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BACKGROUND: High-sensitivity severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) antigen assays
are desirable to mitigate false negative results. Limited
data are available to quantify and track SARS-CoV-2
antigen burden in respiratory samples from different
populations.

METHODS: We developed the Microbubbling SARS-
CoV-2 Antigen Assay (MSAA) with smartphone read-
out, with a limit of detection of 0.5 pg/mL (10.6 fmol/
L) nucleocapsid antigen or 4000 copies/mL inactivated
SARS-CoV-2 virus in nasopharyngeal (NP) swabs. We
developed a computer vision and machine learning–
based automatic microbubble image classifier to accu-
rately identify positives and negatives and quantified
and tracked antigen dynamics in intensive care unit
coronavirus disease 2019 (COVID-19) inpatients and
immunocompromised COVID-19 patients.

RESULTS: Compared to qualitative reverse transcrip-
tion�polymerase chain reaction methods, the MSAA
demonstrated a positive percentage agreement of 97%
(95% CI 92%–99%) and a negative percentage agree-
ment of 97% (95% CI 94%–100%) in a clinical valida-
tion study with 372 residual clinical NP swabs. In im-
munocompetent individuals, the antigen positivity rate
in swabs decreased as days-after-symptom-onset
increased, despite persistent nucleic acid positivity.
Antigen was detected for longer and variable periods of

time in immunocompromised patients with hemato-
logic malignancies. Total microbubble volume, a quan-
titative marker of antigen burden, correlated inversely
with cycle threshold values and days-after-symptom-
onset. Viral sequence variations were detected in
patients with long duration of high antigen burden.

CONCLUSIONS: The MSAA enables sensitive and specific
detection of acute infections and quantification and
tracking of antigen burden and may serve as a screening
method in longitudinal studies to identify patients who
are likely experiencing active rounds of ongoing replica-
tion and warrant close viral sequence monitoring.

Introduction

A substantial challenge in the severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) pandemic has
been the development of sensitive, specific, and easily
accessible diagnostics for the early identification of infec-
tions and for monitoring infection progress to guide ap-
propriate isolation and infection control procedures.
The current diagnostic gold standard is qualitative real-
time reverse transcription�polymerase chain reaction
(rRT-PCR), with various methods demonstrating limit
of detection (LOD) from 102 to 105 copies/mL accord-
ing to manufacturer package inserts and reference panels
(1–3). While many nucleic acid-based methods are

aDepartment of Pathology and Laboratory Medicine, University of Pennsylvania,
Philadelphia, PA, USA; bDepartment of Computer and Information Science and GRASP
Lab, University of Pennsylvania, Philadelphia, PA, USA; cDepartment of Medicine,
University of Pennsylvania, Philadelphia, PA, USA; dDepartment of Microbiology and
Penn Center for Research on Coronavirus and Other Emerging Pathogens, University of
Pennsylvania, Philadelphia, PA, USA; eDepartment of Orthodontics, Divisions of Pediatric
Dentistry and Community of Oral Health, School of Dental Medicine, University of
Pennsylvania, Philadelphia, PA, USA; fCenter for Innovation & Precision Dentistry, School
of Dental Medicine and School of Engineering and Applied Sciences, University of
Pennsylvania, Philadelphia, PA, USA; gDepartment of Oral Medicine, School of Dental
Medicine, University of Pennsylvania, Philadelphia, PA, USA; hCenter for Clinical and

Translational Research, School of Dental Medicine, University of Pennsylvania,
Philadelphia, PA, USA.

*Address correspondence to this author at: Department of Pathology and Laboratory
Medicine, University of Pennsylvania, 3400 Spruce St., Founders 7.103, Philadelphia,
PA, USA. E-mail Ping.wang2@pennmedicine.upenn.edu.
†These two authors contributed equally.

