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ABSTRACT: Serological testing for acute infection or prior exposure is critical for patient management and coordination of public
health decisions during outbreaks. Current methods have several limitations, including variable performance, relatively low analytical
and clinical sensitivity, and poor detection due to antigenic drift. Serological methods for SARS-CoV-2 detection for the ongoing
COVID-19 pandemic suffer from several of these limitations and serves as a reminder of the critical need for new technologies. Here,
we describe the use of ultrabright fluorescent reagents, Plasmonic Fluors, coupled with antigen arrays that address a subset of these
limitations. We demonstrate its application using patient samples in SARS-CoV-2 serological assays. In our multiplexed assay, SARS-
CoV-2 antigens were spotted into 48-plex arrays within a single well of a 96-well plate and used to evaluate remnant laboratory
samples of SARS-CoV-2 positive patients. Signal-readout was performed with Auragent Bioscience’s Empower microplate reader,
and microarray analysis software. Sample volumes of 1 μL were used. High sensitivity of the Plasmonic Fluors combined with the
array format enabled us to profile patient serological response to eight distinct SARS-CoV-2 antigens and evaluate responses to IgG,
IgM, and IgA. Sensitivities for SARS-CoV-2 antigens during the symptomatic state ranged between 72.5 and 95.0%, specificity
between 62.5 and 100%, and the resulting area under the curve values between 0.76 and 0.97. Together, these results highlight the
increased sensitivity for low sample volumes and multiplex capability. These characteristics make Plasmonic Fluor-enhanced antigen
arrays an attractive technology for serological studies for the COVID-19 pandemic and beyond.
KEYWORDS: plasmonics, serology, screening, SARS-CoV-2, diagnostics

Rapid screening for prior and active infection plays an
important clinical role for assessing seroprevalence,

evaluating the immune status of previously infected or
vaccinated patients, and for diagnosis.1−4 The ongoing
SARS-CoV-2 pandemic has further magnified the deficiencies
of current analytic and diagnostic assays. For example,
commercially available serologic assays have high variable
performance as a result of assay design with results dependent
on the time from infection, an individual’s immune responses,
collection of the samples, the target antigen of the assay, and
the antibody class targeted.5−14

There are two major classes of serological assays that have
been employed for the detection of SARS-CoV-2 infections:
lateral flow assays (LFAs) and enzyme-linked immunosorbent
assay (ELISA)-based assays. LFAs offer the advantage of
portability, ease of use, and rapid time-to-result, often under 30

min.15 However, the trade-off with these devices is a lack of
quantitative readout (e.g., titers), a limited ability to multiplex
measurements, and a decrease in analytical sensitivity and
specificity relative to more traditional laboratory-based
methods.16,17 There is also an enormous amount of variation
in LFA-based testing.16,18−20 ELISAs offer high-throughput
screening capabilities that are quantitative but often require a
centralized laboratory to perform the testing in addition to a
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longer assay time (>60 min as compared to 15 min for LFAs).
While multiplexing capabilities are possible, this either comes
at a cost of sensitivity or additional sample volume.
Plasmonic Fluors are ultrabright fluorescent nanocomposites

with a brightness many thousands of times that of traditional
organic fluorophores.21−24 The fundamental principle behind
Plasmonic Fluors is plasmon-enhanced fluorescence.25 It is
well established that metallic nanostructures, often consisting
of gold and silver, can support localized surface plasmon
resonance (LSPR),26,27 which results in a focal enhancement of
electromagnetic fields. This field enhancement has been used
in the context of a variety of sensing applications, including
surface plasmon resonance imaging (SPRI),28 surface-
enhanced Raman spectroscopy (SERS),28−30 and a variety of
optical antennae.31−34 Precise control of the LSPR emission
wavelength, lifetime, and intensity can be tuned by varying the

geometry and aspect ratio of the nanostructures.35 The ability
to tune their optical properties enable their coupling to
fluorescence molecules, thereby drastically improving the
fluorescence intensity and efficiency. In the context of
Plasmonic Fluors, precise optimization of the distance between
the nanoparticles and fluorophores has enabled a means to
maximize fluorescence while minimizing non-radiative energy
transfer.21 When employed as a reporter molecule in
immunoassays, this improved fluorescence efficiency results
in an improved analytical limit of detections, the ability to use
smaller sample volumes, and more rapid readout times.21−24

