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Abstract

The emergence and quick spread of SARS-CoV-2 has pointed at a low capacity response for

testing large populations in many countries, in line of material, technical and staff limitations. The

traditional RT-qPCR diagnostic test remains the reference method and is by far the most widely

used test. These assays are limited to a few probe sets, require large sample PCR reaction vol-

umes, along with an expensive and time-consuming RNA extraction step. Here we describe a

quantitative nanofluidic assay that overcomes some of these shortcomings, based on the Bio-

markTM instrument from Fluidigm. This system offers the possibility of performing 4608 qPCR

end-points in a single run, equivalent to 192 clinical samples combined with 12 pairs of primers/

probe sets in duplicate, thus allowing the monitoring of SARS-CoV-2 including the detection of

specific SARS-CoV-2 variants, as well as the detection other pathogens and/or host cellular

responses (virus receptors, response markers, microRNAs). The 10 nL-range volume of Bio-

markTM reactions is compatible with sensitive and reproducible reactions that can be easily and

cost-effectively adapted to various RT-qPCR configurations and sets of primers/probe. Finally,

we also evaluated the use of inactivating lysis buffers composed of various detergents in the

presence or absence of proteinase K to assess the compatibility of these buffers with a direct

reverse transcription enzymatic step and we propose several protocols, bypassing the need for

RNA purification. We advocate that the combined utilization of an optimized processing buffer

and a high-throughput real-time PCR device would contribute to improve the turn-around-time to

deliver the test results to patients and increase the SARS-CoV-2 testing capacities.
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Introduction

To control the pandemic and monitor virus propagation of SARS-CoV-2 in real time, exten-

sive testing is necessary. Although alternatives are available [1, 2], viral load detection from

nasopharyngeal or saliva samples is still the most appropriate method to identify SARS-CoV-2

carriers. The current diagnostic testing methods recommended by the Centers for Diseases

Control (CDC) and the World Health Organization (WHO) are based on a traditional RT-

qPCR assay, with validated primers [3]. However, the availability of this assay has been a major

hurdle in the orderly and efficient management of the pandemic because of reagent shortages,

as well as material and staff limitations. A rapid processing of the samples is also a crucial fac-

tor. To further stem the spread of coronavirus disease 2019 (COVID-19), a series of innovative

approaches have been recently proposed [4]. Notably, to face material shortage and reduce

processing times, two kinds of process optimization should be undertaken: (1) multiplexing

sample and PCR probes, as well as (2) reducing the steps in sample preparation.

Most approved RT-qPCR assays are “one-step” kits that should be performed on standard

real-time thermocyclers. When sample pooling [5] is not used, throughput is quite limited and

the use of alternative systems, such as the BiomarkTM HD device from Fluidigm may overcome

this limitation. The BiomarkTM HD device is a nanofluidic automated real-time PCR system

that exploits the microfluidic technology through the use of dynamic arrays of integrated flu-

idic circuits (IFCs). Using, for example, the 192.24 Integrated Fluid Circuit (IFC), 192 samples

can be processed in parallel with 24 independent sets of probes, allowing increased confidence

in viral RNA detection as additional SARS-CoV-2 probes can be included. Probes to detect

supplementary targets such as other RNA viruses, or host response genes can also be included.

This flexibility presents a clear added value for both clinical monitoring of viral and bacterial

pathogens as well as for research studies [6, 7]. Another advantage of this system resides in the

low amount of reagents needed compared to classical real-time PCR machines. The reaction

volume is down to the 10 nL-scale compared to the 10 μL-scale in classical qPCR, thus reduc-

ing reagent requirement, an important point in times of shortages.

The second improvement resides in the reduction of the number of steps for sample prepa-

ration. RT-qPCR detection starts with viral RNA extraction. This is time consuming for labo-

ratories that are not equipped with high-throughput automated systems. It is also reagent

consuming, and as March 2020, laboratories have suffered from major RNA extraction kit

shortages. Several teams have proposed RNA extraction-free protocols. The resulting improve-

ment in processing times was balanced by a loss in sensitivity. The comparison of these differ-

ent studies is made difficult by the great variabilities of the protocols. This includes parameters

such as the type of collection media, the use of additives such as detergents, heat-inactivation,

or selection of a particular RT-qPCR kit [8–16]. In 2 of these studies, measurements on a large

set of clinical samples demonstrated the effectiveness of direct RT-PCR assays with or without

heat inactivation on various transport medium (VTM) [8, 9]. Srivatsan et al. proposed to col-

lect dry swabs and elute them in Tris-EDTA (TE) to eliminate collection medium dilution and

variation, and to bypass the RNA extraction step [17]. This simplified protocol was as sensitive

as a conventional protocol (sample collection in VTM). They also evaluated the addition of

detergents (IGEPAL, Triton X-100 and Tween-20) that facilitates virus inactivation in the elu-

tion medium. Addition of all three detergents resulted in a loss of sensitivity.

In the present study, we evaluated the use of a high-throughput real-time PCR device, the

BiomarkTM HD, to increase throughput, flexibility in probe inclusion, and decrease reagent

consumption, together with an optimized protocol for SARS-CoV-2 RNA detection without

RNA extraction.
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“Université Côte d’Azur”, the French “French

Defence Innovation Agency – Agence de
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Materials and methods

Primers and probes for the detection of viral and cellular genes

All the DNA primers and probes used in this study are listed and described in Tables 1 and 2.

The set of primers/probe used to detect the wild-type spike (S) gene was described in [18].

Positive control plasmid

Positive control plasmid containing the full length nucleocapsid coding sequence (N) was purchased

at Integrated DNA Technologies (2019-nCoV_N_Positive Control; cat. no. 10006625). Plasmid was

supplied at a final concentration of 200 000 copies/μL in IDTE pH = 8 buffer, and has been used to

evaluate both the detection efficiency and sensitivity of the BiomarkHD System Analysis.

In vitro transcription

The synthetic transcript for the 2019-nCoV N coding sequence (N transcript) was generated

using the 2019-nCoV_N_Positive Control plasmid. The template for the in vitro transcription

was produced by PCR: briefly, 6 ng of plasmid was used to amplify the entire coding sequence

of the N gene using: T7-For-sens (ATATAATACGACTCACTATAGGATGTCTGATAATG

GACCC; T7 promoter sequence underlined) and Rev-sens (TTAGGCCTGAGTTGAGTC) as

Table 1. List of primers/probe for virus detection.

Target Name used in this study Name Sequence 5’ to 3’

USA CDC, N Gene N1 2019-nCoV_N1-F GACCCCAAAATCAGCGAAAT

2019-nCoV_N1-R TCTGGTTACTGCCAGTTGAATCTG

2019-nCoV_N1-P ACCCCGCATTACGTTTGGTGGACC

N Gene N2 2019-nCoV_N2-F TTACAAACATTGGCCGCAAA

2019-nCoV_N2-R GCGCGACATTCCGAAGAA

2019-nCoV_N2-P ACAATTTGCCCCCAGCGCTTCAG

N Gene N3 2019-nCoV_N3-F ATCACATTGGCACCCGCAATCCTG

2019-nCoV_N3-R AGATTTGGACCTGCGAGCG

2019-nCoV_N3-P TTCTGACCTGAAGGCTCTGCGCG

Charité, Germany E gene E E_Sarbeco_F1 ACAGGTACGTTAATAGTTAATAGCGT

E_Sarbeco_R2 ATATTGCAGCAGTACGCACACA

E_Sarbeco_P1 ACACTAGCCATCCTTACTGCGCTTCG

China, CDC Orf1 / Rdrp gene ORF1ab ORF1ab-F CCCTGTGGGTTTTACACTTAA

ORF1ab-R ACGATTGTGCATCAGCTGA

ORF1ab-P CCGTCTGCGGTATGTGGAAAGGTTATGG

Japan N Gene N NIID_2019-nCOV_N_F2 AAATTTTGGGGACCAGGAAC

NIID_2019-nCOV_N_R2 TGGCAGCTGTGTAGGTCAAC

NIID_2019-nCOV_N_P2 ATGTCGCGCATTGGCATGGA

Variants detection (this study) Wild type S gene Spike-F Spike-F TCAACTCAGGACTTGTTCTTAC

