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ABSTRACT

The 2019 SARS CoV-2 (COVID-19) pandemic has illatgd the need for rapid and accurate
diagnostic tests. In this work, a multiplexed grgtcoupled fluorescent plasmonics (GC-FP)
biosensor platform was used to rapidly and acclyrateasure antibodies against COVID-19 in
human blood serum and dried blood spot samplesGRW-P platform measures antibody-
antigen binding interactions for multiple targetsaisingle sample, and has 100% selectivity and
sensitivity (n = 23) when measuring serum IgG Is\against three COVID-19 antigens (spike
S1, spike S1S2, and the nucleocapsid protein) G®d-P platform yielded a quantitative, linear
response for serum samples diluted to as low aéA0dilution. Test results were highly
correlated with two commercial COVID-19 antibodgtte including an enzyme linked
immunosorbent assay (ELISA) and a Luminex-basedasphere immunoassay. To demonstrate
test efficacy with other sample matrices, driecbdispot samples (n = 63) were obtained and
evaluated with GC-FP, yielding 100% selectivity &6d7% sensitivity for diagnosing prior
COVID-19 infection. The test was also evaluateddetection of multiple immunoglobulin
isotypes, with successful detection of IgM, 1gG &gl antibody-antigen interactions. Last, a
machine learning approach was developed to actyisatere patient samples for prior COVID-

19 infection, using antibody binding data for allde COVID-19 antigens used in the test.
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1. INTRODUCTION

The rapid spread of the 2019 SARS CoV-2 (COVIDALf)s has established an urgent
need for accurate diagnostic technologies (Pasaaeal. 2020). Due to the wide range in
severity of this disease, many individuals remayngptomatic or have mild symptoms, defining
a population that is not tested at the time of amifection (Pascarella et al. 2020). For these

patients, the immune response to past COVID-1Ziite is the best measure of exposure.



Immune response to COVID-19 infection is varialled may be linked to disease symptom
severity, length of infection, and multiple patiapecific factors (Sethuraman et al. 2020; To et
al. 2020). Thus, quantitative detection of thelardy response to COVID-19 is critical to our

response to this pandemic.

To measure antibody response to COVID-19 infec@gonyumber of tests have been
developed. Most tests detect binding of immunodiob@ (IgG) and/or immunoglobulin M
(IgM) to viral antigens. These tests are typicakkyformed using whole blood, blood serum, or
blood plasma. The most widely used approach igtlzagme linked immunosorbent assay
(ELISA) (Amanat et al. 2020; Karp et al. 2020; Ranet al. 2020). ELISA-based testing
enables high throughput (processing many samplparailel), but is typically limited to a single
antigen per well (Infantino et al. 2020; Younesle2020). Alternatively, multiplexed testing
enables detection of immunoglobulin binding to mityv@n one antigen within a single tube, well,
plate or slide. Multiplexed tests include, but ao¢ limited to microsphere immunoassays
(MIAs) (Ayouba et al. 2020; Randad et al. 202Q)pfescent protein microarrays (Hedde et al.
2020), and direct/label-free array technologiesgi(ttr et al. 2020).

Sample collection is a key challenge with implenmentmmunological / serological
testing. Blood samples are typically obtained byipencture, followed by blood plasma or
serum preparation. Alternatively, a simple fingécksand dried blood spotting allows self-
collection, minimizing effort and likely increasinggrticipation (Au - Griner et al. 2015;
Malsagova et al. 2020; Thevis et al. 2020; Vazdguerzén et al. 2019). Samples collected in this
manner may be maintained at ambient temperatureambe shipped using mail or courier
service without the need for refrigeration. Dridddal spots (DBS) have been successfully
utilized for immunological/serological testing fiowltiple viral diseases, including hepatitis C,

HIV, and COVID-19 (Karp et al. 2020; Malsagova et2®20; Vazquez-Moron et al. 2019).

