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ARTICLE INFO ABSTRACT

Misclassification of positive partitions in microfluidic digital polymerase chain reaction (dPCR) can cause the
false positives and false negatives, which significantly alter the resulting estimate of target DNA molecules. To
address this issue, establishing real-time fluorescence interrogation of each partition in microfluidic arrays is an
effective way in which false positive and false negative partitions can be eliminated. However, currently
available devices for real-time fluorescence interrogation are either not competent for microfluidic digital array,
or they are bulky, expensive and entail peripheral equipment due to low integration. Therefore, in this study, a
Raspberry Pi based, low-cost and highly integrated device is presented to achieve real-time fluorescence de-
tection for microfluidic digital array, termed real-time dPCR device. In the device, uniform thermocycler,
streamlined real-time fluorescence imaging setup, and compact data processing system are all integrated to
undergo on-chip dPCR amplification, real-time fluorescence detection, and data analysis. Using this real-time
dPCR device, the accuracy of DNA absolute quantification by dPCR is improved, since the misclassification of
positive partitions is efficiently reduced based on the characteristic real-time fluorescence curves of positive
partitions in a self-priming microfluidic chip. Compared with end-point dPCR on our device and commercialized
QuantStudio™ 3D dPCR system, the real-time dPCR on our device exhibits a higher accuracy for DNA quanti-
fication. In addition, this real-time dPCR device is much smaller and cheaper than the commercialized Digital
PCR system, but not sacrificing the capability of error correction for absolute quantitation analysis. Conclusively,
this highly integrated real-time dPCR device is very beneficial for DNA quantitative analysis where the de-
termination accuracy is pivotal.
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1. Introduction

Digital polymerase chain reaction (dPCR) (Vogelstein and Kinzler,
1999) developed using microfluidic chips is becoming a mainstay
technology for absolutely quantifying DNA molecules in a variety of
applications such as highly accurate gene expression quantification
(Warren et al., 2006), detection of genomic diseases (Devonshire et al.,
2015; Jarvius et al., 2006; Tsui et al., 2011) and prenatal diagnosis (Fan
et al., 2009; Lo et al., 2007; Tsui et al., 2011). Although dPCR has the
capability of identifying single DNA molecule, its determination accu-
racy is still compromised by the misclassification of positive partitions
(Jacobs et al., 2014).

Factors that result in the misclassification of positive partitions can
be mainly divided into two groups. The first group is called false ne-
gatives, which refers to the presence of low-efficient reaction in the
positive microchambers causing themselves being regarded as nega-
tives (Whale et al., 2016). The second group is called false positives,
including those negative microchambers being considered as positives
because water evaporation, cross-contamination or non-specific am-
plification happen in them (Huggett et al., 2015). Some efforts have
been tried on the dPCR data process to reduce the effect of the afore-
mentioned problems on dPCR accuracy (Dreo et al., 2014; Jacobs et al.,
2017; Jones et al., 2014; Strain et al., 2013; Trypsteen et al., 2015).
Compared to the hard threshold methods at the past, these methods
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Fig. 1. (A) CAD rendering of real-time dPCR device. (B) The real appearance of the completely assembled device using 3D printing technique. (C) Internal structure of
the device. (D) The design detail of the chip. A peripheral water tank was added to prevent evaporation. (E) The real picture of the chip. (F) The image of the chip

taken by the microscope after loading the Calcein solution.

perform better on the accuracy. However, these methods only optimize
the data from a statistical perspective and have difficulty in differ-
entiating the false signals from the true ones because of the endpoint
detection methodology, which limits the further improvement on ac-
curacy.

