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Quantitative Real-Time Polymerase Chain Reaction (QRT-PCR) has become indispensable in the realm of
disease nucleic acid screening and diagnostics, owing to its remarkable precision and sensitivity, in which
the real-time fluorescence detection system plays an extremely critical role. To solve the problems of
long time and slow speed of traditional nucleic acid detection, PCR systems are evolving towards ultra-
rapid configurations. Nonetheless, most extant ultra-rapid PCR systems either depend on endpoint
detection for qualitative assessments due to inherent structural or heating constraints or circumvent the
challenge of adapting optical systems to expeditious amplification systems, resulting in potential
shortcomings in assay efficacy, volume, or expense. Consequently, this study proposed a design of
a real-time fluorescence detection system for ultra-fast PCR, capable of executing six channels of real-
time fluorescence detection. Through the meticulous calculation of the optical pathway within the
optical detection module, effective regulation of system dimensions and the cost was accomplished. By
devising an optical adaptation module, the signal-to-noise ratio was enhanced by approximately 307%
without compromising the PCR temperature alteration rate. Ultimately, by employing a fluorescence
model that accounted for the spatial attenuation effect of excitation light, as proposed herein,

fluorescent dyes were arranged to evaluate the repeatability, channel interference, gradient linearity, and
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Accepted 21st June 2023 limit of detection of the system, which proved that the system had good optical detection performance.

Finally, the real-time fluorescence detection of human cytomegalovirus (CMV) under 9 min ultra-fast
DOI: 10.1039/d3ra03363e amplification was achieved by a complete ultra-fast amplification experiment, which further validated the

rsc.li/rsc-advances potential of the system to be applied to rapid clinical nucleic acid detection.

diseases, such as the novel coronavirus (2019-nCoV), African
Swine Fever, and Monkeypox, have emerged, with qRT-PCR

Introduction

Nucleic acid testing is a molecular diagnostic technique that
detects the structure or expression level of genetic material to
make a relevant diagnosis. This technique boasts extensive
applications in molecular biology, forensic science, clinical
diagnostics, and biomedical research. Given the low concen-
tration of initial samples, nucleic acid detection typically
necessitates prior nucleic acid amplification. Quantitative Real-
Time Polymerase Chain Reaction (QRT-PCR) serves as a para-
mount method for exponentially amplifying specific DNA frag-
ments. In recent years, substantial outbreaks of infectious
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becoming a widely employed tool for nucleic acid screening
and diagnosis, owing to its accuracy and heightened sensitivity.

Regrettably, current PCR instruments often demand 1-3
hours for assay completion and entail sizable, costly devices
that necessitate specialized operators and professional envi-
ronments. This undoubtedly constrains the deployment of such
laboratory apparatuses in resource-limited settings. Over the
past several decades, nucleic acid detection has progressively
gravitated towards ultra-rapid methodologies, with researchers
globally exploring ultra-fast PCR systems. Some scholars have
performed ultra-fast PCR by water bath temperature variation,*
Peltier control,”> multi-temperature rotary,* or plasmonic pho-
tothermal heating. All these direct or indirect temperature
regulation methods have to rely on endpoint detection for
qualitative judgments due to the design of their structures or
the effect of photothermal heating on real-time fluorescence.**
However, real-time fluorescent quantitative PCR is indispens-
able for clinical applications, as simplistic ultra-fast PCR strat-
egies fail to furnish reliable nucleic acid quantification results

© 2023 The Author(s). Published by the Royal Society of Chemistry
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and gene copy number discrepancies, which are germane to
patient condition evaluation, disease course monitoring, and
prognosis assessment.®

To compensate, Cunha’ et al. designed an ultra-fast PCR
device that can complete 40 cycles of PCR in 10 min. The device
uses a double-sided clamping amplification chamber with
peltier for rapid temperature rise and fall, and an integrated
fluorescence reader placed orthogonally to the amplification
chip for real-time fluorescence detection; E. K. Wheeler® enables
real-time PCR in less than 3 minutes by integrating a tempera-
ture conversion device and a fluorescence reader; T. Houssin®
for rapid temperature rise and fall by means of a temperature
controller and two heat exchangers with an integrated fluores-
cence reader for real-time detection; P. J. R. Roche' as well as S.
Zhou'' chose to use a dedicated PI camera for real-time fluo-
rescence measurements in their respective studies. The
majority of aforementioned studies have executed real-time
fluorescence detection by incorporating external fluorescence
readers or cameras. While this could accomplish rapid ampli-
fication detection, it circumvents the issue of adaptability
between swift amplification systems and optical detection
systems. Moreover, these studies lack tailored optical design
and localized adjustments for ultra-fast configurations, poten-
tially impacting fluorescence detection stability and detection
limits. To some degree, this may result in excessively large and
costly devices, ultimately compromising the instrument's
overall portability.

