC 376-392
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M-MLV, and 0.025% (m/V) BSA. The RT mixture was
introduced into the capillary from the inlet and compelled
by the precision syringe pump to flow continuously through
the microchannel. The flow velocity was controlled by the
syringe, and a residence time of 45 min could be realized
in the RT zone if a flow rate of 23.6 pl min~' was used.
The flow rate of 35.4 pl min~! was also performed, thus
the RT process only need 30 min.

To verify the performance of the microfluidic device,
the positive-control RT was performed on a conventional
PCR apparatus, which was a commercial Mastercycler
gradient PCR machine (Eppendorf A G, Hamburg, Ger-
many). Reverse transcription reaction was carried out at
42°C for 60 min followed by 20 min at 75°C to prevent
non-specific binding.

2.5 Continuous-flow PCR protocol

Following the RT of the RNA sample, 2 pl of the syn-
thesized cDNA was used for the further amplification. For
continuous-flow PCR amplification, 25 pl of PCR mixture
consists of 1x PCR buffer, 0.2 mM of each dNTP, the
primer pair (0.4 uM each), SybrGreen I (1x), 0.1 U ul™"
Taq DNA polymerase, and 0.025% (m/V) BSA. The PCR
mixture was introduced into the capillary from the inlet and
driven by the precision syringe pump to flow continuously
through the microchannel. The 0.2 ml thin-walled poly-
propylene tube was used to collect the products and stored
at 4°C for further analysis.

In order to verify the rapid detection capability of the
microfluidic device, PCR was performed at different flow
rates of the corresponding PCR mixture through the ther-
mal-cycling capillary. The flow velocity was controlled by
the syringe, which ranged from 23.6 to 117.8 ul min~".
The components in the PCR mixture were the same as
those mentioned above, but cDNA was tenfold diluted. In
order to determine the sensitivity of continuous-flow PCR
system, tenfold serial dilution of the cDNA was made and
the 327 bp sequence of NVs was amplified at a flow rate of
412 pl min~".

To characterize amplification on the microfluidic device
(speed, specificity, and yield), the positive-control PCR
was also performed on a conventional PCR apparatus. The
cycling procedures were set as follows: an initial step of
denaturation at 94°C for 3 min; 40 cycles of denaturation at
94°C for 30 s, annealing at 50°C for 30 s, and elongation at
72°C for 1 min; final extension at 72°C for 3 min. In total,
the above cycling program needs 95 min. To validate the
amplification process, no-template control reactions were
setup with all assay reagents and ddH,O instead of sample
DNA. In this work, all experiments in this work were
repeated three times to verify the accuracy of the
experiments.

2.6 Continuous-flow RT-PCR protocol

For the one-step continuous-flow RT-PCR, 20 pl of reac-
tion mixture consisted of 2 pl target RNA (3 x 10® and
6.4 x 10" copies pl~' of NVs and RVs RNA, respec-
tively), 1x PCR buffer, 0.5 mM of each dNTP, the primer
pair (0.4 uM each), SybrGreen I (1x), 40 U RNase
Inhibitor, 200 U of M-MLV, 0.2 U pl~' Taq DNA poly-
merase, and 0.025% (m/V) BSA. The reaction mixture
flowed continuously through the microchannel using a flow
rate of 23.6 ulmin~' for the RT process and
41.2 pl min~" for the PCR process. Characterization of
limit of detection (LOD) for the developed system was
performed from RVs RNA ranging from 6.4 x 10® to
6.4 x 107 copies pl~' using the same reaction cocktail.

On the conventional PCR apparatus, the reaction mix-
ture was heated to 42°C for 60 min followed by initial
denaturation to 94°C for 3 min and then amplified for
40 cycles: 94°C for 30 s, 50°C for 30 s, and 72°C for
I min. The whole reaction process occupied about
150 min.

