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Background: The coronavirus disease 2019 (COVID-19) pandemic is still raging worldwide. Efficient, fast
and low-cost severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) nucleic acid detection methods
are urgently needed.

Methods: A rapid PCR temperature change mode was explored by moving the reaction tube between the
independent temperature modules with large temperature differences and a portable ultra-fast real-time
PCR instrument were developed. We established a rapid SARS-CoV-2 test method using the ultra-fast real-
time PCR instrument, a China Food and Drug Administration-certified SARS-CoV-2 reagent and optimized
reaction condition. The analytical and clinical performances of the rapid tests were evaluated by comparing
with the standard SARS-CoV-2 tests.

Results: The new temperature change mode can effectively shorten the amplification reaction time and be
successfully used in the development of the ultra-fast real-time PCR instrument. The rapid SARS-CoV-2 test
method was established and the time to yield results were greatly shortened from 81 min of the standard test
to 31 min. Specificity of the rapid test was assessed and no non-specific amplification (0/63) was observed.
The limits of detection of the rapid and standard tests were similar. Clinical performance was evaluated using
184 respiratory specimens from patients with suspected SARS-CoV-2 infection. The positive agreement
between the rapid and standard tests was 100% (67/67), the negative agreement was 97.4% (114/117), and
the kappa statistic was 0.965 (P<0.001). No significant differences in the Ct values for each target gene were
observed between the rapid test and the standard test (P>0.05).

Conclusions: We had developed a 30-minute detection method for SARS-CoV-2 nucleic acid using a

novel ultra-fast real-time PCR instrument. The rapid test method may impact on patient management.
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Introduction

The coronavirus disease 2019 (COVID-19) pandemic, caused
by severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), remains an enormous threat to human society (1-3).
More than 199 million cases have been confirmed worldwide,
and more than 4.2 million people had died from the
infection as of August 4, 2021 according to the World Health
Organization (https://covid19.who.int/). There are several
kinds of SARS-CoV-2 vaccines being vaccinated globally, but
it will still take a long time to achieve herd immunity. At the
same time, there are still problems such as low vaccination
rates in low- and middle-income countries, and the reduced
vaccine protection due to virus mutation (4-7).

Decreasing viral transmission is always effective way
to prevent and control the COVID-19 pandemic. Rapid
diagnosis has been demonstrated to be very helpful in
reducing the risk of SARS-CoV-2 transmission (8,9). Using
conventional detection technologies, serum antibody against
SARS-CoV-2 is often not detected in the first week to 10
days of symptoms. Therefore, antibody testing is generally
unhelpful for acute diagnosis (10-12). Virus isolation in
culture presents significant biosafety risks and has sensitivity
limitations. Nucleic acid amplification tests (NAATs),
especially Taqman real-time PCR tests of respiratory
tract specimens are widely used worldwide to diagnose
COVID-19 and are the gold standard diagnostic method
(1,13). With the normalization of pandemic prevention
and control, the need for rapid and low-cost detection
equipment and methods is becoming more urgent.

Many factors may influence on the speed of real-
time PCR tests. Under the constant reaction system, the
temperature ramping speed of the PCR instrument and
amplification program time setting are important factors.
A conventional real-time PCR instrument performs the
amplification reaction through the heating and cooling
of the single thermal cycle module, and the temperature
ramping speed is about 3.0-3.50C/s. It usually takes more
than 1h to complete the test. For Tagman real-time PCR
test, the target nucleic acid length is about 60-150bp,
detection time may be greatly reduced by optimizing
settings.
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In this work, we explored a rapid temperature rise and
fall method using independent temperature modules with
large temperature differences (I'TM-LTD), and developed
an ultra-fast real-time PCR instrument. Basing on this
novel instrument and amplification condition optimization,
we established and evaluated an approximately 30-min rapid
SARS-CoV-2 test method using a China Food and Drug
Administration (CFDA) approved reagent. The ability of
the novel test to enable rapid, real-time detection of SARS-
CoV-2 may increase the detection capabilities of primary
medical units, expand the scope of detection, and improve
patient management.

