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Abstract 

Background:  Coronavirus disease 2019 (COVID-19), caused by SARS-CoV-2, is posing a serious threat to global public 
health. Reverse transcriptase real-time quantitative polymerase chain reaction (qRT-PCR) is widely used as the gold 
standard for clinical detection of SARS-CoV-2. Due to technical limitations, the reported positive rates of qRT-PCR assay 
of throat swab samples vary from 30 to 60%. Therefore, the evaluation of alternative strategies to overcome the limita-
tions of qRT-PCR is required. A previous study reported that one-step nested (OSN)-qRT-PCR revealed better suitability 
for detecting SARS-CoV-2. However, information on the analytical performance of OSN-qRT-PCR is insufficient.

Method:  In this study, we aimed to analyze OSN-qRT-PCR by comparing it with droplet digital PCR (ddPCR) and 
qRT-PCR by using a dilution series of SARS-CoV-2 pseudoviral RNA and a quality assessment panel. The clinical perfor-
mance of OSN-qRT-PCR was also validated and compared with ddPCR and qRT-PCR using specimens from COVID-19 
patients.

Result:  The limit of detection (copies/ml) of qRT-PCR, ddPCR, and OSN-qRT-PCR were 520.1 (95% CI: 363.23–1145.69) 
for ORF1ab and 528.1 (95% CI: 347.7–1248.7) for N, 401.8 (95% CI: 284.8–938.3) for ORF1ab and 336.8 (95% CI: 244.6–
792.5) for N, and 194.74 (95% CI: 139.7–430.9) for ORF1ab and 189.1 (95% CI: 130.9–433.9) for N, respectively. Of the 34 
clinical samples from COVID-19 patients, the positive rates of OSN-qRT-PCR, ddPCR, and qRT-PCR were 82.35% (28/34), 
67.65% (23/34), and 58.82% (20/34), respectively.

Conclusion:  In conclusion, the highly sensitive and specific OSN-qRT-PCR assay is superior to ddPCR and qRT-PCR 
assays, showing great potential as a technique for detection of SARS-CoV-2 in patients with low viral loads.
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Background
The global coronavirus disease 2019 (COVID-19) pan-
demic, caused by infection of severe acute respiratory 
syndrome coronavirus 2 (SARS-CoV-2), is posing an 
enormous burden on social, economic, and healthcare 
systems worldwide [1]. As there is currently no specific 
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treatment option, early detection of SARS-CoV-2-in-
fected patients has facilitated effective isolation and 
treatment to prevent disease spread. Currently, clinical 
diagnosis of COVID-19 is mainly confirmed by detecting 
SARS-CoV-2 RNA using reverse transcriptase real-time 
quantitative polymerase chain reaction (qRT-PCR) [2–5]. 
However, the sensitivity and reliability of qRT-PCR has 
been questioned due to cases of negative results in some 
patients who were highly suspected of having the disease 
based on clinical presentation and exposure history [6, 7].

Droplet digital PCR (ddPCR) is a third generation PCR 
based on the principles of limited dilution and Poisson 
statistics [8, 9], which works by separating a sample into 
thousands to millions of droplets and then partitioning 
them to be read as either positive or negative depend-
ing on fluorescence amplitude [10–13]. These vast and 
highly consistent oil droplets substantially improve the 
detection dynamic range and accuracy of ddPCR [14]. In 
recent years, ddPCR has found many applications, such 
as analysis of viral load from clinical samples, detection 
of rare mutations, analysis of copy number variation, and 
precise miRNA quantification [15–17].

Given the high sensitivity of ddPCR, Zhao JK et al. uti-
lized this technique to evaluate the viral loads of SARS-
CoV-2 from upper respiratory tract specimens for the 
first time, showing that ddPCR can accurately reflect the 
viral loads of such specimens, especially nasopharyngeal 
swabs [18]. Subsequently, Lu et al. [19] used serial dilu-
tions of the same clinical samples to demonstrate that 
the LoD (limit of detection) of ddPCR is at least 10 times 
better than that of qRT-PCR. However, the limitation of 
the ddPCR assay is that it often needs unique support-
ing reagents, instruments, and professional operators, 
causing high running costs with moderate throughput. 
More convenient and sensitive methods are urgently 
needed as alternative diagnostic approaches for detecting 
SARS-CoV-2.

