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Abstract

A microfluidic system for rapid nucleic acid analysis based on real-time convective PCR is developed. To perform ‘sample-
in, answer-out’ nucleic acid analysis, a microfluidic chip is developed to efficiently extract nucleic acid, and meanwhile
convective PCR (CPCR) is applied for rapid nucleic acid amplification. With an integrated microfluidic chip consisting of
reagent pre-storage chambers, a lysis & wash chamber, an elution chamber and a waste chamber, nucleic acid extraction
based on magnetic beads can be automatically performed for a large size of test sample within a limited time. Based on
an easy-to-operate strategy, different pre-stored reagents can be conveniently released for consecutive reaction at different
steps. To achieve efficient mixing, a portable companion device is developed to introduce properly controlled 3-D actuation
to magnetic beads in nucleic acid extraction. In CPCR amplification, PCR reagent can be spontaneously and repeatedly
circulated between hot and cool zones of the reactor for space-domain thermal cycling based on pseudo-isothermal heating.
A handheld real-time CPCR device is developed to perform nucleic acid amplification and in-situ detection. To extend the
detection throughput, multiple handheld real-time CPCR devices can be grouped together by a common control system. It is
demonstrated that influenza A (HIN1) viruses with the reasonable concentration down to 1.0 TCIDsy/ml can be successfully
detected with the microfluidic system.

Keywords Microfluidic chip - Nucleic acid analysis - Mixing - Nucleic acid extraction - Convective PCR - Point-of-care
(POC) testing

1 Introduction normally performed with trivial manual operation in central

labs. In contrast, for point-of-care molecular diagnostics,

Molecular diagnosis is able to detect pathogen- or pathogen-
related nucleic acids (NAs) with ultrasensitive sequence-
specific nucleic acid amplification (Foudeh et al. 2012).
With enzymatic nucleic acid amplification, the target NAs
become detectable after being replicated up to more than
a million-fold. Traditional molecular diagnostics relies on
big and heavy instruments, for example, nucleic acid extrac-
tion instrument and conventional PCR instrument, which is
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simple, convenient, easy-to-operate, and even ‘sample-in,
answer-out’ nucleic acid analysis can be achieved based on
other concepts, for example, microfluidics (Zhuang et al.
2020; Soni and Toley 2022). With a properly designed
fluid network integrated with different functional units, for
example, micro-valves, micro-channels, micro-reactors,
and micro-actuators, POC nucleic acid analysis can be per-
formed on a single microfluidic chip normally accompa-
nied by a portable instrument (Pumford et al. 2020; Huang
et al. 2021). Superior to traditional methods, point-of-care
molecular diagnostics is capable of implementing immediate
detection with high convenience in resource-poor settings,
which is quite beneficial to efficient detection of infectious
deceases, for example, COVID-19 in the global pandemic
(GeneXpert 2022; Abbott. 2022).

For ‘sample-in, answer-out’ nucleic acid analysis in
point-of-care molecular diagnostics, before amplification,
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the test sample needs to be processed to extract and purify
nuclei acid templates. Traditional nucleic acid extraction is
normally performed on regular large-size instrument with
manual operation, which is not suitable for POC diagnos-
tics. Therefore, different nucleic acid extraction methods
based on microfluidic chips have been intensively studied
for nucleic acid analysis at resource-poor settings in POC
testing (Azimi et al. 2011; Mosley et al. 2016; Du et al.
2017). With microfluidic chip, nucleic acid extraction can
be achieved in a rapid, simple, and convenient way at point-
of-care testing (Stumpf et al. 2016; Nguyen et al. 2019).

Currently, nucleic acid amplification can be performed
with PCR or other isothermal amplification methods (Qiu
et al. 2010; Liu et al. 2011). Normally, PCR must be per-
formed with a thermal cycler to provide accurate thermal
cycling to implement three different reaction stages includ-
ing denaturation, annealing, and extension in one amplifi-
cation cycle (Sposito et al. 2016). One PCR test consists
of 30—40 amplification cycles, which normally take 1-2 h
(Wong et al. 2009; Houssin et al. 2016). Comparing to PCR,
isothermal amplification can be performed at a constant tem-
perature with a simplified heating strategy. However, the
complexity of primer design is lower for PCR comparing to
isothermal amplification, for example LAMP (Zhang et al.
2014).

