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Abstract

The novel coronavirus disease 2019 (COVID-19) caused by severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) has infected more than 505 million confirmed cases, including over 6 million deaths. Reference materials (RMs)
of SARS-CoV-2 RNA played a crucial role in performance evaluation and quality control of testing laboratories. As the
potential primary characterization method of RMs, reverse transcription digital PCR (RT-dPCR) measures the copy number
of RNA, but the accuracy of reverse transcription (RT) efficiency has yet to be confirmed. This study established a method
of enzymatic digestion followed by isotope dilution mass spectrometry (IDMS), which does not require an RT reaction, to
quantify in vitro—transcribed SARS-CoV-2 RNA. RNA was digested to nucleotide monophosphate (NMP) within 15 min
and analyzed by IDMS within 5 min. The consistency among the results of four different NMPs demonstrated the reliability
of the proposed method. Compared to IDMS, the quantitative result of RT-dPCR turned out to be about 10% lower, possibly
attributed to the incompleteness of the reverse transcription process. Therefore, the proposed approach could be valuable

and reliable for quantifying RNA molecules and evaluating the RT efficiency of RT-based methods.
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Introduction

Since late 2019, an epidemic disease (named novel coronavi-
rus disease 2019, COVID-19) caused by severe acute respir-
atory syndrome coronavirus 2 (SARS-CoV-2) has attacked
the world and lasted for more than 2 years up to now [1-3].
Globally, there have been more than 505 million confirmed
cases of COVID-19, including more than 6 million deaths,
reported by WHO [4].

Among hundreds of COVID-19 diagnostic tests of dif-
ferent classes, nucleic acid testing (NAT) such as reverse
transcription quantitative real-time PCR (RT-qPCR) remains
the gold standard for COVID-19 diagnosis [5]. In order to
ensure the quality and reproducibility of testing laborato-
ries and evaluate the performance of molecular diagnostic
products, reference materials of SARS-CoV-2 RNA were
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developed by WHO as well as different institutions around
the world [6-9]. The most widely used method to charac-
terize RNA RMs were reverse transcription digital PCR
(RT-dPCR). RT-dPCR can provide the copy number of the
target template instead of C, values generated by RT-qPCR,
without the need of an external standard curve [10, 11].

Nevertheless, compared with DNA quantification by
dPCR, big variations always occurred for RNA quantifica-
tion [12-14]. The involvement of the reverse transcription
(RT) process is the major difference between DNA and RNA
quantification. As the essential step prior to PCR, RT of
RNA to cDNA may induce biases to the results when dif-
ferent reverse transcriptases and priming strategies (oligo
(dT), random hexamer, or gene-specific primer) are chosen
[15-19]. Thus, a method independent of the RT process is
necessary to evaluate the accuracy of RT-dPCR and other
RT-based methods.

Isotope dilution mass spectrometry (IDMS) has been
reported to be an accurate and reliable method in the field
of chemical analysis [20, 21]. When combined with enzy-
matic digestion, IDMS could also be used in quantification
of nucleic acid molecules, including oligonucleotide [22, 23]
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and lambda genomic DNA [24]. The purpose of this study
is to establish a method of enzymatic digestion followed by
IDMS for quantification of SARS-CoV-2 RNA and evaluate
the RT efficiency of the RT-dPCR method.

Materials and methods
In vitro transcription of SARS-CoV-2 RNA

An in vitro—transcribed RNA containing E, ORF1lab, and N
genes of SARS-CoV-2 was prepared as the study material
in this study.

E gene, partial ORFlab gene (NC_045512.2, position
13,201-15,600), and N gene of SARS-CoV-2 were synthe-
sized by BGI (Beijing, China). The three genes were cloned
together into the same pBluescript I SK(+) vector to gener-
ate an in vitro—transcribed RNA molecule.