Nested PCR typically utilizes two sequential ampli-
fication reactions, each of which uses a different pair of 
primers, resulting in an increase in sensitivity and speci-
ficity. The product of the first amplification reaction 
is used as the template for the second, which is primed 
by oligonucleotides that are placed internal to the first 
primer pair. The use of two pairs of oligonucleotides 
allows for a higher number of cycles to be performed, 
thereby increasing the sensitivity of the PCR. Feng 
et  al. [20] previously developed a novel locked nucleic 
acid  (LNA)-based one-step single-tube nested (OSN)-
qRT-PCR strategy to detect viral and bacterial pathogens 
with higher sensitivity and specificity than qRT-PCR and 
without the need of lid opening. To improve the diagnos-
tic accuracy of nucleic acid detection of SARS-CoV-2 in 
low viral load samples, they developed and evaluated the 

sensitivity and accuracy of OSN-qRT-PCR in detecting 
SARS-CoV-2 [21]. However, the analytical performance 
of OSN-qRT-PCR in the published study is insufficient, 
lacking information such as specificity, reportable range, 
and the LoD. In addition, no studies have been conducted 
comparing the clinical application value of OSN-qRT-
PCR and ddPCR for detecting SARS-CoV-2.

Here we provide a comparison of OSN-qRT-PCR and 
ddPCR with qRT-PCR using a dilution series of SARS-
CoV-2 pseudoviral RNA and clinical samples. The detect-
able range and sensitivity of each assay were determined 
and clinical samples (n = 34) were used to validate clinical 
sensitivity and specificity. Compared with qRT-PCR and 
ddPCR, OSN-qRT-PCR showed higher sensitivity and 
greater practicality, making it better suited for detecting 
SARS-CoV-2 in low viral load samples.

Materials and methods
Ethics statement
The Ethics Committee of The Second People’s Hospi-
tal of Fuyang approved this study. Existing samples col-
lected during standard diagnostic tests were tested and 
analyzed by qRT-PCR, OSN-qRT-PCR, and ddPCR. No 
extra burden was posed to patients.

Specimen collection
We retrospectively identified 24 hospitalized patients 
clinically diagnosed with COVID-19 between January 30, 
2020, and February 17, 2020, in The Second People’s Hos-
pital of Fuyang. Throat (n = 18) and anal (n = 4) swabs, 
sputum (n = 10), and blood (n = 2) samples were col-
lected from the enrolled patients. All aspects of the study 
were performed according to national ethics regulations 
and approved by the Institutional Review Boards of 
China Center for Disease Control and Prevention (CDC). 
Written consent was obtained from patients or children’s 
parents.

SARS‑CoV‑2 pseudovirus preparation
The SARS-CoV-2 reference sequence was synthesized 
and cloned into a lentiviral vector and pseudovirus was 
prepared in 293T cells. The obtained pseudovirus con-
tained RNA sequences of the ORF1ab and N genes in the 
lentiviral genome. The SARS-CoV-2 pseudovirus used in 
qRT-PCR and OSN-qRT-PCR was synthesized and pro-
cessed by BDS company (DA’an, Guangzhou, China) at 
a RNA concentration of 2.0 × 104 copies/ml. The SARS-
CoV-2 pseudovirus used in ddPCR was synthesized and 
processed by BioPerfectus Technologies Co. (Taizhou, 
China) at a RNA concentration of 1.5 × 105  copies/ml. 
The SARS-CoV-2 pseudoviral RNA was diluted with 
pseudovirus diluent (dilution ratio and method is shown 
in Table  1), and SARS-CoV-2 pseudoviral RNA of the 
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diluted samples S1, S2, S3, S4, S5, S6, S7, and S8 were 
extracted by using membrane adsorption kits (Di’an, 
Hangzhou, China).

