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PCR technology has been quickly developed in recent 
years due to its excellent prospects in the biological and 
biomedical fields. Nevertheless, there are several shortcom-
ings of the PCR technology in conventional laboratories 
(Liao et al. 2016), such as using sophisticated instruments, 
cumbersome and time-consuming procedures, and requir-
ing professional operators. For the convenient use of PCR 
technology, some commercial PCR devices have also been 
proposed and applied to detect diseases. But the drawbacks 
of bulk and high cost are not overcome completely (Pan et 
al. 2020), which hinders the extended use of PCR technol-
ogy, especially for Point-of-care testing. Thus, developing 
small, low-cost, and portable PCR devices is critical to 
perform more practical and convenient analyses of nucleic 
acids (Ahrberg et al. 2016).

To address this issue, many researchers have focused on 
enhancing PCR devices’ integration level, portability, and 
efficiency. For example, Jyh et al. (Chen et al. 2018) pro-
posed a nucleic acids amplification device using a micro-
fluidic chip; it can amplify a 190-bp segment of Bartonella 
DNA. A more integrated system (Kopparthy et al. 2020) has 
also been developed, enabling simultaneous amplification 
and analysis of samples, but the syringe pump used for driv-
ing PCR reagents is not practical. Roberto et al. (Mendoza-
Gallegos et al. 2018) proposed a more portable and functional 

1 Introduction

The analysis of nucleic acids plays an irreplaceable role in 
detecting various viruses and bacteria with sensitivity and 
specificity advantages (Chan et al. 2016). To detect nucleic 
acids, amplification is always needed to improve the concen-
tration of nucleic acids extracted from samples. The poly-
merase chain reaction (PCR) has become a sought-after way 
to achieve nucleic acid amplification for detection (Zhu et al. 
2020a, b), which can exponentially amplify nucleic acids and 
be applied in various detection scenes, including food safety 
supervision (Zhang et al. 2010), environmental conservation 
(Hutchins et al. 2018), genetic disorders diagnosis (Camunas-
Soler et al. 2018), cancer detection (Li et al. 2018).
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real-time PCR device made of 3D-printed parts and ready-
made electronics at $193.2; however, the total time required 
for a 40-cycle was ~ 120 min, which is not conducive for 
rapid detections. To improve the efficiency of PCR reac-
tions, efficient heating/cooling methods are necessary for the 
design of PCR devices. Notwithstanding, researchers have 
applied various heating technologies to PCR devices and 
obtained remarkable results (Li et al. 2019; Shan et al. 2020; 
Pak et al. 2012; Yang et al. 2022; Tzivelekis et al. 2021; Cho 
et al. 2013), the cooling process during PCR reactions was 
frequently achieved with a cooling fan (Zhu et al. 2020a, b; 
Xu et al. 2021; Gorgannezhad et al. 2019; Zhou et al. 2019) 
which is bulky and mediocre in cooling rate.

Compared to cooling fans, liquid cooling is a more effi-
cient way for heat dissipation, which has also been applied 
to PCR systems (Chen et al. 2013a, b). For example, Chen et 
al. proposed a continuous-flow PCR chip by water cooling, 
in which the temperature zones were controlled by two ther-
mal controllers and a cooling channel (Chen et al. 2013a, b). 
However, the water-cooling technology was used to form 
the temperature zone for the annealing of DNA but not to 
improve the efficiency of the PCR reaction. Recently, Ali-
hosseini et al. reported the effect of liquid cooling on PCR 
performance with different cross-section shapes of micro-
channels, but this is limited to numerical simulations (Ali-
hosseini et al. 2021).

