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BACKGROUND: The urgent need for massively scaled
clinical testing for SARS-CoV-2, along with global
shortages of critical reagents and supplies, has necessi-
tated development of streamlined laboratory testing
protocols. Conventional nucleic acid testing for SARS-
CoV-2 involves collection of a clinical specimen with a
nasopharyngeal swab in transport medium, nucleic acid
extraction, and quantitative reverse-transcription PCR
(RT–qPCR). As testing has scaled across the world, the
global supply chain has buckled, rendering testing
reagents and materials scarce. To address shortages, we
developed SwabExpress, an end-to-end protocol devel-
oped to employ mass produced anterior nares swabs and
bypass the requirement for transport media and nucleic
acid extraction.

METHODS: We evaluated anterior nares swabs, trans-
ported dry and eluted in low-TE buffer as a direct-to-
RT–qPCR alternative to extraction-dependent viral
transport media. We validated our protocol of using
heat treatment for viral inactivation and added a pro-
teinase K digestion step to reduce amplification interfer-
ence. We tested this protocol across archived and
prospectively collected swab specimens to fine-tune test
performance.

RESULTS: After optimization, SwabExpress has a low
limit of detection at 2–4 molecules/mL, 100%

sensitivity, and 99.4% specificity when compared side
by side with a traditional RT–qPCR protocol employing
extraction. On real-world specimens, SwabExpress out-
performs an automated extraction system while simulta-
neously reducing cost and hands-on time.

CONCLUSION: SwabExpress is a simplified workflow that
facilitates scaled testing for COVID-19 without sacrific-
ing test performance. It may serve as a template for the
simplification of PCR-based clinical laboratory tests,
particularly in times of critical shortages during
pandemics.

Introduction

Since the first reported cases in the winter of 2019,
the spread of the novel beta-coronavirus SARS-CoV-2
has grown into a global pandemic. The virus spreads
easily from person to person and is often carried by
asymptomatic individuals (1). These viral properties,
in conjunction with a lack of an effective centralized
response or societal adherence to public health recom-
mendations, has led to a continued persistence of the
pandemic throughout the USA (2). It is widely recog-
nized that increased testing capacity can ameliorate
the outbreak (3, 4), but the prohibitive cost of testing
materials and reagents as well as global supply chain
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problems continue to thwart efforts to reach the re-
quired scale.

Since the beginning of the pandemic, the gold
standard for SARS-CoV-2 detection has been RNA
extraction followed by reverse-transcription quantitative
polymerase chain reaction (RT–qPCR). Specimens are
traditionally collected as nasopharyngeal (NP) speci-
mens (1) by healthcare professionals and transported in
viral media [e.g., Universal Transport Media (UTM)].
Worldwide reliance on this template protocol has led to
global shortages in swabs, viral media, and laboratory
reagents. These shortages continue to plague testing lab-
oratories and impede efforts to scale. Previous literature
(5, 6) and the work of United Health/Quantigen (7)
have established that swabs collected without transport
media are acceptable for nucleic acid detection-based
diagnostics, eliminating the reliance on UTM.
Extraction-free protocols have also been developed to re-
move the need for RNA extraction reagents and stream-
line testing protocols. Saliva specimens have been shown
to be particularly amenable to extraction-free testing
protocols. For example, SalivaDirectTM—a protocol for
performing SARS-CoV-2 RT–qPCR on saliva speci-
mens without extraction (8)—had a sensitivity of 89%
compared to traditionally processed anterior nares (AN)
or oropharyngeal (OP) swabs, demonstrating the viabil-
ity of extraction-free protocols. Unlike saliva, extraction-
free methods for nasal swabs have been less sensitive
than conventional protocols—likely due to PCR inhibi-
tion from transport media or saline (8–14).