Received June 7, 2021; accepted August 2, 2021.
DOI: 10.1093/clinchem/hvab158

VC American Association for Clinical Chemistry 2021. All rights reserved. For permissions, please email: journals.permissions@oup.com. 230

Clinical Chemistry 68:1 Point-of-Care Testing
230–239 (2022)

mailto:Ping.wang2@pennmedicine.upenn.edu
mailto:Ping.wang2@pennmedicine.upenn.edu


sensitive enough to detect acute infections, persistent
nucleic acid positivity after symptom resolution and dis-
ease recovery makes it challenging to determine the right
level of infection control measures during patient care,
especially for immunocompromised patients with long
periods of nucleic acid positivity and diverse presenta-
tions (4, 5). Positive SARS-CoV-2 nucleic acid results
do not always predict infectivity. Studies have suggested
that infectious viruses are absent from most specimens
taken 8 days after symptom onset, despite measurable
viral RNA loads (6–9). In a golden hamster SARS-CoV-
2 model, although viral RNA was present in nasal
washes up to 14 days postinoculation, the detection of
infectious viruses and the communicable period were
much shorter (10). Antigen results were shown to corre-
late better with viral culture results than nucleic acid
determinations (11), suggesting positive antigen results
may provide good risk prediction of transmissibility.
However, the challenge of most rapid antigen tests is
their low sensitivity and low positive percentage agree-
ment in high viral load cases as compared to rRT-PCR
[e.g., (12–14)]. Antigen tests with improved sensitivity
are desirable to minimize false negatives and correctly
identify truly infectious cases (13).

In a few recent studies (15–18), the single molecule
array (SIMOA) technology was used to develop an ultra-
sensitive antigen test to track changes of antigen and
antibodies to SARS-CoV-2 in plasma, capillary blood
and saliva, with an LOD of 0.2 pg/mL nucleocapsid (N)
antigen. Besides the 2 cases in which saliva N protein
levels were tracked using the SIMOA assay for about
12 days (18), we are not aware of large-scale studies
tracking antigen dynamics in respiratory samples using a
highly sensitive antigen test.

In this study, we developed and validated a highly
sensitive and specific SARS-CoV-2 antigen assay using
the microbubbling digital assay with smartphone read-
out (19) for acute SARS-CoV-2 infection detection.
This system incorporates computer vision image recog-
nition and machine learning (ML) classification to en-
able antigen burden quantification and tracking. In the
microbubbling digital assay (19), individual sandwich
complexes formed between magnetic bead/N antigen/
platinum nanoparticle (PtNP) are distributed in micro-
wells in a microchip. Bright field images of oxygen
microbubbles generated through PtNP catalysis of
H2O2 decomposition are captured using a smartphone
camera enabling facile and accurate signal readout (19).
Building on the features of the microbubbling digital
assay including directly visible signals, femtomolar
analytical sensitivity, digital quantitation capability and
compatibility with smartphone and artificial intelli-
gence, we developed the Microbubbling SARS-CoV-2
Antigen Assay (MSAA) for the detection of SARS-CoV-
2 N antigen. The performance of this assay was assessed

in clinical swab samples. Using this assay, we quantified
and tracked antigen dynamics in an intensive care unit
coronavirus disease 2019 (COVID-19) inpatient popu-
lation and an immunocompromised COVID-19 patient
population.

Methods

Detailed methods are in the online Data Supplement.

CLINICAL SWAB SAMPLES

Residual clinical swab samples were used in the study
with the approval of the Institutional Review Board at
the University of Pennsylvania. Refer to the online Data
Supplement for details.

MICROBUBBLING SARS-COV-2 ANTIGEN ASSAY

Clinical nasopharyngeal (NP) swab eluant samples
(200 mL) were mixed with 2 mL of 10% Tween 20 and
2 mL of protease inhibitor cocktail for viral lysis and in-
cubated at room temperature for 30 min. The lysed
sample was then processed using the centrifugal filter
(PierceTM protein concentrators PES, 100K MWCO)
by centrifuging at 12 000 g for 10 min collecting the
filtrate for the following assays. The protocol for the
microbubbling digital assay was followed as previously
published (19), with the exception that the incubation
time lengths were 30 min each, which were optimized
to reduce assay time without sacrificing performance.
Details of the assay steps are described in the online
Data Supplement.

