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Abstract: Digital polymerase chain reaction (PCR) technology in microfluidic systems often results
in bubble formation post-amplification, leading to microdroplet fragmentation and compromised
detection accuracy. To solve this issue, this study introduces a method based on the constant pressure
regulation of microdroplets during PCR within microfluidic chips. An ideal pressure reference
value for continuous pressure control was produced by examining air solubility in water at various
pressures and temperatures as well as modeling air saturation solubility against pressure for various
temperature scenarios. Employing a high-efficiency constant pressure device facilitates precise
modulation of the microfluidic chip’s inlet and outlet pressure. This ensures that air solubility
remains unsaturated during PCR amplification, preventing bubble precipitation and maintaining
microdroplet integrity. The device and chip were subsequently utilized for quantitative analysis of the
human epidermal growth factor receptor (EGFR) exon 18 gene, with results indicating a strong linear
relationship between detection signal and DNA concentration within a range of 101–105 copies/µL
(R2 = 0.999). By thwarting bubble generation during PCR process, the constant pressure methodology
enhances microdroplet stability and PCR efficiency, underscoring its significant potential for nucleic
acid quantification and trace detection.

Keywords: constant pressure regulation; microdroplet digital PCR; measurement of gas solubility;
fluorescence detection; quantitative detection

1. Introduction

In recent years, polymerase chain reaction (PCR) has gained prominence due to its
extensive utility in genetic analysis and disease diagnosis [1–3]. Emerging from advance-
ments in microfluidic platforms, digital PCR offers notable advantages over traditional
quantitative real-time PCR (qPCR), such as reduced reaction volume, increased reaction
speed, diminished system noise, and enhanced sensitivity [4]. Digital PCR methodologies
can be broadly classified based on their droplet generation techniques. One approach
involves partitioning nucleic acids into discrete micropores or microchambers [5], while
the other entails diluting the target across a multitude of consistent microliter or nanoliter
droplets [6]. Notably, droplet digital PCR has witnessed wider adoption, as it provides
higher reaction volumes at a more economical cost [7]. This method involves dispersing
the digital PCR reaction solution, which includes the test sample, across thousands of
independent micro-reaction units. Post-PCR amplification, the fluorescence signals from
each unit are interpreted [8]. The methodology involves calculating the number of negative
and positive reactions, and leveraging statistical algorithms along with Poisson distribution
software for results analysis, enabling the absolute quantification of target molecules [2,9].
This advanced technique has been utilized extensively in applications including but not
limited to the study of circulating tumor DNA [10], copy number variation [11], gene
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expression [12], rare mutation detection, single cell analysis [13–15], and trace nucleic acid
quantification [16,17].

Unfortunately, the existing classic instruments have the characteristics of a large
volume, excessive heat loss, high power consumption, and a time-consuming and laborious
nature, and they require more execution time. In addition, it is difficult to establish a
digital PCR platform that integrates, automates, and miniaturizes micro devices on a
separate testing and analysis platform [4]. One primary challenge within digital PCR
technology lies in the generation of stable, abundant, and monodisperse droplets. These
droplets must withstand critical conditions during PCR process, such as rapid temperature
fluctuations and complex aqueous samples [18]. Added to this is the predicament of bubble
generation and evaporation. The evaporation issue can be mitigated through the use of oil
seals [19]. However, addressing bubble formation, ubiquitous in microfluidic systems and
a significant reason for PCR failure on chips, demands further scrutiny [5].

During PCR process, bubbles manifest in two forms: inherent and newly formed.
Inherent bubbles comprise those introduced during sample addition and those persisting
within chip microstructure gaps. In contrast [20], newly formed bubbles primarily arise dur-
ing PCR’s rapid heating and cooling process due to liquid degassing triggered by increased
liquid temperatures [21]. These small bubbles act as vaporization nuclei, undergoing ex-
pansion as surrounding liquids continuously evaporate into them. As these bubbles reach
saturation and the system temperature escalates, the vapor pressure inside these bubbles
increases. Consequently, these growing bubbles migrate within the chip influenced by
thermal convection, leading to large-scale droplet disruption. Currently, several researchers
have acknowledged the detrimental effects of bubbles, leading to numerous studies on
bubble removal [22]. Karlsson et al. employed a semi-permeable membrane to enable
the escape of bubbles produced in the PCR chamber, while simultaneously preventing
water loss. Jie et al. eliminated bubbles from liquid-filled microchannels by incorporating
hydrophobic porous membranes at the microchannels’ apex [21]. In the study by Friedrich
et al., gas bubbles created by degassing during thermocycling were expelled through
capillary-driven transport within tapered regions of the PCR chamber [23].

