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Abstract This study presents an integrated microfluidic
system capable of rapid diagnosis of influenza infection
and subtyping of influenza viruses. The viral RNA
extraction module and reverse-transcription polymerase
chain reaction module were integrated with an external
optical detection module into the microsystem. Magnetic
beads conjugated with specific nucleotide probes were first
used to capture target RNA from influenza viral particles
after thermolysis/hybridization processes. The hybridized
target RNA was purified and collected by an external
magnetic field. Finally, the extracted RNA was amplified
by one-step RT-PCR products and detected by optical
detection module with TagMan fluorescence system.
Moreover, the LOD was experimentally found to be 10>
copies for influenza A H1/H3 and influenza B viruses.
Experimental results also showed that different subtypes of
influenza viruses were diagnosed by using multiplex RT-
PCR process and automatically completed within 110 min
in the developed microfluidic system.
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1 Introduction

The most common symptoms of an influenza infection
include chills, fever, sore throat, muscle pains, severe
headache, coughing, weakness or fatigue and general dis-
comfort. However, this also resulted in the deaths of
between 250,000 and 500,000 people every year, and this
number increase to millions in some pandemic years
(Simonsen et al. 1997). On the average, 41,400 people died
each year due to influenza infections in the United States
between 1979 and 2001 (Dushoff et al. 2006). In April
2009, a novel influenza strain evolved from the combined
genes from humans, pigs, and birds, initially dubbed as the
“swine flu” and is also known as 2009 pandemic influenza
A (HIN1) (infA/HINT1). It emerged in Mexico, the United
States, and several other nations (Smith et al. 2009). People
are generally susceptible to the 2009 new mutate of HIN1
influenza due to lack of appropriate immunity. To date,
more than 10,000 cases worldwide have died of the dis-
ease. This novel influenza virus has posed a serious con-
cern for Centers for Disease Control (CDC) around the
world. Therefore, methods and tools for the rapid screening
and diagnosis of seasonal and novel influenza infections
are in great demand.

Influenza viruses are recognized as enveloped, seg-
mented, negative-sense RNA viruses of the family Ortho-
myxoviridae and are classified into three types (A, B and C)
based on the antigenic difference in their nucleoproteins
(NP) and matrix proteins (M1) (Dowdle et al. 1974).
Influenza A virus (infA) and B virus (infB) can cause high
morbidity and mortality in humans (Matrosovich et al.
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2009). InfA is one of the most virulent pathogens among
the three types of influenza viruses. InfA can be further
classified into a variety of subtypes according to the
hemagglutinin (HA) and neuraminidase (NA) glycopro-
teins in the viral envelope. There are 16 subtypes of HA
(H1-H16) and nine subtypes of NA (N1-N9) identified
currently (Horimoto and Kawaoka 2005). Since RNA-
based viruses have been characterized as having high
antigenic drift and segment re-assortment, they may escape
attack from the human immune system. Therefore, fast
identification of influenza viruses is crucial for clinical
applications.

The gold standard for diagnosis of influenza infection
involves virus replication in eggs or a tissue culture fol-
lowed by performing HA inhibition and NA inhibition
assays (Palmer et al. 1975). However, these methods are
usually time-consuming, cumbersome and technically
demanding. In the past decade, some nucleic acid tech-
nology (NAT) based on a polymerase chain reaction (PCR)
has been reported for the diagnosis of influenza infection
with high sensitivity and high specificity (Kaul et al. 2010).
There have been several laboratory assays and commer-
cially available RT-PCR assays developed for the diagno-
sis of influenza viruses in the past decade (Hindiyeh et al.
2005; LeGoff et al. 2008; Smith et al. 2003). There have
been several influenza assays for viral typing and subtyping
developed over the last few years. Among them, the mul-
tiplex PCR has increasingly been used for the diagnosis of
infectious diseases, including those caused by DNA- and
RNA-based viruses (Barken et al. 2007; Elnifro et al.
2000). The major advances in multiplex RT-PCR have
been made with real-time thermocyclers, or microarrays to
detect infectious agents (Gall et al. 2009; Lee et al. 2008;
Lin et al. 2009). However, these methods usually require
bulky apparatus, experienced personnel, and lengthy pro-
cess that may hinder their practical applications when
pandemic infections occur.

Typically, gel electrophoresis can be used to observe the
amplification of RT-PCR products. However, it usually
takes about 30-60 min to separate the DNA segments
according oligonucleotide length. Besides, it is not precise
when quantifying the RT-PCR products. Alternatively,
specific fluorophore probes allowing simultaneous ampli-
fication and visualization of the viral nucleic acids in real
time have been widely used (Nazarenko 2006). For
instance, the performance of the RT-PCR assays were
significantly improved by using the TagMan probe such
that the sensitivity and specificity for specific gene detec-
tion was enhanced greatly (Di Trani et al. 2006). Briefly,
the TagMan probes consist of a fluorophore covalently
attached to the 5’-end of the fluorescence oligonucleotide
probe and a quencher at the 3’-end (Kutyavin et al. 2000).
When a fluorophore and a quencher are in proximity, the
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quencher molecules will inhibit emission of fluorescent
signals. The TagMan probes were annealed within the
amplified region. As the Taq polymerase extends the pri-
mer and synthesizes the nascent strand, the 5-3’' exonu-
clease activity of the polymerase cleavages the TagMan
probe that had been annealed to the template. Degradation
of the probe release the fluorophore from the 5'-end and
increased the distance to the quencher, allowing the fluo-
rescent signals to be emitted. Furthermore, it also allowed
for the real-time quantification of the nucleic acids.

