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Quantification of antibody avidities and accurate
detection of SARS-CoV-2 antibodies in serum and
saliva on plasmonic substrates

Tiancheng Liu®'5, Jessica Hsiung'é, Su Zhao's, Jessica Kost's, Deepika Sreedhar’, Carl V. Hanson?,
Kjerstie Olson®3, Douglas Keare', Shin Ting Chang', Kevin P. Bliden?, Paul A. Gurbel4,

Udaya S. Tantry?, John Roche’, Cynthia Press3, John Boggs?, Jorge P. Rodriguez-Soto3,

Jose G. Montoya®3™, Meijie Tang ®'* and Hongjie Dai ® 52

Accurate assays for the detection of antibodies to SARS-CoV-2 (severe acute respiratory syndrome coronavirus 2) are essential
for the control of the COVID-19 (coronavirus disease 2019) pandemic. Here, we report antibody and antibody-avidity assays,
relying on near-infrared-fluorescence amplification by nanostructured plasmonic gold substrates, for the simultaneous detec-
tion of antibodies to the S1 subunit of the spike protein and to the receptor binding domain of SARS-CoV-2 in human serum
and saliva, and for quantifying immunoglobulin avidities against coronavirus antigens from SARS-CoV-2, SARS-CoV-1 and
the common-cold viruses 0C43, HKU1, NL63 and 229E. The antibody assay detected immunoglobulin M in 87% (52 of 60)
COVID-19-positive serum samples collected 6 or more days after symptom onset (and the immunoglobulins M and G in all 33
samples collected at least 15 days after symptom onset), and correctly classified 456 out of the 457 COVID-19-negative serum
samples tested (424 of them collected before the pandemic, including 73 that were positive for other viruses). We used the
antibody-avidity assay to study antibody-maturation patterns, anamnestic responses, and cross-immunity to the common-cold

coronaviruses.

has spread rapidly across the globe, causing millions of infec-

tions and over one million deaths within months. Currently,
there is no effective vaccine or drug for preventing or treating coro-
navirus disease 2019 (COVID-19). The gold standard for COVID-
19 diagnosis is molecular detection of the SARS-CoV-2 virus by
polymerase chain reaction with reverse transcription (RT-PCR) or
isothermal nucleic acid amplification methods'~. Antibody testing
detects humoral immune responses to infection. It can be supple-
mental to a molecular test™, is more sensitive at later time points
outside the viral ribonucleic acid (RNA) detection window, and
can be performed in resource-limited regions. Developing anti-
body tests is also critical to surveillance and prevalence studies,
assessing the antibody levels and duration needed for immunity,
and evaluating vaccine efficacy. So far, various antibody tests have
been developed using lateral-flow, enzyme-linked immunosorbent
assay (ELISA) and chemiluminescence (CLIA) technologies®',
but few differentiate antibody subtypes with >99.5% specificity for
both immunoglobulin-G (IgG) and IgM'®"". Highly specific anti-
body tests are critical to avoid misinterpretations or false positives,
unnecessary stress and quarantine, and to prevent controversies
and wrong conclusions for surveillance or prevalence studies'’-*.
On the other hand, no antibody-avidity test**-*° currently exists for
COVID-19 to assess antibody maturation and distinguish recent
versus old infections. Also, no SARS-CoV-2 antibody test currently

f evere acute respiratory syndrome coronavirus 2 (SARS-CoV-2)

offers testing of non-invasive matrices such as saliva, which could
facilitate population-based mass screening of COVID-19. Finally,
it is of fundamental importance to understand antibody responses
against different antigens, cross-reactivity to other human corona-
viruses, antibody maturation over time, and the roles these factors
play in immunity.

With the rapid advances of nanotechnology, a nanostructured plas-
monic gold (pGOLD) substrate*>*'~** has been developed for highly
sensitive serology antibody assays. The pGOLD substrate is com-
posed of nanoscale gold islands with abundant nanogaps, affording
near-infrared (NIR) fluorescence enhancement by up to ~100-fold due
to plasmonic resonance and local electric field enhancements*'-**.
The increased NIR signal-to-background ratio on pGOLD allows
multiplexed detection of panels of biological analytes over wide
dynamic ranges. Previous antigen arrays on pGOLD have simultane-
ously detected IgG, IgM and IgA antibody subtypes for type 1 dia-
betes”, toxoplasmosis™, hepatitis delta virus (HDV)*, and Zika and
Dengue viral infections”. In particular, the pGOLD toxoplasmosis™
and HDV™ IgG antibody assays reached ~100% sensitivity because
of the exquisite NIR detection capabilities on the nanotechnology
substrate. Here, we report the development of a high-performance,
semi-quantitative assay for the detection of IgG, IgM and IgG avidity
against the S1 subunit of the spike protein and against the receptor
binding domain (RBD)>***” of SARS-CoV-2 and other coronaviruses
on the pGOLD substrate, in human serum and saliva.
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Fig. 1| A nanoplasmonic assay for SARS-CoV-2 antibody testing. a, An overlay of confocal fluorescence scanned images of IgG (green) and IgM (red)
channels acquired after testing serum samples in isolated wells (square-shaped regions). Yellowish-green coloured spots correspond to the detection of
both IgG and IgM in the sample. The lower right schematic shows the printing layout of ST (in green) and RBD (in blue) antigens and human IgG control
spots (in white) in each well. The BSA-biotin spots (in red) are always labelled by a streptavidin dye to be detected in the IgM fluorescence channel and
serve as an intrawell signal normalizer. b, 1gG levels against S1 detected in COVID-19 PCR-negative or pre-pandemic presumptive negative (‘Healthy’,
n=384) and COVID-19 PCR-positive (‘PCR+', n=62) samples. The IgG level is defined as IgG channel fluorescence MFI divided by intrawell normalizer
signal multiplied by 10. An IgG-level cutoff value of 1.62 is indicated as a red dashed line. Inset: a close-up of normalized IgG levels of healthy and PCR+
samples near the cutoff, with one false positive. ¢, The same as b, but for IgM levels. The IgM level is defined as IgM channel fluorescence MFI divided by
intrawell normalizer signal multiplied by 100, with a determined cutoff value of 1.38 (red dashed line). Inset: a close-up of IgM levels of healthy and PCR+
samples near the cutoff, with one false positive. d, ROC curve for the pGOLD SARS-CoV-2 I1gG/IgM assay based on 384 negative and 62 PCR-positive
COVID-19 sera (‘sample set 1'; collected from patients with PCR-confirmed COVID-19, without symptom onset date information), which were used to
establish IgG and IgM cutoffs. €, ROC curve for the pGOLD SARS-CoV-2 IgG/IgM assay based on 384 negative and 33 PCR-positive COVID-19 serum
samples collected 15 to 45 days post symptom onset (a subset of ‘'sample set 2'). Data in b and ¢ are presented as box plots with the minima, maxima,

