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A B S T R A C T   

Nucleic acid detection and quantification have been known to be important at various fields, from genetically 
modified organisms and gene expression to virus detection. For DNA molecules, digital PCR has been developed 
as an absolute quantification method which is not dependent on external calibrators. While when it comes to 
RNA molecules, reverse transcription (RT) step must be taken before PCR amplification to obtain cDNA. With 
different kinds of reverse transcriptase (RTase) and RT reaction conditions being used in laboratory assays, the 
efficiency of RT process differs a lot which led variety in quantification results of RNA molecules. In this study, 
we developed HPLC method combined with enzymatic digestion of RNA to nucleotides for quantification of RNA 
without RT process. This method was metrologically traceable to four nuceloside monophosphate (NMP) Cer-
tification Reference Materials of National Institute of Metrology, China (NIMC) for insurance of accuracy. The 
established method was used to evaluate the reverse transcription digital polymerase chain reaction (RT-dPCR) 
of three target genes of Middle East Respiratory Syndrome Coronavirus (MERS-CoV) RNA, including open 
reading frame 1ab (ORF1ab), nucleocapsid protein (N) and envelope protein (E) gene. Three available RT kits 
had been evaluated and disparities were observed for the RT efficiency varied from 9% to 182%. It is thus 
demonstrated that HPLC combined with enzymatic digestion could be a useful method to quantify RNA mole-
cules and evaluate RT efficiency. It is suggested that RT process should be optimized and identified in RNA 
quantification assays.   

1. Introduction 

Nucleic acid detection and quantification play a crucial role at 
various fields, such as genetically modified organisms [1], gene 
expression and regulation [2–5] and virus detection [6–10]. Ribonucleic 
acid (RNA) is the genetic material of RNA virus, which may cause many 
human diseases, including the most recently emerged severe acute res-
piratory syndrome coronavirus 2 (SARS-CoV-2) which has spread 
rapidly all over the world [11,12]. The pathogen was identified as a 
novel coronavirus, which belongs to the family Coronaviridae [12,13]. 
There has been two major epidemics caused by members of the coro-
naviruses in history, including severe acute respiratory syndrome 
coronavirus (SARS-CoV) occurred since 2003 [14,15], and middle east 
respiratory syndrome coronavirus (MERS-CoV) occurred since 2012 
[16]. For RNA measurement, reverse transcription real-time quantita-
tive polymerase chain reaction (RT-qPCR) has been considered as the 
primary method and found wide applications. Reverse transcription 

digital polymerase chain reaction (RT-dPCR), due to its sensitivity and 
accuracy, has also been developed and used in RNA quantification [8, 
17]. RT-dPCR allows absolute quantification of cDNA without calibrant 
by partitioning the PCR solution into small reactions and applying 
Poisson statistics to the proportion of the negative partitions [18,19]. 
However, all PCR-based detection methods of RNA are dependent on 
reverse transcription (RT) of RNA to cDNA, which is essential prior to 
PCR but may induce biases to the results [20]. This fact has been noticed 
but often neglected, for example, in the expression levels of mRNA and 
its clinical significance where variability up to100-fold were observed 
[20–23]. The variability depends on the choice of reverse transcriptase 
(RTase) as well as the reaction conditions like temperature and priming 
strategy (oligo (dT), random hexamer, or gene specific primer) [21–25]. 

Thus, in this study, we focus on developing accurate RNA quantifi-
cation method not depending on reverse transcription process. Most 
regularly used method like ultra-violet (UV) and fluorescence spec-
troscopy can be simple but lack of specificity and traceability to quantify 
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RNA, due to the interference of other impurities such as organics, pro-
teins or DNA [26,27]. Snake venom phosphodiesterase I (SVP) has been 
used in quantification of 20mer oligonucleotide by digesting DNA to 
deoxynucleotide monophosphates (dNMPs) followed by isotope dilution 
mass spectrometry (IDMS) [28,29], and ultrasonic treatment was 
needed prior to SVP digestion for quantification of large dsDNA [30]. 
RNA can be hydrolyzed to nucleotide monophosphates (NMPs) by SVP 
whereas RNA quantification method of this kind has not been reported 
to date as we know. 

The purpose of this study is to investigate the ability of digestion of 
RNA by SVP followed by high performance liquid chromatography 
(HPLC) to quantify RNA molecules using four NMP Certification Refer-
ence Materials obtained from National Institute of Metrology, China 
(NIMC) as calibrators for insurance of accuracy. The established method 
was applied to quantify an in vitro transcribed MERS-RNA comprised of 
three major target genes termed open reading frame 1ab (ORF1ab), 
nucleocapsid protein (N) and envelope protein (E) gene. Meanwhile, the 
in vitro transcribed MERS-RNA was measured by RT-dPCR using 
different RT kits, so that the RT efficiency was evaluated. 