We present the following article in accordance with the
STARD reporting checklist (available at https://dx.doi.
org/10.21037/jtd-21-1288).

Methods

Independent temperature modules with large temperature
differences (ITM-LTD)

To achieve rapid temperature change, we set up two I'TM
which fixed at 120 and 40 °C using a melt bath (Shenhua
Biotech, Guangzhou, China) and a PCR instrument
(LongGene Scientific, Hangzhou, China), respectively. The
PCR tube was moved manually between the high and low
temperature modules (Figure I). The digital thermometer
probe (Lihuada, Guangdong, China) was put into the
PCR reaction mixture to monitor temperature changes
(Figure 1A). Paraftin oil was added to the tube to prevent
the reaction buffer from evaporating.

Short-length nucleic acids amplification using ITM-LTD
To evaluate the effect of ITM-LTD in the rapid

amplification of short-length nucleic acids, a panel of
primers for amplification targets about 70, 100, 150 and
180 bp of hepatitis B virus (HBV) were designed (Table S1).
Promega Taq polymerase was used for amplification in
total 25 pL reaction mixtures including 5 pL of template
HBV-DNA according to the manufactory protocol. Three
amplification programs were performed for each test
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Figure 1 Rapid amplification of the short-length nucleic acid targets using independent temperature modules with large temperature

differences and optimized programs. (A) The PCR tube was moved manually between the independent high (120 °C) and low (40 °C)

temperature modules as the reaction mixture reached the setting temperature. (B) Program 1 and 2 were performed on the normal PCR

instrument; Program 3 was performed on the independent temperature modules. C: 1, 2, 3 represented the product of Program 1, 2 and 3. M:

100 bp marker.

simultaneously. Program 1 and 2 were performed on the
normal PCR instrument (LongGene Scientific, Hangzhou,
China), among which Program 1 was used as a control
to set the normal condition; Program 2 had extreme
short reaction time of 1 s. Program 3 was performed on
ITM-LTD, and the set condition was to move the tube
immediately once the predetermined temperature was

reached (Figure 1B). Two pL amplification products were
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analyzed using 2.0% agarose gel electrophoresis.

Description of a novel ultra-fast real-time PCR instrument

An ultra-fast real-time PCR instrument was developed
using ITM-LTD. The high and low temperature modules
were designed at 120 and 40 °C, respectively. The reaction

tubes were designed to move between the high and low
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Figure 2 Rapid temperature changes of reaction mixture in the ultra-fast real-time PCR instrument. (A) The instrument has four

fluorescence channels with a flux of 8, a size of 25 cm (L) x19 cm (W) x12 ¢cm (H), and a total weight of 3.2 kg; (B) the temperature changes

of the reaction mixture tested in the instrument between 50-100 °C.

temperature modules to achieve rapid temperature increases
and decreases. Accurate temperature control of the reaction
was maintained by moving the tubes up/down in the
temperature modules according to calculations from the
inner temperature sensor. The third adjustable temperature
module was used for RNA reverse transcription and DNA
amplification and was also the site where fluorescent signals
were collected. The instrument had four fluorescence
channels (1-4 channels) with a flux of 8. The size was
25 ecm (L)x19 ecm (W) x12 cm (H). The weight was 3.2 kg
(Figure 24). The temperature rise and fall speeds of the
reaction mixture in the instrument between 50-100 °C were
6.0£0.4 °C/s (mean = standard deviation) and 6.1+0.4 °C/s,
respectively. The fastest temperature change exceeded 10 °C/s
(Figure 2B).

