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Abstract: Distinguished by its exceptional sensitivity and specificity, Polymerase Chain Reaction
(PCR) is a pivotal technology for pathogen detection. However, traditional PCR instruments that
employ thermoelectric cooling (TEC) are often constrained by cost, efficiency, and performance
variability resulting from the fluctuations in ambient temperature. Here, we present a thermal cycler
that utilizes electromagnetic induction heating at 50 kHz and anti-freezing water cooling with a
velocity of 0.06 m/s to facilitate rapid heating and cooling of the PCR reaction chamber, significantly
enhancing heat transfer efficiency. A multi-physics theoretical heat transfer model, developed using
the digital twin approach, enables precise temperature control through advanced algorithms. Experi-
mental results reveal average heating and cooling rates of 14.92 °C/s and 13.39 °C/s, respectively,
significantly exceeding those of conventional methods. Compared to commercial PCR instruments,
the proposed system further optimizes cost, efficiency, and practicality. Finally, PCR experiments
were successfully performed using cDNA (Hepatitis B virus) at various concentrations.

Keywords: thermal cycler; magnetic induction heating; anti-freezing water cooling; rapid heat
transfer; polymerase chain reaction

1. Introduction

Infectious diseases caused by pathogenic microbes have long threatened human
health and social stability [1-3]. Recent coronavirus outbreaks, including SARS in 2003 [4],
MERS in 2012 [5], and COVID-19 in 2019 [6], have resulted in substantial suffering and
economic disruption globally [7-9]. The Polymerase Chain Reaction (PCR) technology is
widely recognized as a gold standard for pathogen detection, early diagnosis of infectious
diseases, and epidemiological surveillance, due to its unparalleled sensitivity, specificity,
and expediency [10,11].

To effectively control the spread of pathogens, rapid detection of results and large-scale
screening are essential. Hence, there is an urgent need to enhance the efficiency of PCR
and reduce the cost of detection instruments and consumables. The thermal cycler and its
associated consumables are critical to increasing efficiency and minimizing PCR system
costs. Therefore, many researchers have devoted significant efforts to investigating thermal
cycling methods and their corresponding consumables to meet these requirements effec-
tively [12-14]. For example, Roche et al. proposed an ultra-fast plasmonic thermal cycler
for the PCR that can complete 30 cycles in 54 s [15], but its optical system is complex and
large with a precise structure to focus energy. Xu et al. reported a convective thermal cycler
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without complex temperature control in operation, making it user-friendly for molecular
point-of-care testing (POCT) [16], but the reaction chamber consumables’ geometry requires
careful consideration, cycle number can’t be directly calculated, and consumables’ shape
needs changing for different procedures. While Kopp et al. reported a device for continuous
flow PCR systems [17], which utilizes a pump to drive liquid circulation without the need
for temperature changes. However, this system faces several challenges, including fixed
cycle numbers, reagent adsorption on the microfluidic chip, the presence of bubbles in
the microchannels, difficulties in real-time detection, and complexities in the design and
production of consumables. Despite the progress made in thermal cycling technology, the
high costs of consumables and their usage associated with these methods hinder large-scale
screening and limit their commercial viability for widespread adoption.

Compared to the aforementioned thermal cycling technologies, the thermal cycler
utilizing thermoelectric cooling (TEC) techniques [18,19] has achieved remarkable success
in the market and commercialization. It is majorly attributed to the widespread application
and large-scale production of TEC systems, as well as the low cost of consumable tubes and
well plates. Notable products currently available, such as Thermo Fisher’s QuantStudio
Real-Time PCR Systems [20], Bio-Rad’s CFX Real-Time PCR Systems [21], and Hong-
shitech’s SLAN-96P [22], all operate using TEC thermal cycler and have been extensively
utilized during the COVID-19 pandemic.

Despite the widespread use of PCR instruments utilizing TEC mode, several challenges
persist regarding temperature elevation and reduction. For example, the low thermal
transfer efficiency of the TEC in PCR systems can be attributed to the thermal contact
resistance between the cold side of the TEC and the PCR reaction chamber, as well as the
thermal contact resistance between the hot side and the heat sink. More importantly, the
complexity of the TEC’s internal energy conversion system, including the internal thermal
contact resistance and the PN junction structure, further contributes to this inefficiency [23].
These factors contribute to insufficient heating and cooling speeds, ultimately failing to
meet the growing demand for improved turnaround times (TAT) [24]. Moreover, the
heating and cooling capabilities of the Peltier element are affected by variations in ambient
temperature [25,26]. Additionally, the relatively high costs [27] associated with Peltier
elements hinder the ability to meet market demands for further cost reductions in PCR tests.

To address the limitations of current TEC thermal cyclers used in commercial PCR
instruments, this study proposes a solution utilizing magnetic induction heating (MIH)
combined with anti-freezing water cooling (AWC). As it minimizes heat waste, reduces
heating times, and achieves high power densities without thermal inertia [28,29], MIH
has been proven to be more efficient than conventional heating methods. This technique
generates eddy currents in the metal target when alternating current flows through an
electromagnetic coil, producing heat due to the Joule effect. We utilize this technology to
innovate the heating process in PCR thermal cycling, directly heating the PCR chamber. At
the same time, water cooling significantly reduces thermal resistance and thus enhances
the efficiency of the PCR reaction cycle [30], as the water serves as an effective heat transfer
medium, utilizing forced convection to cool the PCR chamber rapidly. By introducing
antifreeze to the cooling water, AWC prevents freezing, ensuring that the cooling process
remains efficient and that optimal performance of the PCR reaction cycle is maintained
even under low-temperature conditions. To validate the new cycler, we integrated an
optical module, a control module, and the thermal cycler itself to form a qPCR system.
Finally, a quantitative PCR (qPCR) is conducted with cDNA from the Hepatitis B virus.
The results demonstrate the enhanced performance of the new thermal cycling approach,
highlighting its potential advantages over traditional TEC systems.

