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Abstract

:

The COVID-19 pandemic poses a threat to global health. Due to its high sensitivity, specificity, and stability, real-time fluorescence quantitative (real-time PCR) detection has become the most extensively used approach for diagnosing SARS-CoV-2 pneumonia. According to a report from the World Health Organization, emerging and underdeveloped nations lack nucleic acid detection kits and polymerase chain reaction (PCR) instruments for molecular biological detection. In addition, sending samples to a laboratory for testing may result in considerable delays between sampling and diagnosis, which is not favorable to the timely prevention and control of new crown outbreaks. Concurrently, there is an urgent demand for accurate PCR devices that do not require a laboratory setting, are more portable, and are capable of completing testing on-site. Hence, we report on HDLRT-qPCR, a new, low-cost, multiplexed real-time fluorescence detection apparatus that we have developed for on-site testing investigations of diverse diseases in developing nations. This apparatus can complete on-site testing rapidly and sensitively. The entire cost of this instrument does not exceed USD 760. In order to demonstrate the applicability of our PCR instrument, we conducted testing that revealed that we achieved gradient amplification and melting curves comparable to those of commercially available equipment. Good consistency characterized the testing outcomes. The successful detection of target genes demonstrates the reliability of our inexpensive PCR diagnostic technique. With this apparatus, there is no need to transport samples to a central laboratory; instead, we conduct testing at the sampling site. This saves time on transportation, substantially accelerates overall testing speed, and provides results within 40 min.
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1. Introduction


Polymerase chain reaction (PCR) technology is a method of amplifying target DNA sequences in vitro. DNA sequences can be amplified by several orders of magnitude through the use of this method, leading to thousands or even millions of copies of a single DNA sequence [1]. PCR technology is considered to be one of the greatest and most widely used inventions in medical and biological research [2,3,4].



The global COVID-19 pandemic resulting from the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has currently infected over 518 million people, and has taken the lives of over 6 million, resulting in a tremendous strain on health care services worldwide [5]. At the same time, there exist routine infectious diseases such as hepatitis B and tuberculosis that pose great hidden dangers to human life and health [6,7,8,9,10]. Currently, underdeveloped regions and countries with fragile medical and health systems have become the hardest-hit areas as a result of the COVID-19 epidemic. These regions typically have a high population density, a large proportion of poor people, and insufficient medical facilities and capabilities, all of which make epidemic prevention difficult [11,12].



With the sudden outbreak of infectious diseases around the world, making timely diagnoses is particularly important. Large-scale diagnostic testing is a key tool in epidemiology and in containing outbreaks such as COVID-19. These techniques have been the focus of international research [13,14,15,16]. Experts agree that reverse transcription-polymerase chain reaction (PCR) testing is crucial to the control of SARS-CoV-2 [15]. More rapid antigen tests as well as real-time polymerase chain reactions for on-site diagnoses have played a significant role in containing the spread of various infectious diseases. Increasing the efficiency of nucleic acid screening is a key objective. Sending samples to a central laboratory has some disadvantages, particularly with the long delays involved between sampling and diagnosis; in some cases, immediate testing at the point of sampling is urgently required. For example, PCR amplification testing is performed on-site at the sampling point, and the test results are also checked on-site. If SARS-CoV-2 is discovered, the patient can be located immediately, isolated and treated to prevent the disease from spreading.



However, the cost of these commercial quantitative PCR devices is relatively high, which is an impediment for resource-limited, underdeveloped regions. Furthermore, medical equipment is relatively outdated and there are few available doctors in these countries, thus they cannot cope well with sudden outbreaks as a result of inadequate resources [17]. The provision of on-site diagnostics in a pharmacy or community center is especially important at this time, and could save many lives. The demand for low-cost, real-time diagnostic equipment is becoming increasingly apparent. Remote and poor areas can greatly benefit from the use of on-site diagnostic devices, as they can greatly increase the efficiency of health care, as well as reduce the financial burden of health care in underdeveloped regions. Meanwhile, animal husbandry is a pillar industry in numerous developing nations, and is their economic backbone. Thus, we investigated the viability of our developed quantitative real-time PCR system application in this field. In animal husbandry, the polymerase chain reaction (PCR) has been widely implemented; moreover, the qualification approval and application process is faster in this field, and our instruments can be quickly put into use in underdeveloped areas to facilitate economic development of the livestock industry. African swine fever (ASF) is a highly contagious viral disease in swine that causes a high mortality rate, approaching 100%, in domestic pigs. It results in important economic losses that are unavoidable in the absence of an effective vaccine. The current practices for disease control include quarantining of the affected area as well as the slaughter of infected animals [18].



