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ABSTRACT: With the outbreak of COVID-19 around the world, rapid and accurate detection of new coronaviruses is the key to
stop the transmission of the disease and prevent and control the novel coronavirus, among which polymerase chain reaction (PCR)
is the mainstream nucleic acid detection method. A temperature cycling device is the core of the PCR amplification micro-device.
The precision of the temperature control and temperature change rate directly affect the efficiency of PCR amplification. This study
proposes a new PCR method based on rapid PCR chip optimization of a liquid metal bath, which realizes precise and rapid
temperature rise and fall control. We systematically explored the feasibility of using liquid metals with different melting points in the
system and proposed a 47 °C bismuth-based liquid metal bath as the heat conduction medium of the system to optimize the system.
The heat conduction properties of the thermally conductive silicone oil bath were compared. Compared with the thermally
conductive silicone oil bath, thermal cycle efficiency is improved nearly 3 times. The average heating rate of the liquid metal bath is
fast, and the temperature control stability is good, which can significantly reduce the hysteresis, and the temperature change curve is
more gentle, which can greatly improve the efficiency of PCR amplification. The results of gene amplification using rat DNA as the
template and SEC61A as the target also indicate that the system can be successfully used in PCR devices, and the types of PCR
containers can be not limited to PCR tubes. Based on the experiment, we proved that the PCR method optimized by the liquid
metal bath multi-gene rapid PCR chip can further improve the temperature response speed. It has the advantages of accurate data,
fast response speed, low price, safety, and environmental protection and can effectively reduce the time of PCR and improve the
application efficiency. As far as we know, this is the first international report on using a liquid metal bath to do rapid-cooling PCR.

1. INTRODUCTION

The COVID-19 outbreak caused by the new coronavirus
(SARS-CoV-2) infection has spread all over the world. The
genetic material of the new coronavirus is a single-stranded
RNA with a size of 30 kb, which is a typical RNA virus. The
new crown virus is highly contagious, so fast and accurate
detection of the new crown virus is the key to blocking the
spread of the disease and preventing and controlling the new
coronavirus epidemic.”” A variety of new coronavirus nucleic
acid detection methods have emerged, among which polymer-
ase chain reaction (PCR) is the mainstream method. PCR
technology has many applications in biomedical research.*”°
PCR technology is the earliest nucleic acid amplification
technology developed. Through multiple cycles of high-
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temperature denaturation, low-temperature annealing, and
primer extension, the target can be amplified tens of thousands
or even hundreds of millions of times.””"* As a relatively
mature nucleic acid amplification technology, PCR technology

has been widely used in many fields of life sciences."*™"°
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Figure 1. Schematic diagram of the overall structure of the system. (a) 3D schematic of the system and (b) physical schematic of the system.

The PCR temperature cycle is to control the temperature
cycle of the sample reagents so that the nucleic acid molecules
inside perform the PCR during the temperature cycle, so as to
amplify the nucleic acid molecules. The temperature cycle
device is the core of the PCR amplification microdevice.'’ ™
The precision of the cycle temperature control and the
temperature change speed directly affect the efficiency of PCR
amplification. Current PCR temperature cycling devices all use
indirect heating. The reagent is stored in the centrifuge tube or
the chip-type flow channel, and the heating plate heats the
centrifuge tube or the chip. In the process of heating the
reagent, the method needs to maintain the heating state of the
centrifuge tube or the chip, and there is room for further
improvement in the speed of temperature response. Most of
the existing PCR instrument heating modules use semi-
conductor heating and cooling technology or air heating and
cooling technology to heat or cool the liquid in the PCR tube
by means of a solid metal or oil bath for heat conduction. The
temperature rise and fall speed directly affects the time
consumption and effect of the PCR. PCR based on solid metal
or oil baths often suffers from long detection times and is
inefficient in the detection of infectious diseases such as new
coronaviruses.