median line, interquartile range, data points and outliers shown.

Results

Development of the pGOLD SARS-CoV-2 IgG/IgM assay. We
first fabricated and optimized arrays of SARS-CoV-2 spike pro-
tein S1 subunit and RBD antigen spots on a pGOLD slide in a
microarray format (Fig. 1a) for capturing IgG and IgM antibod-
ies in a sample, followed by labelling of the captured antibodies
with anti-human IgG-IRDye800 and anti-human IgM-CF647 dye
(Methods). The pGOLD biochip was then imaged by a confocal
microscopy scanner in the red and NIR channels. The IgG and
IgM antibodies bound to each antigen spot (Fig. 1a) were anal-
ysed through the fluorescence intensities of IRDye800 and CF647
dye, respectively. Dilution of a pure humanized SARS-CoV-2 IgG
antibody solution over four orders of magnitude led to signal
changes by ~4 logs, giving an estimated antibody detection limit
of ~1.6ngml™' (Supplementary Figs. 1 and 2). A PCR-confirmed
COVID-19-positive sample was diluted by up to 10° times, and
antibody signals were still well above the background noise across
all dilutions (Supplementary Figs. 1 and 2). These results suggest
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the high analytical sensitivity and wide dynamic range of the mul-
tiplexed pGOLD assay.

Performance of the pGOLD SARS-CoV-2 S1 IgG/IgM assay. We
detected SARS-CoV-2 antibodies on the pGOLD assay in human
serum samples, first focusing on antibodies against the S1 antigen
(Fig. 1). To determine specificity, we tested a total of 384 negative and
presumptive negative samples, including 33 from PCR-confirmed
COVID-19-negative individuals, 311 pre-pandemic samples (col-
lected in 2017-2019) and 40 healthy control samples acquired
before the COVID-19 outbreak. We also obtained a set of sera from
62 PCR-confirmed COVID-19 patients (without information given
regarding the number of days between symptom onset to sample
collection, referred to as ‘sample set 1°). Receiver operating charac-
teristics (ROC) curve analysis was performed based on the quan-
tification of normalized antibody levels from median fluorescence
intensity (MFI) signal outputs for the 384 negative and 62 positive
samples (Fig. 1d). The cutoff values were determined under the
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Fig. 2 | Highly sensitive and specific SARS-CoV-2 antibody test. a, Percentage of samples with IgM/IgG antibody status combinations according to days
from symptom onset to sample collection date in the ranges 0-7, 8-14 and 15-45 days. Data based on 'sample set 2' are from patients with COVID-19,
collected on specific days post symptom onset. b, Box plots of IgG levels detected in four sets of serum samples against the S1antigen with a cutoff value
of 1.62 displayed as a red dashed line. Inset: a close-up of normalized IgG levels by sample set near the cutoff with one false positive. ‘PCR+' denotes serum
samples from patients who tested positive by PCR for COVID-19 (n=136) and 'PCR—' denotes those who tested negative (n=33). ‘Pre-pand.’ corresponds
to pre-pandemic collected samples (n=351). ‘Cross R.' corresponds to samples from patients with other diseases for cross-reactivity evaluation (n=73).

¢, The same as b, except for IgM levels, with a cutoff value of 1.38. Inset: a close-up of normalized IgM levels by sample set near the cutoff, with one false
positive. Data in b and ¢ are presented as box plots with the minima, maxima, median line, interquartile range, data points and outliers shown.

criteria of >99.5% specificity while maximizing the sensitivity for
detecting both IgG and IgM in the sera of COVID-19 patients (Fig.
1b,c). Under this condition, only one serum sample from the 384
presumptive negative set was found to be false positive.

To further establish pGOLD assay specificity and potential
cross-reactivity, we tested 73 pre-pandemic samples collected from
patients with various diseases, including influenza, Mycoplasma
pneumoniae, autoimmune disease, hepatitis B virus (HBV), hepa-
titis C virus (HCV) and human immunodeficiency virus (HIV)
(Supplementary Table 1). All of these samples were found nega-
tive for IgG and IgM against SARS-CoV-2 based on the established
cutoff values, suggesting near zero cross-reactivity of the pGOLD
assay (Fig. 2b,c). Moreover, antibodies from patients infected
with common-cold strains 229E, NL63, HKU1 and OC43 did not
cross-react with SARS-CoV-2 S1 and RBD antigens on the pGOLD
assay. Altogether, with a total of 457 pre-pandemic presump-
tive negative and PCR-confirmed negative samples (Fig. 2b,c and
Supplementary Table 2), only one sample was false positive in IgG
and IgM, resulting in an overall specificity of 99.78% for both anti-
body isotypes.

