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ABSTRACT: Highly sensitive methodologies for SARS-CoV-2
detection are essential for the control of COVID-19 pandemic. We
developed and analytically validated a highly sensitive and specific
five-plex one-step RT-ddPCR assay for SARS-CoV-2. We first
designed in-silico novel primers and probes for the simultaneous
absolute quantification of three different regions of the
nucleoprotein (N) gene of SARS-CoV-2 (N1, N2, N3), a synthetic
RNA as an external control (RNA-EC), and Beta-2-Microglobulin
(B2M) as an endogenous RNA internal control (RNA-IC). The
developed assay was analytically validated using synthetic DNA and
RNA calibrator standards and then was applied to 100 clinical
specimens previously analyzed with a commercially available CE-
IVD RT-qPCR assay. The analytical validation of the developed assay resulted in very good performance characteristics in terms of
analytical sensitivity, linearity, analytical specificity, and reproducibility and recovery rates even at very low viral concentrations. The
simultaneous absolute quantification of the RNA-EC and RNA-IC provides the necessary metrics for quality control assessment.
Direct comparison of the developed one-step five-plex RT-ddPCR assay with a CE-IVD RT-qPCR kit revealed a very high
concordance and a higher sensitivity [concordance: 99/100 (99.0%, Spearman’s correlation coefficient: −0.850, p < 0.001)]. The
developed assay is highly sensitive, specific, and reproducible and has a broad linear dynamic range, providing absolute quantification
of SARS-COV-2 transcripts. The inclusion of two RNA quality controls, an external and an internal, is highly important for
standardization of SARS-COV-2 molecular testing in clinical and wastewater samples.

■ INTRODUCTION
WHO has reported more than 423 million confirmed cases of
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-
2) cases and 5.8 million coronavirus disease 2019 (COVID-
19) related deaths, by the mid of February 2022. The early
characterization of the causative agent of COVID-19 allowed
for the development of molecular tests for the diagnosis of
SARS-CoV-2 infections.1 Currently, there are two different
types of tests: the viral and the antibody tests. The former
category includes the nucleic acid amplification tests (NAATs)
and the antigen tests, used to detect active infection with
SARS-CoV-2.2−4 The antibody tests are used to detect past
infection with SARS-CoV-2,5,6 while they are not recom-
mended to test for immunity after vaccination or natural
infection.7

NAATs are highly sensitive and specific and are considered
as the gold standard methods for SARS-CoV-2 diagnosis. They
target one or more genes (i.e., ORF1, N, and S genes) and
detect current infection.8 Due to the prolonged virus shedding
in different organs, in some instances, viral RNA can be
detected for a long time after viral infection without evidence

that the virus can replicate or infect other individuals.9,10 On
the other hand, due to early appearance of viral RNA, NAATs
have higher sensitivity than antigen tests for the diagnosis of
asymptomatic or presymptomatic infection.8 The quantifica-
tion cycle (Cq) value has been used as a proxy of viral
concentration that can be used to predict transmissibility and
severity of disease and to differentiate prolonged viral shedding
from active infection. Several factors including the quality of
specimen, patient factors, as well as the assay characteristics
can affect the Cq value of the RT-qPCR result.11

Droplet digital PCR (ddPCR) represents an accurate
molecular tool for the absolute quantification of target
molecules at very low concentrations.12 The main principle
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of ddPCR is the partitioning of reaction mixture in an
extremely high number of droplets and the detection of
fluorescence at the end of PCR amplification. According to
Poisson distribution, the fraction of positive droplets
determines the number of target copies per unit without the
need for calibration curves.13 Moreover, amplification inhib-
itors are divided into different sub-reactions, thus increasing
resistance of ddPCR reaction to inhibitors and providing high
stability.12 Another important feature of ddPCR assays is that
sensitivity is not affected by the background of nucleic acid
extracts.14

Up to now, many different RT-ddPCR assays have been
developed for the quantification of SARS-CoV-2.12,14−17

