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Abstract
Background: At present, the process of inspection and quarantine starts with sampling at the customs
port, continues with transporting the samples to the central laboratory for inspection experiments, and
ends with the inspected results being fed back to the port. This process takes a rather long time, has the
risks of degradation of biological samples and generation of pathogenic microorganisms, and does not
meet the rapid on-site detection demand. Therefore, development of a technology for rapid and high-
throughput detection of pathogenic microorganisms at the customs port is of great signi�cance. This
study was to develop a micro�uidic chip to be applied to rapid high-throughput detection for swine
disease with higher accuracy and lower risk of spreading pathogenic microorganisms during
transportation. Results: PCR technology has the advantages of high accurate and sensitivity in disease
detection, clinical testing and food quarantine, so it plays an important role in customs inspection.
However, the traditional PCR detection instrument has a large size, is time-consuming and has strict
requirements on the experimental environment, which greatly limit its application in on-site testing. In this
paper, the positive nucleic acid of four swine diseases were detected by a portable and rapid micro�uidic
PCR system, which could achieve a on-site real-time quantitative PCR detection. Eight clinical samples
were detected together on the micro�uidic chip in the system, and the detection results were obtained in
about an hour. The detection limit of this micro�uidic PCR detection system was as low as 1 copies/μL.
The results show that the high sensitivity and speci�city of the micro�uidic PCR detection system in
disease detection will play an important role in customs inspection and quarantine during customs
clearance. Conclusion: The micro�uidic PCR detection system established in this study could meet the
requirements for rapid detection of samples at the customs port The new method can avoid the risky
process of transporting the samples from the sampling site to the testing lab, and drastically reducing the
inspection cycle, and would enable parallel inspections on one chip which greatly raising the e�ciency of
inspection.

Background
Polymerase chain reaction (PCR) is a molecular detection technology based on nucleic acid sequences
[1]. Compared with the traditional detection methods, such as immunoassay, PCR is more time-saving,
sensitive and accurate. After nearly 40 years development, the PCR molecular detection technology has
become the primary method for detecting disease caused by pathogenic microorganisms, and has been
widely used in disease detection [2,3], clinical testing [4,5], food quarantine [6,7], forensic identi�cation
[8,9], customs inspection [10] and in various other �elds [11–14]. The traditional PCR instrument is large
in size and inconvenient to carry; and it has a higher demand for the experimental environment, a special
biological laboratory and special laboratory technicians; and its reaction is in a larger volume, consumes
more energy, and is not easy to integrate. These drawbacks of this instrument seriously limit its scope of
use, and prevent its operation in rapid on-site real-time PCR detection [15].

Porcine circovirus type 2 (PCV2) was �rst discovered in Canada in 1997. It often causes weaning piglets
with multiple system failure syndrome (PMWS) and was tested using quantitative PCR and antigen
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capture ELISA [16]. Porcine Reproductive and Respiratory Syndrome virus (PRRSV) mainly causes
reproductive disorders in pigs and �rst isolated in China in 1996. Nucleic acid sequence-dependent
ampli�cation technology is a new type of RNA ampli�cation technology. Some scholars have used this
technology to design primers for the nsp2 gene encoded by ORF1 and create a NASBA diagnostic method
[17]. Porcine epidemic diarrhea virus (PEDV) was �rst discovered in England in the 1970s and has spread
to other European and Asian countries. Multiplex PCR is commonly used in clinical practice to
differentiate between this virus and rotavirus and porcine epidemic diarrhea [18]. Pseudorabies virus
(PRV) can cause reproductive disorders at any stage of pregnancy, piglets often show chin and
respiratory symptoms. Some scholars have designed primers for gE and gB genes to establish gene chip
detection methods to distinguish between �eld and vaccine virus [19].

The development of the micro�uidic technology has contributed to the emergence of the micro�uidic chip
which is now commercially mass-produced. The micro�uidic chip [20–22], also known as lab on a chip,
combines and arranges various unit technologies on a small platform to implement all the biochemical
laboratory experiments including sampling, sample introduction, sample preparation, reaction, product
testing, and so on [23,24]. The fundamental feature of the micro�uidic chip is the integration of
functional modules. The major advantages of this technology are high e�ciency, high density, high
throughput and low consumption [25–28]. Compared with the traditional PCR method, the micro�uidic
chip is much smaller in size and more portable, uses much less reagents, changes temperature more
rapidly, integrates with other devices more easily, and has more moderate demands for experimental
environment and lab assistants. All these advantages have brought the micro�uidic chip into the focus of
research on rapid on-site real-time PCR detection [29–32].

