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A B S T R A C T

Harmful algal blooms (HAB), intensified by climate change and eutrophication, pose severe risks to freshwater 
ecosystems and public health, particularly in communities relying on surface water as drinking sources. Effective 
HAB surveillance requires rapid and reliable molecular detection tools that can be deployed directly in the field, 
yet most existing methods for detecting dominant freshwater cyanobacteria remain laboratory-bound, lacking 
the portability and affordability needed for on-site use. Here, we introduce the point-of-care testing polymerase 
chain reaction (POCT-PCR) device, a handheld, battery-powered thermocycler (1.0 kg, US$97) designed for on- 
site DNA amplification. The system integrates an aluminum heat sink, dual ceramic heaters, a Peltier-based 
cooling module, and a fast-response thermistor all governed by Arduino-based PID control. Using custom 
mini-PCR tubes with a 30 μL capacity, substantially smaller than the conventional 100 μL PCR tubes, to enhance 
thermal transfer and significantly minimize evaporation, the POCT-PCR achieves ramp rates of +1.10◦C/s and 
–1.95◦C/s, enabling fast and stable thermal cycling (30 cycles in 78 min). Validation assays confirmed reliable 
amplification of eleven cyanobacterial genes, including those associated with toxin-producing strains, with 
reproducibility comparable to benchtop systems. Field validation further confirmed the device’s robustness and 
applicability under real environmental conditions. This low-cost platform enables rapid ecological surveillance 
and supports early-warning applications for harmful cyanobacterial blooms, expanding access to point-of-care 
molecular diagnostics for environmental and public health protection.

1. Introduction

The polymerase chain reaction (PCR) is a cornerstone technology in 
molecular biology, enabling the amplification of specific deoxy
ribonucleic acid (DNA) regions through repeated thermal cycling to 
generate millions of copies of a target sequence [1–6]. Since its devel
opment in the 1980s [1], PCR has become indispensable for clinical 
diagnostics, forensic science, food safety, and environmental monitoring 
of microbial communities [7–10]. In public health, PCR has established 
itself as the gold standard for pathogen detection, most notably during 
the COVID-19 pandemic, where its sensitivity and specificity provided 

reliable global surveillance capacity [7,11].
Over the past three decades, diverse PCR system formats have been 

introduced to improve speed, efficiency, and portability [12–22]. These 
include single-drop PCR [12], wafer-based ultrafast qPCR systems [12,
13], polymer/glass-based chips [14–16], continuous-flow microfluidic 
devices [17–19], and capillary shuttling methods enabling so-called 
“Extreme PCR” [20]. Such innovations achieved remarkable heating 
and cooling ramp rates—up to +175◦C/s and –125◦C/s in wafer-based 
devices [12]—and cycle times as short as 0.42 s [20]. Despite these 
technical advances, however, the fundamental requirements for PCR 
remain stringent: precise thermal cycling, reproducible cycle times, and 
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accurate temperature control are essential for fidelity [21–23]. Conse
quently, these systems often suffer from trade-offs. Ultrafast methods 
typically require specialized hardware and precise sample geometries 
[20], while continuous-flow or microfluidic devices involve complex 
fabrication and handling steps that limit accessibility and robustness in 
field-based applications [17–19]. Although non-contact heating 
methods, such as infrared, plasmonic heating, airflow, and Ray
leigh-Bénard convection, have been explored, contact-based methods 
remain the most prevalent [24–27]. Consequently, miniaturization im
proves heat transfer by increasing the surface-to-volume ratio, which in 
turn reduces thermal capacity and shortens reaction times [24]. This 
enables the development of compact, rapid, and portable PCR platforms 
suitable for point-of-care testing (POCT) in resource-limited environ
mental monitoring contexts [13–16,21,22].

