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ABSTRACT: Digital PCR (polymerase chain reaction) is a powerful and attractive tool for
the quantification of nucleic acids. However, the multiplex detection capabilities of this
system are limited or require expensive instrumentation and reagents, all of which can
hinder multiplex detection goals. Here, we propose strategies toward solving these issues
regarding digital PCR. We designed and tested a self-priming digital PCR chip containing 6-
plex detection capabilities using monochrome fluorescence, which has six detection areas
and four-layer structures. This strategy achieved multiplex digital detection by the use of
self-priming to preintroduce the specific reaction mix to a certain detection area. This
avoids competition when multiple primer pairs coexist, allowing for multiplexing in a
shorter time while using less reagents and low-cost instruments. This also prevents the
digital PCR chip from experiencing long sample introduction time and evaporation. For
further validation, this multiplex digital PCR chip was used to detect five types of EGFR
(epidermal growth factor receptor) gene mutations in 15 blood samples from lung cancer
patients. We conclude that this technique can precisely quantify EGFR mutations in high-performance diagnostics. This
multiplex digital detection chip is a simple and inexpensive test intended for liquid biopsies. It can be applied and used in
prenatal diagnostics, the monitoring of residual disease, rapid pathogen detection, and many other procedures.
KEYWORDS: digital PCR, microfluidic chip, multiplex detection, self-priming, mutation

Digital polymerase chain reaction (dPCR)1,2 is a
precise and promising technology3 that dispenses
reaction solution into thousands of microwells. Each

unit contains 0 or 1 template where an independent PCR
reaction occurs. By counting the positive fluorescence units
combined with Poisson distribution,4 the number of copies of
the initial template is obtained without using standard
curves.5,6 With the development of microfluidic technology,
dPCR has been integrated for practical use.7−9

Digital PCR such as droplet digital PCR10−13 (ddPCR) and
chamber-based digital PCR (cdPCR) are commonly used.14−16

Droplet digital PCR is a popular choice for many commercial
products such as Biorad Qx and Naica crystal. Also, there are
different types of ddPCR. For example, Du’s group proposed a
reusable ddPCR chip based on step emulsification quantita-
tively evaluating the HER2 gene,17 and Mao’s group proposed
a mineral oil-saturated ddPCR chip that avoids evaporation
during thermal cycling. This chip has successfully been applied
for the detection of pathogens18 and quantification of lung
cancer-related micro-RNAs.15 Compared to ddPCR, real-time
detection and the more stable physical partition of cdPCR are
clear advantages. Additionally, ddPCR must have control
subassemblies, such as syringe pumps and air pressure,19 and
these are not favorable for clinical applications.5,20,21 However,

even commercial instruments also are negatively impacted by
these shortcomings.5 Thus, the cdPCR chip was developed to
facilitate the application of dPCR,20,22 and many different
types of these chips were proposed.23−27 For example, Shen et
al.28 developed a slip chip containing 1280 wells and provided
a simple quantification of nucleic acids. This group also
proposed a slip chip29 that has the ability to perform multiple
volume digital PCR. This simultaneously detects five targets
through a five separate sample introduction on a single chip.
Our group also proposed a scalable self-priming fractal
branching microchannel net digital PCR chip that contains
4096 microwells, and this approach does not experience
sample loss.22

The rapid development of these technologies has promoted
the application of digital PCR. Although digital PCR is a high-
precision detection technology, its multiplex capabilities are
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limited. Multiplex detection saves precious samples, reduces
the time to obtain results, and also reduces reagent
consumption.30−32 Therefore, it is important to develop
multiplex detection capabilities for digital PCR.33 There are
two main methods where digital PCR achieves multiplex
detection. First, instruments need to be equipped with
multiplex fluorescent channels using multiplex fluorescent
dyes to label different target genes.34−36 Second, single
fluorescence with different intensities must be used.31 The
multiple target genes in the system use the same fluorescent
dyes. However, the primer concentrations of the target genes
must be different. This way, intensities of fluorescence for
target genes are different at the end of the amplification step.
For example, Didelot et al.37 developed a multiplex ddPCR
assay to detect four different length (78, 159, 197, and 550 bp)
targets. In this assay, they use combined two-color TaqMan
probes (FAM and VIC) and two concentrations (0.16 and 0.2
mol/L) to identify four types of DNA fragments. Bai et al.38

proposed a cdPCR chip to perform multiplex detection. This
strategy also used different fluorescent labels for target genes
and detected two types of lncRNA from extracellular vesicles.
However, these two methods require a high number of
fluorescent channels and instruments, which ultimately leads to
high costs.33 Additionally, since multiplex pairs of primers
coexist, the competitive response needs to be optimized.39