Post symptom onset related positive rates of IgG/IgM against S1.
For the 62 PCR-confirmed COVID-19 samples collected without
days since symptom onset data, the sensitivity of the pGOLD assay
was 51.61% for IgG and 70.97% for IgM (Fig. 1d), suggesting a sub-
stantial fraction of each sample was collected in the early stage (<14
days) of SARS-CoV-2 infection, before the development of anti-
bodies®'*'>%. To investigate the immune response and sensitivity
of the pGOLD SARS-CoV-2 antibody assay at various times post
infection, we measured an independent set of sera from 70 patients
with PCR-confirmed COVID-19 collected between 0 and 45 days
post symptom onset (‘sample set 2°). Assessment of antibody sta-
tus in the second set of samples was performed using the cutoffs
generated with the first PCR-positive sample set. Based on the days
from symptom onset, PCR-positive patients were divided into three
groups: I (0-7 days), II (8-14 days) and III (>14 days). We found
that the positive rates for IgM in each group (I, II and III) were
43.75%, 66.67% and 100%, respectively (Supplementary Table 3).
The positive rates for IgG in each group (I, II and III) were 12.5%,
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47.62% and 100%, respectively (Supplementary Table 3). The results
indicate a higher positivity rate of IgM than IgG initially (Group I)
and ~100% for both IgG and IgM antibodies in all patients at a later
stage post infection (Group III).

In Group I (0-7 days post infection), ~56.25% of patients were
negative for both IgM and IgG, 31.25% of patients developed IgM
but not IgG, and 12.5% of patients developed IgM and IgG, clearly
showing the presence of IgM preceding IgG as the initial immune
response against COVID-19 infection (Fig. 2a). In Group II, 47.62%
of patients developed both IgM and IgG, compared to 19.05% of
patients who were positive for IgM and negative for IgG within the
same onset group. By >14 days post infection, 100% of patients
had developed both IgG and IgM against SARS-CoV-2 (Fig. 2a).
Combined, the antibody positive rates for >6 days, >10 days and
>14 (15-45) days were 75% for IgG and 86.67% for IgM, 87.76%
for IgG and 93.87% for IgM, and 100% for IgG and 100% for IgM,
respectively (Supplementary Table 4). The pGOLD assay attained
100% sensitivity for sera from patients with COVID-19 collected
>14 days post infection and 99.78% specificity in detecting both
IgG and IgM subtypes against the S1 antigen overall (Fig. le).

Correlation analysis of two-plex antibody detection against S1
and RBS. To investigate antibody responses to specific regions of
the SARS-CoV-2 spike protein, we measured and analysed antibod-
ies against RBD in the S1 subunit simultaneously on the positive and
negative sample sets. We obtained a maximum specificity of 99.78%
for IgG (1/457 false positive, the same anti-S1 IgG false positive)
and 99.78% for IgM (1/457 false positive, a different sample from
the anti-S1 IgM false positive) and a sensitivity of 100% for both
IgG and IgM in PCR-confirmed COVID-19 samples at >14 days
post symptom onset, suggesting that the pGOLD assay of antibodies
against RBD was also highly specific and sensitive (Supplementary
Tables 5 and 6).

Correlation analysis of antibodies in COVID-19 sera against S1
and RBD deviated from linear relations, with IgG levels against the
two antigens scattered around the slope=1 line (Fig. 3a). The IgM
levels against S1 and RBD were scattered with a fit-line slope well
below 1, suggesting substantially higher IgM binding to RBD than
to S1 (Fig. 3b). The RBD in the S1 subunit in the SARS-CoV-2 spike
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Fig. 3 | Multiplexed antibody assay against various antigens of novel and previous coronaviruses. a, Correlation plot of normalized anti-S11gG level (y
axis) and normalized anti-RBD IgG level (x axis) measured in PCR-confirmed COVID-19 sera (n=136). The dashed line is drawn to have a slope of 1. The
upper left inset (outlined in green) shows a scanned image of the IgG-only channel in a patient serum labelled as PAMF-065, which displays high signal on
the S1antigen but not on the RBD antigen. The lower right inset (outlined in orange) shows a scanned image of IgG levels of a sample labelled as PAMF-
O™, displaying approximately equal IgG signals against S1and RBD. b, Correlation plot of normalized anti-S1IgM level (y axis) and normalized anti-RBD
IgM level (x axis) measured in COVID-19 PCR-positive sera (n=136). The dashed line is drawn to have a slope of 1. ¢, MFI of IgG detected in COVID-19
PCR-positive sera (n=62) against ST of SARS-CoV-2, SARS-CoV-1 and four common human coronaviruses (HCoV) 229E, HKU1, NL63 and OC43, and
against RBD of SARS-CoV-2 and SARS-CoV-1only. d, The same as ¢, but for pre-pandemic sera (n=40). The raw data corresponding to a and b are
provided in Supplementary Table 7. Data in ¢ and d are presented as box plots with the minima, maxima, median line, interquartile range, data points and

outliers shown.

protein is responsible for binding to the angiotensin-converting
enzyme 2 (ACE2) receptor on host cells to initiate infection***’, and
is generally recognized as an important target for both neutralization
antibody treatment and specific SARS-CoV-2 detection. Our results
showed that the S1 and RBD antigens were both highly specific and
sensitive SARS-CoV-2 antibody targets, while complementing each
other in sensitivity to a discernible degree (Supplementary Table 7).
To exploit the two-plex capability, we were able to combine antibod-
ies against S1 and RBD to increase the pGOLD assay sensitivity for
the <14-day sample group for IgG and IgM, from 32.43% against S1
only to 37.84% combined and 54.05% against RBD only to 56.76%
combined, respectively.