Previously, we reported an enhanced fluorescerasebsor for multiplexed detection of

antibodies for Lyme disease diagnosis (Chou é2G#0; Chou et al. 2019; Chou et al. 2018). In
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this approach, gold-coated nanoscale grating sesfaere modified with target antigens in a
microarray format and then used to detect IgG bf lbgnding from blood serum or plasma.
Surface plasmons generated during illuminatiorhefgold-coated biosensor chip actively
enhance fluorescence emission intensity, yieldihggh-sensitivity fluorescence detection
platform. When measuring the fluorescence intergdiipdividual spots, the limit of detection of
this approach was shown to be < 2 ng/spot. We teaweed this approach “grating-coupled
fluorescent plasmonics” (GC-FP). To achieve higisge/ity and an added measure of
selectivity, fluorophore-tagged antibodies (agalght or IgG) are applied during a labeling
step. The entire detection process can be compieteds than 30 minutes with high sensitivity

and specificity.

In the work presented here, we used the GC-FP soselatform to develop a rapid
immunoassay for simultaneous detection of antitedgainst three COVID-19 spike protein
antigens (receptor binding domain, RBD; spike &fjiinent; spike S1S2 extracellular domain)
and the COVID-19 nucleocapsid protein (Nuc). Usegum, we achieved 100% specificity and
sensitivity for diagnosing prior COVID-19 infectipand for DBS we demonstrated 100%
specificity and sensitivity as high as 86.9%. Fenusn samples, GC-FP results are highly
correlated with established testing methods (EL&#A MIA). The assay also has a large linear
dynamic range across multiple orders of concewimaBecause antibody titer against COVID-
19 antigens is positively correlated with viral tralization capacity (To et al. 2020), our test has

the potential to reveal the level of a subject’snume response.
2. MATERIALS AND METHODS
21  Materials

Nucleocapsid protein (Nuc), the S1 fragment ofdpike protein (S1), the extracellular
domain of the spike protein (S1S2), the receptodibig domain of the spike protein (RBD),
human serum albumin (HSA), the S1 domain of thesZBARS coronavirus spike protein

(WH20 isolate, abbreviated “SARS-S1"), and humdtuénza B nucleoprotein



(B/Florida/4/2006 isolate “Flu Nuc”) were all obt&id from Sino Biological, Inc. Positive
control protein, human IgG protein (Hum IgG), Sugleck blocking buffer and phosphate
buffered saline (PBS) were obtained from ThermoéiScientific. PBS-TWEEN (PBS-T)
solution consisting of PBS + 0.05% v/v TWEEN-20g{8a-Aldrich) was prepared on a daily
basis for all experiments. Alexa Fluor 647 labaeti-human IgG (heavy and light chain) and
anti-human IgM (heavy chain) were obtained fromithwgen/ThermoFisher Scientific. Alexa
Fluor 647 labeled anti-human IgA was obtained fi®outhern Biotech. ELISA testing was
performed using COVID-19 human IgG testing kitsrirRayBiotech.

2.2  Grating-Coupled Fluorescent Plasmonic (GC-FP) Biosensor Chip Preparation

Gold coated grating-coupled fluorescent plasmoBICFP) biosensor chips were
fabricated as described previously (Chou et al02@hou et al. 2019). GC-FP chips were
printed with an array of 400 um diameter spotsaajeét and control antigens/proteins using an
Arraylt SpotBot Il microarray printer. Proteins/aygns were first diluted to 500 pg/pl in
phosphate buffered saline (PBS) and then furtHetedi 1:1 just prior to printing with GBL
protein array printing buffer (Grace Bio-Labs). fointing, a 180 um diameter printing tip was
used, at a relative humidity of 60-70%, at ambtentperature (~25 °C). After printing, chips
were allowed to dry at ambient temperature (~25f6€B0 min, and were then transferred to a

sealed container with desiccant for long-term gfer@p to 4 weeks) before use.
2.3  Biological Samples