SARS-CoV-2 reagent

CFDA-certified SARS-CoV-2 detection reagents were
purchased from Shanghai BioGerm Medical Technology
Co., Ltd. (Shanghai, China). SARS-CoV-2 target genes
(ORF1la/b and N) and a host cell housekeeping gene
(RNase P) were amplified with FAM™, VIC™, and ROX™
labeled fluorescent probes, respectively. Reaction mixtures
(25 pL total volumes) including 5 pL of template RNA were
prepared using automated extraction methods (KeHua Bio-
Engineering, Shanghai, China). The standard test used
the ABI-7500 instrument or the QuantStudio6 (ABI-Q6)
instrument (Life Technologies, Singapore). For standard
tests, temperature was cycled as follows: 50 °C for 10 min,
94 °C for 5 min; 40 cycles of 94 °C for 10 s and 55 °C
for 40 s. The standard test was used as a control for the

© Journal of Thoracic Disease. All rights reserved.

establishment and evaluation of the rapid SARS-CoV-2 test.

Reaction condition optimization in the novel ultra-fast
real-time PCR instrument

The rapid test conditions including the reaction time
of reverse transcription, pre-denaturation and cycling
conditions in the ultra-fast real-time PCR instrument were
optimized to take advantage of fast scanning, temperature
ramp speeds and short-length of the targets. Three
SARS-CoV-2-positive samples which had high (Ct value
22.28), medium (Ct value 26.34) and low (Ct value 34.21)
concentration were used for program optimization. Nucleic
acids were extracted from samples using conventional
column extraction or automated extraction methods, and
then assayed simultaneously for rapid tests and standard
tests.

Specificity assessment of rapid SARS-CoV-2 test

The specificity of the rapid test using optimized reaction
conditions was evaluated. A total of 63 specimens
containing 21 common non-SARS-CoV-2 respiratory
pathogens were tested to assess specificity. Pathogens
tested included common human coronaviruses (229E,
0OC43, NL63, and HKU1), influenza A and B viruses,
respiratory syncytial virus, human parainfluenza virus types
1-4, adenovirus, enterovirus, human metapneumovirus,
rhinovirus, human bocavirus, Mycoplasma pneumoniae,
Chlamydophila pnewmoniae, Streptococcus pneumonia,
Staphylococcus aureus, and Haemophilus influenza. Specimens
were stored at the State Key Laboratory of Respiratory
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Diseases and simultaneously used for the rapid and
standard tests.

Limit of detection (LOD) of the rapid SARS-CoV-2 test

"To evaluate the LOD of the rapid test, RNA was extracted
from a SARS-CoV-2 positive sample. Ct values for SARS-
CoV-2 genes (ORF1a/b and N) in the undiluted sample
were determined using the standard test. The LOD of
the rapid and standard tests were compared by assaying a
10-fold RNA dilution series in RNase-free water. Twenty-
four replicates were tested for each dilution, including
SARS-CoV-2-negative specimens.

Clinical performance of rapid SARS-CoV-2 test

The clinical study was conducted at two sites (Guangzhou
Custom Technology Center and Kingmed Virology
Diagnostic & Translational Center). Frozen respiratory
specimens (nasopharyngeal swabs, alveolar lavage fluid,
or sputum) from patients with suspected SARS-CoV-2
infections were collected and simultaneously assayed
using the rapid and standard tests. Viral nucleic acids were
extracted using automated extraction methods (KeHua Bio-
Engineering and Liferiver, Shanghai, China). Data were
collected by investigators at each study site and pooled for
analysis.

Statistical analysis

Positive and negative percent agreements between the
rapid and standard tests were calculated using two-by-two
tables. Cohen’s kappa statistic was calculated. Box-and-
whisker plots were used to show different Ct values for
target SARS-CoV-2 genes. The Mann-Whitney U test was
used to assess differences in Ct value distributions between
two test conditions. Statistical analyses were performed
using SPSS 19.0 (SPSS Inc., Chicago, IL, USA). Values
of P<0.05 (two-tailed) were considered statistically
significant.

Ethics approval and consent to participate

The study was conducted in accordance with the
Declaration of Helsinki (as revised in 2013). The study
protocol was reviewed and approved by The First Affiliated
Hospital of Guangzhou Medical University Ethics
Committee (No. 2020-77). Informed consent was taken
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from all individual participants. Parts of the study were
considered to represent quality improvement activities and
therefore were exempt from review.