This study proposes a new PCR method based on liquid
metal bath-based multi-gene rapid PCR chip optimization to
achieve precise and rapid temperature rise and fall control, and
its application is explored. Liquid metal®*™*" is a type of low-
melting metal element and binary or multiple alloys, such as
gallium, with a melting point near room temperature and alloys
formed by gallium and one or more of indium, tin, and zinc. As
a metal] system with highly disordered internal microstructure
arrangement, liquid metal is essentially different from conven-
tional fluid and solid metals. In terms of macroscopic
characteristics, liquid metal not only has the characteristics of
easy deformation and easy flow of fluid but also has excellent
thermal conductivity of metal materials. Its melting point is
near room temperature. It is a kind of safe low-melting point
metal material. In recent years, with the continuous in-depth
and comprehensive development of liquid metal research,
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these advantages of liquid metal have attracted more and more
attention in research and application fields. As a new type of
material, liquid metal is widely used in computer chip heat
dissipation, nuclear reactor cooling, and large-scale laser heat
dissipation. This is mainly due to the high thermal conductivity
and heat capacity of liquid metal. The thermal conductivity of
a common liquid metal is generally 10—40 W/(m-K), which is
2 orders of magnitude higher than that of traditional cooling
fluid water. The specific heat of liquid metals is much smaller
than that of water, and the viscosity is about twice that of
water, so it also has good fluidity. Liquid metal has stable
chemical properties, has extremely low saturated vapor
pressure and is not easy to evaporate, is easy to recycle, can
be reused, and has very low loss, which can significantly save
costs. Based on these excellent properties of liquid metal, we
propose a PCR method based on a liquid metal bath-based
multi-gene rapid PCR chip optimization, which can further
improve the temperature response speed, with accurate data,
fast response speed, low price, safety and environmental
protection, and so forth. Advantages can effectively reduce the
time-consuming PCR and improve application efficiency.
Compared with the thermally conductive silicone oil bath,
the thermal cycle efficiency is improved by nearly 3 times.
Using rat DNA as the template and SEC61 translocon subunit
alpha 1 (sec6la) as the target, we carried out the
corresponding gene amplification. The experimental results
proved that the system can be successfully used in the PCR
device. As far as we know, this is the first report in the world
that a liquid metal bath is used for rapid temperature rise and
fall in PCR.

2. MATERIALS AND METHODS

Liquid metal (Dongguan Dingguan Metal Technology Co.,
Ltd) with melting points of 11, 16, 30, and 47 °C and dimethyl
silicone oil (DOWSIL) were used to prepare a liquid metal
bath and oil bath, respectively. In order to prove that the
system can be successfully used in PCR devices, we added
PCR tubes and two ring-shaped Teflon tubes with different
inner diameters and outer diameters in the rapid cycle heating
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Table 1. Physical Properties of Several Normal-Temperature Liquid Metals and Water

Ga
melting point/°C 29.8
boiling point/°C 2402
density/(g/cm®) 6.905
viscosity/(Pa-s) 1.37 X 1073
thermal conductivity/(W/m-K) 30.54
specific conductance/(S/m) 6.75 X 10°
surface tension/(mN/m) 707

Gayslnyg Gag, sIny; sSny¢ H,0
15.5 10.7 0
2000 >1300 100
6.28 6.36 1
1.99 x 1073 2.09 X 1073 1x1073
26.43 25.41 0.6
3.46 x 10° 3.1 x 10° <1 x107™*
632 718 72.8

3

t

Figure 2. (a—c) Corrosive effect of the liquid metal on tin cartons over time.

and cooling equipment based on liquid metal baths (the
interface is the used needle connection); using a commercial
PCR cycler as a reference, four sets of experiments are set up,
and the function of the system can be verified by comparing
the dissolution curves of the four sets of experiments. The
reaction uses rat DNA as a template and SEC61 translocon
subunit alpha 1 (sec61a) as the target, and the sec61a primer
sequence used for amplification is as follows: F: §'-
AGATGGGTGCTGGAATCTGC-3’ and R: §-CAAATTC-
CATCCCTCGGCCA-3". The configured PCR reagents
consist of a 2X SYBR premix (containing PCR buffer,
MgCl,, dNTPs, HS Taq DNA polymerase, SYBR Green I,
and a stabilizer), 22 uL of dd water (double distilled water), 1
4L of cDNA, 1 uL of forward and 1 pL of reverse primer, and a
total of 50 yL of the reagent.

3. EXPERIMENTAL SECTION

We propose a new optimization method for the rapid multi-
gene PCR chip based on a liquid metal bath. The overall
structure of the system is shown in Figure 1. The system
consists of a thermo electric cooler (TEC) heating module,
radiator, fan, liquid metal bath for PCR amplification, PCR
tube, and other components. The specific working process can
be summarized as the following process: First, the reagents
used for PCR amplification are poured into the PCR tube, and
the PCR tube is sealed to ensure that there will be no sample
evaporation loss or contamination during the PCR process.
Then, the PCR tube is put into the liquid metal bath, the TEC
heating module is controlled, and the fan is turned on. The
TEC heating module is used for rapid cycle temperature
change. The TEC heating module is connected to the radiator.
The fans installed on both sides of the radiator are used to
generate heat dissipation airflow. The radiator is used to divert
the heat dissipation airflow and dissipate heat to the outside for
rapid heat dissipation; the liquid metal is filled with a tin foil
material because the contact surface between the tin box and
the TEC heating device cannot reach the ideal flat surface;
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there will be air in the gap of the contact interface, and the
thermal conductivity of air is very low, which will increase the
interface thermal resistance and seriously affect the overall heat
exchange effect. Therefore, a thermal paste is used between the
tin box and the TEC heating device to fill the air gap between
the heat sink and the electronic components, which is used to
shorten the heat transfer path, reduce the interface contact
thermal resistance, and improve the heat dissipation perform-
ance. The liquid metal bath and PCR tube located on the
upper part change between different temperatures under the
action of the TEC heating module’s rapid cycling temperature
rise and fall. Through multiple cycles of high-temperature
denaturation, low-temperature annealing, and primer exten-
sion, the solution inside the PCR tube can meet the
temperature change requirements of gene amplification.

