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ABSTRACT: The ability to rapidly diagnose, track, and dissem-
inate information for SARS-CoV-2 is critical to minimize its spread.
Here, we engineered a portable smartphone-based quantum barcode
serological assay device for real-time surveillance of patients infected
with SARS-CoV-2. Our device achieved a clinical sensitivity of 90%
and specificity of 100% for SARS-CoV-2, as compared to 34% and
100%, respectively, for lateral flow assays in a head-to-head
comparison. The lateral flow assay misdiagnosed ∼2 out of 3
SARS-CoV-2 positive patients. Our quantum dot barcode device has
∼3 times greater clinical sensitivity because it is ∼140 times more
analytically sensitive than lateral flow assays. Our device can
diagnose SARS-CoV-2 at different sampling dates and infectious
severity. We developed a databasing app to provide instantaneous results to inform patients, physicians, and public health agencies.
This assay and device enable real-time surveillance of SARS-CoV-2 seroprevalence and potential immunity.

KEYWORDS: serological testing, smartphone diagnostics, SARS-CoV-2, COVID-19, real-time monitoring, quantum dot barcodes,
immunoassay, multiplexing, database

■ INTRODUCTION

SARS-CoV-2 has infected over 124 million people, causing
over 2.7 million deaths globally as of March 24, 2021.1 The
accurate diagnosis of patients is crucial for treatment decisions
and surveillance.2,3 However, most diagnostic tools require
centralized testing laboratories, trained personnel, and the
manual entry of results.4 These often lead to slow turnaround
times and add stress to an overburdened healthcare system.
Decentralized diagnostic tools from hospitals that are
integrated with data reporting apps could potentially solve
these issues.5 Self-performed and automated central reporting
of results could distribute testing loads, reduce delays, and
enhance public health surveillance.
Smartphones have been explored for the development of

portable and integrated diagnostics. They are equipped with
high-resolution cameras, processing power, and connectivity
and have high adoption rates in developing areas of the
world.6−8 These features make smartphone-based devices ideal
for developing diagnostics that can be performed outside of
hospitals. Nucleic acid testing, the current gold standard for
detecting SARS-CoV-2, can integrate with smartphone-based
devices. However, nucleic acid tests require extraction,
transcription, amplification, and detection of the genome,
making their full integration into one system a challenge. Both
Ganguli et al. and Rodriguez-Manzano et al. demonstrated a

smartphone-based imaging system for SARS-CoV-2 nucleic
acid diagnostics with amplification and detection but not
extraction capability.9,10 These tests will require RNA to be
extracted before loading to the device. Nucleic acid tests are
currently performed in the initial stage of infection. These tests
may miss asymptomatic patients and cases because they must
be administered in centralized facilities.
Integrating serological tests with smartphones would

improve the diagnostic process because these tests have
fewer labor-intensive steps in the workflow than nucleic acid
tests for surveillance. Serological tests are easier to adapt for
home or point-of-care use because samples are simpler to
obtain (i.e., finger prick vs nasopharyngeal swab), and there is
no need for extraction, heating, or amplification steps.11,12

Serological diagnostics measure host antibodies that remain in
circulation postinfection rather than directly detecting viral
material present during infection.13,14 As a result, they are the
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only tools capable of monitoring immune responses15 and can
estimate the total case count as they can retrospectively
identify untested or asymptomatic cases or those associated
with false-negative PCR results.16−18 Most serology tests, such
as enzyme-linked immunosorbent and chemiluminescent
immunoassays (ELISA, CLIA), are only available through
healthcare or reference centers owing to the equipment and
trained laboratory personnel required for performing the assay.
The only serological tools that are currently deployed at point-
of-care are paper-based lateral flow assays. Their poor
sensitivity and inconsistent performance have resulted in
high rates of misclassification of cases.19 There is a need to
develop home-based serology tests for SARS-CoV-2 with the
diagnostic performance of ELISA.
Here, we designed and built a smartphone-based diagnostic

platform that automates the detection and reporting of SARS-
CoV-2 serology testing. Our platform houses a smartphone
imaging stage that automates quantitative readout of our assay,
termed the quantum dot barcode immunoassay, and interfaces
with a data dashboard that was built in-house (Figure 1a). We
evaluated our imaging platform and demonstrated real-time
reporting of the test results using a database and a dashboard.