2. Experimental section 

2.1. RNA samples 

An in vitro transcribed RNA molecule consisting of three genes of 
MERS (partial ORF1ab, full length E and N) was used in the whole study. 
Gene synthesis and construct containing MERS-1ab-E-N were ordered 
from Sangon Biotech Co., Ltd (Shanghai, China). Plasmid containing 
synthetic genes was linearized with BamHI at the 3’-end and purified as 
the linear template DNA. In vitro transcription reaction was performed 
using MEGAscript™ T7 Transcription Kit (Thermo Fisher Scientific, 
USA) according to the manufacturer’s suggested protocol, and 1 μL of 
TURBO DNase were added after transcription to remove the template 
DNA. Transcribed RNA was purified with MEGAclear™ Kit (Thermo 
Fisher Scientific, USA). Purity of the RNA transcript was measured using 
the RNA 6000 Pico kit and analyzed on a 2100 Bioanalyzer Instrument 
using their 2100 Expert Software (Agilent Technologies, USA). RNA 
stock solution was diluted to 1.2 ng/μL with RNA storage solution 
(Thermo Fisher Scientific, USA), aliquoted to 100 μL/tube, stored at 
− 80 ◦C, and used as RNA template throughout this study. 

2.2. Standards and reagents 

Four Certified Reference Materials of adenosine 5’-monophosphate 
(AMP, GBW(E)100054), guanosine 5’-monophosphate disodium salt 
(GMP, GBW(E)100068), cytidine 5’-monophosphate (CMP, GBW(E) 
100067) and uridine 5’-monophosphate disodium salt (UMP, GBW(E) 
100069) at purities of 98.9%, 98.8%, 99.3% and 99.4% were developed 
and stored by NIMC. Uncertainties of 0.7%, 0.6%, 0.6% and 0.4% were 
assigned to the corresponding values for AMP, GMP, CMP and UMP. The 
NMP standards were dried at 80 ◦C for 4h before use. Snake venom 
phosphodiesterase I (SVP) was purchased from Sigma-Aldrich (phos-
phodiesterase I from Crotalus adamanteus venom, 0.46 units/vial). 

2.3. Digestion of RNA samples 

A total volume of 100 μL mixture containing 90 μL of RNA, 9 μL of 
SVP buffer (100Mm Tris-HCl pH 8.8, 10mM ammonium acetate, and 
100 mM Magnesium acetate), and 1 μL of SVP (0.00023 U/μL) were 
incubated at 37 ◦C for 15 min. No enzyme control (NEC) and no template 
control (NTC) were prepared by adding water in place of enzyme or 
template RNA. 

2.4. HPLC analysis 

The HPLC system of Agilent 1200 series was used in this work. The 

separation of the four nucleotides was achieved using an SB-AQ C18, 2.7 
μm particles, 4.6 mm × 150 mm analytical column (Agilent) maintained 
at 25 ◦C. The mobile phase was 0.1% formic acid in a flow rate of 1 mL/ 
min. The four nucleotides were eluted within 5 min after injecting 20 μL 
of samples, with UV detector wavelength of 260 nm and 280 nm. 

Stock standard solution of about 1 mg/g for each NMP was prepared 
by weighing each solid standard and dissolved in water (18 MΩ). Stock 
solutions of four NMPs were two-fold serially diluted and mixed to 
obtain calibrators which were separated and analyzed by HPLC. Cali-
bration curve of HPLC was generated by plot mass concentration and 
peak area of five-point NMP calibrators. Accurate mass concentrations 
of NMP calibrators were used with consideration about purity of NMPs 
and weight of the solvent to calculate the concentration of NMPs 
released from RNA samples. Four digestion mixtures of RNA samples 
were prepared to be analyzed by HPLC. Each sample was injected and 
analyzed in triplicate for both RNA samples and calibrators. 

2.5. Reverse transcription digital PCR (RT-dPCR) 

The primer and probe sequences for detecting ORF1ab and E gene 
target of the MERS-CoV published by world health organization (WHO) 
were used for this study [31]. For detecting N gene target, primer and 
probe published by Center for disease control and prevention (CDC) was 
used [32]. 