Karlsson et al. have noted that prior mechanisms for bubble removal in microsystems
were reliant on membranes, porous structures, and capillary action. However, these
methods may inadvertently extract a significant volume of liquid along with the gas,
and they ensure the PCR process by eliminating bubbles. Among these techniques, the
fabrication of chips can be challenging, or the microsystems may be complex and not
readily scalable for industrialization. These limitations underscore the necessity for an
integrated, cost-effective ddPCR system that can reliably expel bubbles from shallow
cavities and is user-friendly. In this paper, we introduce a method for constant pressure
regulation of droplet PCR in microfluidic chips. This approach can inhibit the formation
of new bubbles and the precipitation and movement of inherent bubbles during the PCR
process, thereby ensuring the stability of microdroplets. In addition, the robustness of this
constant pressure regulatory device, when integrated with the chip, is verified through
nucleic acid quantitative tests targeting the epidermal growth factor receptor (EGFR) gene.
This gene holds potential as a molecular indicator for early DNA mutation detection.
Identifying these mutations paves the way for early tumor detection and provides guidance
for molecular-targeted therapies [24]. Therefore, the research on microdroplet PCR in
microfluidic chips, based on constant pressure regulation, holds great significance. It not
only serves as a beacon for refining droplet-based digital PCR technology but also has
broader ramifications in the realm of medical diagnostics and therapeutic guidance.

2. Materials and Methods
2.1. Reagents and Instruments

Reagents and instruments included droplet generation oil for probes (1863005, BIO-
RAD, Hercules, CA, USA), forward primers (YUANQI-BIO, Shanghai, China), reverse
primers (YUANQI-BIO), MGB probes (YUANQI-BIO), pGEM plasmids embedded in EGFR
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exon gene 18 sequence (YUANQI-BIO), ddPCRSupermix for probes (BIO-RAD), ddPCR
gene chip reader (Changchun Jite, Changchun, China), ddPCR gene chip (Changchun
Jite, Changchun, China), Manta g-1236 CMOS camera, 200 µL centrifuge tube (AXYGEN,
Hangzhou, China), micropipette (Eppendorf, Hamburg-Nord, Germany), suction head
(AXYGEN), handheld centrifuge (Eppendorf), pressure calibrator (DPI611-07G), tempera-
ture calibrator (FLUKE, Everett, WA, USA), Peltier (ETX6-12-F1-3030-TA-RT-W6), flexible
trachea (SMC), aluminum plate, PT1000, TM115 temperature control module (Chengdu
Yexian, Chengdu, China), 42 stepper motor, sealed through hole rubber plug, barometer
(BD-1001XB), screw rod, heating rod (CT0670), PT100, sealing piston, measuring bottle, seal
plate, stirring paddle, and pressure sensor (MPX5050GP), as well as solenoid valve (Parker).
ImageJ v4.4 (National Institutes of Health, Bethesda, MD, USA) software is adopted to
process images captured in experiments.

2.2. Increasing Pressure to Rise Gas Saturation Solubility

Gases are present as dissolved substances and microbubbles within the droplet solu-
tion of the ddPCR chip, influenced by Henry’s Law and Fick’s Law of Diffusion. These
laws dictate that lowering the system temperature or elevating the pressure can increase
gas solubility, leading to enhanced dissolution of microbubbles in the droplet solution.
However, during the PCR process, the temperature peaks at 98 ◦C, which diminishes
the solubility of gases, resulting in the precipitation of gases from the solution and the
formation of microbubbles that may disrupt the droplets. Thus, maintaining a temperature
during the droplet PCR process that does not compromise solubility is crucial to prevent
bubble formation. Investigating the effects of temperature and pressure on gas solubility is
essential. For this purpose, we have developed a solubility measurement apparatus and
employed the static saturation method to ascertain gas solubility at varying temperatures
and pressures.

2.3. Constant Pressure Control Device and ddPCR Gene Chip

The experimental device includes three primary modules: PCR, sealing, and gas
source modules, as shown in Figure 1a. The cross-sectional diagram of the sealing device is
shown in Figure 1b.