As one of important divisions of PCR, microfluidic PCR
enables nucleic acid amplification to be performed with
high efficiency, low reagent volume, short reaction time,
high throughput, and automatic operation (Chen et al. 2010;
Norian et al. 2014; Ahrberg et al. 2016). Because of its char-
acteristics with simplified heating, high sensitivity, high effi-
ciency, and short detection time, as a division of microfluidic
PCR, CPCR has drawn more and more attention on the way
to applications since its invention (Krishnan et al. 2002).
When the CPCR reactor is properly heated with one or two
constant temperatures, a continuous circulatory flow will
be developed to spontaneously and repeatedly transport the
reagent through different temperature zones for amplification
(Rajendran et al. 2019a, b). Comparing to conventional PCR,
nucleic acid amplification with CPCR can be performed
within remarkably short time with pseudo-isothermal heat-
ing (Li et al. 2016; Chou et al. 2017; Shu et al. 2017).

Previously, we have developed different CPCR reactors
(Qiu et al. 2017a, 2017b, 2017¢, 2019; Miao et al. 2022)
for rapid nucleic acid amplification, which more focused on
CPCR reactor itself. Different from our previous work, this
paper demonstrated a combined platform for rapid ‘sample-
in, answer-out’ virus detection by taking advantage of both
convective PCR and microfluidics. More specifically, this
paper reported a microfluidic nucleic acid detection sys-
tem which can automatically process large-size test sam-
ples with a short turn-around time. Different from other
existing microfluidic systems which can normally handle
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small-size test samples, for the developed microfluidic sys-
tem, large-size test samples can be processed for nucleic
acid extraction to provide more templates, which is critical
to ensure the detection sensitivity especially for diagnosis
of infectious diseases. To perform automated and simple
nucleic acid extraction based on magnetic beads especially
for a large size of test sample, an integrated microfluidic
chip consisting of reagent pre-storage chambers, a lysis &
wash chamber, an elution chamber and a waste chamber is
developed. To improve the mixing efficiency between mag-
netic beads and liquid reagent, a portable companion device
consisting of multiple linear moving stages equipped with
magnets is developed for efficient nucleic acid extraction.
On the other side, the nucleic acid amplification time can
be reduced with convective PCR. Different from our previ-
ously developed CPCR instruments, in this manuscript, a
handheld, much smaller real-time CPCR device is devel-
oped to perform amplification and in-situ detection with a
capillary reactor, which is more convenient for POC test in
resource-poor settings. In principle, multiple handheld real-
time CPCR devices can be grouped together by a common
control system to extend the detection throughput. There-
fore, the handheld CPCR device can accommodate both low-
throughput and relatively high-throughput applications with
high flexibility. By combining microfluidics-based nucleic
acid extraction with CPCR, rapid ‘sample-in, answer-out’
nucleic acid analysis to large-size test sample can be con-
veniently performed. Influenza A (HIN1) viruses can be
successfully detected with the combined microfluidic system
within 50 min, which as a proof of concept, confirms its
potentiality for POC nucleic acid diagnostics.

2 Material and methods

2.1 Integrated microfluidic system for nucleic acid
extraction

Traditionally, nucleic acid extraction includes a couple of
trivial steps, for example, cell lysis, nucleic acid capturing,
purification, and elution, which is a time-consuming process.
Therefore, many efforts have been made to simplify nucleic
acid extraction with automatic machines or even microflu-
idic systems (Mosley et al. 2016). To perform automated
nucleic acid extraction, an integrated microfluidic chip is
developed here. As shown in Fig. 1, the integrated microflu-
idic chip, which includes two major modules, e.g., a reagent
storage & release module and a reaction module, consists
of multiple reagent pre-storage chambers, a lysis & wash
chamber, an elution chamber and a waste chamber. Differ-
ent layers of the integrated microfluidic chip are made from
polycarbonate (PC) with CNC machining, and then they are
bonded together with acetonitrile.
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Fig. 1 Microfluidic chip for (A)
nucleic acid extraction. A An

