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Abstract

:

This paper proposes a cost-effective real-time multiplexed polymerase chain reaction (PCR) chip system for point-of-care (POC) testing. In the proposed system, nucleic acid amplification is performed in a reaction chamber built on a printed-circuit-board (PCB) substrate with a PCB pattern heater and a thermistor. Fluorescence can be detected through the transparent plastic on the other side of the substrate. Open platform cameras were used for miniaturization and cost-effectiveness. We also used simple and cost-effective oblique lighting to stimulate fluorescence. Response performance was investigated by observing the change in the average brightness of the chamber images with various reference dye concentrations. In addition, we investigated the interference properties between different colors by measuring the fluorescence response for each dye concentration mixed with the maximum concentration of the different dyes. Quantitative performance was validated using standard DNA solutions. Experimental results show that the proposed system is suitable for POC real-time multi-PCR systems.
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1. Introduction


Polymerase chain reaction (PCR) is a technique that amplifies the target DNA. It is an important part of modern diagnostic medicine that can diagnose diseases with a small amount of DNA. Recently, it is possible to check the target DNA in real time using real-time PCR devices. As they are usually expensive, only large hospitals or laboratories can afford them. However, nowadays it is very important to quickly and accurately diagnose viruses for infectious diseases, requiring a PCR device capable of point-of-care test (POCT) [1,2]. For POCT devices, miniaturization and cost reduction are essential, which is what most PCR chips aim for [1,2,3,4].



In this paper, a low-cost and compact multiplexed real-time PCR system is presented. The proposed system utilizes a PCB-based PCR chip and a low-cost, high-performance, open-platform camera that is prevalent due to the development of smartphone cameras [5]. The optics of the system are made very compact by adopting the lateral illumination method for fluorescence excitation, and they are able to multiplex up to four colors. As the PCB substrate of the PCR chip has a heater pattern and a thermistor attached, it was possible to easily implement thermal cycling without complicated structures. In this paper, the optical performance for single-dye fluorescence detection and the crosstalk between dyes was investigated with standard fluorescent materials. Additionally, Chlamydia trachomatis DNA was employed for verification of the real-time quantification performance. The experimental results showed that the proposed system is highly feasible for a POC real-time PCR device.




2. Materials and Methods


Figure 1 shows the functional block diagram (a) and the structure of the proposed system (b). The polycarbonate reaction chamber of the PCR chip was constructed on a PCB substrate with a heater pattern and a thermistor. The reaction chamber is structurally thin and wide, and its one side is optically transparent, providing the high-speed PCR thermal cycling and easy measurement of fluorescence brightness with a camera.



The PCR chip is placed vertically to the camera direction (Figure 1b). The color bands of the excitation and emission filters were selected to effectively detect HEX, ROX, CY5, and FAM dyes. The excitation light for each color dye consists of an LED and an excitation filter illuminated at an angle of 45 degree right next to the transparent side of the chamber (Figure 1b). Four pairs of LEDs and excitation filters were placed at 90-degree intervals on the parallel plane to the transparent chamber side. An emission filter is selected by a filter wheel driven by a linear servo motor. Fluorescence passing through the corresponding emission filter was detected by the camera.



Two separate experiments were performed to verify the fluorescence detection performance: single dye fluorescence experiment and fluorescence crosstalk experiment. The brightness of fluorescence of the plateau phase of PCR was emulated by 2 pico-mole/36 µL dye solution for each fluorescence. In the single dye experiment, two fluorescence images obtained by injecting the emulation dye solution and double-distilled water (DDW) into the chip, respectively, were compared. To investigate crosstalk between dyes, the image of the chip with the emulation solution containing all dyes and that with the solution without only the dye to be measured were compared.



The quantitative analysis performance was also investigated with DNA amplification experiments. The reagents used in the experiment were composed of a 36 µL solution with 6 copies of Chlamydia trachomatis DNA, Master mix, Primer mix, and DDW. The PCR thermal cycling conditions were 50 °C for 2 min, 95 °C for 10 min, followed by 40 cycles of 95 °C for 15 s and 60 °C for 1 min. The chip image was captured in the last 2 s of the 60 °C annealing step of each cycle to measure the fluorescence brightness. The region of interest (ROI) for determining the brightness of an image was set to the smallest rectangular area covering the chamber through image processing.




