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� SARS-CoV-2 characterized by high
transmission rates and pathogenicity
worldwide.

� Diversification of sample preparation
methods for SARS-CoV-2 is of para-
mount importance.

� Method for viral enrichment and
enzymatic extraction of RNA in under
10 min.

� Eluates are compatible with down-
stream real-time PCR, LAMP, and RPA.
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Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a zoonotic RNA virus characterized by
high transmission rates and pathogenicity worldwide. Continued control of the COVID-19 pandemic
requires the diversification of rapid, easy to use, sensitive, and portable methods for SARS-CoV-2 sample
preparation and analysis. Here, we propose a method for SARS-CoV-2 viral enrichment and enzymatic
extraction of RNA from clinically relevant matrices in under 10 min. This technique utilizes affinity-
capture hydrogel particles to concentrate SARS-CoV-2 from solution, and leverages existing PDQeX
technology for RNA isolation. Characterization of our method is accomplished with reverse transcription
real-time polymerase chain reaction (RT-PCR) for relative, comparative RNA detection. In a double-blind
study analyzing viral transport media (VTM) obtained from clinical nasopharyngeal swabs, our sample
preparation method demonstrated both comparable results to a routinely used commercial extraction kit
and 100% concordance with laboratory diagnoses. Compatibility of eluates with alternative forms of
analysis was confirmed using microfluidic RT-PCR (mRT-PCR), recombinase polymerase amplification
(RPA), and loop-mediated isothermal amplification (LAMP). The alternative methods explored here
conveyed successful amplification from all RNA eluates originating from positive clinical samples. Finally,
this method demonstrated high performance within a saliva matrix across a broad range of viral titers
and dilutions up to 90% saliva matrix, and sets the stage for miniaturization to the microscale.
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1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
is a zoonotic RNA virus that can cause severe disease, specifically
COVID-19, in humans [1]. Following its initial identification in
December 2019, this novel betacoronavirus was quickly recognized
by the World Health Organization (WHO) as a public health
emergency of international concern [2]. The SARS-CoV-2 genome is
comprised of positive-sense RNA encapsulated in a 50e200 nm
diameter envelope possessing spike glycoproteins (S) that exhibit
high affinity for host angiotensin-converting enzyme (ACE2) re-
ceptors to facilitate viral entry [3]. High transmission rates and
pathogenicity contributed to a worldwide SARS-CoV-2 outbreak,
making the development of rapid, simple, and sensitive diagnostic
tools an urgent priority [4]. Continued epidemiological control re-
quires diversification of methods for sample preparation and viral
detection to allow for varied application, including widespread
clinical testing, development of on-site diagnostics, and surveil-
lance [5].

Current SARS-CoV-2 diagnostic assays rely on either serological
tests to probe for the presence of antigen/antibodies or
amplification-based detection of viral nucleic acids (NAs) in a va-
riety of samples. Among these, real-time reverse transcriptase po-
lymerase chain reaction (RT-PCR) is the most commonly employed
method for ‘confirmatory’ viral detection and diagnosis. Boasting
limits of RNA detection below 10 copies/mL, RT-PCR is widely
recognized as a robust technique with high analytical sensitivity
and specificity [6]. However, traditional real-time PCR detection
relies heavily on laboratory instrumentation to measure fluores-
cence during continuous thermal cycling; these instruments must
be operated by trained analysts and remain largely tethered to
centralized laboratories [7].

Conversely, isothermal nucleic acid amplification tests (NAATs),
including loop-mediated isothermal amplification (LAMP) and
recombinase polymerase amplification (RPA), have generated in-
terest for simple and rapid viral detection. Following the first
description of LAMP-based detection of DNA and RNA targets by
Notomi and coworkers in 2000, the technique has been widely
adapted for simplified nucleic acid detection [8]. Further, the
implementation of colorimetric indicators, such as hydroxy naph-
thol blue (HNB), has enabled simple, visual interpretation of
amplification results [9]. Several groups have reported LAMP-based
colorimetric assays for on-site SARS-CoV-2 detection [10e13].
Kellner et al. proposed a LAMP method for at-home diagnosis with
limits of detection (LOD) of approximately 10 genomic copies of
SARS-CoV-2 per reaction from crude patient samples [14]. RPA, first
described by Piepenburg et al., permits isothermal exponential
amplification of primer-defined loci of double stranded DNA by
employing a recombinase protein [15,16]. Real-time RNA detection
can also be achieved by incorporation of a reverse transcriptase RPA
(RT-RPA) and a fluorescent probe [17]. One such recent method
described by Behrmann et al. targeting the SARS-CoV-2 N gene
enabled detection from clinical samples in only 7 min with 100%
concordance to real-time RT-PCR [24]. Such isothermal strategies
represent an emerging class of portable NAATs with potential to
decrease strain on existing laboratory testing infrastructure
[18e20].

