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Abstract
Nucleic acid testing is a powerful tool for the detection of various pathogens. Respiratory syncytial virus (RSV) is a major 
cause of acute respiratory infection, especially in young children and infants. To improve the confidence and reliability of 
nucleic acid testing results for RSV, reference materials (RMs) of both type A and B of RSV were developed by the National 
Institute of Metrology, China, code numbers NIM-RM 4057 and 4058. The reference material was composed of in vitro 
transcribed RNA containing the nucleocapsid (N) gene, matrix (M) gene, and partial polymerase (L) gene of RSV. A duplex 
reverse transcription digital PCR method was established with limit of blank (LoB), limit of detection (LoD) and limit of 
quantification (LoQ) of 2, 5, and 23 copies per reaction for RSV-A and 4, 8, and 20 copies per reaction for RSV-B. The 
certified value and expanded uncertainty (U, k = 2) of the two RMs were determined to be (6.1 ± 1.4) ×  104 copies/μL for 
RSV-A and (5.3 ± 1.2) ×  104 copies/μL for RSV-B. The developed RMs can be used as standards to evaluate the performance 
of RSV detection assays.
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Introduction

Respiratory syncytial virus (RSV) is a common respira-
tory virus that can cause serious respiratory infections 
such as bronchiolitis and pneumonia, especially in young 
children [1]. RSV has also been recognized as a signifi-
cant pathogen in adults with acute respiratory infection 
[2] and places a heavy burden on the healthcare system 
[3]. Increasing evidence has shown that outcomes for 
patients hospitalized with RSV are worse than for those 
with influenza or Human metapneumovirus (hMPV) [4]. 
More importantly, RSV infection can lead to higher rates 
of intensive care unit (ICU) admissions than influenza 
[4]. During the COVID-19 pandemic, RSV was the most 
common (n = 342, 31.4%) virus identified in children co-
infected with SARS-CoV-2 [5].

RSV is a non-segmented negative-strand RNA virus 
belonging to the family Pneumoviridae, genus Orthopneu-
movirus [6]. Its genome consists of approximately 15,200 

nucleotides [7] and contains 10 genes that encode for 11 
proteins [8]. RSV can be divided into two antigenic groups, 
A and B, and multiple genotypes within the two groups [9].

As molecular-based diagnostic methods are commonly 
used for detecting pathogens, nucleic acid testing has been 
known as the gold standard method for detecting acute RSV 
[2]. Various traditional real-time polymerase chain reaction 
(PCR) [10] and multiplex real-time PCR assays have been 
developed [11, 12]. Regardless of whether laboratory-devel-
oped assay or commercial assay is used, it is important to 
validate the assay and perform quality control throughout the 
detection process. Reference materials (RMs) are uniform 
and stable samples that can be used to ensure the accuracy 
and reliability of measurement results [13]. In this study, 
we developed a duplex reverse transcription digital PCR 
(RT-dPCR) method which can distinguish between RSV-A 
and RSV-B, and developed reference materials of RSV-A 
(NIM-RM 4057) and RSV-B (NIM-RM 4058) based on the 
RT-dPCR method.
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Materials and methods

Preparation of reference materials

The RM is composed of a single in vitro transcribed RNA 
construct (DNA was synthesized by Sangon, China) con-
taining the complete nucleocapsid (N) gene, matrix (M) 
gene, and a segment of the polymerase (L) gene of RSV-A 
(NC_038235) and RSV-B (NC_001781), respectively 
(Fig. 1 and Table S1), in a matrix of 5 ng/µL total RNA 
extracted from cultured 293 T cells in buffered solution 
(RNA Storage Solution, Thermo Fisher Scientific, USA). 
In vitro transcription was performed using the MEGAs-
cript™ T7 Transcription Kit (Thermo Fisher Scientific, 
USA). RNA transcripts were purified using the MEGA-
clear™ Kit (Thermo Fisher Scientific, USA). A total of 
200 units of each RM were prepared, with each unit con-
taining 50 µL. The approximate concentration for each of 
the RMs was  104 copies/μL.