Pork and its processed products, as a traditional food, have become an indispensable part in people’s diet
[33]. China Customs, as the only pass for import and export of goods and commodities into and out of
the country, is responsible for the inspection and quarantine of tens of thousands of pigs, and large
amounts of pork and its processed products; which calls for rapid, e�cient and safe work. At present, the
process of inspection and quarantine starts with sampling at the customs port, continues with
transporting the samples to the central laboratory for inspection experiments, and ends with the
inspected results being fed back to the port. This process takes a rather long time, has the risks of
degradation of biological samples [34] and generation of pathogenic microorganisms [35], and does not
meet the rapid on-site detection demand [36]. Therefore, development of a technology for rapid and high-
throughput detection of pathogenic microorganisms at the customs port is of great signi�cance. This
study was to develop a micro�uidic chip to be applied to rapid high-throughput swine disease detection
with higher accuracy and lower risk of spreading pathogenic microorganisms during transportation.

Methods
Reagents and equipment. The magnetic bead virus nucleic acid extraction kit was purchased from
Suzhou Tianlong Bio-Technology Co. Ltd., the reverse transcriptase was from Vazyme Biotech Co. Ltd.
(Nanjing), and the Taq DNA polymerase was from Fapon Biotech Inc. (Zhuhai). The primers and probes
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used in common epidemic swine diseases detection were synthesized by Genscript (Nanjing) Co., Ltd,
and the detailed sequences are shown in Appendix Table 1. The micro�uidic PCR analyzer was
purchased from Shenzhen Shineway Technology Corporation, the �uorescence quantitative PCR
instrument was from Hangzhou Bioer Technology Co. Ltd., and the pipettes were from Eppendorf,
Germany.

Nucleic acid extraction and ampli�cation. The nucleic acid of the pathogenic microorganisms were
extracted following the instructions of the magnetic bead nucleic acid extraction kit, and the extracted
DNA solution was used as the template solution for the subsequent experiments, and was stored at -20 °
C in a refrigerator; or at 4°C in a refrigerator or on ice in case of immediate use in a subsequent
experiment. In the nucleic acid ampli�cation, a 25 μl reaction solution was prepared with the following
components: 5 μl template solution, 0.5 μl forward primer (10 μM), 0.5 μl reverse primer (10 μM), 0.2 μl
probe (10 μM), 0.2 μl reverse transcriptase, 0.5 μl Taq DNA polymerase, 5 μl 5X reaction buffer, and 13.1
μl sterilized water. All these components were fully mixed in a PCR tube and added to the micro�uidic
chip by a pipette, then PCR ampli�cation was performed. The process of the ampli�cation included Step
One: reverse transcription at 50°C for 15 minutes; Step Two: denaturation at 95°C for 3 minutes; and Step
Three: 40 cycles at 95°C for 15 seconds and at 55°C for 45 seconds.

Chip design and preparation. There were 8 reaction chambers with a volume of 2 μl each on the PCR
micro�uidic chip. The PCR micro�uidic chips were made of silicon wafers of 500 μm thick with both
sides polished and heat-resistant glass substrates of 500 μm thick by Shenzhen Shineway Technology
Corporation. The PCR reaction chambers and channels on the silicon wafers were formed by dry etching
using a semiconductor photolithography process. Then, sixteen holes were drilled on the silicon substrate
which served as the inlets and outlets of PCR solutions, respectively. Finally, the silicon wafers were
bonded to the glass substrates and the two-layer wafers were cut by a dicing saw to form independent
PCR detection chips.

a standardized semiconductor fabrication process was utilized to ensure the yield rate and uniformity in
quality of the chips. And the automated fabrication process could signi�cantly reduce the cost of each
single inspection by expanding the size of the silicon wafers.