Hence, a specially designed fluorescence detection module is
not only instrumental in enhancing assay efficiency and the
accessibility of diagnostic information but also significantly
improves portability and cost reduction while maintaining the
ultra-fast PCR system's performance. This enables swifter, more
precise, and portable point-of-care testing (POCT).

In this study, we propose an ultra-fast PCR system based on
multiple temperature The system achieved the
maximum heating and cooling rates of 24.12 °C s " and 25.28 °
C s, and was able to complete the nucleic acid amplification
of human cytomegalovirus (CMV) within 9 min. And for the
ultra-fast temperature changes brought about by the light
collection structure, optical suitability, and system detection
performance, a real-time fluorescence detection system design
scheme is proposed. This solution can be used not only in the
ultra-fast nucleic acid amplification system we designed but
also as a reference for other nucleic acid amplification systems.
The system is divided into two parts: the optical detection
module and the amplification adaptation module; in the optical
detection module, in order to achieve accurate control of the
optical path, specific calculations, and simulations were per-
formed to verify the optical path, and relevant component
selection was carried out to achieve effective control of the
system size and cost; in the amplification adaptation module, in
order to enhance the fluorescence excitation efficiency while
enabling ultra-fast amplification, a special structure was
proposed in this study, and an optical surface was specially
designed in combination with the temperature control module
to substantially improve the signal-to-noise ratio of the system.
In the subsequent study, the emission fluorescence due to the

zones.
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spatial attenuation effect of the excitation light is also modeled
for specific concentrations, which has generalized implications
for optical system performance testing experiments. Next, the
performance of the optical system was verified for repeatability,
channel crosstalk, gradient linearity, and limit of detection, and
compared with the BioRad commercial PCR instrument to
demonstrate the good optical detection performance of the
system. Finally, sample amplification experiments were per-
formed using human cytomegalovirus (CMV), showing good
ultra-fast amplification as well as real-time fluorescence
detection.

Materials and methods
System design and instrumentation

Ultra-fast temperature control module design. The physical
diagram of the ultra-fast PCR system is shown in Fig. 1, which
contains two key components: an ultra-fast temperature control
module for PCR thermal cycling and a real-time fluorescence
detection system, which is divided into two parts: an optical
detection module and an optical adaptation module.”” The
overall size of the ultra-fast temperature control module is
140 mm X 130 mm x 70 mm, and it is used to obtain the
temperature required for PCR by driving the PCR tube to move
cyclically between multiple temperature zones. By introducing
a control method for over-raising the temperature difference
between the biological reagents in the PCR tube and the
external heat source, ie., the introduction of a temperature
over-regulation temperature zone, substantially increases the
heat transfer rate between the reagent liquids, resulting in rapid
PCR thermal cycling, which can complete 40 cycles of amplifi-
cation in 9 minutes. Each temperature zone unit consists of an
upper and lower symmetrical structure, including heat-

Ultra-fast temperature
control module

A

Optical detecﬁon
module

Fig. 1 Overall physical picture of the ultra fast PCR system.
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generating pieces, heat-conducting pieces, heat insulating-
pieces, and temperature sensors. The heat-conducting pieces
are made of aluminum with good thermal conductivity to ach-
ieve temperature homogenization, and the pieces is made of
a ceramic heater with the size of 10 mm x 10 mm x 1 mm
(Tritech, Guangzhou). The horizontal movement of the PCR
reaction tube is completed by servo control of the motor to
achieve switching in different temperature zones. A more
detailed description can be found in our previous work.'>*3

Optical detection module design. The optical detection
module consists of a full-spectrum light source cassette and six
“bullet-shaped” optical channel cassettes integrated into a disc.
The size of the full-spectrum light source box is 14 mm x 35 mm
x 26 mm, and the optical channel box is a cylinder of ¢ =
52 mm and 7 = 40 mm after integration. Due to the different
number of detection targets required for different diseases and
the lack of detection scalability of a single channel, the optical
detection module designed in this study can complete six
channels of fluorescence detection, which has great potential
for detection.”>"”

Each channel of the optical channel box consists of the
following parts. In order to eliminate the influence of stray light
on the detection performance as much as possible, excitation
filters with ¢ = 8 mm (United Optical, Beijing, China) and
emission filters with ¢ = 10 mm (United Optical, Beijing, China)
were selected. The dichroic mirror (Jinyi Optics, Beijing, China)
with ¢ =10 mm and the plano-convex lens with f= 10 mm, ¢ =
8 mm were selected, and the optical fiber and the photodiode
were fixed, and the channel switching was completed by the
rotation of the motor, which greatly reduced the overall size.
The internal design of the channel box is chosen to use confocal
optical path design in order to avoid the interference of exci-
tation light to the maximum extent, as shown in Fig. 2(b), and
the selection of each channel is shown in Table 1. The operating
schematic of one of the optical channel boxes is shown in
Fig. 3(b).
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Table 1 Channel Selection

Channel Excitation filter Emission Filters Dichroic mirror
Atto 436 + 10 mm 455 £+ 10 mm DM 435/455
FAM 470 £+ 15 mm 525 + 10 mm DM 470/525
HEX 520 £ 10 mm 571 £ 1 mm DM 520/571
ROX 571 £ 10 mm 602 + 10 mm DM 571/602
CY5 635 £+ 12.5 mm 681 £ 5 mm DM 635/681
Quasar 705 680 +£ 10 mm 710 + 10 nm DM 680/710
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Fig. 3 Schematic diagram of the optical detection module (a) sche-
matic diagram of the operation of the light source box (b) schematic
diagram of the operation of the optical channel box.