PCR module: tailored for rapid temperature changes during amplification of nucleic
acid samples, this module is bifurcated into a heating and a temperature control subset.
The former is composed of two Parcel patches arrayed adjacently under an aluminum
plate and serially connected to a power source. Conversely, the temperature control subset
employs TM115 module of Chengdu Yexian Technology, PT1000 is a platinum thermistor,
and its resistance value changes with temperature. This module combines with PT1000 to
collect the temperature of the aluminum plates. Leveraging proportional integral (PID)
closed-loop regulation, it facilitates brisk temperature escalation and reduction, achieving
an aluminum plate surface temperature accuracy of ±0.3 ◦C and a uniformity of ±0.3 ◦C.

Sealing module: this segment orchestrates the compression of the sealing pressure
plate to encapsulate the microfluidic chip. Integral components encompass a sealing
pressure plate, a linear stepper motor, and two sealing through-hole rubber plugs. As the
sealing pressure plate is descended, the rubber plug tightly attached to the chip’s inlet and
outlet, while fixing the chip, ensuring hermetic integrity during droplet generation and
PCR phase.

Gas source module: designed to provide stable pressure for microdroplet formation
and PCR, this module primarily includes an air pump, pressure sensor, proportional valve,
and a solenoid valve. Utilizing PID closed-loop regulation, it consistently produces stable
air pressure with a mere fluctuation margin of ±0.1 millibar during droplet creation. An an-
cillary chip fixture is used to fix the droplet generation chip, equipped with a potentiometer
to modulate the air pressure. Under a continuous operational span of 2 h, the apparatus
manifests a fluctuation range of ±1 millibar.
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The ddPCR chip used in this study is shown in Figures 2 and 3. Samples and oil
were introduced into the left inlet of the chip and were driven by pressure into the droplet
generation region where droplets were formed. The droplets then entered the microchan-
nels of the chip. PCR amplification was performed in the microchannels of the chip under
pressure, followed by imaging of the droplets.
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Figure 3. Image of the chip.

2.4. Data Acquisition and Analysis

Upon the conclusion of PCR amplification, the PCR transfers the chip to a gene chip
image reader for observation. Stimulated by 485 nm (FAM, a carboxyl fluorescence probe
corresponding to a 485 nm laser) excitation, the fluorescence microscope imaging system
and CMOS image sensor are employed to take photos for capturing the fluorescence
images of PCR reaction results. Moreover, ImageJ software is applied to count the number
of positive droplets and total droplets. According to Poisson’s statistical principle, the
absolute amount of target DNA contained in the respective reaction can be calculated using
Equation (1) and the practical number of positive droplets [25]:

c = − [n×ln(1−d/n)]
Vd×n (1)

where c is the concentration of target DNA in the sample, n is the total number of droplets
in the chip, d is the number of positive droplets, and Vd is the volume of each droplet.

3. Experimental Results and Discussion
3.1. Derivation of Gas Saturation Solubility

As depicted in Figure 4, the experimental apparatus comprises two primary modules:
the temperature control module and the pressure control module. These modules facilitate
the determination of air solubility in water across different temperatures and pressures.
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The temperature control module encompasses key components such as TM115 tem-
perature control meter, CT0670 heating rod, and PT100 temperature sensor. Utilizing a
PID closed-loop control system, this module ensures accurate temperature control of the
liquid in the measuring bottle can be achieved. The core components of the pressure control
module of the liquid within the measuring bottle.

On the other hand, the pressure gauge module integrates core components like a
BD-1001XB pressure gauge, a screw mechanism, and a sealing piston. The primary function
of this module is to control the vertical motion of the sealing piston, enabling efficient
pressurization.

The saturation solubility of air in water was measured through experiments, and the
solubility curve with temperature under constant pressure was fitted, curve as shown in
Figure 5.
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Then, the relationship between air solubility and pressure at constant temperature can
be obtained. The slope K and intercept b are shown in Table 1 below:
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Table 1. Slope K and intercept b.