Here, we demonstrate the use of Plasmonic Fluors as a
reporter molecule in combination with arrays of SARS-CoV-2
antigens and assay readout using an Auragent Bioscience’s low-
cost Empower microplate reader as a proof of concept to
demonstrate the utility of high throughput, multiplexed,

Figure 1. Workflow for assessing patient serology using arrays of SARS-CoV-2 antigens with Plasmonic Fluors and antigens utilized in arrays. (a)
Within a single well of a 96-well plate, four individual antigen spots and one blank are arrayed in a 7 × 7 format. A diluted human serum sample is
added to each well, after which, biotinylated secondary antibodies against human IgM, IgG, and IgA are incubated with the array. Streptavidin-
coated Plasmonic Fluors are added to each well, and serological response assessed. (b) Genome of SARS-CoV-2, with magnification of the N and
spike proteins. Protein arrays consisted of N FL, N NTD, Orf3b, Orf8, spike S1, spike NTD, spike RBD, spike S2, and control spots (figure created
with Biorender.com).

Figure 2. Antigen identities within each spot of the microarray and printed arrays. (a) Array alignment and orientation of antigens. PC = positive
control. IgM, IgG, and IgA refer to positive control spots for human IgM, IgG, and IgA respectively. A single spot was left empty for alignment
purposes. (b) Optical micrograph of a 7 × 7 array of spotted antigens. (c) Fluorescent readout of an array following exposure to human plasma,
secondary antibodies, and Plasmonic Fluors.
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ultrasensitive serological assays. The high sensitivity enabled by
the Plasmonic Fluors (up to 103 improvement over conven-
tional ELISAs21) combined with the array format enabled us to
profile patient serological response to eight separate SARS-
CoV-2 antigens for IgG, IgM, and IgA. We were able to
establish sensitivity and specificity cutoffs for each of these
markers, for a total of 24 combinations using sample volumes
as low as 1 μL of patient plasma. We also show the evolution of
serological response for each antigen as a function of time since
symptom onset with the potential for clinically actionable
decisions. Together, these results highlight the potential impact
of Plasmonic Fluors as a reporter for infections and a flexible
tool to address rapidly evolving public health crises.

■ RESULTS
The key features of the overall experimental platform,
including the workflow schematic of experiments with the
Plasmonic Fluors are shown in Figure 1. Briefly, in a single-well
of a 96-well plate, a 7 × 7 array of both antigens of interest and
controls are deposited with a microarray spotter. Human
plasma diluted 1:100 to a total volume of 100 μL is incubated
in the wells, after which a biotinylated anti-human IgG, IgM, or
IgA antibody is added to the wells. A streptavidin-conjugated
Plasmonic Fluor is subsequently added to the wells, after which
the fluorescent signal is read using the Auragent Bioscience’s
Empower plate reader. Fluorescent intensities were automati-
cally calculated using Auragent Bioscience’s microarray analysis
software.
To construct arrays for SARS-CoV-2 serology, we initially

spotted 7 × 7 arrays of antigens and controls. Figure 2a
highlights the antigen spotting pattern within a single well of a
96-well plate. Eight antigens of interest were spotted in
quadruplicate. Each array also contained a positive control of
biotinylated IgG, as well as IgM, IgG, and IgA specific controls,
all also spotted in quadruplicate. The positive controls for IgM,
IgG, and IgA were validated with spike-in studies in neat,
buffered solutions and are highlighted in Figure S1. Cross-
reactivity between the secondary antibodies for IgM, IgG, and
IgA was also assessed, with minimal cross-reactivity between
off-target pairs (Figure S2). The antigens used in our assay
were chosen based on previous literature reports36,37 as well as
availability both within our laboratory and commercial sources.
A blank spot was included for alignment purposes in
automated analysis. An optical image of the array is shown
in Figure 2b, with a representative fluorescent readout in
Figure 2c.

