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ABSTRACT: Designing diagnostic assays to genotype rapidly mutating viruses
remains a challenge despite the overall improvements in nucleic acid detection
technologies. RT-PCR and next-generation sequencing are unsuitable for
genotyping during outbreaks or in point-of-care detection due to their infrastructure
requirements and longer turnaround times. We developed a quantum dot barcode
multiplexing system to genotype mutated viruses. We designed multiple quantum
dot barcodes to target conserved, wildtype, and mutated regions of SARS-CoV-2.
We calculated ratios of the signal output from different barcodes that enabled
SARS-CoV-2 detection and identified SARS-CoV-2 variant strains from a sample.
We detected different sequence types, including conserved genes, nucleotide
deletions, and single nucleotide substitutions. Our system detected SARS-CoV-2
patient specimens with 98% sensitivity and 94% specificity across 91 patient
samples. Further, we leveraged our barcoding and ratio system to track the
emergence of the N501Y SARS-CoV-2 mutation from December 2020 to May 2021
and demonstrated that the more transmissible N501Y mutation started to dominate infections by April 2021. Our barcoding and
signal ratio approach can genotype viruses and track the emergence of viral mutations in a single diagnostic test. This technology can
be extended to tracking other viruses. Combined with smartphone detection technologies, this assay can be adapted for point-of-care
tracking of viral mutations in real time.

Rapidly mutating viruses have emerged, circulated, and even
disappeared worldwide for hundreds of years. The

mutational patterns of a viruses’ genome define its genotype,
which has implications in disease development, immune
responses, therapeutic efficacies, and host outcomes.1−5 The
process of identifying the mutations a virus has collected is
referred to as genotyping. Genotyping is used to monitor rapidly
mutating viruses in the population.6 Technologies for viral
genotyping include next-generation sequencing and nucleic acid
assays such as polymerase chain reaction (PCR).7,8 Next-
generation sequencing comprehensively reads entire pathogen
genomes in a single run but requires large infrastructure and has
long turnaround times.9−13 Nucleic acid molecular assays are
less resource-intensive genotyping tools than sequencing,14−16

but are fundamentally limited to a single target per reaction.7

Nucleic acid genotyping assays use a series of single target tests
that first confirm the identity of a virus, followed by mutational
analysis to genotype a viral variant. However, genotyping
sequences with a single base pair mutation using only a single
nucleic acid probe is difficult.17,18 A single base pair change does
not have a large effect on probe stability and will produce a
comparable level of optical readout signal to a nonmutated
sequence.18 Researchers attempt to address this problem by

designing probes using modified nucleotides that improve base
pair specificity18,19 and changing assay conditions to favor the
binding of one sequence over another, but these approaches lead
to complex probe design and optimization processes.20,21 We
developed a simplified and multiplex quantum dot barcoding
strategy for genotyping viruses. Scheme 1 describes the barcode
assay and strategy.

■ EXPERIMENTAL SECTION
Quantum Dot Bead Synthesis and Conjugation. The

quantum dot (QD) barcodes were synthesized as per our
established concentration-controlled flow focusing method.22

Briefly, four separate QD barcodes were prepared by mixing the
QDs, iron(II) oxide nanoparticles (I0mg/mL, NN Crystal), and
polymer solution (poly(styrene-co-maleic anhydride), 4% w/v.
Thermo Fisher) together in different ratios (Table S1). SARS-
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CoV-2 identification probes were designed by aligning whole
SARS-CoV-2 genomes. Each QD barcode was conjugated to a
specific oligonucleotide identification probe (Table S2) using 1-
ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) cross-
linker (Sigma) chemistry. Each QD barcode was conjugated
to the corresponding identification sequence for 4 h at room
temperature in a rotator and washed three times using 0.05%
(w/v) Tween-20 to eliminate any unbound identification probe.
Clinical Sample Collection, Extraction, and Amplifica-