Intriguingly, an extreme case was that serum from one patient
with COVID-19 (labelled as PAMF-065) showed SARS-CoV-2 IgG
only binding to S1 and not to RBD (Fig. 3a, green inset). A recent
study has identified distinct groups of phage-display-derived anti-
bodies against SARS-CoV-2 that bind preferentially to RBD or S1*.
Our results could reflect a similar phenomenon in human COVID-
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19 serum, but requires further understanding of the immune
responses to SARS-CoV-2 and the antibody-antigen interactions at
the molecular level*'.

SARS-CoV-2 IgG avidity test. A SARS-CoV-2 IgG avidity assay
was developed on pGOLD to investigate antibody-antigen binding
affinity and stability in denaturing conditions”. In our pGOLD
SARS-CoV-2 IgG avidity test, a denaturing 6 M urea treatment step
was introduced to remove weakly bound antibodies on the antigen,
leaving only the antibodies with a strong affinity for the antigens on
PGOLD to be detected. We found that IgG against S1 and RBD in
all COVID-19 sera except one (PAMF-065) showed a low avidity
between 0 and 0.3 (Fig. 4a,b and Supplementary Table 8), consis-
tent with recent infections, since all of our IgG-positive COVID-19
samples were collected within 6 and 45 days post infection. A slight
trend of higher anti-S1 IgG avidity versus the number of days post
symptom onset was discerned (Fig. 4a). Also noticeable was a lower
average anti-RBD IgG avidity than anti-S1 IgG avidity.
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Fig. 4 | Antibody avidity against novel and previous coronaviruses. a, Normalized avidity of anti-S11gG and anti-RBD IgG measured in IgG-positive,
PCR-confirmed COVID-19 sera (n=49) collected 6 to 45 days post symptom onset. Avidity was calculated as the MFI of the urea-treated sample divided
by the MFI of the non-treated sample. The serum of PAMF-065 showed unusually high avidity for anti-S11gG while being negative for anti-RBD IgG.

b, Upper panel: fluorescence images of the IgG-only channel, showing the PAMF-065 serum sample with high anti-S11gG level with and without urea
treatment, hence high avidity. It showed negligible anti-RBD IgG. Lower panel: fluorescence images showing another patient serum tested, PAMF-011, with
much reduced anti-S11gG level after urea treatment, indicating low avidity. Low avidity was observed for all samples except PAMF-065. ¢, Anti-S11gG MFI
signals of the PAMF-065 sample with and without urea treatment. Error bars indicate one standard deviation from the mean of the MFI signals detected
against the respective microarrayed antigen spots (n=3). d, Normalized avidity measured in COVID-19 PCR-positive and IgG-positive sera (n=62)
against S1of SARS-CoV-2, SARS-CoV-1 and four common human coronaviruses (HCoV) 229E, HKU1, NL63 and OC43, and against RBD of SARS-CoV-2
and SARS-CoV-1only. The raw data corresponding to a and ¢ are provided in Supplementary Table 8. Data in d are presented as box plots with the minima,

maxima, median line, interquartile range, data points and outliers shown.

Surprisingly, sample PAMF-065 (with antibody binding only to
S1 and not to RBD, Fig. 4b upper images), collected from a patient
with PCR-confirmed COVID-19, showed a strong anomaly in
anti-S1 IgG avidity, with a high value of ~0.8 (Fig. 4c), typically
interpreted as an infection from more than six months previously.
The serum sample used for the pGOLD antibody assay, which was
collected from the patient six days post symptom onset, showed a
high anti-S1 IgG level at ~10 times the cutoff, but a low anti-S1 IgM
level at ~1.4 times the cutoff. The unusually rapid rise in IgG resem-
bles the response of acute Zika-infected individuals who had old
Dengue infection®*.. Based on PAMF-065 showing an anamnestic
response of high IgG against SARS-CoV-2 S1 at six days post symp-
tom onset, low positive IgM and unusually high IgG avidity, we infer
that the patient was previously exposed to a closely related infection
including other coronaviruses with antibodies that cross-react with
SARS-CoV-2 S1* but not SARS-CoV-2 RBD. This case is intriguing
and underscores the usefulness and importance of antibody-avidity
testing for COVID-19.

1192

Multiplexed pGOLD antibody and antibody-avidity assay for
human coronaviruses. We fabricated pGOLD biochips with
eight antigens in an array, including SARS-CoV-2 S1 and RBD,
SARS-CoV-1 (SARS for short) S1 and RBD, and four common-cold
coronaviruses OC43, HKU1, NL63 and 229E S1 antigens and per-
formed multiplexed antibody and antibody-avidity assays. With or
without COVID-19 infection, antibodies in most serum samples
were found to react strongly with coronaviruses OC43, HKUI,
NL63 and 229E S1 antigens (Fig. 3¢ for COVID-19 patients and
Fig. 3d for pre-pandemic samples), consistent with the fact that
most adults have been infected by common colds. Many of the
common-cold antibodies showed high avidity (>0.5, Fig. 4d), sug-
gesting old infections.