Recently, miniature biomedical systems integrated with
functional microfluidic devices have been widely explored
for molecular diagnostics. The microsystems made using
micro-electro-mechanical-system (MEMS) technology
have several advantages over their large-scale counterparts,
including portability, lower unit cost, disposability, parallel
processing, lower reagent and sample consumption, and
automation (Vilkner et al. 2004). Recently, many studies
have reported the detection of influenza infection by using
microfluidic chips. They either used the antigen—antibody
interactions to perform immunoassays or merely used
purified viral RNA samples to carry out nucleic acid
amplification or hybridization with specific probes on
microarrays (Kao et al. 2011; Reichmuth et al. 2008).
However, most devices need purified DNA or RNA prior to
the diagnosis progress (Daniel et al. 2011). Furthermore,
magnetic beads were extensively used in microfluidic
systems for a variety of applications (Gijs 2004). For
instance, specific target DNA and virus were extracted and
purified efficiently with this approach (Lien et al. 2007).
These magnetic beads could be further used for sample
preparation and genetic amplification if integrated with on-
chip PCR modules (Lien et al. 2009). Even though anti-
bodies have been commonly used and surface-coated on
magnetic beads for a variety of the applications (Lee et al.
2009; Qiu et al. 2009), there are still several critical issues
when using antibodies to recognize the target proteins by
magnetic beads. For example, the instability of antibodies
and the cross-reactivity, which impairs diagnostic speci-
ficity, should be taken into consideration for practical
applications (Magnarelli et al. 1987).

In addition, there are some commercially available
microfluidic kits (for example, the FilmArray® from Idaho
Technology Inc., USA) using surface-charged beads to
carry out DNA extraction and purification, and then using
PCR and fluorescent detection for automated rapid diag-
nosis of pathogens. However, the nucleic acid probe con-
jugated with magnetic beads has a higher specificity than
surface-charged magnetic beads to capture the target
samples. Alternatively, specific nucleotide probes were
used to conjugate onto the surface of magnetic beads by
utilizing the carboxylated linkage (Hawkins et al. 1994).
The application of oligonucleotide-conjugated magnetic
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beads for isolation of specific nucleic acid sequences
involved DNA hybridization (Jungell-Nortamo et al. 1988).
Hence, sequence-specific hybridization capture on magnetic
microbeads, when combined with target amplification
approaches such as PCR amplification technologies, could
provide a rapid and sensitive method for molecular diagnosis.
It was used to capture target DNA or RNA in clinical samples
(Li et al. 2008; Parham et al. 2007; Wang et al. 2007).

This study, therefore, reports an integrated microfluidic
system capable of fast diagnosis and subtyping of influenza
infection. It performed viral RNA extraction by using
specific nucleotide probes conjugated on the surface of the
magnetic beads from clinical samples by using a suction-
type microfluidic control module. All the fluidic samples
were mixed rapidly and manipulated precisely in an auto-
matic manner. Moreover, multiplex RT-PCR assays for the
rapid subtyping of the influenza infection, which incorpo-
rated fluorescent TagMan probes were also implemented
on the chip by utilizing the RT-PCR module with a high
temperature ramping rate. Significantly, a unique, innova-
tive feature of the suction-type, pneumatic microfluidic
device for sample transportation and an efficient mixing
effect was demonstrated in this study with the incorpora-
tion of a central mixing unit, a sample transportation unit
and normally-closed microvalves when compared with our
previous works (Lien et al. 2007, 2009). Consequently, the
developed system may provide a promising platform for
fast molecular diagnosis of influenza viruses.

2 Materials and methods
2.1 Working principle of the diagnostic assay

A new microsystem capable of influenza viral RNA
extraction, one-step multiplex RT-PCR and optical detec-
tion of fluorescent TagMan probes was developed in this
current study. The entire process was performed automat-
ically by carrying out a three-step operating process,
namely: (1) target RNA extraction from the viral particle or
clinical samples by using thermolysis and highly specific
nucleotide probes-conjugated magnetic beads to capture
viral RNA, (2) a one-step multiplex RT-PCR process for
rapid amplification of target genes associated with sub-
typing of influenza viruses using highly specific subtyping
primers, and (3) an end-point optical detection process by
using the TagMan probe assay. In addition, the entire
diagnostic assay for diagnosis of influenza infection was
performed rapidly and automatically in the suction-type
microfluidic system via the on-chip mixing process and the
microfluidic control module, which consist of suction-type,
pneumatically driven, central mixing/transportation units.
It was demonstrated that the rapid diagnosis and subtyping

of influenza infection from viral or clinical sample sources
with both a high sensitivity and specificity.