IMAGING AND AUTOMATIC MICROBUBBLE DETECTION AND

COUNTING

Microbubbles on the microbubbling microchips were im-
aged using an iPhone 11 or an iPad with the uHandy mo-
bile phone microscope (9�, 5 mm focusing length;
Aidmics Biotechnology Co.). A computer vision algo-
rithm was designed to process these images to detect
microbubbles, through 2 parallel approaches. The first ap-
proach employs Canny edge detection to find microbub-
ble contours (20). The second approach applies the
Hough Circle transform to improve detection of larger
bubbles (21). To avoid double counting bubbles detected
through both approaches, those bubbles detected by the
second approach that had large overlap with the bubbles
detected by the first approach were removed.

A ML-based classifier was developed to classify
images. In each image, we counted the number of
detected bubbles whose radius was above and below a
set threshold (about 50 microns, corresponding to 8 pix-
els in the images). These big bubble and small bubble
counts formed the 2-dimensional feature representation
of each image, and we trained a linear separator using
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the linear support vector ML algorithm. Link to the
codes for the computer vision and ML pipeline is avail-
able in the online Data Supplement.

Results

MICROBUBBLING SARS-COV-2 ANTIGEN ASSAY

PERFORMANCE

The design of MSAA is shown in Fig. 1. A monoclonal
capture antibody is conjugated to the surface of mag-
netic microbeads, and a polyclonal detection antibody is

biotinylated to bind to avidin coated PtNPs. When N
protein is present, immunosandwich complexes form
between the magnetic microbeads and PtNPs. After
washing, the immunocomplexes are pulled down into a
microwell array in the microbubbling chip via an exter-
nal magnetic field, where microbubbles are generated
through degradation of H2O2 catalyzed by PtNPs. The
microbubble images, captured using a smartphone cam-
era and a mobile microscope, are analyzed by computer
vision and ML algorithms, which generate quantitative
outputs (bubble size, number, total bubble volume) and

Fig. 1. Schematic of the Microbubbling SARS-CoV-2 Antigen Assay. NP swab eluant is first treated with lysis buffer to release N
proteins from SARS-CoV-2 viruses. N protein is then detected by the smartphone-based microbubbling digital assay. The micro-
bubble images are quantified and classified as positive or negative by computer vision and ML algorithms. Scale bar, 500 lm.
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classify the images as either SARS-CoV-2 positive or
negative.

To identify the best antibody pair to use in MSAA,
we screened different antibody pairs that bind the SARS-
CoV-2 N protein with various capture/detection combi-
nations (online Supplemental Fig. 1). The pair (N1 as
capture antibody, Np as detection antibody) that gener-
ated the highest analytical sensitivity was chosen (Fig. 1).
To assess the intrinsic analytical sensitivity of the assay,
different amounts of recombinant N protein were spiked
into PBS buffer and tested by the MSAA. As shown in
Fig. 2, A, the number of microbubbles increased linearly
with the concentration of N protein between 0 and
20 pg/mL, with the LOD for recombinant N protein at
0.5 pg/mL (10.6 fmol/L, blank þ 3 SD, n¼ 10).

To assess the analytical specificity of the MSAA to-
ward different strains of coronaviruses, we challenged

the assay with 3 human coronaviruses: CoV-229e,
CoV-NL63, and CoV-OC43. Human coronaviruses
OC43, 229E, and NL63 cause common cold and bron-
chiolitis and are the pathogens that are likely to be pre-
sent in respiratory samples and possibly cross-react in
the MSAA based on sequence homology. As shown in
Fig. 2, B, no significant difference in signal was observed
between the blank and the 3 coronaviruses (1 � 105

pfu/mL), while an over 10 times signal increase was
observed for SARS-CoV-2 (1 � 105 copies/mL or
1.4 � 104 pfu/mL).