Real-time fluorescence detection for microfluidic digital array pro-
vides the alternative, eventually improving the quantitative accuracy of
dPCR. The platforms established using this strategy is termed “real-time
dPCR” platforms. The real-time dPCR takes the advantage of real-time
quantitative PCR, which can monitor the time-course changes of
fluorescence intensity during PCR reaction. Sundberg et al. established
a real-time dPCR system based on plastic chip chamber (Sundberg et al.,
2010), which reduced the cost of a disposal chip, simplified device
complexity and saved the time of thermal cycling. However, the plat-
form only obtained the real time average fluorescence intensity of all
microchambers instead of each microchamber. Compared to this plat-
form, Beer et al. reported an on-chip digital microfluidic real-time dPCR
device with the ability of realtimely monitoring every droplet within
the field of view of the camera (Beer et al., 2007). However, the number
of droplets is too low. After that, Hatch et al. released a 1-million
droplet array with wide-field fluorescence imaging system (Hatch et al.,
2011). Although this highly integrated design yields a 100-fold increase
in the number of on-chip digitized reactors, in droplet digital PCR
(ddPCR) the droplets tend to move slowly and coalesce to form big ones
(Baret, 2012; Chen et al., 2018). So this platform only shows 50 dro-
plets real-time monitoring information. In order to solve this problem,
Selck et al. built a custom large-format digital real-time amplification
device that can capture each chamber's information (Selck and
Ismagilov, 2016). However, the device didn’t use real-time information
to improve the accuracy of digital PCR, and the overall volume of the
device was large and bulky. In the industry, BioMark™ HD System is a
mature platform which can realize both real-time qPCR and real-time
dPCR (Baker, 2012). This instrument has been used in a lot of appli-
cations (Bhat et al., 2009; Fu et al., 2015; Sanders et al., 2011; Zhu
et al., 2016), while it entails the peripheral sampling equipment (Selck
and Ismagilov, 2016), which shows high cost. Therefore, the develop-
ment of highly integrated, inexpensive real-time dPCR device is ur-
gently demanded.

Presented in this work is a highly integrated, affordable design that

provides real-time analysis of dPCR reactions. It is able to achieve a
high accuracy by differentiating the false signals. All of these were
accomplished by integrating rapid self-priming dPCR chip, on-chip
thermocycler, real-time fluorescence imaging, and result analysis on a
single microfluidic platform, which were automatically controlled by a
custom Linux-based application. This device was made of 3D-printed
parts and off-the-shelf electronics. The thermocycler we choose was
presented by our lab in previous work (Gou et al., 2018), which could
provide exact and uniform temperature controlling. The real-time
fluorescence imaging of an approximately 12 cm? area was achieved
using a 10-megapixel camera and 25 mm Lens. All the electronics and
tablet were controlled using a single-board computer. Combined with a
self-priming dPCR chip previously developed by our laboratory (Zhu
et al., 2017), our real-time dPCR device permitted higher quantitative
accuracy than the commercial Quantstudio™ 3D dPCR system, when
assaying a plasmid DNA containing the human 18S ribosomal RNA gene
fragment. Therefore, this real-time dPCR device with high integration
and low cost is very helpful to address the misclassification of positive
partitions and improve the high accuracy of quantitative analysis. A
comparison table in which we compare the performance between our
device and others can be found in Table S1.

2. Materials and methods
2.1. System design and instrumentation

The real-time dPCR system mainly consisted of four parts, including:
(1) the microfluidic dPCR chip; (2) the thermocycler; (3) the fluores-
cence image setup; and (4) the Raspberry Pi with the touch screen. A
section view of the real-time dPCR system is shown in Fig. 1. Micro-
fluidic dPCR chip acted as a reaction vessel. The thermocycler achieved
the precise temperature control in the range of PCR reaction. The
fluorescence image setup collected real-time fluorescence images.
Moreover, the Raspberry Pi with the touch screen was responsible for
system controlling, image processing and data analysis. The overall size
of the device was 20 cm X 20 cm X 25 cm. Fig. 1A is the 3D rendering
graph of this device's appearance using 3D CAD software (SolidWorks
Premium 2017, Dassault Systemes S.A). The device's shell, internal
holder and camera adapter were fabricated by 3D-printer (HR0402 3D
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printer, China). The actual device is shown in Fig. 1B. A perspective
view of the real-time dPCR device is shown in Fig. 1C.