2. Principles and the Overall Design

The slow heating and cooling rates of the TEC-based thermal cycler are primarily
attributed to its high thermal resistance and thermal inertia, which result in low heat
transfer efficiency. Therefore, it is important to analyze the detailed thermal resistance and
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thermal inertia of the TEC-based thermal cycler and figure out their influence on the system.
As in Figure 1a, traditional TEC thermal cyclers operate based on the Peltier effect, utilizing
thermal silicone grease to bond the PCR reaction chamber to the heat sink for thermal
cycling. Between the PCR reaction chamber and the thermal silicone grease, a thermal
contact resistance R; is formed. Similarly, a contact thermal resistance R, occurs between
the thermal silicone grease and the upper surface of the Peltier element. The thermal
resistance of the Peltier element itself is designated as R [23], while R3 represents the
thermal contact resistance between the lower surface of the Peltier and the thermal silicone
grease. Finally, the thermal contact resistance between the thermal grease and the TEC heat
sink is denoted as Ry. We will focus on reducing or eliminating the aforementioned thermal
resistances to improve thermal efficiency, thereby enabling faster heating and cooling rates.
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Figure 1. Illustration of MIH and AWC-based thermal cycler. (a) Schematic diagram depicting
the heat resistance of conventional thermoelectric (TEC) systems, R; is the contact thermal resistor
between the PCR chamber and Silicone Grease, R is the contact thermal resistor between Silicone
Grease and Peltier’s upper surface, R is the complex thermal resistor of TEC, R3 is the contact
thermal resistor between Peltier’s lower surface and Silicone Grease, and Ry is the contact thermal
resistor between Silicone Grease and Heat sink; (b) Schematic diagram illustrating the heat resistance
characteristics of our proposed design, Ry, is the complex thermal resistor of AWC, R, is the thermal
resistor of MIH; (c) Performance comparison plots between the TEC and ours; (d) 3D conceptual
representation of the proposal cycler; (e) Photograph of the thermal cycler. Mineral oil is added into
the PCR tube to prevent water evaporation, and temperature is monitored in real-time by a PT100
sensor and regulated using a proportional-integral-derivative (PID) control algorithm.

As illustrated in Figure 1b, for the cooling process, we developed an AWC model by
simplifying the thermal resistance network, eliminating the combined thermal resistances
R1, Ry, R, R3, R4 associated with the TEC thermal cycler. Instead, the model incorporates
only the thermal resistances of the cooling water and the reaction chamber. By employing
a continuous flow of anti-freezing cooling water to remove heat in real-time, the heat
exchange efficiency is significantly enhanced, leading to a substantial reduction in the
overall thermal resistance, denoted as Ry,. At the same time, we developed an MIH model
to address the thermal resistance issues during the heating process. When alternating
current flows through the electromagnetic coil, eddy currents are generated at the metal
bottom of the PCR reaction chamber. These eddy currents produce heat due to the Joule
effect, which raises the temperature of the PCR chamber, thus providing direct heating.
This effectively eliminates the thermal resistances in the TEC thermal cycler, resulting in Ry,
Ry, R, R3, R4 and an overall thermal resistance R;; of zero. Compared to conventional TEC
thermal cyclers, our design exhibits significantly reduced thermal resistance, enhanced heat
transfer efficiency, and improved rates of temperature rise and fall, Figure 1c. We integrate
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the MIH and AWC modules in our thermal cycler design, with an overview schematics in
Figure 1d and a physical representation in Figure le. To evaluate the performance of the
thermal cycler, we developed a quantitative PCR (qPCR) setup that incorporates an optical
module and a control module, as depicted in Figure 2.
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Figure 2. Illustration of the MIH and AWC-based qPCR device. (a) 3D conceptual diagram of the
qPCR device; (b) Schematic diagram of the Control module; (¢) Schematic diagram of the Optical
detection module.

3. Materials and Methods
3.1. Detailed Thermal Cycler Design

Regarding to the MIH module, an electromagnetic coil (20 turns) is affixed to the
upper side of a magnetic isolation sheet using glass adhesive. The alternating current
passing through the electromagnetic coil induces eddy currents in the metal sheet adhered
to its upper surface, resulting in heat generation. This heat is then transferred to the
thermal chamber to elevate the temperature of the PCR reaction system contained within
a 0.2 mL PCR tube (Figure le). For the AWC building, a pump (XDHY, purchased from
Taobao, China) circulates anti-freezing water through a plastic tube. The water then flows
through a cooling cavity, fabricated via 3D printing, that surrounds the heating chamber.
This process effectively lowers the temperature of the heating chamber and cools the PCR
reaction system contained within a PCR tube (Figure le). To facilitate the attachment of a
temperature sensor to the surface of the heating chamber (Figure 1le) and also accommodate
the placement of optical fibers for reaction detection (Figure 2a), a cooling cavity was
designed to partially surround the heating chamber.