We then evaluated the analytical performance of
the assay in swab samples. Mucosal swab samples con-
tain catalase and peroxidase, which may interfere with
the MSAA by degrading the signaling reagent, H2O2.
To assess this possibility, recombinant N protein
was spiked into a negative pool of NP swab samples

Fig. 2. Performance of the Microbubbling SARS-CoV-2 Antigen Assay. (A) Dose–response curve of recombinant N protein in
buffer. Mean 6 3 SD; n¼ 10 at 0, n¼ 3 at other points. (B) Specificity test. Mean 6 3 SD; n¼ 3. (C) Dose–response curve
of inactivated SARS-CoV-2 viruses in rRT-PCR–negative NP swab pool. Mean 6 3 SD; n¼ 10 at 0, n¼ 3 at other points. (D) LOD
following the FDA antigen template guideline.
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(confirmed by rRT-PCR to be negative for SARS-CoV-
2) and tested in the MSAA with and without PtNPs as
catalyzing reagent. As shown in online Supplemental
Fig. 2, bubbles were only observed when PtNPs were
present, indicating catalase and peroxidase from the mu-
cosal matrix had been eliminated during washing steps,
and did not interfere in the MSAA.

We subsequently challenged the assay with 10
rRT-PCR-negative NP swab samples. As shown in on-
line Supplemental Fig. 3, A, the background signals of
the 10 samples varied. To investigate if the background
signal was specific to the MSAA, a representative sample
(sample 3, with a medium background signal) was tested
in an ELISA using 96-well plate bottom to immobilize
the N1 capture antibody and luciferase as the reporter
enzyme labeled onto the Np detection antibody. As
shown in Supplemental Fig. 3, B, a medium back-
ground signal was also observed for sample 3, but not
for buffer control, in the ELISA assay. This indicates
that the background was assay format-agnostic and in-
trinsic to the swab matrix. Mucins have been reported
as the major cause of nonspecific bindings and back-
ground signals in many immunoassays using mucosal
samples (21), due to their ability to bind to a variety of
solid surfaces (22, 23, 24). We postulated that mucins
were the source of the background signal in our assay.
To eliminate the background signal, we took advantage
of the high molecular weight of mucins and used a
filter with molecular weight cutoff between mucins
(200 kDa�200 MDa) and N protein (47.08 kDa)
(PierceTM protein concentrator PES, 100K MWCO) to
remove mucins and retain filtrate for testing. As shown
in Supplemental Fig. 3, C, background signals in
the rRT-PCR–negative NP swab pool were removed by
filtering the sample through the previously described
concentrator, while specific signals from SARS-CoV-2
were retained.

We compared the analytical sensitivity of the assay
for inactivated SARS-CoV-2 spiked in buffer (without
filtration) vs in negative NP swab pool (with filtration).
As shown in online Supplemental Fig. 4, the analytical
sensitivity in buffer (without filtration) was about 10
times higher than that in negative NP swab pool.

To determine the analytical sensitivity of the
MSAA for viruses in NP swabs, different amounts of
inactivated SARS-CoV-2 viruses were spiked into an
rRT-PCR-negative NP swab pool, lysed, filtered, and
tested using the MSAA. As shown in Fig. 2, C, the
number of microbubbles increased linearly with the
concentrations of inactivated SARS-CoV-2 viruses be-
tween 0 and 18 000 copies/mL [virus genome RNA
concentration, determined by RT-quantitative PCR
(RT-qPCR)] using a primer set specific to nsp14, with
detailed methods in the online Data Supplemental).
To determine the LOD following the Food and Drug

Administration (FDA) antigen assay template (25), we
tested 10 rRT-PCR-negative NP swab pools, 21 swab
pools spiked with inactivated SARS-CoV-2 viruses at
2000 copies/mL, and 21 pools at 4000 copies/mL. As
shown in Fig. 2, D, at a concentration of 2000 copies/
mL, the signals of 17 out of the 21 samples were above
the mean of blank signal; at a concentration of 4000
copies/mL, the signals of all 21 samples were above the
blank mean þ 3 SD. Therefore, 4000 copies/mL was
determined as the LOD of the MSAA for SARS-CoV-2
in swabs. This LOD translates to 400 virus copies/reac-
tion (100 lL sample volume) in the assay.