In order to meet the requirement of stable excitation beam
intensity and monochromatic luminescence spectrum, we
choose Light Emitting Diode (LED) as the excitation light
source. Three LEDs are integrated into the light source box to
reduce the overall size of the system, which are blue, red and
white LEDs. The light source box emits parallel light without
high voltage power supply, and the overall size is 39 mm x
26 mm X 14 mm, as shown in Fig. 2(c). This compact design

e special

(e) reflective
® ,

-surface
&
%  Upper

thermal
u pad

Inletflow
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Fig.2 Overall structure of the optical detection module (a) general view of the optical detection module (without housing); (b) internal structure
of the “clip-like” optical channel cassette; (c) internal structure of the full-spectrum light source cassette; (d) physical view of the PCR reaction
tube; (e) structure of the special heating sheet in the optical adaptation module.
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Table 2 Selection of each component
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Component Name Company Model
Plano-convex lens Hengxiao optoelectronics, Nanjing Customized
Optic fiber Hecho, Nanjing Customized
Photodiodes Hamamatsu, Japan $1133-01
Blue LED Nichia, Japan NSPB510BS
Red LED Nichia, Japan NSPR510GS
White LED Nichia, Japan NSDL510GS
Light source box dichroic mirror Thorlabs, United States DMLP605T
DMSP505T

not only improves the integration of the excitation light source,
but also helps to realize the portability of the real-time fluo-
rescence detection system.'®*® The light emitted from the LED
can obtain the horizontal excitation light after the collimation
of the plano-convex lens, and split by the dichroic mirror, finally
forming a parallel, uniform outgoing light, incident light source
channel box to complete the excitation of the detection channel,
and its working principle diagram is shown in Fig. 3(a). The
optical detection module is connected to the optical adaptation
module by a ¢ = 1.2 mm optical fiber. In order to ensure
a certain bending capacity using plastic multimode fiber, the
selection of each component and the manufacturing company
are shown in Table 2. A more visual understanding of the
system can be obtained by referring to the attached video of the
complete system in operation.

Optical adaptation module design. Due to the structural
limitations imposed by the rapid temperature change of the
solution, the amplification chamber of the PCR tube is designed
in a flat shape to achieve rapid temperature change. The
amplification chamber size is 4.5 mm x 4.5 mm x 1 mm, and
the amplification chamber is flanked by 0.05 mm transparent
polycarbonate films, as shown in Fig. 2(d). This also leads to
a narrow location for real-time fluorescence detection in the
upper and lower clamping “sandwich” heating structure, which
is not easy to install detection devices, and the side of the light
signal will be blocked by the heat-conducting sheet, making it
difficult to collect. However, for the real-time fluorescence PCR
instrument, good emission light collection is essential to obtain
accurate quantitative diagnostic results.

Therefore, the fluorescence acquisition system is partially
integrated into the temperature control system in this study,
and a special optical reflective surface is innovatively designed
on the heating sheet to enhance the overall performance of
optical detection without affecting®*>* the rapid temperature
change. In the optical adaptation module, we discarded the
commonly used side light harvesting method and chose to
insert an optical fiber by punching a small hole of ¢ = 1.2 mm at
the bottom of the thermal conductivity sheet where the 55°
temperature zone is located. Due to the large size difference
between the optical fiber and the amplification cavity, only
a very small portion of the fluorescence of ¢ = 1.2 mm was
excited by direct incidence. Therefore, how to make full use of
the optical reflection to excite more fluorescence is of great
significance to enhance the collection of useful signals as well
as the signal-to-noise ratio.

© 2023 The Author(s). Published by the Royal Society of Chemistry

In this study, an optical surface with special curved reflective
properties is designed to achieve the full utilization of excitation
light while avoiding excessive heat loss that may affect the ramp
rate of the solution. While ensuring the reflective properties of
the optical surface, the surface size should be moderate to avoid
affecting the temperature change rate. The specific entity is
shown in Fig. 2(e), and the specific key parameters will be
explained in detail later. The excitation light excites the solution
in the amplification cavity twice by direct incidence and
reflection through the special curved surface of the upper
thermal conductivity sheet, which significantly improves the
fluorescence excitation efficiency. Since the fluorescence itself is
a Lambertian light source, more fluorescence is reflected back
into the fiber, which increases the total amount of fluorescence
collected and improves the overall signal-to-noise ratio.

