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ABSTRACT Tests to diagnose acute SARS-CoV-2 infection are at the center of con-
trolling the COVID-19 pandemic. Rapid tests benefit from providing quick results but
suffer from lower sensitivity, while PCR tests usually take longer to provide more reli-
able results and can be difficult to scale to meet population needs. We evaluated
the diagnostic efficacy of a Molecular Mirror assay (MMA) using nucleic acid extrac-
tion and a nucleic acid extraction-free method to determine its ability to identify
SARS-CoV-2 in nasal specimens from individuals suspected of having SARS-CoV-2.
We compared the MMA using nucleic acid extraction to the emergency use authori-
zation (EUA)-approved TaqPath reverse transcriptase PCR (RT-PCR) assay to deter-
mine its performance characteristics. From 412 total specimens (including 115 previ-
ous positives and 297 previous negatives), we found that the positive percent
agreement (PPA) was 99.1% (confidence interval [CI], 97.4% to 100.0%) and the neg-
ative percent agreement (NPA) was 99.3% (95% CI, 98.4% to 100.0%) for SARS-CoV-2
detection. Using the extraction-free method, we analyzed 109 specimens (51 previ-
ous positives and 58 previous negatives) and found that the PPA for the more rapid
version of the assay was 87.8% (95% CI, 78.5% to 96.9%) and the NPA was 100.0%
(95% CI, 100.0%) for virus detection. The extraction method has performance compa-
rable to what is observed in many PCR-based assays. The extraction-free method has
lower PPA but has the advantage of being more rapid and having a higher through-
put. Our data offer a proof of concept that nuclear magnetic resonance (NMR) detec-
tion can be used in SARS-CoV-2 diagnostic testing and may allow for alternative sup-
ply chains to increase testing options.

IMPORTANCE Accurate diagnostics for SARS-CoV-2 infections have been critical for
responding to the COVID-19 pandemic. Both high-sensitivity/specificity PCR-based
tests and lower-sensitivity/specificity rapid antigen assays have been the subject of
worldwide supply chain limitations as individual facilities and countries have strug-
gled to meet their population testing needs. We evaluated the diagnostic efficacy of
a Molecular Mirror assay (MMA), which uses nuclear magnetic resonance to detect
the presence of SARS-CoV-2 nucleic acids both with and without full nucleic acid
extractions. We found that compared to a U.S. emergency use authorization (EUA)
approved assay (TaqPath) that uses reverse transcriptase PCR (RT-PCR), the MMA had
high PPA and NPA with full nucleic acid extractions, and acceptable positive percent
agreement (PPA) and negative percent agreement (NPA) with an extraction-free pro-
tocol. In a landscape marred by supply chain shortages across the world, altered
SARS-CoV-2 detection methods such as the MMA can add to testing supplies while
providing quality SARS-CoV-2 testing results.
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Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) was first identified in
December 2019 and is the causative agent of a global pandemic. Infection with

SARS-CoV-2 can manifest as a range of symptoms from asymptomatic to a severe pul-
monary disease, known as SARS-CoV-2-associated coronavirus disease 2019 (COVID-19)
(1). Since transmission can occur in both asymptomatic and symptomatic individuals
(2–4), laboratory testing is particularly important in the diagnosis of COVID-19 to pre-
vent further spread of the virus.

The urgent demand for diagnostic testing has challenged many clinical laboratories
to provide access to high-volume testing (5). Widespread supply shortages and avail-
ability of commercial assays has made it difficult to meet the worldwide demand for
diagnostic testing (6). The current standard of care diagnostic methods for SARS-CoV-2
are nucleic acid amplification tests (NAATs), such as real-time reverse transcriptase PCR
(RT-PCR). Many of these have received emergency use authorization (EUA) in the
United States from the Food and Drug Administration (FDA) and have been used in
both symptomatic and asymptomatic individuals to help identify those who can
potentially transmit the virus. Some have instituted protocols that include periodic
SARS-CoV-2 testing to identify those infected and remove them from the population
to prevent ongoing virus transmission. Several institutions have used such programs
to reopen their in-person learning programs (7–10).

Because of the relative lack of available consumables and demand for high-volume
testing for SARS-CoV-2, there have been efforts by other groups to explore alternative
testing approaches. For example, there is a myriad of rapid antigen tests by the FDA
that detect viral proteins authorized. While some of these tests are now readily avail-
able, emerging data have shown that they lack sensitivity compared to NAATs for use
in the broader population (7, 11–13). Other groups have developed rapid molecular
assays using loop-mediated isothermal amplification (LAMP) (14) or CRISPER-Cas12
technology (15, 16), while some have focused on high-throughput approaches such as
sequencing (17, 18).

In order to meet the demand for more testing, high-throughput methods are criti-
cal, and preferably methods that can take advantage of easy-to-obtain consumables
and preexisting equipment already in place across the country. We explored nuclear
magnetic resonance (NMR) as an alternative modality for the detection of SARS-CoV-2
RNA in clinical samples. NMR-based technology has been previously shown to success-
fully detect pathogens in clinical specimens. For example, this approach has been used
to detect Clostridium difficile in stool specimens with acceptable performance charac-
teristics (19) as well as Vibrio parahaemolyticus and Salmonella spp. in food samples
(20, 21). Now, this study demonstrates that NMR-based technology can also be used
for the detection of SARS CoV-2 in clinical samples using either nucleic acid extractions
or extraction-free methods. The benefit of NMR is that it can be adapted to much
higher throughput technology such as magnetic resonance imaging (MRI). Here, we
evaluate a molecular-based method that uses NMR technology for the detection of
SARS-CoV-2 nucleic acid in clinical respiratory specimens. Our goals were to demon-
strate the potential for NMR to detect SARS-CoV-2 compared to a PCR-based assay, to
determine its analytical performance, and to provide a framework by which this tech-
nology may be spread across the world to further SARS-CoV-2 detection.