We tested deidentified residual clinical NP swab
samples (at least 50 samples in each category) using the
MSAA and compared the results to clinical testing
results using FDA emergency use authorization (EUA)-
approved rRT-PCR methods (Table 1; list of rRT-PCR
assays can be found in the online Data Supplement).
Characteristics of the clinical samples, including pres-
ence of symptoms, days after symptom onset, and clini-
cal locations were also listed in Table 1. Compared to
rRT-PCR, the positive percentage agreement (PPA) was
97% (95% CI 92%–99%) in symptomatic individuals
within 7 days of symptom onset and positive nucleic
acid results (n¼ 128), and the negative percentage
agreement (NPA) was 97% (95% CI 94%–100%) in
symptomatic and asymptomatic individuals with nega-
tive nucleic acid results (n¼ 73). The percentage of
antigen-positive samples decreased in individuals at 7 to
12 days and >12 days after symptom onset or initial
COVID-19 diagnosis, despite positive rRT-PCR results
from the same samples.

In the asymptomatic but rRT-PCR-positive group
(n¼ 62), the PPA was 45% (95% CI 32%–58%). In
this asymptomatic group, the MSAA was able to detect
a presymptomatic case, in which both antigen and
nucleic acid results were positive in the swab sample
collected 1 day before the patient developed cough and
other respiratory symptoms.

COMPUTER VISION AND ML ALGORITHM FOR MSAA READOUT

A computer vision algorithm was developed to detect
microbubbles of varying sizes in each image. Figure 3,
A, shows microbubble detection with green circles over-
laid on the original images. Having automatically
detected microbubble locations and sizes, we calculate
the volumes of all bubbles to estimate the total bubble
volume as a quantitative readout. As shown in Fig. 3, B,
log-transformed total bubble volume correlated inversely
with cycle threshold (Ct) values, and total bubble
volume decreased with days-after-symptom-onset. This
indicates that total bubble volume is a potential quanti-
tative marker for antigen burden.
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We then compared 2 approaches (ML algorithm vs
total bubble volume thresholding) for automatic classifi-
cation of microbubble images as positives or negatives.
We first randomly sampled 168 images (from 168
unique samples) to use as the data set to train a linear
separator using the linear support vector ML algorithm
and then evaluated the performance on the remaining
168 images (from another set of 168 samples). Next, we
varied the threshold on the estimated total bubble vol-
ume to generate a total bubble volume-based classifier
and evaluate its performance on the same 168 images.
Figure 3, C, shows the performance for both classifiers.
The ML classifier performs with much higher sensitivity
(100%) and specificity (95%) than any point on the
bubble volume thresholding ROC curve. The decision
boundaries identified by the ML classifier are shown in
Fig. 3, D. These results were very stable across 3 ran-
dom 50–50 splits of the full data set (336 images) into
training and testing data. Overall, this demonstrates that
fully automated image analysis and ML are able to
produce antigen burden quantitation and accurate clas-
sification from the MSAA.

ANTIGEN DYNAMICS TRACKING

In the clinical validation group (Table 1), antigen and
nucleic acid results showed limited correlation in
individuals after the acute infection phase (>7 days).
To further investigate this phenomenon longitudinally,
we quantified antigen burden using the MSAA in serial
NP/oropharyngeal swabs collected from 38 intensive
care unit patients hospitalized due to COVID-19

(Fig. 4, A). To compare nucleic acid with antigen dy-
namics, both N1 gene copy number quantified using
RT-qPCR and antigen burden were plotted in Fig. 4, A.
Consistent with what was observed in Table 1, nucleic
acid and antigen results did not always correlate with
each other in this patient cohort. Many serial samples
did not have detectable N antigens despite abundant
copy numbers of the N1 gene (�4000 copies/mL).
Antigen burden in several patients (e.g., #406, #391,
#257) decreased considerably despite N1 gene copies
either increasing or remaining stable and above LOD of
the MSAA. This suggests the RT-qPCR may be detect-
ing N1 gene fragments that were not producing intact
N protein with the epitope for antibody recognition.
On the other hand, for patient #401, N1 gene copy
number increase correlated with the increase in antigen
burden, possibly indicating active virus replication
during this period.