2.7 Segmented-flow RT-PCR of different RNA viruses

Reaction mixtures (10 pl) for the one-step segmented-flow
RT-PCR were prepared with different RNA viruses and
PCR primers for detecting NVs and RVs simultaneously.
They were sequentially injected into the reaction capillary.
The concentrations of NVs and RVs target RNAs were
3 x 10° and 6.4 x 10® copies pl~', respectively. The
negative controls without RNA viruses were also injected
to ascertain whether the resulting amplicon was a product
of residual contamination. Then these reaction mixtures
flowed continuously through the microchannel using a
flow rate of 23.6 ul min~' for the RT process and
41.2 ul min~" for the PCR process. Between each reaction
mixture introduced, we interposed small air gaps, 5 pl of
1x PCR buffer containing 0.2x bromophenol blue (BPB)
buffer, and then small air gaps. This cleaning method was
used to effectively remove the residual RNA and/or DNA
from the microchannel, and each RT-PCR product could
also be collected separately for further analysis.

2.8 Analysis of amplification products

Combined with continuous-flow RT-PCR, fluorescence
intensity detection using SybrGreen I was performed with
the fluorescence microscopy. The images were analyzed
with the MS 1.0 (Guangzhou Ming-Mei Technology Co.,
Ltd, Guangzhou, China) software as follows (Liu et al.
2002): in each picture, three circles inside the fluid
microchannel were chosen to get an average value of the
fluorescence intensity. Similarly, three circles outside the
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microchannel were selected to make another average value
as the background of this picture. The latter value was
subtracted from the former to obtain the fluorescence of the
solution inside the fluid microchannel.

After on-line detection, 5 pl of each PCR products with
1 ul 6x loading buffer were separated by agarose gel
electrophoresis. Loading buffer contained 30 mM EDTA,
36% (v/v) Glycerol, 0.05% (w/v) Xylene Cyernol FF, and
0.05% (w/v) Bromophenol Blue (BPB). The gel was pre-
pared with 1.5% of agarose in 0.5x TBE containing
0.5 pl mI~" of GoldView™ as fluorescence dye. The gel
was run for 30 min at a constant voltage of 100 V, and then
the amplified fragments were visualized under UV light.
The DL 2000 DNA markers, which contain 2000, 1000,
750, 500, 250, and 100 bp DNA fragments, were used as
standards for the evaluation of the gels.

3 Results and discussion
3.1 Evaluation of RT and PCR micro-reactors

In most of the spiral-channel continuous-flow PCR
instruments, it is of particular concern to keep the
annealing region to be thermostable. For example, within
the Dorfman et al.’s work (2005), the three temperature
zones were isolated one from another by thermally insu-
lating sheets, which were affixed between the pieces of the
copper cylinder. And a turbine blew ambient air through
three flow-through ventilation holes per quarter-cylinder,
providing better temperature control and uniformity. Park
et al. (2003) brought two adjacent copper blocks to have an
air gap of ~5 mm between so as to secure thermal insu-
lation. In our previous work, the continuous-flow PCR
cylinder was in a diameter of 4 cm, and the three tem-
perature zones were separated from each other by ther-
mally insulating sheets, which had a thickness of 3 mm
(Li et al. 2009). Compared with the work reported

previously, the currently developed amplification cylinder
is more compact with a diameter of 3.5 cm and even
smaller. To avoid a direct thermal contact among the three
thermostatic zones, they are mounted together by bakelite
with a ~7 mm slit between them. In addition, a circulating
water bath is used to obtain the steady and uniform
annealing temperature. Figure 3 shows the effect of bath
refrigerating on the temperature control. When the dena-
turation and extension zones were heated to 95 and 72°C,
respectively, the temperature of the annealing region,
which was not heated, gradually rose to 52.5°C due to
cross-talk effects from denaturation and extension regions.
However, when the annealing region was refrigerated by
the circulating water bath, the temperature could be kept
constant at 31°C (Fig. 3a). In the other words, the
annealing temperature of this device could be set at any
temperature above 31°C by using the bath refrigerating.
Similarly, when the annealing temperature was set at 50°C
(Fig. 3b), the actual annealing temperature was increased
to 54°C without bath refrigerating, and was kept constant at
50°C if the annealing zone was cooled by the circulating
water bath. Therefore, the bath refrigerating contributes to
a better temperature control and uniformity of the devel-
oped continuous-flow PCR device.