Spike-R Spike-R TGGTAGGACAGGGTTATCAAAC

WT-Spike Wild type Spike-P TGGTCCCAGAGACATGTATAGCAT

Mutant S gene Mutant spike 1 Mutant S-Probe 1 CCATTGGTCCCAGAGATAGCATGG

Mutant spike 2 Mutant S-Probe 2 CAGAGATAGCATGGAACCAAGTAA

Mutant spike 3 Mutant S-probe 3 CCCAGAGATAGCATGGAACCAAGT

Orf1ab / Wild type NSP6 gene NSP6-F NSP6-F CTAGTTGGGTGATGCGTATT

NSP6-R NSP6-R ACACAGTTCTTGCTGTCATAA

Wild type NSP6 Wild type NSP6-P AGTCTTTTAGCTTAAAACCAGACAAACTAGT

Orf1ab / NSP6 mutant gene Mutant NSP6 Mutant NSP6 AACACAGTCTTTTAGCTTCAAACTAGTATCAA

TaqMan probes are labeled at the 5’-end with the reporter molecule 6-carboxyfluorescein (FAM) and with the quencher, Blackhole Quencher 1 (BHQ1) at the 3’-end.

https://doi.org/10.1371/journal.pone.0243333.t001
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primers and the Q5-High Fidelity DNA polymerase (New England Biolabs, cat. no. M0491S).

Thermal cycling conditions were: 98˚C for 30 s, 40 cycles of 98˚C for 10 s, 52˚C for 30 s, 72˚C

for 1 min followed by 72˚C for 2 min (SimpliAmp Thermal Cycler, ThermoFisher Scientific).

The size of the PCR product was verified on a 1.5% agarose gel in 0.5X TAE and further puri-

fied using the QIAquick PCR purification kit (Qiagen, cat. 28106). Template was used in the in
vitro transcription reaction using the T7 RiboMAXExpress Large Scale Production System

(Promega, cat. no. P1320) according to manufacturer’s instructions. The in vitro transcript

was extracted using phenol chloroform isoamyl followed by a chloroform wash and further

precipitated using 300 mM sodium acetate in absolute ethanol at -20˚C, over-night. Sample

was centrifugated at 4˚C for 30 min and washed twice with 70% cold ethanol. The RNA pellet

was dried at RT for 5 min and resuspended in 100 μL water.

Clinical samples

Pulmonology department, Nice University Hospital. 20 clinical samples from study par-

ticipants were collected as part of the ELISpot study (ClinicalTrials.gov Identifier:

NCT04418206). Participants were enrolled after signing written informed consent. Ethics

committee approval was obtained from the “Comité de Protection des Personnes Sud

Table 2. List of primers/probe for cellular genes detection.

Target Name used in this study Name Sequence 5’ to 3’

RnaseP RNP CDC-RP-F AGATTTGGACCTGCGAGCG

CDC-RP-R GAGCGGCTGTCTCCACAAGT

CDC-RP-P TTCTGACCTGAAGGCTCTGCGCG

TMPRSS2 TMPRSS2 TMPRSS2 Forward TATAGCCTGCGGGGTCAAC

TMPRSS2 Reverse CACTCGGGGGTGATGATGG

TMPRSS2 Probe TCAAGCCGCCAGAGCAGGATCGT

ACE2 ACE2 ACE2 Forward GGCTCCTTCTCAGCCTTGTT

ACE2 Reverse GGTCTTCGGCTTCGTGGTTA

ACE2 Probe TGCTGCTCAGTCCACCATTGAGG

IL1a IL1a IL1-a Forward CATTGGCGTTTGAGTCAGCA

IL1-a Revrse CATGGAGTGGGCCATAGCTT

IL1-a Probe GTCAAGATGGCCAAAGTTCCAGACA

IL1b IL1b IL1b Forward CAGAAGTACCTGAGCTCGCC

IL1b Reverse AGATTCGTAGCTGGATGCCG

IL1b Probe CCAGGACCTGGACCTCTGCCC

CXCL8 CXCL8 CXCL8 Forward TGGACCCCAAGGAAAACTGG

CXCL8 Reverse TTTGCTTGAAGTTTCACTGGCA

CXCL8 Probe GTGCAGAGGGTTGTGGAGAAGTTT

IL6 IL6 IL6 Forward TGCAATAACCACCCCTGACC

IL6 Reverse GTGCCCATGCTACATTTGCC

IL6 Probe TGCCAGCCTGCTGACGAAGC

IFNb1 IFNb1 IFNb1 Forward AGTAGGCGACACTGTTCGTG

IFNb1 Reverse GCCTCCCATTCAATTGCCAC

IFNb1 Probe TGCTCTCCTGTTGTGCTTCTCCA

IFIT1 IFIT1 IFIT1 Forward GATCTCAGAGGAGCCTGGCTAA

IFIT1 Reverse TGATCATCACCATTTGTACTCATGG

IFIT1 Probe CAAAACCCTGCAGAACGGCTGCC

TaqMan probes are labeled at the 5’-end with the reporter molecule 6-carboxyfluorescein (FAM) and with the quencher, Blackhole Quencher 1 (BHQ1) at the 3’-end.

https://doi.org/10.1371/journal.pone.0243333.t002
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Méditerranée V” (registration # 2020-AO1050-39) on April 22, 2020. Nasopharyngeal swabs

were collected in ESwab™ (COPAN) transport medium (2 mL), stored at 4˚C between sample

collection and transport to the laboratory. One COVID-19 confirmed patient was collected

consecutively using 2 different transport media: ESwabTM or a Tris-EDTA (TE: 10 mM Tris

HCl pH 7.0, 2 mM EDTA, 20 μg/mL yeast tRNA) buffer.

Garches Hospital (AP-HP). Purified RNA samples (n = 92) from nasopharyngeal swabs

with known COVID-19 status were obtained from the Garches Hospital following an ISO

15189 certified lab protocol previously described [19] and used to validate the BiomarkTM HD

protocol. Additional frozen VTMs from 55 patients with known COVID-19 status collected in

1–2 mL of saline buffer were obtained to set up the protocol. All samples were recorded for

traceability on the basis of a unique barcode identifier.

Bioesterel laboratories. Samples (18 in virucide VTM, 2 in non-virucide VTM, Lingen)

were stored overnight at 4˚C and processed the next day. Purified RNA samples (n = 74) from

COVID-19 positive nasopharyngeal swabs with known status (collected week 3, 2021, in the

region from Nice to Cannes, France) were used to screen for the presence of SARS-CoV-2 var-

iants. A generic consent form was signed by the patients, allowing the utilization of the samples

for scientific research. All samples were anonymized and their COVID-19 status was recorded.

RNA extraction

Both miRNeasy Serum/Plasma Advanced Kit (Qiagen, cat. no. 217204) and QIAamp Viral

RNA Mini Kit (Qiagen, cat. no. 52906) were used for Total RNA extraction from clinical sam-

ples according to manufacturer’s instructions and using the Qiacube (Qiagen) apparatus. Final

elution was performed in 20 μL water and 60 μL of AVE buffer for the miRNeasy Serum/

Plasma Advanced Kit and QIAamp Viral RNA Mini Kit, respectively. Total RNA (containing

miRNAs) were directly used for further analysis or stored at -20˚C.

Detergent treatments of clinical samples

All clinical samples were handled in a biosafety level 2 laboratory and under biological safety

cabinet using the adapted biosafety personal protective and respiratory equipment, according

to the recommendations of the French society of microbiology (https://www.sfm-

microbiologie.org/). The following detergents were used: Triton X-100 (Sigma, cat. no. T9284-

100ML), Brij™35 (Millipore, cat. No. 1.01894.0100), Tween-20 (Sigma, cat. no. P7949-500ML),

Brij™O10 (Sigma, cat. no. P6136-100G) and Poly Ethylene Glyco-600 (Aldrich, cat no. 202401-

250G). They were included alone or in combination to prepare a 2X detergent master mix that

was added to clinical transport media samples. A 10 mg/mL Proteinase K (Sigma P4850) solu-

tion was mixed extemporaneously with the 2X detergent master mix to reach a 2 mg/mL final

concentration. Heating treatments were carried out at 95˚C for 5 min in a thermo-cycler appa-

ratus (SimpliAmp Thermal Cycler, ThermoFisher Scientific). Treatment using the Quick

ExtractTM DNA Extraction Solution (Lucigen, QE09050) was performed using the same vol-

ume of reagent and sample, according to the manufacturer’s instructions. Mixtures were then

incubated at 95˚C for 5 min or at 60˚C for 10 min in a thermo-cycler. TE buffer was prepared

using 10 mM Tris-HCl pH7.0, 2 mM EDTA, 20 μg/mL yeast tRNA with or without 0.5% Tri-

ton X-100.