Based on recent observations in immunocompro-
mised patients, immunodeficiency plays a critical role in
prolonged viral shedding, replication, and possibly
mutation (5, 26–30). With persistently positive RNA
results, the challenge is to determine at which point
these patients are no longer contagious (5). In our vali-
dation group (Table 1), immunocompromised individu-
als also remained antigen positive for longer periods of
time. We tracked antigen burden at various days-after-
symptom-onset in a group of 13 immunocompromised
patients with either hematological malignancies or
transplants (Fig. 4, B, upper panel). Nucleic acid was
detected in all samples for these patients, while antigen

Table 1. Clinical performance of the Microbubbling SARS-CoV-2 antigen assay.

rRT-PCR
results

Presence of
symptoms

and days after
symptom onset or

initial diagnosis N Clinical location

Microbubbling
SARS-CoV-2
antigen results

PPA and NPA
(95% CI)Positive Negative

Positive Symptom onset
<7 days

128 Emergency department,
obstetrics department,

preoperative
evaluation, ICUa

124 4 PPA¼97%
(92% to 99%)

Symptom onset
7–12 days

51 27 24 PPA¼53%
(38% to 67%)

Symptom onset or
initial diagnosis

>12 days

58 15 43 PPA¼26%
(15% to 39%)

Asymptomatic 62 28 34 PPA¼45%
(32% to 58%)

Negative Symptomatic and
asymptomatic

73 2 71 NPA¼97%
(94% to 100%)

aIntensive care unit.
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burden varied over time. In Fig. 4, B (lower panel), anti-
gen burden dynamics are shown for 2 patients with he-
matological malignancies, demonstrating profiles
distinct from each other. The furthest timepoint with
antigen result in this group was from a patient (patient
B in Fig. 4, B, lower panel) who had active multiple
myeloma, a high antigen burden at 108 days and had
received multiple rounds of convalescent plasma and
remdesivir. In this patient, we detected multiple se-
quence variations at 3 time points (online Supplemental
Fig. 5 and Table 3), with the highest number of variants
in the spike protein sequence. Such variations were not

detected in patient A (Fig. 4, B, lower panel) or patients
with short duration of antigen detected. This suggests
that prolonged high antigen burden may be a surrogate
for high levels of viral replication and mutation. Thus,
the MSAA could serve as a screen to identify patients
who warrant close viral sequence monitoring.

Discussion

We have demonstrated that the MSAA can detect the N
antigen with an analytical sensitivity of 0.5 pg/mL
(10.6 fmol/L) and high specificity. Our observed LOD

Fig. 3. (A) Examples from clinical NP swab samples. (B) Upper: log-transformed total bubble volume correlated inversely with Ct
by Pearson linear correlation. Lower: total bubble volume decreased with days-after-symptom-onset. (C) ROC curve comparing
classification performance of 2 approaches. (D) Linear decision boundaries from the ML algorithm that learns to accurately clas-
sify images as negatives or positives in the validation data set.
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is 100 times better than the stated LOD of commer-
cially available antigen assays and comparable to the
SIMOA N antigen assay (18) (Supplemental Table 4).
The LOD in swabs (4000 copies/mL) is comparable to
many FDA EUA-approved rRT-PCR assays (102–105

copies/mL), better than current EUA-approved lateral
flow antigen tests and the majority of emerging SARS-
CoV-2 antigen assays (Supplemental Table 4). Clinical
validation comparing to EUA-approved rRT-PCR
methods showed excellent PPA and NPA in both symp-
tomatic and asymptomatic individuals for acute infec-
tion detection (<7 days). Residual NP swabs in 3 mL
saline tubes were used for convenience during our clini-
cal validation. We expect higher PPA using swabs di-
rectly reconstituted using a lower volume of extraction
reagents, which can be tested in future studies. These
findings suggest that the MSAA may be a valuable tool
in detecting acute SARS-CoV-2 infections. The gradual
decrease in PPA in samples after 7 days of symptom on-
set is consistent with seroconversion (31) and clearance

of antigen from the body. It has been suggested that
infectivity of individuals with high Ct values and
symptom onset to testing >8 days is low (8). Our data
in Table 1 and Fig. 4, A, are consistent with this hy-
pothesis. The fact that the Microbubbling Antigen
Assay was able to detect a presymptomatic infection case
indicates that the assay has the required sensitivity to de-
tect presymptomatic antigen levels. The low PPA in the
asymptomatic group is likely due to the heterogeneous
nature of this group, in which individuals may present
for testing at various stages of their infections (SARS-
CoV-2 testing was conducted as part of presurgery eval-
uation, prenatal care, or emergency department visits
with nonrespiratory complaints), sometimes late enough
that antigens have been cleared by immune system while
viral genomic fragments remain.