■ RESULTS AND DISCUSSION

Our strategy involves (a) quantum dot microbeads to capture
target antibodies in serum, (b) a hand-held device to excite and
image the microbead fluorescence, and (c) an app that relays
the results to a centralized facility. We selected quantum dots
for coding microbeads over fluorescent dye molecules because
the quantum dot’s continuous absorption profile, photo-
stability, brightness, and narrow fluorescence emission simplify
the instrumentation and software design needed for microbead
identification and signal detection. These quantum dot
properties also enable the engineering of a portable readout
system. The microbeads are conjugated with viral proteins to
capture antibodies in serum. Antibodies captured on the bead
surface are bound by a complementary secondary probe
labeled with a fluorophore that produces a different signal than
the barcoded beads, forming a sandwich structure (Figure 1b).
Different color quantum dot barcoded microbeads can be
designed to detect different antibody targets (e.g., the
detection of 4 targets involves 4 uniquely barcoded beads).
A panel of multiple quantum dot barcoded microbeads can be
simultaneously added to biological fluids for detection (Figure
S1). We developed our smartphone reader to differentiate
barcoded microbeads and secondary probe signals for

Figure 1. Quantum dot barcode (QDB) immunoassay for COVID-19 serological diagnostics. (a) Schematic for the smartphone antibody detection
workflow. Patient serum samples are collected and incubated with QDBs to carry out the immunoassay. The assay results are read on a smartphone
imaging device and uploaded to a real-time dashboard for monitoring. (b) Schematic for visualizing the QDB immunoassay workflow. The target
antibody is first captured onto the antigen-coated QDBs. The fluorophore-conjugated secondary antibody then forms a sandwich structure with the
target antibody. The laser excites the quantum dots and the fluorophore to identify the beads and the amount of target antibody. (c) Dose−
response curve of a 4-plex assay including spike protein RBD (red), nucleocapsid protein (blue), a positive (gray), and negative control (black) (n
= 3 repeated tests; error bars: SD). Created with BioRender.com.
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multiplexed (multiple targets) readout. These results are
uploaded to a database for real-time monitoring.
Quantum Dot Barcode Assay. First, we engineered and

tested a panel of quantum dot barcodes for SARS-CoV-2
serology tests. Our multiplex panel includes four barcodes: two
barcodes for different antibodies against the virus and a
positive and negative internal control (Figure 1). Assays that
detect multiple antibodies rather than a single target have
increased sensitivities and specificities, provide more informa-
tion per run, and improve detection of rapidly mutating
pathogens. The two anti-SARS-CoV-2 antibodies selected were
anti-S1 receptor-binding domain immunoglobulin G (anti-
RBD) and anti-nucleocapsid IgG (anti-N). Anti-RBD is highly
specific for SARS-CoV-2 and correlates with neutralizing
antibodies.20,21 Anti-N IgG is abundant in infected patients.22

IgG was chosen as a target instead of IgM or IgA because IgG
emerges in the body in the early stages of infection and
circulates for up to 10 months or longer. IgM and IgA emerge
earlier but are less consistent than IgG in serological testing.23

We synthesized four spectrally different barcoded quantum
dot microbeads with iron oxide nanoparticles through a
concentration-controlled flow-focusing method (Figure S2,
Methods).24 The unique spectral properties of each barcode
are created by combining different quantum dot concen-
trations and emission wavelengths (Figure S3). Each optically
distinct bead was conjugated with SARS-CoV-2 nucleocapsid
(N) antigens, SARS-CoV-2 S1 RBD (RBD) antigens, positive
(pos) control, or negative (neg) control proteins using
carbodiimide chemistry (Figure S4). First, we used flow
cytometry to determine the dynamic range and limits of
detection (LoD) of our assay (Figures S5 and S6). These
experiments confirmed that microbead-coated antigens can
recognize the targets and are unaffected by the reaction
conditions. Our multiplex barcode assay reported an LoD of
1.99 and 0.11 pM for the nucleocapsid-coated and S1-RBD-
coated microbeads, respectively (Figure 1c). Performing the
assay in serum versus buffer solution had no significant
difference in the LoD of both barcodes (Figure S7). A minor
decrease in LoD was observed in whole blood compared to