2.2. Microfluidic chips

The dPCR microfluidic chips were designed and fabricated using
standard soft lithography technique. Detailed information about the
fabrication of the chip was described in the Supporting information.
Fig. 1D shows the details of the chip, which contains three reaction
panels with 1120 uniform chambers per panel. The sizes of the chip,
microchamber array region and microchamber are 4 cm X 3 cm (length
X width), 3.5cm X 1.2cm (length X width), 150 um X 150 pm
x 230 um (length x width X height), respectively. The volume of each
panel is 5.8 uL. To prevent evaporation of the marginal chambers, a
peripheral water tank including two parallel rows of microchambers
connected by channels was added, with the size of each microchambers
of 150 um X 150 um X 230 um (length X width X height). Fig. 1E
shows the real structure of the chip and Fig. 1F describes the details of
the channels and reaction chambers.

2.3. Thermocycler

The thermocycler in the real-time dPCR device was presented by our
lab in previous work (Gou et al., 2018). A turbo fan (C81H Dayu,
PCCOOLER, Shenzhen, China) attached to a steel plate was placed at
the bottom of the thermocycler, with a Peltier heater (Ferrotec, Hang-
zhou, China) being fixed on them. Then, a copper plate coating by heat-
conducting silicone grease (HONGDA Latex industry CO., LTD, Liyang,
Jiangsu, China) with a temperature sensor (MF52 ZT, Fuwen Sensing
CO., LTD, Shenzhen) being embedded into it covered the Peltier heater
to assemble as a thermocycler.

2.4. Real-time fluorescence imaging setup

In order to provide uniform and high intensity illumination over full
field of view (about 12 cm?), four long strips of LED with 470 nm center
wavelength (60 mm X 8 mm) (Genesis Photonics Inc., China) were
placed perpendicular to the surface of the microfluidic chip, horizon-
tally exciting the chip from the side. Then, the excitation light passed
through an excitation band pass filter (BPF) (52 mm X 12 mm) (Mega-9
Optoelectronic, China) that has the same size as the LED, with 470 nm
center wavelength and 20 nm bandwidth. Being excited by the filtered
excitation light, fluorescent reagents in the positive microchambers
produced a specific fluorescence that passed through the lens of
camera. After that, an emission BPF with a center wavelength of
=~ 550 nm, and a band pass of = 20 nm was used to suppress the re-
sidual blue light while let most of the emission light go through the BPF
and to be collected by the camera.

The emission BPF was placed between the camera and lens to avoid
the interference of light with large incident angles. As the incident
angle increases, the center wavelength of filter will move towards the
shortwave continuously (Hadley and Dennison, 1947). Thus, losing the
ability of removing the residue blue light. In order to strike a balance
between good image resolution and inexpensive optical devices, a
JHSM1000f camera with a 10-megapixel 1/2.3" CMOS sensor and a
25 mm f/1.8 manual Lens (Jhtech Inc., China) were used to capture
real-time fluorescence images, its CMOS sensor pixel size is 1.67 pm
X 1.67 um, and the resolution is 3664 X 2748. The camera and Lens
were mounted on a 3D printing adapter and positioned 20 cm above the
thermocycler to obtain a full field of view (approximately 12 cm?).
Image capture settings were taken at f/1.8 aperture, and approximately
6s exposure in RGB24 image format to achieve efficient collection of
weak fluorescence. In addition, there is two white LEDs placed on either
side of the thermocycler at a 45° angle for bright-field imaging.
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2.5. Digital PCR

To verify the quantitative ability of our device, we carried out dPCR
assay to quantify the human 18 S ribosomal RNA gene fragment cloned
in a plasmid DNA (Sangon Biotech, China) using our dPCR chip. Each
10 uL reaction mixture consisted of 5L of 10 X TagMan gene expres-
sion master mix (Thermofisher Scientific, USA), 0.5 pL of 2% Tween 20,
0.5 L 18S ribosomal RNA probe (Thermofisher Scientific, USA), 1 uL
template solution, and 3 uL. Nuclease-free water. All the reaction mix-
tures were mixed off-chip before the dPCR reaction.