tion. Deidentified nasopharyngeal swab clinical samples were
obtained from local health units (Toronto, Ontario) and stored
at −80 °C. RNA from nasopharyngeal swabs was extracted using
EasyMagTM (bioMerieux, France) magnetic extraction.
Samples were reverse-transcribed using the ProtoScript First
Strand cDNA Synthesis kit (New England BioLabs), then
isothermally amplified with TwistAmp Basic RPA kit
(TwistDx), and purified using the GeneJET PCR Purification
Kit (Thermo Fisher, Canada). Reverse transcription and
purification were done using manufacturer’s protocols. For
duplex RPA, 59 μL of rehydration buffer, 4.8 μL of each E gene
primer, 3.2 μL of each RdRP gene primer (10 μM), 10 μL of 280
mM MgOAc, and two RPA pellets were mixed with the target.
The volumes and materials above were halved for a singplex
RPA for the spike gene amplification. Reactions were then
incubated at 40 °C for 40 min before nucleic acid purification.
Primers were designed using whole genome alignments or
modified from the literature (Table S2).23,24 All clinical samples
were processed in duplicate.
QD Barcode Probe Design. Two probes were used to

detect each target in a sandwich assay as described by Kim et
al.25 The two probes were the reporter probe and the
identification probe. Reporter probes were 3′Cy-5-function-
alized oligos that confirmed that the sequence of interest was
present. The identification probes for the E, RdRP, and spike
genes were designed to bind a region within each amplicon.
Identification sequences for spike gene were designed with 0−2
mutations in the center as it decreases probe binding.4 Three

different identification sequences were tested, compared to
existing sequences, and the best-performing probes with
minimal cross-reactivity with other probes were selected
(Table S2).
Bioinformatics Analysis. The number of mutations

between probes and viral sequences was tracked by analyzing
SARS-CoV-2 genomes from NCBI and GISAID databases.
Genomes from GISAID and NCBI were downloaded each
month between April 2020 and March 2021. Genome sequences
were selected based on the following criteria: complete, high
coverage, excluding low coverage and from humans. Sequences
of lower quality were excluded from analysis including
sequences with >550 Ns, >10 gaps and a length >30 kb.
Analysis was performed using shell-scripting and R. Multiple
sequence alignment (MSA) was performed using MAFFT
version 7 (https://mafft.cbrc.jp/alignment/software/). We
aligned all genomes and as well as the probe sequences using
default parameters. MAFFT has an iterative alignment algorithm
and is useful for sequences containing large gaps. MSAs were
visually evaluated using UniProt UGENE (http://ugene.net/).
This visualization permitted an assessment of the probe-genome
alignment region to identify systematic gaps in the reference
genome MSA. trimAl was used to clean the MSA and remove
regions with all gaps. MSA results were then imported into R and
the Biostrings_2.62.0 package was used to count the number of
mismatches of each probe against the reference genome
sequence “Wuhan/WIV04/2019” and logos were generated
using the ggseqlogo package. Software created for this analysis is
available on GitHub at https://github.com/BaderLab/Chan-
Covid19.
Detection of RPA Amplicons with QD Barcodes Assay.

RPA amplicons (2 μL) were denatured at 95 °C for 5 min. For
the singleplex barcode assays, amplicons were mixed with 10,000
microbeads, 28 pmol of Cy5-functionalized reporter oligonu-
cleotides, 10 μL of hybridization buffer (4× SSC, 0.05% SDS),
and water or target to make a total reaction volume of 20 μL. For
a multiplex assay, 2500 of each type of barcode, 5 pmol of each