exploded view of the integrated
microfluidic chip; B Layout of

the reagent storage and release

module; C Reaction module

Needle

Reagent
storage &
release
module

Reaction
module

As shown in Fig. 1A, B before reaction, different rea-
gents are independently pre-stored in different chambers of
the reagent storage and release module. The major reagents
include lysis buffer, wash buffer A and B, elution buffer,
magnetic beads, and proteinase K (Beijing Wantai Biologi-
cal Pharmacy Enterprise, Ltd.). After the test sample with
lysis buffer is loaded into the chamber for lysis buffer stor-
age, a needle will be pushed down to pierce the top cover of
the microfluidic chip first, and then the bottom layer of the
same chamber, which will build a fluid connection between
the reagent storage chamber and the lysis and wash chamber
on the reaction module, e.g., reagent loading holes shown in
Fig. 1B. As shown in Fig. 1C, when the vent hole is open,
the lysis buffer can be released and enter the lysis and wash
chamber. Similarly, other reagents, e.g., wash buffer A or B,
elution buffer can be released at different steps. To simplify
the procedure, magnetic beads are manually loaded into the
lysis and wash chamber from outside. As shown in Fig. 1C,
before the lysis or the wash buffer is discharged into the reac-
tion chamber, the silicone tube (RUNZE FLUID Co., Ltd.,
Nanjing, China) is kept compressed like a closed valve to
avoid the reagent enter the elution chamber. Similarly, when
the elution buffer is discharged into the elution chamber, the
silicone tube-based valve should be closed. Besides working
as a valve, the silicone tube also provides a path for transfer-
ring of magnetic beads from the lysis and wash chamber to
the elution chamber.

2.2 Portable companion device for nucleic acid
extraction

To facilitate fluid control inside the microfluidic chip,
especially, to introduce properly controlled 3-D actuation
to magnetic beads for efficient mixing, a portable compan-
ion device (145 mm X 200 mm X 220 mm) is developed. As
shown in Fig. 2A, the portable device consists of multiple
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Fig.2 Portable companion device for nucleic acid extraction. A Pic-
ture of the device; B Picture of the microfluidic chip; C Picture of the
heating module

liner moving stags equipped with magnets (Lalaci, Lalaci
Co., Ltd., Shenzhen, China) and a heating module. A picture
of the integrated microfluidic chip is shown in Fig. 2B. As
shown in Fig. 2C, a resistance heater (Zhenglong Electrical
Thermal Technology Co., Ltd., Yancheng, China) is adopted
to heat the microfluidic chip for desired performance in
nucleic acid extraction.

As shown in Fig. 2A, different liner moving stags
(DINGS' Intelligent Control Technology Co., Ltd., Chang-
zhou, China) are used for different purposes, for example, to
push down needles for reagent release, to move the magnets
for efficient mixing, to move the microfluidic chip for mixing
or fluid control, or to compress the silicone tube for valving,
et al. Because the size of the elution buffer is significantly
lower than that of other reagents, magnetic beads need to be
transferred from the lysis and wash chamber to the smaller
elution chamber for efficient mixing.
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As shown in Fig. 3A-1, A-2, after the second wash with
wash buffer B, the silicone tube-based valve will be opened,
which will enable wash buffer B to enter the elution cham-
ber, and meanwhile, the silicone tube will be filled with wash
buffer B, which will provide a liquid bridge for transferring
of magnetic beads. After that, a magnet mounted on a linear
moving stage, which is used for mixing too, is used to con-
centrate magnetic beads based on magnetic force first, and
then transfer them from the lysis and wash chamber to the
elution chamber through the liquid bridge.

As shown in Fig. 3B-1, B-2, to facilitate efficient mixing
between magnetic beads and liquid reagent, a two-dimen-
sional linear moving stage is adopted to move the integrated
chip at X or Y direction, and meanwhile, two linear moving
stages at both sides of the chip are adopted to respectively
move two magnets up and down. Based on reasonably con-
figured linear moving stages, properly controlled 3-D actua-
tion to magnetic beads can be introduced to generate 3-D
mixing trajectory by the companion device, which is critical
to the performance of nucleic acid extraction.

