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HIGHLIGHTS GRAPHICAL ABSTRACT

The highlights of the manuscript as
follow:eSingle device for digital PCR
detection.

eSolar cells drive, no external power
supply.

oA software was designed which can
control the system and analyze the
data.

eAbsolute quantitative detection of
hepatitis B virus in human serum.
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integration, complex equipment structure, and high operation difficulty. This paper proposes a fully
automatic integrated digital PCR device based on continuous-flow digital PCR theory. By simply adding
the sample to the entrance of the integrated instrument, a series of procedures required for digital PCR
detection can be fully automated, including sample injection, droplet generation, PCR thermal cycling,
fluorescence acquisition, and signal analysis. In contrast to traditional techniques, sample testing requires

ﬁféﬁoﬂrg;ics only one integrated device rather than three separate instruments. For full automation, we design
Digital PCR complete control and data processing software, which can complete a test by one-step operation.
Fully automatic Therefore, the disadvantages of traditional instruments, such as multi-step operation, and hence, po-
Contiuous flow tential environmental pollution, are avoided. Moreover, the system can be powered by solar cells and
Integrated device does not require an external power supply.

As a proof of concept, the proposed device is used for absolute quantitative detection of the hepatitis B
virus in serum samples. The capacity of the system is validated by absolute quantification of three orders
of magnitude from 103 to 10° IU/mL. The results have a good linear correlation (0.9986) with those of the
traditional quantitative (qPCR), thus confirming the reliability of the instrument. In summary, we believe
that our work can promote the development of integrated digital PCR systems.

© 2020 Elsevier B.V. All rights reserved.
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1. Introduction

Previously, we reported the first “micro total analysis system”
(LTAS, also known as a microfluidic or lab-on-a-chip system) in the
world [1], which has shown considerable potential in chemistry
[2,3] and biotechnology [4—6], owing to its advantage of high ef-
ficiency, low cost, and portability. Microdroplet technology is an
important part of microfluidics; it is widely used in biochemistry
analyses, such as single-cell sequencing [7,8], drug delivery, cell
screening, microreactor studies [9,10], and nucleic acid analysis
[11]. As one of the important frontier application fields of micro-
fluidics, the digital droplet polymerase chain reaction (ddPCR) uses
microdroplet technology. It is an advanced tool that allows the
quantification of nucleic acid without the need for any standard
reference [12,13]. Digital PCR has the advantages of high detection
sensitivity, high quantitative precision, and high tolerance. It is
used in copy number variation [14—16], mutation detection, rela-
tive gene expression research (such as allele imbalance expression),
next-generation sequencing result verification, microRNA expres-
sion analysis, single-cell gene expression analysis, etc.

At present, most representative commercial digital PCR in-
struments consist of multiple independent sub-devices. The reali-
zation process can be divided into three parts:

(1) Sample distribution: The oil phase and the sample (water
phase) are placed on the droplet generation chip, and sealed
and placed in the droplet generator. The water phase is
dispersed into thousands of microdroplets [17—19] and
submerged in fluorinated oil. Another method of sample
partitioning is used by microwell chips [20—22], whereby the
sample is loaded into many reaction wells and each reaction
well is isolated from its neighbors.

(2) PCR amplification: The generated droplets are transferred to
the EP tube and inserted into the pore plate of the PCR in-
strument or placed on the microwell chip on the in-situ plate
of the PCR instrument. The PCR reagent undergoes a series of
thermal cycles to generate millions of DNA copies in the re-
action chambers containing templates.

(3) Optical detection: The flowing droplets are detected by widely
used sensors such as phototransistor, photodiode, or photo-
multiplier tubes [23,24]. The static chip usually implements
detection via scanning devices such as complementary metal-
oxide-semiconductor (CMOS) sensors or charge-coupled de-
vices (CCDs) [25—27]. The optical devices can capture fluo-
rescence light emitted by fluorophores in the TagMan probe or
fluorescence dye and measure the light intensity.