At present, PCR instruments mainly include conventional PCR, gradient PCR, in situ PCR, and quantitative real-time PCR (qPCR). Regular PCR and qPCR instruments are the most widely used [19,20,21,22]. Compared with conventional PCR, qPCR uses fluorescence chemical detection and computer system analysis to monitor the process of DNA amplification in real time. The fluorescent chemicals added in the amplification process can combine with specific nucleic acid sequences in order to produce brighter fluorescence or add labeled probes to specifically hybridize with DNA templates. The amplification results are collected through fluorescence chemical detection, and the output of fluorescence signal values is completed by the computer system [23].



The first commercial real-time, quantitative PCR instrument was produced by PerkinElmer Instruments Ltd. Currently, many companies are still developing real-time quantitative PCR instruments. Only hospitals, epidemic prevention stations, and scientific research institutes with sufficient funds can afford such PCR instruments [24]. Thus, PCR technology is a limited alternative for many countries. Furthermore, commercial PCR instruments on the market are bulky, expensive, and require laboratory settings, conditions which are not suitable for field operations, nor are they practical for on-site disease diagnoses in remote areas. There are numerous widely used commercial PCR instruments with excellent detection capabilities on the market. However, because of their sensitivity and signal reporting methods, real-time PCR is a technology that is ten times more expensive than standard PCR platforms [6,7,8,9]. Therefore, it is of great significance to develop a low-cost, real-time quantitative PCR instrument [25].



With these considerations in mind, we introduce a low-cost, real-time fluorescence PCR system. The overall cost of the system is about USD 760, and the system accommodates a wide variety of reaction tubes (sample holder). This system can be used to diagnose any DNA or RNA pathogen, and we provide the corresponding amplification results through the amplification of SARS-CoV-2 virus (COVID-19) as well as African swine fever virus (ASF). Simultaneously, we conducted testing trials on-site and confirmed the veracity of the results.




2. Materials and Methods


2.1. Assembly of qPCR System


2.1.1. Thermocycling System


The system is composed of three subsystems: A temperature circling system, an optical detection system, and a control analysis system, as shown in Figure 1. Figure 2a depicts a comparison diagram of this system and the ABI-STEPONE system, while Figure 2b depicts a separate 45° view of this system.



Temperature control is the most critical and essential part of the polymerase chain reaction (PCR). The function of the thermal cycling system was realized using a thermoelectric cooler (TEC; ATE1-TC-127-8ASH, Analog Technologies, Cambridge, MA, USA), several cooling fans, and a TEC-H bridge controller. The temperature control principle involves the TEC being controlled by the circuit in order to achieve the denaturation stage as well as the annealing stage. A heat-conductive metal block with a platinum thermal resistor (PT1000A, Zhengzhou, China) was placed on top of the previously mentioned TEC. For the material of the metal thermal block, we chose a low-cost aluminum alloy with high thermal conductivity. It is worth mentioning that the slot on the thermally conductive metal block is designed to be compatible with a variety of PCR reaction tubes, making the instrument more adaptable and expandable, as shown in Figure 2c.



To further reduce the total cost of the instrument, we no longer use expensive commercial thermostats and have developed a main control board that integrates PID temperature control and serial communication with the laptop, as well as controls the H-bridge module and the temperature feedback module simultaneously. The type of microprocessor we use is the ARM® Cortex®-M3 microprocessor. For use in a cost-effective, portable PCR instrument, the microprocessor must have sufficient processing performance. An integrated development environment (IDE) or a development toolchain is also necessary for processors to be able to record from many sensors.



For the sake of facilitating the instrument’s use in distant or extreme locations, we equipped it with portable batteries as well as a reagent refrigerator. The batteries provide 24-Volt power directly to the main control board, and reagent refrigerator. Twelve-Volt power is converted to three-Volt laser power using a constant voltage module through a relay with a normally open contact. Simultaneously, when the power supply conditions permit or when battery power is insufficient, the built-in switching power supply (MEAN WELL, Guangzhou, China) can be used to provide power to the instrument. Additionally, the chosen batteries must be able to provide the energy required for at least 3 complete PCR amplification reactions. The refrigerator can maintain the reagents at 2–4 °C in order to prolong their storage life.