One-Step RT-ddPCR Advanced Kit for Probes (Bio-Rad, USA) was 
used to optimize the assays. The reaction mixture in a final 20 μL volume 
included 5 μL of supermix, 2 μL of reverse transcriptase, 1 μL of 300 mM 
DTT, 1μL of mixture of forward and reverse primers and probe, 6 μL of 
RNase-free water and 5 μL of template. The final concentrations of 
primers and probes were 900 nM and 100 nM for ORF1ab, 500nM and 
200nM for E gene and N gene respectively. Each reaction mix was 
converted to droplets using the QX200 Droplet generator (Bio-Rad, 
USA). After generation, the emulsion of droplets was transferred to a 96- 
well plate, heat sealed and amplified in a GeneAmp System 9700 ther-
mal cycler (Applied Biosystems, USA). The thermal cycling conditions 
were as follows: 45 ◦C for 60 min (reverse transcription); 95 ◦C for 10 
min; and 40 cycles of 95 ◦C for 30 s, and 58 ◦C for 30 s; 98 ◦C for 10 min. 
The cycled plate was then transferred to the QX200 reader (Bio-Rad, 
USA) and analyzed using QuantaSoft Version 1.7.4.0917 (Bio-Rad, 
USA). 

For two-steps RT-dPCR assays, ThermoFisher SuperScript III First- 
Strand synthesis supermix for qRT-PCR and SuperScript IV First- 
Strand synthesis system had been used to generate cDNA following the 
protocols of the kits. cDNA was then applied to dPCR with a 20 μL re-
action including 10 μL of supermix for probes (Bio-Rad, USA), 1μL of 
mixture of forward and reverse primers and probe, 4 μL of RNase-free 
water and 5 μL of template. The primers and probes concentration and 
the droplet generation procedure were the same as above. The thermal 
cycling conditions were the same as above except that the RT process 
was omitted. The primers and probes and the reaction conditions were 
identified to be suitable when cDNA was used in dPCR assays. 

3. Results and discussion 

3.1. Separation of NMPs by HPLC 

SB-AQ is a reversed-phase packing which had been used for sepa-
ration of dNMP [30] when quantifying DNA molecules with mobile 
phase of ammonium acetate buffered to pH 3.5. Initially NMPs digested 
from RNA were applied to the column with the same condition, but the 
four NMPs failed to separate entirely from each other. Optimization of 
ammonium acetate buffer with different pH including 3.5, 4.5, 5.5 and 
8.5 didn’t improve the result. When the mobile phase was changed to 
0.1% formic acid, under isocratic elution condition, complete separation 
of the four NMPs was ultimately achieved. The retention time of the 
latter two NMPs was observed to increase so that they could be 
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separated better when the column temperature reduced to 25 ◦C. The 
four NMPs was eluted under the optimized condition within 5 min with 
retention time of 2.07 min, 2.52 min. 3.27 min and 3.67 min respec-
tively for CMP, UMP, AMP and GMP (Fig. 1A). Data at 260nm was 
chosen to be analyzed for AMP, UMP and GMP, and data at 280 nm was 
chosen for CMP, because the signal intensity of CMP was remarkably 
higher at 280 nm than at 260 nm. 

3.2. Digestion of RNA samples 

The total sequence length of the in vitro transcribed RNA, including 
the transcription initiation site of T7 RNA polymerase, was 4610 nu-
cleotides according to the synthetic report of manufacturer. Purification 
of transcribed RNA was applied to remove nucleotides, proteins and 
salts. Purity and homogeneity of the transcribed RNA were checked and 
confirmed through chip assay where only one band exited. When it came 
to DNA, long fragment nucleic acid could not be completely digested by 
using only enzymes [30]. However, as single-stranded RNA is sensitive 
to RNase and degrades more easily, it was deduced that the in vitro 
transcribed RNA could be digested completely by using SVP without any 
pretreatment. In this study, digestion optimization was carried out with 
the peak area of each NMP analyzed at time point of 5 min, 15 min, 30 
min, 60 min and 120 min. Over the 2 h time course, no significant 
change was observed in the amount of hydrolysis products from 15 min 
to 1 h, yet slight reduction appeared at 2 h (Fig S1). Furthermore, in the 
chromatography result of HPLC, the profile of digestion products 
released from RNA sample was comparable with the that of NMP cali-
brators (Fig. 1B). Therefore, RNA was considered to be completely 
digested with hydrolysis time of 15 min to 1 h at 37 ◦C. Further hy-
drolysis of nucleotides may occur after 2 h. 