Figure la illustrate the working principle of the mag-
netic-bead-based diagnostic assay performed in the
microfluidic system for the rapid identification and sub-
typing of influenza viruses. Figure 1b shows a photograph
of the developed microfluidic chip. First, 10 pL of tested
clinical samples and 5 pl. of specific nucleotide probe
coated magnetic beads were loaded into the clinical sample
chamber. This was then followed by loading the RT-PCR
reaction mixture and double-distilled water (ddH,O) (used
as washing buffer in this system) into the multiplex
RT-PCR chamber and the washing buffer chamber,
respectively. Both the viral particles and nucleotide probe-
conjugated beads were transported from clinical sample
chamber to the thermal lysis/RNA hybridization chamber
by using a sample transportation unit using a suction-type
pump module. A temperature of 95°C was then maintained
within the thermal lysis/RNA hybridization chamber to
thermally lyse the influenza viruses by utilizing a temper-
ature control module, followed by hybridizing the released
viral RNA with the oligonucleotide probes-conjugated
magnetic beads at 60°C. Then, a permanent magnet was
attached underneath the thermal lysis/RNA hybridization
chamber to collect the magnetic complexes, followed by
evacuating all the other biological interference to the waste
chamber with the aid of a vacuum pump. A washing pro-
cess was then performed by pumping ddH,O from the
washing buffer chamber to the thermal lysis/RNA hybrid-
ization chamber by using the sample transportation unit
and removing the waste solution by using the permanent
magnet and the vacuum pump. Thus the target viral RNA
hybridized onto the magnetic beads was successfully
extracted. Next, all of collected beads were re-suspended in
a 25-puL solution containing an appropriate amount of
ddH,O, RT-PCR reagents and TagMan probes. All reaction
mixtures were transported into the multiplex RT-PCR
chamber where the one-step multiplex RT-PCR process
was performed by utilizing the temperature control module.
Finally, the fluorescent signals of RT-PCR amplicons were
measured at end-point of the RT-PCR processes by uti-
lizing an PMT optical detection module (Lien et al. 2007).

The working principle of the suction-type, pneumatic
microfluidic control module for liquid delivery and mixing
can be referenced in our previous work (Weng et al. 2011).
Detail information for the chip fabrication can be found in our
previous work (Weng et al. 2011). Briefly, the transport of
fluidic samples was enabled when the polydimethylsiloxane
(PDMS) membranes of the central mixing/transportation units
were deflected upwards sequentially by negative pressure in
the air chambers, generated by an external vacuum pump,
such that the fluidic sample was drawn into the fluidic reser-
voirs underneath the central PDMS membrane. This was
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Fig. 1 a Schematic illustrations of the working principle for the rapid diagnosis process that enables subtyping of influenza viruses.
b Photograph of the integrated microfluidic system. The chip has dimensions of 3.0 and 6.0 cm

followed by pushing the fluidic sample from the fluidic res-
ervoirs into the neighboring chamber when the PDMS mem-
branes were released.

Furthermore, an efficient mixing effect was also be
generated by utilizing the central mixing unit with a similar
mechanism (Yang et al. 2009). For instance, two different
fluidic samples were drawn simultaneously into the fluidic
reservoir of the central mixing unit when the air in the air
chamber of the two microvalves and the central mixing unit
was evacuated with the aid of the vacuum pump. This was
followed by equally distributing the sample fluids into both
inlet chambers when the PDMS membrane of the central
mixing unit was released. With this approach, two types of
fluidic samples were rapidly mixed with a high mixing
efficiency within a short period of time. All the microflu-
idic elements were driven by regulating electromagnetic
valves (EMVs) using digital signals provided by an inte-
grated control circuit with the incorporation of an external
vacuum pump (Weng et al. 2011).

2.2 Virus preparation

The given HAU (Hemagglutination units) number from
each tested influenza A (H3 and H1 subtypes) and B virus
strains were titrated by a hemagglutination inhibition assay
with 1% turkey erythrocytes (Donald and Isaacs 1954). The
tested influenza viral isolate were confirmed, named and
provided by the remaining stock samples from the National
Institutes of Health (NIH) in Taiwan. In this study, the
HAU of all tested virus are listed in Supplemental Table 1.
All operations were carried out according to the safety
instructions provided by the NIH in Taiwan.
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2.3 Bioinformatic analysis of designed multiple
RT-PCR primers and fluorescent probes

In this study, the nucleotide sequences of hemagglutinin
were used for the diagnosis of influenza viruses by per-
forming RT-PCR. These nucleotide sequences were
selected based on sequence information obtained from the
NCBI Influenza Virus Resource Database (IVRD) (http://
www.ncbi.nlm.nih.gov/genomes/FLU/) (Bao et al. 2008).
Ten HA types of 77 tested viral samples were used for the
high consensus nucleotide regions predicted within the
specific primers and probes design by using a software
program, Vector NTT suite 8 (InforMax, USA). All of the
tested primers, probes and TagMan probes are presented
in Table 1. The primers and TagMan fluorescent probe
specific for the hemagglutinin gene of influenza virus
were synthesized from ScinoPharm® Ltd. and Protech
Technology Enterprise Co., Ltd. Taiwan, respectively. The
primers and probes were dissolved in sterile ddH,O and
stored at —70°C prior to usage.