To meet practical needs outside the laboratory, several portable 
thermocyclers have been developed, often targeting POCT. For example, 
a US$100 battery-powered qPCR device based on a PDMS chip 
demonstrated field compatibility but required run times exceeding 80 
minutes for 40 cycles [14]. As highlighted in Table 1, another system, 
costing approximately US$340, supported commercial PCR tubes with a 
24-well capacity but still exhibited relatively slow thermal ramping 
rates (< +1.89◦C/s, –1◦C/s) [21]. A comparable $120 system utilizing 
the Arduino Uno R3 rather than the Mega 2560 [21] with a four-well 
capacity, was recently reported with ramping rates of +1.78◦C/s and 
-1.52◦C/s [22]. Other advancements include miniaturized chip- or 
microchannel-based PCR platforms powered by solar cells or recharge
able Li-ion batteries [28,29]. These devices illustrate the persistent 
challenge: balancing low cost, portability, and reliable amplification 
performance remains difficult, primarily due to limitations in heat 
transfer efficiency, sample evaporation, and the power demands of 
thermoelectric modules.

In the field, alternative detection strategies such as immunoassays, 
lateral flow strips, or spectroscopic sensors have been employed to 
provide rapid screening for pathogens or environmental markers. While 
convenient, these methods generally lack the specificity, reproduc
ibility, and quantitative rigor of DNA-based approaches [9,10]. For 
decisive ecological and HAB-related interventions, PCR amplification 
remains the most reliable method. This underscores the critical need for 
portable thermocyclers capable of delivering accurate PCR amplification 
in resource-limited field environments.

One particularly urgent application is the monitoring of harmful 
cyanobacteria (often referred to as blue-green algae). Cyanobacterial 
blooms are intensifying worldwide due to eutrophication and rising 
global temperatures [30–34]. Many species produce potent toxins, 
including microcystins and cylindrospermopsin, which cause ecological 
damage, contaminate drinking water sources, and threaten human 
health. Outbreaks in freshwater reservoirs require rapid detection and 
immediate warning systems to mitigate risks for local communities 
relying on these resources [9,10,31]. While molecular assays for cya
nobacteria have been reported [33,34], their application remains 
largely restricted to centralized laboratories. A portable PCR system that 

combines affordability, robustness, and on-site functionality would 
therefore be transformative for ecological surveillance and early 
detection of harmful algal blooms.

Here, we present the POCT-PCR system, a handheld, low-cost, and 
battery-powered thermocycler designed for rapid field detection of 
cyanobacterial DNA. The device integrates efficient heat transfer, pre
cise Arduino-based proportional–integral–derivative (PID) temperature 
control, and custom mini-PCR tubes that minimize evaporation and 
enhance sample handling as shown in Fig. 1. We demonstrate successful 
amplification of eleven cyanobacterial genes, validating POCT-PCR as a 
reliable and practical platform for field-based genetic analysis. This 
approach highlights the feasibility of expanding DNA-based diagnostics 
beyond laboratory settings, enabling ecological monitoring and early- 
warning strategies for harmful cyanobacterial blooms.

2. Materials and methods

2.1. POCT-PCR thermocycler

The POCT-PCR device was constructed around an aluminum heat 
sink (Al6061-T6, 20 × 20 × 5 mm), into which three cylindrical sample 
tunnels (3.2 mm diameter, 18 mm depth) were drilled (Fig. 1). Dual 
ceramic heaters (20 × 20 × 2 mm, A54, Scipia, Korea) were positioned 
above and below the heat sink to ensure rapid thermal exchange. 
Temperature was monitored using a 10 kΩ bead-type NTC thermistor 
(NTC-103F397, Samkyung, Korea), calibrated against a temperature 
controller (CT425B, Minco, MN, USA). For active cooling, a thermo
electric Peltier module (TEC-12704, SMG, Korea) with aluminum finned 
heat sink was integrated, aided by two fans: a high-speed brushless fan 
(11,000 rpm) mounted above the fins and a low-speed fan (3,000 rpm) 
at the front chamber outlet to expel hot air.