Despite this rapidly expanding repertoire of NA amplification
and detection techniques, challenges remainwith regard to sample
preparation. Purified RNA must first be isolated from complex
biological matrices, which is generally achieved by viral lysis and
silica-based solid phase extraction (SPE) [21]. While SPE methods
are widely-accepted and effective, they are also expensive, time-
consuming, labor-intensive, and not easily adapted to portable
point-of-need devices. Furthermore, reliance on a narrow panel of
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gold-standard techniques may induce analytical bottlenecks,
decreasing testing throughput, and ultimately hindering the con-
trol of viral spread [8]. As the pandemic continued, commercial
nucleic acid preparation kits became supply-chain limited and
existing laboratory infrastructure has been largely overwhelmed
[22,23]. To enable the required expansion of testing capabilities,
alternative analytical strategies must be implemented. One such
strategy proposed by the United States Department of Human
Health and Safety for surveillance in asymptomatic or low disease
prevalence populations involves pooling samples from up to 20
individuals in a single test. In one analysis, 1191 samples required
only 267 tests to detect 23 positive individuals [24,25]. Still, con-
cerns exist regarding detection sensitivity from pooled samples;
dilution of low titer samples could preclude their detection [23,24].
To prevent such false negative responses, Barclay et al. described a
viral preconcentration method using paramagnetic affinity-capture
hydrogel nanoparticles (Nanotrap®) to facilitate virion capture via
interactionwith surface spike proteins, and magnetic manipulation
[26]. Inclusion of nanoparticle-based enrichment upstream of
extraction appreciably improved the sensitivity of RT-PCR assays,
successfully facilitating SARS-CoV-2 detection in low viral titer and
pooled patient sample mimics [27].

Here, we describe a novel sample preparation method that
combines nanoparticle-based enrichment with rapid, one-step
enzymatic extraction to provide amplification-ready SARS-CoV-2
RNA from clinically-relevant matrices in under 10 min. Our
approach leverages rnaGEM® kit chemistry centered on viral lysis
by a thermophilic proteinase [28,29]. Adaptation of this extraction
method to existing PDQeX technology simultaneously facilitates
viral lysis, stabilization of RNA through the hydrolysis of RNases
[30], and physical removal of capture nanoparticles in a single,
hands-free step. Notably, RNA extracted in this manner does not
require further purification prior to amplification, thus bypassing
traditional SPE to enable more rapid sample preparation. Total
analytical time is of primary importance during epidemiological
outbreaks [31]; timely disease diagnosis and reporting are imper-
ative for effective surveillance efforts and transmission prevention
[32]. The method reported here is independent from supply-chain
limited NA preparation kits, and is compatible with a variety of
amplification/detection modalities. This not only facilitates imme-
diate implementation across a variety of sectors, including ‘sur-
veillance’ efforts, but also opens up possibilities for microfluidic
integration and application to point-of-care diagnostics.

2. Materials & methods

2.1. Clinical SARS-CoV-2 sample preparation and analysis

Standard of care testing was performed according to the man-
ufacturer's protocol with one of three available methods with
emergency use authorization (EUA) from the FDA. These methods
include the Abbott Alinity-m SARS-CoV-2 assay, the Abbott M2000
Real-Time SARS-CoV-2 Assay, and the Xpert Xpress SARS-CoV-2
Assay. Previously tested and refrigerated clinical samples in viral
transport medium (VTM) were de-identified according to the IRB-
approved protocol and assigned a study sample number. Each
sample was vortexed for 10 s and a 600 mL to 1 mL aliquot was
removed and placed in a labeled 2 mL screw-cap microcentrifuge
tube. Aliquoted patient samples were inactivated by heat treatment
for 30 min at 65 �C, transferred to a sealed zip-lock bag, and stored
at �20 �C until further analysis.

2.2. Enriched rnaGEM extraction and analysis

Patient samples were previously analyzed by real-time RT-PCR
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in the clinical laboratory at the University of Virginia Health System
for diagnostic purposes. Here, any sample receivedwith a clinically-
assigned Ct value was considered clinically-positive. Clinical Ct
values were also used to infer comparative viral titers. The two in-
tube RNA isolation methods compared herein are referred to as
either conventional, or enriched rnaGEM extractions. In conventional
extractions, RNA was isolated from 250 mL of inactivated patient
sample using the RNeasy Mini Kit (Qiagen, Valencia, CA, USA) with
a DNase I treatment (New England Biolabs, Ipswich, MA, USA) ac-
cording to manufacturer's instructions. Enriched rnaGEM extrac-
tions include a pre-concentration step in which 25 mL Nanotrap
Magnetic Virus Particles (CERES Nanosciences, Inc. Manassas, VA,
USA) were mixed with 250 mL of heat-inactivated patient sample.
Following a brief incubation, the particles were magnetically
separated and the supernatant was removed. Nanotrap particles
were resuspended in a rnaGEM cocktail comprised of 44 mL water,
5 mL BLUE buffer, and 1 mL rnaGEM enzyme solution. Following
incubation for 10min at 75 �C and 5min at 95 �C in a thermal cycler,
the particles were again separated magnetically and the superna-
tant RNA solutionwas collected and retained (Fig. 1A). RNA extracts
were stored at �80 �C until analysis.
2.3. RT-PCR conditions