2.1.2. Optical Feedback System


Our real-time fluorescence quantitative PCR instrument uses a laser as the fluorescence excitation source. Laser toggling is managed by the control board mentioned above. The fluorescence detectors of most commercial PCR instruments use PMT detectors (the use of real-time PCR methods in DNA sequence variation analysis), ultra-clear COMS image sensors, CCD image sensors, etc. These detectors are expensive. Researchers have employed high-definition digital cameras (Canon 7D or Canon EOS 7D, Tokyo, Japan) or used microscope cameras (E3ISPM20000KPA, Kuy Nice, Zhengzhou, China) in the past, as well as professional fluorescence cameras and cameras attached to mobile phones to gather data. In comparison to these approaches, we intended to further reduce costs while also providing sufficient sensitivity to detect fluorescence [26,27,28,29]. In order to reduce costs, we chose a USB camera equipped with a low-cost CMOS sensor. We tested five fixed-focus tiny cameras at different resolutions (1-megapixel USB camera; 2-megapixel USB camera; 5-megapixel USB camera; 8-megapixel USB camera, Shenzhen, China). Ultimately, we selected a 5-megapixel USB camera, which was sufficient for detecting fluorescent signals and cost less than USD 30.



The USB camera is packaged in a self-designed aluminum square box, with a circular narrow-band filter (520 nm) installed at the bottom of the box. This design can avoid the degradation of fluorescence detection quality caused by light leakage. In order to keep the USB camera in focus, we placed it horizontally above the heat-conductive metal, and the excitation light was tilted by 45° to illuminate the metal, as shown in Figure 2d.




2.1.3. Center Controller and Software


During operation, the entire system is controlled by a laptop or a tablet. The subsystems are connected to the laptop via RS232 serial or USB ports, as shown in Figure 1. The software can run on any Windows platform. Heat-conductive metal temperature and fluorescence imaging systems can be controlled by sending commands to each subsystem from a laptop. As shown in Figure 1, a lithium battery (12 V, 12,000 mAh) was used as the power supply for the digital devices. It provides 12-Volt power directly to the PID temperature controller, bus controller, and reagent cooler. A constant voltage module and a relay with a normally open contact turns 12-Volt power into 3-Volt LED power.



The software automatically controls power supply switching. The battery is used as the power supply by default. If the integrated battery voltage feedback circuit detects insufficient battery power, it will automatically switch to an external power supply as well as provide a prompt on the software interface. A USB cable is used to link the laptop’s software to the instrument. The built-in data processing module can also store, process, and analyze the signals acquired. Troubleshooting is made easier thanks to the software’s component control and debugging features. Additionally, the reaction temperature is monitored continuously in order to minimize overheating as well as control the number of amplification cycles. There is also a temperature control function for obtaining the melting curve. The software can perform reverse transcription and pre-denaturation, as well as implement different temperature control phases.





2.2. Reagents


The gene segment of the SARS-CoV-2 virus was inserted into the pUC57-Kan plasmid vector (Genewiz, Suzhou, China) by recombinase and was further used as the PCR target. The reagent was composed of 4 µL Premix Ex Taq (TaKaRa Biotechnology (Dalian) Co., Ltd., Dalian, China), 1 µL EvaGreen dye (FAM channel), 1 µL forward and reverse primers, and 1 µL PCR template (Genewiz, Suzhou, China). The synthesized primer sequences for the HDLRT-qPCR system were as follows: ORF1ab-F CCC TGT GGG TTT TAC ACT TAA 8OD (forward) and ORF1ab-R ACG ATT GTG CAT CAG CTGA 8OD (reverse); N-F GG GAA CTT CTC CTG CTA GAAT 8OD (forward) and N-R CAG ACA TTT TGC TCT CA GCTG 8OD (reverse). In addition to the self-synthesized kit using the published sequence that we mentioned above, we purchased a COVID-19 rapid test kit from Daan Gene Co., Ltd. (Guangzhou, China), and used the positive control in it as well as the weak positive quality control reference material of 2019-nCoV pseudovirus RNA in oral mucous matrix (high concentration, ORF1ab: 6.8 × 103 copy/mL, N: 4 × 103 copy/mL) that we purchased from the China Institute of Metrology for amplification detection. This weak positive reference material simulates the matrix and virus concentration of throat swab samples in clinical tests, and can perform quality control for the entire process of throat swab sampling, from RNA extraction to nucleic acid amplification detection. The African swine fever virus fluorescent PCR nucleic acid detection kit was purchased from Beijing MingRida Technology Development Co., Ltd. (Beijing, China) The SARS-CoV-2 virus DNA quantitative diagnostic kit (Qingdao Jianma Gene Technology Co., Ltd., Qingdao, China) for on-site detection experiments consists of nucleic acid extraction reagents, nucleic acid amplification reagents, and reference standard solutions (1 × 103–1 × 106 copy/mL).




2.3. Multi-Sample Analyses


Firstly, in order to verify our system’s efficiency, we compared it to that of a quantitative real-time PCR system (STEPONE, ABI, US). We performed analysis of the gradient template amplification curve and made 10-fold serial dilutions of the pUC57-Kan plasmid vector samples as well as the African swine fever virus samples over four orders of magnitude. In order to initiate the PCR reaction, we set up thermal cycling in the software on the laptop. There were 40 cycles of 95 °C for 15 s and 60 °C for 35 s.