The ampli�cation detection system of the PCR micro�uidic chip. A portable rapid micro�uidic PCR
system (SWA-01, Shenzhen Shineway Technology Corporation) was used to perform the real-time PCR
ampli�cation of the samples (Fig. 1). It has a small footprint and the dimension is 330mm L ×320mm
W ×160mm H and the weight is round 3 kg.  Used in conjunction with the specially supplied reagents

and the micro�uidic chips, the SWA-01 PCR instrument is applicable to rapid real-time �uorescence
detection of PCR in the �elds of animal quarantine, food safety and public health and safety. The
portable rapid micro�uidic PCR instrument was mainly composed of a control system (with a touch
screen graphic user interface), a power supply system, a photoelectric system, a temperature control
system [35], an outer jacket part, a micro�uidic chip, and a software module. The instrument had the
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following advantages for on-site detection: portable design, low weight, rapid thermal cycling and real
time detection.

Results
The sensitivity test using plasmid sample. In the present study, we �rst tested the sensitivity of the PCR
reagents in the ampli�cation on the traditional PCR instrument using the standard plasmid sample. The
plasmid sample was 10-fold serial diluted and was detected on the �uorescence quantitative PCR
instrument, Bioer, Hangzhou. As shown in Fig. 2, the result showed that the detection limit of the PCR
reaction was 1 copies/μL; and the linear correlation coe�cient of its dynamic range and the Ct value was
0.9992. It could hence be concluded that the reagent of the PCR detection met the requirements for on-
site rapid screening of positive nucleic acids in terms of the detected sensitivity and dynamic range.

The detection limit testing using plasmid sample. We then chose four principal swine disease viruses,
including PRRSV, PEDV, PRV and PCV2 (offered by Nanjing Agricultural University), which are often found
in related inspection at the customs, and we synthesized the plasmids of these viruses as positive
references. The primers, probes and reaction temperatures were optimized by means of the plasmid
ampli�cations on the PCR micro�uidic chips. The micro�uidic chip had 8 chambers, each chamber
accommodating 2 μL of the PCR reaction solution. The volume of the ampli�cation system was reduced
which was helpful in the rapid PCR process. The rapid heat transfer kept the activity of the Taq DNA
polymerase at the maximum level during the rise and fall of temperature. The micro�uidic chip with
silicon as its substrate further accelerated the heat transfer during the PCR thermal cycle, because of
silicon’s excellent thermal conductivity. It is obvious that the ampli�cation reaction’s �uorescence
intensity on the chip presented itself in a typical S-shaped curve, and the negative control chamber, in
which sterilized water was used as the template, did not show any ampli�cation, indicating that the
sequence design of the primers, the probe and the optimization of the ampli�cation temperature were all
appropriate here.

The initial concentration of the four plasmids was 109 copies/μL. All the plasmids were 10-fold serial
diluted to 1 copies/μL, and are the concentrations were tested. As shown in Fig. 3, the results of the
sensitivity test of the four swine diseases were 10 copies/μL for PRRSV, 10 copies/μL for PEDV, 100
copies/μL for PRV and 1 copies/μL for PCV2, respectively; which would meet the requirement for
detection in terms of the virus load obtained from the clinical samples of the animals.

The speci�city testing using positive nucleic acid. Besides the sensitivity test, we also veri�ed the
speci�city performance of the PCR detections on the micro�uidic chip. Based on the positive nucleic
acids of four viruses isolated from the clinical sick pigs, which performed the typical symptoms of
reproductive disorders, multi-system failure of weaned piglets, and watery diarrhea. We choose one
sample as the target for the speci�city test, and the other three samples were used as the control. The
PCR ampli�cations were performed on one chip with one reaction chamber �lled with the target sample,
the rest of the chambers �lled with the other three samples as well as other two usually porcine-
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transmitted viral agents that is Porcine Transmissible gastroenteritis virus (TGEV) and Procine Rotavirus
(PRVA). As shown in Fig. 4, the result showed that the four PCR protocols all had a very high speci�city,
because only the target sample presented a signi�cant ampli�cation curve and the control samples had
no ampli�cations. The fast ampli�cation process of the PCR system contributed not only to the high
speci�city of the PCR ampli�cation but also the short duration in the non-required temperature zone.