Thermal control was implemented through an Arduino Nano R3 
microcontroller (Arduino AG, Italy), which delivered pulse-width 
modulation (PWM) to n-type metal–oxide–semiconductor field-effect 
transistors (MOSFETs, IRLZ44N, Infineon Technologies, Germany) 
regulating the heaters, Peltier module, and fans. The electronic layout 
was designed in Fritzing (Interaction Design Lab, Potsdam, Germany), 
and the system was powered by a dual-battery configuration: a 12.8 V 
LiFePO₄ pack (3300 mAh, Powercraft, Korea) for the thermocycler and a 
7.4 V Li-ion pack (2200 mAh, CADU Co., China) for control electronics. 
The assembled device weighed 1.0 kg and was housed in a laser-cut 
wooden case. All materials and components for POCT-PCR thermo
cycler were listed in Tables S1 and S2 of Supporting Information (S1 File 
in Appendix B), and the operating procedure is provided in a movie clip 
(S2 File). Circuit diagrams, PCB files, and firmware are provided in the 
Supporting Information (S3 – S6 Files).

2.2. PCR sample tube and plug cap

Custom PCR tubes were fabricated from semi-transparent silicone 
tubing (inner diameter 2.0 mm, outer diameter 3.0 mm, length 15 mm; 

Table 1 
The comparison of portable PCR thermocyclers.

Reference Kadja et al. [21] Luo et al. [22] Yang et al. [28] Kulkarni et al. [29] This study

PCR container 
(number)

Commercial PCR tube 
(24)

Commercial PCR tube 
(4)

Commercial PCR tube 
(7)

Continuous channel 
(1)

Mini tube 
(3)

Cycle number 40 30 Isothermal 37◦C 30 30
Total PCR time (minutes) 140 72 30 19 78
Heating/Cooling ramp rates (◦C/s) <+1.89/-1.0 +1.78/-1.52 +2.2/None +0.58/None +1.10/-1.95
Detection method Fluorescence Electrophoresis Fluorescence Photometric Electrophoresis
Dimension/Weight 

(L x W x H, mm)/(kg)
210 × 160 × 200 
/Not provided

210 × 140 × 105 
/0.67

Not provided 150 × 100 × 50 
/Not provided

220 × 90 × 80 
/1.0

Microcontroller Arduino Mega 2560 Arduino Uno R3 Not provided Arduino Uno R3 Arduino Nano R3
Power 64 V, 2 A 15.5 V, 8 A Solar cell 

UV flashlight
12 V 12.8 V, 2 A/ 

7.4 V, 1 A
Cost (US$) 340 120 10 47 97
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Daihan Scientific, Korea). One end was sealed with silicone sealant 
(3140 RTV, DuPont, USA), while the open end was closed with a poly
propylene plug cap formed by reshaping a pipette tip into a spherical 
sealing ball (≥ 2.24 mm in diameter, see section S3 in S1 File). This 
design improved thermal contact and minimized evaporation during 
cycling.

2.3. DNA sample preparation

Genomic DNA from eleven cyanobacterial species and corresponding 
primers (Tables S3 and S4) were used as templates. PCR reactions (20 
μL) contained 2 μL DNA, 0.2 μL of each primer (10 pmol), 10 μL com
mercial premix (Dyne 2X PreMIX-HOT, Dyne Bio Inc., Korea), and 
nuclease-free water. For Tolypothrix distorta and Limnothrix planctonica, 
primer volumes were adjusted for optimal amplification. Amplification 
employed Taq DNA polymerase with standard denatur
ation–annealing–extension cycling conditions (Table 2).

All cyanobacterial strains were isolated samples provided by the 
Nakdonggang National Institute of Biological Resources (NNIBR, 
Sangju, Korea). Genomic DNA (gDNA) was individually extracted from 
each strain using a QIAamp® DNA Mini Kit (QIAGEN, Hilden, Germany) 
in accordance with the manufacturer’s instructions. The cyanobacterial 
strains were morphologically identified by NNIBR prior to DNA 

extraction. Based on sequence information available in the NCBI Gen
Bank database, rbcL universal and species-specific primers were 
designed to obtain rbcL sequences for each strain. Sequence trimming 
and alignment were performed using Sequencher version 4.7 (Gene 
Codes Corporation, MI, USA), and the resulting rbcL DNA sequences 
were analyzed using the NCBI BLAST program to confirm species 
identity. The amplified nucleotide sequences have been submitted to the 
NCBI GenBank database via the BankIt submission portal, and accession 
numbers are currently pending.