Secondly, real-time quantitative PCR equipment needs to have high sensitivity to ensure that no missed detections occur. In order to verify the limit of detection (LDO) of the HDLRT-qPCR system, we used the positive quality control substance in Daan Gene Co., Ltd.’s COVID-19 rapid test kit for low viral load analysis. Three concentration gradients were performed: 105 copies/mL, 104 copies/mL, and 103 copies/mL. The amplification detection experiment was repeated three times concurrently using both the HDLRT-qPCR and ABI-STEPONE systems, and the N site (HEX channel) was identified. Thermal cycling for 2 min at 50 °C, 2 min at 95 °C, 40 cycles of 95 °C for 5 s, and 35 s at 60 °C was used. The denaturation phase as well as the annealing or extension phase were performed at 95 °C and 63 °C, respectively, requiring 40 thermal cycles of amplification procedure.



Thirdly, we extracted RNA from the weak positive quality control reference material of 2019-nCoV pseudovirus RNA in ral mucous matrix using the magnetic bead method (nucleic acid extraction kit from Shandong Brocade Diagnostic Technology Co., Ltd., Jinan, China). The viral RNA was then reverse transcribed, cDNA was synthesized, and the amplification cycle was performed, with the N and ORF1ab sites fluorescently detected using the probe method. In order to simulate detection in a clinical setting in this experiment, we resorted to the widely used COVID-19 rapid test kit from Daan Gene Co., Ltd. to detect the extracted viral RNA, thereby verifying the instrument’s clinical detection ability. The FAM channel and the HEX channel were the detection channels used.





3. Results and Discussion


3.1. Comparison of Fluorescence Detection Results between the Application of Automatic Feedback Photographing Using the HDLRT-qPCR System vs. the Commercial Quantitative Real-Time PCR System


In order to verify the gradient detection applicability of our PCR instrument, we used the developed system to initially detect synthesized DNA fragments of SARS-CoV-2. Figure 3 shows the amplification results of different concentrations of the same template in the commercial PCR instrument (Figure 3d) and in the HDLRT-qPCR system (Figure 3c).



Another set of experiments used a positive quality control substance sample from a purchased African swine fever virus (ASF) detection kit to show that other samples could be detected using the same thermal cycling system and camera, indicating the HDLRT-qPCR system’s potential for use in animal husbandry. Figure 3 shows the amplification results for different concentrations of the same template (ASF) in the commercial PCR instrument (Figure 3b) and in the HDLRT-qPCR system (Figure 3a).



The S-shaped curve reveals that the product was specific; the curve is highly recognizable, which means that this USB camera is suitable for photographing with different templates. Additionally, we compared the HDLRT-qPCR system DNA molecules with the cycle thresholds (Ct) output from the ABI-STEPONE real-time PCR system. The Ct value is the number of cycles at the point where the fluorescence threshold and the amplification curve meet.



For the SARS-CoV-2 virus (COVID-19) samples (106 to 103 copies/μL), the Ct values were 18.5, 21.5, 23.2, and 26.3 obtained on the HDLRT-qPCR system; meanwhile, the Ct values obtained on the ABI-STEPONE PCR instrument were 18.1, 20.2, 24.2, and 27.1. Similarly, for African swine fever virus samples (ASF), the Ct values were 23.7, 27.5, 32.3, and 36 obtained on the HDLRT-qPCR system, while the Ct values obtained on the commercial PCR instrument were 22, 26.5, 30.5, and 34.4.



By using the positive quality control material in Daan Gene Co., Ltd.’s COVID-19 rapid test kit and configuring three concentration gradients, 105 copies/mL, 104 copies/mL, and 103 copies/mL, across three replicate tests with HDLRT-qPCR, we were able to determine the limit of detection for the HDLRT-qPCR system. As shown in Figure 4a, the system detects the HEX channel, and the results indicate that the HDLRT-qPCR system has a detection limit of 103 copies/mL. Figure 4b illustrates the amplification result of the same gradient samples for the ABI-STEPONE system.



At the same time, in order to verify the detection ability of our instrument for clinical samples (RNA viruses), we performed dual-channel amplification detection on weak positive quality control reference material of 2019-nCoV pseudovirus RNA in oral mucous matrix. The amplification results of the HDLRT-qPCR system are shown in Figure 4c, while Figure 4d illustrates the amplification results of the same samples for the ABI-STEPONE system. The Ct values obtained by the HDLRT-qPCR system were 30.2, 32.8 while the Ct values obtained on the ABI-STEPONE were 29.8, 32.5.