RESULTS
Study population for nucleic acid extraction MMA protocol. We examined 412

previously collected specimens in our validation of the Molecular Mirror assay (MMA).
The population included individuals aged from 1 year old to 84 years old, with an aver-
age age of 43.09 6 18.49 years. It included 193 males (46.84%) and 219 females
(53.16%). All samples were tested on the Thermo Fisher TaqPath SARS-CoV-2 EUA assay
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in the course of routine standard-of-care at UC San Diego Health. The TaqPath assay
detects three different SARS-CoV-2 genes, the ORF1ab gene, S gene, and N gene.
Identifying 2 of the 3 targets in each clinical specimen is sufficient to make the diagno-
sis of SARS-CoV-2 infection. Of the 412 specimens tested, 115 were positive for the
SARS-CoV-2 virus using the TaqPath assay. The cycle threshold (CT) values for all genes
generally ranged from 8 to 40, with the S gene not detectable in only a single speci-
men; however, in that same specimen, the ORF1ab and N genes were detected.

Probe analysis. To help decipher potential specificity for the probes used in the
MMA, probes 1 and 2 for the MMA were subjected to a BLAST search against working
sets of SARS-CoV-2 genomes (n = 11,629) and non-SARS-CoV-2 genomes (n = 585),
which include the SARS-CoV-1, Middle East respiratory syndrome (MERS), HKU1, 229E,
OC43, and NL63 strains. Probe 1 (Table 1) matched exactly to 98.72% of the SARS-CoV-
2 working set and closely matched (1 to 2 mismatched bases) 1.24%. The strongest
matches in the non-SARS-CoV-2 working set (56.41%) to probe 1 had a bitscore (meas-
ures sequence similarity independent of database size) of 20, corresponding to only a
10-bp sequence match within the 20-bp probe. Probe 2 matched exactly to 99.66% of
the SARS-CoV-2 working set and closely matched (1 to 2 mismatched bases) the
remaining 0.34%. The strongest matches in the non-SARS-CoV2 working set (8.89%) to
probe 2 had a bitscore of 32, corresponding to 22/24 matched bases. However, the ma-
jority (90.77%) of the non-SARS-CoV-2 working set had a bitscore of 22 or lower, corre-
sponding to 11-bp sequence or shorter matched to the 24-bp probe. We also eval-
uated the probes against several of the novel SARS-CoV-2 variants, including B.1.1.7,
B.1.351, B.1.427/429, P.1, and B.1.525. Each of the probes was an exact match for each
of these variants (see Tables S1 and S2 in the supplemental material).

CT value ranges for nucleic acid extraction MMA protocol.We did not choose the
SARS-CoV-2-positive specimens for use in this study based on prior CT values. However,
we did evaluate the CT values for the ORF1ab, N, and S genes among the 115 previ-
ously positive specimens. We focused on N gene CT values to compare to MMA since
this gene is a shared target between the two assays. We found that 36 of the speci-
mens had CT values of #15.00, 37 ranged from 15 to 20, 17 from 20 to 25, 22 from 25
to 30, and 3 specimens had CT values of .30. This range of positive values allowed us
to test the MMA across a variety of virus relative abundances.

Clinical performance of nucleic acid extraction MMA protocol for SARS-CoV-2
detection. We developed the MMA to be scalable for processing large numbers of
SARS-CoV-2 tests. The protocol involves collection of swabs from individuals, perform-
ing RNA extraction on those swabs, adding SARS-CoV-2-specific probes to the resulting

TABLE 1 Probe specificity

Probe
SARS-CoV-2 genomes (%)
(n = 11629)

Non-SARS-CoV-2
genomes (%) (n = 585)

Probe 1 Bitscore (Max 40)
40 98.72 0.00
32–38 1.24 0.00
22–30 0.03 0.00
20 0.00 56.41
18 0.00 34.53
,18 0.01 9.06

Probe 2 Bitscore (Max 48)
48 99.66 0.00
34–46 0.34 0.00
32 0.00 8.89
24–30 0.00 0.34
22 0.00 5.81
20 0.00 53.50
18 0.00 31.45
,18 0.00 0.00

Molecular Mirror for SARS-CoV-2

Volume 9 Issue 1 e00392-21 MicrobiolSpectrum.asm.org 3

https://www.MicrobiolSpectrum.asm.org


RNA, allowing for probe binding to occur during a thermocycling step, clustering with
streptavidin nanoparticles, and detection of the bound probe/streptavidin clusters
using nuclear magnetic resonance (NMR) (Fig. 1; Table S3). In an aqueous medium,
which generally has a long T2 (transverse relaxation time; on the order of 2,000 msec),
the addition of nanoparticles generally reduces the magnetic resonance property T2
when the nanoparticles are uniformly dispersed or suspended throughout the solution
(22). This effect results from depolarization of adjacent water molecules, with each
nanoparticle acting as a “depolarizing center”. However, if the nanoparticles in the so-
lution become clustered through agglomeration, the number of depolarizing centers is
reduced, and therefore, the effect on T2 is also reduced, with the result that the T2 of
the aqueous solution is increased relative to the T2 of the medium when the nanopar-
ticles are dispersed. Thus, when there is no probe bound, streptavidin/probe clusters
do not form, and there is no change in T2 signal.

We examined the 412 total specimens using MMA, which included 115 previously
positive and 297 previously negative specimens on the TaqPath assay. Of those 115 pre-
viously positive specimens, 114 tested positive on the MMA (Table 2). This equated to a
PPA of 99.13% (95% confidence interval [CI], 97.4% to 100.00%) compared to the
TaqPath result. The lone specimen that tested negative was the only specimen in which

FIG 1 Diagram of the Molecular Mirror assay workflow.

TABLE 2 PPA and NPA of MMA with nucleic acid extraction compared to TaqPath

Result type NMR positive NMR negative Total
TaqPath positive 114 1 115
TaqPath negative 2 295 297

Value (%) 95% CI (%)
OPA 99.3 97.0 to 100.0
PPA 99.1 97.4 to 100.0
NPA 99.3 98.3 to 100.0
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the N and ORF1ab genes were detected but the S gene was not detected. This specimen
had ORF1ab and N gene CT values of 36.4 and 34.1, respectively, suggesting that it was
close to the limit of detection for the TaqPath assay and at or above the limit of detec-
tion for the MMA. Of the 297 previously negative specimens, 295 tested negative on the
MMA, which equated to an NPA of 99.33% (95% CI, 98.40% to 100.00%). Overall, 409 of
the 412 total specimens tested provided the expected results, corresponding to an over-
all percent agreement (OPA) of 99.27% (95% CI, 97.00% to 100.00%). All specimens
when tested were arranged in a checkerboard pattern during their processing, and no
evidence of contamination events was identified (data not shown).