Scheme 1. Genotyping Workflow Using Barcode Assay and Signal Ratiosa

aA gene is mixed with two barcodes: barcode A (green) and barcode B (pink). The green gene preferentially binds to perfectly complementary
barcode A and partially binds to partially complementary barcode B. The barcode signals are measured using flow cytometry. (1) Signal ratios are
calculated by dividing the fluorescence signals of barcode A by barcode B. (2) A signal threshold is calculated using the negative conditions. The
threshold value (dotted line) defines the identity of the sequence. (3) A sequence is identified based on whether it is below or above the threshold.
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reporter, 5 μL of hybridization buffer (8x SSC, 0.2% SDS), and
water or target were combined. Each reaction was rotated at 37
°C for 25 min and washed using magnetic separation (Life
Technologies) for 10 min in the presence of wash buffer (0.5×
SSC, 0.1% SDS). Samples were resuspended in 250 μL of
phosphate-buffered saline−tween (PBS-T) buffer and analyzed
on flow cytometry (Figures S1 and S2, (LSR Fortessa, BD)).
Flow Cytometry Data Analysis. Data were analyzed as

previously described by Kim et al.25 Briefly, all microbead
populations were gated in FlowJo software (BD) using forward
scatter and side scatter. Different quantum dot barcodes were
gated using the violet 605/20 and violet 525/50 filters. The red
670/14 filter was used to measure the Cy5 secondary probe
signal and determine whether target was present on each bead.
The signal from the red 670/14 filter was compared between
barcodes to calculate ratios.
Determining Threshold Values. Table 1 describes the

barcode panel designs for each experiment. Thresholds for the
detection of conserved genes in clinical sample experiments
were made as follows.

The E, RdRP, and noncomplementary gene #1 were
incubated in water. For the E gene signal ratio, the signal from
the E gene barcode was divided by the signal from the
noncomplementary gene #1 to create the E gene signal ratio.
The replicates of the E gene signal ratios for the water condition
were averaged. The threshold was drawn by taking three
standard deviations above the average E gene signal ratios for the
water condition. The threshold for the RdRP detection was
drawn similarly. Briefly, the RdRP signal ratio was calculated by
dividing the RdRP barcode signal over the signal from the
noncomplementary #1 barcode for the water condition. The
RdRP signal ratios for the replicates were averaged, and the
threshold was calculated by taking three standard deviations
above this value.

Thresholds for the H69/S70 four-barcode panel were made as
follows. The E gene threshold was calculated the same way as the
E gene threshold in the conserved gene experiment. The H69/
S70 spike gene detection threshold was calculated using the
spike gene signal ratio. The spike gene signal ratios were
calculated using SARS-CoV-2-positive spike mutant samples.
These samples were 1000, 100, and 10 nM samples that
contained both E gene and H69/S70 deletion spike gene. For
these three concentrations, the wildtype barcode signal was
divided by the mutant barcode signal for each replicate. The
average of the spike gene signal ratios for three concentrations
was taken. We drew the threshold by taking three standard
deviations for the three concentrations and adding them to the
calculated average signal ratio.

Thresholds for the N501Y barcode assay for detecting
synthetic samples were calculated as follows. The E gene
threshold was calculated the same way as in the conserved gene
experiment. The N501Y spike gene detection threshold was
calculated using the N501Y spike gene signal ratio. The N501Y

signal ratios were calculated using the SARS-CoV-2-positive
samples that contained the N501Y mutant. These samples
included 106−102 copies of both amplified E and spike N501Y
mutant gene. For these three concentrations, the wildtype
barcode signal was divided by the mutant barcode signal for each
of the replicates. The average of the spike gene signal ratios for
five concentrations was taken. We drew the threshold by adding
three standard deviations of the spike gene signal ratio to the
calculated average signal ratio.

■ RESULTS AND DISCUSSION
Our Barcoding and Viral Mutation Detection Strategy.

A central concept in nucleic acid thermodynamics is that the
large number of hydrogen bonds between complementary
single-stranded sequences makes it energetically favorable to
bind to one another.23−28 Partly complementary single-stranded
sequences have a lower number of hydrogen bonds between
them and form fewer double-stranded products.40,41 We
hypothesize that we can identify and genotype viral variants
by comparing the amount of double-stranded products formed
when perfectly complementary and mismatched probe
sequences bind to a variant.