3.2. Integrated gPCR Device

The qPCR device consists of the aforementioned thermal cycler (Figure 1e), as well as
the core control module (Figure 2b) and optical model (Figure 2c). The subsystem of the
gPCR device is introduced thoroughly in Supplementary Materials Sections 5.1-5.4.

3.3. Amplification Program

The PCR amplification program was established as follows: (1) UNG enzyme reaction
at 50 °C for 2 min; (2) Taq enzyme activation at 94 °C for 5 min; (3) 45 cycles consisting of:
denaturation at 94 °C for 15 s, followed by annealing/extension at 57 °C for 30 s.

3.4. PCR Reagents

A hepatitis B virus (HBV) one-step PCR reagent kit (Catalog No. 24009-2) was obtained
from Sansure Biotech Co., Ltd. (Changsha, China). Each test requires 15 uL of reagent. This
kit is designed for the detection of HBV-specific polynucleotides using TagMan fluorescent
probe-based PCR technology. The probe HBV-P (SEQ No. 1) is derived from the conserved
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region of the HBV surface antigen S gene and is used in conjunction with upstream and
downstream primers, also from this conserved region, for amplification. The upstream
primer, HBV-F (SEQ No. 2), and the downstream primer, HBV-R (SEQ No. 3), are used in
the amplification process.

SEQ No.1: 5-CCTCTTCATCCTGCTGCTATGCCTCATCTTCTTATTGG-3';

SEQ No.2: 5'-ATCGCTGGATGTGTCTGCTGCGTTTT-3';

SEQ No.3: 5’-CTGGAATTAGAGGACAAACGGGCAACAT-3'.

The HBV quantitative reference material is derived from the HBV DNA national
standard (purchased from the Chinese National Institute for the Control of Pharmaceutical
and Biological Products), and calibrated using highly positive HBV serum, which is then
diluted with HBV-negative serum.

3.5. FEA Simulation

Multi-physics coupling simulations were performed using COMSOL 5.6a (COMSOL
Inc., Stockholm, Sweden). An induction heating model was employed to simulate the
heating process of the PCR chamber. Various design parameters, including alternating
current frequency, number of coil turns, clearance distance between the coil and the PCR
chamber, and current value were adjusted to identify the optimal configuration. Addition-
ally, fluid-solid coupling and convection heat transfer modules were utilized to simulate
the cooling processes, with the temperature of the cooling fluid set to 5 °C.

4. Results and Discussion
4.1. MIH Process Design and Simulation Analysis

The use of the MIH method to heat the PCR chamber is theoretically viable [31],
Figure 3a. We have also developed a finite element analysis (FEA) model based on Figure 3b
to investigate and optimize the MIH design. The simulation of the MIH process revealed
that the bottom of the PCR chamber warmed first (Figure 3c), with heat subsequently
transferring from the bottom to the body of the chamber. Although a temperature gradient
exists throughout the chamber during rapid heating, the temperature of the DNA reaction
solution can be regulated by the controlling algorithm. The thermographic images of
the induction-heated PCR chamber corroborate the heat transfer process observed in our
simulations (Figure 3d). Figure 3c,d record the simulation temperatures and thermographic
data of the reaction chamber at various time points (2 s, 4 s, and 5 s). It is evidenced that
the temperature distribution in both the simulated and thermographic reaction chambers
improves over time, and MIH can effectively achieve the temperatures required for the
PCR chamber reactions.

To enhance the heating rate, it is essential to identify the optimal parameters. Based on
the physical model shown in Figure 3b, which illustrates the spatial magnetic field distribu-
tion of MIH heating, the heating power generated by eddy currents can be derived using
Maxwell’s equations and referenced literature [31], as illustrated in Equations (1) and (2).

Po = g [ 0s(r) o, o
Jo(r) = TR [ g ke @

where j is an imaginary unit, w is the exciting frequency (rad/s), yg is permeability of the
free space. Thickness ¢ is the skin depth in the disk with electrical conductivity o, a is a coil
of radius, N is coil turns and a coil carrying magnetizing current of amplitude I,,. J1(kr)
is the Bessel Function of order 1 and argument kr, small k approaches zero and large k
denominate approaches unity, r, z are the radial and axial coordinates with the origin at the
coil center.
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Figure 3. Simulation and experimental results during the magnetic induction heating. (a) FEA model
of the PCR control device; (b) Distribution of flux density of the induced magnetic field; (c) FEA
results showing temperature variation during induction heating; (d) Thermography illustrating the
PCR chamber induction heating process; (e) Relationship between different excitation frequencies
and temperature; (f) Impact of coil turns on temperature; (g) Effect of the gap between the PCR
chamber and coil on temperature; (h) Influence of electrical current on temperature.