3.2 Characterization of the continuous-flow PCR
amplification

Pursuing high-speed PCR is one of the major motivations in
the development of microfluidic PCR. The cycling rate of
continuous-flow PCR thermocycler depends, to some
extent, on the flow rate of the PCR mixture, the substrate
material and the size of the microchannel (Zhang and Xing
2007). Therefore, an obvious characteristic of the continu-
ous-flow PCR amplification is that thermocycling rates of
PCR amplification can be regulated by changing the flow
rates of the PCR mixture through the flow channel.
Figure 4a shows the on-line fluorescence detection results

Fig. 3 Effect of the bath (a) 100 (b) 100
refrigerating on the temperature 0 | T s e i Bt 90 | I'“_ = N CEUEN B R e
control and uniformity of the 6 |. . [
developed continuous-flow PCR e 80 - 8 807 |
device. a The annealing region L 704 L 701
; = I = I

was not heated. b The anng:ahng = 601 S 601
temperature was set at 50°C 5 5

a. 50 &, 50 -

E 40 E 40
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of the amplified 327 bp sequence in NVs, which are
obtained at flow rates ranging from 23.6 to 117.8 pl min™ ',
whereas Fig. 4b shows the corresponding gel electropho-
resis results. It can be seen from Fig. 4 that the phenomena
the experimental results shown are similar. With the
increase of flow rates within the reaction microchannel,
the amount of PCR products is gradually decreased, but the
PCR reaction speed is raised gradually. The reason for this
behavior might be that the residence time in each region is
reduced in case of enhanced process speed. The corre-
sponding time it takes for the PCR mixtures to flow through
the PTFE capillary ranges from approximately 45 to 9 min.
At a flow rate of 88.3 ul min~!, the PCR products can be
detected within about 12 min after 40 cycles, where the
amplification takes about 10 min (lane 5 in Fig. 4b). This

LOOERER
30-|

25

236 41.2 589 883
Flow rates of continuous-flow
PCR (ul min™)

117.8 negative

327 bp

Fig. 4 Effect of the flow rates on the continuous-flow PCR yield.
a Fluorescence detection of PCR products. b Gel electrophoresis
analysis of PCR products. Lane M DL 2000 Marker. Lane I the
positive-control PCR product from the conventional PCR machine
(a commercial Mastercycler gradient PCR machine). Lanes 2-6
continuous-flow PCR products at various flow rates of 23.6, 41.2,
58.9, 88.3, and 117.8 pul min~!, respectively. Lane 7 the negative-
control PCR, PCR mixture solution with no cDNA sample run at the
flow rate of 58.9 pl min~"

flow rate corresponds to residence times of about 3 s in the
denaturation zone, 3 s in the annealing zone and 6 s in
the extension zone. Additional 3 s per cycle is consumed by
the residence time in the ~7 mm slit between three ther-
mostatic zones. It is worth noting that the cycle time is 15 s,
which is equivalent to Park et al.’s work (2003), and less
than that obtained by other reports (Table 2). In addition,
the PCR products cannot be obviously observed when the
flow rates were increased to 117.8 pl min~" or higher (lane
6 in Fig. 4b). It could be affected by the size of the PTFE
capillary. The thick-walled PTFE capillary with low-ther-
mal conductivity will increase the time required to transfer
the heat from the outer to the inner of the capillary, and
likewise the large diameter of the capillary will reduce the
speed of thermal equilibration of the PCR reaction mixture
in the capillary channel. And the thick-walled PTFE cap-
illary may also affect the sensitivity of the fluorescence
detection. In addition to the above reasons, we also attribute
this to the decreased residence time in the extension zone.
Since the extension rate of Taq polymerase is usually
60-100 nucleotides s at 72°C in conventional PCR
(Zhang and Xing 2010b), an extension time of 6 s is con-
sidered sufficient for the 327 bp amplified products.
Therefore, when the flow rate was 88.3 pl min~! (the cor-
responding extension time was slightly more than 6 s) (lane
5 in Fig. 4b), the signal intensity of 327 bp PCR products
could still be detected although it was not as strong as those
in the case of flow rates of 58.9 pul min~' or smaller.