Our strategy uses quantum dot barcodes, which are polymeric
microbeads embedded with different fluorescence-emitting
quantum dots. We designed a panel of barcodes using multiple
microbeads with unique fluorescence emission profiles to detect
multiple targets simultaneously. Each uniquely emitting optical
bead is conjugated with a distinct oligonucleotide identification
sequence on its surface that recognizes and hybridizes to a target
gene (Table S2). We designed fluorescent Cy5-functionalized
DNA secondary probes that hybridize to the target gene next to
the identification sequence (Scheme 1, Table S2).

In our study, we designed panels of barcodes that are
complementary to conserved, wildtype, and mutated sequences
of SARS-CoV-2. The different barcode panels can detect SARS-
CoV-2 variants because the secondary probe signal is different
when binding to perfectly, partially, and noncomplementary
sequences. Perfectly complementary sequences should yield the
highest signal of the three. We quantify the secondary probe
signal produced when a viral target binds to each of the different
barcode sequences. We then compare secondary probe signals
to create numerical ratios. We call this numerical value a “signal
ratio”, and it allows us to genotype the virus. Further, we created
a threshold that is normalized to 1.0, and values greater than 1.0
indicate a positive test and values less than 1.0 indicate a negative
test. Table 2 provides the mathematical ratios for genotyping
variants.
Detecting Conserved SARS-CoV-2 Genes in Clinical

Samples. To genotype SARS-CoV-2 viral variants, we first
check whether a sample was SARS-CoV-2-positive by examining
our barcode results from the conserved gene regions and then
examining our barcode results for mutations within the genes of
interest (Schemes S1 and S2). We evaluated the feasibility of

Table 1. Barcoding Panels and Targets

barcoding
system barcode 1 barcode 2 barcode 3 barcode 4

conserved
genes

SARS-CoV-2 E gene SARS-CoV-2 RdRP gene noncomplementary gene #1 noncomplementary gene #2

H69/S70
deletion

SARS-CoV-2 E gene noncomplementary gene SARS-CoV-2 spike gene H69/S70 wildtype SARS-CoV-2 spike gene H69/S70 deletion

N501Y
substitution

SARS-CoV-2 E gene noncomplementary gene SARS-CoV-2 spike gene N501 wildtype SARS-CoV-2 spike gene N501Y mutant
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using signal ratios from a barcode panel to detect conserved
SARS-CoV-2 genes in human clinical samples. It is important to
evaluate the performance of our barcodes with human samples
as the nonspecific binding of genomic DNA and varying viral
loads of human samples affects the performance of diagnos-
tics.26,27 We designed a four-barcode panel to detect the highly
conserved SARS-CoV-2 envelope (E) and RNA-dependent
RNA polymerase (RdRP) genes (Table 1). Barcodes three and
four were for two noncomplementary genes, which served as a
reference signal and negative control, respectively. We detected
the E and RdRP genes by creating normalized E or RdRP signal
ratios using the first noncomplementary gene (Table 2). We
tested 25 SARS-CoV-2-positive patient samples with RT-PCR
cycle threshold (Ct) values ranging from 14 to 36 or viral loads
ranging from 7 × 105 copies per reaction to less than 1 copy per
reaction.