For the PCR-based selectivity assay, the template DNA used as the 
positive control consisted of a mixture of gDNA from ten species, 

Fig. 1. Hand-held POCT-PCR thermocycler and heat chamber design. (A) External view of the handheld POCT-PCR thermocycler showing the control panel, 
including the LCD display, indicator LED, and input switches. (B) Internal structure of the heat chamber, comprising the top cooling fan, cooling fins, heat sink, and 
sample-tube positions. (C) Schematic layout of the thermocycler system, including the high-speed top cooling fan, aluminum fin array, Peltier cooler, dual ceramic 
heaters (top and bottom), aluminum heat sink with cylindrical sample tunnels, silicone PCR tube with sealing-ball plug cap, thermistor sensor, low-speed front 
cooling fan, PCB with Arduino-based PID control circuitry, dual battery packs, and optional PC interface for thermal-profile monitoring.

Table 2 
Thermocyclic conditions for cyanobacteria PCR.

Phase SP (◦C) Ramp time (s) Duration (s)

Pre-heatinga 72 30 180
Denaturation 94 20 30 (180)b

Annealing 55 20 30
Extension 72 10 30 (300)b

Total - 50 90 (480)b

a Warming up to establish the identical state to the end of extension.
b Parentheses are the extended times to first and last cycles only.
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including the target species. The template DNA used as the negative 
control consisted of a mixture of gDNA from nine non-target species, 
excluding the target species, and was used to evaluate assay specificity.

For electrophoretic analysis, PCR amplicons were separated using a 
standard agarose gel electrophoresis system in the laboratory. Com
mercial PCR premix reagents were maintained under the manufacturer- 
recommended storage conditions prior to amplification. During field 
validation experiments, reagents were transported in insulated con
tainers with ice packs to preserve enzyme stability. Amplification re
actions were prepared using sterile disposable pipette tips and pre- 
sealed reaction tubes, and amplification and post-PCR handling were 
physically separated to minimize potential cross-contamination. All 
relevant chemical and reagent materials were listed in Table S5.

2.4. Gel electrophoresis

PCR amplicons were analyzed by agarose gel electrophoresis. Gels (1 
% w/v) were prepared in 1X TBE buffer with SYBR™ Safe DNA stain 
(Invitrogen, Thermo Fisher Scientific, USA). PCR products (5 μL) mixed 
with loading buffer were run alongside a 100 bp DNA ladder (Bioneer, 
Korea) at 100 V for 30 min. DNA fragments were visualized under blue 
light excitation using a Bento Lab transilluminator (Bento Bioworks Ltd., 
UK).

3. Results and discussion

3.1. POCT-PCR design rationale

As mentioned above, a central requirement for field-deployable PCR 
is the ability to combine rapid and reliable thermal cycling with porta
bility and low power consumption [22]. Conventional benchtop ther
mocyclers, which typically rely on block heating of polypropylene tubes 
(50–100 μL), suffer from slow heat transfer, long ramping times, and 
frequent evaporation during high-temperature denaturation [23]. These 
limitations restrict their applicability in on-site diagnostics, particularly 
in resource-limited environments where bulky instrumentation, 
continuous power supply, and complex sample handling are impractical.

The POCT-PCR system was therefore designed as a lightweight, 
handheld thermocycler optimized for small-volume reactions, efficient 
heat transfer, and autonomous battery operation (Fig. 1A). The device 
integrates an aluminum heat sink with dual ceramic heaters for rapid 
heating, a Peltier-based cooling module with forced-air dissipation for 
efficient cooling, and a fast-response thermistor for real-time tempera
ture monitoring (Fig. 1B and C). These components are regulated by an 
Arduino-based PID controller, which minimizes overshoot and under
shoot to maintain stable thermal cycling. A dual rechargeable battery 
pack provides sufficient capacity for multiple runs without external 
power, ensuring true portability.

