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ARTICLE INFO ABSTRACT

Keywords: With the increasing need of monitoring the epidemiology of serious infectious diseases, food hygiene, food

Infrared LED additives and pesticide residues, it is urgent to develop portable, easy-to-use, inexpensive and rapid molecular

PCR diagnostic tools. Herein, we demonstrate a prototype of IR mediated Conducting Oil and CarbOn Nanotube

Microfluidic . circUlaTing PCR (IR-COCONUT PCR) platform for nucleic acid amplification. The presented platform offers a

Ezg:;i?;e:t;ftmg new solution for miniaturized PCR instruments with non-contact heaters by using conducting oil and carbon
nanotube as a medium in IR mediated PCR. This novel platform offers accurate and flexible control of
temperature through the integration of PID (proportional-integral—-derivative) algorithms to manipulate the
duty cycle of the voltage signals of IR LED and a peristaltic pump. The ramping rate of the introduced platform
in current study is 1.5 °C/s for heating speed and —2.0 °C/s for cooling speed. This platform fulfills 30 thermal
cycles within 50 min which is a match to the conventional bench-top PCR thermo cyclers. For demonstration
purpose, human papillomavirus (HPV) patient cervical swab specimens were examined. Downstream lateral
flow strip (LFS) was also developed to quantity the PCR products from the IR-COCONUT PCR device within
25 min. This PCR platform together with the compatible LFS shows great potential for in-field and Point-of-
Need (PoN) testing of genetic or contagious diseases.

1. Introduction

Point-of-Need (PoN) testing, a new concept which has been
proposed to enrich Point-of-Care (PoC) testing, is defined as any
diagnostic test that can be performed out of reference laboratories,
such as home, patient's bed, ICUs, physician's office or production
line, etc. (Benjamin and Sébastien, 2016). PoC testing relates to
human testing whereas PoN testing refers to a much larger scope,
including human testing (Chuang et al., 2016; Lee et al., 2015; Wang
et al., 2012), veterinary testing (Tarasov et al., 2016), industrial
testing (Wang et al., 2017), argo-food testing (Raeisossadati et al.,
2016), environmental testing (Bidmanova et al., 2016; Gomes and
Sales, 2015), forensics (Soejima and Koda, 2014) and so on. Since
the first applications of PoC testing in 1990s, microfluidic technology
has been used to solve technical problems and it has become
part of the diagnostics revolution in the healthcare industry. The
emerging field of microfluidic technology in combination with Micro-
Electro-Mechanical Systems (MEMS) can provide exciting solutions
to PoN testing. Bio-analytical systems based on microfluidics and
MEMS can allow for miniaturization and integration of processes
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onto a chip with benefits including test speed, cost, portability and
automation.

With the increasing need of monitoring the epidemiology of serious
infectious diseases, food hygiene, food additives and pesticide residues,
particularly in developing countries with poor infrastructure or on-site
detection with the need of rapid results, it is urgent to develop portable,
easy-to-use, inexpensive and rapid molecular diagnostic tools. In
recent advances, lateral flow assays (LFAs) (Ahrberg et al., 2016;
Choi et al., 2016; Raston et al., 2016; Rodriguez et al., 2016) have been
used to achieve simple and cost-effective nucleic acid testing. LFAs are
capable of producing semi-quantitative results by fluorescence signals
or visible color formation in less than 30 min. However, the constituent
of biological samples (e.g., blood, urine and saliva) are generally
complex and contain low amounts of target nucleic acids. Prior to
lateral flow detection, the sample pretreatment, off-chip extraction/
solid-phase extraction and amplification processes (polymerase chain
reaction (PCR)) are normally required.