With this method, there will be an increase in costs that will
make it necessary to develop a multiplex digital PCR chip to
meet demand.
Here, we describe a powerful multiplex digital PCR chip that

can simultaneously detect six target genes. This chip proposes
a strategy to preintroduce specific probes and primers while
overcoming current problems that multiplex dPCR faces. As
proof of concept, we used this multiplex dPCR chip to quantify
five types of EGFR mutations from 15 lung cancer patient
samples.

RESULTS AND DISCUSSION

Design and Fabrication of Multiplex Digital PCR
Chip. A photograph of the multiplex digital PCR chip is
portrayed in Figure 1A. This multiplex digital PCR chip
measures 4.8 cm in length and consists of four layers including
the glass layer, microstructure layer, support layer, and high-
definition (HD) Scotch tape (Figure 1B). This chip (Figure
1C) contained six independent detection areas, and each area
consisted of microchambers and microchannels. Moreover, it
included one primary inlet and six independent secondary
inlets (Figure 1D). The primary inlet measured 1.2 mm in
diameter and was used to introduce the reaction mixture. The
six secondary inlets measured 1 mm in diameter and were used
to introduce the reaction mix that contained specific primers
and probes. There were 4800 microchambers in each
individual area, with a total of 28 800 microchambers in six.
The planar shape of the microchambers was circular with a
diameter of 100 μm. The depth-to-width ratio of the
microchambers was 1:1. Also, we can flexibly process by
changing the number of microchambers according to the
detection requirements (Table S1). The curve in the middle of
the chip is designed to prevent the cross-contamination of
primers and probes in different areas, which had a height of 50
μm (Figure 1E).
The multiplex chip is a self-priming and dispensing digital

PCR chip based on polydimethylsiloxane (PDMS). Compared
to other digital PCR chips,22 the most significant advantage of
this chip is its flexibility in defining the number (1−6) of
detection targets, which is for researchers to get enough
information from one time experiment. In addition, our
approach for multiplex detection is to preintroduce primers of
different target genes into six independent detection areas.
This method not only avoids competitive reactions when
multiple primer pairs coexist but also reduces time and
reagent-related costs. Moreover, only one kind of fluorescent
probe can be used to achieve up to 6-fold detection, which
reduces costs in reagents and instruments.

Figure 1. Design and structure of the multiplex digital PCR chip. (A) Photographs of the multiplex digital PCR chip. The chip was generated
with PDMS (4.8 cm) and assembled using a glass slide (5 cm). (B) Detailed multilayer structures of the multiplex digital PCR chip. (C) A
3D schematic diagram of the microstructure. (D) Schematic diagram of the planar structure of the chip: the chip contains one primary inlet
and six secondary inlets; the chip has six detection areas, and each area has 4800 microchambers. (E) NT9100 interference microscopy
(Veeco, USA) measurement of the microstructure layer height. The heights of the microchannel and microchamber are 50 and 100 μm,
respectively.
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Principle for Pre-embedding Primers and Probes.
One challenging task faced by multiplex digital PCR chips is a
method of introducing different types of primers and probes
into specific regions while avoiding cross-contamination.

Previous methods added primers and probes to a characteristic
area manually or using robotics. These methods are not
suitable for digital PCR chips because the diameter of the
microchamber is too small. To achieve separation, pumps and

Figure 2. Preintroduction of a reaction mix into each detection area. (A) Schematic diagram of pre-embedding. (1) Opening of the primary
and secondary inlets. Insertion of the pipet tip containing the mix solution into the secondary inlet. (2) Under negative pressure, mixed
liquid from the secondary inlet enters the channel. As a result of air entering the chip, the mix will not enter other areas. (3) The mix
solution fills the microchannel and all the microchambers. (4) Air enters into the channel, separating each reaction chamber, while waste
liquid enters the waste liquid port. When the process is completed, the secondary inlet is blocked with a curing agent (5:1 PDMS with 10 μL
of platinum catalyst). (B) Photographs of the preintroduction process. These photographs correspond to (1)−(4) of Figure 2A. (C)
Preintroduction of three-color dyes. (D) Preintroduction of five color dyes.