The detection performance of the micro�uidic PCR system using positive nucleic acid. Finally, we veri�ed
the PCR micro�uidic chip detection performance using the positive nucleic acid of swine pathogens, .
Every two chambers on the chip were used for the reaction of one clinical sample, and one chip
accommodated four samples in parallel reactions. At the same time, we also performed the detection for
four swine diseases on a traditional tube-based PCR instrument for parallel reference. It can be seen in
Fig. 5A that each of the four samples had a signi�cant S curve with a varied Ct value (17.5 for PRRSV,
33.5 for PEDV, 18.5 for PRV and 16.5 for PCV2, respectively). The Ct values of the four swine diseases
tested on chip-based and tube-based PCR platform showed no signi�cant differences. The differences in
the Ct values were due to the variety in the virus abundance of each of the original positive nucleic acid.
The magnitude of the �uorescence intensity increment in the different positive nucleic acid at the end of
the reaction was due to the different ampli�cation e�ciencies of primers and probes for different target
gene sequences. However, usually the Ct value was used as a criterion when determining the positive or
negative nature of the sample. The sample with a Ct value smaller than 35 can be considered as positive,
and the sample with a Ct value greater than 35 needs to be re-examined.

Discussion
Compared to traditional lab-based PCR detection scenario that the sample collected in port needed
transferred to the central lab, our portable PCR tester could realize an on-site detection for swine diseases
and a rapid result observation. In addition, four swine diseases could be detected on a single chip at the
same time. A rapid thermal cycling capability of the PCR tester with the help of microheater realized a
shorter detection time. This is helpful for a fast goods check out in a custom port and also for an e�cient
disease control to decrease the risk of a further infection disease spread. In order to realize an on-site
molecular test, many sides need to be considered, including testing duration, instrument portability,
operation complication, contamination and so on. Especially considering the contamination problem, a
real time PCR method may be the best choice and no more o�ine analysis is needed. This also needs a
miniaturization of the optical detection module for a �uorescent detection. In the future, we will further
develop a more high-throughput chip that could realize a more than 16 samples testing on a single chip.

Conclusions
In this paper, the micro�uidic PCR detection system had successfully detected 10 copies/μL of PRRSV, 10
copies/μL of PEDV, 100 copies/μL of PRV and 1 copies/μL of PCV2. And the system showed good
sensitivity and speci�city when detecting positive nucleic acid. All the detections were completed in about
1 hour. The micro�uidic PCR detection system established in this study could meet the requirements for
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rapid detection of samples at the customs port [36,37]. In the case of the infectious diseases related to
swine diseases, application of the micro�uidic PCR technology would effectively help the inspection to be
carried out on-site. The new method can avoid the risky process of transporting the samples from the
sampling site to the testing lab, and drastically reducing the inspection cycle, and would enable parallel
inspections on one chip which greatly raising the e�ciency of inspection. All these would provide a
strong technical support for rapid customs clearance. In the future, we intend to develop PCR micro�uidic
chips with more reaction chambers (16 and 32 channels) to accommodate more samples to be tested at
a time, so as to perform inspection of higher throughput, greater e�ciency and accuracy.

Abbreviations
PCR: Polymerase chain reaction
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Table 1
Due to technical limitations Table 1 is available as a download in the Supplementary Files.

Table 1. The sequences of the primers and probes of the four swine diseases.

F the forward primer; R the reverse primer; P the probe.

Figures

Figure 1

(a) The portable rapid micro�uidic PCR system; (b) Size comparison of the micro�uidic PCR instrument
(within the red dotted box) with the traditional large PCR instrument (Roche 480); (c) Demonstration of
the portable design of the instrument.
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Figure 2

(a) The sensitivity test of the portable rapid micro�uidic PCR system; (b) The linear correlation curve of
the dynamic range.

Figure 3

Sensitivity test of the PCR protocols of the four swine disease viruses.
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Figure 4

Speci�city test of the four swine disease viruses on the chip.

Figure 5

Parallel detection results of four clinical samples of swine diseases on the 8-chamber micro�uidic chip
(a) and on traditional tube-based PCR instrument (b) .
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