2.3 Handheld real-time CPCR system

Previously, we have successfully developed CPCR systems
for rapid nucleic acid amplification with capillary tube reac-
tors within 30 min. CPCR capillary tubes (inner and outside
diameter: 1.6 and 3.3 mm, inner reactor length: 19 mm),
which are made from transparent polycarbonate (PC), can
be made with injection molding for mass production. As
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shown in Fig. 4A, unlike other complicated microfluidic
PCR chips, the concise capillary tube can be handled much
more conveniently just like a conventional 200 pL. PCR tube.
As shown in Fig. 4B, when the capillary tube is heated from
the bottom end with a stable temperature gradient, consist-
ent thermal convection will be introduced because of ther-
mosiphon, which will circulate reactants between hot and
cool zones of the reaction for spatially separate melting,
annealing, and extension of PCR amplification. Previously,
the temperature gradient inside the capillary tube has been
analyzed with mathematical modeling and in-silico simula-
tions (Qiu et al. 2019).

As shown in Fig. 4C, to perform real-time CPCR with a
capillary tube, a handheld device (60 mm X 60 mm X 60 mm)
is developed to run duplicated tests at the same time. As
shown in Fig. 4D, the handheld real-time CPCR device
consists of two major modules, e.g., a fluorescence detec-
tion module and a heating module. In the heating module,
a resistive heater is adopted to heat capillary tubes. In the
fluorescence detection module, a LED (light-emitting diode,
Lumileds Holding B.V) excitation source positioned close to
the capillary tube is used to illuminate the reagent through a
short pass optical filter (A,,_,;=495 nm, Jingyibodian Co.,
Ltd., Beijing, China) when the light passes through an opti-
cal fiber (Hecho Co., Ltd., Nanjing, China) until reaches
the capillary tube. Meanwhile, the fluorescence signal of
the reagent inside the capillary tube is collected with an
optical fiber and then detected by a photodiode after it is
coupled through an optical filter (to block the excitation,
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Fig.3 Transferring and mixing of magnetic beads. A-1 and A-2: Transferring of magnetic beads from the lysis and wash chamber to the elution

chamber; B-1 and B-2: 3-D mixing of magnetic beads
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Fig.4 Handheld real-time ( A)
CPCR system. A Capillary tube;
B Principle of CPCR; C Picture
of the handheld device; D Major
modules of the handheld device

©)

Acutof =15 nm, Jingyibodian Co., Ltd., Beijing, China).
The handheld real-time CPCR device can be powered by an
outside 5 V DC power supply with a working current less
than 850 mA in amplification. Inside the developed port-
able device, it has a feedback temperature control system
to ensure the accuracy of temperature control in heating.

Fig.5 Distributed real-time CPCR (#2) CPCR (#3)

CPCR system
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Therefore, powered by a portable mobile power supply
with relatively large capacity, the handheld real-time CPCR
device can run up to hundred tests, which is desired in POC
test.

To increase the detection throughput, a distributed real-
time CPCR system is developed. As shown in Fig. 5, a

CPCR (#4)

Main controller
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distributed and configurable real-time CPCR system is con-
structed by connecting multiple handheld CPCR devices to
a common main controller (Mycontrol Co., Ltd., Hangzhou,
China).

As shown in Fig. 5, a common controller is adopted to
control multiple handheld real-time CPCR devices through
Bluetooth. Different commands can be sent from the com-
mon controller to control each device independently, and
meanwhile, data and state information from each device
can be sent back to the common main controller for fur-
ther processing and display. Custom application software
based on JAVA was developed to control multiple devices
via Bluetooth. The distributed system can be configured with
different number of reaction units for different applications.
In principle, each handheld device is allowed to indepen-
dently run new tests at any time, which is beneficial to POC
immediate test. Comparing to conventional PCR instrument,
with the distributed real-time CPCR system, efficient nucleic
acid amplification can be achieved in a more flexible way.