Here we describe the development of an UTM and
extraction-free protocol for anterior nasal dry swabs that
is compatible with RT–qPCR and does not sacrifice test
performance. This protocol, which we have coined
“SwabExpress,” has a low limit of detection, high sensi-
tivity, high specificity, and superior test performance
when compared to conventional extraction-based
RT–qPCR protocols. We further identify and amelio-
rate 2 distinct failure modes for extraction-free
RT–qPCR-based testing. Widespread adoption of this
approach and others like it could result in a dramatic
increase in testing capacity, decrease consumables used
during testing, and ultimately help curb the spread of
SARS-CoV-2.

Methods

COLLECTION OF NASAL SWABS

For preliminary studies, individuals who tested positive
for SARS-CoV-2 through clinical testing were identified
and recruited into a study of home-based, self-collected
home swabs (15). After providing consent, enrolled
participants were supplied a Swab-and-Send kit (16)
containing 2 swabs (Copan FloqSwab 56380CS01)
delivered to their home via 2-hour delivery and were

provided instructions to self-collect 2 mid-turbinate
swabs. Participants placed one swab in a tube with
UTM (Becton Dickinson PN 220220) and the other in
an empty, dry 15-mL conical tube for transport. For all
other studies, AN (US Cotton #3, distributed by
Steripack) swabs were collected by the Seattle Flu Study,
Husky Coronavirus Testing Program (HCT) (17) or
the Seattle Coronavirus Assessment Network (SCAN)
(18 ). Anterior nares swabs were transported in a sterile,
empty conical tube directly to the laboratory by HCT
technicians. SCAN swabs were packaged by the partici-
pant according to kit instructions and sent to the
Brotman Baty Institute/Northwest Genomics Center,
using standard International Air Transport Association
shipping procedures by courier at ambient temperature.
These IRB-supervised studies were public health surveil-
lance programs and enrolled both symptomatic and
asymptomatic participants. Informed consent was
obtained from adult participants and parents/permanent
legal guardians of participant children. Archived and
fresh convenience specimens from these studies were
chosen at random for use in the current study.

USABILITY STUDY

To recruit a sufficient number of children for the pro-
spective usability study, participants were recruited that
met broad eligibility criteria: (a) no COVID-19 symp-
toms, (b) no prior self-swab experience, and (c) no prior
medical or laboratory training. We obtained informed
consent from adult participants and parents/permanent
legal guardians of participant children.

SWAB REHYDRATION AND ELUTION

All work was performed within a class II biosafety
cabinet with appropriate precautions. For preliminary
studies each mid-turbinate dry swab was placed into a
1.5-mL microfuge tube, then cut using a sterile razor
blade. Next, 200 mL of low-TE [10 mM Tris-HCl
pH 7.5 (T2319-1L, Sigma), 0.1 mM EDTA
(15575020, Invitrogen)] was added to each tube and
vortexed for 30 seconds. To test various buffers, 45 mL
of this solution was removed and added to either 5 mL
of low-TE or 5mL of 10% Triton-X (X100-500ML,
Sigma Aldrich). These 2 specimens constitute the undi-
luted eluate from the dry swabs.

For all other studies, AN swabs were rehydrated in
1 mL of low-TE prepared in UltraPure Water (Life
Technologies PN 10977023). Specimens were vortexed
for 30 seconds or shaken for 1 minute and allowed to
incubate at room temperature for at least 10 minutes
before transfer to matrix tubes (Thermo Fisher).

RNA EXTRACTION OF SPECIMENS

Here, 200 mL of eluate was extracted on the Magna
Pure 96 using a DNA and Viral NA Small Volume Kit

144 Clinical Chemistry 68:1 (2022)



(Roche, 06543588001) with the universal small volume
protocol and eluted into 50 mL of proprietary elution
buffer. Or 200 mL of eluted AN specimens were
extracted on the KingFisher Flex using the MagMAX
Viral Pathogen II Nucleic Acid Isolation Kit with
MagMAXTM Viral/Pathogen Ultra Enzyme Mix
(Thermo Fisher A48383 and A42366) and eluted in
50 mL (although roughly 35 mL is eluted).