RNA extraction
Total RNA from throat and anal swabs, sputum, and 
blood samples from each patient was extracted from 
supernatants using Reagent of Nucleic Acid Extraction or 
Purification (Di’an, Hangzhou, China) following the man-
ufacturer’s instructions. SARS-CoV-2 nucleic acid detec-
tion was mainly targeted at the two-segment conserved 
gene sequence of its genome, located at ORF1ab and N.

ddPCR workflow
Reaction components of the ddPCR assay kit (BioPer-
fectus) included 5  µl of Supermix, 2  µl of reverse tran-
scriptase, 1  µl of 300  mM DTT, 5  µl of SARS-CoV-2 
reaction solution, and 7 µl template. All procedures fol-
lowed the manufacturer’s instructions for the QX200 
Droplet Digital PCR System using Supermix for the 
probe (no dUTP) (Bio-Rad, Hercules, USA). 20 µl of each 
reaction mix was converted to droplets with the QX200 
droplet generator. Droplet-partitioned samples were 
then transferred to a 96-well plate, sealed, and cycled 
in a C1000 Touch Thermal Cycler (Bio-Rad) under the 
following cycling protocol: 50  °C for 60  min and 95  °C 
for 10  min, followed by 40 cycles of 95  °C for 30  s and 
56  °C for 1  min, then 98  °C for 10  min and 4  °C hold. 
FAM (ORF1ab) and HEX (N) channels were selected to 
detect SARS-CoV-2. As digital PCR is a novel technology, 
R&D Company replied the primer sequence of ddPCR 
for detecting SARS-CoV-2 was confidential status. The 
cycled plate was then transferred and FAM and HEX 
channels read using the QX200 reader. Each run con-
tained positive and negative controls. Samples were only 

considered positive when both FAM and HEX channels 
had signals.

OSN‑qRT‑PCR workflow
Reaction components of the OSN-qRT-PCR assay kit 
(Sansure, Changsha, China) included 20  µl of template, 
26 µl of reaction buffer, and 4 µl of the enzyme mixture. 
After vortexing and centrifugation, the reaction tube 
was transferred to the LightCycler 480 II Real-Time PCR 
System (Roche, Basel, Switzerland). The OSN-qRT-PCR 
amplification reaction contained the following steps: 
50 °C for 30 min, 95 °C for 1 min, 20 cycles at 95 °C for 
30  s, 70  °C for 40  s, and 72  °C for 40  s, followed by 40 
cycles at 95 °C for 15 s, 60 °C for 30 s, and 25 °C for 10 s 
of instrument cooling. FAM (ORF1ab) and ROX (N) 
channels were selected to detect SARS-CoV-2, and the 
VIC channel was chosen to detect the reference gene 
(human ABL1). Each run contained positive and nega-
tive controls. FAM, HEX, and VIC channels all showed 
typical S-shaped amplification curves. OSN-qRT-PCR 
outer primers were designed according to the principle 
described in previous publications [22, 23]. All of the 
outer primers for the ORF1ab gene and N gene were 
designed by Oligo 7 software and several locked nucleic 
acids (LNAs) were incorporated into outer primer nucle-
otides. The result was considered valid when the cycle 
threshold (Ct) value of the reference gene was ≤ 37. 
The result was considered positive when the Ct values 
of both target genes were ≤ 35 and negative when they 
were both > 35. If only one of the target genes had a Ct 
value ≤ 35 and the other was > 35, it was interpreted as a 
single-gene positive.

qRT‑PCR workflow
The qRT-PCR kit (DaAn Gene; Guangzhou, China) 
included 17  µl of SARS-CoV-2 NC reaction solution A, 
3 µl of NC reaction solution B, and 5 µl of template. After 
vortexing and centrifugation, the reaction tube was trans-
ferred to the LightCycler 480 II Real-Time PCR System 
(Roche). The primers sequences of qRT-PCR was below:

CoV-N-P: 5′FAM-TTG​CCC​CCA​GCG​CTTCA-BHQ1 3’
CoV-N-F: 5′ TTG​GGG​ACC​AGG​AAC​TAA​T 3’
CoV-N-R: 5′ GAA​GGT​GTG​ACT​TCC​ATG​C 3’
ORF1ab-P: 5′ HEX- TCC​CAC​CCA​AGA​ATA​GCA​TAG​