3.2. Melt Curve Analysis


Currently, the majority of researchers will prioritize the fluorescent dye approach on the bases of experimental necessity and cost. The experimental design of the dye method is straightforward; only two primers are required; there is no need for probe design; the initial cost is inexpensive; and the sensitivity is high. Since fluorescent dyes bind to all double-stranded DNA, it is very important to analyze the melting curve after each reaction in order to check the specificity of the PCR assay. With the degeneration of the two-strand DNA, the fluorescent dyes would return to a free state, and this would decrease the fluorescence signal. The target melt curve should have a single peak, and the comparison of the annealing temperature of the peak position with that of the specific product can be used to determine whether the expanded product is the target product.



In the first experiment, we used EvaGreen dye (FAM channel) to detect the gene segment of the SARS-CoV-2 virus. Since the fluorescent dye method can be used to obtain the dissolution curve, we plotted melting curves by gradually increasing the temperature while monitoring the fluorescence brightness at each temperature stage. The melting temperature rises steadily from 65 °C to 95 °C, with a temperature gradient of 0.5 °C. Figure 5 shows the change in fluorescence of the product after 65 °C. Upon reaching 95 °C, the product was almost completely dissociated.




3.3. Field Operation


One way to scale up testing is to use a batch testing method (grouped testing or pooled testing). This process groups individual test samples together in order to speed up the whole process. This testing strategy uses batches that are between 5 and 10 samples from all around the world, only carrying out individual tests if a batch proves positive. In order to complete nucleic acid screening of large-scale populations, such detection methods are still very commonly used, and this method was used in the field detection experiments on the instruments that we developed [30].



At a conference venue, we performed an on-site nucleic acid test for the novel coronavirus. All participants in the field testing study signed a consent form after being fully informed of the purpose and methodology of the study. Oral swabs were collected at the site by professional medical staff who provided us with some of the collected samples for RNA extraction using the one-step extraction kit purchased from the previously mentioned Qingdao JianMa Gene Technology Co., Ltd. The extraction operation consisted of the following: pipette 100-microliter swab samples into a new 1.5-milliliter centrifuge tube; treat the centrifuge tube at 95 °C for 3 min; after mixing with a vortex, the solution is directly used as a template for subsequent PCR amplification. The loading sample volume is determined according to instructions from the amplification kit. We gathered nucleic acid samples from 40 volunteers prior to the meeting, used the 10-sample group testing procedure, and finished amplification testing on-site. All essential chemicals were pre-configured and stored in the instrument’s tiny refrigerator. For control testing, we added a positive control to the evaluated samples. Simultaneously, the same samples were stored, brought back to the laboratory, and the results were compared using the ABI-STEPONE instrument for comparative testing. For on-site detection experiments, the thermal cycling consisted of 55 °C for 5 min, 95 °C for 2 min, 40 cycles of 97 °C for 5 s, and 55 °C for 15 s. The test results, as shown in Figure 6, were all negative. After the meeting, all 40 participants went to the hospital to undergo nucleic acid testing for the new crown, and the hospital generated a negative nucleic acid test report. This further verifies the accuracy and reliability of the detection results produced by the equipment.



In conclusion, we have systematically verified that the constructed HDLRT-qPCR system is capable of achieving detection performance comparable to that of commercial instruments, and may be applied effectively. Some innovative and portable real-time PCR detection devices have been proposed in prior research, but they still exhibit some shortcomings. For instance, integration is relatively low, and only the detection function of a single fluorescence detection channel is specified [31]; gradient amplification analysis for multiple samples and melt curve analysis are not performed [25]. Our system’s amplification detection speed is comparable to commercial real-time PCR devices, which is one of its shortcomings. PCR devices that use heat-conductive metal, such as the system developed in this study, have slower expansion detection speeds. We use standard PCR reaction tubes rather than chip-type [31] or continuous-flow PCR devices [29,32], which require customized microtubes or chips to be set up; the reason for this is due to the fact that classic PCR reaction tubes are more prevalent and may be used more quickly.





4. Conclusions


This study has developed a low-cost, dual-channel, real-time fluorescent PCR instrument, with a performance that has been verified through comparison with commercial instruments; on-site detection of 2019-nCoV has also been successfully carried out. The instrument is easy to use and manufacture. The experimental results show that the instrument can meet the needs of underdeveloped and remote areas for the prevention and control of various pathogens. It does not require a laboratory environment, is convenient as well as accurate, and can complete on-site testing. Numerous websites and media outlets that cover scientific research have reported on this study. It will play an important role in the future in preventing and controlling new crown epidemics. Consequently, we believe that in the field of animal husbandry, qualification approval and application will be expedited, and that our instruments can be rapidly implemented in underdeveloped regions in order to promote economic growth of the livestock industry.