SWABEXPRESS SPECIMEN PREPARATION

Here, 50 mL of 94 specimens were transferred to a
LoBind 96 well plate (Eppendorf 30129512) using a
manual 96-well pipetting system (Rainin Liquidator)
with low retention tips (Rainin 17014402) with or
without 5 mL of Proteinase K (Thermo Fisher A42363,
proprietary concentration). The plate was sealed with
foil (Eppendorf 0030127854 and 5392000013).
Specimens with Proteinase K were incubated at 37 ˚C
for 15 minutes in a convection oven (Across
International 0853924003042) and then transferred to
a second oven for heat inactivation at 95 ˚C for
15 minutes. Specimens without Proteinase K were heat
inactivated at 95 ˚C for 30 minutes.

RT–QPCR

Each RT–qPCR reaction was performed at a final vol-
ume of 10 mL and containing 1� TaqPath RT–qPCR
MasterMix (PN A15300, Life Technologies), 0.125�
RNAse P TaqMan VIC assay (A30064, Life
Technologies) or 1� RNAse P HEX assay (IDT), 1�
SARS-CoV-2 ORF1b FAM assay (PN 4332079, Life
Technologies assay no. APGZJKF) or 1� Spike (S)
gene (PN 4332079, Life Technologies assay no.
APXGVC4) and nuclease-free water (1907076, Thermo
Fisher). Then 5 mL of specimen was added to each well.
Primer sequences were designed against Wuhan-Hu-1
sequence (MN908947.3) and are proprietary to
Thermo Fisher. Plates were sealed using optically clear
microseal B (Biorad). Each assay was performed in
technical duplicate for a total of 4 RT–qPCR wells per
sample. RT–qPCR was then performed on the Applied
Biosystems QuantStudio 6 Pro (25 ˚C for 2 minutes,
50 ˚C for 15 minutes, 98 ˚C for 3 minutes, followed by
40 cycles of 98 ˚C for 3 seconds and 60 ˚C for
30 seconds). Reported cycle threshold (Ct ) values were
obtained from the onboard analysis using predetermined
thresholds. Positive controls contained purified nucleic
acid with sequence that was amplified by the ORF1b
and Spike-gene assays.

The RT–qPCR reaction for the CDC COVID-19
diagnostic test was performed at a final volume of
20 mL. Reactions contained 1� TaqPath RT–qPCR
MasterMix, nCOV-N1 FAM, or nCOV-N2 FAM
primer and probe mix (10006713, IDT) and nuclease-

free water (1907076, Thermo Fisher), and 5 mL of
specimen was added to each well. RT–qPCR was then
performed on the QuantStudio 6 Pro as above.
Reported Ct values were obtained from the onboard
analysis using the autodetermined thresholds. Data were
analyzed using Excel and R v.3.5.

PREPARATION OF INACTIVATED VIRAL CONTROLS

Contrived SARS-CoV-2 positive swabs were generated by
collecting clinical matrix from a confirmed healthy volun-
teer and loaded with 2mL of diluted heat-inactivated
virion [VR-1986HK (1.6� 106 virion/mL), ATCC].

VIRAL INACTIVATION STUDIES

Viral inactivation studies were performed at the Seattle
Children’s Research Institute biosafety level 3 facility.
25 lL of viral stock (isolate USA-WA1/2020 obtained
from ATCC BEI Resources) with a titer of
5.8� 106 pfu/mL was incubated in 200 lL of TE or
TEþ 0.25% Triton for 10 minutes at room tempera-
ture, or in TE at 65 ˚C for 10 minutes. Untreated and
treated SARS-CoV-2 was then added neat and at
10-fold dilutions through 10�7 to confluent cultures of
Vero E6 cells (CRL-1586, ATCC), and 48 hours later
cytopathic effects were scored after staining with crystal
violet. RNA was isolated from Vero cells using a TRIzol
Plus RNA Purification Kit (ThermoFisher) and the
amount of SARS-CoV-2 was quantified by RT–qPCR.

RETROSPECTIVE COMPARISON STUDIES

Remnant participant specimens were stored either at
4 ˚C or �80 ˚C and prepared for RT–qPCR by extrac-
tion or heat treatment or SwabExpress digestion as
described above. Technicians performing testing and
clinical directors interpreting results were both blinded
to previous test results.