Control system design. As shown in Fig. 4, the block diagram
of the control unit of the system shows the overall control and
processing process. We chose STM32 as the main controller and
focused on the following main functional modules according to
the actual control requirements: (1) power supply module:
responsible for voltage conversion and power supply for the
sub-circuit; (2) LED driver circuit: to achieve constant current
drive control of the excitation light source; (3) stepper motor
driver circuit: to complete the drive control of the motor in the
switching device to achieve channel switching; (4) communi-
cation module: used to communicate with the host computer
and print debugging information as a circuit debugging inter-
face; (5) signal conditioning and sampling circuit: to realize the
conditioning and sampling of the output electrical signal of the
photoelectric converter. In order to reduce the resistance value
of the feedback resistor without affecting the conversion and
detection of the fluorescent signal, this paper uses a T-shaped
resistive feedback network instead of a single feedback

Signal AD SPI S
Conditioni <:—'\ * tepper motor
Module V| e
MCU
RS2%2 Communication ‘IZC N
module <:3 N— LED
Power I

Fig. 4 Control system hardware structure block diagram.
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resistor in the form of an optimized design. The photocurrent of
sample fluorescence after photoelectric conversion is usually at
the pA level. To accurately achieve the measurement of photo-
current, this system uses a precision ¢trans-impedance amplifier
(OPA380, Texas Instruments TI, USA). After the optical signal
passed through the multiplexed selector switch composed of
ADG1408, we designed a secondary amplifier circuit using TI's
OPA277 operational amplifier to further amplify and process
the optical signal.

Calculation of key parameters

Optical detection module optical path quantitative calcula-
tion. In the optical detection module, precise quantitative
control of the optical path can maximize the signal-to-noise
ratio and reduce the overall size of the module. In this study,
the core optical components of each channel are integrated into
an optical channel box, and the distance of each component in
the optical path is further reduced through the calculation of
the actual optical path, and the spot size is precisely controlled.
Take the optical channel box of optical fiber collecting fluo-
rescence incident optical channel as an example, the angle of
optical fiber emission is determined, and the fluorescence
passes through the lens to form a spot of the suitable size to be
incident on the filter. Assume that the distance L from the exit
point A to the vertex O of the lens sphere, the refractive indices n
and’ of the air and lens, the radius of curvature r of the lens and
the divergence angle U of the fiber are known (Fig. 5).

In AAEB, there are

. sin U
sina=(L—r)x (1)
r
. . n
sin o’ = sina x — (2)
n
In AA’EB, there are
sin o _sin U 3)
L—-r  r
% &
o
|
n o8 N
n :h ‘\
Tl ] ‘\\ N o™
A 0 B N A
r
X
1 L
Fig. 5 Schematic diagram of light passing through optical
components.
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Therefore,

. /

/ sin «
L =r—5+1 4
r(sin v ) )

where

U=U+a-d (5)

The filter is placed on the back side of the lens that is placed
in the N point, set the ON distance x, the spot size y can be
expressed as

y=IL —x) xtanU (6)

The final result is

n .
— S «
n

+1| —x| xtan|U + «

y=1"- .
sim U+« — arcsm(—,sm oz)
n

. n .
— arcsin (—, N 0[)]
n

(7)

By adjusting the radius of curvature rof the lens and the
spacing x between the lens and the filter, the desired size of the
light spot can be formed. Analogous calculations are also per-
formed in the subsequent optical path, which can provide
precise quantitative control of each level of the optical path and
guide the overall selection of the instrument to reduce the size
and improve the signal-to-noise ratio. The specific distances
between the final components are shown in Table 3.

Optical adaptation module quantitative calculation. The
excitation light is emitted through the optical fiber, reflected by
the special reflective surface of the upper heat-conducting
sheet, and then laid flat on the amplification cavity of the
microfluidic chip to excite more fluorescent material and
enhance the overall signal-to-noise ratio. The basic schematic of
the reflective surface is shown in Fig. 6.

We divide the luminous flux of light source into equal
amounts of according to the angle. The light intensity distri-
bution of the light source is

1 = Iy cos(f) (8)

where @ is the zenith angle in spherical coordinates. Then
integrating the relation between light intensity and luminous
flux, and considering the face shape as a rotationally symmetric
structure, we get

0y
(p:J I sin 6 d6 9)
0>

Since the luminous flux of the light source is divided equally
into N parts, we get

_ Protal

N

s (10)

After sorting, we can get

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra03363e

Open Access Article. Published on 30 June 2023. Downloaded on 3/8/2026 12:31:25 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

|
bl

Paper

Table 3 Optical path distance parameter table
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Distance Distance
The distance between between between
the excitation filter and binomial mirror lens 1 and
the binomial color mirror and lens 1 fiber

binomial

emission filter 1

Distance between

color mirror and

Distance between
the

emission filter 1
and the lens 2

Distance between the
emission filter 2 and the
photodetector

Distance between
the lens 2 and the
emission filter 2

6.59 mm 4.90 mm 7.93 mm 6.33 mm

chips

Fig. 6 Schematic diagram of the excitation light reflected by the
special reflective surface of the upper heat-conducting sheet.