In such a context, we proposed a PCR microdevice that 
innovatively uses water as the temperature transfer medium 
to speed up PCR reactions. The device consists of two main 
parts: a temperature control module and a nucleic acids 
amplification module. It can enable a rapid cooling rate (8.0 
℃/s) during the PCR reaction and shorten the duration of the 
cooling process in each thermal cycle. To simplify the fabri-
cation of the PCR microdevice, we use a 3D printed frame, 
a plastic pedestal, and off-the-peg components to assemble 
the microdevice at a low cost of $170.83, and it can be easily 
carried with a total size of 110 mm × 100 mm × 40 mm and 
the weight of 300 g. Finally, we accomplished the detection 
of plasmid DNA with a total time of 46 min for 30 cycles. 
Therefore, given the advantages of low cost, high portability, 
and efficient amplification, the proposed PCR microdevice 
based on water-cooling technology is beneficial for analyz-
ing nucleic acids in households or remote regions.

2 Experimental

2.1 Materials and instruments

The Peltier heater (CP1140203) used in this study was 
sourced from DigiKey Electronics, USA, with a size of 

40 mm × 20 mm × 3 mm and a maximum working volt-
age of 7.6 V. The micro water pump (D200) used for driv-
ing water was sourced from RS PRO, UK, with a size 
of 42 mm × 27 mm × 17 mm and a maximum working 
voltage of 4.5 V. The amplification module used for the 
PCR reaction was fabricated by the 3D printer (Form 3+, 
Formlabs, USA) with the matched clear resin (Formlabs, 
USA). The aluminum heat sink (a17041100ux1232) used 
to cool the heater was sourced from Sourcingmap, China, 
with a size of 40 mm × 40 mm × 11 mm. To assemble 
the whole PCR microdevice, the 3D printer (Ultimaker 
S5, Ultimaker, Netherlands) was used to print the frame 
of the entire device and the pedestal of the amplification 
module (designed by SOLIDWORKS 2019 software) 
with the matched white PLA material (Ultimaker, Nether-
lands). The thermal imaging camera (optris PI450, with a 
resolution of 382 × 288) used to measure the surface tem-
perature of the amplification module was sourced from 
optris, Germany. The soft silicon tube (2 mm × 3 mm of 
inner and outer diameter) used to connect the pump with 
the amplification module was sourced from Sourcingmap, 
China.

To control the temperature precisely, we made a con-
trol module based on a PCB board (9 mm × 4 mm) and 
prepared the control program of the module with the 
open-source software platform (Arduino, Italy). All the 
components of the control module and their details are 
as follows: microcontroller (Adafruit Feather HUZZAH 
ESP8266, Adafruit, USA), type-K thermocouple (110–
4482, RS PRO, UK), thermocouple amplifier (MAX31855, 
Adafruit, USA), MOSFET (IRL540N, International Rec-
tifier, USA), regulator (AMS1117, AMS, Austria, 5 V to 
1.5 V), 0.96-inch OLED display (Adafruit, USA), PCB 
board (Adafruit, USA). The power supply used to power 
the whole device was sourced from RS PRO, UK, with an 
output of 5 V.

To test the proposed PCR microdevice, an amplifi-
cation of plasmid DNA from Escherichia coli was per-
formed. The template DNA (50 µg/mL), forward primer 
(10 µM), and reverse primer (10 µM) used in the ampli-
fication were sourced from GENEWIZ, USA. The 5X Q5 
reaction buffer, 5X Q5 high GC enhancer, and Q5 high-
Fidelity DNA polymerase were sourced from New Eng-
land Biolabs (Beijing) LTD, China. The dNTP (2 mM) 
was sourced from ThermoFisher Scientific, USA. The 
mineral oil used in the PCR reaction was sourced from 
Beyotime Biotechnology Co., Ltd, China. The agarose 
used in this study was sourced from Aladdin Biochemi-
cal Technology Co., Ltd, China. The gel imaging system 
(Tanon 1600) was sourced from Shanghai Tianneng Life 
Science Co., LTD, China.
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2.2 System design and instrumentation

A schematic drawing of the hand-hold PCR microdevice based 
on water-cooling technology is shown in Fig. 1a, including an 
amplification module based on water-cooling and a control 
module. The plastic pedestal for the amplification module and 
the frame for the whole device was fabricated by 3D printing. 
All components were tightly assembled to form a hand-hold 
microdevice of approximately 110 mm × 100 mm × 40 mm 
in size and 300 g in weight, as shown in Fig. 1b, which can 
be easy to carry and applied to in-situ detection. The interior 
photograph of the PCR microdevice is performed in Fig. 1c 
to show more details of the device. Furthermore, the tempera-
ture of the PCR reaction reagent and the cycle number of the 
PCR reaction can be real-timely displayed in an OLED dis-
play fixed on the top side of the microdevice.