PROSPECTIVE COMPARISON STUDIES

Freshly acquired specimens from the SCAN and HCT
studies were prepared by extraction or heat treatment or
SwabExpress and tested by RT–qPCR in parallel.
For prospective analyses, both technicians and clinical
directors performed testing and interpretation blinded
to results from the comparator method.

Results

USABILITY AND RELIABILITY OF ANTERIOR NARES (AN) SWABS

FOR AT-HOME SPECIMEN COLLECTION

We first explored the use of anterior nares (AN) swabs
for specimen collection. For mass testing purposes, a
swab that is widely available, inexpensive, easy to manu-
facture, and simple for self-collection is critical. The US
Cotton #3 swabs fit these specifications; a polyester AN
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swab that resembles consumer-brand Q-tips (19). For
the purposes of scaled observed or at-home self-speci-
men collection or specimen collection for a child, swab-
bing the anterior nares anatomical site would be more
comfortable, accessible, and easier to describe to test
users leading to fewer mistakes and better specimen col-
lection (16, 20).

Therefore, we conducted a usability study to deter-
mine both the accuracy and ease of AN swabs in a
Swab-and-Send program where at-home specimen col-
lection kits were delivered to participant residences, the
participants swabbed themselves or a child while being
virtually monitored by clinical study coordinators and
then packaged the specimen for return to the molecular
testing laboratory (16, 21). After using the specimen
collection kit, study participants completed a survey
reporting their level of confidence, the kit’s ease of use,
and the level of discomfort experienced during swab-
bing. Participants were recruited from the greater Seattle
area and spanned a range of ages, races, household in-
come, and educational attainment (Fig. S1 in the online
Data Supplement; Supplemental Table S1, A–D).

The results of the usability study were very en-
couraging. Most participants reported only mild dis-
comfort during specimen collection with 40% of
participants reporting no discomfort at all (Fig. 1, A).
Most study participants also found the instructions
clear and felt confident that they had correctly col-
lected their specimen (Fig. 1, B). This was confirmed
by low observed rates of error during specimen collec-
tion using the AN swabs and during packaging for re-
turn (online Supplemental Table S2, A and B).
Molecular testing performed on these self-collected
specimens confirmed this; RT–qPCR detected the

human marker RNase P mRNA in 100% of swabs
with an average Ct value of 23.5 (SD 1.7). The
amount of RNase P mRNA recovered from the AN
swabs was higher than for unsupervised collection of
mid-turbinate swabs, which had an average Ct value
of 26.9 (SD 2.5) (Fig. 1, C). Together, these data in-
dicate that the use of widely available polyester swabs
in the anterior nares is a viable and preferable alterna-
tive for at-home specimen collection.

HANDLING DRY SWABS IN THE CLINICAL LABORATORY

Standard viral media such as UTM (e.g., COPAN
Diagnostics) have been in short supply over the course
of the pandemic. These salt-rich media inhibit direct
RT–qPCR, making RNA extraction a necessity and
thus create an additional bottleneck in the testing pro-
cess. Furthermore, automated extraction systems are ex-
pensive and their reagents and consumables are also
subject to global shortages. Therefore, we focused on
eliminating UTM and extraction from our testing plat-
form. To bypass UTM, we adopted a dry-swab trans-
port and rehydration method validated by Quantigen
that has been explored by other clinical testing laborato-
ries (13, 22). Next, to eliminate RNA extraction and en-
able direct RT–qPCR, we tested rehydration solutions
for their ability to elute contrived SARS-CoV-2 specimens,
compatibility with direct RT–qPCR, and simplicity. We
determined that elution in low-TE (10 mM Tris pH 7.5,
0.1 mM EDTA) without other detergents was best suited
for direct RT–qPCR (online Supplemental Fig. S2).
Unlike UTM and other saline solutions, the low ionic
strength of low-TE does not inhibit PCR amplification.
Moreover, low-TE can be quickly prepared using reagents
commonly found in laboratories.