Thus, current methods require multi-step operation to transfer
samples between a series of devices, which may cause contami-
nation during the reaction process. In addition, manual operations
between several functional units depend on specially trained op-
erators and may hence not meet the requirements of widespread
use by non-professional technical personnel. Moreover, the design
of multiple operating units increases the cost of equipment and
consumables of the entire system. For example, the droplet
generator requires expensive chip consumables. The microwell
digital PCR system requires a professional chip loader to load and
seal the chips. The Droplet Digital PCR System not only relies on
expensive droplet generation chips and oils but also requires a
bulky pneumatic pump and interfaces that connect the specific hip
to a pressure source, which provides power for droplet generation
[28,29] and generates water-in-oil droplets through the droplet
generation chip. Droplet reaction is realized by a temperature
cycler with the disadvantages of large volume, high energy con-
sumption, and high cost. Owing to the above-mentioned

shortcomings, it is extremely difficult to use a set of digital PCR
instruments in the POCT field. Moreover, ordinary laboratories
cannot afford such expensive instruments. Current commercially
available systems require an external power supply and they can
only be used in professional laboratories with complete power
systems. Thus, they cannot be effectively employed in many fields
that require rapid on-site diagnosis, such as disease prevention and
control, crop screening, and biochemical warfare agent detection.

The above-mentioned issues highlight the need for a portable,
integrated, and low-cost ddPCR device that does not require an
external power supply [30—33]. Furthermore, such a device should
be energy-efficient and easy to handle for users.

Here, we present the all-in-one digital PCR instrument to realize
automatic integration for the first time in the world. The entire
detection process, including the workflow (fluid control, tempera-
ture control, fluorescence collection, and data analysis), is
controlled by a notebook. The overall volume of the device is only
467 x 420 x 185 mm (width x depth x height). Furthermore, the
device features an in-built energy source (solar cells), and it has
strong environmental adaptability and high portability. In addition,
a self-designed fluorescence analysis system is embedded in the
instrument. The optical detection is a three-step process. The first
step is fluorescent excitation of the PCR microreactor with specific
wavelengths of light. Then, the fluorescence droplets are captured
in the microfluidic channel using a CMOS camera. Finally, data
processing of the captured images and subsequent quantification
are performed.

We believe that the proposed device has considerable potential
for on-site detection in various remote environments without the
intervention of professional laboratories.

2. Methods

2.1. Assembly of microdroplet-based continuous-flow digital PCR
device

The digital PCR device consists of five subsystems: sample
transporter and microdroplet generator, microreactor, fluorescence
imaging system, reagent refrigerator, and center controller and
power management system. The subsystems and workflow flow
are shown in Fig. 1.

The sample transporter and microdroplet generator consists of
two 1-mL syringes, two syringe pumps, two fine needles, and a
Teflon tube (i.d. = 0.15 mm, o.d. = 0.4 mm). The oil phase (7500,
Huizhen, Suzhou, China) was added to the two syringes, which
were then connected to the Teflon tube by two 34-gauge needles.
The oil phase was filled in the Teflon tube and further connected
with a waste bottle at the end of outlet. The syringes were installed
in syringe pumps that provided power for transporting the sample
and generating droplets.

CNC-processed copper plates were placed over the ceramic
heaters (width = height = 40 mm, 5V, 8 W), which were embedded
with PT1000 thermistors (Hayashi Denko, Japan). The heater was
placed in parallel with another heater, and they were separated by
isolation columns. Then, the Teflon tube was wrapped around the
heating unit for around 40 cycles. The two heaters were used to
maintain the denaturation (96 °C) and annealing/extension (62 °C)
temperatures, respectively. They were regulated by a PID temper-
ature controller with an accuracy of +0.1 °C based on the sensor
feedback. This device is the core unit of the microreactor.

The fluorescence imaging system consists of an LED (XPE3W,
Cree, NC) with a dominant wavelength of 470 nm and a condensing
lens, a CMOS camera (E3ISPM20000KPA, Kuy Nice, China) with a
magnifying lens (Chuang Wei, China), and two commercial filters
(Xintian Bori, Beijing, China). The excitation light from the LED,
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Fig. 1. Schematic illustration of the system architecture of the continuous-flow digital PCR instrument. Sample injection takes place through the droplet generator, and the sample is
then fed through the microreactor while the fluorescence intensity is measured by the optical module.

which was filtered by a band-pass excitation filter (470 + 20 nm),
was used to excite the FAM probe. The 500 nm cut-off emission
filter was fixed in front of the CMOS lens, which captured the
fluorescence droplet images. The images could be transmitted to
our laptop by a USB cable.