Detection of mRNA expression protocol using the BiomarkTM HD system

analysis

Reverse transcription using the Fluidigm reverse transcriptase. Extracted RNA (2 μL)

or processed clinical samples were reverse transcribed using the Reverse Transcription Master
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Mix kit according to the manufacturer’s instructions (catalog number # PN 100–6297). Ther-

mal cycling conditions were: 25˚C for 5 min, 42˚C for 30 min, 85˚C for 5 min.

Reverse transcription using the Vilo SuperScript IV step. 2.5 μL of processed clinical

samples were used in a reverse transcription reaction using the SuperScript IV Vilo Master

Mix (ThermoFisher Scientific, cat. no. 11756500) following the manufacturer’s instructions.

Reactions were incubated at 25˚C for 10 min, 55˚C for 10 min, 85˚C for 5 min.

cDNA pre-amplification step. 2.5 μL of cDNA were preamplified using the Preamp Mas-

ter Mix kit (Fluidigm, cat. no. PN 100–5744) according to the manufacturer’s instructions:

1 μL of Preamp Master Mix was combined with 1.25 μL of Pooled Taqman assay mix and

2.5 μL of cDNA in a 5 μL total volume reaction. The Pooled Taqman assay (180 nM) used in

these reactions was prepared from an intermediate pooled Taqman assay solution (6.7 μM For-

ward and Reverse primers, 1.7 μM probes). Thermal cycling conditions were: 95˚C for 2 min

followed by 20 cycles of 95˚C for 15 s, 60˚C for 2 min. After each preamplification reaction,

samples were diluted 1:5 by adding nuclease-free water up to 25 μL.

One step “RT-Preamplification”. One step “RT-Preamplification reactions” were per-

formed using the Cells Direct One-Step qRT-PCR kit (Invitrogen, cat. no. 46–7200) according

to a protocol adapted from the Reverse Transcription-Specific Target Amplification (Flui-

digm). Briefly 5.5 μL of total RNA were mixed with 6.25 μL the Pooled Taqman assay, 0.5 μL

Superscript III RT/Platinum Taq, 12.5 μL 2x Reaction mix and nuclease-free water to 25 μL

total volume. Thermal cycling conditions were: 42˚C for 15 min, 95˚C for 2 min followed by

15 to 20 cycles of 95˚C for 15 s, 60˚C for 2 min. Then, samples were diluted 1:5 using nuclease-

free water up to 125 μL.

Real time qPCR using BiomarkTM HD system. PCR was performed following Gene

Expression Standard TaqMan Assays protocol (Fluidigm cat n˚ 100–6170 C1), using a 10X

assays mix and a pre-sample mix prepared separately. The 10x assays mix was prepared by

mixing 2 μL of combined Primer (Forward/Reverse 6.7uM, Probe 1.7 μM) and 2ul 2X Assay

Loading Reagent (Fluidigm PN 100–7611) to a final volume of 4 μL (per reaction). The pre-

sample mix was prepared by mixing 2 μL TaqMan Universal PCR Master Mix (2X) (Life Tech-

nologies PN 4304437) and 0.2 μL 20X GE Sample Loading Reagent (Fluidigm PN 100–7610)

and 1.8 μL preamplified cDNA to a final volume of 4 μL.

Then, 3 μL of 10x assays mix and of pre-sample mix are transferred into the 192.24 IFC,

loaded into the BiomarkTM IFC controller RX and transferred to the BiomarkTM HD appara-

tus. Thermal cycling conditions were as follows: 50˚C for 120 s, 95˚C for 600 s followed by 20

cycles of 95˚C for 15 s, 60˚C for 1min.

Detection of microRNA-expression protocol using the Biomark HD system

analysis

RNAs (1 μL) were processed using the miScript 2 RT kit (QIAGEN cat n˚ 218161). Preamplifi-

cation was performed using 5 μL of diluted cDNA using the mi Script microfluidics PreAMP

kit (QIAGEN, cat n˚ 331455) and following the 384-plex preamplification cycling conditions

(see manufacturer’s protocol). QPCR was performed following miScript microfluidics PCR kit

(QIAGEN cat n˚ 331431) with commercially-available primers (miScript Primer assays).

Six μL of assays mix and sample mix were prepared as described in the manufacturer’s proto-

col and 5 μL of each are loaded onto the 96.96 IFC plates (Fluidigm cat n˚ BMK-M-96.96). The

list of microRNAs (miRNAs) tested in this study is presented in S1 Table.

Biomark HD system analysis

Exhaustive protocols are available at:
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https://dx.doi.org/10.17504/protocols.io.bd3ii8ke (Two-Step qPCR Protocol)

https://dx.doi.org/10.17504/protocols.io.bnx4mfqw (One-Step qPCR Protocol)

Fluidigm HD system qPCR analysis

qPCR results were analyzed using the Real Time PCR analysis software provided by Fluidigm.

Statistical analysis

Statistical analyses were performed using GraphPad Prism software. Results are given as

mean ± SEM. One-way ANOVA followed by Kruskal-Wallis test was used for multiple com-

parison. P-value < 0.05 was considered significant.

Results

Performance and validation of a Biomark-HD SARS-CoV-2 qPCR assay

We first set up a classical Fluidigm qPCR assay protocol that combines all primers/probe sets

in a single reaction. This system requires a pre-amplification step after cDNA synthesis. This is

due to the low volume of the IFC reaction chamber (9nl). As a result, and compared to the tra-

ditional RT-qPCR protocol (cDNA synthesis and qPCR), three consecutive reaction steps (RT,

pre-amplification and qPCR) are required in the classical BiomarkTM -HD assay.

To evaluate the efficiency of the qPCR, we first assessed the test sensitivity using a range of

synthetic viral N transcript dilutions with the US CDC primers/probe set N1. We found that the

N transcript detection limit was seven transcript copies per reaction (Fig 1A). Linear regression

showed a good correlation across Cq value and dilution series of N transcript (R2 = 0.9846) (Fig

1A). Similar sensitivity experiments were performed with additional primers/probes from the

US CDC and by diluting the transcript in TE buffer without (S1A Fig) or with a RNA purifica-

tion step (S1B Fig). Dilution of a SARS-CoV-2 positive clinical sample also indicated a large

dynamic range of detection of 6 orders of magnitude for N1 and the E [20] primers/probe (Fig

1B). We then tested the combination of various primers/probe sets during the pre-amplification

reaction, showing that 2 distinct mixes (mix #1: N1, E, human RNP; mix #2: ORF1ab, E, N and

human RNP) gave similar data on clinical samples (Fig 1C). We finally evaluated the perfor-

mance of the test on a set of 18 samples from positive patients showing a large range of Cq values.

The initial reference analysis was performed using the Elitech GenefinderTM COVID-19 detec-

tion kit, comprising 3 sets of viral primers/probe targeting the same viral genes as the mix #2.

We noticed excellent correlations between both methods for the detection of the 3 transcripts

with R2 above 0.95 (Fig 1D), only affected by some high-range samples (i.e. Cq below 5), which

displayed a saturation on BiomarkTM. Similarly, we also evaluated the performance of the test

using the probe of the viral N gene on a set of 92 purified RNA samples of known status, com-

prising 15 positive samples, previously analyzed using the GeneFirst COVID-19 detection kit

(comprising two sets of primers/probe including the N target). We plotted the correlation for

the Cq obtained for the detection of the N transcript using both methods, showing a R2 of 0.97,

with no false positive detected on the remaining 77 negative samples (S2 Fig).

