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A portable nucleic acid detection (PNAD) system based on real-time

polymerase chain reaction (real-time PCR) has been developed for point-of-

care testing (POCT) of infectious disease pathogens. In order to achieve

“sample-in, result-out” while keeping the system compact, the hardware

system integrates optical, thermal and motion control modules in a limited

space for nucleic acid extraction, purification, amplification and detection.

Among these hardware modules, the fluorescence module is one of the

most important modules, because its performance directly affects the

accuracy and sensitivity of the testing results. In this paper, a miniaturized,

high-sensitivity and integrated dual-channel fluorescence module have been

proposed for the homemade PNAD system. Based on the principle of confocal

optical path, two group of excitation-emission optical paths of different

wavelengths are integrated in a small space. In terms of circuitry, a current-

light dual negative feedback light emitting diode (LED) drive circuit is applied to

improve the stability of the excited light source. All optical and electronic

components are integrated in a metal box of 55 mm × 45 mm × 15 mm, that

helps miniaturize the detection system. Two different modules have been

assembled to fit various fluorescent dyes or probes with the set of excitation

and emission as follow: module 1#: 470 nm/525 nm, 570 nm/630 nm; module

2#: 520 nm/570 nm, 630 nm/690 nm. Finally, hepatitis B virus (HBV)

concentration gradient detection and multiplex detection of different gene

targets of SARS-CoV-2 are carried out on the PNAD systemequippedwith these

two fluorescence modules for evaluating their performances. Compared with

the commercial real-time PCR instrument, our fluorescence module has good

stability and detection sensitivity.
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Introduction

Nowadays, the Corona Virus Disease 2019(COVID-19)

ravages the world with clinical manifestations ranging from

cough and fever to pneumonia and even death, and its high

infection and mortality rates bring great inconvenience and loss

to people’s lives and the global economy (Bedford et al., 2020;

Benmalek et al., 2021). The detection methods for COVID-19

mainly include antigen testing and nucleic acid testing (Cui and

Zhou, 2020; Mathuria et al., 2020; Pokhrel et al., 2020; Rai et al.,

2021). The antigen test measures some of the viral proteins and

indicates the presence of pathogens. Compared with the nucleic

acid method, antigen test is simple to perform and has a shorter

turnaround time, but its low sensitivity makes unreliable results.

Nucleic acid test detects viruses by amplifying the targeted

nucleic acids and is used to confirm the presence of viruses

that are difficult to culture, making it the gold standard test for

COVID-19 microbiological diagnosis (Zhu et al., 2020; Song

et al., 2021). But traditional nucleic acid testing is only suitable for

large centralized diagnostic laboratories which require multiple

devices to complete. The rapid development of COVID-19 and

the limited capabilities of laboratory-based molecular detection

make point-of-care testing (POCT) urgently needed in the

diagnosis of COVID-19 outside the laboratory setting (Li and

Ren, 2020; Tang et al., 2020). The greatest merit of POCT is that it

could realize fast tests with low cost, providing sufficient time for

the implementation of necessary preventive and therapeutic

measures (Chen et al., 2018; Hanson et al., 2020; Deng et al.,

2021; Huang et al., 2021; Wang et al., 2021).

Based on the above background, our group has developed a

portable nucleic acid detection (PNAD) system (Figure 1A),

which can automatically perform nucleic acid extraction and

real-time PCR without manual intervention to achieve “sample-

in, result-out” (Chen et al., 2017; Fang et al., 2021). As shown in

Figure 1B, there are three core functional modules in this system

including motion control module, thermal control module and

fluorescence module, in which the fluorescence module is the

crux of real-time PCR, because its sensitivity and stability

determine whether real-time PCR can accurately quantify

DNA templates. Meanwhile, its structure needs to be as

compact as possible for miniaturization and portability.

Fluorescence is a photoluminescence phenomenon. When a

substance absorbs incoming light, the energy of the photon is

transferred to the molecule. After excitation occurs, the electrons

of the molecule jump from a low energy level to a high energy

level, i.e., from the ground state to an excited single or excited

triplet state. Molecules in excited states are unstable and must be

released by radiative transfer or non-radiative transfer to return

to the ground state. The energy in the radiative transfer is

released as photons (Ishikawa-Ankerhold at al., 2012; Fu

et al., 2020). Compared to other optical detection techniques,

fluorescence detection has high sensitivity, specificity and

accuracy. Besides, fluorescence detection is immune to

electromagnetic, pressure and temperature interference, so it

also has a high stability. With the development of

fluorescence detection technology, portable instruments based

on fluorescence are developed and applied in various fields.