Multiplex RT-ddPCR has been evaluated on nasopharyngeal
swab16 and saliva samples,15 resulting in an efficient
quantitation of virus load. The comparison of the diagnostic
sensitivity between RT-qPCR and RT-ddPCR for SARS-CoV-
2 detection has revealed that implementation of RT-ddPCR
eliminates false negative results18,19 and enables accurate and
sensitive quantification of low viral load of SARS-CoV-2 when
compared to RT-qPCR.20 Analytical and clinical validation of
highly sensitive molecular assays is highly important for the
reliable detection and quantification of SARS-COV-2 RNA
transcripts, leading to a better management of infected
patients,21,22 confirmatory analysis of samples with high Cq
values, and for viral detection in wastewater samples.23

We present here the development, analytical validation, and
clinical evaluation of a novel one-step highly sensitive and
specific five-plex one-step RT-ddPCR assay for the simulta-
neous absolute quantification of three different regions of the
nucleoprotein (N) gene (N1, N2, N3) of SARS-CoV-2, a
synthetic RNA of known concentration as an RNA exogenous
control (RNA-EC), and Beta-2-Microglobulin (B2M) tran-
scripts as an endogenous RNA internal control (RNA-IC).

■ MATERIALS AND METHODS
Development of One-Step Five-Plex RT-ddPCR. In-

Silico Design. The development of one-step five-plex RT-
ddPCR assay for the detection and quantification of SARS-
COV-2 was based on an in-silico design of highly specific
primers and probes targeting three different regions of the
SARS-CoV2 N gene (N1, N2, N3), an RNA-EC, and an RNA-
IC. Our in-silico design was based on specific amplification of
SARS-COV2 VOCs and was focused on a gene area that is
highly conserved and is not affected by different SARS-COV2
variants. The in-silico design was performed by using Primer
Premier 5.0 software (Premier Biosoft, CA, USA). The
specificity of primers and probes was initially tested by
homology searches in the nucleotide database (NCBI,
nucleotide BLAST) and for cross-reactivity among the five
different transcripts. The specificity of primers and probes of
N1, N2, and N3 gene transcripts was also checked against the
alignment of 14 different coronaviruses (Table 1).

All hydrolysis probes were designed with a 6-carboxyfluor-
escein (FAM) or hexachlorofluorescein (HEX) fluorophore
and ZEN/Iowa Black FQ quenchers for more efficient
quenching (Integrated DNA Technologies, Inc., USA). The
design of five-plex RT-ddPCR was based on probe-mixing and
multiplexing by varying different ratios of FAM and HEX
fluorescent dyes, resulting in five unique fluorescent signatures
(Figure 1).

Five clearly separated clusters on a two-dimensional (2-D)
scatter plot of the FAM and HEX amplitude were obtained by

using the following ratios: N2 (100% FAM), N1 (70% FAM/
30% HEX), EC (50% FAM/50% HEX), N3 (30% FAM/70%
HEX), and IC (100% HEX). For the quantification of N1 and
N3 transcripts, we did not use equal final concentrations of
FAM and HEX Taqman probe, but primers and probes that
had similar characteristics like GC content, length, melting
temperature, and ΔG (Kcal/mol) number of nucleotides, thus
minimizing the competitive nature of the reaction (Figure 1).

RNA-EC. A synthetic RNA oligo was in-silico designed to be
used as an exogenous control to evaluate the performance of
the whole analysis procedure. The designed RNA oligo is a 119
bp single-stranded synthetic RNA sequence that does not align
to the human or SARS-COV genome. This synthesized RNA-
EC is unique, contains unmodified RNA bases, and can be
used in any RNA-specific molecular biology application.

Synthetic DNA Standards. We designed five synthetic DNA
oligos that we used as standards for the evaluation of the
analytical specificity of the five-plex RT-ddPCR assay. Each of
these oligos contained the target sequences, including the
primer and probe binding sites of: N1 (143 bp), N2 (132 bp),
N3 (129 bp), EC (144 bp), and IC (130 bp). Each synthetic
DNA oligo was diluted with Tris−EDTA (TE) buffer to obtain
a stock solution with a concentration of 10 ng/μL.