The SARS-CoV-2-E-N-ORF1ab plasmid was linearized
with Not I at the 3"-end and purified with the Universal DNA
Purification Kit (Tiangen, China) as the template DNA. To
generate positive sense strand RNA, in vitro transcription
(IVT) was performed using the MEGAscript T7 kit (Thermo
Fisher, USA). The reaction contained 7.5 mM of each of
ATP, CTP, GTP, and UTP, 1 xreaction buffer, 2 uL. T7
enzyme mix, and 8 uL of template DNA. After incubation
at 37 °C for 4 h, TURBO DNase treatment was performed
to remove the remaining template DNA. The resulting RNA
was purified using the MEGAclear Kit (Thermo Fisher,
USA). Successful in vitro transcription was confirmed by
analyzing RNA molecule with the RNA 6000 nano kit on
the 2100 Bioanalyzer (Agilent, USA). The concentration of
RNA was estimated using Nanodrop. A diluted RNA sam-
ple was prepared at approximately 1 ng/pL in RNA Storage
Solution (Thermo Fisher, USA), aliquoted to 100 pL/tube,
and stored at — 70 °C.

Standards and reagents

Four certified reference materials (CRMs) of pure nucle-
otide monophosphate (NMP) were obtained from the
National Institute of Metrology, China (NIMC). The
nominal purity of adenosine 5'-monophosphate (AMP,
GBW(E)100,054), guanosine 5'-monophosphate disodium
salt (GMP, GBW(E)100,068), cytidine 5'-monophosphate
(CMP, GBW(E)100,067), and uridine 5'-monophosphate
disodium salt (UMP, GBW(E)100,069) was 98.9%, 98.8%,
99.3%, and 99.4%, respectively. Uncertainties (k=2) of
0.7%, 0.6%, 0.6%, and 0.4% were assigned to the cor-
responding values for AMP, GMP, CMP, and UMP. The
standards were dried at 80 ‘C for 4 h and gravimetrically
dissolved in water to form a stock solution with concentra-
tion of about 1 mg/g. Stable isotope—labeled (}*C, > N)
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NMPs (LNMPs) were purchased from Silantes (Germany)
and used as the internal standards. The LNMPs were in
solution with a stated concentration of 0.1 mol/L. The
chemical purity of the LNMPs was greater than 95%, and
the isotopic enrichment was greater than 98 atom% as
stated by the manufacturer. Snake venom phosphodies-
terase I (SVP) from Crotalus adamanteus was purchased
from Sigma-Aldrich.

Preparation of sample and calibration blends

The LNMP mix solution of the four internal standards was
prepared by diluting with SVP buffer (100 mM Tris—HCI pH
8.8, 10 mM ammonium acetate, and 100 mM magnesium
acetate). The concentration of the four LNMPs in the mix
solution was determined by the estimated concentration of
the natural NMPs in the in vitro RNA sample, ensuring the
molar ratio of NMP and LNMP in the sample was approxi-
mately 1:1. Two calibration blends were prepared containing
the same concentration of LNMP with the RNA sample. The
mass ratio of NMP/LNMP in the high and low calibration
blend was approximately 1.1 and 0.9, respectively.

Digestion of RNA samples

The digestion mixture was gravimetrically prepared by add-
ing 50 pL of RNA (approximately 1 ng/pL), 5 pL of LNMP
mix solution (approximately 7 x 10~ mol/L for LCMP and
LGMP, 1 x 1078 mol/L for LUMP and LAMP), and 1 pL
of SVP (0.00023 U/pL). The mixture was incubated at 37
°C for 15 min and centrifuged at 13,000 rpm for 2 min for
subsequent IDMS analysis.

IDMS analysis

For the chromatographic separation of NMPs, high-perfor-
mance liquid chromatography (HPLC) system of Agilent
1200 series was used with an SB-AQ C g, 3.5-pm particles,
and a 2.1-mm X 100-mm analytical column (Agilent). The
mobile phase was 0.1% formic acid (v/v) in a flow rate of
200 pL/min maintained at 30 ‘C. The four NMPs were eluted
after isocratic elution of 5.5 min. Sample aliquots of 3 pL
were injected. Each sample was injected and analyzed for
three replicates.