Performance of digital PCR method

The RT-dPCR was performed on a chip-based digital PCR 
system (DQ24, Sniper, China). One-step and two-step RT-
dPCR methods were tested. For one-step RT-PCR, the 
reaction mixture included 11 μL of one-step SuperMix 
(Sniper), 2 μL of reverse transcriptase (Sniper), 1.1 μL mix-
ture of primers and probe (final concentration of 500 nM 
and 250 nM), 6.4 μL of RNase-free double-distilled water 
 (ddH2O) and 1.5 μL of RNA template. The thermal cycling 
conditions were as follows: 50 °C for 20 min (reverse tran-
scription); 95 °C for 10 min; 40 cycles of 95 °C for 30 s 
and 58 °C for 60 s; 60 °C for 1 min. For two-step RT-PCR, 
the reverse transcription step was performed first using the 
HiScript III Reverse Transcriptase kit (Vazyme, R302). The 
reaction mixture included 4 μL of 5× HiScript III Buffer, 1 
μL of dNTP Mix (10 mM each), 1 μL of HiScript III Reverse 
Transcriptase (200 U/µl), 1 μL of RNase inhibitor (40 U/
µl), 1 μL of gene-specific primers (10 uM each, Table 1), 
2 μL of RNase-free  ddH2O and 10 μL of RNA template. 
The thermal cycling conditions were as follows: 50 °C for 
15 min and 85 °C for 5 s. Complementary DNA (cDNA) 
was then used for dPCR. The reaction mixture included 11 
μL of SuperMix (Sniper), 1.1 μL mixture of primers and 
probe (final concentrations of 500 nM and 250 nM), 8.4 μL 
of RNase-free  ddH2O, and 1.5 μL of cDNA. The thermal 
cycling conditions were as follows: 60 °C for 10 min; 95 °C 
for 10 min; 40 cycles of 95 °C for 30 s and 58 °C for 60 s; 
60 °C for 1 min.

Assessment of homogeneity and stability

Ten units of each RM were assessed by RT-dPCR, and three 
replicates were analyzed per unit for homogeneity analysis 
according to ISO Guide 35 [14]. Short-term stability (STS) 
study was performed at a range of storage temperatures and 
times. The RMs were maintained at −70 °C (reference tem-
perature), 4 °C, and 25 °C for 2, 5, and 7 days. Two replicate 
units were included per condition and assessed by RT-dPCR. 
Two replicates were analyzed per unit. The long-term stabil-
ity (LTS) of the RMs was assessed by analyzing the RNA 
samples after storage for 1, 3, 5, and 13 months at the ref-
erence storage temperature of −70 °C. The sampling and 
analysis methods were the same as for STS. Trend analysis 
was used for the stability study according to ISO Guide 35.

Characterization of RMs and evaluation 
of measurement uncertainty

The RMs were characterized by the established RT-dPCR 
method. Five vials were quantified, with three replicates for 

Fig. 1  Evaluation of four sets of assay using RNA template of RSV-A 
(A) and RSV-B (B) by one-step and two-step RT-dPCR
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each vial. Data were analyzed by the Shapiro–Wilk test and 
Dixon and Grubbs tests. The arithmetic mean of the meas-
ured data was calculated as the certified value of the RM.

Uncertainties of RMs were calculated by taking into 
account the following factors: characterization of the RMs 
(uchar), homogeneity and LTS assessment of the RMs (ubb 
and ults). Expanded uncertainties (U) were calculated by 
multiplying standard uncertainty (u) by a coverage factor 
(k) of 2 at 95% confidence level.