The complete reaction process was set as follows: first, the chip was
degassed in a vacuum pump to evacuate the air dissolved in the PDMS
to 0.1 kPa for 20 min. Second, the water tank was filled with water to
prevent evaporation of marginal chambers in reaction area. The 10 pL
mixture was loaded into the chip under the actuation of negative
pressure, then the sealing oil was loaded to separate each micro-
chambers. Third, the dPCR was performed with a program setting as
follows: 50 °C heating for 2min, 95°C hot start for 10 min, and 60
thermal cycles at 95 °C for 10s and 60 °C for 60s. Camera would cap-
ture the fluorescence images of the chip during every annealing ex-
tension phase of each PCR cycle.

3. Results and discussion
3.1. Real-time fluorescence imaging

The main innovation of our real-time dPCR system is that we collect
the real-time fluorescence intensity of each microchamber and use the
fluorescence kinetics information to achieve accurate classification of
real positive microchambers, which is significant to improve quantita-
tive accuracy of dPCR, especially for low concentrations of the loaded
samples. The thermal uniformity of the copper plate of the thermo-
cycler, the intensity distribution of excitation light in microchamber
region, the sensibility of CMOS sensor, and the field of view for one-
time imaging are important factors affecting the accuracy of experi-
mental results. Based on the previous work published by our laboratory,
the temperature of microchamber array in the dPCR chip showed good
thermal uniformity with a coefficient of variation (CV) of 0.53% (Gou
et al., 2018).

A long strip-shaped high-brightness LED was used as excitation light
which streamed from the four sides of the chip parallel to the micro-
chamber area of the chip. Schematic diagram of the optical system is
shown in Fig. 2A. This design not only improved the utilization of the
excitation light, but also ensured the uniformity of the intensity dis-
tribution of excitation light in microchamber region. In order to verify
the uniformity of the excitation light intensity in the PDMS chip, optical
simulation was performed in the optical design software TracePro
(TracePro Expert 7.3.0 Release, Spatial). The result about intensity
distribution of the excitation light on the surface of the chip is shown in
Fig. 2B. The area of the total microchambers on the chip was about
5cm? and the results of simulation showed that the light intensity on
the surface of the chip was roughly a circle with a diameter of 30 mm,
covering the almost entire microchambers’ area. The average uneven-
ness of the overall light intensity fulfilled the requirement of uniform
light in our device. In order to further verify the brightness uniformity
of our device, Calcein solution was loaded into the dPCR chip, then
taking a fluorescent image of the chip on our device and the Maestro Ex
IN VIVO system. As shown in Fig. 2C and Fig. 2D, the two platforms had
comparable distribution of fluorescent intensities. Two techniques were
used to ensure the consistency of illumination conditions during PCR
reaction. First, the “on or off” state of the excitation LEDs were con-
trolled by the Raspberry Pi based on the information acquired by the
Bluetooth communication. LEDs were “on” for each primer extension
phase in PCR cycles, while LEDs were “off” for the rest of the time. It
was a more effective way to weaken the light decay of the LEDs, in
comparison with the shutter mode. Second, the LEDs would warm up
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Fig. 2. (A) Schematic diagram of the optical system. The microfluidic chip was side-coupled to two pairs of blue LEDs, ensuring uniform excitation across the chip. An
excitation band pass filters (BPF) was placed in front of every LED, which was not shown in the figure. A full-field uniform brightness image (about 12 cm?) could be
obtained at every PCR cycle. (B) Light intensity distribution of the excitation light on the chip area drawn by Tracepro. The white box represented the micro-
chambers’ area (about 5 cm?). (C) And (D) The fluorescence intensity distribution of the chip loaded with Calcein solution using our device and Maestro Ex IN VIVO
imaging system. Images in the upper right corner are the fluorescence images of the chip. Histograms represented the fluorescence intensity of every microchamber in
fluorescence images, and the results showed that the two images had similar distribution of the fluorescence intensities.

for 10 s after being turned on before the image collecting, which fully
utilized the exposure time and kept the LEDs stable. Therefore, this is an
economic way to realize the satisfactory excitation condition with
sufficient strength and sufficient uniformity.