The CPCR reaction mix is comprised of 3 pL mixture of
primers (Beijing Wantai Biological Pharmacy Enterprise,
Ltd.) and a Tagman probe which is labeled with FAM at
5’end and Eclipse at the 3’end, 4 mM dNTP and 4 pL of Fast
Buffer I (Mg ion buffer) (all Takara Bio Inc., Shiga, Japan),
0.4 U of AMV reverse transcriptase (Promega, USA), 1 U
of SpeedSTAR HS DNA polymerase (Takara), 10 pL of the
purified nucleic acid templates as per above protocol, and
molecular-biology grade water to a total reaction volume of
40 pL. Instead of using normal DNA-intercalating fluores-
cent dye, such as SYTO-9 Green™, a Tagman probe is used
for specific fluorescence labeling, which ensures the accu-
racy and specification of pathogen detection. The primer
sequence used with influenza HIN1 template is expected to
yield a 105-bp amplicon.

3 Results and discussion

3.1 Evaluation of nucleic acid extraction
with the developed microfluidic chip

The performance of nucleic acid extraction with the devel-
oped microfluidic chip was systematically evaluated. HBV
viruses were used as the test samples. To simplify the pro-
cedure, 200 pL of HBV test sample is manually pre-mixed
with 400 pL of lysis buffer (Beijing Wantai Biological Phar-
macy Enterprise, Ltd.) inside a 1.5 ml tube for 3 min, and
then it is loaded into the reagent storage chamber. Mean-
while, 500 pL wash buffer A or B (Beijing Wantai Biologi-
cal Pharmacy Enterprise, Ltd.), and 50 pL elution buffer
(Beijing Wantai Biological Pharmacy Enterprise, Ltd.) are
loaded into their corresponding reagent storage chambers,
respectively. To reduce the negative effect from the proteins
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bonded by magnetic beads, 10 pL proteinase K is added into
wash buffer A before it is loaded into the microfluidic chip.
20 pL magnetic beads (Beijing Wantai Biological Pharmacy
Enterprise, Ltd.) is loaded into the reaction chamber directly.
Once all the required reagents are loaded into the microflu-
idic chip, nucleic acid extraction can be automatically per-
formed with the companion device. After the second wash
with wash buffer B, the reaction chamber is heated up to
45 °C for 3 min to remove the residual alcohol. Furthermore,
when magnetic beads are mixed with elution buffer, the elu-
tion chamber is heated up to 56 °C for 3 min for efficient
elution. In parallel, nucleic acid extraction with a standard
instrument (Yuandian, SLA-32, Taiwan Nanotechnology
Corp.) based on the benchtop protocol was performed for
comparison. Finally, 10 pL purified viral DNA templates
are amplified in a conventional real-time PCR instrument.
As it is well known that, the Ct value (threshold value) from
each test can be used to evaluate the performance of nucleic
acid extraction.

To determine the appropriate mixing mode for effi-
cient nucleic acid extraction, we carried out a sequence of
experiments in which we varied the motion of linear mov-
ing stages. In details, three different mixing modes (mode
I, II, IIT) with different actuation to magnetic beads were
evaluated and compared. In mode I, the microfluidic chip
1s moved back and forth at X direction. In mode II, beside
the actuation from mode I, two magnets beside the chip are
moved up and down at Z direction. In mode III, beside the
actuation from mode II, one more motion at Y direction is
included, which finally generate 3-D actuation to magnetic
beads. 200 pL of HBV test sample with a medium concentra-
tion (15 IU/ml) was used as the test sample. To ensure mix-
ing performance, the mixing cycles for nucleic acid binding
with magnetic beads and elution were 160 and 180, respec-
tively. Totally, it takes almost 20 min for nucleic acid extrac-
tion to be completed with the developed microfluidic chip.

As shown in Fig. 6A, different from mode I or mode II
respectively with 1-D or 2-D actuation to magnetic beads,
the performance of nucleic acid extraction of mode III with
3-D actuation to magnetic beads is comparable to that with
the standard instrument (Yuandian). In Fig. 6A, each error
bar represents the variation range of the threshold cycle
of conventional PCR with multiple repeated tests for each
operation mode. In the experiments, 200 pL test sample is
mixed with 400 pL lysis buffer for nucleic acid extraction.
When the reagent size is high, for example, up to 600 pL,
it is difficult to dynamically and uniformly distribute mag-
netic beads in such a big reactor space with just 1 or 2-D
actuation based on outside magnetic field. Therefore, for
mode I and II, magnetic beads cannot be thoroughly mixed
with reagent at each step, which will deteriorate the per-
formance of nucleic acid extraction. In contrast, for mode
III, properly controlled 3-D actuation to magnetic beads can
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Fig.6 Nucleic acid extraction ( A)
with different mixing modes
and cycles. A With different 34

mixing modes; B With different
29
28
27
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Threshold cycle (Ct)
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be achieved based on programmable motion of 3-D linear
moving stages, which will enable thorough mixing between
magnetic beads and reagent even in a big size reactor. The
purity of the extracted DNA samples was measured with
a spectrophotometer (NanoDrop Lite Plus, ThermoFisher),
and their OD260/0D280 values were between 1.72 and 1.76.