A second key design principle was to enhance sample integrity and 
evaporation control. Instead of conventional conical PCR tubes, we 
fabricated cylindrical silicone microtubes with reduced volume capacity 
(<30 μL) and optimized surface-to-volume ratios for efficient heat 
transfer [23,24]. The tubes are sealed with a plug-cap incorporating a 
spherical ball, which expands radially inside the chamber tunnel during 
heating. This design offers several advantages over conventional vertical 
PCR tubes, as discussed in section 3.5 [5,22].

These improvements not only minimized sample loss but also sta
bilized the reaction environment across multiple cycles. Importantly, 
the radial expansion of the elastomer tube and sealing ball is greater 
than that of the aluminum chamber (coefficients of thermal expansion: 
150–250 × 10⁻⁶/K vs. 24 × 10⁻⁶/K), ensuring tighter sealing at high 
temperatures. As a result, evaporation was suppressed without addi
tional mechanical compression, contributing to both the robustness and 
simplicity of the system.

Together, these features define POCT-PCR as a platform specifically 
engineered for rapid, low-cost, and field-deployable DNA amplification. 

In the following sections, we present its thermodynamic control, tube 
performance, and reproducibility in PCR amplification of cyanobacterial 
DNA, demonstrating the potential of this system for ecological surveil
lance and public health protection.

3.2. Temperature sensing

Accurate and stable thermal cycling is fundamental for PCR fidelity 
[21–23,35]. To achieve this, POCT-PCR employed a 10 kΩ NTC 
thermistor for temperature sensing, measured using a 10-bit 
analog-to-digital converter integrated into an Arduino microcontroller 
[35–39]. Resistance–temperature calibration using the Steinhart–Hart 
(S–H) equation (Eq. (1)) yielded an excellent fit to measured data, 
providing temperature accuracy within ±0.15◦C across the PCR oper
ating range (Fig. 2) [37]. Self-heating effects were negligible (<0.14◦C), 
validating the reliability of the thermistor for precise PCR cycling (see 
section S1 in S1 File) [40–43]. 

1
T
= A + BlnR + C(lnR)3 (1) 

where T is absolute temperature, R the resistance, and A, B, C are the 
S–H coefficients.

3.3. PID control tuning

Thermal control was regulated by a PID controller (Fig. 3A) [16,
44–48], which minimized the error between the setpoint (SP) and the 
process variable (PV), defined as e(t) = SP – PV = r(t) – y(t), using the 
control function [47]: 

c(t) = Kpe(t) + Ki

∫ t

0
e(τ)dτ+Kd

d
dt

e(t) (2) 

where KP, Ki, and Kd are the proportional, integral, and derivative gain 
parameters, respectively. Optimizing these parameters ensures that the 
controller output, c(t), drives the thermocycler response, y(t), to 
approach the SP quickly, accurately, and stably.

PID tuning was initiated using the heuristic Ziegler-Nichols method 
[44–46]. The proportional gain KP in Eq. (2) was set to 1, with Ki and Kd 
at zero, and gradually increased. At KP = 5, an overdamped response 
was observed, failing to reach the SP with a high steady-state error, ΔTs 
(Fig. 3B, black lines). Increasing KP to 50 introduced underdamped 

Fig. 2. Thermo-resistance calibration of the NTC thermistor using the Stein
hart–Hart (S–H) equation. Measured resistance values (black dots) were fitted 
with the S–H model (red line). Three calibration points at 30, 80, and 100◦C 
(red circles) were used to obtain the S–H coefficients. (Inset: voltage-divider 
circuit used to measure the thermistor output voltage, which was converted 
to resistance and subsequently to temperature via Eq. (1).).
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oscillations with a period of Pc ≈ 10 s, an initial overshoot of ΔTo =

2.6◦C, and a steady-state error converging to ΔTs ≈ 0.1◦C (Fig. 3B, or
ange circles). At KP = 200, nearly undamped oscillations occurred (not 
shown).

Next, the integral gain Ki was tuned. Even a small Ki = 0.1, with Kp =

5, produced a critically damped response, approaching the SP asymp
totically with a rise time of tr = 43 s (time to reach SP after input acti
vation) and a time constant of 17 s (time to reach 63 % of SP) (Fig. 3B, 
blue line). The temperature response was further investigated for fixed 
Kp = 5 with varying Ki: 0.5 (gray circles), 1 (magenta circles), and 3 
(green circles). As Ki increased, the rise time decreased, but the over
shoot ΔTo increased.