Due to the cost-effective off-the-peg components and 3D 
printing method, the entire device only costs about $170.83, 
which mainly includes the control module ($72.99), water 

pump ($45.23), Peltier heater ($29.10), and heat sink 
($1.37). Without including the cost of 3D printing material, 
the whole cost of our device is highly affordable compared 
to that of commercial PCR instruments (e.g., THG-96, 
about $1658).

2.3 Control module

The schematic diagram of the control module used to con-
trol the temperature automatically is shown in Fig. 2. The 
heater and the micro water pump were used for heating and 
cooling PCR reagents, respectively, which are coopera-
tively controlled by the microcontroller and MOSFETs. To 
reduce the temperature deviation between the actual value 
and the preset value, the proportional integration derivative 
(PID) algorithm was used to control the heater. A type-K 
thermocouple connected to a thermocouple amplifier was 
used to monitor the temperature of the PCR reagent in real-
time. Then the temperature and the cycle number can be 
real-timely displayed in an OLED display connected to 
the microcontroller. Finally, the whole device was pow-
ered by a portable switching power supply of 5 V that can 
easily plug into the power socket in the home, and it can 
also be replaced with a portable battery with similar power 
capacity.

2.4 Amplification module

For the amplification of nucleic acids, an amplification 
module was fabricated by a 3D printer; the schematic 
diagram of the module is shown in Fig. 3a. In this mod-
ule, there is a microchannel (about 12 mm × 15 mm in 
size) for water cooling, an inlet, and an outlet (1 mm × 
3 mm of inner and outer diameter) for driving water in 
the microchannel; there are also four chambers with the 
diameter of 2 mm and per chamber can hold about 3.14 µl 
of PCR reagent; thus, this PCR microdevice can perform 
the analyses in parallel using multiple reagents or differ-
ent genes. Figure 3b shows the photo of the amplifica-
tion module fabricated with 3D printing. Figure 3c and d 
are the schematic diagrams of the heating/cooling process 
during the PCR reaction, the oil layer above the chambers 
was used to avoid the evaporation of the PCR reagents. 
To achieve temperature control, the bottom surface of the 
amplification module was aligned and directly touched 
with the heater to accomplish thermal conduction; the 
microchannel was connected to the micro-pump to ful-
fill thermal convection. Therefore, the PCR reagent will 
be heated while the working states of the pump and the 
heater are off and on, and will be cool while the working 
states are reversed.

Fig. 2 Schematic diagram of the control module

 

Fig. 1 Overview of the proposed PCR microdevice. (a): a schematic 
drawing illustrating the design of the PCR microdevice. (b): photo-
graph of the wholly assembled PCR microdevice. (c) interior photo-
graph of the assembled PCR microdevice
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3 Results and discussion

To ensure successful nucleic acid amplification, the temper-
ature of the reaction chambers should be consistent with the 
set value, and the heat distribution in these chambers should 
be as homogeneous as possible to make them all work. 
Thus, an infrared thermal imaging camera (optris PI 450, 
optris, with a resolution of 382 × 288) was used to monitor 
and evaluate the temperature of these chambers. Figure 4a is 
a thermograph of the amplification module. We also counted 
the frequency distribution of the temperature in the reaction 
chambers at working temperatures of the PCR reaction (58 
℃, 72 ℃, and 98 ℃), as shown in Fig. 4b. The averages of 
temperature at 58 ℃, 72 ℃, and 98 ℃ are approximately 
57.89 ℃, 72.95 ℃, and 97.56 ℃, respectively; the standard 
deviations of these three temperatures are approximately 
1.07%, 1.12%, and 0.94%, respectively, showing good heat 
distribution.