3.3. Quantitative analysis result of RNA by HPLC 

In view of the dependence of the accuracy of our analysis method on 
calibrators, they were gravimetrically prepared and metrologically 

traceable to CRMs of NIMC. Standard curve was established to calculate 
the unknown concentration of NMP digested from RNA sample. The four 
standard curves corresponding to CMP, UMP, AMP and GMP exhibited 
excellent linearity with R2 of 0.9999, 0.9999, 1.0000, 1.0000 (Fig S2). 
Nucleotides digested from the transcribed MERS-CoV RNA sample thus 
could be detected and analyzed by the standard curves. With the exact 
sequence of the RNA sample being known, concentration of the intact 
RNA was calculated based on the detected mass concentration of each 
NMP. The calculated concentrations of the RNA sample derived from 
CMP, UMP, AMP and GMP are 1.05 ± 0.05 ng/μL, 1.06 ± 0.05 ng/μL, 
1.06 ± 0.06 ng/μL, and 1.09 ± 0.06 ng/μL respectively (Table 1). These 
results show that the RNA concentration determined by each of the NMP 
agrees well with each other and the mean value is 1.07 ± 0.06 ng/μL. 
Expanded uncertainty (k = 2) which combined standard deviation and 
uncertainty of dilution factors and reference materials were considered. 
Because the RNA concentration is too low to be measured accurately 
using absorbance at 260nm, it was calculated to be 1.20 ± 0.06 ng/μL 
through dilution factor and the stock solution concentration of 25.8 ng/ 
μL. The predicted value from HPLC analysis was slightly lower than from 
UV absorption (Fig. 2), which was may due to that the HPLC method 
would not be interfered with other impurities such as proteins or DNA. 

HPLC analysis combined with digestion of RNA described here is a 
useful method to quantify RNA which has some favorable features. 
Firstly, this is a quantification method that does not require reverse 
transcription step. The total amount of RNA could be measured, and 
when the exact length and sequence of the RNA is known, the copy 
number concentration can be calculated. Furthermore, because of the 
different profiles of NMPs and dNMPs in the HPLC chromatography, it is 
able to differentiate DNA from RNA, which is not workable when using 
UV absorption. Another important aspect is the accuracy of the method 
could be assured by tracing to Certified Reference Materials of NMPs, in 
which case, it is applicable to any homogeneous RNA sequence. The 
sensitivity of the HPLC method was assessed to be 0.02 ng/μL with UV 
detectors. Other methods of detection, such as mass spectrometry, may 
improve the sensitivity and accuracy of analysis with use of internal 
standards. Finally, the performance of the method doesn’t cost a lot, 
because phosphodiesterase I is the only special reagent used that is not 
expensive, and the two main experiments include digestion and sepa-
ration of nucleotides could be completed within 15 min and 5 min, 
respectively. Thus the method should be easy to be carried out. 

3.4. Optimization of RT-dPCR assays of MERS-RNA 

Partial ORF1ab, full length E and N gene of MERS were constructed 
onto the same plasmid to evaluate the amplify and reverse transcription 
efficiency of the RT-dPCR assays. Primers and probes sequence used in 
this study origin from former publications [31,32]. Optimization for 
dPCR has been carried out including primers and probes concentration 
and annealing temperatures on Bio-rad QX200 platform using one-step 
RT-dPCR kit. Validation experiments were performed to assess the 
performance characteristics of the RT-dPCR including repeatability, 
linearity, specificity and sensitivity of the assay (supplemental Fig S3 
and Table S1.) 

The in vitro transcribed RNA was 10-fold diluted into RNA storage 
buffer (Thermofisher) and measured. Good linearity was observed 

Fig. 1. HPLC profile of AMP, UMP, CMP and GMP. (A) NMP reference mate-
rials. (B) NMP released from RNA samples after enzymatic digestion. 

Table 1 
Quantitative Results for the intact in vitro transcribed MERS-RNA from HPLC 
analyses. Expanded uncertainty (U, k = 2) combined standard deviation and 
uncertainty of dilution and reference materials.   

CMP UMP AMP GMP 

RNA Mass fractions (ng/μL) 1.05 1.06 1.06 1.09 
SD (ng/μL) 0.01 0.01 0.02 0.02 
% CV 1.4 1.0 1.6 1.7 
U (k = 2) (ng/μL) 0.05 0.05 0.06 0.06  
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across the dilution range from approximately 105 to 100 copies/reaction 
for the three target genes with R2 ≥ 0.9999. The LoQ of the RT-dPCR 
assay was assess to be 64 copies/reaction for ORF1ab, 167 copies/re-
action for E and 156 copies/reaction for N gene, with a criterion of CV 
value lowering than 25%. 

The specificity of the assays for three genes has been tested in the 
previous report [31,32]. In this study, we further validated that the 
assays had no positive results when testing the SARS-CoV-2 RNA refer-
ence material which was prepared by National Institute of Metrology, 
China. 