According to the key factors outlined in Equations (1) and (2), none of the parameters
are dependent on ambient temperature, indicating that MIH power is independent of
environmental conditions. This feature resolves the issue of fluctuating heating efficiency
seen in TEC systems, which can be influenced by changes in ambient temperature. While a
PID algorithm in TEC systems can compensate for temperature variations, such fluctuations
still impact the performance and optimal operating conditions of the TEC [25,26]. In
contrast, the MIH remains unaffected from such changes. Additionally, a simulation was
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conducted using finite element methods (FEM) in COMSOL Multi-physics, aiming to
improve the MIH efficiency and performance of the PCR system by carefully adjusting
the key factors in the aforementioned equations. To accommodate the dimensions of the
PCR reaction chamber, we selected a coil with a fixed radius and focused our optimization
efforts on a range of parameters: MIH frequencies from 20 kHz to 50 kHz, coil turns ranging
from 5 to 20, and driving currents adjustable between 10 A and 25 A. We also considered
the clearance distance between the coil and the PCR chamber varying from 0.75 mm to
1.25 mm. According to Figure 3e-h, increasing the number of coil turns, MIH current, MIH
frequency, and decreasing clearance distance all contribute to greater heating power of the
eddy currents in the disc, thereby accelerating the rate of temperature rise. Ultimately, in
this design, we selected a coil with a radius of 2 cm, a clearance distance of 0.75 mm, a
current of 15 A, and an excitation frequency of 50 kHz for MIH.

4.2. AWC Process Design and Simulation Analysis

We have also developed an FEA model to investigate and optimize the AWC design.
The simulation results show that as the cooling water circulates, the temperature of the PCR
chamber gradually decreases. The temperature distribution and fluid velocity field were
recorded at 3 s, 5 5, and 14 s intervals, along with the overall temperature field distribution.
Figure 4a—d illustrate how the temperature of the reaction chamber decreased over time,
eventually stabilizing at the target value. To further enhance the cooling rate, identifying
the optimal parameters is crucial. The core principle of AWC is based on convective cooling.
We further examine several critical design parameters related to convection cooling. Based
on the physical model established in Figure le and following Newton’s law of cooling, we
can express this relationship as shown in Equation (3).

o = aA(AT), 3)

where, heat flow @ (W), heat transfer area A (mz), temperature difference AT (°C), and
convective heat transfer coefficient . As indicated by Equation (3), a faster cooling rate
during PCR requires the removal of a greater amount of heat per unit of time. The heat
carried away by the flowing liquid can be approximated by the Formula (4).

PC = CPPUS(TOW — Tin), (4)

where P is the thermal power, C, is the specific heat capacity, p is the liquid density, v is
the fluid flow velocity, S is the cross-section area of the pipeline, T;, is the temperature of
the liquid entering the cooling zone, and Ty, is the temperature of the liquid exiting the
cooling zone.

According to Equation (4), the AWC system relies on the continuous flow of cooling
water, which facilitates real-time heat removal. This flow ensures that the reaction chamber
is constantly surrounded by cooling water, thereby reducing the system'’s thermal resistance
and enhancing its thermal conductivity. Consequently, the temperature within the PCR
chamber decreases rapidly. To ensure the low-temperature characteristics of the cooling
water, we designed a water tank with a volume of 288 mL (Figure 1d) and dimensions of
80 mm x 60 mm Xx 60 mm, which was mounted on a TEC patch to facilitate water cooling.
A PID control algorithm was employed to maintain a stable temperature in the water tank.
To maintain a stable flow under low-temperature conditions, antifreeze is incorporated into
the cooling water. Based on the above, the liquid flow velocity and the temperature of the
incoming liquid are critical parameters affecting heat transfer efficiency.

After determining the pipe diameter and material, we set up a simulation scenario
with an initial heating chamber temperature of 95 °C. Cooling water was introduced at
temperatures ranging from 0 °C to 10 °C, with flow velocities between 20 mm/s and
100 mm/s. As shown in Figure 4e, higher water velocities enhanced the cooling rate, but
this effect plateaued at flow velocities above 60 mm/s. Given the mechanical limitations
of the water pump, a flow velocity of 60 mm/s was selected as the optimal parameter.
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Additionally, Figure 4f demonstrates that cooling efficiency improved as the initial temper-
ature of the cooling water decreased from 10 °C to 0 °C. However, after 5 s of cooling, the
final temperature varied by only about 2 °C within this range, indicating that the initial
temperature of the cooling water had a minimal impact on chamber cooling. Based on these
findings, cooling water with an initial temperature of 5 °C and a flow velocity of 60 mm/s
was chosen. Under these conditions, it has been calculated that a maximum cooling rate of
approximately 12 °C/s can be achieved as in Figure 4e, which hints that AWC is a highly
efficient in cooling.
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(c) Temperature Field °C °C (d) Temperature Field °C °C
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Figure 4. COMSOL cooling simulation results. (a) Initial cooling state; (b) Temperature of velocity
field distribution at 3 s; (c) Fluid temperature field at 5 s; (d) Temperature of velocity field distribution
at 14 s; (e) Effect of water velocity on temperature; (f) Relationship between the initial cooling water
temperature and chamber temperature.

4.3. Temperature Controlling Performance

Following the simulations of MIH and AWC, we developed a 3D design based on the
obtained parameters and fabricated a physical prototype of the thermal cycler. Then we
conducted a series of cycling experiments to evaluate the temperature control properties of
the prototype. As shown in Figure 5a, a cycling test was performed with three setpoints
(45°C, 72 °C, and 95 °C) to assess the stabilization and accuracy of temperature control.
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During the temperature rise, an overshoot was observed, which can be suppressed through
the PID algorithm. Also, the temperature overshooting is intentionally introduced to
improve the heating rate and the heat transfer to the solution. The maximum temperature
fluctuation can be calculated using Equation (5).

Tf = Tmax — Tmin, ®)

where Ty and T);, represent the maximum and minimum temperatures, respectively,
after the temperature has stabilized at the setpoint for 10 s. As detailed in Table 1, the
average Ty fluctuation of the proposed thermal cycler can be maintained within 0.2 °C for
each setpoint, indicating excellent stabilization and repeatability.
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Figure 5. Temperature curves: (a) Three setpoints (45-72-95 °C); (b) Two setpoints (45-95 °C);
(c) A complete PCR controlling program.