ATG​C-BHQ1 3’
ORF1ab-F1: 5′ TTT​AGA​TAT​ATG​AAT​TCA​CAG​GGA​ 

3’
ORF1a-R1: 5′ ACC​AAC​ACC​CAA​CAA​TTT​AAT 3’
RNP-F: AGA​TTT​GGA​CCT​GCGAG​
RNP-R: ACT​GAA​TAG​CCA​AGG​TGA​G
RNP-P: 5′Cy5- TCC​ACA​AGT​CCG​CGC​AGA​

G-BHQ2-3′

Table 1  Dilution ratio and  the  concentration (copies/ml) 
of  SARS-CoV-2 pseudovirus RNA standards used in  each 
assay

qRT-PCR and OSN-qRT-PCR ddPCR

Dilution ratio Concentration 
(copies/ml)

Dilution ratio Concentration 
(copies/ml)

S0 0 20,000 0 150,000

S1 5 4000 5 30,000

S2 10 2000 20 7500

S3 20 1000 100 1500

S4 40 500 300 500

S5 100 200 600 250

S6 200 100 1000 150

S7 400 50 – –

S8 1000 20 – –
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The qRT-PCR amplification reaction contained the fol-
lowing steps: 50 °C for 15 min, 95 °C for 15 min, 45 cycles 
at 94  °C for 15 s, and 55  °C for 45 s. FAM (N) and VIC 
(ORF1ab) channels were selected to detect SARS-CoV-2, 
and the CY5 channel was chosen to detect the reference 
gene (human ABL1). The result was considered valid 
when the Ct value of the reference gene was ≤ 37. The 
result was considered positive when the Ct values of both 
target genes (ORF1ab and N) were ≤ 37 and were consid-
ered negative when they were both > 40. If only one of the 
target genes had a Ct value fall in the gray zone (37–40), 
it was retested. If the repeated result was positive for only 
one of two targets genes, it was interpreted as positive.

Dynamic range and LoD of OSN‑qRT‑PCR, ddPCR, 
and qRT‑PCR
To evaluate the dynamic range and consistency of OSN-
qRT-PCR, ddPCR, and qRT-PCR, we first ran a serial 
dilution of the linear RNA standard for each assay. To 
determine the LoD, the lower concentration RNA stand-
ards (including S3–S8) were analyzed 14 times. The LoD 
was calculated by Probit regression analysis with a 95% 
repeatable probability.

Data statistical analysis
Analysis of the ddPCR data was performed with Quanta 
Soft Analysis Software v1.7.4 to calculate the concentra-
tion of the target. Plots of linear regression were con-
ducted with GraphPad Prism 7.0, and Probit analysis 
for LoD was conducted with MedCalc software v19.2.1. 
Bland–Altman analysis of qRT-PCR, OSN-qRT-PCR, 
and ddPCR results for patient samples was evaluated by 
SPSS 23.0 statistical software.

Result
Comparison of the reportable range of each assay
To compare the reportable range of qRT-PCR, OSN-qRT-
PCR, and ddPCR, the SARS-CoV-2 pseudoviral RNA 
standard was serially diluted from 2 × 104 to 20  copies/
ml for qRT-PCR and OSN-qRT-PCR, and from 1 × 105 to 
150 copies/ml for ddPCR. As shown in Fig. 1, the detect-
able range of qRT-PCR was 500 to 2 × 104 copies/ml for 
ORF1ab and N, with R2 = 0.9985 and 0.9967, respec-
tively (Fig.  1a, b). The detectable range of OSN-qRT-
PCR was 100 to 2 × 104  copies/ml for ORF1ab and 50 
to 2 × 104 copies/ml for N, with R2 = 0.9874 and 0.9936, 
respectively (Fig. 1c, d). Likewise, the detectable range of 
ddPCR was 250 to 1.5 × 105  copies/ml for ORF1ab and 
N, with R2 = 0.9983 and 0.9984, respectively (Fig.  1e, f ). 

These results show that the minimum detection range of 
OSN-qRT-PCR is significantly lower than those of qRT-
PCR and ddPCR. Moreover, both OSN-qRT-PCR and 
ddPCR results displayed good linearity, suggesting that 
both assays can reliably detect SARS-CoV-2.