Figure 3 and Table S1 highlight the average serological
response for each antigen assessed in our assay, for both SARS-
CoV-2 positive (n = 20 patients, four samples for each patient
resulting in 80 samples) and negative patients (n = 16 patients,
one sample for each patient resulting in 16 samples). There
was a statistically significant difference between the intensities
of the positive and negative patients for each of the 24
antigen−immunoglobulin combinations. For IgG response,
NNTD had the highest response, followed by N FL and spike
S2. For IgM, N FL had the highest response, followed by spike
RBD and spike NTD. For IgA, the highest intensity signal was
NNTD, followed by N FL, and spike S2. Except for spike RBD,
the average intensity of the IgM response for every antigen was
lower than that for IgG and IgA. IgG and IgA responses varied
in terms of which had a higher signal. For example, the IgG
responses toward N FL and N NTD were higher than the IgA
response, but the converse was true with Orf3b and Orf8. The
average response among the negative patients for each antigen
has less variability than positive patients, as expected.
Using these values, we generated receiver−operator

characteristic (ROC) curves for each of the antigens and
immunoglobulins (Figure S3) and established cutoffs via
Youden’s index (J).38 From these values, we determined the
sensitivity and specificity of each marker individually, as
highlighted in Table 1. Of note, these metrics were determined
for all positive patient samples, with days post-symptom
infection ranging from 0 to 60 days (average = 21.4 days,
median = 20 days). For IgG, the sensitivity ranged from 85.00
to 98.75%, while the specificity ranged from 64.71 to 100%.
For IgM, sensitivity ranged from 72.50 to 92.50%, and
specificity ranged from 62.50 to 100%. For IgA, sensitivity
ranged from 85.00 to 95.00%, and specificity ranged from
87.50 to 100%.
Serological response for each marker as a function of time,

from 0 to 60 days post-symptom onset, are highlighted in
Figure 4. Antigens had variability in terms of a positive or
negative correlation over time between IgM, IgG, and IgA. For
example, N NTD had a positive correlation over time for IgM
and IgA but a negative correlation for IgG. In contrast, spike
S1 had a positive correlation for IgM, IgG, and IgA (Figure S4
and Table S2). Furthermore, there was a measurable response
that was higher than the established cutoffs as early as 0 days
post-symptom onset for each of the antigen−immunoglobin
combinations assessed in our studies.
Next, we evaluated the serological response from two

representative patients (patients #15 and #20, Table S3) over

Figure 3. Serological responses for each antigen and immunoglobulin combination from SARS-CoV-2 positive and negative patients. Average
serological response for each antigen in SARS-CoV-2 positive (blue) and negative (red) patients, for (a) IgM, (b) IgG, and (c) IgA. Error bars
represent the standard error of the mean (SEM) for four technical replicates. * denotes a p-value of <1 × 10−6.
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the course of their SARS-CoV-2 infection (Figure 5). For both
patients, the IgG response reaches a maximum around 20 days.
However, for patient #20 (Figure 5a), the IgG response
remained relatively constant, whereas in patient #15, this
response declined with time (Figure 5d). The IgM response
for both patients decreased over the time-course for N FL and
spike NTD and increased for spike S1 and spike RBD with a
maximum around 20 days. Finally, the IgA response for both
patients peaked around 20 days, followed by a decline in the
signal for most of the antigens. The serological response for all
20 patients over the course of their SARS-CoV-2 infection can
be found in Supporting Information (Figure S5). There is
variability in the serological response for each patient examined
in the study.
To demonstrate the ability to further multiplex serological