Results and discussion

Establishment of RT‑dPCR for quantification 
and typing of RSV

According to previous reports, the most commonly tested 
target genes were N, M, and L. Four sets of primers and 
probes (Table 1) were tested and compared by one-step and 
two-step RT-dPCR using the in vitro transcribed RNA of 
RSV-A and RSV-B as templates (Fig. 1). The first two sets 
were universal for RSV and the last two sets were specific 
for type A and B RSV. As the three genes were constructed 
into the same molecule, theoretically their quantification 
results should be 1:1:1. Due to the difference in efficiency of 
amplification and reverse transcription, the latter being more 
critical especially for RNA, the four assay sets yielded differ-
ent results. Both RSV-A and RSV-B obtained higher results 
by the one-step RT-dPCR than by the two-step RT-dPCR, 

except for assay 3 of RSV-A. For one-step RT-dPCR, the 
results of assay 4 were about 2.5% higher than assay 1, about 
5% higher than assay 2, and about 40–60% higher than assay 
3. Therefore, assay 4 was selected for the subsequent study 
for both type A and B RSV. The primer and probe concentra-
tion and annealing temperature were then further optimized, 
and the duplex RT-dPCR assay for simultaneous detection 
of RSV-A and RSV-B was established.

Validation of the RT‑dPCR assay

The limit of blank (LoB), limit of detection (LoD), and limit 
of quantification (LoQ) for the RT-dPCR assays were deter-
mined to be 2, 5, 23 copies per reaction for RSV-A and 4, 8, 
and 20 copies per reaction for RSV-B according to EP 17A 
[15]. Sixty blank samples were used to determine the LoB 
(Table S2). Three or four levels of low-concentration sam-
ples with 20 samples for each level were used to determine 
the LoD (Table S3) and LoQ (Table S4).

The dynamic range of the assay was evaluated using seri-
ally diluted RNA samples. Ideal linearity was achieved over 
a 5-log dynamic range, from  101 to  105 copies per reac-
tion, with R2 of 0.9994 for RSV-A and 0.9991 for RSV-B 
(Fig. 2). The repeatability of the assay represented by the 
relative standard deviation (RSD) of copy number concen-
tration ranged from 1.5% to 23.7% for RSV-A and 2.6% to 
16.8% for RSV-B (Table S5). The specificity of the duplex 
assay was evaluated by cross-checking of RSV-A and RSV-B 
RNA, and no false-positive results were obtained (Fig S1). 

Table 1  Primer and probe sequences for RSV

a Nucleotide numbering was based on type A RSV (GenBank accession number NC_038235)
b Nucleotide numbering was based on type B RSV (GenBank accession number NC_001781)

Code Target gene Primer or probe Sequence ( 5′-3′) Genome 
location on 
RSV-Aa

Genome 
location on 
RSV-Bb

Reference

Assay 1 M Forward primer GGG CAA ATA TGG AAA CAT ACGTG 3253–3275 3255–3277 [16]
Reverse primer TCT TTT TCT AGG ACA TTG TAC TGA ACAG 3310–3337 3312–3339
Probe FAM-TTC ACG AAG GCT CCA CAT A-TAMARA 3283–3301 3285–3303

Assay 2 M Forward primer GGC AAA TAT GGA AAC ATA CGT GAA 3254–3277 3256–3279 [17]
Reverse primer TCT TTT TCT AAG ACA TTG TAY TGA ACAG 3310–3337 3312–3339
Probe FAM-CTG TGT ATG TGG AGC CTT CGT GAA GCT-BHQ1 3280–3306 3282–3308

Assay 3 L Forward primer AAT ACA GCC AAA TCC AAC CAA CTT TACA 13,850–13,877 13,861–13,888 [10]
Reverse primer GCC AAG GAA GCA TGC AGT AAA 13,923–13,943 13,934–13,954
RSV-A-Probe FAM-TGC TAT TGT GCA CTA AAG -MGB 13,899–13,916 -
RSV-B-Probe VIC-CAC TAT TCC TTA CTA AAG ATGTC-MGB - 13,905–13,927

Assay 4 N Forward primer ATG GCT CTT AGC AAA GTC AAGT 1140–1161 1140–1161 [11]
Reverse primer TGC ACA TCA TAA TTR GGA GTR TCA 1238–1261 1238–1261
RSV-A-Probe VIC-ACA CTC AAC AAA GAT CAA CTT CTR TCA TCC 

AGCA-BHQ2
1170–1203 -

RSV-B-Probe FAM-ACA TTA AAT AAG GAT CAG CTG CTG TCA TCC 
AGCA-TAMARA 

- 1170–1203
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The established duplex RT-dPCR assay was confirmed to 
be sensitive for quantitative detection and subgroup-specific 
identification of RSV.