Optimization of the test

Additional tests were performed to reduce handling and reaction times by optimizing cycle

numbers, elongation times and primer concentrations in the preamplification reaction (S3

Fig). In another optimization, we combined RT and pre-amplification into a one-step reaction,

using the Cells Direct One-Step qRT-PCR kit (ThermoFisher Scientific). We compared this

method to the classical Fluidigm RT-qPCR on a set of 18 clinical samples with a wide range of

PLOS ONE SARS-CoV-2 detection using a microfluidic-based qPCR

PLOS ONE | https://doi.org/10.1371/journal.pone.0243333 April 14, 2021 7 / 20

https://dx.doi.org/10.17504/protocols.io.bd3ii8ke
https://dx.doi.org/10.17504/protocols.io.bnx4mfqw
https://doi.org/10.1371/journal.pone.0243333


Cq values. Very similar Cq values were obtained with both methods for the cellular (RNP) and

for 2 viral (E and N) primers/probe sets. The detection limit for ORF1ab gene was even

improved using the Cells Direct One-Step qRT-PCR kit-based protocol (Fig 2A). Overall, this

protocol offers the possibility to run 192 samples with 24 couples of primers/probe sets (using

the Fluidigm 192.24 IFC) corresponding to 4608 end-points in less than 3 hours.

Fig 1. Performance and validation of the Biomark-HD SARS-CoV-2 qPCR assay. (A) Titration of the diluted (N)

nucleocapside spike-in transcript. A serial dilution of the synthetic N transcript from 2.104 to 2 copies was performed

and processed through the Biomark-HD protocol. Correlation and amplification curves of detected Cq values

according to synthetic N transcript copy number obtained with N1 primers/probe are shown. (B) Amplification curves

showing the range of detection of a SARS-CoV-2 positive clinical sample serial dilution with N1 and E primers/probe.

(C) Typical amplification curves showing the combination of two primers/probe sets on 3 SARS-CoV-2 positive

clinical samples. Mix #1: E, N1, human RNP. Mix #2: E, N, ORF1ab and human RNP. (D) Validation of the Biomark-

HD protocol on a cohort of 18 biopsies from positive patients. The correlation of the Cq values obtained for the N, E

and the ORF1ab genes are presented. The data presented are representative of at least two independent experiments

performed in quadruplicate.

https://doi.org/10.1371/journal.pone.0243333.g001
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Alternative RNA extraction method using the miRNeasy Serum/Plasma

Advanced Kit (Qiagen)

To limit the possible impact of a shortage of viral RNA extraction kits, we compared the per-

formance of the QIAamp Viral mini kit to that of the miRNeasy Serum/Plasma Advanced Kit.

Fig 2. Optimization of the assay. (A) Total RNA from 18 clinical samples with a wide range of SARS-CoV-2 infection

were subjected to either a Two-step reaction (red circles; consecutive Reverse Transcription and Pre-amplification) or

One-step reaction (blue circles; combined Reverse Transcription and Pre-amplification). Quantitative PCR reactions

were performed on the Biomark-HD using cellular (RNP) and viral (N, E, ORF1ab) primers/probe sets. (B) Total RNA

from 18 clinical samples with a wide range of SARS-CoV-2 infection were extracted with either the miRNeasy

Advanced Serum Plasma Kit (red circles) or the Virus QIAamp Viral RNA kit (blue circles). RNAs were processed

using the One step reaction. Quantitative PCR reactions were performed on the Biomark-HD using cellular (RNP) and

viral (N, E, ORF1ab) primers/probe sets. The Cq presented are representative of two independent experiments

performed in quadruplicate.

https://doi.org/10.1371/journal.pone.0243333.g002
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A set of 18 SARS-CoV-2 positive samples with a wide range of Cq values was extracted using

both protocols. The 36 resulting RNA samples were run in parallel on the BIOMARK-HD

using 3 human and 3 viral primers/probe sets. Identical Cq values were obtained for the

human probe (RNP) with both extraction protocols. A slight gain of signal (around 1–2 Cq)

was measured after QIAamp Viral purification for the 3 viral primer/probes (E, N and

ORF1ab) (Fig 2B). These data suggest that the QIAamp Viral RNA mini Kit slightly increases

the efficiency of viral transcript extraction, but the miRNeasy Serum/Plasma Advanced Kit

represents an acceptable alternative solution in case of shortage.

Use of the BiomarkTM HD-based protocol to analyze the host response to

SARS-CoV-2 infection at the mRNA and miRNA levels

Exploiting the potential for multiplexing of the BiomarkTM HD-based technology, we included

sets of human primers/probe to evaluate the expression of genes required for viral entry

(ACE2, TMPRSS2), as well as inflammatory/antiviral response genes (CXCL8, IL1A, IL1B, IL6,

IFNB1, IFIT1). A set of miRNAs (see S1 Table for detail) was also tested (Fig 3A). We divided

the patient samples (n = 72) into groups, according to their viral load (strong, medium, weak

or negative). ACE2 and TMPRSS2 were detected in all samples, regardless of the viral status,

with Cq values close to those for RNP, suggesting they could represent valid human control

genes to assess the quality and the presence of epithelial cells in the samples (Fig 3B and 3C).

The signal obtained for the inflammation and interferon responses was more heterogeneous

(Fig 3B). We particularly noticed a strong signal (in the range of 5 Cq) for IFIT1 in the 3 sam-

ples with the highest viral load (Cq values < 10 for the viral probes) (Fig 3C). Additionally, we

evaluated the possibility to quantify miRNA levels in the same samples. A large number of

miRNAs were detected in most of the samples (examples in Fig 3B and 3C). Overall, our

results demonstrate that cellular markers can be easily quantified in nasopharyngeal swabs and

may provide useful information to refine the diagnosis or prognosis of COVID-19 patients.

Detection of mutations associated with SARS-CoV-2 variants by RT-qPCR

We next assessed whether the potential of the BiomarkTM HD-based technology for multiplex-

ing was adapted to the detection of SARS-CoV-2 variant in patient samples. For this purpose,

a set of probes was designed to detect selectively SARS-CoV-2 genomes bearing the H69-V70

deletion (21765–21770) which emerged in several lineages of the virus, including the B.1.1.7/

501Y.V1 variant and the 3675-GSF deletion (11288–11296) detected in all 501Y variants

(B.1.1.7/501Y.V1, B.1.351/501Y.V2, P.1/501Y.V3) [21] (Fig 4). In a set of 74 COVID-19 patient

samples tested in mid-January in the south of France, 11 samples showed loss of signal for

wild-type spike and NSP6 probes while all the corresponding variant probes were detected,

strongly suggesting the presence of the B.1.1.7 variant in these 11 samples. This experiment

demonstrated that this methodology can be rapidly adapted according to SARS-CoV-2 evolu-

tion, allowing in a single assay the COVID-19 diagnosis as well as information regarding the

presence of various variants of interest.

Direct qPCR detection of SARS-CoV-2 using inactivating lysis buffers-

based protocols

Direct SARS-CoV-2 diagnostic methods have been described, mainly performing RT-qPCR

directly on crude or heat-inactivated subject samples [8–10]. An additional refinement would

be to improve the sensitivity and safety of these protocols by the use of RT-qPCR-compatible

inactivating lysis buffers containing detergents such as Triton X-100, a standard non-ionic
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detergent widely used for inactivation of enveloped viruses such as SARS-CoV [22, 23]. We

first compared a regular extraction-based method with a direct RT-qPCR protocol on a syn-

thetic N transcript spike in TE buffer in the presence or the absence of 0.5% Triton X-100 and

confirmed that Triton X-100 did not interfere with the efficiency of the RT-qPCR steps (S4A

Fig 3. Use of the Biomark-based protocol to analyze the host response to SARS-CoV-2 infection at the mRNA and

microRNA levels. (A) Overview of the analysis strategy on 72 patient samples. They were divided into 4 groups,

according to their viral load, from negative, weak (Cq for viral probes>20), medium (20> Cq for viral probes>10)

and strong (Cq for viral probes< 10) SARS-CoV-2 positive. (B) Typical amplification curves of the different genes

(cellular, viral and micro-RNA) on three different SARS-CoV-2 patient status. (C) Modulation of cellular markers in

the different groups of patients according to their SARS-CoV-2 viral load. IFIT1 expression was statistically elevated

(p< 0.001) in the strong COVID-19-positive samples compared to the three other groups considered separately. The

Cq presented are representative of two independent experiments performed in quadruplicate.

https://doi.org/10.1371/journal.pone.0243333.g003
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Fig). We then performed two consecutive nasopharyngeal swab samplings on a COVID-19

diagnosed patient, using either a regular VTM or a TE buffer containing 0.5% Triton X-100

followed or not by a heating step at 65˚C for 10 min. As expected, the presence of Triton X-

100 and the heating process did not affect the detection of the human RNP transcript for both

RT-qPCR methods. Conversely, while the Triton X-100-lysis buffer/heating process slightly

improved the signal for the virus N1 primers/probe using the regular extraction-based proto-

col, this treatment strongly inhibited the direct RT-qPCR method for the same cellular tran-

script (S4B Fig), indicating that 0.5% Triton X-100-lysis buffers are not compatible for a

sensitive direct SARS-CoV-2 RT-qPCR assay.