2.2. Reagent refrigerator

The digital PCR device has a built-in refrigeration box (Dometic,
Shenzhen, China) for preserving the PCR reagents. The refrigerator
can maintain the reagents at 4 °C to prolong their storage life. To
confirm that the device can be used as a digital PCR device, a
commercial real-time qPCR device (Connect, Bio Rad, CA) was
considered as a reference. The hepatitis B virus DNA quantitative
diagnostic kit (NEPG Liaoning Bio-Pharma Co., Ltd., China) consists
of nucleic acid extraction reagents (HBV lysis buffer, magnetic bead
suspensions, HBV rinse buffer, HBV eluent buffer), nucleic acid
amplification reagents (HBV PCR reaction mixture, HBV enzyme
mixture), and HBV reference standard solutions (1 x 10°—~1 x 10°
IU/mL). The reference standard serum solutions were extracted
using the nucleic acid extraction reagents. Each PCR reagent con-
sisted of 18 uL of the reaction mixture (i.e., solution containing
primers, probes, dNTP, etc.), 2 uL of the DNA polymerase mixture
(i.e., enzyme preparation containing Taq, UDG enzymes, etc.), and
30 pL of nucleic acid solution.

2.3. Preparing and loading the sample

First, the template DNA was extracted by magnetic bead
extraction in five steps. (i) Three 1.5-mL centrifugal tubes were
labeled as standard references 1—3 (serums containing different
concentrations of inactivated hepatitis b virus), and a 400-uL lysis
buffer (solution containing guanidine thiocyanate) was added to

each tube. (ii) 200 pL of standard references 1—3 and 10 pL of the
magnetic bead suspension (aqueous solution containing nano-
meter magnetic beads) were added to each tube. After shaking and
mixing the mixture for 10 s, it was placed at room temperature for
10 min and then subjected to short spinning. (iii) The centrifugal
tubes were placed on the magnetic frame for approximately 2 min,
and the supernatant was discarded. After standing it for approxi-
mately 30 s, the residual liquid was sucked out. (iv) 600 pL of the
rinse buffer (solution containing sodium chloride and ethanol) was
added and pipetted 10 times and then subjected to short spinning.
The centrifugal tubes were placed on the magnetic frame for
approximately 2 min, the supernatant was discarded, and short
spinning was performed. The tubes were then placed on the
magnetic frame for approximately 2 min again, and the residual
liquid was sucked out and placed at room temperature for 2 min.
(v) 100 pL of the eluent buffer with high pH was added. After
shaking and mixing it for 10 s, it was placed at room temperature
for 2 min. The centrifugal tubes were then placed on the magnetic
frame for 2 min, and the supernatant was pipetted for use. The
extracted standard reference DNA templates were added to the PCR
mixture as concentration gradient samples. For each experiment,
8 uL of the PCR reagent was added to the pipette connected to the
aqueous-phase syringe. Driven by the syringe pump, the droplet
generator produced the droplets.

2.4. Center controller and power management system

For the digital PCR device, a laptop is used as the center
controller. The subsystems were connected to the laptop via serial
(RS232, RS485) or USB ports. The microreactor temperature, sam-
ple transport speed, and fluorescence imaging system could be
controlled by sending instructions to each subsystem from the
laptop. As shown in Fig. 2, a solar cell system (12 V, 12000 mA h)
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was used as the power source of the digital device. It directly
supplied 12 V of power to the PID temperature controller, bus
controller, and reagent refrigeration box. The 12-V power was
transformed into 3-V LED power by a constant voltage module
through a relay with a normally open contact.

2.5. Host computer software and data process

The host computer software is based on by Python. The graph-
ical user interface is shown in Fig. 3. The microreactor temperature,
syringe pump speed, and LED were easily controlled by the device
control software. The fluorescence intensity of each droplet was
obtained by fluorescence image processing using openCV. The
droplets were classified as positive or negative on the basis of their
fluorescence intensity. The total number of target molecules was
quantified using the Poisson distribution. The probability of
observing k DNA molecules in a droplet can be calculated as

2ke=2
k! (1)

When the initial DNA number k is 0, the droplet has negative
fluorescence:

P(X =k) =

P(0)=e * = Ppeg

The numbers of negative droplets and total droplets are Npeg
and N, respectively.

l)neg = Nneg/N
Then,

Nneg /N - 67)‘ - eicv
The target concentration C can be estimated as

C= — In(Npeg /N)/V

where V is the volume of the PCR reagents in each droplet. The data
processing can be performed automatically using the data pro-
cessing software, which shows the concentration of the target in
the sample, number of total droplets, number of positive droplets,
number of negative droplets, and distribution and frequency of the
droplet fluorescence intensity.
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Fig. 3. Graph showing the measured concentrations of the samples.