To determine whether the results we obtained in our analysis of the MMA were repro-
ducible, we also performed precision studies by evaluating 12 total specimens (3 previously
negative and 9 previously positive specimens) over 3 consecutive days. Including a total of
5 replicates across the 3 days for each sample (60 replicates total), 59/60 (98.33%) of those
provided the expected results. There was one previously positive specimen that tested posi-
tive in 4 of the 5 replicates; however, the value fell slightly below the limit of detection of
the assay for one of the replicate samples.

In our specificity analysis, we tested 250 previously negative SARS-CoV-2 specimens
using the MMA and an additional 47 specimens that were previously positive for other
known viruses to ensure that the MMA did not detect other common respiratory patho-
gens, including the seasonal coronavirus. The 47 specimens were first tested using the
TaqPath assay to ensure that SARS-CoV-2 was not detected; all 47 were negative. These
47 specimens were then tested using the MMA. Of these 47 specimens, 6 were previ-
ously positive for rhinovirus/enterovirus, 5 for human metapneumovirus, 6 for respiratory
syncytial virus, 3 for adenovirus, 1 for parainfluenza 1, 3 for Mycoplasma pneumoniae, 11
for coronaviruses (including HKU1, OC43, 229E, and NL63), 3 for influenza B, and 8 for
influenza A. Of the 47 specimens, 45 provided the expected negative SARS-CoV-2 result
(Fig. 2). Two specimens provided unexpected results, positive using the MMA, and were
both previously positive for coronaviruses (HKU1, OC43, 229E, or NL63). Of note, both

FIG 2 Bar chart representing delta T2 scores of the Molecular Mirror assay for 47 respiratory specimens that tested
positive for viruses other than SARS-CoV-2. The y axis shows the viruses that each specimen tested positive for, and the x
axis shows the delta T2 scores. The threshold cutoff for the Molecular Mirror assay is shown by the dotted line.
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specimens had an MMA result at or near the cutoff for this assay. Probe specificity using
the NCBI primer-BLAST tool resulted in SARS-CoV-2 sequences as the sole hit; no other
organisms (bacterium, virus, or homo sapiens) shared a target sequence. Overall, the
specificity of the assay was still 99.33% despite these discrepancies.

Analytical sensitivity of the MMA using the nucleic acid extraction protocol.We
also examined the analytical sensitivity of the MMA to determine its relative ability to
detect specific concentrations of the SARS-CoV-2 virus in contrived specimens ranging
from 5 to 500 copies per reaction (1,000 to 100,000 copies/ml). A total of 20 replicates of
contrived specimens each at 10 and 15 copies per reaction (2,000 and 3,000 copies/ml,
respectively) were tested. All of the specimens were detected at 10 and 15 copies per
reaction, indicating that the limit of detection for this assay is 10 copies of the SARS-CoV-
2 virus per reaction. There was a linear relationship (R2 = 0.7097) between the copy num-
ber tested per reaction and the delta T2 value obtained for the MMA assay (Fig. 3).

Extraction-free MMA clinical performance. Because the MMA requires a full
nucleic acid extraction, which results in the need for consumables that have been rela-
tively constrained by supply chains (6), we evaluated the MMA without the nucleic
acid extraction step to decipher how it compared with the TaqPath assay results. To
perform the MMA without nucleic acid extraction, we first treated the samples with
proteinase K, followed by inactivation at 95°C. From there, samples were treated
exactly the same as is described in the MMA protocol by proceeding with the probe
binding steps. The removal of the extraction step eliminated additional reagents and
approximately 30 min to an hour from the protocol.

In our clinical evaluation of this protocol, we tested 109 total specimens (51 previ-
ously positive specimens and 58 previous negatives). Of these specimens, there was an
equal age distribution (43.8 6 19.0 for previous TaqPath positives compared to
45.4 6 20.8 for previous negatives) and sex (56.9% female for previous positives com-
pared to 58.8% female for previous negatives). Of those 51 previous TaqPath positives,
43 tested positive with the extraction-free method, while all 58 of the previous
TaqPath negatives tested negative (Table 3; Table S4). These data correspond to a PPA
of 87.8% (95% CI, 78.6% to 96.9%), an NPA of 100%, and an OPA of 94.4% (95% CI,
81.1% to 100.0%). While the PPA was lower than that for the full extraction method, it
was superior to the performance of other available rapid assays (7, 12, 23).

We noted that there was diminished PPA for the extraction-free MMA, so we eval-
uated whether there were specific CT value ranges for the TaqPath assay that did not
test positive when evaluated with the MMA. We found that there was a correlation
between CT values and the ability to detect SARS-CoV-2 in each sample, with

FIG 3 Scatterplot of delta T2 scores compared to the copy number of viruses used in the limit of
detection testing for the nucleic acid extraction MMA protocol. The copy number of viruses per
reaction is shown on the x axis, and the delta T2 score is shown on the y axis. The threshold for
positivity is also shown by the black dashed line along the x axis. A linear regression line is drawn
through the points and is represented by the dashed blue line. The R-squared value is shown above
the threshold line.
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specimens that had ORF1ab CT values of 27.5 or greater being less likely to be detected
by the extraction-free MMA (Table S4). All specimens in which the ORF1ab CT value
was .31 tested negative on this version of the assay.

Because of the differences in detection for the MMA and the extraction-free MMA,
we also evaluated the limit of detection (LoD) of the extraction-free MMA to decipher
whether the removal of the extraction step resulted in lower analytical sensitivity. As
we previously detailed, the LoD of the extraction-based MMA protocol was 10 copies
per reaction (2,000 copies/ml). In our analysis of the extraction-free MMA, we found
that 50 copies per reaction (10,000 copies/ml) could be reliably detected, verifying that
the removal of the extraction step resulted in an altered LoD for this assay (Fig. S1).

DISCUSSION

The SARS-CoV-2 pandemic caught much of the world by surprise, with many coun-
tries unprepared to meet the demands for testing. More timely testing would have
allowed for more effective isolation and quarantining to reduce viral spread. In the
United States, over the course of the pandemic, it has been estimated that to signifi-
cantly reduce virus spread, many more tests per day needed to be performed (8, 9).
Thus, there is a significant need to identify alternative means to test larger numbers of
people, with clinically useful results available in a relatively short time frame.