For quantification, signal detection was performed using a
SCIEX API 5500 QTrap MS/MS system in positive ion and
multiple reaction monitoring (MRM) modes. The ionspray
voltage was 5500 V and the source gas temperature was 600
°C. Other instrumental parameters and mass spectrometer
data acquisition parameters are listed in Table 1.
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Table 1 Instrumental ID Ql mass (Da) Q3 mass(Da) Time(ms) DP(V) EP(V) CE(V) CXP (V)
parameters and mass
spectrometer data acquisition CMP 324 112 200 ) 9 18 17
parameters UMP 325 97 200 50 10 14 15
AMP 348 136 200 120 10 46 17
GMP 364 152 200 80 12 17 17
rCMP 336 119.071 200 120 10 46 17
fUMP 336 102.071 200 120 10 46 17
rAMP 363 145.917 200 120 10 46 17
rGMP 379 162.042 200 120 10 46 17

Calculation of NMPs and RNA concentration

The final mass fraction of each NMP in the digested RNA
sample was calculated using the bracketing IDMS method
[24]. The final mass fraction of RNA concentration was
calculated using Eq. 1:

W, X Mgna
Wena = ———— 1)
Mymp XN

where Wy, 1s the mass fraction of the RNA sample in
micrograms per gram, W, is the mass fraction of the selected
NMP in the RNA sample, Mgy, is the molecular mass of
the RNA molecule (1,264,317.80 was used), Myyp is the
molecular mass of the selected NMP, and N is the number
of the selected NMP in the RNA sample (812 for CMP, 1136
for UMP, 816 for GMP, 1175 for AMP).

The copy number of RNA (#n, in copies per microgram)
was converted from the mass fraction of RNA (Wgy,, in
micrograms per gram) using Eq. 2:

Wina X D X N,
s 100 (@)
Mpypna X 10

where N, is Avogadro’s constant and D is the density of the
sample. A density of 1.00 g/mL was taken into account in
the calculation.

Reverse transcription digital PCR (RT-dPCR)

The reverse transcription digital PCR of ORFlab, E, and
N genes of the SARS-CoV-2 RNA sample was performed
on a QX200 digital PCR system (Bio-Rad) as in a previous
published study [25]. One-Step RT-ddPCR Advanced Kit
for Probes (Bio-Rad, USA) was used. The reaction mixture
included 5 pL of supermix, 2 pL of reverse transcriptase, 1
pL of 300 mM DTT, 1 pL of mixture of primers and probe,
7 pL of RNase-free water, and 4 pL of template. The RNA
template was gravimetrically diluted before it was added to
the reaction. The thermal cycling conditions were as follows:
45°C for 60 min (reverse transcription); 95 “C for 10 min;

40 cycles of 95 °C for 30 s and 58 “C for 60 s; and 98 °C for
10 min.

Results and discussion
The optimization of separation of the four NMPs

Our previous study showed that the in vitro transcribed RNA
could be digested into NMPs within 15 min using SVP, and
the four NMPs could be separated completely using an
SB-AQ C,g column of 150 mm on the HPLC system [26].
For this study, an SB-AQ Cg column of 100 mm was used
because the flow rate was reduced from 1 to 0.2 mL/min and
the separation time would be extended from 5 to 25 min if
the same column was used. The peaks of NMPs on the TIC
of MS were slightly overlapped when using the 100-mm
column compared to 150-mm column, but the XIC of each
NMP was sharp enough for further integration (Fig. 1). To
verify if this would affect the accuracy of the quantification
results, an optimization experiment was performed by ana-
lyzing the same digested sample on the 100- and 150-mm
columns. No significant difference was observed from the
quantitative result of the four NMPs (Fig. 2, raw data are
listed in Table S1). Therefore, the 100-mm column was used
to quantify SARS-CoV-2 RNA in this study.

A mobile phase of formic acid (0.1% of v/v) was used in
the separation system, and this was beneficial for the elec-
trospray source due to the absence of contamination, such as
ammonium acetate or ammonium hydrogen carbonate which
was used earlier for separation of deoxynucleotides [22, 23].