3.1. Choice of the Liquid Metal Bath. In recent years,
liquid metal has gradually attracted the attention of researchers
due to its excellent physical properties. The liquid metal alloy
matrix mainly includes gallium-based alloys, bismuth-based
alloys, and their derivative metal materials. Among them, the
gallium-based liquid alloy is a typical room-temperature liquid
metal, which has a wide range of applications in the key
refrigeration medium of the cutting-edge refrigeration field. We
select the common Ga, Gayln,;, and Gag,sIn,, Sn,¢ for
related research, and the melting points are 29.8, 15.5, 10.7 °C,
respectively. The physical properties of several normal-
temperature liquid metals and water are shown in Table
131738 Taking gallium as an example, we observe that it has a
relatively low vapor pressure and a high boiling point, with a
melting point of 29.8 °C and a boiling point of 2402 °C. Its
density is 6 times that of water, its viscosity is similar to that of
water, and it has good thermal conductivity (30.54 W/m-K)
and chemical stability, making it a good heat transfer medium.
However, Ga in the gallium-based liquid alloy bath is highly
corrosive to aluminum-based materials and copper-based
materials and will damage the metal cavity. We tested the
corrosion effect of the liquid metal on the metal cavity over
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time, as shown in Figure 2a,b. From the figure, we can see that
the room-temperature liquid metal, which is a typical gallium-
based liquid alloy, has a strong corrosive effect on the metal
cavity. This hinders us from ensuring the normal long-term
operation of the system and limits its application in the PCR
cycle of heating and cooling.

In order to eliminate the corrosion effect of the gallium-
based liquid alloy on the cavity, we chose a common bismuth-
based liquid metal bath with a melting point of 47 °C for
research. The composition of the bismuth-based liquid metal at
47 °C is shown in Table 2. It can be seen that the composition

Table 2. 47 °C Bi-Based Liquid Metal Composition

Bi
45

Pb
23

Sn
8

Cd
S

Others

Iny

component/ (%)

mass fraction/(°C)

does not contain Ga, which will eliminate the corrosion effect
on the metal cavity. In order to visually compare the
performance of the gallium-based liquid alloy and bismuth-
based liquid metal at 47 °C as a heat transfer medium, we
conducted related experiments. Gag, sIn,; sSn;s (melting point

10.7 °C), Gaysln,s (melting point 15.5 °C), and the 47 °C
bismuth-based liquid metal were chosen as the heat transfer
medium to carry out the heating experiment in the high-
temperature zone (90 °C) and low-temperature zone (65 °C).
The temperature change and rate of temperature change of the
TEC and liquid metal were tested.

3.2. Performance Comparison Experiment. A liquid
metal bath has good thermal conductivity, and the thermal
conductivity is more than 40 times that of water. When a liquid
metal bath is used as the heat transfer medium, the liquid metal
has much higher thermal conductivity than non-metal fluids
such as water, air, and other liquids (the thermal conductivity
is between that of iron and aluminum); so it can be used as a
heat transfer medium to speed up the temperature rise and fall
rate of the thermal cycle. In order to visually prove the
superiority of the rapid multi-gene PCR chip method based on
the liquid metal bath, we use a liquid metal bath with a melting
point of 47 °C and a thermally conductive silicone oil bath to
circulate between the high-temperature zone (90 °C) and the
low-temperature zone (65 °C). In the cooling experiment, the
temperature change and heating rate of the liquid metal bath
and the thermal silicone oil bath are shown in Figure 3a,b.
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Figure 3. Liquid metal with a melting point of 47 °C and thermally conductive silicone oil are cycled between the high-temperature zone (90 °C)
and the low-temperature zone (65 °C). The temperature change and heating rate of (a) liquid metal bath and (b) thermally conductive silicone oil

bath.
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Figure 4. Gag, sIny; sSn;4 (melting point 11 °C) in high-temperature zone (90 °C) and low-temperature zone (65 °C) heating rate graphs (a,b).
Diagrams (c,d) of the heating rate of Ga,sIn,s (melting point 16 °C) in the high-temperature zone (90 °C) and low-temperature zone (65 °C).