Oni1
0, = [ Iy cos 6 sin 6 d6 (11)
1 . 2 . 2
0, = zIo [sm(e,,ﬂ) — sin(6,) } (12)
The final result is
- . 2(/7tota1 : 2
0,41 = arcsing [ —*~ + sin(6,) (13)

0

On this basis, the target surface is also divided into N equal
parts to establish the reflective surface, and the light source is
linked to the target surface. In order to link the different § angle
intervals of the light source to the receiving surface ringband,
the reflective surface is divided into multiple straight line
segments L. The light from the light source should fall at the
corresponding receiving surface after being reflected at the end
point of the next reflective surface segment, and so on for
subsequent reflective surface line segments. Since the incident
fiber and the reflected ray are known, the next segment normal
can be determined and thus the next segment is located in
a straight line. Let the angle between the incident light and the
reflected light is «, where b indicates the distance from the light
source to the left end point of the next segment; ¢ indicates the
distance from the left end point of the next segment to the fall
point of the light at the receiving surface; a indicates the
distance from the LED to the fall point of the light at the
receiving surface, which is obtained by the cosine theorem

b+ —d?

Cos o = 2he

(14)

© 2023 The Author(s). Published by the Royal Society of Chemistry

1 mm 1.38 mm 1.98 mm

Then, according to the next angle ¢, the length of the current
hypotenuse b as well as «, according to the law of cosines to
solve the next section of the reflective surface length L.

L _ b (15)
sin(0, — 0;)  gin(T _ _
2 1 sm(2 o+ 6, 02>

Based on the angle between the emitted ray and the next
section of the reflecting surface and the positioning of the next
section of the target surface, the rotation matrix is listed and the
coordinates of the right endpoint of the next reflecting surface
line segment are solved.

Xp| | cos@ sinf||x,
| | —sin@ cosf||y.

The above iterative process is compiled using Matlab, the
reflective surface bus data is solved, and the data is imported
into Solidworks for 3D modeling. Machining adjustment using
Unigraphics NX to perform surface machining (accuracy +0.01
mm) on the surface of aluminum heating plates. And the
surface is polished and painted to get the final product. A
temperature sensor is installed on the back of the aluminum
block to monitor the temperature zone and adjust the temper-
ature profile in real time by computer to compensate for the
heat loss caused by the absence of a heat-conducting sheet
structure, to avoid a reduction in the expansion rate, and to
effectively take into account the uniformity of the excitation
light irradiation and the slowing down of the temperature rise
caused by heat dissipation.

(16)

Results and discussion
Optical detection module optical path simulation

In this study, to ensure the overall light path design is sound, we
use LightTools software to track the light propagation and
evaluate the performance of the light path structure. The first is
the simulation verification of the full-spectrum light source box,
as shown in Fig. 7(a), the three LEDs emitted through the lens
for collimation, respectively, and through the binomial color
mirror for the initial split, the outgoing light parallel, uniform,
and finally incident light source channel box to complete the
excitation of the detection channel. The optical channel box is
then simulated and verified, where the excitation light is inci-
dent in parallel, reflected by the binomial color mirror, and
enters the fiber, as shown in Fig. 7(b). Light propagates in the
fiber by total reflection, but due to dispersion, fiber bending,

RSC Adv, 2023, 13,19770-19781 | 19775
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Fig. 7 Optical detection module optical path simulation (a) full-
spectrum light source box simulation verification; (b) optical channel
box simulation verification; (c) optical spot image at PD.

and other factors that make the propagation somewhat
random, we replace the fiber with a circular detection surface
and fluorescence emission surface with a radius comparable to
the round end of the fiber cross-section. In the emission light
path, the light source is set as Lambert light source to simulate
the actual fluorescence emission,” and finally a circular spot
with a diameter of 2.4 mm is formed to cover the PD window to
complete the detection, as shown in Fig. 7(c). The final Light-
Tools simulation results fine-tuned the actual calculation
results, laying the foundation for the performance testing of the
optical detection system and biological experimental testing.

Optical adaptation module simulation and experiment

In order to verify the performance of the optical adaptation
module design and to investigate whether the application to
ultra-fast conditions excites more fluorescence and improves
the signal-to-noise ratio, the optical adaptation module

Fig. 8 Simulation of optical adaptation module (a) simulation of
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reflective surface is simulated using LightTools, as shown in
Fig. 8(a). After the excitation light is emitted, it is uniformly
distributed in a square interval of 4.5 mm x 4.5 mm after being
reflected by the calculated reflective base surface, and the
formed light spot is shown in Fig. 8(b).