Table 1. Performance comparison between our system and other commercial instruments. (De-
tailed test results of our design are introduced in Supplementary Materials Section S.5; -” denotes
data absence).

Our Design ~ SLANY6 [22] CFX96 [21] Qs5 [20]
) Avg ramp rate 14.92°C/s - 3.3°C/s -
Heating
Max ramp rate 20.29 °C/s 4.0°C/s 5°C/s 6.5°C/s
) Avg ramp rate 13.39 °C/s - 3.3°C/s -
Cooling
Max ramp rate 21.34°C/s 4.0°C/s 5°C/s 6.5°C/s
45°C 0.20 0.10 0.20 0.25
Accuracy 72°C 0.20 0.10 0.20 0.25
95 °C 0.2 0.10 0.20 0.25
45°C 0.07 0.10 0.20 0.25
Precision 72°C 0.19 0.10 0.20 0.25

95°C 0.13 0.10 0.20 0.25
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The temperature changing rate of the PCR chamber is also investigated by conducting
a cycling test between two setpoints (50 °C and 90 °C), as illustrated in Figure 5b. The
heating and cooling rate (T,) can be calculated using Equation (6).

M , (6)

T, = n

where T, and T}, are the temperatures that are very close to 50 °C and 90 °C, respectively.
Therefore, the maximum heating and cooling rate can reach 20.29°C/s and 21.34 °C/s, while
the average heating and cooling rate can reach 14.92 °C/s and 13.39 °C/s (Table 1). This
demonstrates that the thermal cycler based on MIH and AWC achieves a faster temperature
rate compared to other related works described in the previous introduction.

Moreover, the temperature control accuracy (T,) of the proposal thermal cycler can
be calculated based on the differences between the mean temperature and the setpoint
temperature. The mean temperature is determined as the average of five measurements
taken over a continuous 10-s interval. Table 1 presents the results for the temperature
control accuracy (Ty), showing values of 0.07 °C, 0.19 °C, and 0.13 °C at different setpoint
temperatures. Regarding the heating and cooling performance of the thermal cycling
process, a comparative analysis was conducted with commercial PCR instruments, which
demonstrated a significant advantage (Table 1).

Based on the experimental results of the thermal cycler, the temperature control
accuracy, precision, and heating/cooling rates demonstrate its feasibility for rapid PCR
applications. So, a comprehensive PCR control program was established to demonstrate
the practical applications of our instrument (Figure 5c).

The complete PCR process consists of three stages, including maintaining a stable
temperature at 50 °C, performing 45 cycles of temperature cycling between 57 °C and
94 °C, and allowing for natural cooling finally. Figure 5c shows that the temperature
ramping curves throughout the entire PCR process align with the expectations of our
design. Due to the presence of plastic PCR tubes between the heating chamber and the
solution, a temperature deviation is observed. Measurements show that at 50 °C, the
solution temperature is 0.50 °C lower than the chamber temperature, while at 94 °C,
it is 1.77 °C lower. However, at 57 °C, the solution temperature exceeds the chamber
temperature by 1.20 °C (see Supplementary Materials Table S7). This deviation will be
further validated through actual PCR experiments to assess its impact.

4.4. gPCR Verification

To validate the performance of the thermal cycler, we compared it with commercially
available PCR products. PCR amplification experiments were conducted using both our
designed device with the proposed thermal cycler and the SLAN 96P PCR instrument.

With the HBV one-step reagent, we prepared quantitative reference materials A
(4 x 107 TU/mL), B (4 x 106 IU/mL), C (4 x 10° TU/mL), D (4 x 10* IU/mL), E (diluted
10 times from D, 4 x 103 TU/mL), as well as the limit of detection (LOD) at 30 IU/mL and
a no-template control (NTC), each placed in individual PCR tubes (0.2 mL). The samples A,
B, C, D, E, and LOD were tested in triplicate, while the NTC was tested once. The C; values
obtained from the proposed qPCR device and the log values of the concentrations of the
quantitative reference materials were used for linear fitting and compared with the fitting
curves and correlation coefficients obtained from the commercial instruments.

The results indicate that all internal standards were successfully detected, and there
was no contamination in the NTC. The fluorescence intensity trends corresponding to each
cycle for different concentration ranges are depicted in Figure 6a (the qPCR device with
the proposal thermal cycler) and Figure 6b (the commercial SLAN 96P qPCR instrument).
The average C; values obtained from our designed thermal cycler for concentration A is
20.11, for concentration B is 22.97, for concentration C is 27.3, for concentration D is 31.3,
and for concentration E is 33.68. In comparison, the average C; values from the commercial
SLAN 96P are 20.22 for concentration A, 23.98 for concentration B, 27.37 for concentration
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C, 30.76 for concentration D, and 33.66 for concentration E. The absolute differences in C;
values across the various concentrations were 0.12, 1.01, 0.07, 0.54, and 0.02, indicating a
close agreement with the SLAN 96P. Notably, the thermal cycler based on MIH and AWC
achieved a detection time of only 65 min, which is 16 min faster than those of the SLAN 96P.
This suggests both efficiency and accuracy in the detection process. Figure 6a,b also present
the fluorescence curves at LOD for the HBV reagent. Our device with the thermal cycler
successfully detected the LOD of HBV at 30 IU/mL, which is comparable to commercial
PCR instruments, with an absolute difference in C; values of only 0.44, demonstrating a
satisfactory sensitivity.
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Figure 6. PCR Test Performance. (a) Testing different concentrations using the proposed PCR device;
(b) Testing different concentrations using the commercial PCR device; (c) Linearity assessment of the
proposed PCR device compared with the commercial PCR device.