Temperature (°C) K b K × 100,000,000 b × 100,000,000

25 0.000164286 0.016528571 16,428.57143 1,652,857.143
30 0.000157048 0.01518254 15,704.7619 1,518,253.968
35 0.000147111 0.014211111 14,711.11111 1,421,111.111
40 0.00014019 0.013196825 14,019.04762 1,319,682.54
45 0.000134762 0.012287302 13,476.19048 1,228,730.159
50 0.000128921 0.011503175 12,892.06349 1,150,317.46
55 0.000123619 0.010661905 12,361.90476 1,066,190.476
60 0.000117524 0.009785714 11,752.38095 978,571.4286
65 0.000112413 0.009007937 11,241.26984 900,793.6508
70 0.000106952 0.007961905 10,695.2381 796,190.4762
75 0.000101238 0.007090476 10,123.80952 709,047.619
80 0.000095142 0.006014286 9514.285714 601,428.5714

Curve fitting of slope data and intercept data is shown in Figures 7 and 8:
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From the analyses undertaken, a deduced relation emerges: when the temperature
is denoted as T and the pressure value as P, the solubility S can be represented by the
equation S = K × P + b. The K × 100, 000, 000 formula is:

yK = 19131.032 − 121.669t (2)
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The b × 100, 000, 000 formula is:

yb = 2072059.422 − 18288.156t (3)

where yK is K × 100, 000, 000, yb is b × 100, 000, 000, and t is temperature.
Considering the variance in environmental temperatures across regions, an initial

temperature of 35 ◦C has been designated. At this temperature, water’s saturation solubility
stands at 0.0143. By incorporating the experiment equation, t = 98 ◦C and P = 150 kPa,
S = 0.0147 > 0.0143. This represents that at 98 ◦C, a system pressure exceeding 150 kPa
ensures the absence of bubble formation within the chip.

3.2. Mitigating Bubble Formation during PCR Process

Based on the research results of the preliminary experiments, a series of test pressure
values, namely 800 mbar, 1150 mbar, 1500 mbar, and 2000 mbar, were established. The
pressure of the device was meticulously calibrated using a specialized pressure calibra-
tor. Observational results indicate that over an interval of 15 min, the average pressure
maintained was approximately 1150.4 mbar, experiencing minimal fluctuations of about
±0.2 mbar. Subsequently to this calibration, the chip, previously filled with the micro-
droplets as mentioned, was positioned in the device, and PCR spanning 40 temperature
cycles was initiated. It is paramount to underscore that throughout this PCR process,
specific temperatures—50 ◦C, 72 ◦C, 95 ◦C, and 98 ◦C—were assigned to measure temporal
temperature changes on the aluminum plate’s surface. Data analysis indicated that the
deviation between the actual surface temperature of the aluminum plate and the prede-
termined temperature is confined to a margin of 0.5 ◦C. Furthermore, when assessing
the temperature consistency across six random locations on the aluminum plate’s surface,
the variance was found to be within a range of 0.5 ◦C, repeat measurements three times
per group.

During PCR process, as the temperature rises, the pressure gradually escalates to
1150 mbar. After peaking at 1150 mbar, the pressure continued throughout the remainder
of PCR, eventually descending slowly to atmospheric levels. At the same time, set 800 mbar,
1500 mbar, and 2000 mbar pressure for measurement. Depressurization results are shown
in Figure 9. An analysis of these results reveals the following: at a pressure of 800 mbar,
the majority of microdroplets within the chip deteriorate, leading to the large bubble,
as illustrated in Figure 9a–c; at 1150 mbar pressure, the chip’s microdroplets remain
undamaged, as shown in Figure 9d–f; at 1500 mbar pressure, the chip’s microdroplets
remain undamaged, as shown in Figure 9g–i; for the 2000 mbar pressure setting, an
observed phenomenon includes the coalescence of droplets within the chip, as evidenced
in Figure 9j–l. Upon comparing the outcomes at 800 mbar and 2000 mbar pressures,
droplet degradation is evident in both scenarios, albeit stemming from disparate causes.
Specifically, at 800 mbar pressure, due to the re-precipitation of gas in the solution, bubbles
are formed, and after the bubbles fuse and become larger, they move and gather inside the
chip to form giant bubbles that run through the chip; conversely, under the influence of
2000 mbar pressure, excessive intracavitary pressure instigates shear forces, precipitating
droplet fusion. At this time, this condition does not result in new gas desorption or the
genesis of large bubbles, the volume of undamaged droplets is compressed. Compared
with the pressure of 1250 mbar and 1500 mbar, the droplet inside the chip is intact, although
the droplet can maintain a normal form under the condition of rapid temperature change.
The pressure of 1150 mbar is precisely at the minimum critical pressure that can ensure
that the droplets are not damaged, and the pressure of 1500 mbar is what we consider
reasonable. At the same time, the pressure obtained under a pressure of 2000 mbar is
beyond the reasonable pressure range. Microdroplet diameters at 1150 mbar pressures are
about 88.3 µm, 85.2 µm, and 84.6 µm, while microdroplet diameters at 1500 mbar pressures
are approximately 80.3 µm, 81.8 um, and 79.8 µm.
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3.3. Fluorescence Detection