measurements, we sought to detect IgM, IgG, and IgA
responses from a single well instead of three separate wells.
Figure 6 highlights hand-spotted 2 × 2 arrays in each well
consisting of spike S1-RBD, spike S2, N FL, and a control
containing a mixture of human IgG, IgM, and IgA, and readout
using three spectrally distinct Plasmonic Fluors (PF800, PF650,
and PF550) which are spectrally similar to Licor’s IR Dye
800CW, Cy5, and Cy3, respectively. To perform these
experiments, streptavidin-conjugated Plasmonic Fluors were
first coated with biotinylated IgM (PF650), IgG (PF800), and
IgA (PF550). All three combinations were added simulta-
neously, and the wells were imaged using an Azure Sapphire
laser scanner system. As demonstrated in Figure 6 (Figure S6
and Table S5), it was possible to resolve the individual
fluorophores corresponding to the IgG, IgM, and IgA

serological response, in a single well, from a single sample,
over multiple patient samples.

■ DISCUSSION
In this study, we demonstrate the potential clinical utility of a
novel, multiplexed, high sensitivity Plasmonic Fluor to
simultaneously assess the serological response to eight separate
SARS-CoV-2 antigens, for IgG, IgM, and IgA. Importantly, the
serological profiles highlighted in our study are consistent with
previously reported reports; maturation of serological response
typically follows a classical viral pattern; initially IgM, followed
closely by IgA, and finally IgG (Figure 4).39,40 There are
instances in which there were deviations from this, such as
detection of IgM and IgA simultaneously,41 IgG seroconver-
sion before IgM,39 and simultaneous IgM and IgM, although
these appear to be the exception,42 and it is unclear whether
these differences reflect underlying differences in the
serological assays or patient responses. Interestingly, we also
observed different dynamics of the serological response to
different antigens in each patient. The clinical relevance of this
finding requires a follow-up study.
Another interesting finding was the sensitivity and specificity

of IgA among the immunoglobulins tended to be higher than
IgM and IgG (although not for all antigens). This is consistent
with previous literature reports, indicating an increase in IgA
early in the course of SARS-CoV-2 infection.43 The reason for
the increased analytical performance of IgA thus may reflect
design of the assay or a biological basis within the patient
population we studied.
An advantage of the technique presented here is the

adaptability with different antigens. Most commercially
available serological assays for SARS-CoV-2 infection rely on
the N or S antigens as markers for infection. Previous reports
in the literature, including our own work, have demonstrated
that use of other SARS-CoV-2 antigens for serological
response, as well as using specific protein truncations, can
improve the analytical performance of assays.36,37 Hachim et al.
demonstrated that by combining the serological response of
SARS-CoV-2 Orf3b and Orf8, analytical performance of their
assay improved to 96.5% sensitivity and 99.5% specificity.
Furthermore, our previous work demonstrated that truncations
of the SARS-CoV-2 N protein elicited differential serological
responses. The ability to use multiple antigens in addition to
protein truncations can improve the analytical performance
and flexibility of the assay design.37 Additionally, there is
concern of cross-reactivity due to the prior infection with
seasonal coronaviruses. Seasonal coronaviruses, namely 229E,
HKU1, NL63, and OC43, have a prevalence as high as 90% in
the adult population.44 Several studies have demonstrated
cross-reactivity between the SARS-CoV-2 S protein with other
coronavirus N protein.45−48 A study by Anderson and
colleagues found that 4.2% of serum samples collected pre-
pandemic in 2017 had IgG antibodies reactive against SARS-
CoV-2 full-length spike, 0.93% of samples reacted toward
SARS-CoV-2 spike RBD, and 16.2% were reactive to SARS-
CoV-2 N protein.47 Because of the flexible design of our arrays,
we can rapidly substitute antigens of interest into the assay
design to optimize the performance. While further studies are
needed, this technology also is adaptable to SARS-CoV-2
variants, allowing for the rapid assessment of the serological
response to several strains simultaneously.
One interesting result of our study was the number of

patients with a detectable serological response less than 7 days

Table 1. Assay Performance Characteristicsa

antigen sensitivity specificity AUC intensity cutoff(RFU)