3. Results and discussion

We evaluated the quantification of low hepatitis B virus con-
centrations in human serum using the proposed digital PCR device.
Although the measurement of the target concentration is based on
the absolute count of molecules, we additionally compared the
dPCR-estimated DNA molecules with the cycle thresholds (C;)
output from the Bio-rad real-time PCR system. For the experi-
mental testing of the dPCR device measurement capability for small
amounts of DNA, qPCR measurements were performed for com-
parison with the dPCR results using the same measurement
template.

3.1. Quantitative detection process of the digital PCR device

The digital PCR device was connected to the laptop via a USB port,
and the main power switch was turned on. The PCR reagent was
added to the aqueous-phase syringe and fluorinated oil was added to
the oil-phase syringe. The software established serial communica-
tion with each subsystem of the device. The microreactor began to
heat up, and the temperatures of the two heating plates were set to
96 °C and 62 °C, respectively. When the temperature reached the set
value, the syringe pumps were started. The speed of the aqueous-
phase syringe pump was set to 3 nL/s, and the speed of the oil-
phase syringe pump was set to 9 nL/s. The droplets were produced
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Fig. 2. Block diagram of the power electrocircuit of the continuous-flow digital PCR instrument.
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using the continuous-flow digital PCR device.

by the droplet generator, and they continued to flow in the Teflon
tube wrapped around the microreactor. Every time the droplets ran a
cycle in the tube, the DNA was copied once. After the droplets flowed
for 35 cycles, the excitation light source was activated, and the
fluorescence images were captured by the CMOS camera. The
captured video was analyzed by software. The number and fluores-
cence intensity of the droplets were measured, and the target con-
centration was obtained by analyzing the data. The entire instrument
has a high degree of integration. It is only necessary to manually load
the sample at the beginning. The final sample concentration can be
obtained without manual transfer of the sample.

3.2. Results of real-time quantitative PCR and digital PCR analysis

The histogram shown in Fig. 3 presents the amplification results
of the three serially ordered standard references, obtained by the

continuous-flow digital PCR device. The measurement for each
concentration was repeated three times. The concentrations of the
standard references from 10> to 10° IU/mL were calculated as 4.39,
4.05,3.81; 37.86, 41.28, 39.08; and 374.79, 385.93, 370.07 copies/LL,
respectively. The average concentration values were 4.06, 39.40,
and 376.93 copies/uL. The amplification results of the same PCR
reagents obtained using the commercial qPCR cycler. The C; values
for the real-time PCR reactions were determined using a threshold
detection method, and they were compared with the digital PCR
results. The C; values for the three concentrations from 10> to 10°
IU/mL were 32.54, 29.65, and 26.37, respectively.

Fig. 4 shows the digital PCR detection results. The charts were
automatically generated via software processing of the fluores-
cence image data. The fluorescence intensity distribution scatter
diagrams show the fluorescence intensity of each droplet, while the
frequency distribution histogram shows the number of droplets
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with the same fluorescence intensity. The proportion of the low
fluorescence intensity droplets decreased as the concentration of
the sample increased. The negative and positive droplets could be
separated by the threshold, and the concentration of the target
molecule was calculated according to the Poisson distribution. The
photographs show screenshots of the video captured by the CMOS
camera. They depict the actual fluorescence images of the positive
and negative droplets. The fluorescence intensity of the positive
droplets was significantly higher than that of the negative droplets.
As shown in Fig. 5 (A), a perfect linear relationship exists between
the measured DNA concentrations and the theoretical concentra-
tions of the reagents. Theoretically, the Lg of the initial concentra-
tion of the template should be linear with the cycle number.
Therefore, the DNA concentrations (measured by the continuous-
flow ddPCR device) and the Ct values (measured by the commer-
cial qPCR cycler) were compared. As Fig. 5 (B) shows, the R? cor-
relation coefficient between them was calculated to be 0.9986 by
linear regression analysis, which proved the accuracy of the
detection results of the continuous-flow ddPCR device.

4. Conclusion

This paper presented an integrated continuous-flow digital PCR
system with a built-in power supply and completely designed
software for equipment control and data analysis. Compared with
the current commercially available digital PCR system, the pro-
posed system has the advantages of low cost, integrated and
automated operation, and portability. Further, in contrast with the
existing digital PCR system, which consists of multiple independent
devices, the proposed system is the first fully automatic and inte-
grated all-in-one system. In particular, it requires only a single
instance of sample loading to directly obtain the test results.
Moreover, the detection results are highly reliable. The proposed
device greatly simplifies the operation process without transferring
samples between a series of sub-devices, and it has a wide range of
application, including low-level pathogen detection, differential
gene expression, absolute quantification of viral load, and copy
number variation.
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