Results

Rapid amplification of short-length nucleic acid targets
using I'TM-LTD

Four short-length nucleic acid targets (70, 100, 150 and
180 bp) were amplified with three programs simultaneously
(Figure 1C). Rapid amplification was performed effectively
in 12 min with Program 3. The reaction times of the
Program 1 and 2 were 65 and 32 min, respectively. Program
1 and Program 3 had good and similar amplification effects,
while the performance of Program 2 was relatively poor

(Figure 1C).

Rapid veaction condition and duration of SARS-CoV-2 test
in the ultra-fast real-time PCR instrument

The ultra-fast instrument monitors the temperature of the
reaction mixture instead of the temperature of the heating
module. We optimized the reaction time of reverse
transcription, pre-denaturation and cycling conditions
of the SARS-CoV-2 test. Effective reverse transcription
reactions were carried out at a reaction time of 4 min or
more at 50 °C (Figure 3A4); the pre-denaturation reaction
time could be shortened to 10 s without affecting the
experimental effect (Figure 3B). As to the amplification
reaction cycle, the denaturation reaction was set to 0 s
(Figure 3C), and the annealing reaction was set to 12 s to
achieve effective amplification (Figure 3D). In the end, in
order to ensure the effective progress of the test, we set up
conservative and rapid test condition as following: 50 °C
for 5 min, 94 °C for 20 s; 40 cycles of 94 °C for 1 s and
55 °C for 14 s. Under the standard amplification reaction
conditions, the reaction time using ABI-7500 instrument
and ultra-fast instrument were 81 and 62 min, respectively;
while under rapid amplification reaction conditions, the
reaction time using ultra-fast instrument was greatly
shortened to 31 min.

Specificity, LOD of rapid SARS-CoV-2 test using the
ultra-fast real-time PCR instrument

No non-specific amplification of common non-SARS-
CoV-2 respiratory pathogens was observed using either

7 Thorac Dis 2021;13(12):6866-6875 | https://dx.doi.org/10.21037/jtd-21-1288
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Figure 3 SARS-CoV-2 amplification reaction condition optimization in the novel ultra-fast real-time PCR instrument. The rapid test
conditions including the reaction time of reverse transcription (A), pre-denaturation (B) and cycling conditions (C,D) in the ultra-fast real-
time PCR instrument were optimized. H, M, and L represented high, medium and low concentration of SARS-CoV-2 RNA. Standard
represented the standard test of SARS-CoV-2. Each experiment was repeated independently three times, and the mean values and standard

deviations are shown. SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.

Table 1 Limits of detection of the rapid tests of SARS-CoV-2 in the ultra-fast real-time PCR instrument

Rapid test, no. of positive/no. of

i ilution®
Specimen dilution replicates (%)

Standard test, no. of positive/no. of

i i 0,
replicates (%) Hit rate (rapid test/standard test), %

1:10 24/24 (100.0)
1:100 24/24 (100.0)
1:1,000 18/24 (75.0)
1:10,000 5/24 (20.8)
Negative 0/24 (0)

24/24 (100.0) 100

24/24 (100.0) 100

16/24 (66.7) 112.5
6/24 (25.0) 83.3
0/24 (0) 100

?, the Ct values of the undiluted SARS-CoV-2-positive specimen were 28.51 (ORF1a/b) and 29.17 (N). SARS-CoV-2, severe acute

respiratory syndrome coronavirus 2.

the standard or rapid test. To evaluate the LOD of the
rapid test, a SARS-CoV-2 positive specimen was amplified
using the standard test, and the Ct values for amplification
of ORFla/b and N were 28.51 and 29.17, respectively.
The LOD of the standard and rapid tests were compared
using a 10-fold dilution series of specimen RNA. Both
assays were positive for 100% of 24 replicates of the
upper two dilutions. The rapid and standard tests showed
similar LOD, amplifying 18/24 vs. 16/24 and 5/24 vs. 6/24

© Journal of Thoracic Disease. All rights reserved.

replicates of the lower two dilutions, respectively (1able 1).