We tested 30 SARS-CoV-2 negative clinical specimens with
laboratory-confirmed influenza viruses A and B, coronaviruses
(OC43, HKU1), and healthy human controls to evaluate the
cross-reactivity and specificity of our barcodes. We extracted,
reverse-transcribed, and isothermally amplified nucleic acids
from each of the samples using the E and RdRP primers. We
mixed the viral cDNA with the four-barcode SARS-CoV-2 panel,
their respective secondary probes, and the noncomplementary
gene targets. We then measured the barcode signal using flow
cytometry. The normalized signal ratios ranged from 0.85 to 60
and from 0.77 to 59 for the E and RdRP genes, respectively
(Figure 1A,B). We produced 92% sensitivity for both genes and
100 and 94% specificity for the E and RdRP gene, respectively,
compared to RT-PCR (Figure 1, Table S3). Our results
demonstrate that the E gene outperformed the RdRP gene; thus,
we used the E gene to determine SARS-CoV-2 positivity in our
other experiments. We demonstrated that our detection of
conserved SARS-CoV-2 genes is not affected by the complexity
of human samples and that our barcoding approach can be used
to identify conserved genes.
Genotyping a Nucleic Acid Deletion. After evaluating the

detection of conserved genes, we used our signal ratio approach
to genotype SARS-CoV-2 samples that contained or did not
contain deletion mutations (Scheme S3). We designed a
barcode panel to simultaneously detect SARS-CoV-2 and
genotype a six-nucleotide deletion (H69/S70) found in the
Alpha (B.1.1.7) and Omicron (BA.1, BA.1.4, BA.1.5) spike
genes (Table 1).28,29 We confirmed our samples were positive
for SARS-CoV-2 using the normalized E gene signal ratio (Table
2). Figure S4A shows that our signal ratio was consistently above

1.0 for the E gene when we used our barcode panel to detect
SARS-CoV-2 samples with or without the six-nucleotide spike
gene deletion. We demonstrate that the detection of the
conserved SARS-CoV-2 E gene is not cross-reactive with either
the spike deletion or wildtype gene. We can identify the
conserved E gene in our multiplex barcode panel.

Once we evaluated the detection of the conserved E gene in
our panel, we used our barcode panel to detect the H69/S70
spike gene deletion by calculating a “spike gene signal ratio”
(Scheme S3, Tables 1 and 2). The wildtype and deletion spike
gene barcodes were designed to be perfectly complementary to
their respective spike sequences. The spike gene signal ratio
reflects the preferential binding of a sequence to the wildtype or
deletion barcode, thereby indicating the genotype. The
normalized spike gene ratios were below 1.0 for E gene-positive
samples that contained the deletion spike gene (Figure S4). The
wildtype spike barcode produced less signal than the deletion
spike barcode in the presence of a spike deletion target. Each
deletion spike gene target was correctly genotyped as having the
H69/S70 deletion. In contrast, the normalized spike gene ratios
for the E gene positive samples with the wildtype spike gene
were above 1.0. Each wildtype spike gene target was correctly
genotyped as missing the H69/S70 deletion. The difference in
hybridization between the deletion or wildtype barcode
identification sequences and the spike target affected the
resulting signal ratio. We simultaneously detected SARS-CoV-
2 and the presence of a genetic deletion by comparing the signal
produced in our four-barcode panel.
Genotyping a Single Nucleotide Substitution Using

Multiple Barcodes. After using our barcoding approach to
detect a genetic deletion, we designed a barcode panel to
genotype the N501Y single nucleotide mutation in the spike
gene of circulating SARS-CoV-2 variants (Scheme S4, Figure 2,
Table 1).28,29 Our barcode panel simultaneously detected
SARS-CoV-2 and the N501Y spike gene mutation in a single
test. We confirmed that the samples were SARS-CoV-2-positive
using the normalized E gene signal ratio. To test the limit of E
gene detection in our N501Y barcode panel, we conducted two
sets of experiments detecting amplified E gene in the presence of