IgM
N FL 72.50 68.75 0.77 6989
N NTD 92.50 78.57 0.92 681
Orf3b 85.00 81.25 0.90 1000
Orf8 72.50 93.75 0.90 1410
spike S1 73.75 100.00 0.89 588
spike NTD 81.25 62.50 0.76 2382
spike RBD 83.75 93.75 0.93 2499
spike S2 75.00 100.00 0.92 883

IgG
N FL 92.50 88.24 0.92 8507
N NTD 87.50 100.00 0.96 5372
Orf3b 98.75 64.71 0.85 1606
Orf8 85.00 82.35 0.85 5886
spike S1 85.00 94.12 0.94 1875
spike NTD 87.50 88.24 0.89 3165
spike RBD 86.25 100.00 0.97 2521
spike S2 87.50 100.00 0.96 3838

IgA
N FL 91.25 93.75 0.90 18,256
N NTD 91.25 93.75 0.90 14,736
Orf3b 85.00 100.00 0.94 15,550
Orf8 93.75 87.50 0.94 10,495
spike S1 92.50 100.00 0.95 5284
spike NTD 90.00 100.00 0.94 7478
spike RBD 95.00 100.00 0.95 7306
spike S2 93.75 100.00 0.96 7218
aSensitivity, specificity, and area under the curve (AUC) determined
from ROC curves for each serological marker assessed in our study.
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Figure 4. Serological responses for each antigen as a function of time. Vertical columns represent the IgM, IgG, and IgA (left to right) responses for
each antigen for 80 separate, positive samples from 0 to 60 days post-symptom onset. Each horizontal row represents a specific SARS-CoV-2
antigen. The orange dashed line represents the cutoff value used in determining the sensitivity and specificity calculations in Table 1. The y-axis for
each graph shows the intensity (RFU), and the x-axis days shows the post-symptom onset, ranging from 0 to 60.
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from the symptom onset. Previous literature reports have
reported the median seroconversion time between 12 and 15
days post-symptom onset for IgG, 4−14 days for IgM, and 4−
24 days for IgA.49 Our ability to detect infection early in the
disease process reflects a combination of the following: (1)
increased analytical sensitivity of our assay, enabling us to
detect serological responses that other assays miss, (2) cross-
reactivity of the antigens due to the prior infection with other
coronaviruses, and (3) inconsistencies in reporting days post-
symptom onset. Nonetheless, it is tempting to speculate that
the early detection of antibodies to SARS-CoV-2 was a result
of the Plasmonic Fluor technology coupled with a multiplexed
assay design targeting multiple epitopes. Previous work with
Abbott SARS-CoV-2 serological assay demonstrated a
sensitivity of 30.0% for specimen with the symptom onset up
to 7 days.14 In comparison, the sensitivity for IgM, IgG, and
IgA from samples up to 7 days following symptom onset with
our assay for N FL was 73.33, 88.24, and 93.33% respectively.
This study also demonstrates the use of Plasmonic Fluors in

an array format, as a facile pipeline for serological studies. The
ability to substitute antigens of interest, assess IgM, IgG, and
IgA levels, and screen patient samples with as little as 1 μL of
patient plasma enable this technology as a powerful tool. Many
commercial laboratory analyzer systems used in clinical
laboratories leave a dead volume of 100 μL, or greater; thus,
our technique is well situated to use remnant patient
samples.50 While many current ELISAs use a relatively low
volume of patient plasma (e.g., 100 μL/well51), the
combination of multiplex measurements and high sensitivity
(further reducing volume requirements) allows us to perform
our analysis in a single well, with only 1 μL of plasma. Dried
blood spot ELISAs (DBS−ELISAs)52,53 offer an alternative to
the high-volume requirements seen with many conventional
ELISAs. In this technique, dried spots of blood are stored on a
nitrocellulose paper, until they can be reprocessed and
analyzed via ELISA. Brinc and colleagues demonstrated that
while antibody levels for SARS-CoV-2 spike protein were
reduced following use of DBS, there was high correlation with