Miniaturized PCR instruments (Ahrberg et al., 2016; Chung et al.,
2010; Liu et al., 2004; Park et al., 2016) utilize both MEMS and
microfluidic technology to fulfill the conventional PCR functions onto a
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portable device that can be used in any condition and capable of rapid
target gene identification. Many miniaturized PCR devices have
exhibited superior performance than bench-top PCR thermo cyclers
in the aspects of cost, ramping speed, portability, integration level,
efficiency, etc. Based on the design of sample chambers, miniaturized
PCR instruments can be categorized into static chamber PCR (Sposito
et al., 2016; Zhu et al., 2014) and continuous flow PCR (Chung et al.,
2010). The static chamber PCR resemble the bench-top PCR thermo
cyclers as the sample is kept in a small chamber and undergoes a
continuous temperature cycle. The sample in continuous flow PCR
travels repeatedly through three temperature zones for amplification
purpose. The design of static chamber PCR could be more impact than
the continuous flow PCR and the number of cycles is easier to alter
based on demands. However, the temperature ramping rate of static
chamber PCR is lower than the continuous flow PCR. Over the years,
various on-chip heaters have been demonstrated to improve the speed
of temperature cycling. In general, the heaters have two categories,
namely contact type (thin films, metal heating blocks and Peltier units)
and non-contact type (IR, microwave and laser heater units). The
ramping speed of micro-fabricated thin film can achieve 175 °C/s for
heating speed and -125 °C/s for cooling speed and fulfill 40 thermal
cycles within 6 min (Neuzil et al., 2006). But the contact heaters have
the demerit of complexity and cost of fabrication. On the other hand,
the compact heater design which reduces the thermal mass of the
whole chip is essential to achieve fast temperature cycling speed. The
non-contact heaters are more favorable for simple design and flexible
system integration. As the heaters do not have to contact the sample
chamber, it offers more opportunities to utilize multiple chip designs
upon the same platform. Several researchers have successfully inte-
grated IR-mediated (Hithmer and Landers, 2000; Hagan et al., 2011;
Legendre et al., 2006) or laser assisted heater units (Slyadnev et al.,
2001) to directly heat the PCR sample and achieved amplicon detec-
tion. The previous IR-mediated PCR utilizes a high-power tungsten
lamp and convex lens to heat the sample directly. This method suffers a

upper cover

hexagonal head bolts

flat gaskets

Biosensors and Bioelectronics 96 (2017) 213-219

great heat loss due to the large thermo mass and has a limitation to
conduct multi-chamber PCR at the same time.

In the present study, we developed a prototype of IR mediated
Conducting Oil and CarbOn Nanotube circUlaTing PCR (IR-COCONUT
PCR) platform for nucleic acid amplification. This platform can fulfill
both thermal cycling like three stage/two stage PCR and isothermal
amplification like Loop-Mediated Isothermal Amplification (LAMP),
Strand Displacement Amplification (SDA), Helicase Dependent
Amplification (HDA), etc. For demonstration purpose, human papillo-
mavirus (HPV) was applied as a model analyte to examine the three-
stage temperature cycle performance of this IR-COCONUT PCR. The
PCR products were detected by lateral flow strip with less than 25 min.

2. Material and methods
2.1. Microfluidic chip design and fabrication

The structure of PCR microfluidic chip is illustrated in Fig. 1A. This
chip was constructed using a five layer stack consisting of an upper
cover layer, a PCR chamber layer, a copper layer, a conducting oil layer
and a lower cover layer. All the four layers apart from the copper layer
were made of PMMA with 1 mm thickness. In the PCR chamber layer,
three identical oval shaped channels (20 pL) were fabricated (Fig. 1B)
to expel dead zone air when introducing samples to the channels. The
middle channel was filled with water and connected to a thermocouple
to implement feed-back control of the three-stage temperature cycles
during PCR. The other two channels were designed as the sample
chambers. There were also four L-shape materials removed from the
PCR chamber layer to reduce the thermal mass of the whole chip. In
the conducting oil layer, a square shape spiral channel (700 pm in
width), as illustrated in Fig. 1B, was lying right beneath the three PCR
chambers. The spiral channel was connected to a peristaltic pump and
an oil tank by polytetrafluoroethylene (PTFE) tubes. The oil in the oil
tank was a mixture of conducting oil (Mobiltherm) and multi-walled
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Fig. 1. The scheme of PCR microfluidic chip. (A) The assembly exploded diagram of PCR microfluidic chip. (B) The front side and back side of assembled PCR microfluidic chip.
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carbon nanotube (MWNT) at a concentration of 4 mg/ml. The copper
layer was made of copper sheet with 100 um in thickness to transfer
heat from the conducting oil to the PCR chambers and balance the
temperature within the heated zones.

The fabrication process of the microfluidic chip was formed as
follows: The patterns were first designed by Adobe Illustrator and sent
to the laser engraving machine (Gravograph LS100, Gravotech Group,
France). After the PMMA materials were laser ablated, the copper layer
was cut by a cutting machine and drilled by a hand hold drilling
machine to fabricate the holes for PTFE tubes and hexagonal head
bolts. All the layers were rinsed by ethanol and DI water before
assembling. After dried by nitrogen gas, the five layers of the PCR
microfluidic chip were carefully fastened by hexagonal head bolts, flat
gaskets, spring gaskets and nuts to prevent leakage. Then the thermo-
couple was inserted into the middle PCR chamber and sealed with
silica gel. After the middle chamber was filled with water and the other
two chambers were filled with samples, all the three chambers were
sealed with ARseal™ adhesive tape (Adhesives Research, Inc., Glen
Rock, PA) during operation.