It is also important to study the effect of the amount of
initial cDNA on continuous-flow PCR amplification. As
the SVR (8 mm™") of the capillary channel in the presented
continuous-flow PCR microfluidics is great higher than that
of commercial PCR reaction tubes (1.5 mm™') (Li et al.
2009), there is greater possibility of adsorption of bio-
macromolecules onto the capillary inner surface, such as
the Taq enzyme and the DNA molecules, which will inhibit
the PCR amplification (Prakash et al. 2008a). Based on our
previous work (Li et al. 2009), the concentration of Taq
enzyme was 0.2 U ulfl, which was twice of that used in
the conventional approaches. In addition, the flow rate of
41.2 pl min~", corresponding to residence times of 6 s in
the denaturizing zone, 6 s in the annealing zone, and 13 s
in the elongation zone, was chosen in this experiment for
obtaining the desired production and time of amplification.
Figure 5a shows the on-line fluorescence detection results
of the amplified 327 bp sequence amplified under the
serially diluted cDNA from NVs RNA, whereas Fig. 5b
shows the gel electrophoresis results. The tenfold serial
dilution of cDNA is estimated to be from 5 x 10% to
5 x 107 copies pl~" of the corresponding RNA concen-
trations. As seen from Fig. 5, the yields of PCR products
are reduced with decreasing the corresponding RNA con-
centrations from 5 x 10® to 5 x 10% copies pl~'. The
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150 s was the total residence time of the annealing and extension processes
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Fig. 5 Analysis of the products from different amounts of cDNA
amplified by the continuous-flow PCR. a Fluorescence detection of
PCR products. b Gel electrophoresis analysis of PCR products. Lane
M DL 2000 Marker. Lane 1 the positive-control PCR product from
the conventional PCR machine (a commercial Mastercycler gradient
PCR machine). Lanes 2—8 PCR products from tenfold serial dilution
c¢DNA, which is estimated to be from 5 x 10%t0 5 x 10? copies ulfl
of the corresponding RNA concentrations, on the continuous-flow
PCR at a flow rates of 41.2 pl min~'. Lane 9 the negative-control
PCR, PCR mixture solution with no cDNA sample run at the flow rate
of 58.9 pl min™’

lowest corresponding RNA concentration that could be
visibly detected by on-line fluorescence detection and
agarose gel electrophoresis is up to 5 x 10’ copies pl™"'
(lane 7 in Fig. 5b).

3.3 Evaluation of the RT reaction

For RT-PCR, a RT process is typically needed before PCR.
Thus, the cDNA, which is used as a DNA template during
PCR, is synthesized from RNA by the RT reaction. In this
study, the RT reaction of RNA samples was carried out
within the columnar reactor, where a reaction temperature
of 42°C and a residence time of 45 min were programmed
when a flow rate of 23.6 pl min~' was used. To investigate
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the possibility of rapid RT reactor, a flow rate of
35.4 pl min~' was also used in the experiments, which
corresponded to a residence time of about 30 min. After the
continuous-flow RT process, the cDNA was amplified on
the commercial Mastercycler gradient PCR machine
(cPCR), and the quality of the obtained products was
analyzed by gel electrophoresis. As shown in Fig. 6, suc-
cessful cDNA synthesis from NVs RNA samples was
obtained using the developed miniaturized RT device. The
experiments results shown in the first and second lanes of
Fig. 6 correspond to the 327 bp RT-PCR products obtained
using the conventional PCR machine, with the conven-
tional RT (cRT) reaction time of 45 and 30 min, respec-
tively. Meanwhile, the fourth and final lanes of Fig. 6
correspond to the products amplified from the cDNA
synthesized on the continuous-flow RT reactor (uRT) with
the residence time of 30 and 45 min, respectively. Note
that the signals from the uRT are comparable with the
signals obtained using the conventional machine. In other
words, the reverse transcription capability of micro device
is equivalent to that of the commercial device.