One-Step RT-ddPCR. All details for one-step RT-ddPCR
workflow and analytical and clinical validation are presented in
Supporting Information file.

■ RESULTS AND DISCUSSION
Optimization of One-Step Five-Plex RT-ddPCR.

Annealing Temperature. For the optimization of the
annealing temperature, the five-plex RT-ddPCR was run across
a thermal gradient of 53−63 °C. We selected 61 °C as the
optimal annealing/extension temperature that achieves clear
separation of all five clusters of droplets for each individual
transcript.

Primers and Probes. We selected 0.75 μM as the optimal
final concentration for the primers used in the assay. In order
to evaluate the probe-mixing multiplexing, we checked two
distinct approaches of different ratios of FAM and HEX
probes. In the first approach, we examined the following ratios:
N2 (100% FAM), N1 (70% FAM/30%HEX), EC (50% FAM/

Table 1. In-silico Design for the Detection of Three
Different Regions of the Viral Genome of SARS-COV-2:
Alignment with 14 Different Coronaviruses

Coronovirus
accession
number N1 N2 N3

SARS coronavirus GZ02 AY390556.1 x x x
SARS coronavirus Sino1-11 AY485277 x x x
SARS coronavirus NS-1 AY508724 x x x
Bat coronavirus Cp/Yunnan2011 JX993988 x x x
BtRs-BetaCoV/GX2013 KJ473815 x x x
SARS-like coronavirus WIV16 KT444582 x x x
Bat SARS-like coronavirus isolate Rf4092 KY417145 x x x
Bat SARS-like coronavirus isolate Rs4231 KY417146 x x x
Bat SARS-like coronavirus isolate Rs4247 KY417148 x x x
Bat SARS-like coronavirus isolate Rs7327 KY417151 x x x
Bat coronavirus isolate Anlong-112 KY770859 x x x
Coronavirus BtRl-BetaCoV/SC2018 MK211374 x x x
Coronavirus BtRs-BetaCoV/YN2018C MK211377 x x x
Bat coronavirus RaTG13 MN996532 x x x
severe acute respiratory syndrome

coronavirus 2 isolate Wuhan-Hu-1
045512.2
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Figure 1. Targets of one-step five-plex RT-ddPCR SARS COV-2 assay.

Figure 2. (A) Analytical specificity of the one-step five-plex RT-ddPCR depicted in five different 2-D plots corresponding to each gene target (N1,
N2, N3, EC, and IC), (B) LDR of multiplex RT-ddPCR assay in serial 1:2 dilution series from 100 to 25 SARS-CoV-2 RNA copies/reaction for:
(I) N1 gene transcript, (II) N2 gene transcript, and (III) N3 gene transcript.
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50% HEX), N3 (30% FAM/70% HEX), and IC (100% HEX),
while in our second approach, we performed the following: N2
(100% FAM), N1 (60% FAM/40%HEX), EC (50% FAM/
50% HEX), N3 (40% FAM/60% HEX), and IC clusters had
equal distances among them in a 2-D plot, resulting in better
separation (results not shown).
Analytical Validation. Analytical validation of the

developed assay was performed according to MIQE guidelines
for quantitative digital PCR experiments.24 We used synthetic
and/or human DNA and RNA calibrators to estimate limit of
blank (LOB), limit of detection (LOD), limit of quantification
(LOQ), intra- and inter-assay repeatability, analytical recovery,
linear dynamic range (LDR), and analytical sensitivity and
specificity. The availability of specific traceability in validated
controls is critical for analytical method development and
validation.25,26 Recently, an RNA reference material of SARS-
CoV-2 was produced and characterized using ddPCR as a
quality control assessment of molecular COVID-19 tests.27

Analytical Specificity. For the evaluation of the analytical
specificity of the assay, five DNA synthetic standard solutions,
each specific for each target transcript, were prepared to a final
concentration of 100 copies/μL. The analytical specificity of
the assay was then tested by using as sample only 1 μL of each
individual DNA synthetic standard in the absence of all others,

representing one specific target transcript in five individual
reactions of the five-plex RT-qPCR. Then, one-step five-plex
RT-ddPCR was performed in the presence of all primers and
probes for all transcripts. According to our results, the
analytical specificity of the assay is excellent; as can be seen
in Figure 2A in a 2-D plot, in these five individual RT-ddPCR
reactions, only one droplet cluster is obtained corresponding to
the specific gene target added in each case.