Since the rates of heating and cooling have a significant 
influence on the whole period, we assessed the performance 
of our device from the flow rate of water, the thickness of 
water layer, and the thickness of polymer wall; the meaning 
of each parameter is illustrated in Fig. 5a. All the heating 
(58℃ to 98 ℃) and cooling (98℃ to 58 ℃) processes dur-
ing the test are similar to the real temperature change dur-
ing PCR reaction, the type-K thermocouple (with a probe 
diameter of 1 mm) was put into a reaction chamber to mea-
sure temperature and then calculating the heating/cooling 
rates. First, we evaluate the cooling rate under different flow 
rates of water (Fig. 5b); it shows that the flow rate of water 
has a minor influence on the cooling rate, which means the 
increased flow rate has little influence on the thermal convec-
tion in the amplification module due to the poor coefficient 
of thermal conductivity of polymer material. The heating/
cooling rates of the reaction chamber with different thick-
nesses of polymer wall were tested and shown in Fig. 5c; 
it shows that the heating/cooling rates are enhanced mark-
edly with thinner polymer wall, this is because the thinner 
polymer wall led to greater heat flux. Figure 5d shows the 
relationship between heating/cooling rates and the thickness 

Fig. 5 Heat/cooling performance of amplification module based on 
water cooling. (a): schematic diagram of different parameters in the 
amplification module. (b): comparison of cooling rates of a chamber 
with different flow rates of water. (c): comparison of heating and cool-
ing rates of a chamber with different thicknesses of polymer wall. (d): 
comparison of heating and cooling rates of a chamber with different 
thicknesses of water layer

 

Fig. 4 Temperature measurement with a thermal imaging camera. (a): 
a thermograph of the amplification module taken with a thermal imag-
ing camera. (b): the frequency distribution histogram of the tempera-
ture in the reaction chambers at setting temperatures of 58 ℃, 72 ℃, 
and 98 ℃

 

Fig. 3 Amplification module in 
the proposed PCR microdevice. 
(a): schematic diagram of the 
amplification module. (b): photo 
of the amplification module. (c): 
schematic diagram of the heating 
process. (d): schematic diagram 
of the cooling process

 

of water layer, as the thickness of water layer increases, the 
heating rate decreases and the cooling rate increases; it can 
be attributed to the thicker water layer can absorb more heat 
from the heater and reaction chambers during the heating 
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To test the proposed PCR microdevice, a real PCR pro-
tocol was implemented, which include 30 s at 98 ℃ for 
pre-degeneration, followed by 30 cycles of 98 ℃ 10 s for 
denaturing 58 ℃ 30 s for annealing, and 72 ℃ 30 s for 
extending. For fully extending, we adjusted the extending 
time to 2 min in the last cycle. The parameters of the ampli-
fication module used in the PCR protocol are 200 μm (the 
thickness of the polymer wall), 1 mm (the thickness of the 
water layer), and 1.5 ml/s (the flow rate of water). During 
the PCR protocol, the temperature trace was monitored in 
one of the chambers of the amplification module with the 
thermocouple, as shown in Fig. 6. The total time required 
for a completed PCR reaction is about 46 min (Fig. 6a), and 
about 85 s for a single cycle (Fig. 6b). The average heating/
cooling rates are about 4.0/8.1 ℃/s with a PID algorithm 
to control the temperature automatically. It indicates that a 
more efficient PCR reaction can be fulfilled with our device 
than that of commercial PCR devices (e.g., T-100 Thermal 
Cycler, BIO-RAD, USA) which need 80 min for the same 
PCR reaction.