2.4 Viral RNA extraction protocol

The target viral RNA was captured by the specific nucle-
otide probe conjugated on the magnetic beads, followed by
amplifying the hemagglutinin gene by one-step multiplex
RT-PCR. The amplified lengths of the genes for infA/HI,
infA/H3, and infB were 249, 147 and 170 base pairs (bp),
respectively. Detailed information about the specific
nucleotide probe conjugated onto the surface of the mag-
netic beads can referenced in our previous work (Wang
et al. 2011). Briefly, a 10-uL tested sample of influenza
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Table 1 Primers and probes

designed in this study Species Primer Sequences (5" — 3')
Influenza B virus Forward AAATACGGTGGATTAAATAAAAGCAA
Reverse CCAGCAATAGCTCCGAAGAAA
Probe TTTTTTTTTTACTACTCATGGTAGTAACATCCAATG

Influenza A virus

HI subtype

H3 subtype

TagMan probe

Forward
Reverse

Probe

TagqMan probe
Forward

Reverse

[6FAM]-AGGAAACCAGCAATAGCTCCGAAGAAACC
C-[BHQ1]

GTGTTCATCACCCGCC

AGCCTCTACTCAGTGC
TTTTTTTTTTAGACACAATATGTATAGGCTACCATG
[6FAM]-AAACTATGTCGACTAAAGGA-[BHQI1]
AATGCATCACTCCAAATGG
TAGTTTGTTTCTCTGGTAC

Probe

TaqMan probe

2009 pandemic Forward
influenza Reverse
A HINI1

Probe

TTTTTTTTTTAGAATAAGCATCTATTGGACAATAGT
[6FAM]-TATGAAACCCGCGATTGCGCCAAATATG
C-[BHQ1]
CTAGTTAAAGATCACAAAAGGAAATTCATA
AGACTTTGTTGGTCAGCACTAGT
TTTTTTTTTTGGACATCAACACTAACCAGAGATTGT

virus was mixed with 5 pL. of the specific nucleotide
probe-conjugated magnetic beads [the diameter (@) of the
beads 4.5 pum, concentration 4 x 107 beads/mL, MAG-
BEAD AGT-003-05, Applied Gene Technologies, USA]
and were loaded into the thermal lysis/RNA hybridization
chamber. They were then heated at 95°C for 5 min to
disrupt the virus particles. Next, the reaction temperature
was reduced to 60°C for 10 min so that the specific
nucleotide probe could capture the target viral RNA. The
entire process of viral RNA extraction was completed in
approximately 15 min in an automatic manner. After the
hybridization processes, 100 pL. of ddH,O was loaded into
the thermal lysis/RNA hybridization chamber from wash-
ing buffer chamber and pumped continuously to wash away
any unbound interferents while the magnetic complexes
were still restrained by a magnetic field. This washing step
was repeated twice. Any cellular substances were washed
away and trapped within the waste chamber by the nor-
mally-closed valve. Finally, the RT-PCR reagent with a
total volume of 25 pL was loaded into the clinical sample
chamber, followed by transporting them into the multiplex
RT-PCR chamber.

2.5 One-step RT-PCR protocol

A one-step RT-PCR process was performed in the multiplex
RT-PCR chamber. 25 pL. of reaction reagents was used,
which contained 10 pL of bead-captured viral RNA sample,
1 uL of deoxyribonucleotide triphosphate (ANTP, 10 mM),
2.5 uL of 10x PCR buffer (20 mM Tris—HCI, pH 8.0,
100 mM KCI, 0.1 mM EDTA, 1 mM DTT, 0.5% Tween,

0.5% Nonidet and 50% (v/v) glycerol, JIMR Holdings, UK),
3 pL of multiple primers (0.5 pL of each primer for InfA/
HI1, InfA/H3 and InfB forward/reverse primers), 0.5 pL. of
Superthermo Gold Tag DNA polymerase (5 U/puL, JMR
Holdings, UK) and 0.5 pL. of Moloney Murine Leukemia
Virus reverse transcriptase (MMLV RT, 200 U/uL, Pro-
mega, USA). Another 7.5 pL of ddH,O was finally added.
The thermocycling of RT-PCR was performed with the
following conditions: 42°C for 30 min (reverse transcrip-
tion), 95°C for 5 min (initial denaturation), and 35 cycles of
PCR at 95°C for 20 s (denaturation), 56°C for 20 s
(annealing) and 72°C for 20 s (extension) for each cycle;
and then at 72°C for 7 min. For the one step RT-PCR assay,
the reactions were performed both in a MyCycler thermal
cycler (Bio-Rad, USA) and in the integrated microfluidic
system for comparison. For the negative control case,
RNase-free water was used instead of the template RNA.
The RT-PCR products were visualized by using gel elec-
trophoresis on a 2% agarose with ethidium bromide staining.