Linear Dynamic Range. The LDR of each primer/probe set
of N gene was evaluated across serial 1:2 dilutions from 100 to
25 SARS-CoV-2 RNA copies/reaction through a linear
regression plot representing the absolute number of copies/
reaction (Y-axis) in relation to the dilution factor. All reactions
were performed in triplicate. The correlation coefficient for all
transcripts was higher than 0.98, indicating a precise linear
relationship (Figure 2B). The linearity of the developed five-
plex RT-ddPCR assay was very satisfactory over a broad
concentration range for N1, N2, and N3 gene transcripts
(Figure 2B).

Analytical Sensitivity. LOB, LOD, and LOQ of the
multiplex RT-ddPCR assay were defined as previously
described.28 For this purpose, RNA samples derived from 15
healthy donors were used to determine LOB; all were negative,
while RNA-IC was positive. For LOD estimation, we used a

Table 2. One-Step Five-Plex RT-ddPCR Assay for SARS-COV-2: Intra-(n = 3) and Inter-Assay (n = 4) Precision

gene target calibrators copies/μL (SD) CV % mean copies per partition (λa) (SD) CV % partition number (n) (SD) CV %

Intra-Assay Precision (n = 3)
N1 CAL1a 3.2 (0.40) 12 2.8 × 10−3 (0.31) 11 1.1 × 104 (0.14) 13

CAL2a 1.1 (0.17) 16 9.4 × 10−4 (1.6) 17 1.1 × 104 (0.087) 8.1
CAL3a 0.49 (0.061) 13 4.1 × 10−4 (0.54) 13 1.1 × 104 (0.090) 8.5

N2 CAL1a 3.3 (0.31) 9.2 2.8 × 10−3 (0.34) 12 1.1 × 104 (0.14) 13
CAL2a 1.0 (0.15) 15 9.4 × 10−4 (1.4) 15 1.1 × 104 (0.087) 8.1
CAL3a 0.47 (0.051) 11 4.1 × 10−4 (0.59) 14 1.1 × 104 (0.090) 8.5

N3 CAL1a 3.6 (0.35) 9.6 3.4 × 10−3 (0.48) 14 1.1 × 104 (0.14) 13
CAL2a 1.0 (0.060) 5.9 8.6 × 10−4 (0.48) 5.6 1.1 × 104 (0.087) 8.1
CAL3a 0.52 (0.11) 21 3.9 × 10−4 (0.96) 25 1.1 × 104 (0.090) 8.5

RNA-EC CAL1a 3.6 (0.20) 5.6 3.1 × 10−3 (0.15) 5.0 1.1 × 104 (0.14) 13
CAL2a 0.63 (0.090) 14 5.4 × 10−4 (0.79) 15 1.1 × 104 (0.087) 8.1
CAL3a 0.53 (0.11) 21 5.0 × 10−4 (0.87) 17 1.1 × 104 (0.090) 8.5

RNA-IC CAL1a 2.1 (0.17) 8.2 1.8 × 10−3 (0.17) 10 1.1 × 104 (0.14) 13
CAL2a 0.41(0.087) 21 3.5 × 10−4 (0.74) 21 1.1 × 104 (0.087) 8.1
CAL3a 0.22 (0.023) 10 1.9 × 10−4 (0.17) 8.7 1.1 × 104 (0.090) 8.5

Inter-Assay Precision (n = 4)
N1 CAL4b 1.0 × 101 (0.14) 14 8.6 × 10−3 (1.2) 14 1.4 × 104 (0.29) 21