Human blood samples were obtained from donors witl@w York state or from the
Wadsworth Center, New York State Department of the@ee Supplementary Material for
additional information and preparation details)ghlieve samples were collected prior to the
2019 SARS CoV-2 pandemic, and were obtained fraiiime Disease Biobank. Additional
blood samples were collected by finger stick. Lanevices (27 ga.) and Whatman 903 protein
saver collection cards were sent to volunteers ingtructions. Blood sampling and testing was
approved by the SUNY Polytechnic Institute Instanal Review Board (protocol #IRB-2020-
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10). Blood droplets were collected, allowed to dnyd then either hand delivered or mailed (via
US Postal Service) to SUNY Polytechnic Institutelléwing receipt of DBS samples, a sterile 6
mm diameter biopsy punch was used to remove sarfiplesthe collection cards. These disks

were then soaked in 500 pl of PBS-T solution ~1ath¥ °C with gentle rocking.
24  GC-FP Detection Assay

Prior to performing GC-FP detection assays, GCHipsowere filled with SuperBlock
blocking buffer, then incubated at room temperafarel5 min. Chips were then placed in a
custom fluidic apparatus to provide sequential ffveample and reagents using the following
steps: 1) 500 pl of PBS-T at 100 pl/min, 2) 40@fdiluted human blood serum or extracted
dried blood spot sample at 50 pl/min, 3) 500 WPBS-T at 100 pl/min, 4) 400 pl of Alexa 647
anti-human 1gG / IgM (diluted 1:400 in PBS-T) at01j0l/min, and 5) 500 ul of PBS-T at 100
pI/min. GC-FP chips were then analyzed in a custechCiencia, Inc. fluorescent plasmonic
imaging instrument. For serum testing, a standadutieh of serum in PBS-T (1:25) was used.
For dried blood spot testing, undiluted extractrirthe 6 mm diameter segment of the blood
collection card was used in place of serum. Ciemoage analysis LabView software was used
to define a region of interest (ROI) for each indual spot on the GC-FP biosensor chip and the
fluorescence intensity of each spot was measuteel flliorescence intensity of all spots was
normalized to the human IgG (Hum IgG) internal colhg$pots on each chip, to account for

variability between individual chips and individuatperiments.
25 DataAnalysis

Normalized spot intensity data was exported froemgbftware and further analyzed
using GraphPad Prism 8.0 software (for fitting, R@®@lysis, correlation, and statistical
analysis). To account for variation between chips experiments, normalized intensity data for
positive control and COVID-19 antigen spots (medensity,x) were divided by the average
negative control spot intensity, plus three tintessgtandard deviatiow) of the negative control

spot intensity £ + 3o) to produce a detection metric as follows:



Equation 1.

X target spot intensity

GC-FP Detection Ratio =— : - ; -
(x neg.ctrl.spot intensity)+ (30 neg.ctrl.spot intensity)

A support vector machine (SVM) based machine |legrapproach was used to analyze
GC-FP detection data, and was implemented withyfi@eailable SVM software (LIbSVM -
http://www.csie.ntu.edu.tw/~cjlin/libsvm) (Changdahin 2011). The nu-SVC package within
LibSVM was utilized with sigmoid kernel, and a ggdarch for cost and gamma parameters was

conducted to maximize the prediction accuracy efS¥M model.
3. RESULTS AND DISCUSSION
3.1  Detection Assay Development and Characterization

Rapid (less than 30 min), multiplexed detectiomahunoglobulin binding to COVID-
19 antigens was performed using our previouslyrniest GC-FP biosensing approach and a
Ciencia, Inc. fluorescent plasmonic imaging insteetn(Chou et al. 2020; Chou et al. 2019;
Chou et al. 2018). An example GC-FP microchip f@\ID-19 immunological analysis is
shown in Figure 1A. COVID-19 specific antigens aoatrol proteins were immobilized on the
GC-FP biosensor chips in a variety of configuradigviL — v4, Supplementary Figure S1).
Testing utilized serum samples from subjects preshpinfected with COVID-19 who were
expected to have an antibody response to COVIDnti§ens. All subjects had fully recovered
from infection and were more than 2 weeks convaleisdNegative control samples showed no
GC-FP response for IgG binding to COVID-19 Nuc &idantigens, and in some cases, very