Fig. 1. Polyester anterior nares swabs are both comfortable and easy to use. (A, B), Study participants’ (n¼ 35) self-reported (A)
discomfort and (B) confidence during self-administration of an anterior nares swab at home. (C), Boxplot depicting the RT–qPCR
Ct values for RNaseP from self-administered anterior nares swabs (ANS) and mid-turbinate (MT) swabs.
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Bypassing nucleic acids extraction poses another
problem; instead of the virus being inactivated by the
denaturing agents during nucleic acid extraction, the
specimen eluted from the swab remains potentially in-
fectious for SARS-CoV-2 or other pathogens and poses
a risk to laboratory staff. Accordingly, specimens from
both conventional UTM and rehydrated dry swabs are
processed inside a class II biosafety (BSL-2) cabinet, in
accordance with federal regulatory guidance. However,
it is practical and beneficial for downstream steps (such
as preparing RT–qPCR reactions) to take place on a
BSL-2 designated bench. Therefore, we compared several
inactivation methods to determine which would be easiest
without inhibiting PCR or causing a loss of sensitivity.
Viral inactivation of coronaviruses can be achieved
through the use of either detergent or heat (23). Our pre-
vious results demonstrate the negative impact of deter-
gents on RT–qPCR (online Supplemental Fig. S2);
therefore, we opted to deploy heat inactivation (online
Supplemental Fig. S3). We used a protocol to heat inacti-
vate at higher temperatures (95 ˚C) for 30 minutes to in-
crease the safety margins. We also determined that this
high-heat protocol had the added benefit of stabilizing
the sample over time, a result concordant with another
SARS-CoV-2 testing protocol in saliva (24).

PERFORMANCE OF EXTRACTION-FREE RT–QPCR

Having developed an extraction-free RT–qPCR proto-
col (EF-RT–qPCR), we set out to determine its perfor-
mance on both contrived and clinical specimens. To
assess analytical sensitivity, we first determined this
assay’s limit of detection (LoD), the minimum number

of SARS-CoV-2 RNA molecules that could be detected
in greater than 95% of RT–qPCR reactions. To gener-
ate these contrived specimens, we inoculated AN swabs
with clinical matrix collected from a healthy volunteer
with dilutions of heat-inactivated SARS-CoV-2. These
experiments determined the EF-RT–qPCR analytical
sensitivity to be 2 molecules/mL of eluate for the Orf1b
assay and 4 molecules/mL of eluate for the S-gene
(Spike-gene) assay (online Supplemental Table S3).
This LoD is comparable to the LoD of many other
RT–qPCR-based tests that have been issued Emergency
Use Authorization from the FDA (25).

Next, we tested the performance of EF-RT–qPCR
compared to our clinically validated RT–qPCR
laboratory-developed test on archived AN specimens. In
this assay, each sample is tested in 4 independent RT–
qPCR reactions, comprising 2 SARS-CoV-2 assays
(Orf1b and Spike) in duplicate, and is multiplexed with
a RNase P assay in every well (Fig. 2, A and online
Supplemental Fig. S4). Following RT–qPCR, a clinical
result is determined by the number of replicates display-
ing SARS-CoV-2 amplification: positive (3 or 4 of 4
wells), low-positive/inconclusive (2 of 4 wells) and
negative (0 or 1 of 4 wells). Head-to-head comparison
between EF-RT–qPCR and a reference standard
extraction-based RT–qPCR assay on matched speci-
mens established that EF-RT–qPCR was 100% specific
(56/56 negative specimens) and 91.0% sensitive
(61/67–56 positive and 5 low-positive) (Fig. 2, B).
Comparison of the mean delta Ct (DCt) values between
the 2 assays showed that eliminating extraction did
decrease analytical sensitivity. We observed an average

Fig. 2. Extraction-free RT–qPCR set-up and test performance. (A), Assay layout of the EF-RT–qPCR test. One sample is assayed in
4 wells on a 384-well plate. Each sample is tested for 2 probes, in duplicate. RNase P is assayed in each well. (B), Mean Ct val-
ues for 67 specimens processed by EF-RT–qPCR and extraction-based RT–qPCR. Reactions with no amplification by one prepara-
tion protocol are demarcated with red or blue points as indicated.
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increase of 1.96, 2.45, and 4.00 cycles for Orf1b, Spike,
and RNase P assays, respectively. Indeed, the 6 speci-
mens not detected by EF-RT–qPCR had an average Ct

with the extraction-based RT–qPCR assay of 34.13 for
Orf1b and 35.29 for Spike.