A comparison experiment was conducted between ordinary
copper heat-generating pieces (the surface of which is black-
ened by oxidation due to rapid temperature changes), ordinary
aluminum heat-generating pieces, and optically adapted heat-
generating pieces with specially designed reflective surfaces to
verify the performance of the adapted modules. The HEX
channel was selected for the test experiment, DMSO was used as
the blank control group, the HEX dye was diluted by 2 times, the
appropriate concentration was selected, and the fluorescence
values were read using the optical detection module, and the
results of the test fluorescence values are shown in the table
below (Table 4).

Comparison with the blank control group showed that the
noise signal and the excitation light signal were not greatly
increased by the addition of the optically adapted heating sheet,
but the emission light signal was greatly increased. The signal-
to-noise ratio, obtained by dividing the effective signal by the
noise, is 307% higher than that of an ordinary copper heater
and 203% higher than that of an ordinary aluminum heater,
greatly improving the overall signal-to-noise ratio and detection
capability of the instrument.

Fluorescence model considering the spatial decay effect of
excitation light

Due to the absorption effect of fluorescent substances, the
excitation light will be attenuated along the propagation
direction during the propagation process, and this spatial
attenuation effect leads to uneven distribution of fluorescence
emission in space. The absorbance versus concentration devi-
ates from linearity in highly concentrated solutions due to the
limitation of the linear range of the Lambert-Beer law.**>¢
During fluorescence detection system performance testing,
gradient stability and linearity are often screened, and such
deviations can introduce a certain amount of error during final
instrument performance verification. To this end, we conducted
tests based on the FAM channel, studied the spatial intensity
distribution of fluorescence emission over a wide concentration
range, obtained the relationship between the received fluores-
cence intensity and the concentration of fluorescent
substances, and established a fluorescence model that includes
the spatial attenuation effect to avoid similar spatial attenua-

reflective surface of optical adaptation module; (b) final formation of ~ tion problems in subsequent experiments and reduce
light spot image. misjudgment of the instrument performance.
Table 4 Comparison of the effect of optically adapted reflective surfaces

Ordinary copper Ordinary aluminum optically adapted

heat-generating pieces

heat-generating pieces heat-generating pieces

Blank 2391.1
Gradient 4 (15 ug ml™?) 24 500.2
Valid signals 22109

19776 | RSC Adv, 2023, 13, 19770-19781

2406.2 2417.8
34508.2 65 343.2
32117.2 62 952.2
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Fig. 9 Fluorescence modeling results considering the spatial attenu-
ation effect of excitation light.

We performed fluorescence value acquisition and averaging
based on a BioRad commercial PCR instrument using the
organic solvent dimethyl sulfoxide (DMSO) formulated with
a fluorescent dye for the FAM (fluorescein isothiocyanate)
channel at concentrations from 1 mg L™ to 200 mg L™ ". The
following model between fluorescence intensity and concen-
tration was obtained after deducting the noise signal. The
results showed that the received fluorescence intensity showed
an overall phenomenon of increasing and then decreasing, with
an approximately linear increase at ¢ < 20 mg L™". The spatial
decay effect began to appear at ¢ > 20 mg L™ ", and the fluores-
cence intensity did not increase with increasing concentration
but weakened. The reason for this phenomenon may be that,
limited by the linear range of Lambert-Beer law, the absorbance
of the solution cannot maintain a completely positive correla-
tion with the solution concentration when the concentration is
higher than a certain range, and the spatial attenuation effect of
the excitation light in the high concentration solution becomes
significant. In the ultra-fast PCR assay, the initial viral amount
of the pathogen is difficult to reach too high a concentration
range even after multiple rounds of amplification, which also
circumvents the effect of spatial decay on the instrument
performance measurement to a certain extent (Fig. 9).

Overall system performance verification

Repeatability testing. The optical adaptation module
designed in this paper is integrated with the optical detection
module to form a real-time fluorescence detection system, and
the overall performance is tested. The reproducibility of the
system was first tested by testing the coefficient of variation (CV)
of each channel at different concentrations of fluorescent dye
samples. For this purpose, three test fluorescent dyes, FAM
(fluorescein isothiocyanate), HEX (6-HEX, SE), and ROX
(R4526), were prepared using the organic solvent dimethyl
sulfoxide (DMSO) and diluted in a 2-fold gradient to obtain

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Fluorescent dye detection repeatability test results

Dye Concentration CV (%)

FAM High 0.053
Moderate 0.107
Low 0.197

ROX High 0.015
Moderate 0.053
Low 0.098

HEX High 0.047
Moderate 0.098
Low 0.166

high, medium, and low concentrations of 10 mg L%,
0.1 mg L', and 0.001 mg L' of the fluorescent dyes, respec-
tively. Subsequently, 20 uL of each concentration of fluorescent
dye was taken and added to the PCR reaction tubes, and 500
consecutive fluorescence measurements were performed. The
results are shown in Table 5: the detection CV values of all
samples for each channel were less than 0.2%, where the
maximum value was 0.197% and the minimum value was
0.015%. This result indicates that the system has good detection
repeatability and stability during fluorescence detection, and
can effectively avoid data fluctuation caused by error interfer-
ence during the detection process. It is of great significance to
ensure accurate and rapid nucleic acid detection and provides
a solid foundation for the rest of the performance tests and
biological experiments.