2.6 Sensitivity of the one-step multiplex RT-PCR assay

The limitation of detection (LOD) for influenza virus was
always determined by viral copy number in molecular
diagnosis. To demonstrate the developed integrated
microfluidic system has highly sensitivity in molecular
diagnosis, the copies number of original tested viral sam-
ples was confirmed by real-time PCR. The tenfold series
dilution of infA/H1 positive control plasmid was quantified
by spectrophotometer and calculated related copy number.
The real-time PCR were analyzed in triplicate with
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SuperScript® III Platinum® SYBR® Green One-Step qRT-
PCR Kit (Invitrogen, CA, USA) by StepOnePlus real-time
PCR system (Applied Biosystem, Life Technologies Co.,
CA, USA). Aliquots of the tested sample preparation were
included in 25 pL. of RT-PCR mixture containing specific
primers (10 UM of each primer) and 1x one-Step RT-PCR
Master Mix Reagents. Each run included a negative control
(used by ddH,O) and a triplex testing. The reaction con-
sisted of 30 min of reverse-transcription at 48°C, 10 min of
activation at 95°C, and 40 cycles of amplification (95°C for
15 s and 60°C for 1 min). The standard curve was obtained
by the relationship of Ct with log value about copy number
of infA/H1. The RNA extracted was using PureLink  viral
RNA/DNA Mini Kit (Invitrogen, CA, USA) for three tes-
ted infA/H]1 strains (128 HAU) following the previous real-
time PCR condition to obtain the mean of Ct value and
measured the copy number by formula. The results of the
tested influenza virus isolates were analyzed for at least
three tests.

2.7 Specificity of the one-step multiplex RT-PCR assay

The specificity of the one-step multiplex RT-PCR assay
was determined by using three subtypes, each of them
containing two or three virus isolates. The primer pairs
were confirmed against the specificity panel to ensure
whether the subtype-specific primer pairs were specifically
recognized by the corresponding viral subtype only. The
mixture contents of the PCR reagent and the protocol were
the same as the ones described previously.

2.8 Optical detection of influenza viruses
by the TagMan probe

The fluorogenic TagMan probes of infA/H1, infA/H3 and
infB were labeled with 6-carboxyfluorescein (6-FAM) at
the 5’ and a dark hole quencher 1 (BHQI1) dye at the 3’ end
that designed in the internal region of the RT-PCR product.
The TagMan probe was designed using the Primer Express
version 1.5 software (Applied Biosystems, Foster City, CA,
USA). The external optical detection module was used for
the rapid detection of the fluorescent signals from the
amplicons of the HA genes. Light from a mercury lamp
was first directed through a band-pass (BP) filter (470/
20BP, Nikon Corp., Japan) and was used to excite the
reporter dye (FAM) in the amplified RT-PCR products at
an excitation wavelength of 488 nm. The emitted fluores-
cent signals from the reporter dye were then directed
through a long-pass filter (S05LP, Nikon Corp., Japan),
followed by filtering out all other fluorescent signals
excited in the PCR products utilizing another BP filter
(522/16BP, Nikon Corp., Japan). Only signals with wave-
lengths ranging from 506 nm to 538 nm can pass through
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and be detected by the photomultiplier tube (PMT). With
this approach, highly sensitive detection of the target genes
can be achieved by utilizing the optical detection module.

As mentioned previously, the amplification of RT-PCR
was monitored by using the increase in fluorescent signals
that occurred when released from the TagMan probe. The
GoTaq® hot-start polymerase (Promega, USA) which
exhibiting 5" — 3’ exonuclease activity could cleave the
FAM fluorphore from the TagMan probe. The 1 pL of
TagMan probe was added in the RT-PCR reagent. The RT-
PCR thermal cycling program followed the protocol
described in the previous section. Statistical analyses
adopting a two-tailed Student’s 7 test was used to determine
the statistical difference. The statistical significance was
confirmed when P < 0.05.

3 Results and discussion
3.1 Characterization of the microfluidic devices

The driving frequency of the PDMS membranes plays an
important role in mixing for whole analytic processes.
Therefore, The mixing index (o) of the central mixing unit
of the proposed microfluidic system with different driving
frequencies (fy) of the PDMS membranes. The mixing
indices for three different frequencies (1, 3 and 5 Hz) were
investigated when the applied negative pressure was set at
—80 kPa. Experimental data showed that the samples were
completely mixed within 6 s when the driving frequency
was 3 Hz (6 = 94.5%) (Weng et al. 2011).

Figure 2 shows the relationship between the flow-
pumping rate and the applied air pressure with different
diameters of the sample transportation units. Two different
designs of the sample transportation unit with diameters of
5.2 and 8.0 mm were explored. A large volume of the
fluidic reservoir underneath the central PDMS membrane
was realized by increasing the dimensions of the PDMS
membrane of the sample transportation unit, these results
showed in a high flow pumping rate. A maximum flow
pumping rate of approximately 444 and 650 pL/min with
an air pressure of —80 kPa was achieved for units with
diameters of 5.2 and 8.0 mm, respectively. Consequently,
the proposed suction-type, pneumatic microfluidic device
was demonstrated to be capable of handing a fluidic sample
for rapid transportation and efficient mixing in an auto-
matic manner by using the central mixing unit and the
sample transportation unit when integrated with two nor-
mally-closed microvalves.