However, fluorescence modules reported in the literature and

used in commercial equipment either only have a single

excitation light or a split structure with separate light sources

and detectors. For example, Novak et al. (Novak et al., 2007)

developed a fluorescence detection module consisting of a blue

LED, excitation and detection filters, dichroic mirrors, and

photodiodes. Katzmeier et al. (Katzmeier et al., 2019) reported

a pocket-sized fluorescence detector for POCT, the detection unit

of which includes an excitation light and a photodetector. Both of

the above mentioned had only one excitation source and didn’t

allow for multiple detection. Alam et al. (Alam et al., 2019)

designed a portable fluorometer for detection of breast cancer

cells, the excitation source and the detector are placed on

opposite sides of the sample in a linear fashion. This

separated structure was not favorable to integration.

In this study, a miniaturized, high-sensitivity and integrated

dual-channel fluorescence module was designed for special

FIGURE 1
Homemade portable nucleic acid detection (PNAD) system. (A) 3D rendering of the PNAD device. (B) Functional block diagram of the PNAD
system including motion control module, thermal control module and fluorescence module to achieve “sample-in, result-out”.
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requirements of the homemade PNAD system. The optical path

was based on a confocal structure, which enables the excitation

and emission of light without interference. Different from split

structure, the excitation light source and detector of this module

were located on the same side to make the structure more

compact. Due to the generally weak fluorescence signal, it is

crucial that the light source and detector should be stable and

sensitive. A current-light dual negative feedback drive circuit was

used to adjust the light intensity of the light emitting diode (LED)

for its stability. As for the detection portion, the fluorescence

signal was processed by amplification, filtering and analogue-to-

digital (A/D) to confirm the accuracy and stability of the

fluorescence data. After fabrication, two fluorescence modules

containing 4 different fluorescence channels were integrated into

the PNAD system, and hepatitis B virus (HBV) concentration

gradient detection and multiplex detection of different gene

targets of SARS-CoV-2 have been carried out for evaluating

the performance of the modules. The results showed that the

fluorescence module has excellent has excellent linearity with

R2 greater than 0.99 and reproducibility with coefficient of

variation (CV) less than 2%. And this fluorescence has good

homogeneity of each channels compared with the commercial

StepOnePlus.

Materials and methods

Architecture of the fluorescence module

Figure 2 shows the functional block diagram of the

fluorescence module. The whole module can be divided into

two parts of a drive circuit and an optical path. As for the first

part, a STM32 series microcontroller (STM32F103C8T6,

STMicroelectronics) was used as the microprogrammed

control unit (MCU) of the module, which realized data and

commands interaction with outside through controller area

network (CAN) bus while controlled the excitation LEDs by

outputting signals through the input/output (I/O) ports. A

current-light dual negative feedback LED drive circuit was

designed to enhance the stability of the excitation light.

Moreover, a fluorescence signal processing circuit was

designed to perform amplification, filtering and analog-to-

digital (A/D) conversion on optoelectronic signals from

detection photodiodes (PD). In terms of the optical part,

LEDs, PDs and other optical elements such as filters, dichroic

mirrors and lens were fixed on the confocal light path. The

module integrated two similar excitation/emission optical path

and corresponding drive circuits for achieving dual-channel

measurement.

The module was executed as follows: First, the MCU

controlled the LED to excit the sample through excitation

light path. Then, the sample absorbed the specific frequency

of photons and emitted the fluorescence. After passing through

the emission light path, the fluorescence signal was received by

the detection photodiode and converted into electrical signal,

which was then processed by the photoelectric signal processing

circuit for amplification, filtering, and finally transmitted to the

host computer through the communication unit after analog-to-

digital (A/D) conversion.