Table 2. Description of Signal Ratio Calculation for Each
Figure

barcoding panel signal ratio target barcodes used figures

conserved gene
panel

E gene signal
ratio E gene

E gene
noncomplementary gene 1# 1A

conserved gene
panel

RdRP gene
signal ratio

RdRP
gene

RdRP gene
noncomplementary gene 1# 1B

H69/S70
deletion panel

E gene signal
ratio E gene

E gene
noncomplementary gene 2# S4

H69/S70
deletion panel

spike gene
signal ratio

spike
gene

H69 S70 spike wildtype
H69 S70 spike deletion S4

N501Y
substitution
panel

E gene signal
ratio E gene

E gene
noncomplementary gene 1# 2B,E. 3A

N501Y
substitution
panel

spike gene
signal ratio

spike
gene

N501 spike wildtype
N501Y spike mutant 2C,F. 3B

Figure 1. Detecting conserved SARS-CoV-2 genes in confirmed SARS-
CoV-2 positive clinical samples. (A) E gene positivity ratio for the
clinical samples detected using the conserved gene multiplexed barcode
assay (n = 55). The positivity ratio indicates the normalized E gene
signal ratio, which is calculated by dividing the signal of the E gene
barcode by the noncomplementary barcode. (B) RdRP gene positivity
ratios for the clinical samples detected using the conserved gene
multiplexed barcode assay. The positivity ratio indicates the normalized
RdRP gene signal ratio, which is calculated by dividing the signal of the
RdRP gene barcode by the noncomplementary barcode. Sensitivity and
specificity values calculated by comparing results to qRT-PCR.
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amplified wildtype spike gene or amplified N501Y mutant spike
gene from 106 to 102 copies per reaction. We detected down to
100 copies of E gene in the presence of either wildtype or mutant
spike DNA (Figure 2B). We demonstrated that the detection of
amplified E gene was not cross-reactive with either amplified
wildtype or mutant spike genes in our barcode assay. We can
identify E gene in the presence of single nucleotide N501Y
variant sequences. Once we evaluated the detection of the
conserved E gene in our panel, we genotyped the N501Y
substitution for SARS-CoV-2 by calculating a “spike gene signal
ratio” using our barcode panel (Tables 1 and 2). We genotyped
the N501Y substitution for SARS-CoV-2 positive samples. The
normalized spike gene signal ratios were below 1.0 for 106−102

copies of mixed E and mutant spike gene targets and above 1.0
for 106−102 copies of mixed E and wildtype spike gene targets
(Figure 2C). We demonstrated that we could use our barcode
approach to identify and genotype synthetic samples with the
N501Y single nucleotide substitution.

Next, we showed that our barcode and signal ratio approach
improved the genotyping of viral sequences compared to single-
probe genotyping. For single-probe genotyping, we incubated

one sample with one spike barcode rather than with multiple
barcodes. Figure 2D shows the mutant spike gene incorrectly
appeared positive using both the wildtype and mutant barcodes.
The mutant gene produced a positive signal in the presence of
either barcode, demonstrating the inability to genotype with a
single-probe system. This cross-reactivity is a problem for single
barcode detection systems, but we leveraged this phenomenon
to produce signal ratios that identify the N501Y single
nucleotide mutation in our samples. Unlike single-probe
systems, our multiplex barcoding and signal ratio approach
correctly genotyped samples with the N501Y single nucleotide
substitution.
Clinically Validating the SARS-CoV-2 Single Nucleo-

tide Substitution Genotyping Panel. Once we had
evaluated that our barcoding approach could genotype the
N501Y spike gene variant in synthetic samples, we used our
barcode panel to genotype the N501Y in SARS-CoV-2-positive
clinical specimens. We collected 19 patient samples containing
wildtype (N501), α, β, or γ SARS-CoV-2 variants, then reverse-
transcribed, and isothermally amplified the spike and E gene
regions. The barcode panel achieved 95% sensitivity in detecting