This study is not without limitations. At the moment, our system has only completed dual-channel detection; it still lacks an internal reference channel to judge the performance of the PCR reaction for SARS-CoV-2 detection. At the same time, we still need to test a significant number of positive and negative samples in a clinical setting in order to demonstrate the instrument’s sensitivity, specificity, and reproducibility. This will be a long-term stability study. In the future, we will continue to develop new multi-channel instruments to detect numerous common fluorescent signals and achieve simultaneous detection of several fluorescent sites, as well as undertake additional cost-focused research. In the future, the system will be enhanced to make it easier to operate as well as more applicable to a variety of industries.







Author Contributions


Methodology, Z.L. and Y.G.; software, Z.L. and Y.C.; validation, Y.G., Z.L. and K.W.; investigation, X.X. and D.Z.; data curation, Z.L. and Y.Z.; writing—original draft preparation, Z.L.; writing—review and editing, Y.G. and K.W.; visualization, Z.L.; project administration, W.W.; funding acquisition, W.W. All authors have read and agreed to the published version of the manuscript.




Funding


This project is supported by the talent program from Guangdong Academy of Sciences (2021GDASYL-20210102012) and GDAS’ Project of Science and Technology Development (2022GDASZH-2022010110) and Special fund project of Guangdong academy of sciences to build a first-class research institution in China (2019GDASYL-0103019).




Institutional Review Board Statement


The study was conducted in accordance with the Declaration of Helsinki, and approved by the Institutional Review Board.




Informed Consent Statement


Written informed consent was obtained from all subjects involved in the study.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Saiki, R.K.; Scharf, S.; Faloona, F.; Mullis, K.B.; Horn, G.T.; Erlich, H.; Arnheim, N. Enzymatic amplification of beta-globin genomic sequences and restriction site analysis for diagnosis of sickle cell anemia. Science 1985, 230, 1350–1354. [Google Scholar] [CrossRef] [PubMed]

	



Klein, D. Quantification using real-time PCR technology: Applications and limitations. Trends Mol. Med. 2002, 8, 257–260. [Google Scholar] [CrossRef]

	



Balcazar, W.; Rondón, J.; Rengifo, M.; Ball, M.M.; Melfo, A.; Gómez, W.; Yarzábal, L.A. Bioprospecting glacial ice for plant growth promoting bacteria. Microbiol. Res. 2015, 177, 1–7. [Google Scholar] [CrossRef] [PubMed]

	



Bharucha, T.; Sengvilaipaseuth, O.; Vongsouvath, M.; Vongsouvath, M.; Davong, V.; Panyanouvong, P.; Dubot-Pérès, A. Development of an improved RT-qPCR Assay for detection of Japanese encephalitis virus (JEV) RNA including a systematic review and comprehensive comparison with published methods. PLoS ONE 2018, 13, e0194412. [Google Scholar] [CrossRef] [PubMed]

	



WHO. Weekly Epidemiological Update on COVID-19—18 May 2022. Available online: https://www.who.int/publications/m/item/weekly-epidemiological-update-on-covid-19---18-may-2022 (accessed on 18 May 2022).

	



Demeke, T.; Jenkins, G.R. Influence of DNA extraction methods, PCR inhibitors and quantification methods on real-time PCR assay of biotechnology-derived traits. Anal. Bioanal. Chem. 2009, 396, 1977–1990. [Google Scholar] [CrossRef]

	



Putignani, L.; Mancinelli, L.; Del Chierico, F.; Menichella, D.; Adlerstein, D.; Angelici, M.; Marangi, M.; Berrilli, F.; Caffara, M.; Di Regalbono, D.F.; et al. Investigation of Toxoplasma gondii presence in farmed shellfish by nested-PCR and real-time PCR fluorescent amplicon generation assay (FLAG). Exp. Parasitol. 2011, 127, 409–417. [Google Scholar] [CrossRef]

	



Pfaffl, M.W. Quantification strategies in real-time polymerase chain reaction. Quant. Real-Time PCR Appl. Microbiol. 2012, 3, 53–62. [Google Scholar]

	



Navarro, E.; Serrano-Heras, G.; Castaño, M.; Solera, J. Real-time PCR detection chemistry. Clin. Chim. Acta 2015, 439, 231–250. [Google Scholar] [CrossRef]

	



Li, X.; Wu, W.; Manz, A. Thermal gradient for fluorometric optimization of droplet PCR in virtual reaction chambers. Mikrochim. Acta 2017, 184, 3433–3439. [Google Scholar] [CrossRef]

	