Quantification of in vitro-transcribed SARS-CoV-2
RNA by IDMS

An in vitro—transcribed RNA with a length of 3939 nt
including E, partial ORF1lab, and N genes of SARS-CoV-2
was used in this study. The purity of the RNA molecule
was verified by an Agilent 2100 bioanalyzer. The RNA was
digested by SVP into NMPs and analyzed by IDMS. The
experiment was performed three times on different days.
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Fig.2 Comparison of the quantitative results of four NMPs using a
C,g column of 100 mm and 150 mm

Two samples were analyzed each day with two digestion repli-
cates of each sample (one sample with two digestion replicates
was analyzed on day 3 on the third day, and each digestion was
analyzed twice through C,g columns of 100 mm and 150 mm).
Three injection replicates of each digested sample and calibra-
tion blend were performed, and the average was used to calculate
the concentration of NMP. Four CRMs of NMPs from NIMC
were used as calibrators, and stable isotope—labeled (13C, 15 N)
NMPs (LNMPs) were used as internal standards.

The quantitative result of in vitro—transcribed RNA by
IDMS is listed in Table 2. The calculated mass fraction of
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the RNA derived from the measured concentration of CMP,
UMP, AMP, and GMP was 0.80 pg/g, 0.88 pg/g, 0.77 pg/g,
and 0.79 pg/g, respectively. The calculation of selected
NMP concentration in the digestion mixture is listed in
Table S2. The linear regression analysis of five independ-
ent calibrations is showed in Fig. S1. Limitation of detec-
tion of each NMP was assessed to be 0.01 pg/g for CMP,
0.04 pg/g for UMP, 0.02 pg/g for AMP, and 0.03 pg/g for
GMP. The expanded uncertainty (U, k=2) of the RNA mass
fraction was 0.05, 0.08, 0.06, and 0.09 pg/g, respectively,
where uncertainties associated with the reproducibility of
the method, weighing of the samples and calibrators, and
purity of the reference materials were considered. The
sources of uncertainty are illustrated in Table S3. The aver-
age mass fraction of the in vitro—transcribed SARS-CoV-2
RNA calculated from the four NMPs was 0.81 pg/g, with
% CV of 4.60%. The good agreement of RNA mass frac-
tions determined based on each NMP indicates the proposed
IDMS method provides an accuracy measurement for the
in vitro—transcribed RNA (Fig. 3).

Quantification of in vitro—transcribed SARS-CoV-2
RNA by RT-dPCR

An RT-dPCR method of SARS-CoV-2 RNA was established
previously by NIMC [25]. ORFlab, E, and N genes were the
common target genes of SARS-CoV-2 and could be detected
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Table 2 Calculated mass

X . . Digestion CMP (pg/g) UMP (ug/g) AMP (pg/g) GMP (pg/g)
fraction of in vitro—transcribed
(SiARS;inOV-ZtENA . Day 1 1 0.84 0.91 0.80 0.83
b :
by IDMS 3 0.76 0.79 0.70 0.71
4 0.74 0.81 0.70 0.73
Mean 0.80 0.85 0.75 0.78
CV (%) 7.8 6.9 7.7 8.6
Day 2 1 0.83 0.88 0.78 0.78
2 0.80 0.85 0.76 0.78
3 0.80 0.85 0.76 0.76
4 0.86 0.83 0.72 0.73
Mean 0.82 0.85 0.76 0.76
CV (%) 35 2.4 33 3.1
Day 3 1-1 0.79 0.92 0.79 0.84
1-2 0.79 0.92 0.81 0.84
2-1 0.73 0.92 0.79 0.86
2-2 0.79 0.92 0.81 0.82
Mean 0.78 0.92 0.80 0.84
CV (%) 3.8 0.0 1.4 1.9
Mean (3 days) 0.80 0.88 0.77 0.79
U (k=2) 0.05 0.08 0.06 0.09
1.10¢ 3.7%x108 =
§ 1.00f 3.6%10% - * R
g 0.90} Uump . . R
o cmp JAMP GMP 3.5%10% - * " —
g 080F {' § e~ iaa
g t 3.4x10% — ° A
Q2 0.70F 0o%e
F 3.3x108 = "
§ 0.60F ) -
050 - 3.2"1 08 1 1 1
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Fig.3 Comparison of the mass fraction of the in vitro—transcribed
SARS-CoV-2 RNA derived from four NMPs. The error bar repre-
sents expanded uncertainty (k=2), and the horizontal axis represents
mean of the results

and quantified by the method. The in vitro—transcribed E-N-
ORFlab RNA was quantified by the RT-dPCR method on
QX200 (Bio-Rad).