Channel crosstalk test. In multi-channel real-time fluores-
cence quantitation, the crosstalk between channels is a problem
that cannot be ignored. Due to the partial overlap of the exci-
tation and fluorescence spectra between different channels,
mechanical structure leakage, circuit noise, and other factors,
there is a certain degree of channel crosstalk in the detection. In
order to have a deeper understanding of the fluorescence
crosstalk of this system, we conducted a channel crosstalk
experiment. In our experiments, we used three channels of
excitation light to excite each channel and its corresponding dye
and recorded the sampled fluorescence values in the corre-
sponding excitation states. In addition, we used ultrapure water
as a control group. As shown in Fig. 10, the channel crosstalk
data are presented in the form of a three-dimensional bar
graph.*" As can be seen from the figure, the fluorescent dye only
generates high fluorescence intensity when the corresponding
channel is excited, and the fluorescence generated by the rest of
the channels does not exceed 10% of the fluorescence intensity
generated by the corresponding channel, and the fluorescence
signal feedback of ultrapure water CK in each channel is also at
a very low level, which verifies the feasibility of the system in
multiplex detection. The inter-channel crosstalk problem will
be further solved by the algorithm later.

Gradient linearity test. For nucleic acid detection instru-
ments, the detection gradient is the relationship between the
nucleic acid concentration or copies and the detection signal
within a certain range.*” The linear relationship allows the
nucleic acid detection instrument to infer the nucleic acid
concentration or copy number in the sample based on the

RSC Adv, 2023, 13,19770-19781 | 19777
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detection signal. It is critical for quantitative analysis in
research and for viral load assessment in diagnostic processes,
among others. In this study, DMSO was used to dilute the FAM,
HEXand ROX dyes in a 2-fold gradient. With the fluorescence
model of the spatial decay effect of excitation light, the
concentration range should not be too large or it will lead to
misjudgment of performance. Finally, DMSO was used as
a blank control group for gradient testing, and the final results
are shown in Fig. 11. Each of the three channels was tested with
12 gradients, and 100 data were collected for each gradient and
averaged, and the values were normalized by subtracting the
blank control group using the LOG function with a base of 2.
The values of each channel were above 0.99, which had good
linearity and established the basis for subsequent biological
experiments.

Limit of detection test. The limit of detection (LOD) is the
lowest nucleic acid concentration that can be detected by the
instrument. For nucleic acid detection, the limit of detection is

19778 | RSC Adv, 2023, 13, 19770-19781
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Table 6 Comparison of limit of detection of FAM channels

Ultrafast PCR real-time
fluorescence detection
system - FAM channel

Bio-rad PCR instrument
- FAM channel

Concentration

(ng mL™) y+30 S/IN y+30 S/N
24.41 9482.77 + 19.81 57.13 2387.33 + 7.07 20.49
12.21 8849.53 + 20.24 31.79 2282.67 + 2.83 13.01
6.103 8368.27 + 14.29 15.78 2248.83 + 3.74 3.28
3.02 8200.40 + 20.77 6.48 2238.33 + 3.74 0.97
1.51 8112.23 + 19.44 3.25 2232 + 6.16 —0.21
0.76 8052.30 + 17.52 0.92 2202 + 2.45 —9.24
Blank 8030.60 + 15.93 2234 + 2.45

Table 7 Comparison of limit of detection of

HEX channels

Ultrafast PCR real-time
fluorescence detection
system - HEX channel

Bio-rad PCR instrument
- HEX channel

Concentration

(ng mL ™) y+30 SIN  y+30 S/N
7.32 4514.83 + 15.65 9.73 2092 + 2.45 23.92
3.66 4462.5 + 17.28 6.83 2049.16 + 2.44 16.07
1.83 4413.56 + 18.75 4.39 2004.83 + 6.16 5.50
0.92 4383.03 + 15.39 3.47 1987 + 4.89 3.75
0.46 4353.33 + 19.76 1.74 1969 + 6.48 0.98
0.23 4340.36 + 23.81 0.97 1960.33 + 1.41 —0.13
Blank 4311.2 + 13.88 1961 + 4.89

of great significance because it directly affects the overall
sensitivity and accuracy of the instrument, which is critical in
the detection of early viral infections or trace nucleic acids.
Here, DMSO was still used to dilute FAM, HEX, and ROX master
mixes in a 2-fold gradient. The spatial decay effect fluorescence
model of excitation light shows that the measurement range
cannot be too large, so the mother liquor concentrations were
set to 100 ug mL™ ", 15 ug mL™" and 5 ug mL™", respectively.
After the three fluorescent dyes were added to the microfluidic
chip chamber, fluorescence excitation, and acquisition were
performed using the corresponding channels for the samples to
be tested. To further characterize the performance of the
system, a control experiment was conducted using