The temperature uniformity within the micro RT-PCR
module was also verified at a set temperature of 95°C by an
infrared (IR) imaging system (Infrared-Thermography
TVS-200N, Nippon Avionics Co Ltd., Japan). The IR
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Fig. 2 The flow pumping rates for the suction-type micropump when
operated at different applied air pressures

image showed that the microheaters with self-compensated
heating grids could provide additional heating power
against any thermal loss at the edges of the microheaters
(Lien et al. 2009). The variation in the temperature uni-
formity at a set point was controlled to be within £0.2°C.
In addition, the heating and cooling rates of the module
were measured to be approximately 22.3 and 13.5°C/s,
respectively. Hence, these rapid heating and cooling rates
assured fast nucleic acid amplification.

3.2 Specificity test

For assessment of the assay specificity, strains of infA/HI,
infA/H3, infB and infA/HIN1 were tested by using the
developed microfluidic system. Moreover, the target HA
gene of the influenza virus particles could be rapidly lysed
at 95°C and captured by the subtype-specific, probe-con-
jugated magnetic beads. The specificity of viral subtype for
hybridization was explored and shown in Fig. 3. Using the
developed microfluidic system, the infA/H1 and infA/H3
specific nucleotide probes were used for viral RNA
extraction and hybridization with three infA/H1 (lanes 1-3)
and two infA/H3 (lanes 4-5) strains for specificity testing,
respectively. In addition, to avoid false- or cross-reactions,
the infA/H1 probe-conjugated beads were incubated with
the infA/H3 isolate (lane 6). Similarly, the infA/H3 probe-
conjugated beads were incubated with the infA/H1 isolate
(lane 7). Both of them could not generate PCR products.
These results indicated that the infA/H1 or infA/H3 probe
has high specificity for capturing target RNA. The two
subtypes of amplified products were clearly discriminated
in gel electrophoresis observation after multiplex RT-PCR
(lane 8) was performed. The electropherograms showed
that the two specific nucleotide probe-conjugated beads can
successfully capture two subtypes of influenza viral RNA
and would not interfere with each other (lane 8). This

Fig. 3 Specificity results for the nucleotide probe-conjugated mag-
netic beads. The infA/H1 specific probes were used for viral RNA
extraction for lanes 1, 2, 3 and 6. The infA/H3 specific probes were
used for viral RNA extraction for lanes 4, 5 and 7. Both infA/H1 and
infA/H3 specific probes were used in lane 8. The tested infA/H1
samples were used in lanes 1, 2, 3, 7 and 8. The tested infA/H3
samples were used in lanes 4, 5, 6 and 8. L 50-bp DNA ladder
markers, lane NC ddH20 was used as the template for negative
control

indicated that during the DNA extraction processes, vari-
ous subtype-specific, probe-conjugated beads could be
used together without adversely affecting the accuracy of
the multiplex RT-PCR assays in this study. No cross-
reactivity was observed on the specificity of the influenza
A/B viruses. The experimental data, therefore, demon-
strates a high specificity for the proposed one-step multi-
plex RT-PCR assay.

In addition to the diagnosis of seasonal influenza, the
specific primers and the nucleotide probe were designed for
the rapid diagnosis of the 2009 pandemic influenza
A/HINI virus (infA/HIN1, Supplemental Fig. 1). 64 HAU
of infA/HINI1 virus were amplified by using an infA/HIN1
subtype specific probe and infA/HIN1 primer sets (lane 1).
However, the results showed that lanes 2 and 3 could not be
amplified by H1 and H3 specific capture probes, respec-
tively. In contrast, the infA/H1 and infA/H3 viruses were
also not identified by the infA/HIN1 specific probe (lanes 4
and 5). These results showed that the infA/HIN1 primers/
probe system has a high specificity for the infA/HINI1
virus. All of these results demonstrated that the developed
integrated microfluidic system could be suitable for the
rapid diagnosis of various subtypes of influenza viruses.
The experimental results showed that the designed probes
and primers have a highly specificity for subtyping and no
cross-reactions were observed with other subtypes. In
addition, different subtypes of the viral isolates were added
in different combinations into a multiplex RT-PCR analy-
sis (Supplemental Fig. 2). The results showed that the
system still accurately detected the desired target influenza
viruses when even two (Supplemental Fig. 2, lanes 4-6) or
three viruses (Supplemental Fig. 2, lane 7) subtypes
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coexisted in the tested sample. Therefore, several sets of
primers and probes were demonstrated to apply at same
time for the diagnosis and subtyping of unknown influenza
viruses.