We have also demonstrated that total bubble vol-
ume, a quantitative output from the MSAA, correlated
inversely with Ct values and days-after-symptom-onset,
and may serve as a potential marker for antigen burden.

Fig. 4. Tracking antigen burden using Microbubbling SARS-CoV-2 Antigen Assay in (A) inpatients in intensive care unit and (B)
immunocompromised patients (rRT-PCR persistently positive) with either hematological malignancies or transplants. Numbers
in boxes in (A) indicate N antigen burden quantitated by MSAA (inactivated virus equivalent, �1000 copies/mL). Heatmap colors
in (A) indicate N1 gene copy number. Heatmap colors in (B) indicate N antigen burden quantitated by MSAA.
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This allows us to probe and monitor the level and dy-
namics of virus antigens at different stages of infection
and to explore the correlation between antigen burden
and disease severity/prognosis in future studies, which
may be valuable in advancing understanding of the
SARS-CoV-2 virus. With the exception of some reports
focusing on antigens in blood (16, 18, 32) and some an-
tigen data in saliva (18), the burden and dynamics of
SARS-CoV-2 antigens in respiratory samples have not
been thoroughly characterized. Our data demonstrated
that in immunocompetent individuals, antigen is often
cleared much faster than nucleic acid in respiratory sam-
ples. On the other hand, we also showed that immuno-
compromised individuals remained antigen positive for
much longer periods of time and cleared antigen at vari-
ous timepoints. In general, antigen dynamics did not
correlate well with that of nucleic acids outside of the
acute infection window. Notably, we detected many
variants in longitudinal samples from a patient with pro-
longed high antigen burden. This suggests that patients
who have long duration of high antigen burden in the
MSAA are likely experiencing active rounds of ongoing
replication and are at higher risk for viral mutation.
Therefore, the MSAA could serve as a screen in longitu-
dinal studies to identify patients who warrant close viral
sequence monitoring.

We expect that the MSAA will be able to mitigate
concerns for false negatives using antigen tests.
However, we did not compare the MSAA with current
lateral flow antigen tests in a side-by-side manner.
Another limitation of the study is that the data of days-
since-symptom-onset came from limited documentation
in the medical records based on patient self-reporting.
These data may not always be accurate or complete. Ct
values were not available from some rRT-PCR methods
used in this study and are in general not well-
standardized across platforms (33). This may lead to
heterogeneity in the nucleic acid data presented. Finally,
due to the poor culturability of most clinical specimens,
we did not use viral culture to assess the infectivity of
antigen positive samples.

In future studies, the MSAA can be automated and
multiplexed with other infectious disease antigens and
applied to other sample types. With the convenient
computer vision and ML-based algorithms on smart-
phones for automated microbubble detection, this assay
also has the potential to be used at the point-of-care for
frequent and repeated testing. Finally, in an integrated
system, the microbubble results could also be conve-
niently uploaded into a database that integrates other
clinical parameters and molecular/serology results, etc.
to provide a comprehensive picture of the disease in the
population, enabling disease tracking and future predic-
tive algorithm development.

In summary, we have demonstrated that the MSAA
can be applied to the detection of SARS-CoV-2 antigen
with high sensitivity and specificity. The MSAA demon-
strated high PPA and NPA with rRT-PCR methods in
symptomatic and asymptomatic individuals early in the
infection course. We have developed computer vision
and ML algorithms to quantify and classify the image
output and also shown that the assay can be a valuable
tool in providing insights into antigen dynamics in vari-
ous patient populations.
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Supplemental material is available at Clinical Chemistry
online.
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