Figure 6¢ shows the standard curves extracted from Figure 6a,b, where the C; value
is plotted as a function of cDNA concentration. Both the designed devices with our
thermal cycler and the commercial SLAN 96P employed five-point linear fitting, yielding a
correlation coefficient (R2) of 0.9976 for our device and 0.998 for the SLAN 96P (Figure 6c).
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The performance of both systems is comparable, and the linear ranges meet the established
requirements for quantification. Although there is temperature deviation between the
heating chamber and reaction solution, the PCR amplification process was not significantly
impacted. The above results confirm that our thermal cycler is suitable for rapid PCR
systems, demonstrating excellent performance. Although the designed thermal cycler
demonstrates excellent performance in nucleic acid testing, there is still room for further
optimization. For example, adding a melt curve analysis function could enhance the
system’s multiplex target detection capability. We also observed potential differences in
temperature distribution within the PCR solution, which could be further investigated to
enhance PCR amplification efficiency and performance in future studies.

5. Conclusions

We designed a new thermal cycler based on MIH and AWC for rapid PCR. This
technology achieves approximately 100% and 150% increases in average heating and
cooling rates, respectively, with the rates reaching 14.92 °C/s. Furthermore, the faster
heating and cooling rates would significantly enhance the overall amplification process,
especially for amplifying small DNA fragments (e.g., 150 bp), allowing for shorter durations
of each PCR step [32]. The proposed thermal cycler utilizes low-cost components such
as electronics, pumps, and plastic tubes, resulting in a production cost of approximately
$70. This represents a substantial cost reduction compared to traditional commercial TEC
solutions. We evaluated the performance of the proposed thermal cycler integrated into
our qPCR device by amplifying cDNA from the Hepatitis B virus. The results confirm its
capability for quantitative detection, demonstrating that the overall PCR reaction time is
reduced by 20% while maintaining the necessary PCR cycle times. The performance of our
device is comparable to that of widely used commercial PCR instruments. This heating
and cooling system not only is suitable for traditional commercial PCR instruments but
also holds potential for development in rapid POCT applications.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/mil5121462/s1, Section S.1: Core Control Module;
Section S.2: Optical Module; Section S.3: ZVS circuit; Section S.4: ZVS Thermal cycler Control system
structure; Section S.5: Detailed test results for Thermal cycler Control system; Figure S1: Schematic
of the ZVS circuit; Figure S2: Schematic of thermal cycler control system structure; Table S1: Precision
of Temperature Control; Table S2: Average heating rate test results; Table S3: Average cooling rate
test results; Table S4: Maximum heating rate test results; Table S5: Maximum cooling rate test results;
Table S6: Accuracy of Temperature Control; Table S7: Temperature deviation between the PCR
chamber and the reaction solution.

Author Contributions: Writing—original draft preparation, Y.X. and Q.].; writing—review and
editing, Y.X., Q.J. and X.K,; validation and software, Y.X., Q.J. and C.C.; data curation, validation,
Y.X.,, QJ., C.C, X.Z, HY. and X K.; methodology, conceptualization, Y.X., Q.]. and Z.W.; resources,
supervision, project administration, Z.W. All authors have read and agreed to the published version
of the manuscript.

Funding: This work was supported in part by the National Natural Science Foundation of China
under Grant No. 52188102, in part by the Cross-research Support Program of Huazhong University
of Science and Technology under Grant 2024JCY]J036.

Data Availability Statement: Raw data are available upon request.

Conflicts of Interest: Author Yaping Xie was employed by the Sansure Biotech Inc. The remaining
authors declare that the research was conducted in the absence of any commercial or financial
relationships that could be construed as a potential conflict of interest. The authors declare no
conflicts of interest. The funders had no role in the design of the study; in the collection, analyses, or
interpretation of data; in the writing of the manuscript; or in the decision to publish the results.


https://www.mdpi.com/article/10.3390/mi15121462/s1

Micromachines 2024, 15, 1462 13 of 14

References

1. Morens, D.M,; Fauci, A.S. Emerging Infectious Diseases: Threats to Human Health and Global Stability. PLoS Pathog. 2013, 9,
€1003467. [CrossRef] [PubMed]

2. Baker, R.E.; Mahmud, A.S.; Miller, LE; Rajeev, M.; Rasambainarivo, E; Rice, B.L.; Takahashi, S.; Tatem, A.J.; Wagner, C.E.; Wang,
L.E; et al. Infectious Disease in an Era of Global Change. Nat. Rev. Microbiol. 2022, 20, 193-205. [CrossRef] [PubMed]

3. Ristori, M.V.; Guarrasi, V.; Soda, P.; Petrosillo, N.; Gurrieri, F; Longo, U.G.; Ciccozzi, M.; Riva, E.; Angeletti, S. Emerging
Microorganisms and Infectious Diseases: One Health Approach for Health Shared Vision. Genes 2024, 15, 908. [CrossRef]
[PubMed]