We then tested the use of additional detergents and emulsifiers (Tween-20, Brij™-35, Brij™
O10), alone or in combination with polyethylene glycol (PEG600), in the presence or the

absence of a treatment with proteinase K (PK), followed by heat inactivation. The experiment

was performed on 2 clinical samples of known COVID-19 status, sampled in a commercial

Fig 4. Use of the Biomark-based protocol to detect mutations associated with SARS-CoV-2 variants. (A) Overview

of the probes design used for the detection of two deletion mutations found in the Spike gene (H69-V70, top panel)

and in the NSP6 gene (3675-SGF, bottom panel). Deletions are highlighted in yellow with both nucleotide at the 5’ and

3’ side shown in red and green respectively. Of note: for the H69-V70 mutation an A-to-G punctual deletion is shown

in blue. Three mutant probes and one wild type probe were generated for the H69—V70 deletion (21765–21770) and

one mutant and one wild type probes were generated for the 3675 –GSF deletion (11288–11296). The nucleotide

numbering is based on the reference SARS-CoV-2 complete sequence (NCBI Reference Sequence: NC_045512.2). (B)

Heatmap of Cq value from RT-qPCR using various combinations of primer/probes performed on 74 SARS-CoV-2

positive clinical samples. Cq scale range is shown on the right. Using the Biomark-based protocol, 11 positive samples

for the mutation associated with the SARS-CoV-2 variants have been detected (on 74 positive clinical samples).

https://doi.org/10.1371/journal.pone.0243333.g004
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VTM medium, aliquoted and then treated in parallel using 16 distinct detergent conditions in

the presence or absence of PK, for a total of 64 experimental conditions (Fig 5 and S5 Fig).

Additional controls included the crude and heat-inactivated samples, the use of Quick

ExtractTM DNA Extraction Solution (QE), which has been recently proposed as an alternative

method to extraction [24, 25] as well as a regular extraction-based protocol (positive control).

Three and five sets of SARS-CoV-2 (Fig 5A) and human (Fig 5B) primers/probe, respectively,

were used in the same assay on a 192.24 dynamic array. In these conditions, a direct assay on a

Fig 5. Detection of viral and cellular genes using inactivating lysis buffers-based protocols. Two clinical samples of

known COVID-19 status (one positive and one negative) sampled in a commercial VTM medium, were aliquoted and

then treated in parallel using the indicated detergent conditions (selected from S5 Fig) in the presence or absence of

PK. RNA was extracted as a control. Biomark-HD RT-qPCR was performed using (A) viral (N, E, ORF1ab) and (B)

cellular (ACE2, IFIT1, IL6, TMPRSS and RNP) primers/probe sets. Legend: +: 10 min at 65˚C; ++: 10 min at 65˚and 5

min at 95˚C; TX: Triton X-100; QE: Quick ExtractTM DNA Extraction Solution. The Cq presented are representative

of two independent experiments performed in quadruplicate.

https://doi.org/10.1371/journal.pone.0243333.g005
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crude sample resulted in a 9 to 15-Cq increase, depending on the viral primers/probe set,

when compared to the extraction method, with an even more pronounced effect when samples

were heated 5 min at 95˚C (Fig 5A). While the addition of 0.5% Triton X-100 alone was similar

to the crude direct assay condition, the combination of Triton X-100 with the emulsifier Brij™
O10 (Oleth-10) improved the detection for all viral primers/probes, with a drop of around 5

Cq compared to Triton X-100 alone. All other detergents used alone (Tween-20, Brij™ O10,

Brij™-35) gave a similar signal as 0.5% Triton X-100 alone. Of note, the addition of PK resulted

in an improvement of sensitivity in the presence of various detergents including Tween-20,

Brij™ O10 and Brij™-35 while addition of PEG had no beneficial effect (Fig 5 and S5 Fig).

Based on these results, we selected two of the best direct detergents based assays (Triton X-

100/Brij™ O10 and Tween-20/PK) and compared the sensitivity of these methods with a crude

direct assay and the extraction method on additional clinical samples. For all direct assays, all

samples were heat-inactivated at 95˚C (5 min). Moreover, we used a set of 17 clinical samples

from SARS-CoV-2-diagnosed patients collected in saline solution with a wide range of Cq val-

ues. To control pH conditions and limit RNA degradation, all samples were diluted in TE

buffer. We plotted the relationships between Cq obtained for the detection of the N and

ORF1ab primers/probe sets for the Biomark assay and the GeneFirst COVID-19 detection kit

(Fig 6). As expected, an excellent correlation was obtained when comparing the RNA extrac-

tion-based Fluidigm protocol with the reference assay (R2 = 0.8258 and R2 = 0.8208, all sam-

ples detected). Conversely to the data obtained with the commercial VTM, the best direct

protocol corresponded to the crude assay (TE), approaching a very similar performance to

that obtained with the extraction-based assay (R2 = 0.6447 and R2 = 0.6782, 16/17 samples

detected). The R2 values dropped in a dramatic way for the two direct detergents based assays,

with 11 to 14 positive samples detected out of 17. Overall, these data suggest that a direct qPCR

method using saline as a VTM and a basic TE buffer followed by a 5 min inactivation step at

95˚C can efficiently support detection of SARS-CoV-2.

Discussion

The present paper describes a reliable and flexible multiplex nanofluidic qPCR system-based

protocol to detect SARS-CoV-2. Its versatile format makes it easily adaptable to detect muta-

tions associated with SARS-CoV-2 variants, multiple other pathogens and/or host cellular

markers. The same run allows to test in parallel viral and host RNAs, including miRNAs. We

show a high concordance between this method and clinically approved traditional qPCR tests.

This assay addressed some of the challenges of RT-qPCR assays, including analyzing a larger

number of reactions per run, making the assay more cost-effective and less time-consuming.

Further, IFCs dynamic arrays not only reduces the reaction volume from about 10 μL down to

the 10 nL scale, but allows large multiplexing as well as increased parallelization throughput of

qPCR reactions.

The flexibility of this platform may be used in biomarker studies aiming at predicting at

diagnosis the severity (requirement or not for hospitalization/intensive care) or the length

(development of so-called “long-COVID”) of the disease. Several studies have depicted an ele-

vated innate and adaptive immune activation in severe COVID-19 patients [26–28], and a dif-

ferential immune phenotype in moderate versus severe disease after the second week of

infection [28, 29]. The Biomark HD offers the possibility to extend the number of genes tested

to biomarkers including pro-inflammatory cytokines, chemokines, interferons, tissue repair

genes and miRNAs by nasopharyngeal swabs or in saliva.

Monitoring miRNAs expression levels in swabs or saliva during the course of infection

might be of great interest, because of their stability in biological fluids and frequent alterations
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during both chronic and acute airway infections [30, 31]. For instance, small RNA profiling of

in vitro SARS-CoV-2 infected cell lines resulted in an increased expression of miR-155, one of

the miRNAs detected in our clinical samples (Fig 3C) [32]. This miRNA, frequently associated

with virus infection, was recently shown to contribute to the development of lethal acute respi-

ratory distress syndrome (ARDS) in H1N1 influenza A virus-infected mice, suggesting it could

represent a valuable biomarker to follow the individual immune response of patients [33].

Additionally, several other miRNAs targeting ACE2 and TMPRSS2 might influence SARS--

CoV-2 entry and the course of the disease, as recently suggested [34].