In addition, we compared the correlation between 
OSN-qRT-PCR and ddPCR with qRT-PCR and, as 
shown in Fig.  2, found that the Pearson correlation 
coefficients between qRT-PCR and OSN-qRT-PCR 
were 0.887 for ORF1ab and 0.742 for N (Fig. 2a, b), and 
-0.924 for ORF1ab and -0.844 for N between qRT-PCR 
and ddPCR (Fig.  2c, d). The good correlation between 
qRT-PCR with the other two assays further confirms 
that OSN-qRT-PCR and ddPCR are suitable methods 
for detecting SARS-CoV-2.

Comparison of the LoD for each assay
A variety of procedures are available for establishing 
the LoD for laboratory assays. The LoD is generally 
determined in one of two ways: either (i) statistically, 
by calculating the point at which a signal can be distin-
guished from background, or (ii) empirically, by testing 
serial dilutions of samples with a known concentration 
of the target substance in the analytical range of the 
expected detection limit. For medical applications of 
molecular assays, it is generally more meaningful to use 
the empirical method to estimate the detection limit.

The LoD was calculated by Probit regression analysis 
with a 95% repeatable probability, which is a commonly 
used method when empirically determining the limit of 
analyte that can be reliably detected. A series of linear 
SARS-CoV-2 pseudoviral RNA concentrations (includ-
ing S3–S8) were prepared by diluting a high-concen-
tration standard, with each concentration tested with 
14 replicates. As shown in Fig. 3 and Table 2, the LoD 
of qRT-PCR was 520.1 (95% confidence interval (CI): 
363.23–1145.69) and 528.1 (95% CI: 347.7–1248.7) 
copies/ml for ORF1ab and N, respectively (Fig.  3a, b). 
The qRT-PCR kit claims a detection sensitivity of 500 
copies/ml and was officially approved by the National 
Medical Products Administration (NMPA) and used for 
the detection of COVID-19 nationwide. Our LoD result 
was consistent with this claimed detection limit.

In contrast, the LoD of OSN-qRT-PCR was 194.74 
(95% CI: 139.7–430.9) and 189.1 (95% CI: 130.9–433.9) 
copies/ml for ORF1ab and N, respectively (Fig.  3c, d), 
while the LoD of ddPCR was 401.8 (95% CI: 284.8–
938.3) and 336.8 (95% CI: 244.6–792.5) copies/ml for 
ORF1ab and N, respectively (Fig. 3e, f ). Taken together, 
these results show that the sensitivity of OSN-qRT-PCR 
is higher than both ddPCR and qRT-PCR, with ddPCR 
being more sensitive than qRT-PCR.
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Fig. 1  Linear relationship of qRT-PCR, OSN-qRT-PCR and ddPCR for quantifying SARS-CoV-2 pseudoviral RNA standards for ORF1ab and N gene. a, 
b Expected values (converted to log10) were plotted on the X axis versus measured values of qRT-PCR (converted to log10) on the Y axis targeting 
a ORF1ab and b N. c, d Expected values(converted to log10) were plotted on the X axis versus measured Ct values of OSN-qRT-PCR on the Y axis 
targeting c ORF1ab and d N. e, f Expected values (converted to log10) were plotted on the X axis versus measured values (converted to log10) of 
ddPCR on the Y axis using Graph Pad Prism targeting e ORF1ab and f N 
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Comparison of repeatability and conformity using 
intra‑assay and inter‑laboratory quality assessment panels
A series of linear SARS-CoV-2 pseudoviral RNA con-
centrations (including S0–S6) were tested in triplicates 
within the same run. As shown in Table  3, the coef-
ficient of variation (CV) values of intra-assays ranged 
from 1.60%–5.92% for qRT-PCR, 1.47%–4.99% for OSN-
qRT-PCR, and 2.04%–11.18% for ddPCR. Overall, these 
results show that qRT-PCR and OSN-qRT-PCR assays 
demonstrate good repeatability. The cause of the unstable 
ddPCR results may be a consequence of differences in the 
number of microspheres due to poor machine operation 
by the experimenter.