Real-time RT-PCR nucleic acid detection of SARS-CoV-2 lever-
aged the Centers for Disease Control and Prevention (CDC) assay
developed under an emergency use authorization (EUA) in
February 2020 [33]. Ct values obtained via real-time RT-PCR were
used for relative quantification of SARS-CoV-2 RNA to assess the
performance of upstream sample preparation conditions, given
that more successful extraction would result in faster amplification
(Fig. 1B). Each 20 mL reaction was composed of 5 mL TaqPath™ 1-
Step RT-qPCR Master Mix, CG (Thermo Fisher Scientific, Waltham,
MA, USA), 1.5 mL SARS-CoV-2 (2019-nCoV) CDC RUO N1 primer-
probe mix (Integrated DNA Technologies, Coralville, IA, USA),
8.5 mL PCR-grade water (Molecular Biologicals International, Inc.),
and 5 mL of extracted viral RNA. The 2019-nCoV_N_Positive Control
plasmid (Integrated DNA Technologies) was used for positive con-
trols. Samples were run in duplicate on a MyGo Pro real-time PCR
instrument with detection in the FAM channel (IT-IS Life Science
Ltd., Dublin, Ireland). Initial assay conditions included reverse
transcription at 50 �C for 900 s, a 95 �C step for 180 s, and 40 cycles
of denaturation and annealing (95 �C for 3 s and 55 �C for 30 s).
Upon further optimization, reverse transcription was shortened to
60 s and the annealing temperature was increased to 60 �C. For all
conditions, ramp rates up and down were 5 �C/s and 4 �C/s,
respectively. We defined successful detection simply as observed
amplification prior to the cut-off cycle described for the CDC RUO
Fig. 1. Workflow for in-tube viral preconcentration and extraction of SARS-CoV-2 RNA. (
paramagnetic capture particles. Following adsorption of the virion to the capture particles, th
particles were re-suspended in rnaGEM extraction cocktail and heated to liberate viral RNA
transferred to a second tube. (C) A representative amplification plot from RT-PCR amplificatio
and ultimately detect SARS-CoV-2.
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kit (Ct ¼ 40).

2.4. Adaptation to the PDQeX platform

For RNA extractions using the PDQeX platform, 250 mL of sample
was mixed with 25 mL of magnetic Nanotrap particles. The particles
were magnetically separated and the supernatant was removed.
For 50 mL total volume extractions without a DNase treatment,
Nanotrap particles were resuspended in 44 mL water, 5 mL BLUE
buffer, and 1 mL rnaGEM. Those 50 mL extractions with a DNase
treatment included 38 mL water, 5 mL BLUE buffer, 1 mL rnaGEM 5 mL
dsDNAse buffer, and 1 mL HL-dsDNase (ArcticZymes Technologies
ASA, Tromsoe, Norway). For 100 mL total volume extractions, all
reagent volumes were doubled. The Nanotrap particle suspensions
were transferred to PDQeX long-read tubes, inserted into the
associated instrument (MicroGEM International PLC), and heated
directly to 95 �C for 5min. RNA eluates were collected in 0.2mL PCR
tubes and stored at �80 �C until analysis.

2.5. Double-blind study: qualitative differentiation between clinical
positives and negatives

Using a double-blind setup to prevent confirmational bias, a
third party randomly selected clinical negative and positive sam-
ples, prepared aliquots for testing with no identifying information,
and randomly assigned a letter (A e J) to each sample. The ran-
domized sample tubes were transferred to a researcher for RNA
isolation in 100 mL using the PDQeX system. Extracts were ampli-
fied (RT-PCR) by a second researcher. Researchers responsible for
sample extraction and amplification proceeded without knowledge
of sample identities until the results were analyzed and compared
to known clinical results.

2.6. Fabrication and use of a microfluidic device for RT-PCR

Centrifugally-driven microfluidic devices for real-time RT-PCR
were fabricated according to the print-cut-laminate (PCL) method,
previously published by Thompson et al. [34] The architecture was
designed using AutoCAD 2019 software (Autodesk, Inc., Mill Valley,
CA, USA), then ablated into five polyethylene terephthalate (PeT)
layers (Film Source, Inc. Maryland Heights, MO, USA) using a CO2
laser (VLS3.50, Universal® Laser Systems, Scottsdale, AZ, USA). The
fluidic layers (2 and 4) were coated on both sides with a heat
sensitive adhesive (EL-7970-39, Adhesives Research, Inc. Glen Rock,
PA, USA) [35]. An intervening layer of black PeT (Lumirror* X30,
Toray Industries, Inc. Chhuo-ku Tokyo, Japan) prevented flow be-
tween discrete fluidic layers prior to laser valving [36]. All five
layers were bonded together using an office laminator (UltraLAM
A) SARS-CoV-2 virions were preconcentrated from viral transport medium (VTM) using
ey were collected magnetically and the supernatant VTM was removed. (B) The capture
. Following a second magnetic immobilization step, the purified RNA supernatant was
n of extracted RNA. Such amplification techniques were used to characterize extraction
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250B, Akiles Products, Inc. Mira Loma, CA, USA). If increased
chamber volume was required, laser-ablated polymethyl methac-
rylate (PMMA) components were adhered to the device surface
using pressure sensitive adhesive (ARcare 7876, Adhesives
Research, Inc.). A 20 mL reaction (prepared as described in 2.3) was
pipetted into a loading chamber. The associated instrumentation
for fluidic and temperature control has been described in detail
elsewhere [37]. Briefly, a downstream valve was opened via laser
irradiation and a brushed DC spin motor was used to centrifugally
pump the fluid into the PCR chamber (3000 rpm, 30 s). Using an
integrated dual-Peltier system, the reaction was incubated at 50 �C
for 60 s, heated to 95 �C for 180 s, then underwent 40 cycles of 95 �C
for 3 s and 60 �C for 30 s. The 2019-nCoV_N_Positive Control
plasmid (1000 copies/mL) (Integrated DNA Technologies) again
served as a positive reference material. No template controls and
unamplified PCR reaction/2019-nCoV_N_Positive Control plasmid
(Integrated DNA Technologies) were also included. Off-disc elec-
trophoretic detection was achieved using a DNA chip in the Bio-
analyzer 2100 (Agilent Technologies, Santa Clara, CA, USA).