weak response for full-length spike S1S2 extrat@lldomain antigen (Figure 1C).
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Figure 1. A) GC-FP biosensor chip shown with gasket and ftuadver attached. B) COVID-19
antigens or control proteins were spotted onto G®dBsensor chips, then assessed for antibody
binding from human blood samples. Subsequent ladp&lith Alexa Fluor 647 tagged anti-

human IgG was used for the enhanced fluorescerteetis output. C) Enhanced fluorescence
images of GC-FP biosensor chips (v1) processedmneigfative control serum (blood serum
collected >2 years prior to the COVID-19 pandenmd aerum from subjects who were >2

weeks convalescent from PCR-confirmed COVID-19ahé. Boxes with dotted outlines

indicate paired spots of key COVID-19/SARS CoV-2gens, S1, S1S2, and Nuc.

3.2  GC-FP Antibody Detection in Human Serum and Dried Blood Spot Samples

Using v2, v3 and v4 GC-FP chips, 23 different hurbirod serum samples, and 24 dried
blood spot samples (with verified infection statwgre tested. Samples were tested at a dilution
rate of 1 part serum to 25 parts PBS-T (for serom)ndiluted (for dried blood spot extracts).
Raw GC-FP fluorescence intensity data were normdlas described in the Materials and
Methods section, and a “GC-FP detection ratio” eadsulated to account for chip-to-chip
differences and any variability in processing ctinds. The GC-FP detection ratio provides a

measure of signal above background, while alsowattary for spot-to-spot variability. The



results of these experiments are shown in Figuf@Ble 1, and Supplementary Table T1. The
average GC-FP detection ratio for COVID-19 positaeples vs. COVID-19 negative samples
was significant for all antigens, for both serund anied blood spot samples (Mann-Whitney U-

test, p < 0.05).

Table 1.GC-FP detection ratio data for serum and drieddkmot samples with verified

infection status. ELISA and Luminex MIA data ar@sim for serum samples tested with these
assays. Samples scored positive (GC-FP detectionataove the ROC threshold) are denoted by
bold text. The Nuc diagnostic score and machineleg (ML) score are shown for dried blood
spot samples.

Serum Samples

Nuc-ELISA Nuc-MIA
Sample ID S1 S1S2 Nuc (score/ A450) (score/MFI) Notes
21 0.67 1.55 0.81 neg/0.054 n/a no known exgosur
22 0.61 0.94 0.72 neg/0.027 n/a no known exgosur
23 0.79 0.77 0.74 neg/0.013 n/a no known exgosur
2 4 0.79 0.77 0.67 neg/ 0.046 n/a no known exgosur
25 0.52 1.33 0.77 neg/0.032 n/a no known exgosur
26 0.61 1.60 0.70 neg/0.031 n/a no known exgosur
2.7 0.62 1.37 0.71 neg/0.037 n/a no known exgosur
DIL0526-26 0.42 0.92 0.59 n/a neg/ 259 2009 pre/@D
DIL0526-27 0.41 1.20 0.52 n/a neg/ 421 2009 pre/@D
DIL0526-28 0.45 1.23 0.65 n/a neg/ 1,563 2009@@/1D
DIL0526-29 0.48 2.03 0.59 n/a neg/ 238 2009 pre/@D
DIL0526-30 0.37 1.36 0.43 n/a neg/ 719 2009 pre/@D
11 1.20 3.31 1.16 pos/0.123 n/a Positive by RT-PCR
12 3.69 5.65 1.09 pos/0.178 n/a Positive by RT-PCR
13 7.65 11.73 4.80 pos/ 1.577 n/a Positive by RT-PCR
1.4 1.49 5.41 0.99 neg/ 0.043 n/a Positive by RT-PCR
15 1.56 4.59 2.23 pos/0.491 n/a Positive by RT-PCR
DIL0526-3 7.81 9.44 3.89 n/a pos / 45,543 Positive by RT-PCR
DIL0526-5 8.00 7.61 4.55 n/a pos /47,301 Positive by RT-PCR
DIL0526-8 3.45 6.23 3.00 n/a pos / 39,255 Positive by RT-PCR
DIL0526-13  2.35 4.06 1.11 n/a pos /11,577 Positive by RT-PCR
DIL0526-18 1.12 6.31 2.60 n/a pos /34,715 Positive by RT-PCR
DIL0526-21 0.95 4.16 1.11 n/a pos / 28,806 Positive by RT-PCR
Dried Blood Spot Samples (Verified Infection Statuy
Sample ID S1 S1S2 Nuc Nuc Score ML Score Notes
COVv_5 0.54 0.73 0.70 neg neg Negative by RT-PCR