Figure 3. Sample introduction of multiplex digital PCR chip. (A) Diagram of self-priming of the multiplex digital PCR chip. (I) The chip is
under negative pressure, the tip contains the oil phase, and sample is inserted into the primary inlet. (II) The reaction solution enters all
areas along the microchannel at a uniform speed. (III) The reaction solution arrives into the detection area. (IV) The PDMS oil phase comes
into the chip. (V) The PDMS oil phase separates each microchamber. (VI) After the digital PCR reaction, the fluorescent signal can be
observed. (B) Theoretical predictions of the flow velocity in the microchannels entering the six detection areas are consistent. (C)
Photographs of the self-priming process. Compared to the photo in Figure 2B, after the PDMS oil enters the channel, the channel is not
visible under the microscope. (D) Photograph of the microchamber in the chip after the self-priming process. Each independent chamber
was observed.
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valves can be used. This increases the complexity of operation
and the reagent waste and leads to uneven distribution, all of
which are not suitable for practical application. Therefore, a
method to introduce primers and probes to specific areas
needs to be developed.
To solve this issue, we introduced a mix (PCR reaction

buffer, specific primers and probe, trehalose) into the chip
based on self-priming separation. The primary inlet was used as
the “air pump”, and the curved design guaranteed that specific
primers and probes would remain in specified areas to prevent
potential cross-contamination. First, the primary and secon-
dary inlets should be opened (Figure 2A). Next, the specific
mix should be introduced into the tip, and the tip should then
be inserted into a secondary inlet. Under negative pressure, the
primer and probe mix will enter the microchambers and be
separated by air. Due to the curved design and the primary
inlet being open, the reagents will stay in their specific area and
minimize cross-contamination.
Comsol software was used to simulate liquid motion (Figure

S3) to confirm the feasibility of this method. Results from the
theoretical simulation reveal that liquid does not flow into the
central channel, which indicates that specific primers and
probes will only be introduced into separate areas. Using this
method, specific primers and probes can be embedded into
independent microchambers within 30 s (Figure 2B). To
further validate, we used three and five different dyes to embed
into specific areas (Figure 2C and D). Data show that different
color dyes remained in specific areas.
In order to make multiplex dPCR more suitable for clinical

applications, the mix was freeze-dried in the chip and trehalose
was added as the excipient for long-term 4 °C storage. As
described in Figure S4, the chip can be stored in lyophilized
form at 4 °C for at least 60 days. This way, a user only needs to
introduce the sample solution into the chip when performing
multiplex detection, which reduces manual operation time and
increases practicability.
Sample Loading. To reduce complexity and reliance on

pumps, we took advantage of PDMS air permeability and used
negative pressure as a power source to perform equipment-free
loading and automatic sample compartmentalization. As
illustrated in Figure 3A, the sample solution is first inserted
into the chip followed by PDMS oil entering the channel to
separate the microchambers. After performing the digital PCR
reaction, positive microchambers were observed.

The principle of self-priming liquid separation has been
previously reported.40 In order to ensure the sample remained
in the microchambers and prevent cross-contamination, this
technology generally uses a thermo-curing PDMS oil. Due to
the high viscosity of this oil and the long distance it travels,
there is a significant increase in loading time. This problem can
be easily neglected. For example, Yeh et al. proposed a vacuum
battery on the chip where loading time needs 10 min to
separate 224 microchambers.41 The digital PCR chip22

proposed by our previous work only needs 20 min to separate
4096 microchambers. By reducing the loading time, it is
possible to make a chip more favorable for point-of-care and
other applications.
For this multiplex digital PCR chip, we have used a radial

design so that each independent area does not influence one
another, when using the self-priming principle (Figure 3A).
Each independent area had 48 branch channels, and the length
of the independent areas was only 2 cm, which shortened the
distance. First, theoretical simulation (Figure 3B) revealed that
the speeds of the six regions were consistent when the sample
was loaded. We also provided a supplemental video that
further demonstrates that speeds were almost consistent in the
six regions. As shown in Figure 3C and D, all 28 800
microchambers are quickly filled with reaction solution and
separated by PDMS oil in 90 s. This chip can achieve fast
sample loading.