In Fig. 7, the RT step of the RNA and the PCR step of
the cDNA were crosswise accomplished in the micro-
reactors and in a conventional cycler. The results showed a
successful two-step continuous-flow RT-PCR reaction
(uRT-pPCR) based on RVs RNA samples on the presented
device (lane 2 in Fig. 7). The experimental result of the
cDNA synthesized from pRT and then amplified using
cPCR (uRT-cPCR) was shown in lane 1 of Fig. 7. Mean-
while, the third and forth lanes of Fig. 7 were the ampli-
fication results with pPPCR (cRT-pPCR) (lane 3 in Fig. 7)
and cPCR (cRT-cPCR) (lane 4 in Fig. 7) from the cDNA
synthesized using cRT. Importantly, it can be seen from
Fig. 7 that the specificity of the reactions performed on the

cRT M pRT

327 bp

30 min

45 min

Fig. 6 Evaluation of the cDNA synthesis on the continuous-flow RT
reactor (uRT) compared with the conventional thermocycler (cRT).
The reaction times were 45 min (the first and final lanes) and 30 min
(the second and forth lanes), respectively

(bp)
2000

1000
750
500
250

100

392 bp

A An G G 42
50 0 0
TR TR

AR

Fig. 7 Gel electrophoresis analysis of two-step RT-PCR parallel
performed in the micro-reactors and in a conventional thermocycler.
Lane M DL 2000 Marker. Lane I the cDNA was synthesized from
continuous-flow RT reactor (uRT) and then amplified using the
conventional PCR machine (cPCR) (uRT-cPCR). Lane 2 a two-step
RT-PCR accomplished using the presented device (uRT-puPCR). Lane
3 the cDNA was synthesized with the conventional thermocycler
(cRT) and then amplified using continuous-flow PCR reactor (uPCR)
(cRT-puPCR). Lane 4 a two-step RT-PCR accomplished using the
conventional PCR machine (cRT-cPCR). Lane 5 the negative-control
two-step uRT-pPCR, reaction mixture solution with no RNA sample

microfluidic device was higher than on the conventional
apparatus, although the product yield was less than the
latter. This phenomenon, similar to our previous works (Li
et al. 2009), may be attributed to the fact that the ramping
rates of the microfluidic devices are higher than those of
the conventional apparatus, and as a result the possibility
that the nonspecific PCR products derive from false
priming is decreased.

3.4 Integrated continuous-flow RT-PCR
with fluorescence detection for identification
of pathogenic NVs and RVs

It is of great important that a one-step RT-PCR reaction
based on labile RNA samples can be performed in the
continuous-flow micro-reactors (uRT-PCR). Figure 8
shows the experiments with uRT-PCR for the detection of
NVs and RVs (lanes 2 and 3 in Fig. 8b), comparable to the
commercial thermocycler (cRT-PCR) (lanes 1 and 4 in
Fig. 8b). Figure 8a shows the on-line fluorescence detec-
tion results, whereas Fig. 8b shows the corresponding gel
electrophoresis results. The results demonstrate that the
performance of the developed miniature RT-PCR system is
superior to that of the conventional PCR machine with
respect to rapidity and integration. In addition, it is worth
noting that the specificity of the reactions performed using
URT-PCR (lanes 5 in Fig. 8b) is also higher than cRT-PCR
(lanes 4 in Fig. 8b), although the product yield is less than
the latter. This phenomenon is similar to that within the
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Fig. 8 Results of the identification of pathogenic NVs and RVs using
a one-step RT-PCR reaction based on RNA samples in the
continuous-flow micro-reactors (uRT-PCR). a On-line fluorescence
detection of uRT-PCR products. b Gel electrophoresis analysis of
uRT-PCR products. Lane M DL 2000 Marker. Lanes 1 and 4 the
positive-control one-step RT-PCR products from the conventional
PCR machine (cRT-PCR) for the detection of NVs and RVs,
respectively. Lanes 2 and 5 the results of the uRT-PCR for the
detection of NVs and RVs, respectively. Lanes 3 and 6 the negative-
control results of the yuRT-PCR for the detection of NVs and RVs,
respectively

two-step RT-PCR reaction (Fig. 7), and the possible rea-
sons have been discussed above.