Figure 2. Smartphone imaging device for quantum dot barcode immunoassay. (a) Schematic for the smartphone imaging device. Right: picture of
the device coupled to an iPhone SE. Left: breakdown of each device component. (b) Smartphone detection workflow. The smartphone app
controls the imaging device and facilitates the assay readout. The results are uploaded to a database which can be displayed on a dashboard for real-
time monitoring. Our written code for tracking can be accessed here: https://github.com/BaderLab/covid19-dashboard.
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serum (Figure S8). We found minimal cross-reactivity between
each of our microbead sets (Figure S9). We benchmarked the
performance of our multiplexed assay to a highly sensitive
commercial anti-RBD IgG enzyme-linked immunoassay
(ELISA, Euroimmun) selected from a list of prevalidated
ELISA products.25 The ELISA detected the anti-RBD IgG
(same clone) used in our QDB assay at an LoD of 2.1 pM
(Figure S10), which is comparable to the LoD of the QDB
assay. We also conducted a small pilot study using patient
samples to ensure the biological matrix did not interfere with
the assay. Our pilot study showed that our microbead assay
performed similarly to ELISA for diagnosing serological
biomarkers (Figures S11 and S12). The purpose of these
experiments was to benchmark our assay’s performance to the
serological test gold standard ELISA.
Smartphone Imaging Platform. We engineered a

smartphone device for assay readout and communicating
results. It consists of four main components: (1) a microfluidic
system for mixing, washing, and isolating of microbeads, (2) an
optical train with an imaging stage to excite, collect, and focus
appropriate wavelengths of light, (3) a smartphone equipped
with an application that automates the classification of
barcoded microbeads, and (4) a database and dashboard
where assay results can be uploaded and displayed. All the
components were held together in a 3-D printed case (Figure
2a). The smartphone is attached to an adapter on the top of
the imaging system, which can be modulated to the model of
the smartphone being used.
Once the barcode assay is complete, the beads are injected

into the imaging stage, where the bead is flowed into the
camera view and magnetically immobilized to enable

excitation. The barcodes are excited by a single laser, and
their signals are collected by the smartphone. Once the
barcode signal has been captured, a switch operates a change in
the laser and filter for the acquisition of signal from the
secondary probe. The microbead and the secondary probe
signals are overlaid and automatically transferred to a database
for analysis. The optical signal from the microbead identifies
the target serological biomarker. If the secondary probe signal
is overlaid, it will indicate a positive detection for that specific
protein biomarker. The signal intensity determines the
concentration of proteins in serum. Lastly, the results and
geographical information are transferred from our database to
a dashboard for real-time monitoring of test results (Figure 2b;
full code is available in the Supporting Information). The
dashboard is designed to update results instantaneously upon
assay completion. The dashboard provides information on
patient age, gender, and severity and can relay data to patients,
physicians, and public health units. In the dashboard, the
central view is a map with the geographical information
captured by the smartphone to locate each case. As the map is
zoomed in and out, cases are shown in clusters according to
the zoom level. The side panel shows a real-time feed of each
test visible within the map viewport (sorted by date). Selecting
a test will provide more details about that individual case.
Histogram charts are available along the bottom, showing a
number of cases over time, and delineated by age, symptoms,
and severity. Our dashboard is also optimized for various
screen sizes and with full support for mobile devices.
We characterized the analytical limit of detection of the

smartphone imaging system by performing a sandwich assay
with synthetic anti-RBD IgG. The smartphone reader had an

Figure 3. Clinical performance evaluation of the smartphone quantum dot device. (a) Forty-nine positive convalescent patient serum samples were
assayed and read on the smartphone imaging device. (b) Receiver operating characteristic curves for the assay. (c) Two different QDB-RBD and
QDB-N detection signals via smartphone imaging from the different patient samples are shown as a heatmap. We also include the result for the
positive (pos) and negative control (neg) QDB. Only one of the two biomarkers must be successfully detected to determine a positive result. The
legend indicates the corresponding color for the absolute fluorescence intensity. (d) QDB signal here represents the highest signal from either the
RBD or N. A comparison of the results with lateral flow assay shows that the QDB assay/smartphone reader has better performance. Of note, for
quantum dot device readouts, each cell represents the fluorescent readout for the corresponding barcodes. For lateral flow assay, each cell
represents a user input value between 1 and 3 to indicate the band visibility (0 being negative). The patient samples are grouped based on disease
severity.