Three tubes of samples were measured with three repli-
cates for each sample. As the RNA concentration was higher
than the upper limit of RT-dPCR, the samples were gravi-
metrically diluted about 103 times before performing the
RT-dPCR. The information about gravimetric dilution pro-
cess is listed in Table S4 and S5. To avoid RNA degradation
during sample dilution, an RNA carrier of total yeast RNA
was added to RNA storage solution (Thermo Fisher) as the
dilution buffer.

Fig.4 Quantitative results (copies/puL) of ORFlab, E, and N genes of
in vitro—transcribed SARS-CoV-2 RNA by RT-dPCR

The quantitative results of the three genes of RNA are
shown in Fig. 4. The average copy number of ORF1lab, E,
and N gene was 3.46E + 08, 3.44E + 08, and 3.50E + 08 cop-
ies/pL, respectively, with %CV of 2.59%, 2.81%, and 3.25%.
Close agreement among the copy numbers of the three tar-
gets indicates the RT-dPCR assays were well optimized.

Comparison of the quantitative results of RNA
by IDMS and RT-dPCR

The mass fraction of the in vitro RNA measured by IDMS
could be converted into copy number according to the
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molecular weight of the RNA and Avogadro’s constant. Con-
sequently, the 0.81 pg/g was converted to a copy number of
3.86E + 08 copies/pL. The quantitative results of RT-dPCR
turned out to be about 10% lower than that of IDMS, pos-
sibly because the RT efficiency could not be 100%. Thus,
orthogonal methods which do not rely on RT such as single
molecule flow cytometric counting, HPLC, and IDMS are
needed to evaluate the accuracy of the RT-dPCR. In this
study an accurate quantification method of RNA through
enzymatic digestion followed by IDMS was developed and
used to evaluate the RT efficiency of RT-dPCR. As shown in
Table 3, the RT efficiency of ORFlab, E, and N was assessed
to be 89.6%, 89.1%, and 90.7%, respectively.

Conclusion

SARS-CoV-2 is the pathogen of the ongoing global pan-
demic disease COVID-19. Accurate analytical methods of
SARS-CoV-2 RNA play a critical role in the diagnosis of
COVID-19. It has been reported that IDMS can be used
as an accurate, primary method of oligonucleotide quanti-
fication in the DNA research area. In this study, enzymatic
digestion followed by IDMS has been firstly used to our
knowledge for RNA quantification. The mass fraction of
SARS-CoV-2 RNA has been obtained by measuring the
four constituents (NMPs) of RNA. Consistency of the results
derived from four different NMPs provides confidence on
the accuracy of the proposed method. This approach has
several further advantages. Firstly, it is time efficient. It has
been shown that RNA digestion to NMP is more efficient
compared with DNA. The 3939-nt RNA used in our research
could be digested within 15 min, and then the digested
products could be analyzed by IDMS measurement within
5 min for one injection. Secondly, it is free of RNA sequence
specificity. Certified reference material calibrators and stable
isotope—labeled internal controls of the four NMPs could be
used for any RNA sequence. Thirdly, it is independent of the
reverse transcription process of RNA.

But the proposed method does not have an advantage for
the detection of SARS-CoV-2 RNAs over RT-dPCR, due to
its inherent limitations. For example, the sequence of the
RNA should be known and isotopically labeled NMPs are
needed to calculate the copy number of the RNA, and since
all the NMPs in the solution could be detected, the RNA

Table 3 Copy number of RNA measured by IDMS and RT-dPCR

Method ORFlab E N
RT-dPCR (copies/pL) 346E+08 3.44E+08 3.50E+08
IDMS (copies/pL) 3.86E4+08 3.86E+08 3.86E+08
Ratio of RT-dPCR to IDMS  89.6% 89.1% 90.7%
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needs to be purified to exclude free NMPs. Nevertheless,
this method is applicable for confirmation of RT-dPCR and
evaluation of RT efficiency. It is suitable for accurate quan-
tification of RNA in the development of a higher order of
reference materials and RT reagents.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00216-022-04238-6.
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