4. Cherry, ].D.; Krogstad, P. SARS: The First Pandemic of the 21st Century. Pediatr. Res. 2004, 56, 1-5. [CrossRef]

5. Al Hajjar, S.; Memish, Z.A.; McIntosh, K. Middle East Respiratory Syndrome Coronavirus (MERS-CoV): A Perpetual Challenge.
Ann. Saudi Med. 2013, 33, 427-436. [CrossRef]

6.  Cucinotta, D.; Vanelli, M. WHO Declares COVID-19 a Pandemic. Acta Biomed. 2020, 91, 157-160.

7.  Smith, K.M.; Machalaba, C.C.; Seifman, R.; Feferholtz, Y.; Karesh, W.B. Infectious Disease and Economics: The Case for
Considering Multi-Sectoral Impacts. One Health 2019, 7, 100080. [CrossRef]

8. Hauck, K. The Economics of Infectious Diseases. In Oxford Research Encyclopedia of Economics and Finance; Oxford University Press:
Oxford, UK, 2018.

9. Ismahene, Y. Infectious Diseases, Trade, and Economic Growth: A Panel Analysis of Developed and Developing Countries.
J. Knowl. Econ. 2022, 13, 2547-2583. [CrossRef]

10. Sy, R,; Rothman, R.E.; Yang, S. PCR-Based Diagnostics PCR-Based Diagnostics for Infectious Diseases: Uses, Limitations, and
Future Applications in Acute-Care Settings. Lancet Infect. Dis. 2004, 4, 337-348.

11. Pusterla, N.; Madigan, ].E.; Leutenegger, C.M. Real-Time Polymerase Chain. Reaction: A Novel Molecular Diagnostic Tool. for
Equine Infectious Diseases. J. Vet. Intern. Med. 2006, 20, 3-12.

12.  Wu, H,; Zhang, S.; Chen, Y.; Qian, C.; Liu, Y,; Shen, H.; Wang, Z.; Ping, J.; Wu, J.; Zhang, Y.; et al. Progress in Molecular Detection
with High-Speed Nucleic Acids Thermocyclers. J. Pharm. Biomed. Anal. 2020, 190, 113489. [CrossRef] [PubMed]

13. Miao, G.; Zhang, L.; Zhang, J.; Ge, S.; Xia, N.; Qian, S.; Yu, D.; Qiu, X. Free Convective PCR: From Principle Study to Commercial
Applications—A Critical Review. Anal. Chim. Acta 2020, 1108, 177-197. [CrossRef] [PubMed]

14. Kim, GJ.; Seo, S.E; Kim, S.J.; Lee, K.G.; Kwon, O.S. A Novel Nanoplasmonic-Based Diagnosis Platform: Advances and Emerging
Technologies. Appl. Phys. Rev. 2024, 11, 021317. [CrossRef]

15.  Roche, P]J.R.; Najih, M.; Lee, S.S.; Beitel, L.K.; Carnevale, M.L.; Paliouras, M.; Kirk, A.G.; Trifiro, M.A. Real Time Plasmonic QPCR:
How Fast Is Ultra-Fast? 30 Cycles in 54 Seconds. Analyst 2017, 142, 1746-1755. [CrossRef]

16. Xu, D, Jiang, X.; Zou, T.; Miao, G.; Fu, Q.; Xiang, F.; Feng, L.; Ye, X.; Zhang, L.; Qiu, X. A Microfluidic System for Rapid Nucleic
Acid Analysis Based on Real-Time Convective PCR at Point-of-Care Testing. Microfluid. Nanofluidics 2022, 26, 69. [CrossRef]

17. Kopp, M.U.; De Mello, A.J.; Manz, A. Chemical Amplification: Continuous-Flow PCR on a Chip. Science 1998, 280, 1046-1048.
[CrossRef]

18.  Mandal, P; Dhakane, V.; Kulkarni, A.; Tallur, S. WELPCR: Low-Cost Polymerase Chain Reaction (PCR) Thermal Cycler for Nucleic
Acid Amplification and Sensing. In Proceedings of the APSCON 2024, 2024 IEEE Applied Sensing Conference, Proceedings, Goa,
India, 22-24 January 2024; Institute of Electrical and Electronics Engineers Inc.: Piscataway, NJ, USA, 2024.

19. Nasser, G.A.; Abdel-Mawgood, A.L.; Abouelsoud, A.A.; Mohamed, H.; Umezu, S.; El-Bab, A.M.R.F. New Cost Effective Design of
PCR Heating Cycler System Using Peltier Plate without the Conventional Heating Block. . Mech. Sci. Technol. 2021, 35, 3259-3268.
[CrossRef]

20. Thermo Fisher Scientific. QuantStudio™ Systems, Features. Thermo Fisher Scientific. Available online: https://www.
thermofisher.cn/cn/zh/home/life-science/pcr/real-time-pcr/real-time-pcr-instruments/ quantstudio-systems / features.html
(accessed on 26 June 2024).

21. Bio-Rad Laboratories. Bulletin 7279, T100™ Thermal Cycler (Bulletin 7279). Bio-Rad Laboratories. Available online:
https:/ /www.biorad.com/webroot/web/pdf/lIsr/literature/Bulletin_7279.pdf (accessed on 26 June 2024).

22. Hongshi Tech. 1203311, SLAN96S Hongshi Tech. Available online: https://www.hongshitech.com/productinfo/1203311.html
(accessed on 26 June 2024).