2.2. IR-COCONUT PCR platform design

The IR-COCONUT PCR platform consisted of an infrared LED
(20 W, 850 nm), a peristaltic pump (NKP-DC-B06B, Kamoer), an oil
tank, a thermocouple (TT-K-36-SLE, ETA), a data acquisition card
(USB-DAQ-XF103, Antech Enterprise Limited), a thermocouple cold
junction compensation circuit, a LED circuit and a pump circuit
(Fig. 2A). The principle of the PCR platform is illustrated in the
three-dimension effect graph (Fig. 2B&C) rendering by Autodesk
Maya. Both the voltage signals of the peristaltic pump and infrared
LED were controlled by PID algorithms. By varying the duty cycle of
the voltage signals, a pulse-width modulation (PWM) control technol-
ogy was established. With longer duty ratio of the LED voltage signal,
more power would generate to and heat the MWNT more quickly.
Similarly, with longer duty ratio of the pump voltage signal, flow rate
would increase and the heated oil would be expelled out of the
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microfluidic chip and replaced with unheated oil from the oil tank.
Thus the maximum heating rate was realized by outputting the rated
power of the LED and turning off the pump, while the maximum
cooling rate was realized by outputting the rated power of the pump
and turning off the LED. Two separate PID controllers, one for the LED
and one for the pump, when optimized, were applied to modulate the
temperature ramping rate and stabilize the temperature.

2.3. Sample pretreatment, PCR verification and gel electrophoresis

Patient cervical swab specimens were collected from the volunteers
in International Peace Maternity & Child Health Hospital (Shanghai,
China) and de-identified. The clear supernatant solution of the speci-
mens was removed after centrifugation at 1500 rpm for 5 min. Then
the bottom sediments were rinsed by PBS and the supernatant was also
removed after centrifugation at 1500 rpm for 5 min 45 pL. of NaOH
(50 nM) was added to the sediments and heated to 95 °C for 1h to
extract the genome DNA. Finally, 5 pL of Tris-HCI (1 M, pH 8.0) was
added to the sample. The DNA concentration of the samples was
measured by NanoDrop 2000C (Thermo Fisher, USA).

Biotinylated forward primer: 5'- BIO/AAGGGCGTAACCGAAAT
CGGT-3'.

Digoxigenin labeled reverse primer: 5'- DIG/GTTTGCAGCTCTGT
GCATA-3'.

The primer sequences amplified a 140 bp fragment. The 20 pL. PCR
sample mixture was composed of 2 pL of 10xEx Taq buffer ( Takara,
Japan ) , 1.6 pL of ANTP mixture, 0.5 pL of each primer (10 pM), 1 uL.
of pretreated patient sample, 0.1 pL of Takara Ex Taq (Takara, Japan)
and 143uL of DI water. A conventional thermal cycler
(LightCycler®96, Roche, Switzerland) was used as a standard conven-
tional PCR control. The thermal cycling protocol was set as preheat at
94 °C for 5 min, followed by 30 cycles of 94 °C for 30 s, 55 °C for 30 s,
72 °C for 15 s, and a final extension step for 10 min at 72 °C. Then the
PCR products were mixed with 2 uL buffer and were electrophoretically
analyzed on a 2% agarose gel at 100 V for 30 min together with the
100 bp DNA ladder (TIANGEN, Beijing).
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Fig. 2. The scheme of IR-COCONUT PCR platform. (A) The physical illustration of IR-COCONUT PCR. (B) The work principle of IR-COCONUT PCR platform. (C) The demonstration of
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2.4. Preparation of the lateral flow strip (LFS)