From the figure, we can know that in the same 300 s, the liquid
metal bath can complete nearly four cycles of heating and
cooling, while the thermally conductive silicone oil bath can
only complete 1.5 cycles, and the thermal cycle efficiency is
nearly 3 times different. The temperature cycle device is the
core of the PCR amplification microdevice. Because the
temperature required to realize the PCR amplification reaction
comes from the heat transfer of the heat transfer medium, the
precision of the cycle temperature control and the temperature
change rate directly affect the efficiency of the PCR
amplification. Compared with the thermally conductive
silicone oil bath, the liquid metal bath has a faster average
heating rate and good temperature control stability and can
significantly reduce the hysteresis, and the temperature change
curve is smoother, which can greatly improve the efliciency of
PCR amplification. Based on experiments, we prove that the
optimization method of the fast multi-gene PCR chip based on
the liquid metal bath can further improve the speed of
temperature response and has the advantages of accurate data,
fast response, low price, safety, and environmental protection
and can effectively reduce the time consumption of PCR and
improve application efficiency.

4. RESULTS AND DISCUSSION

4.1. Analysis of the Temperature Change Rate of the
Normal-Temperature Liquid Metal. By performing tem-
perature-changing experiments on Gag,sIn,; Snyg (melting
point is 11 °C) and Ga,sIn,s (melting point is 16 °C), we have
obtained the heating rate graphs in the high-temperature zone
(90 °C) and low-temperature zone (65 °C), as shown in
Figure 4a—d. The data shows that the Gag,In,; ;Sn;4 liquid
metal bath with a melting point of 11 °C has a maximum
heating rate of 1.21 °C/s in the high-temperature zone (90 °C)
and 1.62 °C/s in the low-temperature zone (65 °C). The
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maximum heating rate of the Ga,sIn,s liquid metal bath with a
melting point of 16 °C in the high-temperature zone (90 °C) is
1.146 °C/s, and the maximum heating rate in the low-
temperature zone (65 °C) is 0.66 °C/s. The temperature
change rate of TEC is about 3 °C/s. Due to the good thermal
conductivity and chemical stability of liquid metal, it can be a
good heat transfer medium. However, since Ga in the gallium-
based liquid alloy is corrosive, the cavity material must be
chemically stable and will not react with the liquid metal to
ensure the normal operation of the system. In the past,
plexiglass or ceramic was often used as a cavity for holding the
liquid metal. However, the thermal conductivity of these
materials is not good, which does not meet the demand for
rapid cycling and temperature rise.

4.2. Experimental Analysis of the Temperature
Change Rate of the Bismuth-Based Liquid Metal with
a Melting Point of 47 °C. Bi-based liquid metal and gallium-
based liquid metal have the same excellent physical properties.
Also, there is no corrosive effect on the cavity material, which
can make the system run stably and efficiently for a long time.
When used as a heat transfer medium, it uses its own low
melting point to absorb the heat of the heating element. When
the temperature reaches a certain level, it will become liquid,
and it can always remain liquid in the working temperature
range. The temperature change rate diagram of the bismuth-
based liquid metal bath with a melting point of 47 °C in the
high-temperature zone (90 °C) and low-temperature zone (65
°C) is shown in Figure Sa,b. It can be seen from the figure that
the maximum heating rate in the high-temperature zone is 2.48
°C/s, and the maximum heating rate in the low-temperature
zone is 1.91 °C/s, and the thermal conductivity is better than
that of liquid metals with melting points of 11 and 16 °C. The
47 °C bismuth-based liquid metal has high thermal
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Figure S. Temperature change rate diagram of the bismuth-based liquid metal bath with a melting point of 47 °C in (a) high-temperature zone (90

°C) and (b) low-temperature zone (65 °C).

conductivity, so it can be used as a heat transfer medium to
speed up the temperature rise and fall rate of the thermal cycle.