With the emergence of new SARS-CoV-2 variants that are potentially associated with

increased transmissibility, immune escape and/or vaccine efficacy reduction [35–37], it is

Fig 6. Correlation of the detection of two viral genes (N, ORF1ab) obtained using a commercial COVID-19

detection kit and extraction-based or direct Biomark-HD assays. We used a set of 17 clinical samples from

SARS-CoV-2-diagnosed patients collected in saline solution with a wide range of Cq values. To control pH conditions

and limit RNA degradation, all samples were diluted 2X in TE buffer. RNA was extracted (as a control) or samples

were treated using Tween 20 and PK (Tw + PK) or Triton X-100 and Brij010 detergent solutions (Tx + Brij010). The

different RT-qPCR Biomark methods were compared with the GeneFirstTM COVID-19 method as a reference. The

correlation between the Cq obtained with the two methods is presented. One negative sample was processed in the

three direct conditions (TE, TE plus Tw + PK and TE plus Tx + Brij010) with as results an absence of signal with the

two probes (Cq>40). Double Pos: double positive.

https://doi.org/10.1371/journal.pone.0243333.g006
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crucial to make available a test that determines whether a patient is SARS-CoV-2-positive but

also identified the variant type. We demonstrate here that the BiomarkTM HD-platform is par-

ticularly adapted to detect the presence of known variants in patient samples. Such a method-

ology, which is more cost-effective and flexible than sequencing, is likely to have implication

in the epidemiological monitoring of the pandemic.

An important limitation of current tests is the requirement for RNA extraction that consti-

tutes an obstacle to scale-up the capacity of testing both in term of time and cost. Several

groups have explored methods to circumvent RNA extraction by performing RT-qPCR

directly on crude or heat-inactivated clinical samples [8–10]. Overall these methods show that

testing for SARS-CoV-2 infection can be performed without RNA extraction, with a limited

loss in accuracy for determining negative and positive cases. While this procedure is simple

and attractive, it might be improved by the addition of detergents to facilitate viral capsid lysis

to release genomic RNA and also directly inactivate the virus to facilitate sample handling and

safety. Several methods and commercial kits have developed approaches to lyse efficiently

mammalian cells and directly perform RT-qPCR or RNA-seq libraries. However, these meth-

ods are not fully optimized for virus lysis, which requires increased concentrations of deter-

gents. Some studies indicate that Triton X-100, widely used in virus inactivation procedures,

or Tween-20 may slightly improve or at least not interfere with the RT-qPCR SARS-CoV-2

direct testing of nasopharyngeal swabs or saliva [9, 16]. However, these initial reports clearly

mentioned that additional efforts were needed to optimize direct RT-qPCR assays on deter-

gent-inactivated samples. We evaluated here the use of several detergents and emulsifiers (Tri-

ton X-100, Tween-20, Brij™-35, Brij™ O10), alone or in combination, in the presence or the

absence of a treatment with PK or polyethylene glycol (PEG) followed by heat inactivation to

assess their compatibility with a direct reverse transcription enzymatic step. This initial screen-

ing indicated that the addition of each of these detergents, alone, did not improve the assay

compared to a direct assay performed on a crude commercial VTM sample. By contrast, the

addition of PK improved the detection with all the detergents tested, in agreement with a

recent study [38]. Of note, a combination of Triton X-100 with Brij™ O10, in the absence of

PK, had a similar effect, by decreasing the Cqs for the 3 SARS-CoV-2 primers/probes. (Fig 4A)

Brij™ O10 contains Oleth-10, a polyoxyethylene oleyl ether used in aqueous emulsions that

may increase solubilization of the viral capsid or contribute to stabilization of the emulsion.

When we tested the three best direct protocols on a cohort of samples collected in saline solu-

tion, we could not confirm the detection improvement observed in the screening assay using

both lysis buffers (Tween-20/PK and Triton X-100/Brij™ O10, Fig 5). This discrepancy may

arise from the fact that the screened samples were collected in a commercial VTM while the

cohort experiment was performed on biopsies collected in saline buffer. This difference sug-

gests a complex interaction between the various constituents of this VTM (pH, nature of the

medium, presence of albumin, gelatin, anti-bacterial agents, for examples), and the different

detergents and emulsifiers tested. Further developments are definitely required to fine tune

specific combinations of detergents and emulsifiers with specific VTMs. In any case, our data

clearly indicate that a direct qPCR method using saline as a VTM and a basic TE buffer fol-

lowed by a 5 min inactivation step at 95˚C shows almost identical performance to that of a

classical extraction-based assay, allowing notably the identification of samples with high Cq

values (Fig 5). Considering that SARS-CoV-2 remains detectable in phosphate buffer for up to

a month when stored at various temperatures [39], our data supports the use of PBS, as an

alternative to VTM for direct SARS-CoV-2 testing. We further confirm and refine previous

studies showing that testing for SARS-CoV-2 infection can be performed with simplified pro-

tocols omitting RNA extraction steps without major loss in accuracy [8, 9]. Based on the data

presented here, the simplest sample collection and preparation for direct RT-qPCR COVID-
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19 test would be to sample the swab into a small volume (around 0.5 mL) of TE buffer at a pH

of 7.0 to limit dilution of the virus, supplemented with yeast tRNA or RNAse inhibitors to

increase RNA stability. This type of buffer was recently shown to have an excellent capacity to

preserve the SARS-CoV-2 signal [9, 39]. Lysis buffers containing detergents would provide the

possibility to fully inactivate the virus, allowing a rapid and safe handling of the clinical sam-

ples, but our data indicate that their efficiency may vary depending on clinical sample process-

ing and should be further optimized.

In conclusion, we propose that such a direct qPCR procedure offers an interesting option

for massively scaling up SARS-CoV-2 testing. We believe that this protocol can be particularly

well-adapted for pooling approaches [40], to screen asymptomatic individuals in communities

at risk. It would provide an additional tool to enhance testing capacity and affordability across

the world, as widely recommended by the Health Community worldwide, such as the “all-in”

approach to testing recently proposed [4].

Supporting information

S1 Fig. Titration of the diluted nucleocapsid spike-in transcript. A ten-fold serial dilution

ranging from 1 to 10–6 was prepared from the stock solution of the in vitro-transcribed N

gene and supplemented with 2 ng/μL of total RNA from HEK 293 Cells. Reverse Transcription

was performed followed by 15 cycles of pre-Amplification and 30 cycles of qPCR. The RT-

qPCR reaction was performed without (A) or with (B) a RNA purification step. Linear regres-

sion was performed by logarithmic plots of transcript copy number against Cq value. We

observed a good correlation according Cq linear regression curves according to dilution for

the three viral CDC primers/probe sets (N1, N2, N3). No Cq value has been detected for the E

primers/probe. RNP, used as internal control, shows constant detection of Cq value, suggest-

ing a good performance of the qPCR.

(TIF)

S2 Fig. Validation of the BiomarkTM -HD protocol on a cohort of 92 biopsies including 15

positive patients. The correlation of the Cq values obtained for the N primers/probe (Bio-

markTM -HD) and the GeneFirst COVID-19 detection kit is presented.

(TIF)

S3 Fig. Preamplification step optimization. The elongation time used in the preamplification

reaction was reduced to 1 min at 60˚C (A) from 2 min at 60˚C (B) using diluted total RNA

from a SARS-nCov2 positive patient sample.

(TIF)

S4 Fig. Effect of Triton X-100 on extraction-based and direct RT-qPCR protocol per-

formed on a synthetic N transcript or a clinical sample. A. In vitro-transcribed viral N gene

was added to either a Triton X-100 containing lysis buffer (Tx) or to TE buffer (TE). The sam-

ples were heated or not at 65˚C for 10 min. RNA extraction was performed or not (direct) and

N1 or RNP levels were determined by RT-qPCR using the BiomarkTM -HD system. B. A simi-

lar protocol as in A was used but the starting material were two consecutive sample collection

from the same patient processed either in a Triton X-100 containing lysis buffer or to TE

buffer.

(TIF)

S5 Fig. Heatmap of Cq values from direct RT-qPCR experiments using various combina-

tions of detergent on clinical samples. Samples from a positive- or negative-COVID-19

patient collected in a commercial VTM was mixed with different combinations of detergents/
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emulsifiers, in presence or absence of PK (2 mg/mL) and further heat at 95˚C for 5 min or not.