The LFS consisted of sample pad (JY-Y107, Jieyi Biotechnology,
Shanghai), conjugate pad (JY-BX101, Jieyi Biotechnology, Shanghai),
nitrocellulose pad (NC-a110, Millipore), absorbent pad (JY-X115, Jieyi
Biotechnology, Shanghai) and baseboard (JY-D103, Jieyi
Biotechnology, Shanghai). The sample pad was soaked into the sample
buffer which contained 0.05 M Tris—HCI, 0.15 mM NaCl (pHS8.0),
0.25% TritonX-100% and 2.5% Tween-20. The goat-anti-rabbit IgG
in antibody buffer (0.01 M TBS(pH7.4) with 1% BSA, 0.03%
Proclin300 and 50% Glyce) was added to the conjugate pad. Then
the sample pad and conjugate pad were dried at 37 °C overnight and
stored in desiccators at room temperature. The test and control zones
on the nitrocellulose pad were dispensed at an optimized concentration
of streptavidin (test zone) and anti-digoxigenin- alkaline
phosphatase(AP) conjugates (control zone) respectively. Then the
nitrocellulose pad was dried at 37 °C for 2 h. Finally, nitrocellulose
pad, absorbent pad, conjugate pad and sample pad were assembled
sequentially onto the baseboard which contained an adhesive layer.
Both the absorbent pad and conjugate pad should overlap 2 mm of the
nitrocellulose to ensure the sample solution could migrate through the
test strip during the PCR product detection assay.

2.5. PCR product detection assay procedure

The PCR products, DI water, anti-digoxigenin-AP conjugates and
BCIP (5-Bromo-4-Chloro-3-Indolyl Phosphate) /NBT (Tetranitroblue
tetrazolium chloride) stock solution (R21319, Yuanye Biotechnology
Limited, Shanghai) were added sequentially to the test strip. The color
reaction on the test and control zones could be visualized within
25 min. The digital images of the test strips can be either obtained by a
cell phone or a digital camera. Then the images were transferred to the
computer and converted to 32-bit formats by Image J software. The
concentration of the PCR products was quantitatively analyzed by
comparing the optical intensities of the test zone and the control zone
by Imagine J (Qiu et al., 2015).

3. Results and discussion

3.1. Comparison between IR-COCONUT PCR and conventional
bench-top PCR

The heating and cooling speed and accuracy of temperature is
influenced by several parameters. Firstly, the LED light power, carbon
nanotube concentration, maximum flow rate of the peristaltic pump
need to be decided. For instance, the LED power should be high
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enough to heat up the conducting oil to more than 95 °C in a short time
and it should be low enough to save electricity power. The most
important optimization of the temperature is to find the proper PID
parameters (proportional term, integral term and derivative term).
Without proper tuning of these terms, the PID controller can be
inaccurate and oscillating.

The ramping speed and gel electrophoresis results comparison
between IR-COCONUT PCR and LightCycler®96 is illustrated in
Fig. 3. The ramping speed of the IR-COCONUT PCR is a match to
the conventional bench-top PCR thermo cyclers. As in Fig. 3B, both of
the IR-COCONUT PCR and LightCycler®96 showed a bright target
DNA band which indicated successful nucleic acid amplification.
However, the DNA product of IR-COCONUT PCR did show slightly
more dimers than the LightCycler®96. This observation could be
attributed to the fact that the microfluidic chip of IR-COCONUT PCR
was exposed to the open air and temperature fluctuation occurred
during the operating process.

3.2. Optimization of IR-COCONUT PCR setups

To obtain the best performance of IR-COCONUT PCR, parameters
including annealing temperature, extension time, denaturation and
annealing time were optimized. Patients’ samples were preheated at
94 °C for 5 min, followed by 30 cycles of 94 °C for 30 s, 55 °C for 30 s,
72 °C for 15 s, and a final extension step for 10 min at 72 °C (Fig. 4A).
The sample in lane 14 was chosen to conduct the following optimiza-
tion because it had the brightest target band and fewer smears. Then
the annealing temperature was varied from 51 °C to 59 °C (Fig. 4B).
The optimized annealing temperature was set to be 59 °C because it
had fewer smears than other temperatures. The extension time was
varied from 10s to 20s, and set as 10 s according to the results in
Fig. 4C because the intensity of smears in 10 s was less than other
conditions. Similarly, the optimized denaturation and annealing time
was set as 20 s (Fig. 4D). Finally, the PCR product was verified for its
monoclonal sequence and the 140 bp sequences of the HPV 16 gene
were successfully obtained as shown in Fig. 4E.