the commercial assays.54 This technique, however, does not
overcome the sensitivity or multiplexed challenges faced by
conventional ELISAs.
Given the low-volume requirements, we can also incorporate

this testing into routine laboratory testing of patients, without
the need for additional patient draws, reducing the risk of
iatrogenic anemia.55−57 The ability to survey patients
longitudinally throughout their SARS-CoV-2 infection can
now easily be run concurrently with the prior laboratory
workflow. Longitudinal assessment will provide healthcare
workers with quantitative trends in serology versus the current,
absolute values for assay (positive/negative) that were
obtained on a population. Given the significant number of
variables in serological response in patients (e.g., patient age,
immune status, and co-morbidities), monitoring trends in
serology offer a more in-depth snapshot of a patient’s infection.
The combination of multiplexed measurements within a

single well, the ability to interrogate IgM, IgG, and IgA
together, and the flexibility of the assay format are key
advantages of our technique. We have provided a comparison
of our assay with existing SARS-CoV-2 serological assays, as
listed in Table S6. Of note, the reported sensitivity and
specificity of each assay depend on several factors, including
the instrument gain, incubation times, assay design, and patient
samples utilized. Previous studies have highlighted that
hospitalized patients have different serological responses than
non-hospitalized patients.58,59 Therefore, it is difficult to
compare the analytical performance of the assays in a
meaningful way. In contrast, we have highlighted character-
istics of serological assays that may influence researchers and
healthcare providers in their decision-making.
During the course of submission of this article, Wang et al.

published a study leveraging Plasmonic Fluors for the
detection of SARS-CoV-2 serology via linear epitopes of the
spike protein.60 This work reinforces the practical utility of
Plasmonic Fluors in serological studies, in addition to their
improved sensitivity over traditional fluorescence probes.
While the study demonstrated an improvement in sensitivity

Figure 5. Serological response for eight SARS-CoV-2 antigens for patients longitudinally. Serological response to eight separate antigens for IgM
(a,d), IgG (b,e), and IgA (c,f) were assessed throughout a hospital stay. (a−c) represent a single patient (patient #20), whereas (d−f) represent
another patient (patient #15).

ACS Infectious Diseases pubs.acs.org/journal/aidcbc Article

https://doi.org/10.1021/acsinfecdis.2c00086
ACS Infect. Dis. 2022, 8, 1468−1479

1473

https://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.2c00086/suppl_file/id2c00086_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsinfecdis.2c00086?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsinfecdis.2c00086?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsinfecdis.2c00086?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsinfecdis.2c00086?fig=fig5&ref=pdf
pubs.acs.org/journal/aidcbc?ref=pdf
https://doi.org/10.1021/acsinfecdis.2c00086?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


of ∼100-fold over conventional ELISAs in addition to a 20 min
assay time, there was limited multiplexing (e.g., 2 targets)
performed in this format. Our study has a number of key
differences from this work, including significantly increased
multiplexing capabilities, the detection of IgM, IgG, and IgA,
and longitudinal studies of patient serological responses. Our
assay design enables a much more streamlined and flexible
approach toward serological studies that can be adapted
toward a variety of pathogens.
While our study addresses many key limitations in the field,

there are several limitations with the present study, which we
are actively working to address. For example, days post-

symptom onset for each of the patient samples relied on
physician encounter notes and were often patient reported.
Given the asymptomatic window of many patients present with
SARS-CoV-2, this can be problematic in determining the
actual onset of infection.38 Patient reporting of symptoms is
also problematic, in that many patients will under report or not
recognize early symptoms of respiratory infections.61 Fur-
thermore, positive patients in this study were hospitalized at a
tertiary, academic medical center as a result of COVID-19
symptoms and thus represent more severe cases. It is well
established that patients with more severe SARS-CoV-2
infections have a more rapid and significant serological