Cq values obtained in quadruplicate are presented. Tx: Triton X100; PEG: poly ethylene glycol

600; QE: Quick ExtractTM DNA Extraction Solution.

(TIF)

S1 Table. List of the micro-RNA tested using the Biomark HD system.
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testing for SARS-CoV-2 in asymptomatic people. Lancet Infect Dis 20:1231–1232. https://doi.org/10.

1016/S1473-3099(20)30362-5 PMID: 32530425

6. Olwagen CP, Adrian P V., Madhi SA 2019. Performance of the Biomark HD real-time qPCR System

(Fluidigm) for the detection of nasopharyngeal bacterial pathogens and Streptococcus pneumoniae typ-

ing. Sci Rep 9:6494. https://doi.org/10.1038/s41598-019-42846-y PMID: 31019272

7. Goecke NB, Krog JS, Hjulsager CK, Skovgaard K, Harder TC, Breum SØ, et al. 2018. Subtyping of

Swine Influenza Viruses Using a High-Throughput Real-Time PCR Platform. Front Cell Infect Microbiol

8. https://doi.org/10.3389/fcimb.2018.00165 PMID: 29872645

8. Bruce EA, Huang M-L, Perchetti GA, Tighe S, Laaguiby P, Hoffman JJ, et al. 2020. Direct RT-qPCR

detection of SARS-CoV-2 RNA from patient nasopharyngeal swabs without an RNA extraction step.

PLOS Biol 18:e3000896. https://doi.org/10.1371/journal.pbio.3000896 PMID: 33006983

9. Smyrlaki I, Ekman M, Lentini A, Rufino de Sousa N, Papanicolaou N, Vondracek M, et al. 2020. Massive

and rapid COVID-19 testing is feasible by extraction-free SARS-CoV-2 RT-PCR. Nat Commun

11:4812. https://doi.org/10.1038/s41467-020-18611-5 PMID: 32968075

10. Beltrán-Pavez C, Alonso-Palomares LA, Valiente-Echeverrı́a F, Gaggero A, Soto-Rifo R, Barriga GP.

2021. Accuracy of a RT-qPCR SARS-CoV-2 detection assay without prior RNA extraction. J Virol Meth-

ods 287:113969. https://doi.org/10.1016/j.jviromet.2020.113969 PMID: 32918932

11. Fomsgaard AS, Rosenstierne MW. 2020. An alternative workflow for molecular detection of SARS-

CoV-2 –escape from the NA extraction kit-shortage, Copenhagen, Denmark, March 2020. Eurosurveil-

lance 25:1–8.

12. Grant PR, Turner MA, Shin GY, Nastouli E, Levett LJ. 2020. Extraction-free COVID-19 (SARS-CoV-2)

diagnosis by RT- PCR to increase capacity for national testing programmes during a pandemic. bioRxiv

https://doi.org/10.1101/2020.04.06.028316.

13. Hasan MR, Mirza F, Al-Hail H, Sundararaju S, Xaba T, Iqbal M, et al. 2020. Detection of SARS-CoV-2

RNA by direct RT-qPCR on nasopharyngeal specimens without extraction of viral RNA. PLoS One 15:

e0236564. https://doi.org/10.1371/journal.pone.0236564 PMID: 32706827

14. Fukumoto T, Iwasaki S, Fujisawa S, Hayasaka K, Sato K, Oguri S, et al. 2020. Efficacy of a novel

SARS-CoV-2 detection kit without RNA extraction and purification. Int J Infect Dis 98:16–17. https://doi.

org/10.1016/j.ijid.2020.06.074 PMID: 32599282

15. Wei S, Kohl E, Djandji A, Morgan S, Whittier S, Mansukhani M, et al. 2020. Direct diagnostic testing of

SARS-CoV-2 without the need for prior RNA extraction. medRxiv https://doi.org/10.1101/2020.05.28.

20115220 PMID: 32577685

16. Ranoa DRE, Holland RL, Alnaji FG, Green KJ, Wang L, Christopher B, et al. 2020. Saliva-Based Molec-

ular Testing for SARS-CoV-2 that Bypasses RNA Extraction. bioRxiv https://doi.org/10.1101/2020.04.

22.056283.

17. Srivatsan S, Ha PD, van Raay K, Wolf CR, McCulloch DJ, Kim AE, et al. 2020. Preliminary support for a

“dry swab, extraction free” protocol for SARS-CoV-2 testing via RT-qPCR. bioRxiv https://doi.org/10.

1101/2020.04.22.056283 PMID: 32511368

18. Zhen W, Berry GJ. 2020. Development of a New Multiplex Real-Time RT-PCR Assay for Severe Acute

Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) Detection. J Mol Diagnostics 22:1367–1372.

https://doi.org/10.1016/j.jmoldx.2020.09.004 PMID: 32961315

19. Touron P, Siatka C, Pussiau A, Follot S, Fritz T, Petit M, et al. 2020. A mobile DNA laboratory for foren-

sic science adapted to coronavirus SARS-CoV-2 diagnosis. Eur J Clin Microbiol Infect Dis https://doi.

org/10.1007/s10096-020-03989-3 PMID: 32666482

20. Corman VM, Landt O, Kaiser M, Molenkamp R, Meijer A, Chu DKW, et al. 2020. Detection of 2019

novel coronavirus (2019-nCoV) by real-time RT-PCR. Eurosurveillance 25.

21. Leung K, Shum MH, Leung GM, Lam TT, Wu JT. 2021. Early transmissibility assessment of the N501Y

mutant strains of SARS-CoV-2 in the United Kingdom, October to November 2020. Eurosurveillance

26. https://doi.org/10.2807/1560-7917.ES.2020.26.1.2002106 PMID: 33413740

22. Darnell MER, Taylor DR. 2006. Evaluation of inactivation methods for severe acute respiratory syn-

drome coronavirus in noncellular blood products. Transfusion 46:1770–1777. https://doi.org/10.1111/j.

1537-2995.2006.00976.x PMID: 17002634

PLOS ONE SARS-CoV-2 detection using a microfluidic-based qPCR

PLOS ONE | https://doi.org/10.1371/journal.pone.0243333 April 14, 2021 19 / 20

https://doi.org/10.1128/JCM.00821-20
http://www.ncbi.nlm.nih.gov/pubmed/32350048
https://doi.org/10.15252/emmm.202012634
https://doi.org/10.15252/emmm.202012634
http://www.ncbi.nlm.nih.gov/pubmed/32375201
https://doi.org/10.1016/S1473-3099%2820%2930362-5
https://doi.org/10.1016/S1473-3099%2820%2930362-5
http://www.ncbi.nlm.nih.gov/pubmed/32530425
https://doi.org/10.1038/s41598-019-42846-y
http://www.ncbi.nlm.nih.gov/pubmed/31019272
https://doi.org/10.3389/fcimb.2018.00165
http://www.ncbi.nlm.nih.gov/pubmed/29872645
https://doi.org/10.1371/journal.pbio.3000896
http://www.ncbi.nlm.nih.gov/pubmed/33006983
https://doi.org/10.1038/s41467-020-18611-5
http://www.ncbi.nlm.nih.gov/pubmed/32968075
https://doi.org/10.1016/j.jviromet.2020.113969
http://www.ncbi.nlm.nih.gov/pubmed/32918932
https://doi.org/10.1101/2020.04.06.028316
https://doi.org/10.1371/journal.pone.0236564
http://www.ncbi.nlm.nih.gov/pubmed/32706827
https://doi.org/10.1016/j.ijid.2020.06.074
https://doi.org/10.1016/j.ijid.2020.06.074
http://www.ncbi.nlm.nih.gov/pubmed/32599282
https://doi.org/10.1101/2020.05.28.20115220
https://doi.org/10.1101/2020.05.28.20115220
http://www.ncbi.nlm.nih.gov/pubmed/32577685
https://doi.org/10.1101/2020.04.22.056283
https://doi.org/10.1101/2020.04.22.056283
https://doi.org/10.1101/2020.04.22.056283
https://doi.org/10.1101/2020.04.22.056283
http://www.ncbi.nlm.nih.gov/pubmed/32511368
https://doi.org/10.1016/j.jmoldx.2020.09.004
http://www.ncbi.nlm.nih.gov/pubmed/32961315
https://doi.org/10.1007/s10096-020-03989-3
https://doi.org/10.1007/s10096-020-03989-3
http://www.ncbi.nlm.nih.gov/pubmed/32666482
https://doi.org/10.2807/1560-7917.ES.2020.26.1.2002106
http://www.ncbi.nlm.nih.gov/pubmed/33413740
https://doi.org/10.1111/j.1537-2995.2006.00976.x
https://doi.org/10.1111/j.1537-2995.2006.00976.x
http://www.ncbi.nlm.nih.gov/pubmed/17002634
https://doi.org/10.1371/journal.pone.0243333


23. Colavita F, Quartu S, Lalle E, Bordi L, Lapa D, Meschi S, et al. 2017. Evaluation of the inactivation effect

of Triton X-100 on Ebola virus infectivity. J Clin Virol 86:27–30. https://doi.org/10.1016/j.jcv.2016.11.