2.7. One-step reverse transcription and recombinase polymerase
amplification

A lyophilized pellet containing RPA reagents from the Twist-
Amp© Exo Kit (TwistDx™ Ltd. San Diego, CA, USA) was rehydrated
in a total volume of 42.5 mL comprised of 29.5 mL TwistAmp Primer
Free Rehydration buffer, 0.13 mM Exo-IQ probe (Eurofins Genomics
LLC, Louisville, KY, USA), 10 U/mL ProtoScript II reverse transcriptase
(Invitrogen, Carlsbad, CA, USA), 0.25 U/mL thermostable RNase H
(New England Biolabs), 0.44 mM each SARS_RPA_F1 and SARS_R-
PA_R1 primers [38] (Eurofins Genomics LLC, Louisville, KY, USA),
and 6.2 mL PCR-grade water. Each 25 mL reaction was comprised of
21.25 mL of the above mixture, 2.5 mL extracted sample and 14 nM
magnesium acetate (MgOAc) (TwistDx™). The RNA extract and
MqOAc were added, spatially separated, to the tube lid. Following
brief centrifugation to start the RT-RPA reaction, the tubes were
placed in a TS16-ISO instrument (Axxin, Fairfield, Victoria,
Australia), preheated to 42 �C. Fluorescence was monitored within
the FAM channel at 20% LED level. After 300 s, the samples were
removed from the instrument, briefly vortexed and centrifuged,
then returned for further incubation (1620 s). A threshold for
amplification (618.619 RFU) was established three standard de-
viations above the mean fluorescence output of the NTCs
throughout the assay duration.

2.8. Loop-mediated isothermal amplification with colorimetric
detection

RT-LAMP reactions included 3.25 mL PCR-gradewater, 6.25 mL 2x
WarmStart master mix (New England Biolabs), 120 mM hydrox-
ynaphthol blue (HNB), 1.25 mL sample, and 1.25 mL primer mix
constructed with previously published primer sequences [10]. The
primer mix contained 2 mM each F3 and B3 primers, 8 mM LF and LB
primers, and 16 mM FIP and BIP primers. Triplicate no template and
positive controls of the 2019-nCoV_N_Positive Control plasmid
(Integrated DNA Technologies) at 1000, 100, and 10 copies/mL were
included. RT-LAMP was performed at 63 �C for 60 min with a
subsequent heat-kill step (95 �C, 1 min). Images of the tubes were
captured using a Huawei smartphone at 0, 30, and 60 min;
amplificationwas indicated by a colorimetric change of the reaction
mixture from purple to blue, confirmed empirically using ImageJ
software [39,40]. At each timepoint, the hue measured from a 15-
pixel circular crop of each reaction was averaged across repli-
cates. To objectively differentiate between positive and negative
responses, a hue threshold (169.52 A U.) was established three
4

standard deviations below the mean hue of all sample replicates
before the reactionwas allowed to proceed (time¼ 0). Any samples
with measured hue values below this threshold, in the blue range,
were considered positive for SARS-CoV-2.

2.9. Extraction of RNA from saliva samples

A solution of 10X phosphate-buffered saline (PBS) was prepared
by dissolving 3.2073 g NaCl, 0.0807 g KCl, 0.5678 g Na2HPO4, and
0.0978 g KH2PO4 in 40 mL in molecular biology grade water (Fisher
Scientific) and adjusting the pH to 7.35 with NaOH. Saliva dilution
buffer was created by mixing 200 mL 10X PBS, 1400 mL molecular
biology grade water (Fisher Scientific), and 400 mL BLUE buffer
(MicroGEM International, PLC.). Salivawas diluted in this buffer in a
1:3 ratio. VTM from clinical samples was serially diluted in the
resultant mixture prior to PDQeX extraction.

3. Results and discussion

3.1. Evaluation of the enriched rnaGEM approach

Besides clinical diagnosis alone, real-time RT-PCR may also be
used as an analytical tool to examine the success of upstream
nucleic acid preparation techniques. Given that Ct values are
measured relative to target concentration, more successful nucleic
acid extraction would yield higher levels of liberated RNA, thus
promoting more rapid amplification. This principle is leveraged
here to directly compare Ct values obtained from amplification of
RNA extracted from clinically-positive SARS-CoV-2 samples in
parallel using the proposed technique and a conventional, com-
mercial method.

To characterize RNA extraction performance across a range of
viral titers, three positive clinical samples with comparatively low,
moderate, and high concentrations were analyzed. SARS-CoV-2
RNA was detected in all extracts with excellent concordance of
resultant Ct values across methods. Clinical laboratories only report
a qualitative yes/no response to practitioners to provide patient
diagnoses. Since Ct values are for research purposes only, the minor
(1e2 cycle) difference between the proposed and gold standard
methods has negligible practical import. Conversely, theminimized
time and labor requirements of the proposed method do stand to
make a real impact in facilitating rapid and accurate clinical diag-
nosis of SARS-CoV-2 from patient samples.