Bagad, P.; Dalmia, A.; Doshi, J.; Nagrani, A.; Bhamare, P.; Mahale, A.; Rane, S.; Agarwal, N.; Panicker, R. Cough Against COVID: Evidence of COVID-19 Signature in Cough Sounds. arXiv 2020, arXiv:2009.08790. [Google Scholar]

	



Obeng-Odoom, F. COVID-19, inequality, and social stratification in Africa. Afr. Rev. Econ. Financ. 2020, 12, 3–37. [Google Scholar]

	



Zhang, S.; Lin, Y.; Wang, J.; Wang, P.; Chen, J.; Xue, M.; He, S.; Zhou, W.; Xu, F.; Liu, P.; et al. A Convenient Nucleic Acid Test on the Basis of the Capillary Convective PCR for the On-Site Detection of Enterovirus 71. J. Mol. Diagn. 2014, 16, 452–458. [Google Scholar] [CrossRef] [PubMed]

	



Chow, F.W.-N.; Chan, T.T.-Y.; Tam, A.R.; Zhao, S.; Yao, W.; Fung, J.; Cheng, F.K.-K.; Lo, G.C.-S.; Chu, S.; Aw-Yong, K.L.; et al. A Rapid, Simple, Inexpensive, and Mobile Colorimetric Assay COVID-19-LAMP for Mass On-Site Screening of COVID-19. Int. J. Mol. Sci. 2020, 21, 5380. [Google Scholar] [CrossRef]

	



Rannan-Eliya, R.P.; Wijemunige, N.; Gunawardana JR, N.A.; Amarasinghe, S.N.; Sivagnanam, I.; Fonseka, S.; Sigera, C.P. Increased Intensity Of PCR Testing Reduced COVID-19 Transmission Within Countries During The First Pandemic Wave: Study examines increased intensity of reverse transcription–polymerase chain reaction (PCR) testing and its impact on COVID-19 transmission. Health Aff. 2021, 40, 70–81. [Google Scholar] [CrossRef] [PubMed]

	



Wan, B.; Zhang, X.; Luo, D.; Zhang, T.; Chen, X.; Yao, Y.; Zhao, X.; Lei, L.; Liu, C.; Zhao, W.; et al. On-site analysis of COVID-19 on the surfaces in wards. Sci. Total Environ. 2021, 753, 141758. [Google Scholar] [CrossRef]

	



Giri, A.K.; Rana, D.R. Charting the challenges behind the testing of COVID-19 in developing countries: Nepal as a case study. Biosaf. Health 2020, 2, 53–56. [Google Scholar] [CrossRef]

	



Galindo, I.; Alonso, C. African Swine Fever Virus: A Review. Viruses 2017, 9, 103. [Google Scholar] [CrossRef] [PubMed]

	



Heid, C.A.; Stevens, J.; Livak, K.J.; Williams, P.M. Real time quantitative PCR. Genome Res. 1996, 6, 986–994. [Google Scholar] [CrossRef]

	



Mackay, I. Real-time PCR in the microbiology laboratory. Clin. Microbiol. Infect. 2004, 10, 190–212. [Google Scholar] [CrossRef]

	



Makkar, H.P.; McSweeney, C.S. Methods in Gut Microbial Ecology for Ruminants; Springer: Berlin/Heidelberg, Germany, 2005; Volume 10. [Google Scholar]

	



Valasek, M.; Repa, J. The power of real-time PCR. Adv. Physiol. Educ. 2005, 29, 151–159. [Google Scholar] [CrossRef]

	



Whitcombe, D.; Theaker, J.; Guy, S.P.; Brown, T.; Little, S. Detection of PCR products using self-probing amplicons and fluorescence. Nat. Biotechnol. 1999, 17, 804–807. [Google Scholar] [CrossRef] [PubMed]

	



Citri, A.; Pang, Z.P.; Südhof, T.C.; Wernig, M.; Malenka, R.C. Comprehensive qPCR profiling of gene expression in single neuronal cells. Nat. Protoc. 2012, 7, 118–127. [Google Scholar] [CrossRef]

	



Bialek, H.; Dawes, J.; Heer, D.; Johnston, M.L. Portable real-time PCR system using tablet-based fluorescence imaging. In Proceedings of the IEEE EMBS International Student Conference (ISC), Ottawa, ON, Canada, 29–31 May 2016. [Google Scholar]

	



Jiang, Y.; Li, B.; Wu, W. Application of automatic feedback photographing by portable smartphone in PCR. Sens. Actuators B Chem. 2019, 298, 126782. [Google Scholar] [CrossRef]

	



An, J.; Jiang, Y.; Shi, B.; Wu, D.; Wu, W. Low-Cost Battery-Powered and User-Friendly Real-Time Quantitative PCR System for the Detection of Multigene. Micromachines 2020, 11, 435. [Google Scholar] [CrossRef] [PubMed]