009 PMID: 27912126

24. Sentmanat M, Kouranova E, Cui X. 2020. One-step RNA extraction for RT-qPCR detection of 2019-

nCoV. bioRxiv https://doi.org/10.1101/2020.04.02.022384.

25. Ladha A, Joung J, Abudayyeh OO, Gootenberg JS, Zhang F. 2020. A 5-min RNA preparation method

for COVID-19 detection with RT-qPCR. Medrxiv 1–3.

26. Blanco-Melo D, Nilsson-Payant BE, Liu W-C, Uhl S, Hoagland D, Møller R, et al. 2020. Imbalanced

Host Response to SARS-CoV-2 Drives Development of COVID-19. Cell 181:1036–1045.e9. https://

doi.org/10.1016/j.cell.2020.04.026 PMID: 32416070

27. Zhou Z, Ren L, Zhang L, Zhong J, Xiao Y, Jia Z, et al. 2020. Heightened Innate Immune Responses in

the Respiratory Tract of COVID-19 Patients. Cell Host Microbe 27:883–890.e2. https://doi.org/10.

1016/j.chom.2020.04.017 PMID: 32407669

28. Lucas C, Wong P, Klein J, Castro TBR, Silva J, Sundaram M, et al. 2020. Longitudinal analyses reveal

immunological misfiring in severe COVID-19. Nature 584:463–469. https://doi.org/10.1038/s41586-

020-2588-y PMID: 32717743

29. Hadjadj J, Yatim N, Barnabei L, Corneau A, Boussier J, Smith N, et al. 2020. Impaired type I interferon

activity and inflammatory responses in severe COVID-19 patients. Science (80-) 369:718–724. https://

doi.org/10.1126/science.abc6027 PMID: 32661059

30. Mirzaei R, Mahdavi F, Badrzadeh F, Hosseini-Fard SR, Heidary M, Jeda AS, et al. 2021. The emerging

role of microRNAs in the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection. Int

Immunopharmacol 90:107204. https://doi.org/10.1016/j.intimp.2020.107204 PMID: 33221169

31. Cortez MA, Bueso-Ramos C, Ferdin J, Lopez-Berestein G, Sood AK, Calin GA. 2011. MicroRNAs in

body fluids—the mix of hormones and biomarkers. Nat Rev Clin Oncol 8:467–477. https://doi.org/10.

1038/nrclinonc.2011.76 PMID: 21647195

32. Emanuel W, Kirstin M, Vedran F, Asija D, Theresa GL, Roberto A, et al. 2021. Transcriptomic profiling

of SARS-CoV-2 infected human cell lines identifies HSP90 as target for COVID-19 therapy. iScience

102151. https://doi.org/10.1016/j.isci.2021.102151 PMID: 33585804

33. Woods PS, Doolittle LM, Rosas LE, Nana-Sinkam SP, Tili E, Davis IC. 2020. Increased expression of

microRNA-155-5p by alveolar type II cells contributes to development of lethal ARDS in H1N1 influenza

A virus-infected mice. Virology 545:40–52. https://doi.org/10.1016/j.virol.2020.03.005 PMID: 32308197

34. Nersisyan S, Shkurnikov M, Turchinovich A, Knyazev E, Tonevitsky A. 2020. Integrative analysis of

miRNA and mRNA sequencing data reveals potential regulatory mechanisms of ACE2 and TMPRSS2.

PLoS One 15:e0235987. https://doi.org/10.1371/journal.pone.0235987 PMID: 32726325

35. Tegally H, Wilkinson E, Giovanetti M, Iranzadeh A, Fonseca V, Giandhari J, et al. 2020. Emergence

and rapid spread of a new severe acute respiratory syndrome-related coronavirus 2 (SARS-CoV-2) line-

age with multiple spike mutations in South Africa. medRxiv 2.

36. Volz E, Mishra S, Chand M, Barrett JC, Johnson R, Hopkins S, et al. 2021. Transmission of SARS-

CoV-2 Lineage B.1.1.7 in England: Insights from linking epidemiological and genetic data. medRxiv

2020.12.30.20249034.

37. Wibmer CK, Ayres F, Hermanus T, Madzivhandila M, Kgagudi P, Lambson BE, et al. 2021. SARS-CoV-

2 501Y.V2 escapes neutralization by South African COVID-19 donor plasma. bioRxiv.

38. Lalli MA, Langmade SJ, Chen X, Fronick CC, Sawyer CS, Burcea LC, et al. 2020. Rapid and extraction-

free detection of SARS-CoV-2 from saliva by colorimetric reverse-transcription loop-mediated isother-

mal amplification. Clin Chem 2:1–28.

39. Rodino KG, Espy MJ, Buckwalter SP, Walchak RC, Germer JJ, Fernholz E, et al. 2020. Evaluation of

Saline, Phosphate-Buffered Saline, and Minimum Essential Medium as Potential Alternatives to Viral

Transport Media for SARS-CoV-2 Testing. J Clin Microbiol 58.

40. Perchetti GA, Sullivan K-W, Pepper G, Huang M-L, Breit N, Mathias P, et al. 2020. Pooling of SARS-

CoV-2 samples to increase molecular testing throughput. J Clin Virol 131:104570. https://doi.org/10.

1016/j.jcv.2020.104570 PMID: 32805524

PLOS ONE SARS-CoV-2 detection using a microfluidic-based qPCR

PLOS ONE | https://doi.org/10.1371/journal.pone.0243333 April 14, 2021 20 / 20

https://doi.org/10.1016/j.jcv.2016.11.009
https://doi.org/10.1016/j.jcv.2016.11.009
http://www.ncbi.nlm.nih.gov/pubmed/27912126
https://doi.org/10.1101/2020.04.02.022384
https://doi.org/10.1016/j.cell.2020.04.026
https://doi.org/10.1016/j.cell.2020.04.026
http://www.ncbi.nlm.nih.gov/pubmed/32416070
https://doi.org/10.1016/j.chom.2020.04.017
https://doi.org/10.1016/j.chom.2020.04.017
http://www.ncbi.nlm.nih.gov/pubmed/32407669
https://doi.org/10.1038/s41586-020-2588-y
https://doi.org/10.1038/s41586-020-2588-y
http://www.ncbi.nlm.nih.gov/pubmed/32717743
https://doi.org/10.1126/science.abc6027
https://doi.org/10.1126/science.abc6027
http://www.ncbi.nlm.nih.gov/pubmed/32661059
https://doi.org/10.1016/j.intimp.2020.107204
http://www.ncbi.nlm.nih.gov/pubmed/33221169
https://doi.org/10.1038/nrclinonc.2011.76
https://doi.org/10.1038/nrclinonc.2011.76
http://www.ncbi.nlm.nih.gov/pubmed/21647195
https://doi.org/10.1016/j.isci.2021.102151
http://www.ncbi.nlm.nih.gov/pubmed/33585804
https://doi.org/10.1016/j.virol.2020.03.005
http://www.ncbi.nlm.nih.gov/pubmed/32308197
https://doi.org/10.1371/journal.pone.0235987
http://www.ncbi.nlm.nih.gov/pubmed/32726325
https://doi.org/10.1016/j.jcv.2020.104570
https://doi.org/10.1016/j.jcv.2020.104570
http://www.ncbi.nlm.nih.gov/pubmed/32805524
https://doi.org/10.1371/journal.pone.0243333