To better compare our RNA extraction strategy to commercial
methods, we analyzed all extracts used above at 5X, 10X, and 20X
dilutions (Fig. 2) [26]. Overall, Ct values from parallel extracts were
concordant. At each dilution of the moderate titer extract, the Ct
values were within approximately one unit of each other across
methods and viral RNA was detected in all dilutions, down to 20X
(Fig. 2B). Similar trends were observed in analysis of the low viral
titer sample with a single discrepancy, wherein the 20X dilution of
the enriched rnaGEM extract exhibited no amplification but the
parallel commercially extract dilution did (Fig. 2A). However, given
the Ct value of the neat extract approached the cut-off cycle, we
hypothesized that the concentrations of viral RNA in subsequent
dilutions were likely in the stochastic regime, and ostensibly dis-
tribution of RNA in solution was inhomogeneous, failing to adhere
to a normal distribution [41]. This theory was supported by failed
amplification in one replicate of the 10X dilution of the commercial
kit extract; given the observed amplification at 20X. Therefore, we
concluded the methods performed comparably.

The most pronounced difference across methods was observed
in the lowest Ct, or highest relative titer, sample (Fig. 2C). Although
RNA obtained via enriched rnaGEM extractionwas readily detected
with Ct values of 20 ± 2 units in all dilutions, the values of



Fig. 2. Comparison of rnaGEM extraction methods with a commercial kit. SARS-CoV-2 RNAwas extracted from known positive clinical samples in parallel using two methods - a
commercial solid phase spin-basket kit, and rnaGEM extractions with viral preconcentration. Three samples with comparatively (A) high, (B) moderate, and (C) low Ct values were
selected for comparison. Extracts were analyzed neat and serially diluted at factors of 5X, 10X, and 20X, each in duplicate. Ct values obtained from the enriched rnaGEM extracts
were only slightly higher than extracts obtained using the commercial kit.
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commercial extracts were ~3 cycles lower. A similar phenomenon
was observed by Barclay et al., who suspected viral saturation of the
nanoparticles at very high titers [22]; virions were likely sterically
prevented from binding with the particles and were lost in the
discarded supernatant prior to extraction. Still, Barclay et al. sug-
gests that nanoparticle saturation does not affect the utility of
enrichment-aided extractions since it does not prevent qualitative
SARS-CoV-2 identification [22].We believe this to be especially true
as it pertains to high titer samples such as the one in question, since
regardless of extraction method, amplification occurred well below
the cut-off cycle and SARS-CoV-2 was readily detected.

We would add that the use of nanoparticle enrichment removes
free RNA not contained in a viral envelope, known to persist in
sample matrices well beyond patient infectivity [42]. Column-
based methods are unable to differentiate RNA from infectious vi-
rus and naked RNA, thus confounding PCR-based diagnostics and
efforts by public health officials to determine key metrics, such as
required quarantine duration [42]. Since our method uses
nanoparticle-based viral enrichment upstream of virion lysis, free,
non-infectious RNA is not retained, potentially providing more
accurate, useful information regarding patient infectivity.
3.2. Adaptation to the PDQeX platform

Given that high labor and time demands are principal draw-
backs of existing RNA extraction methods, we sought to streamline
our enriched rnaGEM method by leveraging specialized PDQeX
technology. A single-temperature heating step induced enzymatic
viral lysis, RNA extraction, elimination of RNases, and physical
separation of the capture particles from the eluate. Simultaneous
constriction of the PDQeX tube's inner heat-shrink layer and
actuation of the heat burst valve below the sample reservoir forced
fluid through an on-board filter into a collection tube while
retaining the capture particles (Fig. 3AeB). To assess the effect of
the platform on extraction performance, RNA was isolated from
parallel aliquots of 3 clinical positives both using PDQeX and in-
tube (thermal cycler) methods. Subsequent real-time RT-PCR
analysis indicated comparable amplification across platforms,
although Ct values were consistently 1e2 cycles lower following
PDQeX extraction (Fig. 3C). The limited sample size in these proof-
of-concept studies prevented conclusively alleging the PDQeX
performance was superior, but the methods are certainly compa-
rable. However, the PDQeX method supplanted several sequential
manual steps with a single automated process, thereby decreasing
variability and required analyst time.

To enable increased testing of a given extract, it was desirable to
increase the elution volume, although this would inevitably dilute
5

RNA. However, exploration of the effect of doubling the elution
volume from 50 to 100 mL resulted in similar amplification of RNA
extracted in parallel from 3 clinical positives. Resultant Ct values
obtained from all three neat extracts and dilutions down to 20X
were exhibited roughly one-unit differences and, therefore, com-
parable RNA concentrations (Fig. S1). Finally, a DNase was incor-
porated since the presence of genomic DNA (gDNA) is known to
promote false positive real-time RT-PCR results by facilitating non-
specific amplification and background fluorescence [43,44]. The
DNase and associated buffer were added as part of the rnaGEM
extraction cocktail; no additional steps were added to the extrac-
tion workflow. Although DNase treatments have been shown to
decrease RNA yield [45,46], parallel extractions from clinical sam-
ples with and without DNase suggest that its inclusion was not
detrimental to SARS-CoV-2 detection (Fig. S2). The optimal method
for practical preparation of SARS-CoV-2 RNA used in all further
studies was 100 mL total enriched rnaGEM PDQeX extractions with
a DNase treatment.
3.3. Decreasing RT-PCR time

Despite widespread use of real-time RT-PCR for diagnosis and
surveillance efforts, its lengthy sample-to-result interval, typically
between 24 and 48 h due to workflow constraints, creates delays in
reporting [31]. To shorten turnaround times, we evaluated changes
to thermal cycling parameters and characterized their purported
effect on detection of the CDC positive reference plasmid and
enriched rnaGEM extracts.