Clinical performance

A total of 184 frozen clinical specimens from patients with
suspected SARS-CoV-2 infections were simultaneously
tested with the standard and rapid tests at two study sites.
The performance of the SARS-CoV-2 rapid test was assessed
by comparing with the standard test which has been verified.

7 Thorac Dis 2021;13(12):6866-6875 | https://dx.doi.org/10.21037/jtd-21-1288
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Table 2 The performance of the SARS-CoV-2 rapid tests in 184
clinical specimens

Rapid test (no. Standard test (No. of specimens)

. Total
of specimens) Positive Negative

Positive 67 3 70
Negative 0 114 114
Total 67 17 184

SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.

A LEEEL:

T
ORFl1a/b N

Standard test

T T
RNase P ORF1a/b N RNase P

Rapid test

Figure 4 Ct value distributions of clinical specimens assayed using
the rapid and the standard tests. Lines within boxes represent
medians. The upper and lower boundaries of the boxes represent
upper and lower quartiles. The bars represent minimum and

maximum values.

Agreement between the rapid and the standard tests
Positive agreement between the rapid and standard tests was
100% (67/67), negative agreement was 97.4% (114/117),
and total agreement was 98.4% (181/184) (Table 2). The
kappa statistic was 0.965 (P<0.001).

Ct value distribution of clinical specimens

The Ct value distributions of the clinical specimens were
analyzed. The median Ct values of ORFla/b, N, RNase P
genes in standard tests and rapid tests were 27.95, 29.94,
30.43 and 27.98, 29.41, 29.96, respectively (Figure 4).
No significant differences were found in the Ct value
distributions of each gene using the standard and rapid tests
(P>0.05). The upper and lower quartiles of Ct values for
ORF1a/b in the standard test were wider than those in the
rapid test, but were similar for the other two genes (Figure 4,
Table S2).

© Journal of Thoracic Disease. All rights reserved.
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Specimens with discrepant test results

Only three specimens showed discrepant results between
the standard and rapid tests. All three specimens showed
positive results for the N gene using the rapid test but
negative results using the standard test (7zble 3). The
specimens were re-examined using two test conditions and
similar results were obtained. The original records also
showed that the specimens were borderline positive with Ct
values >35 for the N gene.

Discussion

Prevention and control of the COVID-19 still faces huge
challenges. Vaccines and active prevention and control
measures are currently important means to defeat the
pandemic, but vaccines will take a long time to vaccinate.
Active pandemic prevention measures require a combination
of early diagnosis and early intervention (14-21).

Many detection methods have been used for COVID-19
diagnosis, including NAATs (13), chest computed
tomography (22,23), serological tests (24), antigens tests
(25,26), and virus culture (27). Among NAATS, real-time
reverse transcription PCR-based detection of SARS-CoV-2
RNA from respiratory samples is the gold standard for
diagnosis. As the progress of the pandemic, low-cost, rapid
test methods are urgently needed. Several rapid diagnostic
methods have already been implemented in clinical practice
(28,29), but additional methods are still needed to meet
diverse application scenarios. Such methods could be
conducive to the diagnosis of suspected infections in a wider
range of individuals and regions.

In this study, we established and evaluated a rapid
SARS-CoV-2 detection method that generates results
in approximately 30 min using our novel ultra-fast real-
time PCR instrument which based on ITM-LTD. The
rapid test was mainly achieved from following aspects: (I)
the PCR reaction temperature change mode was changed
from the temperature rise and fall of a single module
to the mechanical movement of PCR tubes between
independent high and low temperature modules. (II) A
large temperature difference between the temperature
modules made further accelerating of the temperature
change rate in the reaction mixture (Figure I). In the
SARS-CoV-2 tests, the same standard amplification
conditions were performed in ABI7500 and the ultra-fast
PCR instruments, the time-consuming was significantly
decreased from 81 to 62 min, indicating the validity of the
ITM-LTD. (III) Amplification of short fragments could

be effectively done in the process of the temperature
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Table 3 Specimens showing discrepant results using the rapid and standard tests of SARS-CoV-2
Standard test (Ct value) Rapid test (Ct value)
Specimen ID
ORF1a/b N RNase P ORF1a/b N RNase P