Real-Time Quantitative and Multiplex Performance
of Digital PCR Chips. The ACTB gene was used to detect
the quantitative performance of digital PCR chips. The
multiplex chip can be used to analyze a single sample at a
dynamic range of 4 orders of magnitude (6-plex) to 5 orders of
magnitude (1-plex). We have tested the 10-fold dilutions of the
plasmid stock DNA ranging from 1:104 to 1:107. The
fluorescent image of digital PCR is shown in Figure 4. These
results were calibrated using Poisson distribution. As shown in
Supporting Information S6, there was a linear relationship
between −log((−ln(1 − f 0)) and −log Xdil. We obtained a
linear fitting curve y = 1.513x − 4.6314 (R2 = 0.9986), and
then the concentration was calculated to be 2.05 × 108 copies/
μL. This result was consistent with measurements obtained by
Qubit 3.0.
Digital PCR is a technique that relies on end-point

detection. Compared to end-point detection, real-time
fluorescence detection for dPCR can be an alternative method

Figure 4. Quantitative performance of digital PCR. Fluorescent images of the digital PCR for a serial dilution of a human ACTB plasmid.
NTC refers to no template control. Data were expressed as means, and all experiments were done in triplicate. The linear regression curve
was obtained by plotting −log(−ln(1 − f 0)) against −log Xdil.
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that improves quantitative accuracy.9,42,43 Since this chip
possesses a fixed array, it can also be used for real-time signal
detection. We performed real-time dPCR where fluorescence
images were captured every five cycles from cycle 10 to 45. As
shown in Figure 5, a false positive fluorescent spot was

identified in the fluorescent image of the 10th cycle. Through
this real-time detection, we could eliminate this bright spot and
make the quantitative results more accurate. Also, by
simulating the fluorescence change curve at a certain point
(Figure S6), we distinguished true and false positives through
fluorescence change.
We used five types of EGFR mutations to verify multiplex

detection performance (Figure 6). The commercial Biorad-
Qx200 digital PCR system was also used to test these results.
Since the current multiplex system needs to be optimized and
the 1-plex result of Qx200 is more reliable, we compare the
results with Qx200 1-plex. As shown in Figure S7, there were
no significant differences (P > 0.05) between the digital PCR
chip and the commercial platform for EGFR mutations.
Although many commercial companies have introduced

premixes for multiplex digital PCR, these can be quite
expensive. In addition, the instrument needs to be equipped
with multiple fluorescent channels. These issues will increase

costs and especially become a burden for patients in clinical
settings. Here, only ordinary PCR mix and one fluorescence
channel are required to achieve multiplex detection using our
proposed digital PCR chip.

Liquid Biopsy of Lung Cancer Patients Using This
Multiplex dPCR Chip in Tested Patients. Lung cancer is
the leading cause of cancer death worldwide,44 where non-
small-cell lung cancer (NSCLC) accounts for approximately
80% of all lung cancer cases.45 Tyrosine kinase inhibitors
(TKIs) are effective drugs for EGFR-activating mutations, and
they have been approved for the treatment of NSCLC.46

EGFR exon 19 Del and L858R substitutions account for 85%
to 90% of NSCLC cases, and first-generation TKIs such as
gefitinib, erlotinib and ectinib are used for treatment.47 Except
for 19Del and L858R, other site mutations such as G719A and
L861Q are rare mutant alleles.48 For these subtypes, treatment
with first-generation TKIs is not effective, and the drugs
afatinib and oxitinib are better options for these specific
mutations instead. In addition, approximately 60% of acquired
resistance is due to a secondary mutation in the exon 20 EGFR
T790M.49 Currently, the only effective drug for this mutation
is the third-generation TKI oxitinib. For different lung cancer
patients, it is necessary to screen multiple EGFR mutant alleles
to obtain a personalized and effective treatment plan.
As a proof of concept, we detected EGFR mutant alleles to

prove the multiplex detection ability of this chip. We collected
blood samples from lung cancer patients undergoing a liquid
biopsy. We extracted ctDNA from blood samples and detected
EGFR mutant alleles using a multiplex dPCR chip. It was
demonstrated that our chip was able to detect the five types of
EGFR mutations (Figure 6). As the defining characteristic of
an assay, the limit of blank (LOB) is three copies for T790M
and one copy for G719A, and no positive signal was detected
for 19DEL, L858R, and L861Q. Results were considered
negative when the number of fluorescence signals was less than
the LOB and positive when the detection area yielded over 10
copies. Patient characteristics are listed in Table S2. As shown
in Figure 7, all 15 samples were diagnosed as different NSCLC
types. The L858R mutation (53.3%) was detected in eight

Figure 5. Real-time dPCR results using this self-priming dPCR
chip. Fluorescence images were captured every five cycles from
cycle 10 to 45. By capturing the fluorescence image in real time, we
can exclude false positive amplification and thus obtain a more
accurate concentration.