Optical design and components selection

Common optical systems used for fluorescence detection

include light sources, focusing lenses, filters, dichroic mirrors

and photodetectors. It is important to select an appropriate

excitation light according to the requirements of application,

which affects the sensitivity and selectivity of detection. Real-time

PCR commonly used excitation light sources are xenon lamps,

mercury lamps, lasers and high-power LEDs (Spibey et al., 2001;

Shin et al., 2021), different lights have their own applications due

to their characteristics. For example, xenon lamps and mercury

lamps are applied to high power analysis systems with high

luminous intensity, but their large size is not allowed in

FIGURE 2
The Functional block diagram of the dual-channel fluorescence module, which can be divided into two partitions of drive circuit and optical
path (Take module 1# as an example).
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miniaturized instruments. Lasers have high brightness and good

monochromaticity but their prices are expensive. Compared with

other lights, LED is more suitable for portable systems with low-

cost, small size, low energy consumption, long life, etc. Therefore,

we chose high-power monochromatic LEDs of different

wavelengths as light sources (LB W5SM, LY W5SM, LT

W5SM, LR W5SM, OSRAM GmbH.). The wavelength of

these 4 LEDs and corresponding fluorescence dyes are listed

in Table 1. As for photoelectric sensors, the mainstream

photodetectors include avalanche diode (APD), charge-

coupled device (CCD), photomultiplier tube (PMT) and

photodiodes (PD). APD has high gain, high quantum

efficiency but narrow spectral response range, CCD can scan

all fluorescent signals at the same time but with low sensitivity,

PMT would be a good choice profits from its fast response and

low noise without considering price. In contrast, PD is the most

suitable detector in our system because of its high sensitivity, low

noise and low-cost (Song et al., 2010; Ryu et al., 2011; Abdallah

et al., 2014; Zhan et al., 2019), so the silicon PDs (S1337-33BR,

Hamamatsu Photonics Co., Ltd.) were chosen as the detector.

To make the module more compact while reducing the

interference of external stray light and improving the signal-

to-noise ratio (Xie and Yang, 2019; Peng et al., 2021), an optical

structure based on confocal light paths was designed as shown in

Figure 3A. Figure 3B shows the photograph of the optical path, in

which all of the optical elements were installed in a 3D printing

box. In order to make the emitted light unaffected by the

excitation light, bandpass filters of corresponding wavelengths

were set in front of the LEDs and the PDs. In addition, dichroic

mirrors in the main optical path were set to separate the lights

from each channel.

The bandpass filters and the dichroic mirrors were set as

follows:

Module 1# channel 1#
The bandpass filter with center wavelength (CWL) of 470 ±

20 nm (BP-470, Shanghai Mega-9 Photoelectric Co., Ltd.) and

the dichroic mirror with central wavelength of 500 (DM-500,

Shanghai Mega-9 Photoelectric Co., Ltd.) nm were applied for

excitation light; The bandpass filter with CWL of 525 ± 20 nm

(BP-525) and the dichroic mirror with central wavelength of

550 nm (DM-550) were applied for emission light;

Module 1# channel 2#
The bandpass filter with center wavelength (CWL) of 570 ±

20 nm (BP-570) and the dichroic mirror with central wavelength

of 600 nm (DM-600) were applied for excitation light; The

bandpass filter with CWL of 630 ± 20 nm (BP-630) and the

dichroic mirror with central wavelength of 650 (DM-650) nm

were adopted for emission light;

TABLE 1 Fluorescence dyes excitation and emission wavelengths.

LED Fluorescence dye Excitation light (nm) Emission light (nm)

Module 1 LB W5SM FAM 450–490 510–530

LY W5SM Texas Red 560–590 610–650

Module 2 LT W5SM HEX 515–535 560–580

LR W5SM Cy5 620–650 675–690

FIGURE 3
Optical path of the dual-channel fluorescence module (Take module 1# as an example). (A) Schematic diagram of optical path: two excitation
lights (blue and yellow) and two emitted lights (green and orange) forms a confocal light path with the help of four dichroicmirrors. (B) Photograph of
the optical path, consistent with the schematic.
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Module 2# channel 1#
The bandpass filter with center wavelength (CWL) of 520 ±

20 nm (BP-520) and the dichroic mirror with central wavelength

of 550 (DM-550) nm were adopted for excitation light; The

bandpass filter with CWL of 570 ± 20 nm (BP-570) and the

dichroic mirror with central wavelength of 600 nm (DM-600)

were adopted for emission light;