8075 Negative Negative 28.05 Negative 34.93 27.53

5994 Negative Negative 24.16 Negative 35.05 24.08

0981 Negative Negative 23.57 Negative 35.05 23.08

SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.

changes, which provides a basis for amplification
reaction condition optimization. Amplification targets of
Tagman real-time PCR are usually short-length. In this
work, 70-180 bp short-length targets were effectively
amplified in the temperature change process, as long
as the temperature of the reaction mixture reached the
required temperature (Program 1 vs. Program 3, Figure I).
The poor performance of Program 2 might be because
the reaction mixture did not reach the predetermined
temperature, because the PCR instrument monitored the
temperature of the thermal cycler module instead of the
reaction mixture. Basing on this, we optimized the rapid
amplification conditions for SARS-COV-2 (Figure 3) and
made the reaction time greatly shortened.

In this work, we developed an ultra-fast real-time
PCR instrument using the principal of ITM-LTD. The
instrument helped the PCR reaction mixture but not
thermal cycle module to achieve the fastest temperature
change >10 °C/s (Figure 2). The instrument which had a
small size and four fluorescence channels with a flux of 8,
provided a portable, low-cost equipment that could be used
in a variety of test environments.

The rapid test of SARS-CoV-2 was established using
the ultra-fast real-time PCR instrument with a CFDA
certified-SARS-CoV-2 reagent and optimized reaction
conditions. We evaluated the rapid test by comparing
it with the standard test following the manufacturer’s
protocols. The rapid test had excellent specificity and
sensitivity compared with the standard test. No non-
specific amplification of common non-SARS-CoV-2
respiratory pathogen-containing samples was observed.
The rapid and standard tests showed similar sensitivity;
in fact, the rapid test detected a higher proportion of
1:1,000-diluted SARS-CoV-2 RNA replicates (75%) than
the standard test (66.7%) (Tuble I). The rapid test had
a significantly shorter reaction time than the standard
test. Our results indicate that for amplification of short

© Journal of Thoracic Disease. All rights reserved.

nucleic acid fragments, there is significant flexibility for
optimization of reaction conditions without affecting
specificity and sensitivity.

Our results showed excellent clinical performance of
both the rapid and standard tests using 184 specimens from
individuals with suspected SARS-CoV-2 infection (kappa
=0.965) (Table 2). The Ct value distributions of the target
genes were similar between the rapid and standard tests
(P>0.05) (Figure 4). Three discrepant test specimens by the
two methods were all positive for the N gene in the rapid
test but negative in the standard test (7zble 3).

The rapid SARS-CoV-2 detection method developed
in this study had the following advantages and limitations.
First, the detection speed was fast. Rapid detection
can greatly reduce waiting time for test results in cases
of suspected infection and reduce the risk of disease
transmission caused by the movement of individuals with
early infection (8). Second, the miniaturization of the rapid
test instrument may reduce the cost of testing, making
the test conducive to a wider range of applications. Third,
the rapid test can use existing technology and resource
integration to achieve rapid implementation. These factors
will directly or indirectly reduce the social and economic
costs of pandemic prevention. However, we should also
note that the rapid test established in this study also has
problems such as low detection throughput, which is not
suitable for large-scale screening work.

In Conclusion, we developed a test for rapid diagnosis
of COVID-19 that yields results in approximately 30 min
through the use of commercial SARS-CoV-2 reagents
in combination with our novel ultra-fast real-time PCR
instrument. The method has high sensitivity and specificity,
and it showed excellent agreement with the standard test
procedure using clinical specimens. Efficient, fast and low-
cost diagnosis of COVID-19 or other emerging infectious
diseases may enable real-time detection in fever clinics,
airports, customs services, and primary medical units.
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