By quantitatively comparing the temperature change rates of
the common gallium-based liquid metal bath (melting point:
11, 16, and 30 °C) and bismuth-based liquid metal bath (47
°C), we found that the bismuth-based liquid metal bath with a
melting point of 47 °C can always remain liquid in the working
temperature range and has better heat conduction performance
than the gallium-based liquid metal and will not corrode cavity
materials, and the price is cheaper than that of the gallium-
based liquid metal. It is worth noting that the 47 °C bismuth-
based liquid metal is solid at room temperature, which is
convenient for storage and recovery. It has stable chemical
properties and extremely low saturated vapor pressure and is
not easy to evaporate. It is environmentally friendly and non-
toxic and reusable with low loss, which can significantly save
costs. Based on the above-mentioned analysis, our system
selects the 47 °C bismuth-based liquid metal bath as the heat
conduction medium of the system. In this study, a new
optimization method of a multi-gene rapid PCR chip based on
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a liquid metal bath is proposed to realize accurate and rapid
temperature rise and fall control.

4.3. Melting Curve. In order to prove that the system can
be successfully used in PCR devices, a rapid cyclic heating and
cooling device based on a liquid metal bath, using a
commercial qPCR cycler as a reference, was used to set up
an experiment and verify the function of the system by
comparing the melting curves. PCR consists of three basic
reaction steps: denaturation, annealing, and extension. This
reaction process is carried out in the PCR vessel. With the
development of PCR technology, PCR containers generally use
special thin-walled, transparent 0.2 mL PCR tubes. The
dedicated PCR tube has an extremely thin tube wall and a high
degree of uniformity, which has good thermal conductivity,
rapid response, and uniform thermal conductivity. However,
the high performance requirements of the dedicated PCR tube
make it more expensive and inconvenient to obtain materials.
Based on our proposed system, we propose to replace
experiments with commonly used materials such as Teflon
tubes. The diagram of the experimental equipment based on
the liquid metal bath is shown in Figure 6a. A PCR tube and
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Figure 6. Experimental equipment diagram (a). A PCR tube and two ring-shaped Teflon tubes with different inner and outer diameters are placed
in a liquid metal bath, using a commercial gPCR cycler as a reference. Comparison of the melting curves of the four groups of experiments (b).

two circular Teflon tubes with different inner and outer
diameters are placed in the liquid metal bath, using a
commercial PCR cycler as a reference. Teflon tube (1) has
an inner diameter of 0.3 mm and an outer diameter of 0.6 mm,
and Teflon tube (2) has an inner diameter of 0.5 mm and an
outer diameter of 0.9 mm. The dissolution curves of the four
groups of experiments are shown in Figure 6b. The blue curve
is the melting curve of the commercial PCR cycler, the yellow
curve is the melting curve based on the PCR tube, and the pink
curve is the melting curve based on the two circular Teflon
tubes. The abscissa of the curve is temperature, and the
ordinate is the change in fluorescence intensity. It can be seen
from the figure that the product produced by the commercial
qPCR cycler is consistent with the test result of the
experimental product produced by our equipment. Therefore,
this new method can achieve the amplification of DNA
fragments such as sec6la with higher amplification efliciency.
A commercial gPCR cycler and PCR optimized for a multi-
gene rapid PCR chip based on a liquid metal bath produce
products with the same composition and two circular Teflon
tubes with different inner and outer diameters. A similar
amplification effect is also achieved, which shows that the types
of PCR containers can be expanded, the price can be reduced,
and materials can be easily obtained. The amplification
efficiency of the four sets of experiments is similar, which
means that the system can be used for PCR applications.

5. CONCLUSIONS

This study proposes a new optimization method for a rapid
multi-gene PCR chip based on a liquid metal bath, which
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realizes accurate and rapid temperature rise and fall control.
The use of liquid metal as the heat transfer medium which has
a thermal conductivity much higher than that of water, air, and
many non-metallic media can greatly improve the heat transfer
efficiency. Liquid metal is small, hard to volatilize, less sensitive
to the environment, easy to recycle, and reusable and has
extremely low loss, which can also ensure safety, extend the
service life of the equipment, and reduce costs. We
systematically explored the feasibility of applying liquid metals
with different melting points to this system and compared the
thermal conductivity with that of thermally conductive silicone
oil baths. Compared with the thermally conductive silicone oil
bath, the thermal cycle efficiency is improved by nearly 3 times.
The liquid metal bath has a fast average heating rate and good
temperature control stability, which can significantly reduce
the hysteresis, and the temperature change curve is smoother,
which can greatly improve the efficiency of PCR amplification.
The gene amplification results also show that the system can
be successfully used in PCR devices, and the PCR container
may not be limited to PCR tubes. Based on experiments, we
prove that the optimization method of a fast multi-gene PCR
chip based on a liquid metal bath further improves the speed of
temperature response. It has the advantages of accurate data,
fast response, low price, safety and environmental protection,
and so forth, which can effectively reduce the time
consumption of PCR and improve application efficiency.
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