The inter-laboratory quality assessment panel provided 
by the National Center for Clinical Laboratories (NCCL) 

is used for evaluation of a laboratory’s ability to detect 
nucleic acids of SARS-CoV-2. This panel includes a total 
of 10 samples named as 202001–202010. As shown in 
Table  4, the test results of each assay using this panel 
indicate that both OSN-qRT-PCR and ddPCR assays 
showed 100% specificity for detecting SARS-CoV-2 and 
were negative for other human coronaviruses.

Comparison of each assay for SARS‑CoV‑2 RNA detection 
using patient samples in the acute phase of infection
A total of 34 samples from 24 COVID-19-confirmed 
patients diagnosed in the acute phase of infection 
were analyzed by each assay. The positive threshold 
for SARS-CoV-2 detection was defined as values equal 
to or greater than the LoD of ORF1ab and N primers/

Fig. 2  The correlation analysis between OSN-qRT-PCR and ddPCR with qRT-PCR for quantifying SARS-CoV-2 pseudoviral RNA standards for ORF1ab 
and N gene. a, b the CT values of qRT-PCR of ORF1ab (a) and N gene (b) were plotted on the X axis versus the CT values of OSN-qRT-PCR of ORF1ab 
and N gene on the Y axis, the Person Correlation Coefficient between qRT-PCR and OSN-qRT-PCR for ORF1ab and N gene were 0.887 and 0.742. c, 
d The CT values of qRT-PCR of ORF1ab (c) and N gene (d) were plotted on the X axis versus the measured values(converted to log10) of ddPCR of 
ORF1ab and N gene on the Y axis, the Person Correlation Coefficient between qRT-PCR and ddPCR for ORF1ab and N gene were − 0.924 and − 0.844
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Fig. 3  Probit analysis sigmoid curve reporting the LoD of each assay. Replicate reactions of ORF1ab (a) and N gene (b) of qRT-PCR, ORF1ab (c) and 
N gene (d) of OSN-qRT-PCR and ORF1ab (e) and N gene (f) of ddPCR were done at concentrations around the detection end point determined 
in preliminary dilution experiments. The X axis shows expected concentration (copies/ml). The Y axis shows fraction of positive results in all 
parallel reactions performed. The inner line is a probit curve (dose–response rule). The outer lines are 95% confidence interval (95% CI). Data are 
representative of three independent experiments with 14 replicates for each concentration
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probe sets. The results of qRT-PCR, OSN-qRT-PCR, 
and ddPCR for each sample are shown in Tables  5 
and 6. Among the 34 samples, 14 samples were ini-
tially qRT-PCR negative (positive rate = 58.82%), 
while 28 tested positive by OSN-qRT-PCR (posi-
tive rate = 82.35%). In addition, 23 tested positive by 
ddPCR (positive rate = 67.65%), indicating a higher 
sensitivity than qRT-PCR but lower than OSN-qRT-
PCR. These results were further analyzed by the 
Bland–Altman method, which reveals the agreement 
between two independent methods. As shown in 
Fig. 4, OSN-qRT-PCR and ddPCR results were in good 
agreement with qRT-PCR. Therefore, both OSN-qRT-
PCR and ddPCR assays proved capable of detecting 
SARS-CoV-2 in patient specimens.

Comparison of the positive rates of different specimen 
types from COVID‑19 patients
A previous study revealed that SARS-CoV-2 exists in 
both the upper and lower respiratory tract [24]. We col-
lected simultaneous sputum and throat swabs from a 
total of 10 COVID-19-confirmed patients diagnosed in 
the acute phase of infection and the three methods were 
used to detect SARS-CoV-2 nucleic acid. As shown in 
Table 7, the positive rates in sputum samples for all three 
methods were significantly higher than those of throat 
swabs. In addition, we also collected blood specimens 
(n = 2) and anal swab specimens (n = 4) from COVID-
19-confirmed patients to analyze the detection ability of 
the assays for other specimen types. As shown in Table 5, 
for blood specimens (29#), qRT-PCR results was negative, 
while the OSN-qRT-PCR and ddPCR result were posi-
tive. For anal swab specimens (31#–34#), only one case 
was positive by ddPCR and qRT-PCR assay, while all four 
were positive by OSN-qRT-PCR. It is evident from these 
results that among the three methods, OSN-qRT-PCR 
has the greatest sensitivity for detecting SARS-CoV-2 
from different specimen types.