3. Results and Discussions


Figure 2 shows the ROI images of each experiment result. The left of the figure shows the result images for the single dye experiment. Each column indicates the dye to be measured. The “DDW” labeled row shows the image taken by injected DDW and the “Target” row shows the images when the corresponding emulation solutions were injected. The right picture of Figure 2 shows the crosstalk experiment result images. In this picture, the row labeled “ALL” shows the images of the chip with all the dye, and the row labeled “Target” shows the images excluding the corresponding dye. From the resulting figure, it can be seen that the proposed system performs well in fluorescence detection without crosstalk.



Table 1 summarizes the average brightness of each ROI image in Figure 2, the difference in brightness according to the presence or absence of each fluorescent dye, and the relative difference divided by the small brightness. For all fluorescent dyes, regardless of the presence or absence of other dyes, the relative gaps were 9.5 or more, and the relative gain difference between the two experiments was within ±2. These results proved that fluorescence can be stably detected without interference.



Figure 3 shows the result of amplification experiment by labeling Chlamydia trachomatis DNA with FAM dye. Figure 3a shows the ROI images taken in each cycle, and Figure 3b shows the average ROI brightness for each cycle (blue curve). The red curve is the fluorescence brightness measured each cycle by the existing photodiode-based system for reference. The cycle threshold, that is, the quantitative result of the real-time PCR system, differs only less than 1 cycle for both, showing that there is no difference in performance between the systems.



This paper presents the use of a miniaturized, low-cost, real-time PCR system using PCR chip, lateral illumination excitation, and open platform camera. The results of single dye, dye crosstalk, and actual DNA amplification experiments showed that the proposed system is sufficiently feasible as a POC multiplexed real-time PCR device.







Funding


This research was supported by a government-wide R&D Fund project for infectious disease research (GFID), Republic of Korea (grant number: HG18C0012).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



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]

	



Shi, B.; He, G.; Wu, W. A PCR microreactor machinery with passive micropump and battery-powered heater for thermo-cycled amplifications of clinical-level and multiplexed DNA targets. Microchim Acta 2018, 185, 467. [Google Scholar] [CrossRef] [PubMed]

	



Wu, W.; Kang, K.-T.; Lee, N.Y. Bubble-free on-chip continuous-flow polymerase chain reaction: Concept and application. Analyst 2011, 136, 2287–2293. [Google Scholar] [CrossRef]

	



Priye, A.; Wong, S.; Bi, Y.; Carpio, M.; Chang, J.; Coen, M.; Cope, D.; Harris, J.; Johnson, J.; Keller, A. Lab-on-a-drone: Toward pinpoint deployment of smartphone-enabled nucleic acid-based diagnostics for mobile health care. Anal. Chem. 2016, 88, 4651–4660. [Google Scholar] [CrossRef] [PubMed]

	



Mendoza-Gallegos, R.A.; Rios, A.; Garcia-Cordero, J.L. An affordable and portable thermocycler for real-time PCR made of 3D-printed parts and off-the-shelf electronics. Anal. Chem. 2018, 90, 5563–5568. [Google Scholar] [CrossRef] [PubMed]








[image: Engproc 06 00059 g001 550] 





Figure 1. Functional block diagram (a) and structure (b) of the proposed system. 
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Figure 2. ROI images for single-dye experiments (left) and for crosstalk experimental results (right). 
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Figure 3. The left picture (a) shows the changes in the brightness of the chamber images during 40 cycles (the picture has been gamma-corrected for visibility), and the right graph (b) shows the mean brightness change of the proposed system (blue) and the amplification curve of the existing photodiode-based system (red). 
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Table 1. Result of single dye and crosstalk verification experiments.
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Single-Dye Experiment

	
Crosstalk Experiment




	

	
FAM

	
HEX

	
ROX

	
CY5

	

	
FAM

	
HEX

	
ROX

	
CY5






	
DDW

	
4.2

	
2.0

	
2.0

	
2.0

	
ALL

	
75.8

	
96.7

	
22.5

	
80.5




	
Target

	
62.1

	
95.3

	
21.1

	
71.2

	
Target

	
5.6

	
2.0

	
2.0

	
2.6




	
gap

	
57.9

	
93.3

	
19.1

	
69.2

	
gap

	
70.1

	
94.6

	
20.5

	
77.8




	
relative gap

	
13.7

	
46.6

	
9.5

	
34.6

	
relative gap

	
12.4

	
45.3

	
10.2

	
28.8
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