Figure 2. Detecting the N501Y single nucleotide substitution in the SARS-CoV-2 spike gene. (A) This scheme demonstrates that a single nucleotide
mutation will bind strongly to a complementary probe and weakly to a partially complementary probe. (B) Normalized E gene ratios are used to detect
the presence of the E gene when mixed with either wildtype or mutated spike gene. Any E gene ratio value above 1.0 is classified as SARS-CoV-2
positive. (C) Normalized spike gene ratios used to genotype the N501Y mutation from samples containing either spike wildtype and E gene or spike
mutant and E gene. Any spike signal ratio above 1.0 is classified as a wildtype sample. (D) Normalized fluorescence signal generated from a single-probe
genotyping system using the spike wildtype barcode or spike mutant barcode in the presence of mutant spike and E gene. Any value above the
background (dashed line) is classified as a wildtype sample. (E) Normalized signal-to-cutoff values for SARS-CoV-2 E gene detection from SARS-CoV-
2 qRT-PCR positive human samples. The E gene was detected using the E gene barcode alone or a multiplexed barcode approach. Any value above the
threshold (dashed line) is considered SARS-CoV-2-positive with its respective assay. (F) Normalized signal-to-cutoff values for genotyping the SARS-
CoV-2 N501Y spike mutation from clinical samples. The N501Y mutation was genotyped using only the wildtype barcode or our multiplex barcode
approach. Any value above the threshold (dashed line) is genotyped as N501Y wildtype using the respective assay.
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SARS-CoV-2 and 100% accuracy in genotyping the N501Y
wildtype or mutant spike gene (Figure 2E,F). We correctly
identified the presence or absence of spike gene mutations in all
clinical samples. Our approach showed 94% specificity and low
cross-reactivity to adenovirus, other human coronaviruses,
enterovirus, influenza viruses, norovirus, parainfluenza viruses,
respiratory syncytial virus, and rhinoviruses (Figure 2E, Table
S4).

We compared the performance to a single-probe genotyping
format. We demonstrated that a single barcode performed worse
than our multiplex signal ratio approach. We used only a single
barcode to detect the samples and the single barcode approach
produced 78% sensitivity, 50% specificity, and 21% accuracy
(Figure 2E,F). The single nucleotide N501Y substitution has a
small effect on the binding between the wildtype barcode and an
N501Y mutant sequence. This effect can be leveraged using a
multiplexed detection scheme but is not tolerated in a single-
probe genotyping format.
Tracking the Evolution of the N501Y SARS-CoV-2

Spike Gene Mutation. Once we had established that our
barcoding approach was highly accurate, we applied our N501Y
barcode panel to track the transmission of N501Y SARS-CoV-2
variants in Ontario, Canada. SARS-CoV-2 variants containing
the N501Y mutation are more transmissible than wildtype
SARS-CoV-2.28,30 We evaluated samples from patients infected
between December 2020 and May 2021 (Figure 3A). Green
circles show the SARS-CoV-2-positive samples as determined by
RT-PCR. Samples with signal ratios above the dotted line
(positivity threshold) were considered positive for SARS-CoV-2
using the N501Y signal ratio system. We identified 97% of
samples as SARS-CoV-2-positive using the N501Y probe panel

(Table S4, Table S5) using the E gene to noncomplementary
gene #1 signal ratio (Table 2).

Once we had confirmed that our samples were SARS-CoV-2-
positive, we interpreted the genotyping results using the N501
spike gene barcode ratios. Blue circles represent wildtype
samples without the N501Y mutation (Figure 3B), orange
triangles represent the SARS-CoV-2 α variant, and the orange
box represents the β variant as confirmed using RT-PCR.
Samples with a signal ratio above and below the dotted line were
considered wildtype and mutant spike, respectively. We
observed that from December 2020 to February 2021, only a
few SARS-CoV-2 samples contained the more transmissible
N501Y mutation. This was followed by a sharp increase in
N501Y mutants in April 2021. Only 10% of samples in April
were wildtype, and 90% contained the N501Y mutation. The
observed increase in N501Y mutations aligned with the rise in
SARS-CoV-2 cases and N501Y mutants recorded by provincial
public health laboratories.31 Our barcoding and signal ratio
approach can track the evolution of viral variants in a population.