CAL5b 5.7 (1.0) 18 4.4 × 10−3 (0.89) 20 1.2 × 104 (0.12) 9.8
CAL6b 2.2 (0.33) 15 1.9 × 10−3 (0.26) 14 1.2 × 104 (0.12) 10

N2 CAL4b 1.4 × 101 (0.098) 7.0 1.2 × 10−2 (0.080) 6.7 1.4 × 104 (0.29) 21
CAL5b 6.3 (0.56) 9.0 5.0 × 10−3 (0.51) 10 1.2 × 104 (0.12) 9.8
CAL6b 2.4 (0.30) 13 2.1 × 10−3 (0.25) 12 1.2 × 104 (0.12) 10

N3 CAL4b 1.4 × 101 (0.19) 14 1.2 × 10−2 (0.15) 13 1.4 × 104 (0.29) 21
CAL5b 7.4 (0.43) 5.8 6.2 × 10−3 (0.37) 6.0 1.2 × 104 (0.12) 9.8
CAL6b 3.2 (0.59) 18 2.7 × 10−3 (0.49) 19 1.2 × 104 (0.12) 10

RNA-EC CAL4b 2.8 × 101 (0.37) 13 2.4 × 10−2 (0.32) 13 1.4 × 104 (0.29) 21
CAL5b 1.4 × 101 (0.11) 8.1 1.2 × 10−2 (0.12) 10 1.2 × 104 (0.12) 9.8
CAL6b 6.4 (0.50) 7.9 5.4 × 10−3 (0.43) 7.8 1.2 × 104 (0.12) 10

RNA-IC CAL4b 2.2 × 101 (0.25) 12 1.8 × 10−2 (0.22) 12 1.4 × 104 (0.29) 21
CAL5b 1.1 × 101 (0.062) 5.8 8.8 × 10−3 (1.1) 13 1.2 × 104 (0.12) 9.8
CAL6b 3.5 (0.54) 15 3.0 × 10−3 (0.47) 16 1.2 × 104 (0.12) 10

aλ = −ln(1 − k/n), k: number of positive partitions and n: number of partitions, (a): mix of AcroMetrix Coronavirus 2019 (COVID-19) RNA
Control, and EC and RNA derived from the MCF-7 cell line, (b): mix of RNA derived from a SARS-COV-2(+) clinical sample, and the EC and
RNA from the MCF-7 cell line.
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commercially available RNA control (AcroMetrix COVID-19
RNA Control) of known concentration at three different
concentrations (CAL1:70 copies/reaction, CAL2:25 copies/
reaction, and CAL3:12.5 copies/reaction) run in triplicate
(Table 2).

The LOD for each of the three distinct genomic areas of the
SARS-CoV-2 N gene (N1, N2, N3) was 0.13 copies/μL of
ddPCR reaction (that means 2.5 copies/μL of RNA sample
input), and its estimation was based on the SD values derived
from CAL3 measurements (Table 2).

LOQ was set as the lowest positive droplet count that had a
CV ≤ 25%. As shown in Table 2, the number of CAL3
transcripts, which correspond to the lowest positive droplet
count that had a CV ≤ 25%, was 0.5 copies/μL (that means 10
copies/μL of RNA sample input) (Table 2).
Intra- and Inter-Assay Repeatability. To evaluate the intra-

and inter-assay repeatability of the developed assay, the
concentration of each gene transcript, the mean copies per
partition (λ), and the partition number (n) of each analytical
run were calculated according to the digital MIQE guide-
lines.24 Intra-assay repeatability of the five-plex RT-ddPCR
assay was evaluated by analyzing within the same RT-ddPCR
run three different concentrations of a commercially available
calibrator, with known SARS-CoV2 concentration (CAL1,
CAL2, and CAL3) in triplicate (Table 2). CV % ranged from
12 to 16% for N1, 9.2 to 15% for N2, 5.9 to 21% for N3, 5.6 to
21% for RNA-EC, and 8.2 to 21% for RNA-IC. Reproducibility
or inter-assay variance was evaluated by analyzing three
samples prepared by mixing in equal copy numbers: RNA
derived from a SARS-CoV-2 positive clinical sample and the
RNA-EC and RNA-IC (RNA derived from the MCF-7 cell
line) with (CAL4, CAL5, CAL6) in four separate RT-ddPCR
runs performed on four different days (Table 2). CV % in this
case ranged from 14 to 18% for N1, 7.0 to 13% for N2, 5.8 to
18% for N3, 7.9 to 13% for RNA-EC, and 5.8 to 15% for RNA-
IC.
Analytical Recovery. The analytical recovery of the