Following PCR amplification, the chip was transferred to ddPCR gene chip reading
instrument for fluorescence signal measurement, with outcomes displayed in Figure 10.
The probe’s interaction with the target gene prompts the fluorescent reporter’s release.
As a result, droplets containing the template exhibit a pronounced fluorescent signal
when exposed to excitation light. In contrast, droplets without the template show only a
weak background fluorescence. The disparity in fluorescence intensity serves as a met-
ric to designate droplets as either positive or negative. Central to ddPCR technology is
the identification and quantification of negative/positive droplets. ImageJ v4.4 software
(National Institutes of Health) is adept at gauging the gray values of droplets in fluores-
cence images and distinguishing fluorescence intensities to set a fluorescence threshold.
Specifically, droplets with fluorescence signals exceeding the threshold are classified as
positive, while those beneath are deemed negative. According to Poisson statistical princi-
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ple, the study corroborated nucleic acid’s quantitative detection, leveraging ddPCR gene
chip constant pressure regulation technique with EGFR exon 18 gene as the focal DNA
molecule. Additionally, a dilution process of pGEM plasmid solution containing EGFR exon
18 gene yielded a five-tier concentration gradient standard ranging from 101 copies/µL
to 105 copies/µL. As shown in Figure 11a, with a sample concentration of 105 copies/µL,
positive droplets near saturation. However, as the template concentration dwindles from
105 copies/µL to 101 copies/µL, there’s a commensurate decline in positive droplets, as
portrayed in Figure 11b–e.
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The fluorescence images are captured after 40 thermal cycles, and the fluorescence
signal is determined via the fluorescence excitation channel of EGFR exon 18 gene with light
excitation at 485 nm (FAM). In accordance with Poisson’s statistical principle, Equation (1)
is adopted to calculate the absolute amount of target DNA in the respective reaction system.
The concentration of DNA templates is calculated based on the results of fluorescence
detection systems for samples with different concentration gradients. Subsequently, the
standard curve is generated (Figure 12). After the result of ddPCR gene chip reading in
detecting the target gene concentration of 1 × 101 to 1 × 105 copies/µL is summarized, the
results reveal a good linear relationship.
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4. Conclusions

The device was developed for droplet PCR within a microfluidic chip, utilizing con-
stant pressure regulation. It effectively mitigates droplet instability during PCR amplifica-
tion, which is typically induced by bubble formation, while also ensuring droplet stability
throughout the PCR cycle, thus enhancing subsequent fluorescence detection. A thorough
examination of the digital PCR process revealed that gas precipitation, prompted by fluctu-
ations in solution temperature, is the primary cause of bubble emergence. We empirically
ascertained the saturated solubility of water across a pressure range of 0 to 150 kPa and
temperatures from 25 ◦C to 80 ◦C, applying linear regression to the data obtained. The
findings indicate that maintaining a minimum pressure of 115 kPa at both ends of the mi-
crofluidic chip prevents gas precipitation within the solution. A series of droplet PCR exper-
iments were performed on the microfluidic chip, setting pressures at 800 mbar, 1150 mbar,
1500 mbar, and 2000 mbar. The results demonstrated that at pressures of 800 mbar and
2000 mbar, droplets disintegrated; conversely, at pressures of 1150 mbar and 1500 mbar,
the droplets remained stable without bubble formation. Further analysis of these outcomes
was conducted to elucidate the variations in droplet integrity under different pressures.
Concurrently, it was observed that the droplet diameter under a pressure of 1500 mbar
was marginally reduced compared to that at 1150 mbar. Quantitative detection of EGFR
exon 18 gene fragment was undertaken using a ddPCR gene chip reader. There emerged a
robust linear correlation when DNA concentrations ranged between 101 copies/µL and
105 copies/µL. Therefore, the microdroplet PCR approach within microfluidic chips, based
on constant pressure regulation, boasts significant efficacy. This method not only ensures
droplet PCR integrity on the microfluidic chip but also retains the precision of fluorescence
detection and subsequent analysis.
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