Ramp rates were increased from 1.6 �C/s (per manufacturer's
recommendation) between the cycle denaturation and annealing/
extension steps to the maximal values permitted by the instrument
software of 5 �C/s up and 4 �C/s down. The increased rates resulted
in a 64% decrease in required ramping time during cycling, which
equates to a 21-min difference, from over 57 mine~36 min.
Importantly, across three different plasmid concentrations, analysis
of the Ct values at each temperature indicated minimal effect on
assay performance (Fig. S3). Subsequently, the cycle annealing
temperature was increased from 55 �C to 60 �C, decreasing the
temperature differential that must be overcome each cycle.
Notably, at all three plasmid concentrations, increasing the
annealing temperature decreased total assay time by approxi-
mately 2 min with minimal change in Ct values (Fig. S4). Using
enriched rnaGEM extracts, the reverse transcription dwell timewas
decreased significantly from 15 min (manufacturer's recommen-
dation) to 1 min. Parallel extracts from clinical samples were
evaluated at both reverse transcription intervals and showed
comparable amplification (Fig. S5). In total, by increasing the cycle



Fig. 3. Adaptation of the extraction protocol to PDQeX method. (A) Following in-tube viral preconcentration, the capture particle suspension in rnaGEM cocktail was transferred
to a PDQeX tube. Incubation induced the inner walls of the tube to shrink and the heat-burst valve below the sample reservoir to be actuated, forcing the purified RNA solution
through an on-board filter and into a final collection tube. (B) PDQeX instrument with inset images depicting the PDQeX tube before and after incubation. The capture particles are
retained by the filter, supplanting the second manual magnetic step required in the in-tube protocol. (C) Comparison of the Ct values obtained from RT-PCR following parallel
enriched rnaGEM extractions from four clinical samples (three positive and one negative) in-tube versus the PDQeX. Both methods performed comparably; across all three clinical
positives and replicates, RNA amplification occurred ~1e2 cycles sooner. Each sample was analyzed in duplicate.
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annealing temperature, using more rapid ramp rates, and
decreasing the dwell time associated with reverse transcription,
the total assay time required for SARS-CoV-2 was decreased by
~37 min, which could increase laboratory throughput and testing
capabilities, and permit more rapid diagnoses and effective
surveillance.

3.4. Double-blind study

We evaluated the accuracy of our extraction method with rapid
RT-PCR analysis by testing patient samples in a double-blind format
to avoid confirmational bias. Given the goal of providing a method
for surveillance and transmission control, all positive samples in
the selection pool had clinical Ct values below 32 since the likeli-
hood of infectivity above this threshold is low [42]. Downstream
RT-PCR showed amplification in both replicates of five of the ten
deidentified samples (Fig. 4A); direct comparison of the experi-
mental and clinical laboratory results illustrated the same outcome
across methods for each sample (Fig. 4B). The five samples where
SARS-CoV-2 viral RNA was detected (B, C, F, H, and I) corresponded
to the five clinical positives selected, whereas the extracts that did
not exhibit amplification (A, D, E, G, and J) were negative in the
clinical laboratory. Our results exhibited 100% concordance with
clinical laboratory analysis, demonstrating the ability of our sample
preparation to concentrate and isolate SARS-CoV-2 from patient
samples and provide accurate results by RT-PCR.

3.5. Compatibility with alternative amplification methods

Diversification of methods for SARS-CoV-2 detection will
continue to elicit rapid, simple, and portable systems for on-site
6

testing. With this in mind, eluates produced by our method were
tested with microfluidic PCR, RPA, and LAMP using primers and
probes from the literature [10,38]
3.5.1. Microfluidic PCR
Microfluidic systems offer portable alternatives that boast

several advantages over conventional benchtopmethods, including
ease of use by nontechnical personnel, shortened analytical times,
and enclosed formats [47,48]. Importantly, microfluidic platforms
allow for more rapid thermal cycling than possible in-tube due to
increased surface area to volume ratio that promotes more efficient
heat transfer [49]. Therefore, adopting a microfluidic PCR (mPCR)
approach has the potential to significantly decrease the sample-to-
answer interval.

We demonstrated the direct compatibility of enriched rnaGEM
extracted RNA with mPCR on a centrifugally-driven microdevice.
Briefly, an individual reaction was flowed into a PCR chamber for
thermal cycling (Fig. 5AeC). Off-disc electrophoretic detection of
amplicons of the three positive clinical samples showed distinct
peaks at ~78 base pairs, which corresponded to the size of the
intended SARS-CoV-2 N1 target amplicon (Fig. 5D); all electro-
pherograms obtained fromnegative extracts of clinical samples and
negative controls did not exhibit this peak. These results indicate
on-target mPCR amplification and detection of and SARS-CoV-2 RNA
(Fig. 5D and S6) with both reverse transcription and amplification
completed in a total of ~30 min. However, the PCR chamber had a
depth of only ~500 mm, while the surface area directly in contact
with the Peltier's was approximately 68 mm2. This high surface
area to volume ratio, coupled with the improved heat transfer
properties inherent to the microscale, introduce the possibility to
further reduce analysis time through more rapid cycling [49].



Fig. 4. Qualitative double-blind study to evaluate the sample preparation method. (A) RT-PCR amplification plot depicting clinical samples selected by a third party and
deidentified prior to enriched rnaGEM extractions. SARS-CoV-2 RNAwas detected in five of the ten samples analyzed (B, C, F, H, and I). The positive control (data not shown) had Ct
values of 29.56 and 29.66, and the NTCs did not exhibit amplification. (B) A graphical representation of concordance between experimental results and clinical designations is
shown. These results demonstrate 100% agreement of experimental results with clinical diagnoses of the ten deidentified patient samples evaluated in the double-blind study. Each
sample was analyzed in duplicate.