Figure 6. Detection of a 5-plex using this multiplex digital PCR chip. (A) Representative images obtained by detecting five mutations
(L858R, G719A, 19Del, L861Q, T790M) in the EGFR gene. The image is obtained by the splicing function of the microscope. (B) Detection
results of EGFR mutations after calibration. Data were expressed as mean ± standard deviation, and all experiments were performed in
triplicate.
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patients (stage II−IV), ranging from 4.7% to 24%. T790M was
identified in three patients (one in stage II, two in stage III)
with a range from 6% to 12.2%. Only one patient (case 6) in
stage III carried both L858R and G719A mutations. The 19
Del mutation (40%) was found in five patients with a range
from 7% to 18.4%. Among them, one patient (case 2) in stage
II was detected to have the T790M mutation with 13.7%. Case
14 (6%) in stage III had the G719A mutation (1.2%). One
patient in stage II had the L861Q mutation (1.4%). Digital
PCR was capable of detecting EGFR mutations.44,50,51 This
self-priming monochrome fluorescence multiplex dPCR chip
was also successfully applied to the detection of EFGR mutant
alleles, and more detailed information about EGFR mutations
can be found in patients using this multiplex dPCR chip.
Therefore, a personalized plan can be developed for each
patient.

CONCLUSIONS

Motivated by current multiplex digital PCR issues in point-of-
care clinical applications, we successfully develop a multiplex
digital PCR chip and tested its applicability in a clinical
context. The feasibility of establishing a strategy for pre-
embedding a reaction mix and achieving multiplex detection
have been demonstrated. This strategy agreed with the
previous theoretical predictions. Also, this multiplex chip has
high sensitivity and real-time quantitative capacity. Moreover,
fast-track implementation for sample introduction makes this
chip robust and practical. This chip can simultaneously detect
six types of targets, and its capacity of collecting information
on multiple targets in one injection can provide more
information to researchers and enhance practical applications.

At the same time, this multiplex chip can be used for digital
PCR and isothermal nucleic acid detection. If we apply the
isothermal amplification techniques such as recombinase
polymerase amplification (RPA)52−55 and loop-mediated
isothermal amplification (LAMP)56−59 on this multiplex chip,
it will be much more valuable for pathogen detection,
environmental monitoring, and more.

METHODS
Reagents. Polydimethylsiloxane was purchased from GE

Advanced Materials (USA). SU8 3000 series negative photoresist
was obtained from MicroChem. Trimethylchlorosilane was purchased
from Sigma-Aldrich (USA), and Parylene C was purchased from
Special Coating System (USA). EGC-1720 was obtained from 3M
(USA), and HD Scotch tape was purchased from Duck (USA). Lastly,
the QIAamp circulating nucleic acid kit was purchased from Qiagen
(USA). The primers and probes for EGFR mutation were purchased
from RainSure Scientific (China) and Thermo Fisher Scientific
(USA). Sequences were protected by these companies. PCR mix was
purchased from Thermo Fisher Scientific (USA).

Design and Fabrication of the Multiplex Digital PCR Chip.
The image was designed by Coreldraw X7, and the mask was printed
using a 5000 dPI printer. The mold was processed through standard
multilayer soft lithography by first making a microchannel and then a
microchamber. First, the silicon wafer was cleaned and heated at 200
°C for 10 min to completely remove surface moisture. Next, a 50 μm
thick photoresist (SU8-3050) was coated on the silicon wafer using a
spin coater. The coated silicon wafer was placed on a program-
controlled temperature plate, heated for 15 min at 95 °C for 15 min,
and cooled at room temperature. The mask was attached to a quartz
glass plate, and the silicon wafer was exposed for 10 s using a UV
exposure machine (8 mJ/cm2). The exposed silicon wafer was heated
on a programmed temperature-controlled plate at 65 °C for 1 min
and 95 °C for 5 min and cooled at room temperature. Afterward,
fabrication of the microchamber layer was performed. A 50 μm thick