Discussion
The clinical detection sensitivity of qRT-PCR is affected 
by various factors, such as the nucleic acid extraction 
method, the one-step qRT-PCR reagent used, and the 
primer/probe sets [25]. It has been reported that seven 

Table 2  Estimated limit of  detection for  SARS-COV-2 
in copies/ml for each assay

Methods LoD determined in assays (copies/ml)

ORFlab N

qRT-PCR 520.1 (95% CI: 363.23–
1145.69)

528.1 (95% CI: 347.7–1248.7)

OSN-qRT-PCR 194.74 (95% CI: 139.7–430.9) 189.1 (95% CI: 130.9–433.9)

ddPCR 401.8 (95% CI: 284.8–938.3) 336.8 (95% CI: 244.6–792.5)

Table 3  Comparison of the repeatability (CV%) of the each assay

Method Conc. (copies/ml) ORF1ab N

SD Mean CV (%) SD Mean CV (%)

qRT-PCR 20,000 0.61 30.69 1.99 1.05 29.02 3.61

4000 1.36 33.22 4.09 1.81 31.92 5.67

2000 0.93 34.52 2.70 0.96 33.06 2.91

1000 1.55 35.76 4.32 2.02 34.07 5.92

500 0.58 36.30 1.60 1.86 36.00 5.16

200 0.84 37.99 2.20 1.69 37.08 4.56

OSN-qRT-PCR 20,000 0.49 13.87 3.57 0.09 19.21 0.47

4000 0.83 16.65 4.97 0.13 22.19 0.61

2000 1.35 18.85 7.15 0.38 23.68 1.62

1000 0.46 19.33 2.36 0.50 24.23 2.06

500 0.56 20.56 2.71 0.97 25.09 3.86

200 0.32 21.81 1.47 1.31 26.30 4.99

ddPCR 143,000 5644.4 107,327.3 5.26 2862.1 86,757.2 3.30

33,000 1999.9 28,569.7 7.00 1902.0 22,665.4 8.39

8000 458.7 9189.7 4.99 164.9 8094.9 2.04

2000 75.8 2085.0 3.63 340.8 4009.4 8.50

500 51.2 671.7 7.62 62.3 557.1 11.18

250 22.4 261.7 8.55 37.8 371.4 10.18
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commercial qRT-PCR detection kits revealed sig-
nificant differences in the detection ability for weakly 
positive samples [26]. ddPCR has exhibited higher sen-
sitivity and precision than classical qRT-PCR [27, 28]. 
Recent studies have confirmed that both ddPCR and 
OSN-qRT-PCR are strongly recommended in clini-
cal practice for the diagnosis of COVID-19 and for 
follow-up of positive patients until complete remission 
[21, 29]. However, ddPCR is limited to special equip-
ment, which hinders its clinical application. Compared 
with ddPCR, the advantage of OSN-qRT-PCR is greater 
practicality because of easier adaptation for laborato-
ries already equipped with traditional real-time PCR 
machines.

Here, for the first time, we provide a head-to-head 
comparison of OSN-qRT-PCR and ddPCR with 
qRT-PCR for the detection of SARS-CoV-2 using a 
pseudoviral RNA standard, inter-laboratory qual-
ity assessment panel, and clinical samples of different 
types. The detectable range, consistency, specificity, 
and LoD of each method were comparably analyzed. 
Our results demonstrate that OSN-qRT-PCR and 
ddPCR are reliable for quantitatively detecting SARS-
CoV-2. In addition, Bland–Altman analysis showed 
that ddPCR and OSN-qRT-PCR had good correlation 
with qRT-PCR in testing clinical specimens. In par-
ticular, the detection performance of both OSN-qRT-
PCR and ddPCR assays were better than qRT-PCR, 
and the OSN-qRT-PCR assay had the lowest LoD, sug-
gesting that OSN-qRT-PCR and ddPCR assays are val-
uable additions for detecting SARS-COV-2 in samples 
with low viral loads. Although the sensitivity of OSN-
qRT-PCR was reported to be 10-fold higher than qRT-
PCR using plasmids [21], our results revealed that the 

sensitivity of OSN-qRT-PCR was only 2–3-fold higher 
than qRT-PCR when using pseudoviral RNA.