3.5 Sensitivity of continuous-flow RT-PCR assay
for RVs diagnostics

For practical applications such as clinical diagnosis, it is
essential to determine the sensitivity of the one-step con-
tinuous-flow RT-PCR assay. The LOD for the developed
system was tested with RVs RNA templates, where serial
dilutions of RNA (tenfold dilutions from 6.4 x 10% to
6.4 x 10% copies pl~") were used. As shown in Fig. 9, the
yields of RT-PCR products are decreased with reduction of
RNA concentrations, and the LOD of RVs RNA is
6.4 x 10* copies pl~' (lane 6 in Fig. 9b). The comparison
between Figs.5 and 9 shows that the one primary
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Fig. 9 Analysis of the products amplified by one-step continuous-
flow puRT-PCR from various concentrations of input virus RNA.
a Fluorescence intensity of uRT-PCR products. b Gel electrophoresis
analysis of the products. Lane M DL 2000 Marker. Lane I the
positive-control pRT-PCR product from the conventional PCR
machine (a commercial Mastercycler gradient PCR machine). Lanes
2-8 uRT-PCR products from tenfold serial dilution RNA, which
concentrations are estimated to be from 6.4 x 10 to 6.4 x 107
copies pl~'. Lane 9 the negative-control result of uRT-PCR

drawback to the present one-step RT-PCR process is the
lower amplification efficiency. It is conceivable that the
reaction efficiency of the microfluidic device could be
enhanced if a single reaction buffer, which is suitable for
both the RT and PCR steps, was used in the experiments. In
this study, we used the PCR buffer for the one-step RT-
PCR reactions, which may reduce the reaction efficiency
due to the inconsistent buffer conditions for reverse
transcriptase and Taq polymerase.

3.6 Segmented-flow RT-PCR for simultaneous
detection of pathogenic NVs and RVs

In the conventional RT-PCR approaches, multiplex RT-
PCR has attracted much attention and been widely applied
in clinical services owing to the reduction in labor and
time. For continuous-flow PCR, one of the important
superiorities is that it provides the possibility of performing
successive DNA amplification by using a continuous



Microfluid Nanofluid (2011) 10:367-380

371

segmented flow of different PCR mixtures containing dif-
ferent DNA target samples. This format of amplification
can save time and simplify the operation to a large extent.
During recent years, some researchers have developed the
successive amplification of different PCR mixtures and the
approaches of contamination-free amplification in a con-
tinuous-flow format (Obeid et al. 2003; Obeid and Chris-
topoulos 2003; Park et al. 2003; Curcio and Roeraade
2003; Dorfman et al. 2005; Chabert et al. 2006).

In this study, we used the method similar to the work of
Park et al. (2003) to avoid the cross-contamination from
successive RT-PCR with different samples. To cleanse the
carryover from the preceding segment to the following one,
we interposed 1x PCR buffer containing 0.2x BPB buffer
between each segment. The BPB buffer is widely used in
loading DNA samples on electrophoresis gels, and DNA
molecules would dissolve into it very well. Moreover, it is
blue, and each sample segment is easily located.
Figure 10a illustrates the segmented-flow mode of contin-
uous RT-PCR amplification of different RNA samples.
Figures 10b, c¢ display the results of successive RT-PCR
amplification for detecting NVs and RVs contemporane-
ously. Here, it should be accentuated that there are also
small amounts of amplification products in BPB buffers

Fig. 10 Results of the
simultaneous detection of
pathogenic NVs and RVs using
a one-step segmented-flow RT-

(a)

(lanes 2 and 6 in Fig. 10c), but no products of amplification
were found with the negative controls (lanes 3 and 7 in
Fig. 10c). Therefore, the practical results from our exper-
iments showed that the cleaning method was able to reduce
the RT-PCR residue between different samples, which may
result from adsorption of analyte or reagents, and surface
imperfections of the capillary.