3.5. Evaluation of RT-dPCR assays of MERS-RNA 

The transcribed MERS-RNA solution prepared in this study was 
quantified by RT-dPCR using the established assays. Additional to one- 
step RT-dPCR kit of Bio-rad, two cDNA synthesis kits of Thermofisher 
mentioned above were used to generate cDNA, and supermix for probes 
of Bio-Rad was subsequently used to quantify the cDNA. For one-step 
RT-dPCR, three tubes of RNA were tested with triplicate assays for 
each tube; for two-steps RT-dPCR, three tubes of RNA were tested with 
each tube being reverse transcribed respectively and triplicate assays of 
dPCR were performed for each cDNA. The quantification results were 
showed at Fig. 3. 

Indeed, what the RT-dPCR determined was the copy number con-
centration of the reverse-transcribed cDNA molecules. The HPLC 
method established here could determine the accurate mass concen-
tration of RNA molecules, and the copy number concentration of the 
RNA molecules could be calculated based on RNA mass concentration 
from HPLC quantification result, applying the following equation: 

CRNA =
mRNA × NA

MRNA  

CRNA RNA copy number concentration (cp/μL) mRNA RNA mass con-
centration (ng/μL) NA Avogadro constant (cp/mol) MRNA molar mass of 

the transcribed MERS-RNA (ng/mol) 
Calculation of the molar mass of the transcribed MERS-RNA was 

based on the sequence of the RNA and the molar mass of each nucleotide 
monophosphate. Thus, the efficiency of the reverse transcriptional 
conversion of RNA template into cDNA was determined and expressed as 
the ratio of RNA copy number concentration of RT-dPCR and HPLC 
(Table 2). 

From Fig. 3 and Table 2, we noticed dramatical disparities in the 
quantification results and RT efficiency among different methods. The 
efficiency of One-step RT-dPCR kit and Superscript III kit was range from 
9% to 71%, and that of Superscript Ⅳ was more than 100%. The reverse 
transcriptase in both the two ThermoFisher kits are MMLV RT and 
different reaction conditions have been optimized and developed by 
manufacture for them. For Superscript III kit, the reverse primers existed 
in the mix of RT reaction including both oligo(dT)20 and random hex-
amers and other components. Its suggested reaction temperature was 
50 ◦C, and higher temperatures up to 60 ◦C was suggested for difficult 
templates. But we didn’t get higher yields of cDNA at 60 ◦C than at 
50 ◦C. For Superscript Ⅳ kit, a mix of template RNA, dNTP and the 
reverse primers was heated at 65 ◦C for 5min followed by incubation on 
ice for at least 1min to get the annealed RNA prior to RT reaction. We 
suspected non-specific amplification occurred during this reaction 
leading to excessive quantification result. 

For one-step RT-dPCR, the reverse transcriptase was integrated 
within one tube with PCR reactions. Its efficiency was higher than Su-
perscript III kit for both E and N gene, but lower for ORF1ab gene. 
Because the three genes of MERS-RNA were constructed to one single 
strand, their copy number concentrations were theoretically expected to 
be the same. Nevertheless, different quantification results and RT effi-
ciency were observed for the three genes, no matter which kit was used. 
This may due to the variability of G-C content or secondary structures of 
the RNA template. 

As indicated above, absolute quantification of RNA via RT-dPCR 
relies heavily upon the efficiency of the reverse transcription process. 
For accurate quantification of RNA molecules, work flow of optimiza-
tion should be to designed to identify the most appropriate RT type and 
reaction conditions for target genes. 

4. Conclusions 

A quantification method of RNA molecules with no need of reverse 
transcription by using enzymatic digestion followed by HPLC was suc-
cessfully applied for the quantification of in vitro transcribed MERS- 
RNA. This method was demonstrated to be accurate for the metrolog-
ical traceability to certification reference materials. RT-dPCR method of 
MERS-RNA was established and evaluated through the HPLC result and 
dramatical disparities of RT efficiency were observed, thus RT type and 
reaction conditions were recommended to be optimized and identified. 

Fig. 2. Comparison of the RNA mass concentration calculated from four NMPs 
and UV absorption. Error bar represents expanded uncertainty (k = 2). 

Fig. 3. Comparison of the copy number concentration result of the three genes 
of MERS-RNA. 

Table 2 
Conditions and efficiency of reverse transcript reaction.  

RT kit Primer type Temperature (◦C) RT Efficiencya 

Suggested Used ORF- 
1ab 

E N 

One-step Gene-specific 
primers 

42–50 45 32% 71% 68% 

SuperScript 
III 

Random 
hexamers and 
oligo (dT)20 

50–60 50 44% 41% 33% 
60 14% 14% 9% 

SuperScript 
IV 

Random 
hexamers 

55 55 182% 159% 160%  

a RT  Efficiency  =

copy  number  concentration  of  cDNA  measured  from  RT − dPCR
copy  number  concentration  of  RNA  calculated  from  HPLC

. 