Fig. 5. Compatibility of extracted RNAwith microfluidic PCR. (A) Image of 6-plex print-cut-laminate centrifugal microfluidic device designed for amplification of the SARS-CoV-2
extract. (B) Depiction of the five PeT layers used to construct the device, comprised of clear PeT capping layers (1 þ 5), HSA-coated fluidic layers (2 þ 4), and the black PeT (bPeT)
valving layer (3). (C) Microfluidic architecture used for on-disc mPCR; the sample (blue) was introduced to a loading chamber, centrifugally pumped into the PCR chamber following
laser valve actuation, and heated using a dual-Peltier system and analogous thermal cycling conditions to the optimized in-tube protocol. (D) Gel-image rendering of electro-
pherograms obtained from fluorescent gel-based capillary electrophoresis of amplicons obtained from on-disc PCR. The target amplicon (~78 bp) was detected in both positive
control (plasmid, 1000 copies/uL) samples and all clinical positives (neat VTM). The clinical negative, NTCs, unamplified master mix with primers, and unamplified plasmid did not
show the amplified product. Each sample was analyzed in triplicate with one representative gel image rendering of electropherograms shown here and replicates shown in Fig. S6.
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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3.5.2. Recombinase polymerase amplification (RPA)
SARS-CoV-2 RNA was reliably detected from known positive

clinical samples via a one-pot reverse transcription RPA (RT-RPA)
reaction. Similar to a RT-PCR amplification curve, successful RPA-
based identification is represented by a steep increase in fluores-
cence associated with the onset of exponential amplification. Given
that RPA is an isothermal technique, there is no Ct value to measure
amplification performance, as used in real-time RT-PCR, but rather
a time until measured fluorescence crosses an empirical threshold.
All positive extracts prepared by the enriched rnaGEM/PDQeX
method displayed such amplification, while the negative clinical
sample did not (Fig. 6A).

We concluded that amplification was specific for to the SARS-
CoV-2 target since the fluorescent signal was generated via probe
hybridization and the NTCs did not amplify. Notably, the average
time to amplification for all three clinical samples was similar to or
less than that of the cDNA plasmid positive control. Since RPA
amplifies DNA and not the viral RNA itself, these results demon-
strated the success of the 1-min, in-pot reverse transcription step
upstream of amplification (Fig. 6B). All replicates of positive clinical
samples displayed amplification following isothermal incubation in
approximately 5 min, significantly more rapid than the 30-min
amplification required for the PCR-based method, highlighting
the potential use for RPA-based ultra-rapid testing.

3.5.3. Colorimetric loop-mediated amplification (LAMP)
For LAMP detection, we employed the colorimetric indicator
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hydroxynapthol blue (HNB), which changes from a purple to a blue
color with nucleic acid amplification, providing a binary metric for
the presence of a given target. With eluates produced by our
method, all four clinical SARS-CoV-2 positive extracts and dilutions
of the plasmid positive control appeared blue in color, indicating
successful amplification (Fig. 7A). Conversely, the negative extract
and the no template control were purple, indicating assay speci-
ficity for the SARS-CoV-2 target.

Despite the possibility for naked-eye interpretation, variations
in human perception of color and variable ambient lighting can
hinder universal visualization [50]. To mitigate this, we imple-
mented a method for empirical colorimetric analysis based on
cellphone image capture and ImageJ freeware [39,51]. By
measuring hue, which can be represented as a single numerical
value from 0� to 360� on the color wheel [52], monitored amplifi-
cation via hue analysis over time and quantified the bitonal color
change [52]. Hue analysis indicated that amplification occurred in
all four positive clinical samples (Fig. 7B) and positive control re-
actions containing the positive control plasmid, confirming con-
clusions drawn via visual interpretation (Fig. 7C). At 30 min, two of
the positive reactions in clinical samples had measured hue values
below the amplification threshold and by 60 min, SARS-CoV-2 RNA
had been successfully detected in all known positive extracts
(Fig. 7BeC). Additionally, the average hue values for NTCs and the
clinical negative increased, moving further into the purple (nega-
tive) range. Since the limit of detection of RT-LAMPwas expected to
be equal to or higher than real-time RT-PCR, this finding was



Fig. 6. Reverse Transcription Recombinase Polymerase Amplification (RT-RPA) of extracted SARS-CoV-2 RNA. (A) Amplification plot depicting mean fluorescence of three
clinical positives and one clinical negative, along with controls (n ¼ 3). A threshold (618.6187 RFU) for amplification (dotted red line) was calculated as 3 standard deviations above
the mean fluorescence of NTCs. SARS-CoV-2 RNA was detected in all three clinical positives, but not in the clinical negative or NTCs. (B) Mean time to amplification was calculated
for each sample, with error bars representing one standard deviation in both the positive and negative directions. Clinical positives amplified in the same or less time than the
positive control (2019-nCoV_N_Positive Control plasmid, 1000 copies/mL). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version
of this article.)