Beside variation of motion dimensionality of actuation to
magnetic beads, the performance of nucleic acid extraction
with different mixing cycles were evaluated and compared.
As shown in Fig. 6B, two typical operation states with dif-
ferent mixing cycles are compared between each other. In
Fig. 6B, each error bar represents the variation range of the
threshold cycle of conventional PCR with multiple repeated
tests for each operation state. In the experiments, 200 pL
test sample is mixed with 400 pL lysis buffer for nucleic
acid extraction. In state I, two mixing cycles for nucleic acid
binding with magnetic beads and elution are 80 and 100,
respectively. In state II, the two similar mixing cycles are
160 and 180, respectively. Because multiple linear moving
stages are driven and controlled by a microcontroller, their
operation cycles can be conveniently programmed. It is
found that, when the number of the mixing cycle increases,
the performance of nucleic acid extraction will be improved
accordingly. The proper mixing cycles (160: nucleic acid
binding with magnetic beads, 180: elution) are chosen when
the performance of the microfluidic chip is quite close to
that with the standard instrument (Yuandian). Therefore, the
performance of nucleic acid extraction with the developed
microfluidic system can be optimized with both the mode of

Mode Il Yuandian State | State Il Yuandian

actuation to magnetic beads and the mixing cycle, which can
be conveniently configured by the system microcontroller.

3.2 Detection of influenza virus
with the microfluidic system

First, the system performance was evaluated and optimized
to achieve consistent and stable performance. To evaluate
the performance of the heating module, a thin thermistor
(diameter: 0.76 mm) was inserted into the capillary tube
filled with 40 pL water sealed by mineral oil from top, and
then it was connected to a temperature reader (USB-TEMP,
Measurement Computing Corporation, USA) to monitor the
reaction temperature. Figure 7A depicts the thermal time-
response of the capillary tube when it is heated from the bot-
tom side. It takes less than 5 min for the inner temperature
of the capillary tube to reach 95 C.

To find out the proper LED working current for optimal
fluorescence detection, signal ratios between positive and
negative tests with different driving currents were measured
and analyzed. As shown in Fig. 7B, when the LED work-
ing current increases, the signal ratio increase accordingly.
Finally, 100 mA is chosen as the LED working current since
its signal ratio is quite close to that with 120 mA. By increas-
ing the LED working current up to 100 mA, the signal ratio
can reach close to 4, which is helpful to achieve satisfied
dynamic range of fluorescence signal detection in qualita-
tive diagnosis.

Fig.7 System evaluation and (A) (B)
optimization. A Thermal time-
response of the temperature 100 - 4 - = %
calibration capillary tube; B The 6 5 . .
relationship between the LED 2 80 - o= I T o ®
working current and the signal L ch *®
ratio between positive and nega- % 60 - = 29 et
tive tests 5 cﬁn *
o, 40 - w1
=
ﬁ 20 T T 1 0 T T T T T 1
0 10 20 30 0 20 40 60 80 100 120
Time (min) Current (mA)
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The performance of the developed microfluidic system
is demonstrated with the detection to HIN1 influenza virus.
The viral samples (200 pL) were tenfold serially diluted
from influenza A (HIN1) virus culture stock (100-1.0
TCIDsy/ml). Currently, for HIN1 clinical diagnostics appli-
cations, a limit of detection of 1.0 TCIDs,/ml or better (10"
TCIDsy/ml) is feasible with commercial kits (Influenza A
virus real-time PCR kit, Guangzho Hauyin Medicine Sci-
ence, Ltd). Purified viral RNA was amplified in a single-tube
CPCR reaction combining reverse transcription and cDNA
amplification. For each test, a real-time fluorescence curve is
achieved when the detected fluorescent intensity is indicated
as a function of the amplification time.