C. Niu et al.                                                                                                                                                                                                                                      



Talanta 228 (2021) 122227

5

Credit author statement 

Chunyan Niu wrote the manuscript and analyzed the data. Chunyan 
Niu, Lianhua Dong, and Yunhua Gao designed the study. Chunyan Niu, 
Yongzhuo Zhang, and Xia Wang did the HPLC and RT-dPCR measure-
ments. Lianhua Dong, Yunhua Gao and Jing Wang supplied critical 
suggestions to the manuscript. And all authors have reviewed the 
manuscript. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgments 

The work was supported by the National Key Research and Devel-
opment Program of China (2018YFC1200500). 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.talanta.2021.122227. 

References 

[1] J. Li, L. Zhang, L. Li, X. Li, X. Zhang, S. Zhai, H. Gao, Y. Li, G. Wu, Y. Wu, 
Development of genomic DNA certified reference materials for genetically 
modified rice kefeng 6, ACS Omega 5 (34) (2020) 21602–21609. 

[2] S.A. Bustin, Quantification of mRNA using real-time reverse transcription PCR (RT- 
PCR): trends and problems, J. Mol. Endocrinol. 29 (1) (2002) 23–39. 

[3] C.H. Sewall, D.A. Bell, G.C. Clark, A.M. Tritscher, D.B. Tully, J. Vanden Heuvel, G. 
W. Lucier, Induced gene transcription: implications for biomarkers, Clin. Chem. 41 
(12 Pt 2) (1995) 1829–1834. 

[4] J.S. Jang, V.A. Simon, R.M. Feddersen, F. Rakhshan, D.A. Schultz, M.A. Zschunke, 
W.L. Lingle, C.P. Kolbert, J. Jen, Quantitative miRNA expression analysis using 
fluidigm microfluidics dynamic arrays, BMC Genom. 12 (2011) 144. 

[5] E.S. Ghodousi, S. Rahgozar, Recovery of MicroRNA from stored bone marrow 
aspirate slides, Avicenna J. Med. Biotechnol. (AJMB) 11 (1) (2019) 24–27. 

[6] M.C. Strain, S.M. Lada, T. Luong, S.E. Rought, S. Gianella, V.H. Terry, C.A. Spina, 
C.H. Woelk, D.D. Richman, Highly precise measurement of HIV DNA by droplet 
digital PCR, PloS One 8 (4) (2013) e55943. 

[7] S. Moron-Lopez, M.C. Puertas, C. Galvez, J. Navarro, A. Carrasco, M. Esteve, 
J. Manye, M. Crespo, M. Salgado, J. Martinez-Picado, Sensitive quantification of 
the HIV-1 reservoir in gut-associated lymphoid tissue, PloS One 12 (4) (2017), 
e0175899. 

[8] L.X. Suo T, Guo M, Feng J, Hu W, Yang Y, , ddPCR: a more sensitive and accurate 
tool for SARS-CoV-2 detection in low viral load specimens. MedRxiv 20029439, 
ddPCR: a more sensitive and accurate tool for SARS-CoV-2 detection in low viral 
load specimens. MedRxiv 20029439, MedRxiv 20029439. 

[9] C. Alteri, V. Cento, M. Antonello, L. Colagrossi, M. Merli, N. Ughi, S. Renica, 
E. Matarazzo, F. Di Ruscio, L. Tartaglione, J. Colombo, C. Grimaldi, S. Carta, 
A. Nava, V. Costabile, C. Baiguera, D. Campisi, D. Fanti, C. Vismara, R. Fumagalli, 
F. Scaglione, O.M. Epis, M. Puoti, C.F. Perno, Detection and quantification of SARS- 
CoV-2 by droplet digital PCR in real-time PCR negative nasopharyngeal swabs from 
suspected COVID-19 patients, PloS One 15 (9) (2020), e0236311. 

[10] M.C. Strain, S.M. Lada, T. Luong, S.E. Rought, S. Gianella, V.H. Terry, C.A. Spina, 
C.H. Woelk, D.D. Richman, Highly precise measurement of HIV DNA by droplet 
digital PCR, PloS One 8 (4) (2013), e55943. 

[11] K. Mizumoto, G. Chowell, Estimating risk for death from coronavirus disease, 
China, January-February 2020, Emerg. Infect. Dis. 26 (6) (2020) 1251–1256. 