23. Li, X.; Wang, J.; Meng, Q.; Yu, D. Theoretical and Experimental Investigation about the Influence of Peltier Effect on the
Temperature Loss and Performance Loss of Thermoelectric Generator. Energy Technol. 2022, 10, 2100895. [CrossRef]

24. Wang, H],; Xiang, YH.; Hu, R;; Ji, R.; Wang, Y.P. Research Progress in Laboratory Detection of SARS-CoV-2. Ir. ]. Med. Sci. 2022,
191, 509-517. [CrossRef]

25. Tark, Z.; Hamed, A.J.; Khalifa, A.H.N. Performance Study of the Thermoelectric Personal Cooler under Different Ambient
Temperatures. Int. ]. Heat Technol. 2022, 40, 53—62. [CrossRef]

26. Sulaiman, A.C.; Amin, N.A.M.; Basha, M.H.; Majid, M.S.A; Nasir, N.F.B.M.; Zaman, I. Cooling Performance of Thermoelectric
Cooling (TEC) and Applications: A Review. In Proceedings of the UTP-UMP-VIT Symposium on Energy Systems 2018 (SES
2018), Tamil Nadu, India, 18-19 September 2018; EDP Sciences: Les Ulis, France, 2018; Volume 225.

27. Zhu, H.; Zhang, H.; Xu, Y.; Las8akov4, S.; Korabe¢na, M.; Neuzil, P. PCR Past, Present and Future. Biotechniques 2020, 69, 317-325.

[CrossRef] [PubMed]


https://doi.org/10.1371/journal.ppat.1003467
https://www.ncbi.nlm.nih.gov/pubmed/23853589
https://doi.org/10.1038/s41579-021-00639-z
https://www.ncbi.nlm.nih.gov/pubmed/34646006
https://doi.org/10.3390/genes15070908
https://www.ncbi.nlm.nih.gov/pubmed/39062687
https://doi.org/10.1203/01.PDR.0000129184.87042.FC
https://doi.org/10.5144/0256-4947.2013.427
https://doi.org/10.1016/j.onehlt.2018.100080
https://doi.org/10.1007/s13132-021-00811-z
https://doi.org/10.1016/j.jpba.2020.113489
https://www.ncbi.nlm.nih.gov/pubmed/32791435
https://doi.org/10.1016/j.aca.2020.01.069
https://www.ncbi.nlm.nih.gov/pubmed/32222239
https://doi.org/10.1063/5.0203348
https://doi.org/10.1039/C7AN00304H
https://doi.org/10.1007/s10404-022-02577-5
https://doi.org/10.1126/science.280.5366.1046
https://doi.org/10.1007/s12206-021-0646-5
https://www.thermofisher.cn/cn/zh/home/life-science/pcr/real-time-pcr/real-time-pcr-instruments/quantstudio-systems/features.html
https://www.thermofisher.cn/cn/zh/home/life-science/pcr/real-time-pcr/real-time-pcr-instruments/quantstudio-systems/features.html
https://www.biorad.com/webroot/web/pdf/lsr/literature/Bulletin_7279.pdf
https://www.hongshitech.com/productinfo/1203311.html
https://doi.org/10.1002/ente.202100895
https://doi.org/10.1007/s11845-021-02604-4
https://doi.org/10.18280/ijht.400107
https://doi.org/10.2144/btn-2020-0057
https://www.ncbi.nlm.nih.gov/pubmed/32815744

Micromachines 2024, 15, 1462 14 of 14

28.

29.

30.

31.
32.

Lucia, O.; Maussion, P; Dede, E.J.; Burdio, ] M. Induction Heating Technology and Its Applications: Past Developments, Current
Technology, and Future Challenges. IEEE Trans. Ind. Electron. 2014, 61, 2509-2520. [CrossRef]

Elsaady, W.; Moughton, C.; Nasser, A.; Lacovides, H. Coupled Numerical Modelling and Experimental Analysis of Domestic
Induction Heating Systems. Appl. Therm. Eng. 2023, 227,120170. [CrossRef]

Sun, K.; Fan, G.; Dong, H.; Fan, Y.; Xie, Y.; Liang, K.; Zhang, Y. Water-Cooling-Based and Low-Cost QPCR Device for Rapid
Nucleic Acid Analysis. Sens. Actuators A Phys. 2024, 375, 115496. [CrossRef]

Hurley, W.; Kassakian, J. Induction Heating of Circular Ferromagnetic Plates. IEEE Trans. Magn. 1979, 15, 1174-1181. [CrossRef]
Wu, J.; Kodzius, R.; Xiao, K.; Qin, J.; Wen, W. Fast detection of genetic information by an optimized PCR in an interchangeable
chip. Biomed. Microdev. 2012, 14, 179-186. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1109/TIE.2013.2281162
https://doi.org/10.1016/j.applthermaleng.2023.120170
https://doi.org/10.1016/j.sna.2024.115496
https://doi.org/10.1109/TMAG.1979.1145874
https://doi.org/10.1007/s10544-011-9595-6

	Introduction 
	Principles and the Overall Design 
	Materials and Methods 
	Detailed Thermal Cycler Design 
	Integrated qPCR Device 
	Amplification Program 
	PCR Reagents 
	FEA Simulation 

	Results and Discussion 
	MIH Process Design and Simulation Analysis 
	AWC Process Design and Simulation Analysis 
	Temperature Controlling Performance 
	qPCR Verification 

	Conclusions 
	References