In pre-pandemic serum samples, antibodies against the com-
mon colds did not cross-react with SARS-CoV-2 or SARS, except
for one sample showing detectable IgG against SARS S1 (Fig. 3d),
because none were expected to be infected by SARS-CoV-2 or SARS
(the latter infected <9,000 people worldwide and ended circula-

NATURE BIOMEDICAL ENGINEERING | VOL 4 | DECEMBER 2020 | 1188-1196 | www.nature.com/natbiomedeng


http://www.nature.com/natbiomedeng

NATURE BIOMEDICAL ENGINEERING RTICLES

20,000 -
’ 1,500 F (]
’ Antigen b
o
® RBD Ref P1
® S1 o
15,000 |- 1,000 -
o
-]
_ ° 0
z 500 1 P2 P3
o 10,000 - o ®
>
L iﬁ Q
0 P4 P5
5,000 - H P L4
’ Qo
Q
é g P6 P7
0L - P |
H P
Status
P8 P9
€ 16,000
14,000 Antigen
ERBD
12,000 Bs1 P10 P11
10,000
T
S 8000 P12 P13
i)
6,000
TrepieeRRRoryeye
oo
4,000 P14 P15
2,000
0 -
rErYeageLeRgpYere
o o oo o o oo
Sample no.

Fig. 5 | Detection of SARS-CoV-2 antibodies in human saliva. a, Distribution of IgG MFI signals from the saliva of COVID-19-positive patients (‘P’, n=10)
compared to healthy controls (‘H’, n=23) against both S1and RBD, with the inset showing a noticeable difference between the weak 1gG signals from
COVID-19 saliva and signal noise from that of healthy saliva. b, A confocal fluorescence image of IgG signals in the saliva of patients who had recovered
from COVID-19 (n=4, denoted P1-P4, in red) and healthy controls (n=11, denoted P5-P15) and 10* times diluted serum of a patient with PCR-confirmed
COVID-19 as a reference (denoted Ref, in red). The human IgG control spots are located on rows 1and 7, intrawell signal normalizer spots are on row 2,
RBD spots are on row 4, and S1 spots are on row 6 in each microarray. ¢, MFl signals of anti-S1 and anti-RBD IgG measured in saliva samples (P1-P15) and
a PCR-positive COVID-19 serum reference (Ref) from the biochip seen in b, with background signals subtracted. The MFI of healthy controls was near
background noise, as shown in the inset. Error bars indicate one standard deviation from the mean of the MFI signals detected against the respective
microarrayed antigen spots (n=3). The raw data corresponding to b and ¢ are provided in Supplementary Table 9.

tion in 2003). By contrast, we found that antibodies in SARS-CoV-
2-infected patients showed obvious cross-reactivity to SARS S1
and RBD antigens (Fig. 3c), as also reported recently by others®*
and attributed to a high degree (>50%) of conservation of the
amino-acid sequence between SARS-CoV-2 and SARS. However,
owing to the long disappearance of SARS, the likelihood of false
positives of COVID-19 serology caused by cross-reactivity to past
SARS infection was low.

We observed that the avidity of the cross-reacting antibod-
ies in COVID-19 sera against SARS was mostly low, with several
noticeable exceptions of avidity approaching 0.5 (Fig. 4d), in con-
trast to the low avidity against SARS-CoV-2 (avidity indices <0.2
for the sample set 1 COVID-19 cohort). The observed high avid-
ity of SARS-CoV-2 antibody cross-reacting with the SARS antigen
was surprising, as the patients were not likely to have been infected
by SARS previously, and could be a result of cross-reactivity with
old infections by common human coronaviruses. This result is not
understood and underscores the importance of further investigating
the immune responses of SARS-CoV-2-infected patients in relation
to the history of infections by previous same-family coronaviruses.

Detection of SARS-CoV-2 antibodies in human saliva. Finally,
we exploited the high analytical sensitivity of the nanoplasmonic
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gold substrate for detecting antibodies in human saliva against
SARS-CoV-2. It is well known that the antibody concentration in
human saliva is orders of magnitude lower than in blood or serum,
demanding assays with exquisite analytical sensitivity and capable
of detecting high signal over background noise’*. We first tested the
saliva samples of 10 fully recovered individuals with PCR-confirmed
COVID-19 (infection occurred more than approximately three to
four months before saliva collection) and 23 healthy non-infected
individuals on pGOLD. Although background fluorescence signals
were observed for some saliva samples (Fig. 5b), probably due to the
autofluorescence of molecules in the saliva, background-subtracted
IgG signals on S1 and RBD antigens allowed clear differentiation
of positive COVID-19-recovered saliva from healthy controls (Fig.
5a,c). Note that a COVID-19 serum sample diluted 10* times was
included in the assay (labelled ‘Ref” in Fig. 5b,c) and showed a simi-
lar IgG level as in the COVID-19-positive saliva samples.

Next, we tested saliva samples collected from 14 patients with
PCR-confirmed COVID-19, collected within 22 days post symptom
onset. We detected IgG against the S1 and RBD antigen in 8 out of
10 saliva samples from patients infected >10 days prior to saliva
collection (Supplementary Table 10). A substantial percentage of
saliva from the recently infected patients also showed positive for
IgM, in contrast to that of fully recovered patients tested previously;
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however, a more systematic study is needed to discern IgM and IgG
trends using saliva. Nevertheless, the results suggest the potential of
antibody testing on pGOLD through non-invasive sample matrices
such as saliva, which could greatly facilitate COVID-19 surveillance
and prevalence studies.