developed five-plex one-step RT-ddPCR for the quantification

of N1, N2, and N3 transcripts was determined using a
commercially available RNA control (AcroMetrix COVID-19
RNA Control) of known concentration at three different
concentrations (CAL1:70 copies/reaction, CAL2:25 copies/
reaction, and CAL3:12.5 copies/reaction). These three
samples were quantified by the developed RT-ddPCR in
three individual reactions in triplicate (Table 3). Analytical
recovery (%) was calculated by dividing the copy number of
each N gene transcript as found by RT-ddPCR by the known
added copy number in each case and multiplying by 100. For
CAL1, analytical recovery ranged from 92.4 to 103%; for
CAL2 from 81.6 to 88.0%; and for CAL3 from 75.7 to 83.2%,
with CV % across reaction replicates ranging from 4.1% to
5.6% (Table 3).
Quality Control. RNA-EC. In each reaction, 4000 copies

(200 copies/μL) of RNA-EC were spiked to verify high
performance of droplet generation and one-step five-plex RT-
ddPCR reaction. 100 copies/μL out of the 200 copies/μL were
detected in the FAM channel, while the remaining 100 copies/
μL were detected in the HEX channel. The mean recovery rate
of 100 measurements in each fluorescence amplitude was 97.01
± 9.0, and the CV % was 9.3% (Supporting Information file).
The distribution of the absolute number of copies of RNA-EC
among all measurements is depicted in a representative
Levey−Jennings graph (Figure 3).

It is known that, universal RNA standards provide
information on the performance of different molecular
platforms and methodologies.29 Thus, we de novo designed
for the first time an external, stable, and unique synthetic RNA
control that has no homology to the human or coronavirus
genome. The spiking of RNA-EC in each reaction ensured the
good performance of the droplet generator, RT-ddPCR
reagents, thermal cycler, and QX200 Droplet Reader. The
high recovery rate of RNA-EC in all samples tested ensured the
reproducibility of all steps of the developed protocol.

RNA-IC. Quantification of the RNA-IC (B2M transcripts) in
each clinical sample verifies the accurate sampling of columnar
epithelial cells, and that all experimental steps of the assay

Table 3. Analytical Recovery of the Developed One-Step Five-Plex RT-ddPCR SARS-CoV-2 Assay Using Three Different
Calibrators of Known Concentrations in Triplicate

calibrators
added

copies/reaction
found N1 copies ± SD

(n = 3)
found N2

copies ± SD (n = 3)
found N3

copies ± SD (n = 3)
found N1, N2, N3, mean

value ± SD (n = 9)
recovery (%)

(range, CV %)

CAL1 70 65 ± 0.40 67 ± 0.31 72 ± 0.35 68 ± 3.8 96.8
(92.4−103, 5.6%)

CAL2 25 22 ± 0.17 21 ± 0.15 20 ± 0.060 21 ± 0.86 84.1
(81.6−88.0, 4.1%)

CAL3 12.5 9.7 ± 0.061 9.5 ± 0.051 10 ± 0.11 10 ± 0.48 78.9
(75.7−83.2, 4.9%)

Figure 3. Levey−Jennings graph of all measurements for RNA-EC (n = 100).
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worked well. Moreover, the detection of B2M transcripts in
each sample confirms the absence of false negative results.