Fig. 7. Detection of viral genomic targets using colorimetric loop-mediated isothermal amplification (LAMP). (A) Depictions of HNB dye as a colorimetric indicator with LAMP;
negative reactions were purple and positive reactions were blue. (B) Four clinical positive extracts and one clinical negative were analyzed in triplicate via LAMP and images were
captured at 0, 30, and 60 min. Following image analysis, an analytical threshold was calculated (169.52, 3 standard deviations above the mean hue at time ¼ 0). Samples above the
threshold (purple) were determined to be negative and samples below the threshold (blue) were positive for the SARS-CoV-2 N1 target. At 30 min, SARS-CoV-2 RNAwas detected in
two of the four known positives. By 60 min, all four clinical positives were detected. The clinical negative remained purple, indicating that no amplification. (C) Standard solutions of
the 2019-nCoV_N_Positive Control plasmid were prepared by serial dilution and amplified along with NTCs. At 60 min, all positive control dilutions were determined to be positive,
while NTCs remained negative. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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important in terms of demonstrating that sufficient RNA is liber-
ated via enriched rnaGEM extraction to enable colorimetric RT-
LAMP detection [9].

3.6. RNA extraction from saliva samples

Viral detection in saliva possesses comparable sensitivity to
nasopharyngeal swabbing for detection of respiratory pathogens,
including endemic coronaviruses [53]. However, saliva collection
offers the potential for simple, non-invasive at home sampling,
whichminimizes nosocomial transmission risk, lessens demand for
consumables (e.g., swabs and personal protective equipment), de-
creases cost, shortens turnaround time, and allows for facile repeat
testing [53,54]. As such, we assessed the ability of our sample
preparation method to prepare amplification-ready RNA directly
from saliva. Unfortunately, saliva is a complex and highly viscous
matrix, which can cause low analytical efficiency [54]. To mitigate
resultant matrix effects, a dilution buffer was mixed with saliva
prior to viral preconcentration. We tested three positive clinical
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samples neat in VTM and serially diluted in the saliva matrix at 2X,
5X, and 10X (Fig. 8). Viral RNA was detected in the neat extracts of
all three samples of varying viral titers and aminimum of one saliva
dilution for each sample. For the highest titer sample, viral RNAwas
detected down to a 10X dilution in saliva (Fig. 8A). While this is not
directly representative of actual patient sample composition, it
nonetheless demonstrates compatibility of our extraction tech-
nique with saliva testing.

4. Conclusions

We have demonstrated a simple, rapid method for SARS-CoV-2
viral preconcentration and enzymatic RNA extraction from clini-
cally relevant matrices, including viral transport media (VTM) and
saliva, and characterized its use with amplification-based detec-
tion. The bandwidth of this approach is highlighted by successful
detection of SARS-CoV-2 in neat patient diagnostic remnants, di-
lutions reminiscent of surveillance samples, and contrived saliva
samples e all exhibiting comparable performance to commercial



Fig. 8. Compatibility of extraction from saliva matrices. The enriched rnaGEM method was used to extract SARS-CoV-2 RNA from three known clinically positive VTM samples
serially diluted in a saliva matrix. Three samples with comparatively (A) low, (B) moderate, and (C) high clinical Ct values were selected to allow for comparison of extraction efficacy
across a broad range of samples. The Ct values were used to estimate relative viral titers of these samples. Extracts were analyzed by RT-PCR, each in duplicate. For all three samples,
SARS-CoV-2 was detected in at least one sample extracted from a saliva sample.

L.M. Dignan, R. Turiello, T.R. Layne et al. Analytica Chimica Acta 1180 (2021) 338846
kit-based SPE. A double-blind RT-PCR study demonstrated 100%
concordance with clinical results, clearly the ability of our tech-
nique to provide accurate results from real nasopharyngeal (NP)
samples. However, since saliva is preferable over NP swabs due to
simple, non-invasive collection, readily predisposed to at-home
sampling, we also showed our technique's ability to effectively
obtain viral RNA from even low-titer samples comprised of up to
90% saliva matrix. SARS-CoV-2 was detected in extract dilutions up
to 20X, indicating effective RNA extraction and potential applica-
bility to pooled sampling e essential for epidemiological control,
especially in low-prevalence or asymptomatic populations [25].
Our approach combines the advantages of enhanced sensitivity
with a rapid, simple workflow imparted by combining rnaGEM
extraction chemistry with commercial PDQeX technology to
minimize required manual steps; both viral enrichment and
extraction of amplification-ready RNA was achieved in under
10 min, making this technique well-suited to applications that
mandate short turnaround times.

We established compatibility of our extraction method with a
panel of amplification techniques, which may be used for various
applications. We observed 100% concordance between qualitative
results obtained following microfluidic RT-PCR and known labo-
ratory diagnoses. Although detection was accomplished off-disc,
microfluidic electrophoretic fluorescence detection is possible
[35,37], which could be coupled with this extraction method for
development of an integrated sample-to-result system for in situ
viral detection, entirely untethered from a centralized laboratory.
Similarly, an emerging class of portable, on-site diagnostic tools
leverage isothermal amplification techniques due to significantly
simplified instrumentation required relative to PCR-based assays.
We established compatibility of enriched rnaGEM extracts with
two such isothermal methods, recombinase polymerase amplifi-
cation (RPA) and loop-mediated amplification (LAMP). RPA
permitted extremely rapid SARS-CoV-2 identification, with all
clinical positive extracts displaying amplification in ~5 min; total
turnaround time, including sample preparation, was approximately
15 min e orders of magnitude below the 24e48 h interval associ-
atedwith conventional laboratory testing. Moreover, RNA extracted
using the method described here was successfully detected using
colorimetric LAMP, advantageous in terms of supplying simplified
visual interpretation, either by eye or with smartphone-based im-
age capture. Finally, it should be apparent to the reader that the
methodology reported here is easily modified for microscale
integration.
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