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.1c01280
Nano Lett. XXXX, XXX, XXX−XXX

D

https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.1c01280/suppl_file/nl1c01280_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.1c01280/suppl_file/nl1c01280_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.1c01280/suppl_file/nl1c01280_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.1c01280/suppl_file/nl1c01280_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.1c01280/suppl_file/nl1c01280_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c01280?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c01280?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c01280?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c01280?fig=fig3&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.1c01280?rel=cite-as&ref=PDF&jav=VoR


LoD at 0.7 nM for detecting anti-RBD IgG (Figure S13). We
used the same samples to characterize the performance of a
conventional lateral flow assay detecting anti-N IgG and found
it had a limit of detection of 100 nM (Figure S14). The
analytical performance of our assay is at least 140-fold higher
than that of the lateral flow assay.
Clinical Performance Evaluation. We evaluated the

clinical performance of our quantum dot microbead assay/
smartphone device and compared it to a lateral flow assay. We
obtained 50 samples from patients that were previously
confirmed for COVID-19 by RT-PCR and confirmed as
seropositive by an in-house ELISA26 that detects both anti-N
and anti-S1 antibodies. One sample was not used because the
sample volume was too low for analysis. Our assay reported a
sensitivity of 84% (95% CI: 70−92%) and 88% (95% CI: 77−
96%) for anti-RBD IgG and anti-nucleocapsid IgG, respec-
tively. The specificity of both antibody types was 100% (95%
CI: 46−100%) (Figure 3a). The overall assay sensitivity can be
improved to 90% (95% CI: 77−96%) while maintaining 100%
specificity (95% CI: 46−100%) using a multiplexed analysis
(Figure 3b). In our multiplex analysis, we classify a sample as
positive if one or both antibody types are detected. Patients
reporting positive for one type of IgG but not the other could
result from some patients having increased levels of one type of
IgG over the other.
We compared the clinical performance of our smartphone

device to a point-of-care lateral flow immunoassay. Lateral flow
assays are currently the only marketed point-of-care serological
detection method but have low sensitivities resulting in faint
test lines that users often incorrectly interpret. The samples
used with the lateral flow assay were the same as the ones used
with the smartphone reader. We report a sensitivity and
specificity of 34% (95% CI: 22−50%) and 100% (95% CI: 46−
100%) using the lateral flow assay, respectively.
Furthermore, we evaluated the performance of our device

across a range of antibody titers. It has been reported that
asymptomatic and less severe cases are associated with lower
antibody titers.27,28 The patient samples ranged in their disease
severity and included intensive care unit inpatients with severe
illness (ICU), non-ICU inpatients with moderate illness, and
outpatients with mild illness. We delineated our diagnostic
results to explore the effect of disease severity on our assay
across the collected patient samples. We grouped results from
our assay based on patient disease severity (Figure 3c,d) and
found minimal variation. On the contrary, the lateral flow assay
misdiagnosed patients at varying disease severities, especially
the mild symptom cases, when compared to our assay (as
indicated by the higher number of black bars in the Figure 3d
heatmap). Our assay system could detect antibodies in
symptomatic patients with a range of disease severities, while
lateral flow assay has significantly poorer clinical performance.
We assessed whether our diagnostic could be used to track

SARS-CoV-2 immune responses over time. Although the link
between the production of antibodies and COVID-19
immunity is not yet clear, serological tests may be useful for
evaluating immune responses generated after vaccination to
monitor levels of immunity over time in patients.29 We
delineated the patients based on the number of days after
symptom onset (Figure 4a). The data presented show the
successful detection of SARS-CoV-2 patients over 104 days
using our quantum dot assay/smartphone device as compared
to the lateral flow assay (Figure 4b). The lateral flow assay
misdiagnosed patients over the range of dates and was

unreliable after day 54 with sensitivities below 50% (Figure
4c). Our assay maintained high sensitivity across the sample
data range. Our device can detect levels of antibodies as they
decrease over time, but the lateral flow assay cannot.
Of note, clinical samples often exhibit a wide range of target