■ CONCLUSIONS
Quantum dot barcoding technology has been developing for the
last two decades. While the basic concepts were proposed in the
early 2000s, it takes significant efforts to develop such
technology for commercial and broad use. The need for
translation led researchers to focus their efforts in optimizing
barcode synthesis and surface functionality,32−34 and evaluating
performance against different targets.25,35,36 These studies
established the components for using quantum dot barcodes.
The novelty of this study is the advancement of the barcode
technology for genotyping infectious diseases by combining
multiplexing with ratiometric analysis. It overcomes the

Figure 3. Emergence of SARS-CoV-2 variants in Ontario, Canada. SARS-CoV-2 samples were tested by qRT-PCR and using the N501Y signal ratio
panel. Panel (A) indicates SARS-CoV-2 positivity, and panel (B) indicates whether samples are spike wildtype (N501) or spike mutant (N501Y) using
the multiplex N501Y signal ratio panel. Variant ratios were calculated for samples positive for SARS-CoV-2 (green circles). In late 2020, most samples
were wildtype (blue circles). In the spring of 2021, most samples were α (orange triangles), and a fraction of samples were γ (orange-gray boxes). The
position of the symbol relative to the threshold indicates signal ratio results, and the color of the symbol indicates qRT-PCR results.
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limitations of genotyping technologies for the rapid monitoring
of infectious diseases. Our approach produced a 5 times
improvement in the detection accuracy of detecting SARS-CoV-
2 N501 variants compared to the conventional single-probe
detection scheme. While we used quantum dots for the
barcoding technology, our approach can be adapted for other
barcoding and multiplex schemes (Luminex arrays, CRISPR-
based diagnostics, and multi-probe qPCR). Broadly, simple
genotyping tools for diseases are critical to preventing the spread
of diseases, and our approach is a step toward the engineering of
simpler detection systems for monitoring the spread of pathogen
variants.

Compared to the current state-of-the-art and conventional
genotyping systems, our ratiometric barcoding concept has
advantages: (1) Lenient probe specificity criteria where probes
that do not exclusively bind to one sequence can be used for
detection, which is unlike single-probe detection systems that
require highly specific probes.17,19 (2) Avoids the need for
complex analytical or cross-reactivity evaluation for each probe.
Each probe does not need to be tested for cross-reactivity with
other targets, as the ratios identify targets even in the presence of
cross-reactivity. (3) Our approach is adaptable to technologies
with high cross-reactivity, such as protein detection (e.g., Zika
and Dengue viruses).37−39 However, our barcoding system
cannot determine unknown variants, but it will indicate that a
virus is mutating. This result will lead researchers to start to do
sequencing to identify the mutations. Current genome
sequencing is impractical for monitoring unknown variants.
Our barcoding approach will require less infrastructure and
faster turnaround time when coupled with an automated device
capable of extraction and detection of viral targets. Our lab is
currently working on such a device. This device would be
portable and relay information to centralized facilities.

Our ratiometric analysis can be scaled to design panels with
hundreds of probes to create massively multiplexed point-of-
care diagnostic technologies to monitor mutations in a
population. We can design quantum dot barcodes to detect
over 100 probes, which can be combined to generate hundreds
of signal ratios.22 Each signal ratio is a data point. Adding a single
target sequence to the probe panel generates hundreds of data
points that can be combined to describe the sequence identity.
These detailed sequence descriptions can track changes in the
genome sequence of a population. For example, numerous
probes can be designed to detect a rapidly mutating gene linked
to virus transmissibility. Probes will have similar sequences and
bind to similar regions. The data from individual probes would
be inconsequential, but the compilation of signal ratio data
would indicate sequence identity and help predict trans-
missibility. Our group has demonstrated point-of-care detection
using smartphone-based quantum dot barcode assays.35,36

These 100 probe panels could be integrated with smartphone
point-of-care detection and allow public health agencies to
rapidly monitor the evolution of new or existing infectious
diseases.
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