Owing to an unstable supply chain, while validat-
ing the EF-RT–qPCR protocol, our clinical laboratory
was forced to switch from the Roche Magna Pure 96 to
the Thermo Fisher KingFisher Flex automated nucleic
acids extraction platform. The relative sensitivity, specif-
icity and DCt values between 619 prospective specimens
run in parallel on both the KingFisher Flex (extraction)
and EF-RT–qPCR were comparable to results of the
retrospective study on stored specimens. EF-RT–qPCR
detected SARS-CoV-2 in 100% of specimens that were
positive by the extraction method with a 99.4% specific-
ity (Supplemental Tables S5–S7).

ADDITION OF PROTEINASE K REDUCES AMPLIFICATION

INTERFERENCE

After deploying EF-RT–qPCR as our clinical testing
platform, we repeatedly observed 2 undesirable out-
comes that were not observed in our validation studies.
First, for 0.9% of specimens (n¼ 383/43 539), amplifi-
cation of the human RNase P internal control was
undetected in 2 or more of the 4 reactions (Fig. 2, A;
online Supplemental Table S7). These specimens were
classified as “failures” and each test was repeated before
releasing the result. Second, for 0.5% of specimens
(229/43 539), we sporadically observed the presence of
strong amplification (Ct< 30) in a single well for one of
the SARS-CoV-2 targets in specimens where the 3 other
wells were undetected (online Supplemental Table S8).
However, on repeat RT–qPCR, both with and without
extraction, all 4 wells of the SARS-CoV-2 reactions for
these specimens were undetected.

We noted that some of the specimens that pro-
duced these problematic outcomes had excess mucous
or other nasal secretions. Therefore, we hypothesized
that the addition of proteinase K (ProK) digestion could
ameliorate both RNase P failures and the spurious
SARS-CoV-2 amplification by digesting mucins and
other potentially interfering proteins in the nasal speci-
mens (26). We compared RT–qPCR results for 1222
clinical specimens prepared by the 30-minute 95 ˚C
heat treatment with those digested with ProK for
15 minutes before heat treatment at 95 ˚C for
15 minutes. We observed approximately 10-fold fewer
RT–qPCR reactions with failed RNase P amplifica-
tion—27 of 4888 without ProK vs 2 of 4888 with
ProK—reducing the failure rate to 0.04% (Fig. 3, A,
online Supplemental Table S9), and improved RNase P
detection (DCt �0.88) (online Supplemental Fig. S5).
Furthermore, the addition of a ProK digestion step

eliminated spurious amplification of SARS-CoV-2
targets.

In the 4888 specimens processed both with and
without ProK, ProK-treated specimens had decreased Ct

values (mean decrease of 1.22 for Orf1B, and 0.97 for
Spike). This increased sensitivity was also reflected in
the ability to accurately classify archived SARS-CoV-2
positive specimens with Ct values >28 (Fig. 3, B).
Repeatability and reproducibility were also improved
with the addition of ProK (Fig. 3, C). On addition of
ProK, on SARS-CoV-2 positive samples, our protocol
had a higher concordance (93.3%) versus without ProK
(90%) or specimens extracted on the KingFisher Flex
(86.6%) (online Supplemental Table S10). After this
optimization we named our final protocol
“SwabExpress”—consisting of a dry AN swab, followed
by ProK digestion and direct RT–PCR. Finally, we pro-
spectively compared performance on 1169 specimens
run in parallel on the SwabExpress and KingFisher Flex
(extraction) platforms. Positive and negative clinical
concordance was excellent; there was 100% concor-
dance for positives results, 99.91% concordance across
negatives with a small DCt value of 0.37 for the Orf1b
target and 1.46 for the S target between the 2 assays
(Fig. 3, D, online Supplemental Table S11).