The inclusion of external RNA-EC control in all RNA
samples in parallel with the simultaneous amplification and
detection of B2M as an RNA-IC is highly important for the
immediate exclusion of potential false negative results due to
low sample quality or pre-analytical errors.
Quantification of SARS-CoV-2-Transcripts in Naso-

pharyngeal and/or Oropharyngeal Swabs. We applied
the developed one-step five-plex RT-ddPCR for the
quantification of SARS-CoV-2-transcripts in 100 RNA samples,
collected from nasopharyngeal and/or oropharyngeal swabs, by
using 5 μL of RNA in each RT-ddPCR reaction. All these
samples were collected within one year, and RNAs were kept at
−80 C till the analysis by RT-ddPCR. In all samples, the same
amount of RNA-EC was added. According to our RT-ddPCR
results, 19/100 (19.0%) were found negative, while 81/100
(81.0%) were found positive for SARS-CoV-2 transcripts. The
mean number of copies per μL of RNA of each transcript was
3.5 × 104 for N1 transcript (range: 0.64−9.7 × 105), 3.8 ×
104 for N2 transcript (range: 1.28−1.1 × 106), and 3.8 × 104
for N3 transcript (range: 1.92−1.4 × 106). We then compared
our quantitative results for these three transcripts of the N gene
(N1, N2, N3) by performing the Kruskal−Wallis test and
concluded that the distribution of the absolute number of
copies of N gene is the same (p = 0.950) (Supporting
Information file).

We chose to amplify three different regions of the
nucleocapsid (N) gene for the quantification of SARS-CoV-2
in clinical samples. The nucleocapsid protein is the main

structural protein of SARS-CoV-2 and plays an important role
in the viral life cycle while is abundantly expressed during viral
infection.30 A recent study has shown that the selection of the
N gene instead of the ORF-1b region provides higher
sensitivity in detecting positive clinical specimens.1 Given the
fact that there is an extended alignment between different
coronaviruses in specific genome regions,31 we performed a
detailed in silico design to provide specific detection of SARS-
CoV-2. Moreover, the selection of three regions instead of one
increases the probability of detection of SARS-CoV-2,
especially in samples with a low viral load. Apart from that,
the examination of multiple gene areas excludes false negative
results due to genetic diversity.32

As shown in Figure 3, the concentration of the added RNA-
EC found by RT-ddPCR in each sample was almost the same
regardless of the viral load of the clinical specimens. In Figure
4A, four representative 2-D plots are shown: (a) a clinical
sample with a high viral load, (b) a clinical sample with a low
viral load, (c) a clinical sample with an ultra-low viral load, and
(d) a negative sample. Copies of RNA-IC were quantified in all
clinical samples. The mean number of copies per μL of RNA
was 2.1 × 103(range: 0.76−8.0 × 105). In Figure 4B, the mean
absolute number of viral RNA copies of each clinical sample is
shown in the ascending order; in Figure 4C, the absolute
number of RNA-IC transcripts of the corresponding samples is
shown.

Similar levels of copies of SARS-COV-2 were found in all
three regions, indicating equal efficiencies off all three different
single reactions included in the same multiplex setting. The
viral load of clinical specimens ranged from very low to very

Figure 4. (A) 2-D plots of five-plex RT-ddPCR assay of (a) clinical sample with a high viral load, (b) clinical sample with a low viral load, (c)
clinical sample with an ultra-low viral load, and (d) negative sample, (B) absolute number of viral RNA copies of all clinical samples analyzed in the
ascending order, (C) corresponding absolute number of IC (B2M) copies, (D) Spearman’s correlation between Ct values and absolute number of
copies of SARS-COV-2 in identical RNA samples (n = 80).
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high number of copies, indicating a particular heterogeneity of
virus infection. These differences in viral load levels are
associated to the duration of the disease and activation of
interferon pathway genes.33 Understanding patient hetero-
geneity could help clinicians to decide on time which patients
need more aggressive treatment and which patients could
benefit by the administration of specific therapies.34