3.7 Comparison of different continuous-flow PCR
devices for DNA and/or RNA analysis

Over the last several years, the development of the func-
tional integration of RT and PCR has attracted great interest,
and has witnessed steady advances. In general, the micro-
fluidic RT-PCR devices can be classified as microchamber
stationary RT-PCR and continuous-flow RT-PCR. Compare
with the former, continuous-flow RT-PCR has the flexibility
to change the reaction speed by utilizing the “time—space
conversion” concept. However, up to now, only a few
examples of continuous-flow RT-PCR were demonstrated.
Several typical results are compared and listed in Table 3.
To the authors’ thinking, the continuous-flow RT-PCR mi-
crofluidics may be divided into two structural styles: ser-
pentine channel and spiral channel. Obeid et al. (2003)

PCR reaction based on RNA

samples. a Segmented-flow
mode of continuous-flow RT-
PCR for different RNA samples.
b On-line fluorescence intensity
detection of products. ¢ Gel
electrophoresis analysis of
products. Lane M DL 2000
Marker. Lanes 1 and 5 the
results of the uRT-PCR for the
detection of RVs and NVs,
respectively. Lanes 2, 4, and, 7
BPB buffer. Lanes 3 and 5 the
negative-control results of the
URT-PCR for the detection of
RVs and NVs, respectively

RT-PCR mixture inlet

negative NVs negative RVs
| | |
le"-"J WO [irries [ [o90000{ WM 777/
BPB Luffcr Airlgap

RT-PCR products outlet
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Table 3 Comparison of similar miniaturized PCR devices for nucleic acid analysis

Structural style Channel material RT Detection method

Target RNA Reference

Serpentine Glass Yes Off-line agarose gel
channel electrophoresis
Serpentine SU-8 Yes Off-line agarose gel
channel electrophoresis
Serpentine Glass Yes Off-line agarose gel
channel electrophoresis
Serpentine Glass Yes On-line end-point LIF
channel
Spiral channel  FEP tube Yes Off-line agarose gel
electrophoresis
and southern blot
Spiral channel PTFE tubing No N/A
Spiral channel  Fused-silica No Off-line agarose gel

capillary
PFA capillary No

electrophoresis

Spiral channel Off-line agarose gel

electrophoresis
On-line end-point LIF
On-line end-point LIF

Spiral channel ~ PFA capillary No

Spiral channel  Teflon tube No

Spiral channel
detection

PTFE capillary Yes On-line end-point fluorescence

1 kb fragment synthesized by in
vitro transcription of prostate-
specific antigen (PSA)

Obeid et al. (2003)

Tumor viruses Tsai and Sue (2006)

RNA from human papilloma Felbel et al. (2008)
virus type 16 (HPV 16)

1 kb fragment synthesized by
in vitro transcription of PSA

RNA from HPV 16 positive
SiHa cells and mRNA from
measles viruses

Obeid and Christopoulos
(2003)

Hartung et al. (2009)

N/A Markey et al. (2010)

N/A Park et al. (2003)

N/A Dorfman et al. (2005)

N/A Chabert et al. (2006)

N/A Curcio and Roeraade
(2003)

RNA from Noroviruses This work

and Rotaviruses

developed a microfabricated glass chip for the functional
integration of RT and PCR in a serpentine-channel contin-
uous-flow mode. Similar studies were also performed by
Tsai and Sue (2006) and Felbel et al. (2008) using the ser-
pentine-channel continuous-flow RT-PCR system. How-
ever, the detection method was off-line agarose gel
electrophoresis, which was time-consuming and labor-
intensive. Another analysis method of the amplified PCR
products is fluorescence scan after PCR test (Xiang et al.
2007). For example, Obeid and Christopoulos (2003) com-
bined the continuous-flow RNA amplification with the
laser-induced fluorescence (LIF) detection on a single chip.
However, for serpentine-channel continuous-flow RT-PCR
chips, parallelization is not easily realized as it complicates
the chip architecture and most likely increases the chip
footprint. Importantly, within these RT-PCR chips, the PCR
temperature zones are linearly arranged and are easy to
establish a smooth temperature gradient, which is denatur-
ation temperature — extension temperature — annealing
temperature. In this instance, however, the melted single-
stranded DNA is very likely to form double strands with the
template strands or their complementary fragments when
passing the extension zone, which compromises the PCR
efficiency.