Figure 6. Multiplexed detection of immunoglobulins in a single well and sample. (a) Simultaneous detection of IgM, IgG, and IgA serological
response in a single, hand-spotted well containing spike RBD, spike S2, N FL, and a control. * denotes p < 1 × 10−6, ** denotes p < 0.001, and ns
denotes no statistical significance. (b) Array alignment and orientation of antigens. (c) False-color images obtained from a single 96-well plate for
both positive and negative patient cohorts corresponding to (a). The dashed circles highlight wells omitted from analysis.
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response.62−64 This likely skewed our data toward patients
with more severe infections and higher serological responses.
We anticipate that with less severe or asymptomatic patients,
the signal will be lower, however, that we can also use
additional patient plasma to account for this difference.
An analytical consideration moving forward is multiplexing

the readout in a single well. While we can use Plasmonic Fluors
with different fluorescent emissions, further optimization is
needed before we can quantitatively determine IgM, IgG, and
IgA response from a single well. Due to the size of the array
spots, as well as limited binding sites for each antigen, there is
concern of competition of the secondary antibodies used in
our assay.

■ METHODS
Plasmonic Fluors. Plasmonic Fluors were obtained from

Auragent Bioscience. Unless otherwise specified, all micro-
arrays were probed with streptavidin-conjugated PF650 which
has excitation and emission spectra similar to Cy5.

Proteins. Biotinylated Anti-Human IgM μ-Chain-Specific,
Anti-Human IgG Fc Specific, and Goat Anti-Human Serum
IgA Alpha Chain-Specific were all obtained from Leinco.
Recombinant SARS-CoV-2 full length nucleocapsid (N)
protein and recombinant SARS-CoV-2 spike RBD protein
were also obtained from Leinco. Recombinant SARS-CoV-2
spike S1 protein was obtained from Sino Biological, and
recombinant SARS-CoV-2 spike S2 protein was obtained from
Biovision. Recombinant ORF3b, ORF8, and SARS-CoV-2 N
NTD proteins were generated, as previously described.37

Array Spotting. Antigens were spotted using a Nano-
Plotter (GeSiM). Each antigen or control spot was printed
onto a Greiner Bio-One plate (model 655097) at a
concentration of 10 μg/mL in printing buffer consisting of
10% glycerol in PBS. A schematic and optical micrograph of
each individual array within a well is shown in Figure 2. Each
well contained a 7 × 7 array of spots, with individual identities
of each spot shown in Figure 2a. In addition to assessing
antigens of interest, each array additionally had positive
controls of biotinylated IgG and controls for human IgM, IgG,
and IgA (n = 4 of each) to assess whether the assay was
performing as expected. There was also a single spot left blank
in the array for alignment purposes. After printing, the plate
was blocked with 200 μL of 3% BSA with 0.05% Tween-20 for
30 min and subsequently rinsed with PBST three times prior
to use.

Assay Performance�Single Fluor within a Well. 1 μL
of patient plasma was diluted 100× using 3% BSA + 0.2%
TritonX100. 1 μL of sample was used as our standard volume
since it provided the largest flexibility given our instrumenta-
tion. It provided good discrimination between positive and
negative patient samples, without saturation of the signal, and
with a dynamic range that suited our needs. 100 μL of the
100× diluted plasma was added into each well and incubated
for 1 h. The wells were washed three times with PBST. 100 μL
of biotinylated anti-IgG (50 ng/mL) or 100 μL of biotinylated-
Anti-IgM (50 ng/mL) or 100 μL of biotinylated-Anti-IgA (10
ng/mL) in 3% BSA was added into the respective wells and
incubated for 1 h at room temperature. Wells were washed
three times with PBST, followed by the addition of 75 μL of
streptavidin-conjugated PF650 in 3% BSA for 20 min at room
temperature. Finally, the wells were rinsed five times with
PBST and readout with the Auragent Bioscience’s Empower
reader, a single-wavelength plate reader optimized for reading

microarrays probed with PF650. The fluorescent intensity of
each individual spot in the array was automatically determined
using Auragent Bioscience’s array analysis software. Each
antigen or control consisted of four technical replicates.