Module 2# channel 2#
The bandpass filter with center wavelength (CWL) of 630 ±

20 nm (BP-630) and the dichroic mirror with central wavelength of

650 nm (DM-650) were adopted for excitation light; The bandpass

filter with CWL of 680 ± 20 nm (BP-680) and the dichroic mirror

with central wavelength of 700 (DM-700) nm were adopted for

emission light; To achieve light focusing, convex lenses (GL12-

006–006, Beijing Golden Way Scientific Co., Ltd.) were also set in

front of the LED and the PD, and a focusing lens (GL11-006–008,

Beijing GoldenWay Scientific Co., Ltd.) was set at the excitation and

acquisition ends to make the excitation light focus at the sample.

The current-light dual negative feedback
LED drive circuit

According to the principle of fluorescence detection, the

stability of the detected fluorescence signal is affected by the

fluctuation of the excitation light. Therefore, a current-light dual

negative feedback LED drive circuit was designed to provide

stable excitation light.

The schematic block diagram is shown in Figure 4A, the

current and light intensity adjust the drive circuit together to

make the output stable. Due to the negative temperature coefficient

of LED, the forward voltage drop will decrease as the temperature

rises resulting in an increase of the forward current when driven by

a constant voltage source. Meanwhile, a slight change in the

forward voltage will cause a large change in the forward current

because of volt-ampere non-linearity, so that the LED luminous

flux will also be changed. Therefore, constant current source is

more appropriate for the LED driver, which can avoid fluctuations

in the supply current and thus ensure the stability of the light

source. With increased usage time and temperature changes, LED

will experience light decay and its light intensity will then diminish.

To solve this problem, light intensity negative feedback was added

on the basis of current negative feedback.

Figure 4B is the schematic of the drive circuit, which can be

divided into three parts: 1) on-off control area: control signal from

the MCU controlled LED via a MOSFET (YJL3400A, Yangzhou

Yangjie Electronic Technology Co., Ltd.); 2) current feedback area:

sampled by a resister R1, LED current was converted to voltage and

put into negative feedback, and finally the current was regulated by

the output characteristics of a triode (BCP56-16T3G, ON

Semiconductor). 3) light intensity feedback area: a feedback PD

(BPW 34 BS, OSRAM GmbH.) generated photocurrent when

receiving excitation light, which was sampled by a resistor

R2 and then connected to feedback terminal. In short, the

current negative feedback will increase current when it

decreases, and the light intensity negative feedback will increase

current to strengthen light when light weakens, and vice versa.

Fabrication and integration of the module

The exploded view of the overall structure is shown in Figure 5A,

all the optical components were placed in a 3D printing box, above

which was the control circuit board. The optical path and the circuitry

were assembled into a complete unit by soldering the LED board and

thePDboard to themain circuit board. This assemblywas thenplaced

inside a metal box to isolate electromagnetic noise in environment.

Two fluorescence modules (Figure 5B) with different wavelengths of

excitation light were fabricated and integrated into the PNAD system

(Figure 5C) for multiplex real-time PCR. Under the driving of the

stepping motor, the fluorescence modules can scan and detect the

signal of multiple reaction tubes.

Reagents and methods for performance
evaluation

The two fluorescence modules were installed in the

homemade PNAD system after fabrication. Then, HBV and

FIGURE 4
The current-light dual negative feedback LED drive circuit. (A)
Working schematic block diagram of the circuit, the current-light
dual negative feedback is realized by sampling the current and the
light intensity of the LED. (B) Schematic of the circuit which
can be divided into three partitions of current feedback, light
intensity feedback and LED selection.
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SARS-Cov-2 real-time reverse transcription PCR (real-time RT-

PCR) were performed on this system. Meanwhile, the same

sample was amplified and detected in StepOnePlus real-time

PCR system (Applied Biosystems, America) under the same

conditions for reliable results. The reagents used in the

experiments include magnetic bead RNA extraction kit

(Z-ME-0010, Shanghai Zhijiang Biotechnology Co., Ltd.),

hepatitis B virus (HBV) nucleic acid assay kit (Z-HD-2002-02,

Shanghai Zhijiang Biotechnology Co., Ltd.), 2019-nCoV nucleic

acid test kit (Z-RR-0479-02-50, Shanghai Zhijiang Biotechnology

Co., Ltd.) and Sterilized ddH2O (Sangon Biotech).