Discussion

The pGOLD SARS-CoV-2 IgG/IgM assay has near 100% sensi-
tivity for COVID-19 sera collected >14 days post infection and
99.78% specificity in detecting both IgG and IgM subtypes against
SARS-CoV-2 S1 and RBD antigens, based on ~500 presumptive
negative and positive samples (Supplementary Tables 11 and 12).
The pGOLD SARS-CoV-2 IgG/IgM assay detected classical sero-
logical immune response behaviour of an earlier appearance of IgM
than IgG post infection in the acute phase (0-14 days). Notably,
~87% of patients developed detectable IgM antibodies >6 days post
symptom onset, which is substantial and could be a meaningful
parameter to aid clinical decisions. The S1 subunit is a highly spe-
cific antigen of SARS-CoV-2, with the amino-acid sequence of the
SARS-CoV-2 S1 subunit being only 25% or less conserved from four
common human coronaviruses'. Consequently, the common-cold
antibodies do not cross-react with SARS-CoV-2 S1 and RBD anti-
gens in the pGOLD assay. The pGOLD assay is multiplexed, detect-
ing IgM and IgG antibodies against multiple SARS-CoV-2 antigens
simultaneously. It can also detect antibodies against SARS and com-
mon human coronaviruses in a single test run (Figs. 3 and 4).

Antibodies developed shortly after a primary infection exhibit
low avidity and bind weakly to the antigen. Over time, avid-
ity towards antigens can increase as antibodies ‘mature’ through
colonial expansion, hypermutation and affinity selection in the
germinal centre®”. IgG avidity has been used previously to aid the
differentiation of recent from past infection and distinguish pri-
mary from secondary infection”~*. Antibody avidity could also be
useful in assessing vaccination efficacy***, immunity and convales-
cent plasma-based antibody therapy*.

In the current case, testing of a large number of samples from
patients recovered from COVID-19 over long periods of time
(>6 months to years) is needed to glean a full picture of antibody
maturation. The SARS-CoV-2 antibody-avidity index is expected
to increase due to its similarity to SARS**, for which significant
increase in antibody avidity over time (more than about six months,
up to 269 days)* was observed. The same phenomenon was also
noticed for the four common human coronaviruses OC43, HKU1,
NL63 and 229E, for which the pGOLD assay indeed detected high
antibody avidity, given that most adults have had common colds
in the past. Virtually every adult serum sample suggested infec-
tion by at least one common cold with antibody avidity well above
0.5 (Fig. 4c,d). In addition to assessing recent versus old infection,
multiplexed measurements of avidity towards a panel of antigens
are useful for investigating immune responses to SARS-CoV-2,
cross-reactivity due to past infections by viruses in the same fam-
ily, and antibody maturation patterns against different viral targets.

We found that patients with COVID-19 showed low antibody
avidity towards SARS-CoV-2. Because SARS-CoV-2 is a com-
pletely new virus, the lack of any immune memory is expected and
consistent with the low avidity measured. High antibody avidity
against SARS was observed with several patients newly infected by
SARS-CoV-2, suggesting a degree of immune memory of old coro-
naviruses and warranting further investigations.

The pGOLD avidity measurement was useful for shedding light
on the unusual immune responses of the PAMF-065 patient. The
positive IgG against SARS-CoV-2 S1 (but not RBD) on day 6 post
symptom onset with a high avidity of >0.5 suggested an anam-
nestic immune response caused by memory effects of past infec-
tion by related viruses. The patient was a 73-year-old woman
who tested positive for COVID-19 by PCR at six days post symp-
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tom onset, including fever and lymphopenia. Notably, the patient
did not develop pneumonia or get much sicker, despite her rela-
tively advanced age, suggesting a degree of immunity developed
due to a past infection. This case could be related to the so-called
‘cross-immunity’ between respiratory coronaviruses™.

Outlook. With 100% sensitivity two weeks post COVID-19 symp-
tom onset and 99.78% specificity based on 454 negative sam-
ples, the pGOLD SARS-CoV-2 IgG/IgM assay is promising for
population-based mass screening, as well as sero-surveillance and
prevalence studies. The clear trend of IgM detection prior to IgG and
~87% IgM positivitiy >6 days post symptom onset could be used
to assess responses to coronavirus infection starting from the early
stage. Multiplexed antibody-avidity measurements against multiple
viral antigens could facilitate our understanding of the immune
responses and antibody maturation, reveal infection timing®' and
decipher cross-reactivity with other common human coronaviruses.
Just as important, the high sensitivity of SARS-CoV-2 antibody
detection in human saliva samples on the nanotechnology-based
pPGOLD substrate could enable non-invasive sample collection at
home for the screening of COVID-19.

Methods

Biological samples and materials. Seventy-four PCR-confirmed COVID-19
serum samples were provided by the California Department of Public Health
(CDPH) and the Dr Jack S. Remington Laboratory for Specialty Diagnostics
(JSRLSD) at the Palo Alto Medical Foundation (PAMF). These samples were
provided with information on the number of days between symptom onset and
sample collection, excluding four (sample set 2). Another set of PCR-confirmed
COVID-19 sera (with no known information on the number of days between
symptom onset and sample collection) were obtained from Baptist Health South
Florida and Loma Linda Medical Center (sample set 1). Thirty-three COVID-19
PCR-negative samples were provided by CDPH and Loma Linda Medical Center.
A total of 311 pre-pandemic serum samples collected in 2017-2019 were obtained
from JSRLSD, and 40 healthy control samples were acquired from the Arizona
State University Health Services for projects before the SARS-CoV-2 outbreak.
Seventy-three samples from patients with various diseases for cross-reactivity
checking were provided by Loma Linda Medical Center, CDPH, Valley Medical
Center in San Jose and JSRLSD or purchased commercially.