Minimizing overshoot is critical for PCR thermocyclers, as Taq po
lymerase activity degrades above 95◦C [5,23,49]. Through 
trial-and-error tuning, optimal parameters were achieved: Kp = 5, Ki =

0.3 and Kd = 5, yielding a minimal overshoot of ΔTo < 0.7◦C and a 
steady-state error of |ΔTs| < 1.0◦C (peak-to-peak) (Fig. 3B, red circles). 
These values deviated significantly from the Ziegler-Nichols recom
mendations (KP = 0.6Kc, Ki = 1.2Kc/Pc, Kd = 0.075KcPc), calculated as 
(30, 6, 37.5) with critical gain Kc = 50 and period Pc = 10 s [44], 
indicating that the Ziegler-Nichols method is less effective for the 
POCT-PCR system due to its high Ki sensitivity [21,50].

To achieve a fast yet stable thermocycler, a slightly longer rise time 
(tr = 20–25 s) was accepted to prioritize low ΔTo and ΔTs. Applying 
similar tuning to the annealing and extension phases, a three-phase PCR 
cycle was constructed, exhibiting a smooth temperature gradient 
(Fig. 3C). In hardware, the PID parameters were implemented via an 
Arduino microcontroller, which generates PWM voltages (manipulated 
variables) through MOSFETs to control heaters, a Peltier cooler, and two 
cooling fans [16,21,39].

These results confirm that the system achieves both accuracy and 
robustness in thermal cycling. While advanced system modeling using 
first-order and second-order transfer functions provided further insight 
into the control loop dynamics, these details are presented in the Sup
porting Information (Figs. S1 and S2 in S1 File).

3.4. Operational performance and reproducibility

The stability of the POCT-PCR system was assessed through repeated 
three-phase thermal cycling across 30 cycles. After an initial pre-heating 
stage, the device produced highly reproducible temperature profiles 
from the second cycle onward, with trajectories closely overlapping a 
standard reference curve (Fig. 3C). This reproducibility underscores the 
robustness of the PID control in maintaining stable denaturation, 
annealing, and extension phases under battery-powered operation. Un
like conventional PCR workflows, which require sample transport and 
laboratory infrastructure, the POCT-PCR system allows same-day mo
lecular confirmation on-site, significantly reducing delays in HAB 
diagnostics.

Two distinct features were observed in the first cycle (Fig. 3D). First, 
the denaturation phase exhibited a larger overshoot (ΔTo ≈ 1.8◦C) 
compared with subsequent cycles (ΔTo ≈ 1.0◦C). This instability, caused 
by transient heat accumulation within the thermally insulated heat 
chamber, was effectively suppressed by extending the pre-heating time 
beyond 180 s, thereby reducing overshoot to <1.0◦C and ensuring 
steady-state deviations of <0.34◦C. Second, the first annealing step 
showed a critically damped temperature response without undershoot, 
in contrast to the underdamped oscillations observed in later cycles. 
While non-standard, this effect proved advantageous for primer binding 

by enhancing specificity at the 55◦C setpoint [5,23].
Across 30 cycles, the system achieved reproducible ramp rates of 

+1.10◦C/s during denaturation, –1.95◦C/s during annealing, and 
+1.70◦C/s during extension. These rates allowed a complete 30-cycle 
protocol (including extended first denaturation and final extension 
steps, see Table 2) to be finished within 78 min, demonstrating perfor
mance comparable to or faster than other low-cost portable PCR systems 
[14,21,22]. Importantly, these results were achieved without requiring 
Peltier-based active heating, reducing overall power consumption and 
increasing suitability for field operation.

Collectively, these findings demonstrate that POCT-PCR delivers 
reproducible, stable thermal cycling with user-friendly operation. Even 
when initial instabilities occur, simple adjustments such as extended 
pre-heating, A1, enable users to maintain fidelity, a critical advantage in 
resource-limited and field-based diagnostic settings.