[12] Q. Han, Q. Lin, S. Jin, L. You, Coronavirus 2019-nCoV: a brief perspective from the 
front line, J. Infect. 80 (4) (2020) 373–377. 

[13] A.R. Fehr, S. Perlman, Coronaviruses: an overview of their replication and 
pathogenesis, Methods Mol. Biol. 1282 (2015) 1–23. 

[14] P.R. Hsueh, P.C. Yang, Severe acute respiratory syndrome (SARS) - an emerging 
infection of the 21st century, J. Formos. Med. Assoc. 102 (12) (2003) 825–839. 

[15] M.A. Marra, S.J. Jones, C.R. Astell, R.A. Holt, A. Brooks-Wilson, Y.S. Butterfield, 
J. Khattra, J.K. Asano, S.A. Barber, S.Y. Chan, A. Cloutier, S.M. Coughlin, 
D. Freeman, N. Girn, O.L. Griffith, S.R. Leach, M. Mayo, H. McDonald, S. 
B. Montgomery, P.K. Pandoh, A.S. Petrescu, A.G. Robertson, J.E. Schein, 
A. Siddiqui, D.E. Smailus, J.M. Stott, G.S. Yang, F. Plummer, A. Andonov, 
H. Artsob, N. Bastien, K. Bernard, T.F. Booth, D. Bowness, M. Czub, M. Drebot, 
L. Fernando, R. Flick, M. Garbutt, M. Gray, A. Grolla, S. Jones, H. Feldmann, 
A. Meyers, A. Kabani, Y. Li, S. Normand, U. Stroher, G.A. Tipples, S. Tyler, 
R. Vogrig, D. Ward, B. Watson, R.C. Brunham, M. Krajden, M. Petric, D. 
M. Skowronski, C. Upton, R.L. Roper, The Genome sequence of the SARS- 
associated coronavirus, Science 300 (5624) (2003) 1399–1404. 

[16] G.R. Banik, G. Khandaker, H. Rashid, Middle East respiratory syndrome 
coronavirus "MERS-CoV": current knowledge gaps, Paediatr. Respir. Rev. 16 (3) 
(2015) 197–202. 

[17] L. Dong, J. Zhou, C. Niu, Q. Wang, Y. Pan, S. Sheng, X. Wang, Y. Zhang, Highly 
Accurate and Sensitive Diagnostic Detection of SARS-CoV-2 by Digital PCR, 
medrxiv, 2020, https://doi.org/10.1101/2020.03.14.20036129. 

[18] C.M. Hindson, J.R. Chevillet, H.A. Briggs, E.N. Gallichotte, I.K. Ruf, B.J. Hindson, 
R.L. Vessella, M. Tewari, Absolute quantification by droplet digital PCR versus 
analog real-time PCR, Nat. Methods 10 (10) (2013) 1003–1005. 

[19] B.J. Hindson, K.D. Ness, D.A. Masquelier, P. Belgrader, N.J. Heredia, A. 
J. Makarewicz, I.J. Bright, M.Y. Lucero, A.L. Hiddessen, T.C. Legler, T.K. Kitano, M. 
R. Hodel, J.F. Petersen, P.W. Wyatt, E.R. Steenblock, P.H. Shah, L.J. Bousse, C. 
B. Troup, J.C. Mellen, D.K. Wittmann, N.G. Erndt, T.H. Cauley, R.T. Koehler, A. 
P. So, S. Dube, K.A. Rose, L. Montesclaros, S. Wang, D.P. Stumbo, S.P. Hodges, 
S. Romine, F.P. Milanovich, H.E. White, J.F. Regan, G.A. Karlin-Neumann, C. 
M. Hindson, S. Saxonov, B.W. Colston, High-throughput droplet digital PCR system 
for absolute quantitation of DNA copy number, Anal. Chem. 83 (22) (2011) 
8604–8610. 

[20] S. Bustin, H.S. Dhillon, S. Kirvell, C. Greenwood, M. Parker, G.L. Shipley, T. Nolan, 
Variability of the reverse transcription step: practical implications, Clin. Chem. 61 
(1) (2015) 202–212. 

[21] A. Stahlberg, M. Kubista, M. Pfaffl, Comparison of reverse transcriptases in gene 
expression analysis, Clin. Chem. 50 (9) (2004) 1678–1680. 

[22] A. Stahlberg, J. Hakansson, X. Xian, H. Semb, M. Kubista, Properties of the reverse 
transcription reaction in mRNA quantification, Clin. Chem. 50 (3) (2004) 509–515. 

[23] N. Minshall, A. Git, Enzyme- and gene-specific biases in reverse transcription of 
RNA raise concerns for evaluating gene expression, Sci. Rep. 10 (1) (2020) 8151. 