One of the biggest limitations with SARS-CoV-2 testing has been the availability of
testing materials (6, 24). Many laboratories have been constrained by staffing prob-
lems, equipment availability, and supply chain constraints from various testing manu-
facturers, limiting the numbers of tests that they can perform. Numerous tests, includ-
ing PCR-based assays and rapid antigen assays, entered the U.S. market to address
supply chain constraints. These tests substantially improved the atmosphere for testing
but came with a set of problems, many related to assay performance. While most PCR-
based assays have both high sensitivity and high specificity, some rapid antigen tests
have lower sensitivity and overall performance than can be tolerated in some applica-
tions. Indeed, recent studies have elucidated that rapid antigen-based assays have rela-
tively poor overall predictive values for disease and may not be sufficiently rigorous to
make isolation and quarantine decisions (11, 12). The significant benefit of the MMA is
that it is molecular-based and holds promise to generate results that are highly sensi-
tive and specific. We were only able to evaluate three positive specimens that had CT

values $30, and one of those specimens tested negative. This suggests that the MMA
could be less reliable for specimens with lower viral loads. One of the drawbacks of the
full-extraction MMA method is that it requires many of the same materials that are also
required for PCR; thus, it may not improve supply chain restraints. The extraction-free
method relieves this requirement, but the PPA is reduced as a result. While there is
generally lower PPA for this protocol, it is comparable to the sensitivities of other RT-
PCR assays using extraction-free protocols (25, 26).

We evaluated the MMA in comparison to the Thermo Fisher TaqPath assay primarily
because these assays can use shared equipment. For example, our laboratory uses
Hamilton liquid handler instruments for specimen processing and reagent preparation,
the KingFisher Flex for nucleic acid extraction, and the ABI 7500 Fast Dx instrument for

TABLE 3 Sensitivity and specificity of MMA without nucleic acid extraction compared to
TaqPath

Result type NMR positive NMR negative Total
TaqPath positive 43 8 51
TaqPath negative 0 58 58

Value (%) 95% CI (%)
OPA 94.4 81.1 to 100.0
PPA 87.8 78.7 to 96.9
NPA 100.0 NAa

aNA, no applicable confidence interval could be determined.
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thermal cycling and RT-PCR. The extraction-free version eliminated the need for the
nucleic acid extraction. The same instruments can be used for MMA, but at the final
detection step, it uses NMR instead. The MMA can be performed on other instruments
aside from the ones described here and can be scaled to accommodate single tests or
96- or 384-well plates, but for maximum usability requires an NMR that also can read in
a plate format. The extraction-free MMA method can be performed rapidly when test-
ing single specimens, but when performed in multiwell formats, the time to result
approaches those of extraction-free PCR.

Since the beginning of this pandemic, scientists have been searching for SARS-CoV-
2 tests that are simple to perform and have performance characteristics similar to those
of RT-PCR. The highlight of the MMA is that its performance was similar to that of tradi-
tional PCR with high sensitivities and specificities that resemble those found with other
PCR assays for the MMA with nucleic acid extractions, but also with relatively high sen-
sitivities and specificities when the nucleic acid extraction step is removed. While this
evaluation of the MMA was specific for NMR, the same principles apply that could
render it applicable to MRI. The NMR method we performed uses permanent magnets
assembled to provide between 0.1 and 1.0 Tesla field strength, which essentially
mimics what can be observed in MRI machines providing 1.0 to 5.0 Tesla. The NMR
machine only took seconds to get each result. There are automated NMR instruments
capable of significantly increasing the throughput of this assay.

Our specificity data suggest that the probes targeting the N gene are relatively spe-
cific for SARS-CoV-2 (Table 1) compared to other human coronaviruses. However, the
cross-reactivity we observed against another coronavirus specimen indicates that there
could be some cross-reaction from other coronaviruses. Such a phenomenon could
potentially occur from consecutive bases that match over shorter portions of the probe
sequence. Any potential specificity could be overcome by choosing primers for differ-
ent SARS-CoV-2 genes or gene segments, increasing stringency of the binding solution,
or altering probe binding temperatures.

Conclusions. There are a number of rapid antigen and more accurate PCR-based
tests available for acute diagnostics of SARS-CoV-2 infections. What each of these test
types have in common is that they do not offer the ability detect the probe-bound vi-
rus in mere seconds. This assay, particularly without the nucleic acid extractions, offers
reasonable PPA and NPA, while eliminating some of the consumables that have been
under widespread supply chain constraints. While tweaks to the technology to
improve coronavirus specificity and to improve the extraction-free sensitivity are still
ongoing, this technology holds the potential to improve throughput for SARS-CoV-2
detection.

MATERIALS ANDMETHODS
Clinical samples. A total of 412 clinical respiratory samples collected were included in the study

examining the MMA using nucleic acid extraction. These specimens consisted of 359 nasal, 52 nasopha-
ryngeal, and 1 oropharyngeal specimen collected in viral transport media (VTM). All samples were proc-
essed at the UC San Diego Health Clinical Microbiology Laboratory for routine diagnostic testing using
the TaqPath COVID-19 RT PCR assay. Of the total, 365 out of the 412 patient specimens were collected
from November to December 2020 and processed within 24 h of collection for SARS-CoV-2 testing. The
additional 47 specimens were collected from February to March of 2020 for respiratory pathogen detec-
tion other than SARS-CoV-2 testing and were previously positive for other pathogens such as influenza
virus, coronavirus (229E, HKU1, NL63, and OC43), human metapneumovirus, respiratory syncytial virus,
adenovirus, parainfluenza 1 virus, and Mycoplasma pneumoniae. Respiratory pathogen identification was
performed on these 47 specimens using the respiratory pathogen panel on the ePlex system (GenMark
Diagnostics, Carlsbad, CA). After routine testing, these sample were frozen at 280°C and subsequently
thawed for retrospective SARS-CoV-2 testing using the TaqPath COVID-19 RT-PCR assay.