For simulating clinical examination, 10° copies of infA/
HI1, infA/H3 and infB viruses were added into normal
nasopharyngeal swab samples to perform the microfluidic
assay. RNA extraction and probe bead-based multiplex
RT-PCR processes were performed according to the
aforementioned method (Fig. 4). The RT-PCR products
were obtained from tested viral particle added into the
nasopharyngeal swab samples by using the developed
integrated microfluidic system (Fig. 4a, b, c; lane 1). Fur-
thermore, no PCR products were detected in nasopharyn-
geal swab samples that were not initially spiked with
viruses (Fig. 4a, b, c; lane 2). This indicated that the
microfluidic system has a great potential for clinical
applications.

3.3 Sensitivity test

Following a real-time PCR assay of tested influenza virus,
the detectable copy numbers of three samples (89N364H1,
89N351A and 97N510H1) with different initial concen-
trations of 1.2, 1.8 and 2.5 x 10° copies/puL. were mea-
sured, respectively (Supplemental Fig. 3). Three infA/H1
isolates were used to explore the sensitivity and LOD of the
assay. The RT-PCR results from the integrated microfluidic
system were shown in Supplemental Figure 4. These tested

(A) (B)
500 bp 500 by
200 bp 200bp

Fig. 4 The identification of influenza viruses by using spiked clinical
samples. 128 HAU of influenza A/H1 (a), A/H3 (b) and B (c) virus
was added into normal nasopharyngeal swab samples to carrying out
RNA extraction and probe beads-based multiplex RT-PCR processes.

@ Springer

samples were serially diluted tenfold and tested in the one-
step multiplex RT-PCR assays (Supplemental Fig. 4A).
The LOD of the developed system was found to be
1.2 x 10% copies in 89N364H1 (Supplemental Fig. 4B).
The LOD of 89N351A and 97N510H1 was measured to be
1.8 x 10" and 2.5 x 10" copies, respectively (Supple-
mental Fig. 4A and 4C). Namely, the multiplex RT-PCR
results showed that the microfluidic system used for the
identification of influenza viruses was more sensitive by
about 10°~10° times than the HA inhibition assay in con-
ventional clinical diagnostics (Gambaryan and Matroso-
vich 1992). Note that there are many reports or Kits
showing that the LOD of influenza diagnosis is about 10°—
10" copies by using purified viral RNA samples (Zhang and
Xing 2010). However, the design of the developed
microfluidic system follows the concept of lab-on-a-chip,
emphasizing that sample pretreatment/purification, nucleic
acid amplification and optical detection were integrated
into a chip. Therefore, although the operating processes
may cause the loss of small amount of RNA, the developed
system still has a high LOD (10? copies/reaction).

3.4 Optical measurement of amplicons

In this study, the influenza-specific TagMan probes were
also used for optical detection of the RT-PCR amplicons.
Note that the optical detection was performed for fast

diagnosis after the entire process was performed on chip.
Gel electrophoresis was only used for comparison. The

500 bp

200 bp

The specific influenza virus was added in lane I and nasopharyngeal
swab samples were presented in lane 2. L 50-bp DNA ladder markers,
lane NC ddH,0 was used as the template for negative control
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fluorescence intensity was measured at end-point using the
previously constructed optical detection apparatus in this
study (Lien et al. 2009). In order to establish the optimal
condition for this integrated microfluidic system, the
annealing temperature, primer concentration, and RT-PCR
cycling profile were considered in the previous section. The
experimental fluorescent signals with a wavelength of
518 nm (with the maximum emitted fluorescent intensity)
were emitted and detected by the PMT after the filter of the
objective was turned on for 30 s. Note that no TagMan
probe was referenced as the negative control or a noise
limit. The Rotor Gene 3000 software version 6.0.33 was
used for real-time data collection and analysis.

For exploring the optimal probe concentration, three
concentrations (0.1, 1, and 10 uM) of infA/H1 TagMan
probes were used for investigating the fluorescent intensity
in the microfluidic system. All of the experimental results
were repeated three times to calculate the average (mean)
and standard deviation (SD) values. The data is shown in
Table 2. The results showed that when the concentration of
the TagMan probe increased, the measured fluorescent
intensity correspondingly increased. When the concentra-
tion of the TagMan probe was 1 uM or higher, the signal-to-
noise ratio (S/N) was higher than 4.9 times (341/70) which
was a significant difference. The fluorescent intensity
reached a maximum when the TagMan probe concentration
was 10 pM. In order to minimize the reagent consumption,
1 uM of infA/HI1, infA/H3 and infB TagMan probes was
selected for the following experiments in this study.

In order to determine when the fluorescent signal from
the TagMan probe significantly increased, the variation in
fluorescent intensity was measured at the end-point of
different numbers of thermal cycles. These results were
evaluated to identify the optimal number of thermal cycles
for maximum fluorescent intensity. 1 pM of the TagMan
probes were used in 10, 20, 25 cycles of RT-PCR for
fluorescent intensity testing. The final tested fluorescent
intensity (Amv) was normalized by the measured value
deducted from the noise value in the end-point measure-
ment (Table 3). The Amvy indicated as the final tested
fluorescent intensity in the one-step multiplex RT-PCR

Table 2 The data of the fluorescent intensity for the infA/H1 Taq-
Man probe at different concentrations by integrated microfluidic
system

Concentration of Fluorescent Mean SD
TagMan probe (UM) intensity (a.u.)