SWABEXPRESS IS COMPATIBLE WITH OTHER SARS-COV-2
RT–QPCR ASSAYS

Our laboratory-developed test uses custom Orf1b and
Spike-gene assays for detecting SARS-CoV-2. To estab-
lish that the SwabExpress protocol was compatible with
the widely used CDC N1 and N2 assays, we performed
RT–qPCR on 75 positive specimens and 92 negative
specimens with the N1 and N2 assays performed in par-
allel on the SwabExpress platform and extraction-based
RT–qPCR platform. The results were 100% concordant
between our custom assays and the CDC assays. Ct val-
ues for positive samples were delayed when prepared by
SwabExpress protocol compared to the Roche Magna
Pure 96. However, this difference did not change the
clinical interpretation of these samples (Supplemental
Fig. S6). For the N1 assay, extracted specimens had an
average Ct of 19.22 6 3.67 versus 21.79 6 4.33 with
SwabExpress (DCt of 2.57). For the N2 assay, extracted
specimens had an average Ct of 18.31 6 3.73 versus Cts
of 19.80 6 3.72 for SwabExpress (DCt of 1.49)
(Supplemental Table S12).

SWABEXPRESS IS TIME AND COST EFFECTIVE

A dry-swab, extraction-free RT–qPCR protocol com-
prises the minimal components of a diagnostic test.
Although the addition of a proteinase K digestion adds
$0.14 to the reagent cost for each sample, this cost is
warranted. The addition of proteinase K reduces the
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repeat rate, reduces the chances of a false positive result
from interfering substances during PCR amplification,
improves the performance of the test, and, in our hands,
outperformed a suboptimal yet widely used automated
extraction system (Thermo KingFisher FlexTM).

On adoption, SwabExpress approximately doubled
laboratory capacity. First, hands-on technician time,
previously spent preparing and running extraction
systems, went toward accessioning and processing
additional samples. Second, the SwabExpress protocol
increases scale by using a convection oven that can
process up to 6 96-well plates simultaneously. This

throughput greatly exceeds the single 96-well plate proc-
essed by commercial automated extraction systems.
Further scaling of the SwabExpress protocol can be ac-
complished through the purchase of additional or larger
ovens, although RT–qPCR instruments used during
amplification and readout still pose a substantial bottle-
neck in the testing protocol.

Along with the substantial cost of purchasing auto-
mated extractors, the consumables required for their
operation cost between $4 and $5 per sample. By elimi-
nating extraction and transport medium, SwabExpress
reduces the associated costs by more than 90% (�$0.20

Fig. 3. Addition of Proteinase K improves test performance. (A), Observed percentage of test failures with and without the addi-
tion of proteinase K. (B), Archived samples with Ct> 28 reprocessed with either KingFisher Flex Extraction (left), Extraction-Free
RT–PCR (middle), or SwabExpress (Extraction-Free RT–PCRþ ProK) (right). Colors signify the number of samples and their classifi-
cations. (C), Box and whisker plots depicting the average delta Ct between replicate wells for SARS-Cov2 positive specimens. Red
points indicate outliers. DCt values were more consistent on addition of proteinase K. (D), Mean Ct values of matched specimens
run through the automated KingFisher extraction system (left) or using SwabExpress (SE). Specimens that were detected in only
1 of the 2 protocols are displayed as green points.
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per sample). In all, SwabExpress offers a time and cost-
saving alternative to nucleic acids extraction using read-
ily available reagents, which reduces dependence on a
heavily burdened supply chain (Fig. 4, Supplemental
Table S13).