Cooled CCD sensors have been historically chosen over their CMOS
counterparts due to less noise and higher signal gains (Hatch et al.,
2011). Scientific complementary metal-oxide semiconductor (sCMOS)
camera has high-quality imaging performance of CCD and high-speed
readout performance of CMOS (Huang et al., 2013). Many commercial
fluorescent microscopes are equipped simultaneously with a cold CCD-
level image sensor as a bright-field imaging camera and a sCMOS-level
image sensor as a fluorescence-imaging camera. However, their cost is
relatively high. CMOS becomes popular gradually because of the im-
provements of CMOS technology in recent years (El Gamal and
Eltoukhy, 2005). JHSM1000f camera with a 10-megapixel 1/2.3’ CMOS
sensor was chosen in this experiment, which can capture 3360 micro-
chambers in a 12 cm? viewing area in a single snap. With these imaging
parameters, about 170 pixels per microchamber resolution could be
achieved. The change over time of the overall fluorescence intensity of
the real-time fluorescence image could be clearly discerned by the
naked eyes, as shown in Fig. 3. A 25 mm focal length C-type interface
lens was used to balance the request of image fidelity and imaging
distance for our chip. The total price of the camera, the lens, raspberry

pi and touch screen in our system is only equivalent to the price of a
regular smartphone.

3.2. Data collection and analysis software

A Linux-based application for Raspberry Pi was developed in C+ +
based on Qt Creator and had three main functions: real-time fluores-
cence image acquisition, fluorescence image processing (creating a
mask), and image data analysis. Since Qt Creator is a cross-platform Qt
integrated development environment, this application is also suitable
for Windows systems. The Raspberry Pi's onboard Bluetooth (Bluetooth
4.2, BLE) communicated with the Bluetooth on the thermocycler, and
the application used the information obtained from Bluetooth com-
munication to perform precise and fast three-temperature loop control
of the thermocycler. Meanwhile, the Raspberry Pi controlled the co-
operation of camera and LEDs to complete the fluorescence image ac-
quisition during the annealing extension phase of each PCR cycle. After
the end of the PCR cycle, all of images were saved in a specified ad-
dress. In order to improve the efficiency, all images were scaled before
the image processing, so that the fluorescence intensity of each mi-
crochamber in the paper was obtained from resized images. The image
processing mainly contained the following steps: seed image acquisi-
tion, image preprocessing, acquisition of regions of interest (ROI),
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Fig. 3. Real-time dPCR results using the self-priming microfluidic dPCR chip. The fluorescence images were captured every five cycles from cycle 25-50, with the
sample concentration of 2000 copies/pL. Real-time dPCR results of other sample concentrations are shown in Fig. 54.