molecule concentration. Antibody response for SARS-CoV-2
has been found to be dependent on age,30 sex,31

comorbidity,32 and severity.33 It is therefore important for
the diagnostic assay to be as accurate as possible to account for
the variability in clinical samples.
Lateral flow immunoassays are currently the gold standard

method in portable point-of-care devices. Our results clearly
show these assays do not have the sensitivity for the long-term
tracking of SARS-CoV-2. Lateral flow immunoassays may have
difficulty in identifying seroprevalence in different populations
and the response to COVID-19 vaccines. As COVID-19
vaccine programs are implemented, serological testing will be
needed in order to validate their effectiveness and to monitor
patient immune status over time.34,35 Developing a reliable
point-of-care serological test could enable home testing or in
family doctor offices. Our assay has the advantage of ELISA-
like analytical sensitivities but is portable and can be used at
point-of-care. All reagents can be placed in a tablet for easy
transport and utility.36

Diagnostic assays are only one of the key parameters in the
diagnostic framework for managing the COVID-19 pandemic.
A second key parameter is the ability to rapidly relay test
results to databases for use by the general public, clinicians,
and public health agencies. The need for rapid communication
of information has led many countries to start developing
smartphone apps to monitor results in real-time.37 The data in
the app are manually inputted by individuals typically
diagnosed with molecular tests or linked to public health
laboratories creating a lag between diagnosis and information

Figure 4. Tracking of potential disease severity and immunity using
our smartphone quantum dot device. (a) Each patient’s assay readout
for both the smartphone quantum dot device and lateral flow assay
based on collection date. The numbers above the heatmap indicate
the number of days since the patients developed symptoms at the
time of sampling. For quantum dot device readouts, each cell
represents the fluorescent readout for the corresponding barcodes.
For lateral flow assay, each cell represents a user input value between
1 and 3 to indicate how visible the band is (0 being negative). (b)
Quantum dot barcode results: percent positive detection based on
collection date. The positivity rate indicates what percentage of
samples identified as positive at any given day. (c) Lateral flow assay:
percent positive detection based on collection date. The positivity rate
indicates the percentage of samples positively identified at any given
day.
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reporting. Our quantum dot assay/smartphone system allows
for a quicker strategy to detect, input, and relay test results to
key stakeholders. Real-time access to diagnostic information
enables the public and health agencies to be informed of the
pandemic’s extent, take precautions, and implement public
health measures to minimize transmission. Our overall
workflow and concept can be adapted to SARS-CoV-2 genetic
tests once a point-of-care test is developed.
The next step is to automate the liquid handling and assay

readout. This automation process involves the optimization of
engineering parameters and will be conducted in the
productization stage of technology development. Another
research direction is to develop a serological test for
monitoring SARS-CoV-2 variants. This requires the develop-
ment of antibodies against SARS-CoV-2 variants. Once
available, the quantum dot barcode panels could include
different variants to enable multiplex analysis. It would be
interesting to evaluate the impact of the mutation on assay
performance of serological tests.
The limitations of our diagnostic technology relate to patient

data storage and security. Although real-time access to
diagnostic results is a faster communication method, it is
important to store patient data securely. Currently, we use
Google Firebase to host cloud data storage. In the future, our
system and others would need to consider the use of
decentralized databases that comply with the necessary privacy
laws to ensure assay results and patient data are securely stored
and transmitted.

■ CONCLUSION
The broader concept of incorporating smartphones with
diagnostic testing could rapidly present test results allowing
policymakers to monitor pandemics in real-time. Our
smartphone imaging platform and reporting app can be
adapted to different smartphones by changing the holder
design. While lateral flow tests can be adapted with
smartphones, their low sensitivity results in too many false
negatives to be an effective surveillance tool. We envision that
our device will be crucial for monitoring vaccine effectiveness
and the requirement for more studies on immunity. Our device
may allow local doctors’ clinics to evaluate patients at
prevaccination, monitor potential immunity postvaccination,
and rapidly surveil and track the seroprevalence of COVID-19
in the population. Our platform has the potential to be used for
antibody detection, immunity surveillance, and vaccination-
induced seroconversion monitoringall of which is crucial for
the healthcare system to control and combat the current
COVID-19 pandemic.
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