We also included an additional 109 specimens for the MMA extraction-free protocol collected from
February to March 2021 in VTM. All 109 of those specimens had previously been tested using the
TaqPath assay before testing with MMA, which included 51 previously positive specimens and 58 previ-
ously negative nasal specimens.

TaqPath COVID-19 RT-PCR assay. The TaqPath COVID-19 combo kit (Thermo Fisher Scientific,
Waltham, MA) was used for the detection of SARS-CoV-2 RNA in clinical samples according to the manu-
facturer’s instructions outlined in the EUA. Sample and assay preparation was done using the Hamilton
Star, an automated liquid handler (Hamilton Company, Reno, NV). Nucleic acid (NA) extraction was

Realegeno et al.

Volume 9 Issue 1 e00392-21 MicrobiolSpectrum.asm.org 8

https://www.MicrobiolSpectrum.asm.org


performed using the MagMax viral/pathogen nucleic acid isolation kit and the KingFisher Flex purifica-
tion system (Thermo Fisher Scientific). RNA extraction from specimens was then used as a template for
the real-time RT-PCR, which targets the SARS-CoV-2 S (spike), N (nucleocapsid), and ORF1ab (polypro-
tein) genes, performed on the Applied Biosystems 7500 Fast DX real-time PCR instrument (Thermo
Fisher Scientific). RT-PCR data were analyzed using the COVID-19 Interpretive Software v2.5, and qualita-
tive results were provided by the software. Positive results were based on detection of at least 2 of the 3
SARS-CoV-2 targets. Cycle threshold (CT) values for each gene were also obtained using the interpretive
software for each sample identified as positive.

Molecular Mirror SARS-CoV-2 assay. Direct clinical specimens as well as extracted nucleic acid
from clinical specimens served as the input for the Molecular Mirror assay. For the direct specimen input,
clinical samples were first treated with proteinase K at 2.5 mg/ml (Thermo Fisher Scientific, Waltham,
MA) at room temperature (approximately 22°C) for 1 min and then heat inactivated at 95°C for 5 min
before proceeding to the probe binding step (see below). In addition, extracted nucleic acid was
obtained from routine SARS-CoV-2 testing using the TaqPath COVID-19 RT-PCR protocol. To evaluate for
cross contamination, when possible, positive and negative samples were arranged in a checkerboard
fashion and tested by a separate operator in a blinded fashion.

In brief, the Molecular Mirror technology is a novel and patented approach that uses biotinylated
probes capable of binding to nucleic acid of the target microorganism (U.S. Patent no. 9,442,110 B2). High-
pressure liquid chromatography (HPLC)-purified lyophilized biotinylated probes (IDT, Coralville, IA) were
resuspended in 10 mM Tris/1 mM EDTA buffer. These probes target the SARS-CoV-2 N gene and were
added to the direct patient sample or extracted nucleic acid, followed by a probe binding reaction to tar-
get nucleic acid in the test samples (nCoV_N1 [probe 1]: 59-GAC CCC AAA ATC AGC GAA AT-39 and
nCoV_N2 [probe 2]: TCT GGT TAC TGC CAG TTG AAT CTG). The following cycling conditions were used:
25°C for 2 min, 53°C for 10 min, 95°C for 2 min, and 33 cycles of 95°C for 15 sec followed by 60°C for 1 min.

Streptavidin-coated nanoparticles were combined with the binding reaction in individual tubes at a
final concentration (2 ng/ml), which allows for maximum surface coverage of the probes bound to the
target viral nucleic acid. The baseline NMR spin-spin relaxation time (T2) signal was first measured (milli-
seconds) using the Lab-in-the-Box NMR system (Menon Biosensors, Inc., Escondido, CA), which is a mea-
sure of the T2 relaxation time before probe-bound target is reacted with the nanoparticles. To allow for
the formation of a biotin-streptavidin nanoparticle binary complex and signal amplification, samples
were placed in the Lab-in-the-Box charging unit for 10 min.

After the signal amplification incubation, a final T2 measurement was taken in duplicate and aver-
aged. The delta T2 was calculated by subtracting the baseline signal from the average final T2.

A positive and a negative control were included in each batch of prepared samples. Extracted VTM
and previously negative specimens served as negative controls, and contrived positive controls were
prepared using 5,000 copies per ml of the nonreplicative recombinant SARS-CoV-2 virus (Accuplex
SARS-CoV-2 reference material; SeraCare Life Sciences, Inc., Milford, MA) in verified negative patient
specimens. The threshold value at which positive and negative results are differentiated was determined
based against an analyte calibration curve using synthetic SARS-CoV-2 RNA (control 2, GenBank acces-
sion no. MN908947.3 Wuhan-Hu-1; Twist Bioscience, San Francisco, CA) prepared in extraction buffer
and negative extraction buffer for comparison. A calculated delta T2 of 100 ms or greater was used as
the threshold value at which a sample was identified as positive for SARS-CoV-2.

Probe analysis.Working sets of SARS-CoV-2 genomes and non-SARS-CoV-2 genomes were obtained
using the NIAIN Virus Pathogen Database and Analysis Resource (ViPR) (27; http://www.viprbrc.org). All
complete coronavirus genomes were filtered for having a human host and then parsed based on ge-
nome name and entry date. The resulting working sets consisted of 11,629 SARS-CoV-2 genomes (con-
taining any of “SARS-CoV-2,” “HCoV-19,” or “severe acute respiratory syndrome coronavirus 2” and sub-
mitted on or after 2019) and 585 non-SARS-CoV-2 human coronavirus genomes (not containing any of
the previous names and submitted before 2019). Probes 1 and 2 were subjected to BLAST searches
against both sets using the inbuilt ViPR BLAST tool with an expected threshold of 1,000 and word size of
11 (SARS-CoV-2 set) or reduced to 7 (non-SARS-CoV-2 set) to allow for more inexact matches. Gap costs
were 5 for existence and 2 for extension.

To evaluate probe matches to the variants, five genomes from each variant lineage (B.1.351, B.1.427/
429, B.1.525, B1.1.17, and P.1) were selected for having originated from diverse geographical locations
and were acquired from the GISAID database (gisaid.org) (28). Probes 1 and 2 were aligned to each ge-
nome and analyzed using the Geneious Prime v2021.0.3 Map to Reference tool.