Table 8 Comparison of limit of detection of ROX channels

Ultrafast PCR real-time

fluorescence detection
system - ROX channel

Bio-rad PCR instrument
- ROX channel

Concentration

(ng mL ™) y+ 30 SIN y+ 30 SIN
9.77 1297.03 + 1.67 10.10 3348.33 + 1.41 343.92
4.88 1241.03 + 3.75 3.01 2545.33 + 9.90 54.11
2.44 1231.67 + 4.90 1.87 2192.67 + 6.16 30.51
1.22 1224.20 + 2.49 1.29 2043.33 + 5.10 11.17
0.61 1223.33 + 1.41 1.26 1996.67 + 3.74 4.54
0.31 1220 + 2.45 0.81 1976.67 + 3.74 0.76
Blank 1213 + 6.481 1972.67 + 4.89

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra03363e

Open Access Article. Published on 30 June 2023. Downloaded on 3/8/2026 12:31:25 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

CMV Amplification
25000

——ROX1

20000

15000 +

10000

Fluorescence Intensity

5000

PCR Cycle

Fig. 12 CMV amplification experiments.

a commercial PCR instrument from BioRad, with the amplifi-
cation program set to maintain 25° for light collection, and six
sets of experiments were performed for each gradient. After-
ward, 150 replicates of each gradient were tested using this
system, and the mean value y was taken and the standard
deviation ¢ was. The blanks were then read for DMSO to
determine their mean yp.,c and three standard deviations
30plank, and we defined LOD as the lowest concentration of the
fluorophore-loaded solution with S/N greater than 1, where the
signal and noise were calculated***

S'=Y — Vblank (17)

N = (30')2 + (3oblank)2 (18)

The final results are shown in the following tables
(Tables 6-8). The real-time fluorescence detection system has
a good limit of detection, up to 1.51 ng ml~' for the FAM
channel, 0.46 ng ml~" for the HEX channel, and 0.61 ng ml "
for the ROX channel, with slightly better performance than the
BioRad PCR instrument in the FAM and HEX channels, and
basically the same performance as BioRad in the ROX channel,
showing a better detection performance.

Nucleic acid amplification detection test. Combined with an
ultra-fast elevation system, a final assessment of the system's
potential for clinical application was performed. Amplification
assays were performed with HCMV DNA with an amplified
fragment of 120 bp. The viral DNA/RNA extraction kit (magnetic
bead method, Genmagbio, Changzhou, China) was used to
extract the HCMV strain AD169 from ARPE19 cell culture, which
was diluted 16 times with 1x TE buffer and stored at —20 °C
(Sangon Biotech, Shanghai, China). The virus was extracted
from DNA and mixed with reagents to form an amplification
system. The amplification system consisted of a 3.125 pL DNA
template (35.2 ng uL '), 2.5 pL buffer, 0.625 uL. 10 mM dNTPs,
0.625 uL forward primer, 0.625 pL reverse primer and 0.625 uL
probe, 0.25 uL Tag-enzyme, and 7.25 pL DEPC.20 pL of the
solution was added to the amplification chamber of the
microfluidic chip, and then 5 pL of paraffin oil was added to

© 2023 The Author(s). Published by the Royal Society of Chemistry
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block the channels of the microfluidic chip to prevent the
solution from evaporating.>*® The final nucleic acid amplifi-
cation experiment with 45 temperature cycles can be completed
in 9 min. The corresponding fluorescence detection result curve
is shown below, and compared with the BioRad commercial
PCR instrument, which proves the value of the system applied
to clinical rapid nucleic acid detection (Fig. 12).

Conclusions

In summation, we devised an innovative real-time fluorescence
detection system capable of performing real-time fluorescence
detection in ultra-fast PCR contexts. By integrating the fluo-
rescence acquisition component with the temperature control
system through optical design and ingeniously crafting
a specialized optical reflective surface on the heat-generating
elements, the signal-to-noise ratio was enhanced by approxi-
mately 307% without compromising the PCR temperature
alteration rate. Concurrently, the amalgamation of meticulously
calculated optical pathways ensured a precise system with
controllable dimensions and cost. Ultimately, based on the
fluorescence model accounting for the spatial decay effect of
excitation light, we employed fluorescent dyes to validate the
system's performance. The coefficient of variation (CV) for
channel detection was below 0.2%; channel crosstalk did not
surpass 10% of the corresponding channel's fluorescence
intensity; the 12 gradient values exhibited excellent linearity,
exceeding 0.99; the limit of detection for FAM and HEX chan-
nels slightly surpassed those of the BioRad PCR instrument,
while the ROX channel's performance was essentially equiva-
lent to that of BioRad. Lastly, the system successfully achieved
real-time fluorescence detection within a 9 minute ultra-fast
CMV amplification process, further substantiating the
system's potential for expeditious clinical nucleic acid
detection.
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