3.5. Sample preservation and tube performance

Evaporation of aqueous samples is a critical limitation in conven
tional PCR, particularly when using 100 μL polypropylene tubes with 
large air–liquid interfaces [23,51–55]. In such formats, thermal cycling 
often leads to water loss, condensation, or leakage, which compromise 
amplification quality and reproducibility. Conventional strat
egies—such as overlaying mineral oil, applying grease or wax, or 
incorporating heated lids—can mitigate evaporation but add cost, 
complexity, and bulk to the system, making them impractical for light
weight field-deployable devices [52–56].

To address this, we developed cylindrical silicone mini-PCR tubes 
(capacity ~30 μL) sealed with plug-cap spherical balls after filling the 
sample using a syringe (Fig. 4A and B). This design minimizes headspace 
above the reaction mixture, maximizes radial thermal contact with the 
aluminum heat sink (Fig. 4C), and eliminates the need for oil overlays or 
lid heaters [52,57]. During thermal cycling, the elastomer tube and 
sealing ball undergo greater radial expansion than the surrounding 
aluminum chamber, producing a self-tightening seal that effectively 
suppresses evaporation and prevents leakage (Fig. 4D). Details in filling 
and sealing procedures are described in Supporting Information (sec
tions S3 and S10 in S1 File).

The performance of these mini-tubes was directly compared with 
that of conventional PCR tubes. As shown in Fig. 5, properly sealed 
POCT-PCR tubes exhibited significantly reduced solution loss relative to 
100 μL polypropylene tubes operated under identical cycling conditions. 
Importantly, when the sealing ball diameter exceeded a critical 
threshold (ϕb ≥ 2.24 mm), the tubes consistently preserved > 96.3 % of 
sample volume, surpassing the performance of conventional tubes of <
95.7 % and resulting in a 15 % improvement (see section S4 in S1 File). 
These results demonstrate that the POCT-PCR tube design not only 
simplifies sample handling but also provides reliable sample integrity 
under repeated high-temperature cycles.

Together, these findings establish the POCT-PCR tube as a practical 
solution for small-volume field PCR, offering three distinct advantages: 
(i) ease of handling due to capillary retention of the sample within the 
tube [57], (ii) enhanced thermal transfer through complete surface 
contact with the heat sink [53–56], and (iii) precise control of air vol
ume by adjusting the sealing ball position. By addressing the 
long-standing challenge of evaporation in miniaturized PCR systems, 
this design improves both reliability and portability of the POCT-PCR 
platform.

Fig. 3. Optimization of PID control. (A) Block diagram of the closed-loop temperature control system consisting of the PID controller and the thermocycler heat-sink 
module. (B) Temperature responses under different PID parameter sets, showing overshoot (ΔTₒ), steady-state error (ΔTs), delay time (td), and rise time (tr). (C) 
Optimized three-step PCR temperature profile demonstrating close agreement between the setpoint (SP, cyan) and the process variable (PV, red/blue) during 
denaturation, annealing, and extension. (D) Temperature trajectories for the initial PCR cycles. Cycle 1 exhibits slightly different behavior from cycle 2 due to 
transient thermal stabilization, whereas cycles n > 2 show highly reproducible and overlapping profiles.
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3.6. Validation of cyanobacterial DNA amplification

To validate the biological performance of the POCT-PCR system and 
as a proof-of-concept demonstration for a real field deployable usage as 
shown in Fig. 6A, we tested its ability to amplify genomic DNA from 
multiple cyanobacterial species, including toxin-producing strains that 
are of particular concern in ecological monitoring. Because several of 
these taxa (e.g., Microcystis, Anabaena) are known producers of potent 
cyanotoxins, rapid molecular confirmation is directly linked to public- 

health risk assessment. As a representative case, amplification of Lep
tolyngbya foveolara (343 bp amplicon) consistently produced clear, well- 
defined bands (see Fig. 6B and section S12 in S1 File of the Supporting 
Information). Results obtained using POCT-PCR closely matched those 
from a commercial benchtop thermocycler, confirming equivalent 
amplification efficiency despite the handheld device’s simplified and 
portable design.