Experimental methods are as follows:

1) Serum samples containing 5 × 106 IU/ml (standard sample in

the HBV nucleic acid assay kit) were selected for testing. First,

the viral RNA was extracted by the RNA extraction kit. After

that, purified HBV RNA was diluted 10×, 100×, 1,000×, and a

total 4 concentrations of samples were obtained before and

after dilution. Then, 10 μL of each sample was added to 40 μL

of the PCR mix, blended and centrifuged. Finally, real-time

RT-PCR was performed by the PNAD system and

StepOnePlus. The reaction conditions of real-time RT-PCR

were: 37°C 2 min, 94°C 2 min, 93°C 15 s 45 cycles and 60°C

60 s. The first channel (excitation: 470 nm and emission:

520 nm) was used to detect the fluorescence signal.

2) SARS-CoV-2 positive control sample of the test kit were

extracted by the extraction kit. Then 5 μL of purified RNA

and 20 μL of PCR mix were blended to form 25 μL

amplification system. Finally, multiplex real-time RT-PCR

was performed by the PNAD system and StepOnePlus to

test ORFlab gene, N gene, E gene and the internal standard

target of SARS-CoV-2. The reaction conditions of real-

time RT-PCR were: 45°C 2 min, 95°C 3 min, 95°C 15 s,

45 cycles and 58°C 30 s. The first channel (excitation:

470 nm and emission: 520 nm) was used to detect

ORFlab gene, the second channel (excitation: 520 nm

and emission: 570 nm) was used to detect N gene, the

third channel (excitation: 570 nm and emission: 630 nm)

was used to detect E gene, and the fourth channel

(excitation: 630 nm and emission: 690 nm) was used to

detect the internal standard target.

The fluorescence module designed in this paper was used for

fluorescence excitation and detection. It took 200 ms to detect

each sample tube, 5 raw fluorescence data were collected and

averaged as the final fluorescence value. Finally, the fluorescence

values of each cycle were plotted as real-time PCR curves for

further analysis.

Results and discussion

Optical path simulation results and
analysis

In order to further analyze the feasibility of the optical path,

the transmission efficiency and detector received light intensity

were simulated by the ZEMAX software. And the optical paths of

FIGURE 5
(A) The three-dimensional (3D) illustration of the fluorescencemodule in an exploded view, which includes metal shell, PCB, optical path cover,
optical structure and focus lens. (B) The photograph of two fluorescence modules combined together. (C) Integration of the fluorescence module
(in the red box) with a homemade portable nucleic acid detection system.
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the two channels were simulated separately, with each channel

divided into two optical paths: excitation and emission. The first

channel optical paths simulation diagram is shown in Figure 6,

Figure 6A indicates the 3D layout of the excitation optical, where

the excitation light was collimated by a focusing lens, reflected by

a dichroic mirror, and then focused by a plano-convex lens onto a

detector. Figure 6B shows the light spot on the detector that was

set up to evaluate the excitation light intensity at the sample.

Likewise, Figure 6C presents the 3D layout of the emission light

path, compared with the excitation light path, an additional

dichroic mirror was set to separate the excitation light from

the emission light. Figure 6D shows the light spot on the detector

which represented the light received by the PD in the actual

module.

Table 2 displays the results of the simulation, ignoring

transmittance and reflectance, with the setting power of

100 l m, the LED light intensity reached to the reagent was

9.05 l m after passing through the optical elements. Calculated

with 95% transmittance, the light intensity was 7.76 l m after

3 optical elements. The fluorescence intensity was set to 1 l m and

picked up by the detector with the intensity of 0.042 l m after

optical path loss. Corresponding the above relationships to the

actual parameters, the blue LED (LBW5SM) output at I = 350 mA

was 15–33 l m, so the blue light projected to the reagent was

FIGURE 6
First channel optical paths (excitation/emission: 470 nm/525 nm) simulation diagram (A) 3D layout of the excitation optical path. (B) Image of
the excitation optical path detector with 9.05 l m total power. (C) 3D layout of the emission optical path. (D) Image of the emission optical path
detector with 5.2 × 10-2 lm total power.