In order to circumvent this problem, another approach of
continuous-flow PCR is exploited, which was a helical
arrangement of the reaction tube in a columnar reactor to
generate the sequence of denaturation, annealing, and

@ Springer

extension (Park et al. 2003; Curcio and Roeraade 2003;
Dorfman et al. 2005; Chabert et al. 2006; Markey et al.
2010). To our knowledge, Hartung et al. (2009) first
established a fast continuous-flow RT-PCR process con-
sisting of two columnar reactors for thermostating the
different reaction zones of the RT process and the ampli-
fication. However, one shortcoming of their work is that it
still used off-line detection method for the diagnosis of
pathogenic viruses. Although a miniaturized fluorescence
detector was used to measure the fluorescence intensity of
the single fluid segments inside the reaction tube, it only in
situ detected double-stranded DNA in the experiments, and
was not used for on-line detection of RT-PCR-based RNA
viruses. When compared to the work of Hartung et al.
(2009), the continuous-flow RT-PCR proposed in this
article realized the on-line end-point fluorescence detection
for rapid diagnosis of NVs and RVs. In addition, it can be
seen from Table 2 that the currently presented PCR process
speed demonstrated in this work is not slower, and even
faster in comparison with other reports, which also used
spiral-channel-based continuous-flow PCR devices.

4 Conclusions
A microfluidic system for continuous-flow RT-PCR reac-

tions with on-line fluorescence detection has been devel-
oped for fast identification of RNA-based viruses, namely
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NVs and RVs, which are now widely known to be the most
common etiological agents of nonbacterial acute gastro-
enteritis causing numerous outbreaks worldwide. The bath
refrigerating presents the proposed miniature system a
better temperature control and uniformity for a more
compact structural design. The developed microfluidic
system not only overcomes the thermal cross-talk effects of
radiation and/or conduction but also utilizes fluorescence
microscopy to realize the on-line product detection. Up to
now, the amplification products of most microfluidic RT-
PCR (Felbel et al. 2008; Hartung et al. 2009; Lee et al.
2008; Liao et al. 2005; Lien et al. 2007; Lien et al. 2009;
Tsai and Sue 2006) have been analyzed by agarose gel
electrophoresis and ethidium bromide staining, which is
time-consuming and labor-intensive. Therefore, our current
efforts are focused on the on-line fluorescence detection,
which offers several obvious advantages. First, compared
with conventional gel electrophoresis that requires about
30 min for gel casting, the on-line detection system does
not require gel preparation. Second, the products detection
is completed within 1 min, whereas gel electrophoresis
generally requires about 30 min running time. Third, the
detection volumes in this system can be decreased to less
than 1 pl, whereas gel electrophoresis usually requires
several microliters of amplification products. The identifi-
cation of NVs and RVs could be successfully completed
within less than 1 h on this compact, spiral-channel-based,
continuous-flow RT-PCR microfluidics, and thus the whole
microfluidic reaction process was much faster than that of
the conventional RT-PCR process. In addition, the LOD of
the RVs RNA concentration was estimated to be
6.4 x 10* copies pl_l. However, the common drawbacks,
such as adsorption of the reagents to the channel surface
(Zhang et al. 2006), being prone to evaporation of the
sample solution and formation of gas bubbles (Zhang and
Xing 2010a), the requirement of precise temperature con-
trol are also the challenging issues to be solved for
increasingly popularity of microfluidic RT-PCR in the
future. Despite these obstacles, we believe that the micro-
fluidic RT-PCR and on-line fluorescence detection descri-
bed here holds great potential for the rapid detection of
RNA-based viruses in a convenient platform.
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