Specificity of primer–template recognition was further assessed 
using both positive and negative control assays. In the positive control, a 

Fig. 4. Sample filling, sealing, and loading procedures. (A) Structure of the cylindrical silicone PCR tube and the polypropylene plug cap with a spherical sealing ball. 
(B) Sample filling and sealing procedure. The needle tip is positioned at the bottom end plug (reference height A) to prevent air trapping during injection. (C) Loading 
of the sealed PCR tube into the tunnel well of the heat sink. (D) Cross-sectional schematic illustrating thermal contact and radial expansion of the plug cap and 
silicone tube within the heat-sink tunnel, enabling tight sealing during heating.

Fig. 5. Comparison of solution loss in POCT-PCR tubes and conventional 100 μL PCR tubes. Gray bars indicate loss volume, and cyan bars indicate residual volume 
after thermal cycling. Tube numbers (k) are arranged in order of increasing sealing-ball diameter. (Inset: designs of the POCT-PCR tube and plug-cap system and of 
conventional PCR tube).
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mixture of ten cyanobacterial templates was aliquoted into separate 
reactions, each with its species-specific primer pair. All ten targets were 
successfully amplified, generating distinct products ranging from 100 to 
700 bp (Fig. 6C). In contrast, the negative control reactions, where the 
corresponding template DNA was deliberately omitted, produced no 

detectable products (Fig. 6D). These results confirm that POCT-PCR 
achieves high primer specificity and avoids cross-amplification, an 
essential requirement for field diagnostics where complex microbial 
backgrounds are expected.

Although band intensity varied slightly among targets, particularly 
for lanes 3, 5, 7, and 8 in the positive control, this effect is most likely 
attributable to primer design or template quality rather than limitations 
of the thermocycler itself. Importantly, these variations were repro
ducible across repeated runs, demonstrating that the device itself de
livers stable amplification conditions.

Taken together, these results establish POCT-PCR as a robust and 
reliable platform for the on-site detection of multiple cyanobacterial 
species. This capability is particularly important for early-warning sur
veillance, as rapid confirmation of harmful cyanobacterial presence al
lows water managers to respond before bloom intensification or toxin 
accumulation occurs. By combining reproducibility with specificity, the 
system provides a strong foundation for early-warning programs aimed 
at safeguarding freshwater resources from harmful algal blooms. Beyond 
ecological applications, the demonstrated capability to detect diverse 
DNA targets highlights the broader potential of this system for field- 
deployable molecular diagnostics.

4. Conclusion

We developed the POCT-PCR system, a handheld, low-cost, and 
battery-powered thermocycler designed for rapid field detection of 
cyanobacteria. By integrating efficient thermal management, PID- 
controlled feedback, and custom-designed microtubes with robust 
sealing, POCT-PCR achieved fast ramp rates (+1.10◦C/s heating, 
–1.95◦C/s cooling), minimized evaporation, and maintained precise 
temperature stability within ±1.0◦C. Validation assays confirmed reli
able amplification of eleven cyanobacterial genes with reproducibility 
and specificity comparable to benchtop thermocyclers.

These findings demonstrate that POCT-PCR overcomes key limita
tions of conventional PCR systems of large sample volume, inefficient 
heat transfer, and high evaporation loss, while maintaining accuracy 
and portability. The system represents a practical, low-cost platform for 
ecological surveillance and public health applications, particularly for 
early and on-site detection of harmful algal blooms in freshwater res
ervoirs. Beyond environmental monitoring, the design principles pre
sented here provide a foundation for expanding field-deployable 
molecular diagnostics in infectious disease detection, food safety, and 
environmental early-warning systems in resource-limited settings. In 
addition, the POCT-PCR platform could be rapidly deployed in urgent 
situations, such as infectious disease outbreaks or harmful bloom events, 
where on-site molecular confirmation is critical. Future improvements, 
including smartphone-based operation and wireless data acquisition, 
may further enhance accessibility and enable real-time data sharing in 
distributed field environments.
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