0 76 65 70 70 6
0.1 106 106 106 106

1 409 280 333 341 65
10 2,500* 2,500 2,500 2,500 0

? The maximum value of the fluorescent intensity was 2,500 a.u.

Table 3 The fluorescent intensities of influenza virus under different
numbers of thermocycles

TagMan probe Amv of fluorescent intensity (a.u.)

(1 uM)

10 cycles 20 cycles 25 cycles
infA/H1 40.10 &= 7.76  708.56 & 20.37  709.99 £ 19.81
infA/H3 33.68 £ 6.52 609.36 & 17.52  603.49 £ 16.84
infB 52.13 £9.31 991.98 + 26.48 1,100.48 £ 30.71

under N cycles of amplification. The results showed that
the fluorescent intensity after a 20-cycle amplification is
17.7 times (708.56/40.10) higher than the one after 10
cycles and has no obvious difference (p > 0.05) than the
one after 25 cycles when using specific infA/H1 TagMan
probes. The same trend also occurred when using infA/H3
or infB TagMan probes to detect the variation of fluores-
cence intensity under different PCR cycles. The fluorescent
intensities of infA/H3 and infB after a 20-cycle amplifi-
cation were 18.09 (609.36/17.52) and 19.03 (991.98/52.13)
higher than the ones after 10 cycles and has no obvious
difference with end-point detection at 25 cycles of PCR,
respectively. Note that the fluorescent intensity increased
with the number of thermal cycles when it was less than 20.
It was speculated that the fluorescent intensity was satu-
rated after 20 cycles by the end-point measurement
(Fig. 5a). Therefore, the fluorescent intensity of Amv,q was
used for this analytic assay.

According to the optimization results, 1 uM of specific
TagMan subtype probe and 20 cycles of RT-PCR were
used for testing the LOD of the influenza diagnostic pro-
cess. As an example, the infA/H1 samples (89N364H1)
were used to perform serial tenfold dilutions in RT-PCR/
TagMan probe assays (Supplemental Table 2). Note that
all three probes can be used for InfA/H1, InfA/H3 or InfB.

The correlation between different dilutions of infA/H1
and the final fluorescent intensity (Amv,g) was further
calculated and is presented by the following formula:

y = 194.52Ln(x) + 169.66 (R* = 0.9345)

where y represents the fluorescent intensity of Amv,, and
x is the diluted fold of 10° copies from tested infA/H1
strains.

Similarly, the infA/H3 and infB specific TagMan probes
were used for the LOD testing. All of the LOD for three
subtypes of influenza virus were found to be 10* copies/
reaction by using the developed integrated microfluidic
system (Fig. 5b). The RT-PCR/TagMan probe assay had a
comparable LOD to the real-time RT-PCR/electrophoresis
assay (Supplemental Fig. 3). With this approach, the fluo-
rescent intensity of the TagMan probe can be detected suc-
cessfully and the analysis time can be shortened to 110 min.

Therefore, the TagMan probe was used in combination
with the multiplex RT-PCR for the identification of
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Fig. 5 The fluorescent (A)
intensities for multiplex RT- - 1200r —— =TTy
PCR assays by using the 2 — i
specific subtype TagMan probes = 1000} i
to detect influenza viruses. =
a The effect of the number of 5
thermal cycles on the £ M0
fluorescent intensity. b The ,:_
relationship between the end- S ol
point fluorescent intensity and Z
the copy number of the target S 400
RNA for influenza A/H1, A/H3 ]
and influenza B viruses, '5
respectively) z 00f

4

0 :

The number of RT-PCR cycles

influenza viruses in the developed integrated microfluidic
system. The entire process took about 110 min, which was
much faster than the traditional methods that approxi-
mately needed 3—4 h. (This included commercial RNA
extraction/purification, conventional RT-PCR and electro-
phoresis) The LOD was comparable with a real-time RT-
PCR assay (Xu et al. 2008).

4 Conclusions

In this study, we demonstrated an integrated microfluidic
system that combined specific probe-conjugated magnetic
beads, one-step multiplex RT-PCR and a TagMan probe
assay for the diagnosis and subtyping of influenza viruses.
It was capable of differentiating seasonal influenza A/H1,
A/H3, pandemic influenza A/HINI1 and influenza B virus
simultaneously. The integrated microfluidic system was
able to perform the entire process for the detection of
influenza viruses. The viral RNA extraction was automat-
ically performed within 20 min. Several sets of highly
specific probes and PCR primers were used for one-step
multiplex RT-PCR. The entire process was shortening to
110 min, which was much faster than conventional meth-
ods (3—4 h). The LOD of the one-step multiplex RT-PCR
microfluidic system was as low as 10? copies/reaction of
influenza virus. Currently, the developed system can be
used for specific type of influenza virus by performing
multiplex RT-PCR with one color TagMan probe in sep-
arate chambers. It can be easily extended for the three-
color TagMan assay if necessary. The developed micro-
fluidic system may provide a promising platform for the
fast diagnosis and subtyping of influenza infections.
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