microchamber coarse positioning, microchamber precise positioning
and mask creation (See Supplementary information for more details).
Using the microchamber position information in the mask and the
image traversal function of application, we got the fluorescence in-
tensity of each microchamber per cycle (the G channel value of each
pixel of the selected image represented the fluorescence intensity), then
plotted the real-time fluorescence curve of each microchamber.
Afterwards, we chose polynomial fitting method to achieve curve fit-
ting. Different types of curves corresponded to different types of mi-
crochambers. According to the characteristics of the fitted curves, they
were classified easily, quickly and accurately into negative micro-
chamber (non-target reactions), positive microchamber (one or more
than one target-containing reactions), evaporating microchamber
(water evaporating reactions), false positive microchamber (nonspecific
amplifications or other unknown reason), respectively. The character-
istics of these four types of microreactors are as follows: no significant
change in fluorescence signals, S-type amplification, having a rapid
increase of fluorescence signals between adjacent cycles, and S-type
amplification with a delayed exponential growth. Then we could
achieve accurate quantification of the sample solution, Fig. 4 shows the
process of curve classification. In order to achieve better human-com-
puter interaction, the application system developed a graphical user
interface. The interface included three pages: real-time experiment
page, mask creation page, and image data analyze page. Each page was
provided with parameter input and parameter display area, function
button area, image display area and other areas. The detailed in-
formation about this application interface is showed in Fig. S2. The
integration of Raspberry Pi's single-board computer and capacitive
screen in the system reduced the volume of the device and improved
system integration and portability to some extent. The Raspberry Pi's
single-board computer was able to process the real-time experiments
data (Mendoza-Gallegos et al., 2018; Stephenson et al., 2018; Xu et al.,
2018). Moreover, it enabled the device more affordable and user-
friendly than other currently available real-time dPCR systems.

3.3. Real-time digital PCR validation

In order to validate the stability and accuracy of our real-time dPCR
device, we used a stock plasmid DNA of 107 copies/jL containing the
18 S ribosomal RNA gene fragment with the different gradients con-
centration to perform real-time dPCR: 1 x 10 copies/uL, 1 x 10% co-
pies/uL, 1 X 10° copies/jL, 2 x 10° copies/uL, respectively. The con-
centration of synthetic plasmid DNA sample was measured using Qubit
3.0 Fluorometer (Life technologies, USA). Then this original sample was
diluted to 10”7 copies/uL. The real-time fluorescence images of PCR
amplification of concentration 2 X 102 copies/jiL between cycles 25-50
in 5 cycle increments are shown in Fig. 3 (See Fig. S4 for more in-
formation). The amplification plots (left) and the panel hot maps (right)
of NTC and four concentration gradients are shown in Fig. 5. The
baseline-corrected tracing of amplification from each microchamber in
the microfluidic device (left image of each group of diagrams) reflects
the change of fluorescence intensity. The characteristics of fluorescence
change curves were vital to accurately classify microchambers. The
software-generated panel hot map (right image of each group of

155

diagrams) visually shows the actual reaction circumstance of the each
microchamber. As reported previously (Xu et al., 2018), the sampling
loading in our self-priming dPCR chip conforms to Possion Distribution.
Therefore, we introduced Poisson distribution to calculate the DNA
templates. According to the formula:

P(n, A) = A% */n!, A=0, 1, 2., (@))

Where n is the number of DNA molecules per microchamber and A
refers to the ratio of the total number of target DNA molecules to the
number of reaction chambers. If a microchamber presents the en-
hancement of fluorescent signal, then it shows that there is at least one
target molecule within this chamber. Therefore, the ratio between
fluorescent microchambers and total number of microchambers f; is
equal to the possibility of a chamber occupying at least one target DNA
template. So,

fp=Pm>0, A)=1-Pmn=0, A)=1-e" 2
And then,
—In(1-fp) = 2 (3)

In our dPCR system, 1 pL serially diluted DNA template was added
into 10 L reaction mixture. 5.8 uL of 10 uL reaction mixture was re-
mained in the microchambers, therefore,

A= (CO X Xgip X 1 X E)/N
10 4
Where C, refers to the concentration of stock DNA template and Xg; is
dilution factor. For example, the X4; for 1 X 10° copies/juLis 10~ *. And
N is 1120.
And then,