Discussion

Here we present SwabExpress, an end-to-end diagnostic
platform optimized for faster and simpler low-cost de-
tection of SARS-CoV-2 from nasal swabs without the
use of nucleic acid extraction (Fig. 4). This protocol was
so named for its ease, rapid turnaround, and simplic-
ity—dry swabs, without extraction, enhanced with proK
digestion. By eliminating transport media and extraction
from the workflow, we have decreased cost per sample
and reduced supply chain pressure for the laboratory.
Because of the reduced cost and the ability to process
many more specimens in parallel, our laboratory’s capac-
ity markedly increased with its adoption. Importantly,
we gained efficiency without sacrificing accuracy; our
results suggest that the simplified SwabExpress protocol
(direct elution from dry swab into low-TEþ proteinase
K!RT–qPCR) is as sensitive as the conventional PCR
protocol (swab!UTM!RNA extraction!RT–
qPCR). SwabExpress has supported scaled testing in our
laboratory with over 91 000 tests performed to date and
allowed us to support large testing endeavors such as
thHusky Coronavirus Testing Program for the
University of Washington (17).

There are some caveats to consider. Even with the
addition of proteinase K, specimens with excess mucous
fail to amplify RNase P. Since adding this proteinase di-
gestion step, 18/12 991 specimens have had 2 or more
RNase P reactions fail (0.1%) and our laboratory
reflexes these few specimens to an extraction protocol.
However, 0.1% compares favorably when compared to
a protocol with extraction where the failure rate due to
failed RNase P is 1% (215/22 546). In addition, the
unknown presence of inhibitors precludes comparison
of Ct values between specimens; therefore, studies di-
rectly comparing Ct values from different specimens
may not yield accurate results.

We have observed a marked loss of viral RNA after
freeze–thaw cycles for specimens stored in low-TE com-
pared to specimens stored in commercial UTM. We
detect a DCt of about 2.5 for specimens after �80 �C
storage in low-TE, whereas the DCt for specimens
retested after storage at �80 �C in UTM has historically
been negligible. This affects the ability to use these
specimens for downstream applications such as genomic
sequencing.

Several improvements can be incorporated into the
SwabExpress platform. First, the ability to detect multi-
ple pathogens from one assay can be explored. It is likely
that SwabExpress will be compatible with other envel-
oped viruses such as influenza and respiratory syncytial
virus. Multiple targets can be detected in many qPCR
systems and the reemergence of these viruses as
COVID-19 prevention control measures are relaxed will

Fig. 4. SwabExpress workflow. (1) Anterior nares swabs are collected and (2) transported dry to the lab. On receipt, (3)
each swab is then hydrated with low-TE buffer, aliquoted into a 96-well plate, and (4) proteinase K is added to every
well. (5) The eluted specimens are digested and heat-inactivated in a laboratory oven before (6) they are loaded as the
template in a RT–qPCR reaction. The cost listed includes reagents and consumables.
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be of interest to monitor. Second, the most labor-inten-
sive part of the SwabExpress protocol is sample acces-
sioning. Receiving individual 10-mL tubes and
transferring the eluate to 96-well format takes approxi-
mately 2.5 minutes per sample. Receiving nasal swabs in
96-well compatible, laboratory-ready transport tubes
would streamline the process considerably (27). Third,
incubation times for proteinase K digestion, heat inacti-
vation, and RT–qPCR could be further optimized to
save additional time during the testing process.

Massive scaling and deployment of SARS-CoV-2
testing is essential to curtailing the COVID-19 pan-
demic, and will likely be necessary well into the future.
The protocol evaluated here, including thousands of
real-world, self-collected nasal swabs, would markedly
simplify the workflow for RT–qPCR, the most widely
deployed testing paradigm, by eliminating the need for
viral transport media and RNA extraction, both of
which are currently experiencing significant supply
chain challenges. Looking forward, we envision that na-
sal swabs—self-collected into laboratory-ready barcoded
tubes and transported dry—could potentially serve as a
common input to a range of SARS-CoV-2 nucleic acid
tests for public health surveillance applications. This
includes gold-standard tests such as RT–qPCR, but also
potentially new modalities such as SwabSeq (9). The
operationalization of the mass distribution and return
of such laboratory-ready collection devices is a signifi-
cant effort that should begin now.
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