TABLE 2 Results of the first channel simulation analysis.

Light source Light intensity (lm) Receiving light intensity
(lm)

With
transmittance (95%) (lm)

Simulation LED (470 nm) 100 9.05 7.76 (3 optical elements)

Fluorescence (520 nm) 1 0.052 0.042 (4 optical elements)

Actual parameters LB W5SM 15–33 1.36–2.99 1.16–2.56

FAM 0.75–1.65 0.04–0.86 0.031–0.069
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1.16–2.56 l m. Assumed with 65% fluorescence quantum efficiency

of the reagent dye, the fluorescence intensity was 0.75–1.65 l m and

the intensity reaching the detector was 0.031–0.069 l m. The PD

(S1337-33BR, 5.7 cm2 detection area) had a current of 4.4–6.2 μA

at 100 lx illumination, so the luminous flux on the detector surface

at 100 lx was 5.7c×10-4 lm which was far less than 0.031 l m.

Therefore, it can be considered that the fluorescence from samples

was excited by the 470 nm excitation light, and then returned to the

PD with very weak intensity which was still detectable despite

significant losses.

Similarly, second channel optical path simulation diagram

is shown in Figure 7 and the its results are displayed in Table 3.

The Yellow LED (LY W5SM) output was 39–82 l m and the

fluorescence emitted from reagent was 0.56–1.18 l m. The light

intensity received by the detector after six optical elements was

0.01–0.02 l m, much larger than 5.7 × 10-4 lm (the luminous flux

on the PD at 100 lx). Although the second channel lost more

light energy than the first, the faint fluorescence also can be

detected by the PD, demonstrating the viability of the

optical path.

FIGURE 7
Second channel optical path (excitation/emission: 570 nm/630 nm) simulation diagram. (A) 3D layout of the excitation optical path with
2.85 l m total power. (B) Image of the excitation optical path detector. (C) 3D layout of the emission optical path. (D) Image of the emission optical
path detector with 2.35 × 10-2 lm total power.

TABLE 3 Results of the second channel simulation analysis.

Light source Light intensity (lm) Receiving light intensity
(lm)

With transmittance (95%)

(lm)

Simulation LED (570 nm) 100 2.85 2.21 (5 optical elements)

Fluorescence (630 nm) 1 0.023 0.017 (6 optical elements)

Actual parameters LY W5SM 39–82 1.11–2.34 0.86–1.81

Texas Red 0.56–1.18 0.012–0.027 0.01–0.02
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HBV concentration gradient test

Figure 8 shows the HBV concentration gradient test results

from PNAD system and StepOnePlus. Real-time RT-PCR curves

for HBV with concentration range from 5 × 106 IU/ml to 5 ×

103 IU/ml are shown in Figures 8A,C, and standard curves for Ct

values are shown in Figures 8B,D. In order to compare the results

more visually, all original fluorescence data were baseline

subtracted and normalized. In Figures 8A,C, the curves were

aesthetically smooth and had the same trend for each

concentration of HBV tested. Figures 8B,D indicates that

standard curves from the PNAD system and StepOnePlus both

had excellent linearity within the selected concentration range, and

both had a determination coefficient R2 > 0.99. Table 4 shows the

results of Ct values and their reproducibility, the Ct values of HBV

from the PNAD system and StepOnePlus were similar, and the CV

of PNAD was within 2% which can be considered that the PNAD

system equipped with this fluorescence module was fully

comparable to the commercial StepOnePlus.

SARS-CoV-2 multi-target test

To further validate performance of the 4 channels of the two

fluorescence modules, the 2019-nCoV nucleic acid test kit was

used to test ORFlab gene, N gene, E gene and the internal

FIGURE 8
Real-time fluorescence PCR curves (left) and their standard curves (right) for detection of HBV with concentrations ranging from 5 × 106 IU/ml
to 5 × 103 IU/ml. (A) and (B): The real-time PCR curves and standard curves for Ct values from the homemade PNAD system. (C,D): The fluorescence
curves and standard curves for Ct values from StepOnePlus system.

TABLE 4 Ct value and reproducibility of HBV concentration gradient test from the PNAD system and StepOnePlus system.