Figure 7. Pathological section and liquid biopsy of NSCLC cases. (A) Schematic of sample preparation process for liquid biopsies. (B)
Representative tissue sections of patients with different types of NSCLC. (I) Invasive adenocarcinoma, (II) adenocarcinoma in situ, (III)
adenocarcinoma cells from hydrothorax, (IV) adenocarcinoma cells from lymph node puncture fluid. (C) Content of five mutant genes
(L858R, G719A, 19Del, L861Q, T790M) obtained by the multiplex digital PCR chip consisting of samples from 15 patients. Data were
expressed as means, and all experiments were performed in triplicate. All patients have EGFR mutations, and results are reported as % EGFR
mutant allele.
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photoresist layer was coated on the silicon wafer, and the subsequent
operating procedures are consistent with the manufacture of the
microchannel layer. The UV exposure time was adjusted to 10 s.
Finally, the silicon wafer was developed and baked at 200 °C for 30
min.
The chip was composed of PDMS and glass. The mold was first

treated with trimethylchlorosilane for 5 min. A total of 5 g of PDMS
(A:B/5:1) was poured onto the mold and evenly spread using a spin
coater. The program was rotated at 500 rpm for 10 s and then 1000
rpm for 30 s. After heating at 85 °C for 5 min, 1 mL of EGC-1720 was
spin-coated on top of the PDMS layer to form a 10 nm thick layer
that contained low permeability. Next, 23 g of PDMS (A:B/10:1) was
poured onto the mold and heated at 85 °C for 30 min. Finally, the
chip was bound with glass after plasma treatment.
Multiplex Digital PCR Chip Operation. First, a layer of HD

Scotch tape was placed on the surface of the chip to prevent air
leakage. The chip was placed in a vacuum tank and degassed to 0.1
kPa for 20 min. Meanwhile, primer and probe mixes for different
target genes were prepared. The primary and secondary inlets were
broken in sequence by the needle. The pipet tip was inserted into the
secondary inlet. Next, a mixture of PDMS (10:1) and Pt catalyst (10
μL) was injected into the secondary inlet to seal it. Based on detection
requirements, specific primers and probes for different target genes
could be introduced into six different regions. HD Scotch tape was
placed on the chip before lyophilization. The primer and probe mix in
the chip were then lyophilized for 1 h.
As a result of lyophilization, the chip was in a negative pressure

state, and the sample introduction process was able to be directly
completed. First, the reaction systems, except for the probe and
primers, were prepared and introduced into the pipet tip. The pipet
tip was inserted into the primary inlet, and mineral oil was added. The
reaction buffer and mineral oil were introduced into the chip in a self-
priming way, and the whole process was completed quickly in only 90
s.
Digital PCR Reaction. All digital PCR experiments followed the

MIQE guidelines for dPCR.60 The mix used for lyophilization
included 2.5 μL of PCR mix, 150 nM primers and probe mix, and 5%
trehalose. The sample solution consisted of RNase-free H2O, template
DNA, and 1.5 μL of 0.2% Tween-20. The PCR process was as
follows: 50 °C for 2 min, 95 °C for 10 min, 15 s at 95 °C, and 1 min
at 60 °C, for 40 cycles.
Multiplex Detection of the EGFR Mutations. For each patient,

10 mL of blood was collected. Whole blood was centrifuged at 1300g
for 5 min at 4 °C. The upper layer of plasma was removed and
transferred into a 1.5 mL centrifuge tube, and 4−5 mL of plasma was
isolated. A 2 mL amount of plasma was used to perform ctDNA
extraction. The ctDNA was extracted following procedures provided
by the QIAamp circulating nucleic acid kit. The 15 cases were
simultaneously analyzed for 19Del, L858R, G719A, L861Q, and T790
M and a positive control (wild type, WT) in this multiplex chip. The
negative control is the addition of RNase-free H2O to another chip.
All results were reported as percent of EGFR mutant alleles.
Imaging and Data Analyses. On-chip results were detected

using fluorescence microscopy (USA). The fluorescent signals of the
probes were labeled with FAM. The excitation light was measured at a
wavelength of 455 nm, while a 495 nm long-pass filter received the
emitted light through a CCD camera.
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