	



Cady, N.C.; Stelick, S.; Kunnavakkam, M.V.; Batt, C.A. Real-time PCR detection of Listeria monocytogenes using an integrated microfluidics platform. Sens. Actuators B Chem. 2005, 107, 332–341. [Google Scholar] [CrossRef]

	



Jiang, Y.; Manz, A.; Wu, W. Fully automatic integrated continuous-flow digital PCR device for absolute DNA quantification. Anal. Chim. Acta 2020, 1125, 50–56. [Google Scholar] [CrossRef] [PubMed]

	



Mutesa, L.; Ndishimye, P.; Butera, Y.; Souopgui, J.; Uwineza, A.; Rutayisire, R.; Ndifon, W. A pooled testing strategy for identifying SARS-CoV-2 at low prevalence. Nature 2021, 589, 276–280. [Google Scholar] [CrossRef]

	



He, L.; Sang, B.; Wu, W. Battery-Powered Portable Rotary Real-Time Fluorescent qPCR with Low Energy Consumption, Low Cost, and High Throughput. Biosensors 2020, 10, 49. [Google Scholar] [CrossRef]

	



Li, Y.; Jiang, Y.; Wang, K.; Wu, W. Passive Micropump for Highly Stable, Long-Termed, and Large Volume of Droplet Generation/Transport Inside 3D Microchannels Capable of Surfactant-Free and Droplet-Based Thermocycled Reverse Transcription-Polymerase Chain Reactions Based on a Single Thermostatic Heater. Anal. Chem. 2018, 90, 11925–11932. [Google Scholar]








[image: Biosensors 12 00706 g001 550] 





Figure 1. An overview of the HDLRT-qPCR system. The system can be powered by either lithium batteries or an external power supply. Micro-stepper motor-switched multiple filters in front of the USB camera are used to acquire data from multiple fluorescence channels. The temperature cycle of the thermoelectric cooler (TEC) is modulated by a control unit. The fluorescence information is collected using a USB camera. 
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Figure 2. Comparison photos with (a) the ABI-STEPONE system and (b) the HDLRT-qPCR system. (c) The sample is placed on the heating block inside the HDLRT-qPCR system; (d) the light is turned on to excite fluorescence. 
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Figure 3. (a) HDLRT-qPCR gradient amplification curves for African swine fever. (b) African swine fever gradient amplification curves for real-time PCR amplification (ABI-STEPONE). (c) SARS-CoV-2 (gene target: ORF1ab) gradient amplification curves for the HDLRT-qPCR system. (d) ABI-STEPONE real-time PCR amplification system SARS-CoV-2 (gene target: ORF1ab) gradient amplification curves. 
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Figure 4. (a) HDLRT-qPCR gradient amplification curves for positive quality control substance from Daan Gene Co., Ltd.’s COVID-19 rapid test kit. (b) Positive quality control substance from Daan Gene Co., Ltd.’s COVID-19 rapid test kit amplification curves for real-time PCR amplification (ABI-STEPONE). (c) Weak positive quality control reference material of 2019-nCoV pseudovirus RNA in oral ucous matrix amplification curves for the HDLRT-qPCR system. (d) ABI-STEPONE real-time PCR amplification system weak positive quality control reference material of 2019-nCoV pseudovirus RNA in oral mucous matrix amplification curves. 
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Figure 5. The melt curve analysis of the template with a concentration of 103–10⁶ copies/µL obtained from the HDLRT-qPCR system as well as the real-time PCR amplification (ABI-STEPONE) system (shown in the upper left of the figure, the blue, green, yellow, and red lines correspond to concentrations of 103–10⁶ copies/µL), showing the first derivative change in fluorescence intensity as a function of temperature. Meanwhile, only a single peak corresponding to the PCR product was observed. The amplicon is clean and specific. 
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Figure 6. (a) Sampling from the conference site: upper respiratory tract nasopharyngeal swabs were used as nucleic acid detection samples. (b) Using the HDLRT-qPCR system (the part circled by the red frame) instrument for detection and analysis on-site. (c) On-site nucleic acid test results of the HDLRT-qPCR system. (d) Amplification curve obtained by using the ABI-STEPONE fluorescence quantitative PCR instrument for amplification detection of nucleic acid samples collected from the same batch in the laboratory. Experiments show that the amplification curve obtained by on-site sampling and analysis of the HDLRT-qPCR system is basically consistent with the curve obtained by the amplification analysis using the commercial instrument ABI-STEPONE system in the laboratory. This proves that the HDLRT-qPCR system can successfully perform field detection. 
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