Concentration PNAD system StepOnePlus

Average ct value CV(%) Average ct value CV(%)

5 × 106 IU/ml 25.68 1.483 25.55 1.827

5 × 105 IU/ml 28.93 1.756 29.08 1.495

5 × 104 IU/ml 32.91 1.383 33.06 0.629

5 × 103 IU/ml 36.29 1.876 36.69 0.762
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standard target of SARS-CoV-2. These four targets

corresponding to the fluorescence channels are: FAM

(470 nm/520 nm), HEX (520 nm/570 nm), TEXAS Red

(570 nm/630 nm) and Cy5 (630 nm/690 nm), which coincided

with the detection channels of the two fluorescence modules.

Multiplex real-time fluorescence PCR curves for different genes

of SARS-CoV-2 from StepOnePlus and the PNAD system are

shown in the Figure 9. It should be noted that since there was no

Cy 5 channel in StepOnePlus system, so the curve corresponding

to the internal standard target was absence. Comparing with the

curves from StepOnePlus system (Figure 9A), fluorescence

curves from the PNAD system (Figure 9B) are smoother both

in baseline and exponential growth periods, which means that

under the driving of the current-light dual negative feedback LED

circuit the excitation LED of the designed fluorescence module is

highly stable. In addition, comparing with Figure 9A, the

difference in signal gain of these curves was smaller in

Figure 9B due to the compensation for optical loss by

strengthening excitation light and amplifying fluorescence

signal gain in the designed fluorescence module. The Ct

values of each curves are displayed in Table 5, as for

3 different genes of SARS-CoV-2, the similar results of the

PNAD system and StepOnePlus further indicate the

homogeneity of each channels in fluorescence module.

Conclusion

We developed a miniaturized, high-sensitivity and integrated

dual-channel fluorescence module that was extremely suitable for

portable nucleic acid detection system for real-time PCR. The

dual-channel fluorescence module integrated drive circuit board

and all of the optical elements in a minute (55 mm × 45 mm ×

15 mm) metal box. Based on confocal optical path, a single

module realized dual channels fluorescence exciting and

detecting by integrating two set excitation-emission optical

paths at different wavelengths. The stability of fluorescence

signal is enhanced by the improvement of the LED stability

which is provided by a current-light dual negative feedback LED

circuit. In addition, the signal differences of each curves are

smaller due to the compensation for optical loss by strengthening

excitation light and amplifying fluorescence signal gain. After

fabrication, we installed the two fluorescence modules on the

homemade PNAD system to perform HBV concentration

gradient test and multiplex test for different gene targets of

SARS-CoV-2. The homemade PNAD system showed excellent

linear response to HBV within the concentration range from 5 ×

106 IU/ml to 5 × 103 IU/ml, the correlation coefficient R2 was

greater than 0.99. Besides, it had good reproducibility with CV

less than 2%. A comparison of the SARS-CoV-2 test results

between our modules and StepOnePlus shows that this module

performs better in stability and homogeneity across different

channels.

Currently, four dichroic mirrors are used in the optical path

to distinguish excitation light from emission light, which greatly

causes the loss of light energy. If more channels of fluorescence

detection want to be achieved, the current optical path structure

is not the most preferable solution. Because more detection

channels mean more excitation sources, detectors and optical

components such as dichroic mirrors and filters, there will be

more losses in the optical path. So, we are considering the use of

FIGURE 9
Multiplex real-time fluorescence PCR curves for detection of different targets of SARS-CoV-2. (A) Fluorescence curves of ORFlab gene, N gene
and E gene of SARS-CoV-2 from StepOnePlus system. (B) Fluorescence curves of ORFlab gene, N gene, E gene and internal standard target from the
homemade PNAD system.

TABLE 5 Ct value of different targets of SARS-CoV-2 from the PAND
system and StepOnePlus system.

Ct

Target ORFlab N E Internal standard

StepOnePlus 27.83 27.97 27.86 \

PNAD System 27.67 28.12 27.82 30.32
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optical fiber to achieve the separation of excitation and emission

light, which may reduce the loss of light energy. In addition to

being integrated into a homemade PNAD system for real-time

PCR, the fluorescence module designed in this paper can be

adapted to different applications such as water quality

monitoring, food safety checking and clinical testing by

changing the LEDs and filters.
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