—lg(~In(1f)) = ~1g0.58X a1—Ig [@]
N (5)
Therefore, there is a linear relationship between -1g (-In (1-fy)) and
—1g 0.58 X 43, and Cq can be calculated using the intercept. As shown in
Fig. 5F, the liner fitting curve equation was Y = 1.004 x —3.981 (R* =
0.9998), from which we could calculate that the original concentration
of target was 1.07 X 107 + 1242 copies/uL (Table S2). Also, the total
DNA concentrations we obtained using our real-time dPCR device clo-
sely matched the predicted outcomes. In addition, we also applied end-
point dPCR on our device, the detailed image processing and the results
are shown in the Fig. S3. For further comparison, the parallel test using
Quantstudio™ 3D dPCR system were carried out to assay the same
plasmid DNA targets with three orders of magnitude from 1:10* to
1:10°. As shown in Fig. 6 (See Supplementary information for details),
the results of the real-time dPCR on our device was better matched with
predicted outcomes than the results of the end-point dPCR on our de-
vice and the commercial digital PCR. Moreover, the results of our real-
time dPCR device clearly identified the negative microchambers, posi-
tive microchambers, evaporating microchambers, false positive micro-
chambers, respectively, providing a more convincing value of con-
centration of the sample. Therefore, our real-time dPCR device is
helpful to improve the quantitative accuracy of dPCR.
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Fig. 4. Precise curve classification based on curves’ characteristics. (A) The real-time fluorescence intensity curves of every microchamber in the (C). (B) Fitted curves
according to the real-time fluorescence intensity curves. The fitting method is a polynomial fitting and the maximum number of polynomial terms is 5. (C)
Microchambers location of the ROI in the complete seed image. (D) The curves are divided into two kinds of types, in which red curves stand for positive micro-
chambers and grey ones refer to negative microchambers. (E) The curves are divided into four kinds of types, in which blue ones are false positive microchamber and
yellow ones are evaporating microchambers. (F) The software generates the panel hot map according to the information from the (E), and the color of the square is

consistent with the curve.

4. Conclusion

In this paper, we have presented a highly integrated and low-cost
real-time dPCR device that significantly increases the accuracy of dPCR.
Three samples can be detected at a time by using dPCR chip we men-
tioned above. In addition, the throughput of our device can be enlarged
using other microfluidic dPCR chips with more microchambers, or the
droplet digital PCR (ddPCR) chip with thermosetting oil developed by
our lab (Wu et al., 2018). Real-time dPCR for microfluidic arrays was
successfully achieved with uniform amplification in each micro-
chamber. Besides, the illumination setup of the device was designed to
be composed of easily obtainable illumination and optical components,
which provides a high and uniform illumination intensity over full field
of view (about 12 cm?). Moreover, the fluorescence image processing
and data analysis were easily achieved. All the function units were
automatically controlled by the supplementary application we devel-
oped. Thus, our system is more compact and more economical than
other existing real-time dPCR systems. An itemized list, including cost
of each component can be found in Table S4.

Compared with the end-point detection on our device or the com-
mercialized Quantstudio™ 3D dPCR system, the real-time detection on
our device shows higher accuracy on quantifying the human 18S ri-
bosomal RNA gene sequence. The real-time dPCR presented here not
only provides a new way to solve the problem of misclassification of
positive partitions, but also gives the information about the kinetics of
amplification on digital microfluidic devices, both of which are useful

for improving the quantitative accuracy of dPCR. In the future, our real-
time dPCR device will be upgraded by integrating the sample pre-
treatment unit (Chen and Li, 2017; Chen and Zhang, 2017; Sun et al.,
2018) to achieve the “sample-in and answer-out” detection format (Fu
etal., 2017; Hu et al., 2017; Song et al., 2018) and adding extra optical
accessories to fulfill multi-channel (Anazawa and Yamazaki, 2017)
extension. Our lab has developed an integrated microfluidic device with
nucleic acid extraction functional module (Tian et al., 2015), we could
add several micro-pumps and micro-valves to realize automatic injec-
tion. Also, we will equip multi-band light source, suitable filter set, and
automated structure, enabling our device to capture multicolor fluor-
escent image after every PCR cycle.

In conclusion, our developed highly-integrated and low-cost real-
time dPCR device is anticipated to be useful for applications such as
rare mutation detection, GMO quantitation, and aneuploidy detection,
in which false positives are intolerable and accuracy is paramount.
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