Specificity of IgM, IgG, and IgA Secondary Antibod-
ies. Hand-spotted antigens (IgM, IgG, and IgA) were spotted
at a concentration of 1 μg/mL of N protein in quadruplicate
into each well of a 96-well plate. The spots were left in the
plate at 37 °C for 2 h to dry. The plate was blocked with a
solution of 3% BSA in PBST for 1 h. The plate was washed
three times with PBS, after which PF800CW-anti-IgA,
PF800CW-anti-IgG, and PF800CW-anti-IgM were added to
their respective rows and incubated for 1 h. The plates were
rinsed four times with PBST prior to readout with a Sapphire
Biomolecular Imager.
Antigens in the 7 × 7 array were spotted, as described above,

with the exception of the antigens being spotted at a
concentration of 5 μg/mL. After printing, the plate was
blocked with 200 μL of 3% BSA with 0.05% Tween-20 for 30
min. The plate was rinsed with 200 μL of PBST three times.
Afterward, 100 μL of 3% BSA + 0.2% TritonX100 was added
into each well and incubated for 1 h�this was in lieu of a
patient sample. The plate was washed with 200 μL of PBST
three times. 100 μL of biotinylated-anti-IgG (50 ng/mL),
biotinylated-anti-IgM (50 ng/mL), or biotinylated anti-IgA
(10 ng/mL) in 3% BSA was added into each well and
incubated for 1 h. The wells were washed three times with 200
μL of PBS. Next, 75 μL of PF650 in 3% BSA was added to each
well for 20 min. The wells were washed five times with 200 μL
of PBST, prior to readout with the Auragent Bioscience’s
Empower reader.

Assay Performance�Multiplexed Fluors within a
Well. Dilution of patient plasma in addition to assay steps
were identical to that previously described for a single fluor
within a well. For multiplexed readout, three separate
Plasmonic Fluors for each anti-human Ig were utilized�
PF800 with anti-IgG, PF650 with anti-IgM, and PF550 with anti-
IgA. The images were acquired simultaneously on a Sapphire
Biomolecular Imager (Azure Biosystems) using three pre-
defined channels (Cy3, Cy5, and 800CW). Intensities for each
of the channels were set as follows: Cy3 (intensity 5), Cy5
(intensity 3), and 800CW (intensity 1). The scan speed was
set to “highest,” focus position to “plate,” and pixel size to “100
μm.” The data (Table S5) represent the mean intensity of each
spot, as determined by hand using the Azure analysis toolbox.
For positive samples, a single sample was excluded due to a
lack of positive control appearing in any channel. For negative
samples, a sample was excluded due to the manual error.
Following these exclusions, there was a total of 47 positive
patients (each with 1 sample, for a total of 47 samples) and 47
negative patients (each with 1 sample, for a total of 47
samples).

Software and Statistical Analyses. Generation of ROC
curves and AUC were carried out in GraphPad Prism 9. A
Student’s t test was used to determine significance between
positive and negative serological responses. Images were
generated using GraphPad Prism 9 and Adobe illustrator.

Samples. Patient samples were obtained from Barnes-
Jewish Hospital (St. Louis, MO, USA), an academic, tertiary
medical center. Samples were collected following the start of
the pandemic from symptomatic patients with RT-PCR
confirmed SARS-CoV-2 infection, or for negative controls,
RT-PCR and symptomatic confirmed negative. Remnant
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clinical samples were collected in the lavender top, EDTA BD
vacutainer tubes for physician ordered complete blood count.
Samples were stored for <2 days at 4 °C, centrifuged at 3500
rpm for 10 min, and the plasma stored at −80 °C until analysis.
Collection was approved by the Human Research Protection
Office at Washington University in St. Louis, Institutional
Review Board Reference Number 202007097. Tables S3 and
S4 highlight the patient demographics of samples utilized in
this study. Time from the symptom onset was adjudicated by
two independent physicians using physician encounter notes
from the electronic medical record (EPIC).
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