Quantification of B2M transcripts, used as an RNA-IC in all
tested clinical samples, revealed that differences in viral load
levels are not only due to patient heterogeneity but also
differences in sampling recoveries, as columnar epithelial cells
express B2M. Biological sampling is a very important
parameter in the collection of nasopharyngeal specimens
since suboptimal sampling could contribute to false negative
results.35 In the developed assay, the parallel amplification of
B2M in all samples as an RNA-IC and absolute quantification
using ddPCR technology provide accurate and sensitive
quantification of virus load in clinical specimens, even in
cases with limited sample processing.36

Direct Comparison of the Developed One-Step Five-
Plex RT-ddPCR with a Commercially Available CE-IVD
RT-qPCR Assay. The developed one-step five-plex RT-
ddPCR assay was directly compared with a commercially
available CE-IVD RT-qPCR assay (VIASURE SARS-CoV-2
kit,CerTest BIOTECH Inc). For this reason, the same 100
RNA samples, collected by nasopharyngeal and/or orophar-
yngeal swabs, were analyzed by both methods. According to
the RT-qPCR results, 20/100 (20.0%) were found negative,
while 80/100 (80.0%) were found positive for SARS-COV-2.
The Cq values obtained by RT-qPCR for these 80 positive
samples were highly correlated with the absolute number of
copies obtained by RT-ddPCR using Spearman’s rank
correlation coefficient (Figure 4D). More specifically, there
was a strong negative correlation (Spearman’s correlation
coefficient = −0.850; p < 0.001) between Cq values and
absolute number of copies; lower Cq values were highly
correlated with a high number of copies as found by RT-
ddPCR, while higher Cq values were correlated with a low
number of copies. However, there was one sample with a low
viral load that was found positive using one-step five-plex RT-
ddPCR but was negative with RT-qPCR. This is in agreement
with other studies showing that ddPCR has better performance
for the quantification of rare sequence variants when compared
to RT-qPCR,37,38 even in the presence of a high background.39

The main advantage of the developed one-step five-plex RT-
ddPCR assay, in comparison to other multiplex RT-ddPCR as
says,14−17 is the inclusion of an RNA-EC and an RNA-IC and
their simultaneous amplification with three transcripts of
SARS-COV-2. Recently, a six-plex RT-ddPCR assay for the
detection of two different genes of SARS-COV-2 genome and
an RNA-dependent RNA polymerase (RdRp) was reported.15

However, no control was used. De Kock et al. developed a
multiplex RT-ddPCR assay for the detection of SARS-COV-2
using two different ICs but no EC. Although IC is essential for
evaluating successful sample collection, the use of an EC is
highly important for quality control assessment of RT-ddPCR
assays since it is the most complete control type for reagent
validation40 and for testing the performance in each discrete
ddPCR reaction.

■ CONCLUSIONS
In conclusion, we report the development, analytical validation,
and clinical performance of a novel one-step five-plex RT-

ddPCR assay for the absolute and simultaneous quantification
of three different regions (N1, N2, N3) of SARS-COV-2
nucleocapsid gene, an RNA-EC, and an RNA-IC. The
simultaneous absolute quantification of the RNA-EC and
RNA-IC provides quality control assessment that is highly
important and critical for the standardization and reliability of
the results. The direct comparison of the developed one-step
five-plex RT-ddPCR assay with a commercially available CE-
IVD RT-qPCR kit revealed a very high concordance and a
higher sensitivity in SARS-COV-2 detection compared to RT-
qPCR. The developed assay can be directly applied for the
reliable detection and quantification of SARS-COV-2 RNA
transcripts in clinical and wastewater samples.
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■ LIST OF ABBREVIATIONS
NAATs nucleic acid amplification tests
Cq quantification cycle
RNA-EC RNA exogenous control
RNA-IC RNA internal control
B2M beta-2-microglobulin
N nucleoprotein
FAM 6-carboxyfluorescein
HEX hexachlorofluorescein
TE Tris−EDTA
DTT dithiothreitol
LOD limit of detection
LOQ limit of quantification
LDR linear dynamic range
RdRp RNA-dependent RNA polymerase
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