[24] F. Lee, Y.L. Lin, H.J. Tsai, Comparison of primer sets and one-step reverse 
transcription polymerase chain reaction kits for the detection of bluetongue viral 
RNA, J. Virol. Methods 200 (2014) 6–9. 

[25] M.W. Sieber, P. Recknagel, F. Glaser, O.W. Witte, M. Bauer, R.A. Claus, C. Frahm, 
Substantial performance discrepancies among commercially available kits for 
reverse transcription quantitative polymerase chain reaction: a systematic 
comparative investigator-driven approach, Anal. Biochem. 401 (2) (2010) 
303–311. 

[26] H.S. Kim, S.H. Byun, B.M. Lee, Effects of chemical carcinogens and 
physicochemical factors on the UV spectrophotometric determination of DNA, 
J. Toxicol. Environ. Health 68 (23–24) (2005) 2081–2095. 

[27] S.R. Gallagher, Quantitation of DNA and RNA with absorption and fluorescence 
spectroscopy, Curr. Protoc. Im. 116 (2017). 

[28] C.E. Donald, P. Stokes, G. O’Connor, A.J. Woolford, A comparison of enzymatic 
digestion for the quantitation of an oligonucleotide by liquid chromatography- 
isotope dilution mass spectrometry, J Chromatogr B Analyt Technol Biomed Life 
Sci 817 (2) (2005) 173–182. 

[29] G. O’Connor, C. Dawson, A. Woolford, K.S. Webb, T. Catterick, Quantitation of 
oligonucleotides by phosphodiesterase digestion followed by isotope dilution mass 
spectrometry: proof of concept, Anal. Chem. 74 (15) (2002) 3670–3676. 

[30] L. Dong, C. Zang, J. Wang, L. Li, Y. Gao, L. Wu, P. Li, Lambda genomic DNA 
quantification using ultrasonic treatment followed by liquid chromatography- 
isotope dilution mass spectrometry, Anal. Bioanal. Chem. 402 (6) (2012) 
2079–2088. 

[31] E.I. Corman, T. Bleicker, A. Zaki, O. Landt, M. Eschbach-Bludau, S. van Boheemen, 
R. Gopal, M. Ballhause, T.M. Bestebroer, D. Muth, M.A. Müller, J.F. Drexler, O. 
A. Zambon M, R.M. Fouchier, C. Drosten, Detection of a novel human coronavirus 
by real-time reverse-transcription polymerase chain reaction, Euro Surveill. 17 
(39) (2012) pii=20285. 

[32] X. Lu, B. Whitaker, S.K. Sakthivel, S. Kamili, L.E. Rose, L. Lowe, E. Mohareb, E. 
M. Elassal, T. Al-sanouri, A. Haddadin, D.D. Erdman, Real-time reverse 
transcription-PCR assay panel for Middle East respiratory syndrome coronavirus, 
J. Clin. Microbiol. 52 (1) (2014) 67–75. 

C. Niu et al.                                                                                                                                                                                                                                      

https://doi.org/10.1016/j.talanta.2021.122227
https://doi.org/10.1016/j.talanta.2021.122227
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref1
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref1
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref1
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref2
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref2
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref3
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref3
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref3
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref4
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref4
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref4
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref5
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref5
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref6
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref6
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref6
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref7
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref7
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref7
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref7
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref9
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref9
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref9
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref9
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref9
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref9
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref10
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref10
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref10
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref11
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref11
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref12
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref12
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref13
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref13
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref14
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref14
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref15
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref15
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref15
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref15
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref15
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref15
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref15
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref15
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref15
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref15
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref15
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref16
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref16
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref16
https://doi.org/10.1101/2020.03.14.20036129
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref18
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref18
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref18
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref19
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref19
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref19
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref19
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref19
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref19
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref19
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref19
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref19
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref20
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref20
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref20
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref21
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref21
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref22
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref22
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref23
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref23
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref24
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref24
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref24
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref25
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref25
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref25
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref25
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref25
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref26
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref26
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref26
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref27
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref27
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref28
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref28
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref28
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref28
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref29
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref29
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref29
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref30
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref30
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref30
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref30
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref31
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref31
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref31
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref31
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref31
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref32
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref32
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref32
http://refhub.elsevier.com/S0039-9140(21)00148-X/sref32