Homogeneity and stability of the RMs

Under the same conditions, ten units of each RM were 
assessed by RT-dPCR for homogeneity (Fig. 2, Table S6). 
The data did not indicate outlying unit means or any obvious 
trend in the filling sequence. The overall %CV of the data 
was 7.9% for RSV-A and 5.9% for RSV-B. We evaluated 
the between-unit standard deviation (sbb) for each RM and 
found that sbb was comparable with method repeatability 
standard deviation (sr). Therefore, the RMs were considered 
sufficiently homogeneous, and sbb was used as the estimate 
of standard uncertainty related to possible between-unit het-
erogeneity (ubb).

STS study showed that there was no change in copy num-
ber concentration of RMs after storage at 4 °C and 25 °C for 
7 days. LTS study showed that the two RMs were stable for 
as long as 13 months under −70 °C (Fig. S2 and Table S7). 
The LTS study data were plotted against storage time, and 
regression lines of RNA concentration (yi) versus time (xi) 
were calculated. The slope of the regression lines (β1) and 
the standard deviation of the slope [s(β1)] were then tested 
for statistical significance. The uncertainty contribution of 
LTS study (ults) was calculated as the product of the chosen 
shelf life and s(β1).

Characterization of the RMs

The certified value of the RM is represented as the copy 
number concentration of RNA determined by the established 
RT-dPCR method. The result of measurements are shown 
in Table 2. Shapiro–Wilk test showed that the data followed 
normal distribution. The Dixon and Grubbs tests showed 
no outliers. The certified values were calculated from the 
arithmetic mean of the five samples. The estimated relative 
standard uncertainty related to characterization ( u

rel(char) ) 
was calculated as

Fig. 2  Linearity of RT-dPCR 
assays for RSV-A (A) and 
RSV-B (B), and homogeneity of 
reference materials for RSV-A 
(C) and RSV-B (D). In (C) and 
(D), dots represent the means 
of each unit, solid lines indicate 
the reference value of the RMs, 
and dashed lines indicate the 
expanded uncertainty of the 
RMs

Table 2  Certified values and expanded uncertainties (U, k = 2) of 
RMs

RMs RT-dPCR 
results
(copies/μL)

Relative stand-
ard deviation 
(RSD)

Certified 
value (copies/
μL)

U (k = 2) 
(copies/
μL)

RSV-A 6.13E + 04 4.23% 6.1 1.4
6.30E + 04
5.64E + 04
6.10E + 04
6.22E + 04

RSV-B 5.30E + 04 2.22% 5.3 1.2
5.12E + 04
5.36E + 04
5.35E + 04
5.43E + 04
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where u
rel(repeatibility) is the RSD of the measurement, 

u
rel(volume) is the uncertainty of the partition volume of dPCR 

(0.008) [18], and u
rel(dilution) is the calibration of the pipette 

(0.008).
The source of uncertainty for RMs mainly included 

characterization, homogeneity, and LTS study of the RM 
(Table S8). Finally, the certified value and expanded uncer-
tainty (U, k = 2) of the two RMs were determined to be 
(6.1 ± 1.4) ×  104 copies/μL for RSV-A and (5.3 ± 1.2) ×  104 
copies/μL for RSV-B.

Conclusions

Several studies have shown that respiratory infection caused 
by RSV was associated with more severe risk and heavier 
hospital burden than expected. Nucleic acid testing plays 
a critical role in the detection of RSV, and it is important 
to develop certified reference materials to ensure accurate 
and reliable detection of RSV. A duplex RT-dPCR assay 
was established for absolute quantification and simultaneous 
detection of RSV-A and RSV-B. It was used in the develop-
ment of new reference materials of RSV-A and RSV-B. The 
RMs were found to be homogeneous and stable, and can 
be used as standards to evaluate the performance of RSV 
detection assays.
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