After nucleic acid extraction with the developed micro-
fluidic chip, the PCR reaction mix with templates is loaded
into the capillary tube, and then the PCR mix is covered with
mineral oil on top. The capillary tube is put into the hand-
held real-time CPCR device for amplification. Because of
the uncontrollable amplification cycle of thermal cycling in
CPCR, qualitative test instead of quantitative test is provided
by the developed system. As shown in Fig. 8, all the posi-
tive samples have been successfully detected. Comparing
to negative test, all the real-time curves for positive samples
rise within 30 min, which is significant for qualitative test.

100 1

0! 102

(A)

(B)
E 2500
8 2000 — 102
5 -- 10!
21500 - 100
(o]
e e NC
=]
= 1000
o
>
£ 500
©
S
0 10 20 30

Time (min)

Fig.8 Real-time CPCR with HINT1 influenza virus RNA template. In
details: A original fluorescent images and end-point ones of ampli-
cons with diluted HIN1 virus samples (1.0, 10, 100TCIDsy/ml), B
analyzed real-time fluorescence curves with diluted HIN1 virus sam-
ples (1.0, 10, 100TCIDs,/ml) and a negative control (NC), the dotted
line, short dashed line, long dashed line, and solid line correspond,
respectively, to negative control (NC), and samples with concentra-
tions of 1.0, 10, 100 TCIDy,/ml
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The experiments were repeated multiple times with similar
results.

As shown in Fig. 8A, for each test sample, 1.0, 10, or
100TCIDsy/ml, the left fluorescent image is the original one
before amplification, and the right fluorescent image is the
end-point one after amplification. For each test sample, it can
be found that its fluorescence signal intensity is significantly
increased after amplification. As shown in Fig. 8B, HIN1
viruses even with the concentration down to 1.0 TCIDs,/
ml can be successfully detected. Comparing to conventional
PCR, with CPCR, amplification time has been significantly
reduced to 30 min. Comparing to traditional methods rely-
ing on large and heavy devices, with the developed portable
microfluidic system, nucleic acid diagnosis can be achieved
within a short time, e.g., 50 min, which is highly desired in
POC testing. In principle, the total detection time can be
further decreased by optimizing the protocol of nucleic acid
extraction on the developed microfluidic chip.

4 Conclusions and outlook

To perform rapid nucleic acid analysis from sample to
answer, a microfluidic chip for automated nucleic acid
extraction and a handheld real-time CPCR system for rapid
amplification are developed in a pair. With the developed
system, rapid, simple, easy-to-operate and low-cost nucleic
acid analysis at POC testing can be achieved. The integrated
microfluidic chip is developed to automate nucleic acid
extraction, which potentially enable nucleic acid analysis
to be implemented out of center labs. As a rapid amplifica-
tion method, CPCR can complete nucleic acid amplification
within 30 min with a much-simplified heating strategy in
pseudo-isothermal manner.

A concise, low-cost, and integrated microfluidic chip,
which consists of a reagent storage and release module and
a reaction module, is developed to perform nucleic acid
extraction based on magnetic beads for a large-size test sam-
ple. To ensure the performance of nucleic acid extraction,
different mixing modes as well as different mixing cycles
are systematically evaluated and compared. Finally, an opti-
mal mixing mode with proper mixing cycles are adopted to
achieve comparable performance to that with the traditional
method. To improve the detection throughput, a distributed
real-time CPCR system consisting of multiple handheld
CPCR devices is developed. Each handheld real-time CPCR
device, which is independently controlled by a main control-
ler, can start new tests at any time when test samples come
in, for example, in emergency rooms or doctor's offices. As
a proof of concept, experimental results with the detection
to HIN1 influenza virus demonstrate that the handheld
real-time CPCR system combined with microfluidic chip-
based nucleic acid extraction can complete nucleic acid test
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from sample to answer within 50 min, which is beneficial to
POC testing. In the next step, to construct a fully integrated
microfluidic system, more efforts can be made to not only
integrate the sample-processing microfluidic chip with the
CPCR capillary tube reactor, but also optimize the strategy
for long-term reagent storage.
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