3.3. Design of the LFS measurement

In order to facilitate the PoN application of the presented IR-
COCONUT PCR, LFS compatible with the current setup was also
developed. Fig. 5A illustrates the principle of the HPV 16 detection on
the LFS. After the PCR products and DI water were applied to the
sample pad, the solution migrated by capillary force. If the patient's
cervical swab specimen was HPV 16 positive, the reaction between
targeted DNA (degoxigenin end) and anti-digoxigenin-AP conjugates

IR-COCONUT PCR LightCycler® 96
DNA ladder | |

target DNA

Fig. 3. The comparison between IR-COCONUT PCR and commercial LightCycler®96. (A) The temperature ramping speed comparison suggested the presented IR-COCONUT PCR is a
peer to commercial equipment. (B) The gel electrophoresis comparison indicated both platforms could successfully amplify nucleic acid. Each sample was independently detected for 3

times.
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Fig. 4. The optimization of IR-COCONUT PCR parameters. (A) The gel electrophoresis results of different patient samples (lane 2 — lane 16). The sample with brightest target band was
selected for the following optimization (B) The primer annealing temperature optimization indicated 59 °C as the optimized condition. (C) The extension time optimization indicated
10 s as the optimized condition. (D) The denaturation and annealing time optimization indicated 20 s as the optimized condition. (E) The monoclonal sequencing results of PCR

products indicate the successful target gene amplification.

would occur at the conjugate pad and targeted DNA (biotin end) will be
captured by streptavidin at the test line. After the solution migrated to
the control line, the excess anti-digoxigenin-AP conjugates were
captured by the goat-anti-rabbit IgG which were immobilized on the
control zone. Then the BCIP/NBT stock solution was added to the
sample pad. This solution was used as a substrate for the enzyme
alkaline phosphatase. After the BCIP/NBT stock solution migrated to
the test and control line, it would react both with the anti-digoxigenin-
AP conjugates captured on the test zone and anti-digoxigenin-AP
conjugates captured on the control zone and then formed visualizable
purple sediments on these two sites. On the contrary, if the patient's
cervical swab specimen was HPV 16 negative, the biotinylated forward
primer would be captured by streptavidin at the test zone and anti-
digoxigenin-AP conjugates would be captured by the goat-anti-rabbit
IgG at the control zone. As a result, the BCIP/NBT stock solution would
only react with anti-digoxigenin-AP conjugates captured on the control
zone and formed only one visualizable purple sediments site.

3.4. Optimization and analytical performance of LFS

To reduce manual operation during detection process, a buffer chip
(Supplementary Fig. 1) and LFS chip holder were plugged into the
microfluidic PCR chip after amplification process through the inlet and
outlet of the sample chamber (Fig. 5B). The buffer chip contains DI
water and BCIP/NBT stock solution. Under the influence of gravity,
PCR products, DI water and BCIP/NBT stock solution will flow onto
the sample pad in sequence.
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The intensity of test and control lines were greatly influenced by the
loading amount of Anti-DIG-AP conjugates dispensed on the conjugate
pad. The loading amount of the Anti-DIG-AP conjugates was varied
from 50 ng to 100 ng (Fig. 5D, Supplementary Fig. 2) and 100 ng of
Anti-DIG-AP conjugates was finally employed as the optimal amount.

At last, we examined the LFS performance in the presence of
different concentration of target DNA (Supplementary Fig. 3). The
intensity of the test line synchronized with the increase of DNA
concentration which was proportional to 2”cycle number. Semi-
quantitative detection of the target DNA was achieved by investigating
the intensities of test line compared to control line from the resulting
calibration curve (Fig. 5C & E).

4. Conclusions

We have developed a novel PCR platform named IR-COCONUT
PCR. This novel platform offers accurate and flexible control of
temperature through the integration of PID algorithms to manipulate
the duty cycle of the voltage signals of IR LED and a peristaltic pump.
The ramping rate of the introduced platform in current study is 1.5 °C/
s for heating speed and -2.0 °C/s for cooling speed. This platform
fulfills 30 thermal cycles within 50 min which is a match to the
conventional bench-top PCR thermo cyclers. The PCR products were
verified by LFS developed to be compatible with the PCR platform
within 25 min. This PCR platform shows great potential for in-field and
PoN testing of genetic or contagious diseases. Further work will aim to
combine sample pretreatment onto the chip, reduce the overall thermal
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Fig. 5. Scheme of lateral flow strips (LFS) compatible with the presented platform for PCR product detection. (A) Illustration of the principle of HPV type 16 DNA measurement on LFS.
(B) Schematic illustration of the assembly of buffer chip, PCR chip, LFS holder and LFS. (C) Typical image of LFS detection in the presence of different DNA concentrations. (D) The
effect of Anti-DIG-AP concentration on color intensity of test line compared to control line. (E) The resulting calibration curve of different DNA concentrations. Bar plots represent Mean
+8S.D. from 3 independent detections. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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