COV_6
COoV_7
COV_9

Cov_14

COV_16

cov_18

cov_12
COV_2
CoV_3
cov_13
cov_17

Ccov_28

COV_29

COV_40

cov_41

Ccov_43

COV_44
NYC_1
NYC_5

Cov_19

COV_38

COV_24

0.72
0.06
0.85
0.46
0.77
0.62
0.76
0.65
1.59
0.53
0.94
0.80
1.70
1.15
0.86
0.52
3.13
1.16
0.95
0.89
0.86
0.84

1.11
0.08
1.00
0.52
0.93
0.76
0.87
0.80
1.13
0.67
1.11
1.37
1.51
1.50
1.06
0.70
2.85
2.09
2.09
1.52
1.33
1.1¢€

0.70
0.06
0.95
0.48
0.84
0.74
0.85
0.72
5.63
0.65
1.01
3.53
1.57
2.37
1.02
1.19
8.92
1.29
1.90
1.37
1.30
1.01

neg
neg
neg
neg
neg
neg
neg
neg
pos
neg
pos
pos
pos
pos
pos
pos
pos
pos
pos
pos
pos
pos

neg
neg
neg
neg
neg
neg
neg
neg
pos
neg
pos
pos
pos
pos
pos
neg
pos
pos
pos
pos
pos
pos

Negative by RT-PCR
Negative by RT-PCR
Negative by RT-PCR
Negative by RT-PCR
Negative by RT-PCR
Negative by RT-PCR
IgG and IgM negative
Positive by RT-PCR
Positive by RT-PCR
Positive by RT-PCR
Positive by RT-PCR
Positive by RT-PCR
Positive by RT-PCR
Positive by RT-PCR
Positive by RT-PCR
Positive by RT-PCR
Positive by RT-PCR
Positive by RT-PCR
Positive by RT-PCR
IgG pos., no PCR test
IgG pos., ho PCR test
IgM pos., no PCR test

GC-FP detection ratios for serum samples were coedpa ELISA and a Luminex-

based MIA (Yang et al. 2020). As shown in Figure&@ 2D, the measured GC-FP detection

ratios for serum samples were highly correlatedh Wwath ELISA absorbance values (Pearson r =

0.944, R-squared = 0.892) and MIA fluorescencensitg (MFI) values (Pearson r = 0.939, R-

squared = 0.882). These results demonstrate th&@FP detection approach provides

comparable immunodetection results to establispeld;standard methods.
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Figure 2. GC-FP results for serum (A) and dried blood spgts@nples from subjects with
verified positive COVID-19 infection status. Thdfdrence between the average positive and
negative GC-FP detection ratios was confirmed ugiegMann-Whitney U-test, with
corresponding p values shown in each plot. ELIS30(#m absorbance values) for the COVID-
19 nucleocapsid protein were compared to GC-FRctileteratio results for a subset of serum
samples (C), while Luminex MIA results (MFI valueggre compared to GC-FP detection ratio
results for a second subset of samples (D). Peamoelation coefficients (r) and R-squared
values from correlation are shown, with associgtedlues. Dashed lines indicate linear
regression fit to the data, while dotted lines aatke the 95% confidence intervals for correlation
analysis.