A previous study revealed that SARS-CoV-2 exists in 
both the upper and lower respiratory tract and that the 
viral load in sputum is higher than that of throat swabs 
[30]. Our findings also confirmed that although SARS-
CoV-2 can colonize the upper respiratory tract, lower 
respiratory tract samples better reflect the viral repli-
cation level in infected patients. Although OSN-qRT-
PCR and ddPCR both exhibited higher sensitivity than 
qRT-PCR, there were still false negative results (six 
missed by OSN-qRT-PCR, 11 missed by ddPCR) when 
analyzing clinical specimens. This may have been due 
to the quality of sample collection or viral loads falling 
below detection limits resulting from missing the opti-
mum sample collection time. For specimen 20#, the 
results of OSN-qRT-PCR and qRT-PCR were negative, 
while ddPCR was positive. This discordant result may 
have been due to the specimen type (sputum) or the 
various influencing factors in the nucleic acid extrac-
tion process, leading to poor stability of test results.

This study had several limitations. First, the SARS-
CoV-2 pseudoviral RNA concentration used in the 
study for exploring detectable ranges did not include 
high concentrations. Second, the clinical specimens 
were only from COVID-19-confirmed patients in 
the acute phase of infection; clinical specimens from 
patients in the recovery phase or suspected patients 
were not included. Finally, our study was limited by 
a small sample size and thus conclusions should be 
interpreted with caution and confirmed by further 
studies.

Table 4  Comparison of test results and return results of inter-laboratory quality assessment panel

Sample ID Test results Return results

qRT-PCR (Ct value) OSN-qRT-PCR (Ct value) ddPCR (copies/mL) SARS-COV-2 Pass rate (%)

ORF-1ab N ORF-1ab N ORF-1ab N

202001 – – – – – – Negative 99

202002 31.79 30.49 16.45 20.97 3074 2073 Positive 98

202003 25.99 24.23 13.78 18.68 23,080 5005 Positive 99

202004 33.87 32.31 20.94 21.19/26.67 1144 2860 Positive 98

202005 29.93 28.87 15.56 19.53 7293 2072 Positive 99

202006 – – – – – – Negative 99

202007 32.85 31.73 18.38 20.80 1144 1573 Positive 98

202008 – – – – – – Negative 99

202009 34.85 33.91 18.92 22.43 1312 643 Positive 97

202010 27.79 26.40 12.22 15.89 33,962 11,072 Positive 99
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Conclusions
We validated the implementation of OSN-qRT-PCR and 
ddPCR systems as new alternatives to qRT-PCR for the 
sensitive and accurate quantification of SARS-CoV-2, 
especially in samples with low viral loads. Considering 

its sensitivity and practicality, OSN-qRT-PCR is a highly 
valuable and feasible method that offers the potential 
to facilitate clinical diagnoses and decision-making for 
patients with COVID-19.

Table 6  Reports summary of  qRT-PCR, N-PCR and  ddPCR 
for 34 clinical samples

P, positive; N, Negative; S, suspect;

qRT-PCR OSN-qRT-PCR ddPCR

34 Samples 20 P 28 P 21 P

14 N 6 N 2 S

11 N

Fig. 4  Bland–Altman plots of SARS-CoV-2 quantification by using three methods in patient specimens. a, b Bland–Altman plots comparing 
qRT-PCR and OSN-qRT-PCR assays for patient specimens. c, d Bland–Altman plots comparing qRT-PCR and ddPCR assays for patient specimens. 
Notes: Blue lines indicate mean difference, Red lines indicate limits of agreement (LoA)

Table 7  Comparison of  the  positive rate of  SARS-CoV-2 
nucleic results from  different specimen types from  same 
patient at same time

qRT-PCR OSN-qRT-PCR ddPCR

Throat swab
(n = 10)

50%
(5/10)

70%
(7/10)

50%
(5/10)

Sputum
(n = 10)

70%
(7/10)

80%
(8/10)

70%
(7/10)
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