Limit of detection (LoD) and precision studies. LoD studies for both the extracted and nonex-
tracted protocol were performed using the full-genome Accuplex SARS-CoV-2 verification panel
(SeraCare Life Sciences, Inc., Milford, MA) prepared in verified negative patient samples. Concentrations
ranging from 5 to 500 copies/reaction (1,000 to 100,000 copies/ml) were evaluated in a final reaction
volume of 5 ml, and 20 replicates were tested at the LoD. In addition, precision studies were performed
using previously negative and previously positive clinical samples over 3 days, including running the
specimens in triplicate on at least 1 of the 3 days.

Data analysis. Performance specifications were calculated using MedCalc v19.6.4 (MedCalc
Software, Ostend, Belgium), including sensitivity, specificity, positive percent agreement, negative per-
cent agreement, overall percent agreement, and accuracy. Also, 95% Clopper-Pearson confidence inter-
vals were calculated for each parameter. Results from the TaqPath COVID-19 RT PCR assay served as the
reference result. Regression analysis was performed using Microsoft Excel 365 (Redmond, WA). The
workflow diagram was created using BioRender.

Molecular Mirror for SARS-CoV-2

Volume 9 Issue 1 e00392-21 MicrobiolSpectrum.asm.org 9

https://www.ncbi.nlm.nih.gov/nuccore/MN908947.3
http://www.viprbrc.org
http://gisaid.org
https://www.MicrobiolSpectrum.asm.org


SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.2 MB.
SUPPLEMENTAL FILE 2, XLSX file, 0.02 MB.
SUPPLEMENTAL FILE 3, XLSX file, 0.1 MB.
SUPPLEMENTAL FILE 4, XLSX file, 0.04 MB.

ACKNOWLEDGMENTS
This study was supported by Menon Biosensors, Inc.
We thank UC San Diego Health Clinical Microbiology and Patrick Aziz for their role in

supporting this work. We also gratefully acknowledge the authors from the originating
laboratories for obtaining HCoV-19 samples and from the submitting laboratories for
generating the sequence data and sharing via the GISAID initiative. The list of authors
and laboratories can be found in Table S2.

REFERENCES
1. Zhou P, Lou Yang X, Wang XG, Hu B, Zhang L, Zhang W, Si HR, Zhu Y, Li B,

Huang CL, Chen HD, Chen J, Luo Y, Guo H, Di Jiang R, Liu MQ, Chen Y,
Shen XR, Wang X, Zheng XS, Zhao K, Chen QJ, Deng F, Liu LL, Yan B, Zhan
FX, Wang YY, Xiao GF, Shi ZL. 2020. A pneumonia outbreak associated
with a new coronavirus of probable bat origin. Nature 588:E6–E6. https://
doi.org/10.1038/s41586-020-2012-7.

2. Furukawa NW, Furukawa NW, Brooks JT, Sobel J. 2020. Evidence support-
ing transmission of severe acute respiratory syndrome coronavirus 2
while presymptomatic or asymptomatic. Emerg Infect Dis 26:e201595.
https://doi.org/10.3201/eid2607.201595.

3. Yanes-Lane M, Winters N, Fregonese F, Bastos M, Perlman-Arrow S,
Campbell JR, Menzies D. 2020. Proportion of asymptomatic infection
among COVID-19 positive persons and their transmission potential: a sys-
tematic review and meta-analysis. PLoS One 15:e0241536. https://doi
.org/10.1371/journal.pone.0241536.

4. Chau NVV, Lam VT, Dung NT, Yen LM, Minh NNQ, Hung LM, Ngoc NM,
Dung NT, Man DNH, Nguyet LA, Nhat LTH, Nhu LNT, Ny NTH, Hong NTT,
Kestelyn E, Dung NTP, Xuan TC, Hien TT, Phong NT, Tu TNH, Geskus RB,
Thanh TT, Truong NT, Binh NT, Thuong TC, Thwaites G, van Tan L, Chau
NVV, Dung NT, Hung LM, Loan HT, Truong NT, Phong NT, Man DNH, van
Hao N, Thuy DB, Ngoc NM, Lan NPH, Thoa PTN, Thao TNP, Phuong TTL,
Uyen LTT, Tam TTT, That BTT, Nhung HK, Tai NT, Tu TNH, Vuong VT, Ty
DTB, Dung LT, et al. 2020. The natural history and transmission potential
of asymptomatic SARS-CoV-2 infection. medRxiv. https://doi.org/10.1101/
2020.04.27.20082347.

5. Tromberg BJ, Schwetz TA, Pérez-Stable EJ, Hodes RJ, Woychik RP, Bright
RA, Fleurence RL, Collins FS. 2020. Rapid scaling up of COVID-19 diagnos-
tic testing in the United States: the NIH RADx initiative. N Engl J Med 383:
1071–1077. https://doi.org/10.1056/NEJMsr2022263.

6. Hagan A. 2020. Laboratory supply shortages are impacting COVID-19 and
non-COVID diagnostic testing. https://asm.org/Articles/2020/September/
Laboratory-Supply-Shortages-Are-Impacting-COVID-19.

7. Pray IW, Ford L, Cole D, Lee C, Bigouette JP, Abedi GR, Bushman D, Delahoy
MJ, Currie D, Cherney B, Kirby M, Fajardo G, Caudill M, Langolf K, Kahrs J,
Kelly P, Pitts C, Lim A, Aulik N, Tamin A, Harcourt JL, Queen K, Zhang J,
Whitaker B, Browne H, Medrzycki M, Shewmaker P, Folster J, Bankamp B,
Bowen MD, Thornburg NJ, Goffard K, Limbago B, Bateman A, Tate JE,
Gieryn D, Kirking HL, Westergaard R, Killerby M, Jiang B, Vinjé J, Hopkins AL,
Katz E, Barclay L, Esona M, Gautam R, Mijatovic-Rustempasic S, Moon S-S,
Bessey T, Chhabra P, Smart SL, et al. 2021. Performance of an antigen-based
test for asymptomatic and symptomatic SARS-CoV-2 testing at two univer-
sity campuses: Wisconsin, September–October 2020. MMWR Morb Mortal
Wkly Rep. https://doi.org/10.15585/mmwr.mm695152a3.