Saliva samples were collected through a simple method involving spitting into
a plastic tube from 23 healthy donors, 10 patients fully recovered from COVID-19
who tested positive by PCR about three to four months before saliva collection, and
14 patients with PCR-confirmed COVID-19 (from the Sinai Hospital of Baltimore/
LifeBridge Health) within 22 days post symptom onset. Patient enrolment was
performed in accordance with standard ethical principles and approved by the
Institutional Review Board at Lifebridge Health in Baltimore. Written consent was
obtained from all patients.

Saliva was immediately heated at 56 °C for 30-45 min post collection to
inactivate viruses and then frozen at —20°C before shipping overnight to Nirmidas
Biotech Inc. for testing. The saliva collection, inactivation and transport processes
were simple and required no special stabilizing treatment. Saliva samples were
centrifuged to remove any aggregates, and the supernatant was tested on the
pGOLD assay. All samples used were de-identified.

We conjugated IRDye800 CW NHS ester (LI-COR Biosciences) and CF647
NHS ester (Millipore Sigma, SCJ4600048) to anti-human IgG and anti-human
IgM, respectively. The IRDye800-labelled anti-human IgG and CF647-labelled
anti-human IgM were used for two-colour simultaneous detection of IgG and IgM
against S1 and RBD antigens on pGOLD.

Multiplexed pGOLD microarray printing. Each pGOLD slide (Nirmidas
Biotech) was printed with two SARS-CoV-2 antigens S1 and RBD using a GeSiM
Nano-Plotter 2.1 at the following concentrations: 60 ug ml~! for SARS-CoV-2 S1
(40591-VO08H, Sino Biological), 25ugml~! for SARS-CoV-2 RBD (40592-V08H,
Sino Biological), 43 ugml~" for SARS-CoV-1 S1 (40150-V08B1, Sino Biological),
25ugml™ for SARS-CoV-1 RBD (40150-V08B2, Sino Biological), 25 ug ml~! for
HKU1 S1 (40602-V08H, Sino Biological), 26 uygml~" for HCoV-OC43 S1+S2 ECD
(40607-V08B, Sino Biological), 31.5ugml~! for HCoV-NL63 S1 (40600-V08H, Sino
Biological) and 26 ugml~' for HCoV-229E S1 (40601-V08H, Sino Biological). On
the same biochip, 7.5 ug ml~" human IgG and 50 ug ml~! biotinylated bovine serum
albumin (BSA-biotin, Thermo Fisher Scientific) were also printed to serve as a
printing control and ‘intrawell signal normalizer’, respectively. The antigens were
printed in quintuplicate for capturing antibodies in serum, plasma, whole blood or
saliva (the current work focused on serum and saliva). Identical microarrays were
printed on 16 isolated wells in each pGOLD biochip with a total of four biochips,
resembling a 64-well plate using the FAST frame incubation chamber (Millipore
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Sigma). The antigen-printed biochips were vacuum-sealed and stored at —80°C
until use.

Multiplexed pGOLD assay procedure. Serum samples were heated at 56 °C

for 30 min to inactivate and reduce potential risk from any residual virus*-*.

The heat-inactivated serum samples were immediately used or stored at —80°C
for later use. The pGOLD antibody assays were performed in a 16-well format

in the following steps: (1) blocking—all wells were blocked with a blocking

buffer including 1% BSA in phosphate-buffered saline (PBS) for 30 min at room
temperature; (2) sample incubation—each well was then incubated with 100 pl of
200x diluted patient serum in fetal bovine serum (FBS) including 0.05% Tween
20 (FBST) or saliva (2x dilution) for 60 min at room temperature (a positive
control (diluted patient serum) and blank control (FBST only) were also included
in each biochip); (3) secondary antibody incubation—each well was subsequently
incubated with a mixture of 4nM IRDye800-labelled anti-human IgG secondary
antibody, 4nM CF647-labelled anti-human IgM secondary antibody and 6 nM
CF647-labelled streptavidin in 20% FBS solution for 30 min at room temperature
(Fig. 1a). Each well was washed six times with 1x PBST (10x PBST: 10x PBS with
0.5% Tween 20) between steps. The CF647-labelled streptavidin in the detection
step binds to BSA-biotin spots in each well on the pGOLD biochip, and the signal
was used as an ‘intrawell signal normalizer’; that is, the IgG and IgM signals were
divided by the intrawell normalizing signal to obtain a ratio value for IgG and
IgM of each sample, and then multiplied by 10 and 100, respectively (defined as
the normalized IgG and IgM levels, respectively, throughout this work). Intrawell
normalization was designed to minimize the effect of slight differences in pPGOLD
film uniformity across each biochip, which may affect fluorescence enhancement.
Scaling by 10 or 100 was intended to make cutoff values >1 and avoid small
decimal numbers.

PGOLD coronavirus avidity assay. The pGOLD IgG avidity in a serum sample
was measured by detecting captured IgG for the sample with and without urea
treatment side-by-side in two neighbouring pGOLD wells. In each well, 0.5 ul of
the same serum sample was diluted 200 times. In one well, a regular IgG assay was
performed, whereas in the neighbouring well the same IgG assay was performed
except that a 10-min treatment with 6 M urea was added following the sample
incubation step. Such treatment by a denaturing agent like urea could detach the
IgG from the antigen spot if the IgG avidity is low. At the end of the assay, the IgG
signal of the urea-treated sample was divided by the IgG signal of the regularly
assayed sample, giving a normalized avidity value.