An amplification of plasmid DNA of 369 base pairs was 
performed on both the proposed microdevice and a com-
mercial thermocycler (T-100 Thermal Cycler, BIO-RAD, 
USA) to verify our device. The reaction solution was pre-
pared in quantities of 25 µL with 5 µL 5X Q5 reaction buf-
fer, 2.5 µL dNTP (2 mM), 1.25 µL forward primer (10 µM), 
1.25 µL reverse primer (10 µM), 0.5 µL Template DNA 
(50 µg/mL), 0.25 µL Q5 high-Fidelity DNA polymerase, 
5 µL 5X Q5 high GC enhancer, and 9.25 µL ddH2O. The 
nucleotide sequences of the DNA template and primers used 
in this study are performed in Table 2. Each chamber of the 
proposed device was loaded with 2.5 µL PCR reaction solu-
tion, and the commercial thermocycler was loaded with 10 
µL PCR reaction solution for comparison. After running 30 
thermal cycles, the products of both devices were collected 
and verified by the electrophoresis method simultaneously.

Figure 7 shows the gel-electrophoresis-based amplification 
results of the plasmid DNA with both the proposed microde-
vice and the commercial thermocycler. In the negative control, 

and cooling processes, respectively. These results indicate 
that the key to speeding up the PCR reaction in the proposed 
microdevice is to reduce the thickness of polymer wall as 
much as possible.

For polymer-based PCR devices, the poor coefficient of 
thermal conductivity limits the efficiency of PCR reactions. 
The performance of some typical polymer PCR devices is 
listed in Table 1 for comparison with the microdevice in this 
research. It can be found that the device in this study can 
achieve a more rapid cooling process than the method of 
cooling fan or natural cooling with the advantages of low 
cost and miniaturization. Even though the heating rate of 
this study is not prominent, it can be further promoted by 
using a more powerful heater.

Table 1 Comparison of heating/cooling performance of typical poly-
mer PCR devices and the proposed microdevice
Refs. Material of

amplification 
component

Heating 
component

Heat-
ing 
rate

Cooling 
component

Cool-
ing 
rate

(Jalili 
et al. 
2021)

Polydimethylsi-
loxane

Gold 
nanofilm

7.37 
℃/s

Cooling 
fan

1.91 
℃/s

(Gou 
et al. 
2018)

Polydimethylsi-
loxane

Peltier 
heater

5 
℃/s

Cooling 
fan

4 
℃/s

(Men-
doza-
Gal-
legos 
et al. 
2018)

Polymethyl 
methacrylate

Power 
resistor

0.5 
℃/s

N/A 1.4 
℃/s

(Liu 
et al. 
2018)

Polydimethylsi-
loxane

Infra-red 
LED

2.5 
℃/s

USB fan 0.9 
℃/s

(Lee 
et al. 
2021)

Cyclo-olefin 
polymer

PI heater 4.3 
℃/s

Cooling 
fan

3.8 
℃/s

The 
pro-
posed 
PCR 
micro-
device

Clear resin Peltier 
heater

4.0 
℃/s

Water 
pump

8.1 
℃/s

Fig. 6 Temperature trace during 
PCR protocol with the PCR 
microdevice based on water-cool-
ing technology. (a): temperature 
profile in a chamber for a whole 
PCR protocol. (b): temperature 
profile for a single cycle
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In addition, the PCR microdevice has a low cost of about 
$170.83 due to it was made of off-the-peg components, a 
3D printed frame, and a plastic pedestal. With this PCR 
microdevice, a rapid thermal cycle of 4.0/8.1 ℃/s of heat-
ing/cooling rates can be fulfilled, which is faster than most 
research, especially in cooling rate. For the demonstration 
of the proposed microdevice, a nucleic acid amplification of 
plasmid DNA of 369 base pairs was successfully performed 
with this microdevice.

Compared with conventional PCR devices based on 
cooling fans or passive cooling, this device can achieve effi-
cient PCR reactions with high portability and low cost. Fur-
thermore, the fabrication of this device is not complicated 
and there is no need to use sophisticated equipment. It is a 
promising tool for Point-of-care testing, such as infectious 
disease detection.
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