8. Krishnaratne S, Pfadenhauer LM, Coenen M, Geffert K, Jung-Sievers C,
Klinger C, Kratzer S, Littlecott H, Movsisyan A, Rabe JE, Rehfuess E, Sell K,
Strahwald B, Stratil JM, Voss S, Wabnitz K, Burns J. 2020. Measures imple-
mented in the school setting to contain the COVID-19 pandemic: a scop-
ing review. Cochrane Database Syst Rev 12:CD013812. https://doi.org/10
.1002/14651858.CD013812.

9. Goyal R, Hotchkiss J, Schooley RT, De Gruttola V, Martin NK. 2021. Evalua-
tion of SARS-CoV-2 transmission mitigation strategies on a university

campus using an agent-based network model. Clin Infect Dis https://doi
.org/10.1093/cid/ciab037.

10. Rennert L, Kalbaugh CA, Shi L, Mcmahan C. 2020. Modelling the impact of
presemester testing on COVID-19 outbreaks in university campuses. BMJ
Open 10:e042578. https://doi.org/10.1136/bmjopen-2020-042578.

11. Okoye NC, Barker AP, Curtis K, Orlandi RR, Snavely EA, Wright C, Hanson KE,
Pearson LN. 2021. Performance characteristics of BinaxNOWCOVID-19 anti-
gen card for screening asymptomatic individuals in a university setting. J
Clin Microbiol 59:e03282-20. https://doi.org/10.1128/JCM.03282-20.

12. Prince-Guerra JL, Almendares O, Nolen LD, Gunn JKL, Dale AP, Buono SA,
Deutsch-Feldman M, Suppiah S, Hao L, Zeng Y, Stevens VA, Knipe K,
Pompey J, Atherstone C, Bui DP, Powell T, Tamin A, Harcourt JL, Shewmaker
PL, Medrzycki M, Wong P, Jain S, Tejada-Strop A, Rogers S, Emery B, Wang
H, Petway M, Bohannon C, Folster JM, MacNeil A, Salerno R, Kuhnert-
Tallman W, Tate JE, Thornburg NJ, Kirking HL, Sheiban K, Kudrna J, Cullen T,
Komatsu KK, Villanueva JM, Rose DA, Neatherlin JC, Anderson M, Rota PA,
Honein MA, BowerWA. 2021. Evaluation of Abbott BinaxNOW rapid antigen
test for SARS-CoV-2 infection at two community-based testing sites: Pima
County, Arizona, November 3–17, 2020. MMWR Morb Mortal Wkly Rep.
https://doi.org/10.15585/mmwr.mm7003e3.

13. Pollock NR, Jacobs JR, Tran K, Cranston A, Smith S, Kane C, Roady T,
Moran A, Scarry A, Carroll M, Volinsky L, Perez G, Patel P, Gabriel S,
Lennon NJ, Madoff LC, Brown C, Smole SC. 2021. Performance and imple-
mentation evaluation of the Abbott BinaxNOW rapid antigen test in a
high-throughput drive-through community testing site in Massachusetts.
J Clin Microbiol 59:e00083-21. https://doi.org/10.1128/JCM.00083-21.

14. Dao Thi VL, Herbst K, Boerner K, Meurer M, Kremer LPM, Kirrmaier D,
Freistaedter A, Papagiannidis D, Galmozzi C, Stanifer ML, Boulant S, Klein S,
Chlanda P, Khalid D, Miranda IB, Schnitzler P, Kräusslich HG, Knop M,
Anders S. 2020. A colorimetric RT-LAMP assay and LAMP-sequencing for
detecting SARS-CoV-2 RNA in clinical samples. Sci Transl Med 12:eabc7075.
https://doi.org/10.1126/SCITRANSLMED.ABC7075.

15. Broughton JP, Deng X, Yu G, Fasching CL, Servellita V, Singh J, Miao X,
Streithorst JA, Granados A, Sotomayor-Gonzalez A, Zorn K, Gopez A, Hsu E,
Gu W, Miller S, Pan CY, Guevara H, Wadford DA, Chen JS, Chiu CY. 2020.
CRISPR-Cas12-based detection of SARS-CoV-2. Nat Biotechnol 38:870–874.
https://doi.org/10.1038/s41587-020-0513-4.

16. Ding X, Yin K, Li Z, Lalla RV, Ballesteros E, Sfeir MM, Liu C. 2020. Ultrasensi-
tive and visual detection of SARS-CoV-2 using all-in-one dual CRISPR-
Cas12a assay. Nat Commun 11:4711. https://doi.org/10.1038/s41467-020
-18575-6.

17. Bloom JS, Jones EM, Gasperini M, Lubock NB, Sathe L, Munugala C,
Booeshaghi AS, Brandenberg OF, Guo L, Boocock J, Simpkins SW, Lin I,
LaPierre N, Hong D, Zhang Y, Oland G, Choe BJ, Chandrasekaran S, Hilt EE,
Butte MJ, Damoiseaux R, Cooper AR, Yin Y, Pachter L, Garner OB, Flint J,
Eskin E, Luo C, Kosuri S, Kruglyak L, Arboleda VA. 2020. Swab-Seq: a high-
throughput platform for massively scaled up SARS-CoV-2 testing. medR-
xiv. https://doi.org/10.1101/2020.08.04.20167874.

18. Teo AKJ, Choudhury Y, Tan IB, Cher CY, Chew SH, Wan ZY, Cheng LTE,
Oon LLE, Tan MH, Chan KS, Hsu LY. 2021. Saliva is more sensitive than na-
sopharyngeal or nasal swabs for diagnosis of asymptomatic and mild

Realegeno et al.