Data analysis. After the assay procedures, a dual-channel MidaScan

microarray scanner (Nirmidas Biotech) was used to scan each biochip for
IRDye800-conjugated anti-human IgG and CF647-conjugated anti-human IgM
signals on the antigen spots. CF647 and IRDye800 fluorescence images in the
respective red and green channels were generated and the MFI signal for each
microarray was quantified by MidaScan Software version 2.0.0. The data were used
to calculate the average MFI, with the antigen spots of the highest and lowest MFIs
removed for each channel, thus leading to a single signal intensity used to measure
antibody detection in each sample. Afterwards, the MFI was divided by the average
intrawell MFI signal, resulting in an intrawell ratio, and scaled by a factor of 100
for IgM and 10 for IgG. The final antibody level values were used to determine

the antibody status of the samples for the corresponding antigen. Cutoffs were
determined by ROC curve analysis using MedCalc Statistical Software version
19.2.1 (MedCalc Software). This method resulted in the optimal combination of
sensitivity and specificity of the multiplexed assay on pGOLD.

Reporting summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this Article.

Data availability

The main data supporting the results in this study are available within the paper
and its Supplementary Information. Raw datasets are available in figshare with the
identifier https://doi.org/10.6084/m9.figshare.13011527 (ref. *°).
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For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
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A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons
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AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)
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For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated
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Software and code
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Data collection A dual-channel MidaScan microarray scanner (Nirmidas Biotech, Inc.) was used to scan each biochip for IRDye800-conjugated anti-human IgG
and CF647-conjugated anti-human IgM signals on the SARS-CoV-2 antigen spots. CF647 and IRDye800 fluorescence images in the respective
red and green channels were generated, and the median fluorescence signal (MFI) for each microarray was quantified by the MidaScan
Software version 2.0.0. The data were used to calculate the average MFI with the antigen spots of the highest and lowest MFls removed for
each channel, thus leading to a single signal intensity used to measure antibody detection in each sample. Afterwards, the MFl was
normalized to the average intrawell MFI signal, resulting in an intrawell ratio, and adjusted by a factor of 100 for IgM and 10 for IgG. The final
data were exported to an Excel sheet.

Data analysis Histograms were created with Excel 365. The box-plot analysis and correlation analysis were done using MedCalc Statistical Software version
19.2.1 (MedCalc Software Ltd., Ostend, Belgium). Cutoffs were determined by ROC-curve analysis using MedCalc Statistical Software version
19.2.1. This method resulted in the optimal combination of sensitivity and specificity of the multiplexed assay on pGOLD.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.
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Data
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All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

The main data supporting the results in this study are available within the paper and its Supplementary Information. Raw datasets are available in figshare with the
identifier doi:10.6084/m9.figshare.13011527.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size All samples that could be obtained during the start of the COVID-19 pandemic were included in the study.

593 serum samples:

74 SARS-CoV-2 PCR+ with disease onset data;

62 SARS-CoV-2 PCR+ without disease onset data;

33 SARS-CoV-2 PCR-;

311 pre-pandemic samples;

73 other autoimmune or infectious diseases;

40 healthy control samples acquired before the SARS-CoV-2 outbreak.

35 Saliva samples:

10 fully recovered COVID-19 patients;
14 PCR confirmed COVID-19 patients;
11 healthy controls.

Data exclusions  No data were excluded, but different subsets were used for different analyses.
For ROC-curve analysis and cutoff determination, we used samples from 62 patients (without disease onset data) and 384 (33 + 311 + 40)
negative samples.
For the disease onset-related sensitivity study, we used samples from 74 patients with disease-onset data.
For the avidity study, we used S1/RBD IgG positive samples from 74 patients with disease-onset data.
For the saliva test, we used 15 saliva samples with one serum sample as a positive control.
Replication The assays were repeated and performed by two independent researchers.

Randomization  Randomization did not apply to this study, because the purpose of the work was assay development.

Blinding The assay tests were performed with blinding. Data analyses were done with known disease status or onset days (and no other information).

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Materials & experimental systems Methods

Involved in the study n/a | Involved in the study
Antibodies X[ ] chip-seq
Eukaryotic cell lines X] D Flow cytometry
Palaeontology and archaeology X] D MRI-based neuroimaging

Animals and other organisms
Human research participants
Clinical data

Dual use research of concern
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Antibodies

Antibodies used Goat anti-human IgG Fcy Fragment Specific from Jackson ImmunoResearch LABORATORIES, Inc. Code Number: 109-005-098.
Goat anti-human IgM, Fc5u Fragment Specific Jackson ImmunoResearch LABORATORIES, Inc. Code Number: 109-005-129.

Validation All the antibodies used in the pGOLD assay were tested and confirmed to specifically bind human IgG or IgM antibodies in our

previous published work. The antibody specificity was also stated by Jackson ImmunoResearch (https://www.jacksonimmuno.com/
catalog/products/109-005-098; and https://www.jacksonimmuno.com/catalog/products/109-005-129).

Human research participants

Policy information about studies involving human research participants

Population characteristics Only deidentified samples were used. 136 samples were from SARS-CoV-2 PCR+ COVID19 patients, 33 samples were from
SARS-CoV-2 PCR- controls, 424 negative control samples were from a non-COVID19 infected diseases (pre-pandemic).

Recruitment All serum samples were preexisting. For saliva samples, patients and healthy controls agreed to be enrolled.

Ethics oversight Sutter Health
Protocol # 1588570-3, “Serological testing for the severe acute respiratory syndrome coronavirus 2 virus (SARS-CoV-2) that
causes coronavirus disease (COVID-19)".
Protocol # 830133-7, “Serological Screening and Diagnosis of Infection using Multiplexed and High-Throughput Platforms”.

Sinai Hospital
ClinicalTrials.gov Identifier: NCT04493307, “The Evaluation of Hemostasis by Thromboelastography, Platelet Function Testing,
and Biomarker Analysis in Hospitalized COVID-19 Patients (TARGET-COVID Study)".

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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