Volume 9 Issue 1 e00392-21 MicrobiolSpectrum.asm.org 10

https://doi.org/10.1038/s41586-020-2012-7
https://doi.org/10.1038/s41586-020-2012-7
https://doi.org/10.3201/eid2607.201595
https://doi.org/10.1371/journal.pone.0241536
https://doi.org/10.1371/journal.pone.0241536
https://doi.org/10.1101/2020.04.27.20082347
https://doi.org/10.1101/2020.04.27.20082347
https://doi.org/10.1056/NEJMsr2022263
https://asm.org/Articles/2020/September/Laboratory-Supply-Shortages-Are-Impacting-COVID-19
https://asm.org/Articles/2020/September/Laboratory-Supply-Shortages-Are-Impacting-COVID-19
https://doi.org/10.15585/mmwr.mm695152a3
https://doi.org/10.1002/14651858.CD013812
https://doi.org/10.1002/14651858.CD013812
https://doi.org/10.1093/cid/ciab037
https://doi.org/10.1093/cid/ciab037
https://doi.org/10.1136/bmjopen-2020-042578
https://doi.org/10.1128/JCM.03282-20
https://doi.org/10.15585/mmwr.mm7003e3
https://doi.org/10.1128/JCM.00083-21
https://doi.org/10.1126/SCITRANSLMED.ABC7075
https://doi.org/10.1038/s41587-020-0513-4
https://doi.org/10.1038/s41467-020-18575-6
https://doi.org/10.1038/s41467-020-18575-6
https://doi.org/10.1101/2020.08.04.20167874
https://www.MicrobiolSpectrum.asm.org


COVID-19 infection. Sci Rep 11:3134. https://doi.org/10.1038/s41598-021
-82787-z.

19. Yang P, Hash S, Park K, Wong C, Doraisamy L, Petterson J, Petti CA, Ward
PM, Lee SH, Menon S, She RC. 2017. Application of nuclear magnetic reso-
nance to detect toxigenic Clostridium difficile from stool specimens: a
proof of concept. J Mol Diagnostics 19:230–235. https://doi.org/10.1016/j
.jmoldx.2016.09.012.

20. Hash S, Martinez-Viedma MP, Fung F, Han JE, Yang P, Wong C, Doraisamy
L, Menon S, Lightner D. 2019. Nuclear magnetic resonance biosensor for
rapid detection of Vibrio parahaemolyticus. Biomed J 42:187–192. https://
doi.org/10.1016/j.bj.2019.01.009.

21. Yang P, Wong C, Hash S, Fung F, Menon S. 2018. Rapid detection of Sal-
monella spp. using magnetic resonance. J Food Saf 38:e12473. https://doi
.org/10.1111/jfs.12473.

22. Shao H, Yoon T-J, Liong M, Weissleder R, Lee H. 2010. Magnetic nanopar-
ticles for biomedical NMR-based diagnostics. Beilstein J Nanotechnol 1:
142–154. https://doi.org/10.3762/bjnano.1.17.

23. Kuo P, Realegeno S, Pride DT. 2021. Comparison of two nucleic acid amplifi-
cation tests (NAATs) and two antigen tests for detection of SARS-CoV-2
from upper respiratory specimens. J Clin Virol Plus 1:100011. https://doi
.org/10.1016/j.jcvp.2021.100011.

24. Esbin MN, Whitney ON, Chong S, Maurer A, Darzacq X, Tjian R. 2020. Over-
coming the bottleneck to widespread testing: a rapid review of nucleic
acid testing approaches for COVID-19 detection. RNA 26:771–783.
https://doi.org/10.1261/rna.076232.120.

25. Lübke N, Senff T, Scherger S, Hauka S, Andrée M, Adams O, Timm J,
Walker A. 2020. Extraction-free SARS-CoV-2 detection by rapid RT-qPCR
universal for all primary respiratory materials. J Clin Virol 130:104579.
https://doi.org/10.1016/j.jcv.2020.104579.

26. Bruce EA, Huang M-L, Perchetti GA, Tighe S, Laaguiby P, Hoffman JJ,
Gerrard DL, Nalla AK, Wei Y, Greninger AL, Diehl SA, Shirley DJ, Leonard
DGB, Huston CD, Kirkpatrick BD, Dragon JA, Crothers JW, Jerome KR,
Botten JW. 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.

27. Pickett BE, Sadat EL, Zhang Y, Noronha JM, Squires RB, Hunt V, Liu M,
Kumar S, Zaremba S, Gu Z, Zhou L, Larson CN, Dietrich J, Klem EB,
Scheuermann RH. 2012. ViPR: an open bioinformatics database and analy-
sis resource for virology research. Nucleic Acids Res 40:D593–D598.
https://doi.org/10.1093/nar/gkr859.

28. Shu Y, McCauley J. 2017. GISAID: Global Initiative on SHARING ALL INFLU-
ENZA Data: from vision to reality. Euro Surveill 22:30494. https://doi.org/
10.2807/1560-7917.ES.2017.22.13.30494.

Molecular Mirror for SARS-CoV-2

Volume 9 Issue 1 e00392-21 MicrobiolSpectrum.asm.org 11

https://doi.org/10.1038/s41598-021-82787-z
https://doi.org/10.1038/s41598-021-82787-z
https://doi.org/10.1016/j.jmoldx.2016.09.012
https://doi.org/10.1016/j.jmoldx.2016.09.012
https://doi.org/10.1016/j.bj.2019.01.009
https://doi.org/10.1016/j.bj.2019.01.009
https://doi.org/10.1111/jfs.12473
https://doi.org/10.1111/jfs.12473
https://doi.org/10.3762/bjnano.1.17
https://doi.org/10.1016/j.jcvp.2021.100011
https://doi.org/10.1016/j.jcvp.2021.100011
https://doi.org/10.1261/rna.076232.120
https://doi.org/10.1016/j.jcv.2020.104579
https://doi.org/10.1371/journal.pbio.3000896
https://doi.org/10.1093/nar/gkr859
https://doi.org/10.2807/1560-7917.ES.2017.22.13.30494
https://doi.org/10.2807/1560-7917.ES.2017.22.13.30494
https://www.MicrobiolSpectrum.asm.org

	RESULTS
	Study population for nucleic acid extraction MMA protocol.
	Probe analysis.
	CT value ranges for nucleic acid extraction MMA protocol.
	Clinical performance of nucleic acid extraction MMA protocol for SARS-CoV-2 detection.
	Analytical sensitivity of the MMA using the nucleic acid extraction protocol.
	Extraction-free MMA clinical performance.

	DISCUSSION
	Conclusions.

	MATERIALS AND METHODS
	Clinical samples.
	TaqPath COVID-19 RT-PCR assay.
	Molecular Mirror SARS-CoV-2 assay.
	Probe analysis.
	Limit of detection (LoD) and precision studies.
	Data analysis.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