To determine if individual IgG/antigen responsesld be used for diagnostic purposes,
receiver operator characteristic (ROC) analysis paaformed (Supplementary Figure S2). For
serum samples, 100% sensitivity and specificitydde achieved when the following GC-FP
detection ratio thresholds were met: S1 = 0.872543.67, Nuc = 0.9. For dried blood spot
samples, ROC analysis yielded 100% specificityaarthble sensitivity when the following GC-
FP detection ratio thresholds were met: S1 = 0.8852 = 1.12, and Nuc = 0.98. When these

GC-FP detection ratio thresholds were exceedeahdiatain 100% specificity) assay sensitivity
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was relatively low for S1 and S1S2 antigens (66t@PAoth) but increased to 86.7% for the

nucleocapsid antigen (Nuc).

The observed reduction in sensitivity for DBS vexusn samples could be due to the
sample format, especially since sample stability extraction are more variable for dried blood
spots vs. blood serum. Other reasons for the remtuict sensitivity could be variability in
individual immune responses and/or reporting cdescy for the research subjects who
provided samples. Other studies have shown thatichl antibody responses are variable
(Amanat et al. 2020), which would also affect assaysitivity. Importantly, no false positives

were observed within the limited number of sampied were tested.

In addition to testing samples with known COVID4h€ection history, 39 additional
dried blood spot samples were received and teBtedhese samples, information was provided
about exposure to infected individuals, potentisédse symptoms, or complete lack of
exposure, but none of the subjects had been testied COVID-19 RT-PCR test. The results
from GC-FP testing for these samples are showmpp®ementary Table T1. Due to the fact that
COVID-19 infection status was unverified for thesenples, sensitivity and specificity was not
determined.

3.3  Multiplexed Data Analysis

Scoring samples based on a composite antibodymssgto all antigens) could provide
increased diagnostic accuracy and a more compheterstanding of a subject’s antibody
response to infection. To this end, a supportaratiachine (SVM) based machine learning
(ML) approach was used to differentiate and clgssaimples based on their antibody response to
three target antigens (S1, S1S2, and Nuc). ML agbres have been used extensively for
classification and diagnosis when data from mudtipbmarkers or targets is available (Sarkar
and Saha 2019; Uddin et al. 2019). SVM software$MM) (Chang and Lin 2011) was trained
using GC-FP data from serum samples (Table 1)rAfning, the ML model was challenged

with 10-fold cross-validation on unlabeled serurtaggielding 100% selectivity and sensitivity,
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which matched ROC analysis for individual antigefi$er training and validation, DBS data
were classified with the SVM model (Figure 3B & 3&ble 1, Supplementary Table T1). For
dried blood spots with verified prior infection &tg, the SVM model classified samples with
80% sensitivity and 100% selectivity. For drieddadaspots with unverified prior infection

status, SVM classification resulted in better datien with presumed infection status than when
scoring with individual antibody responses (S1, 18 Nuc). While many additional samples
will be needed to fully train the ML model, andunderstand the true selectivity and sensitivity
of the GC-FP assay, we have illustrated the pakfar ML based scoring antibody responses to

multiple antigens.

A Serum Samples B Dried Blood Spots c Dried Blood Spots
(verified infection status) (unverified infection status)

~
N

wo N & o ® B
Ni

s182 0 o s1 s1s2 0 o s1 s1s2 0 o s1

Figure 3. Visualization of testing data following machinerneag-based analysis. (A) The GC-
FP detection ratio data for all serum samples \photted as a function of S1, S1S2, and Nuc.
An SVM ML model was used to classify dried bloo@dtsgample data from (B) subjects with
verified COVID-19 infection status, and (C) subgeatith unverified COVID-19 infection status.

34  Quantification of Antibody Titer and Comparison to ELISA

To assess GC-FP for quantitative determinatiombbady concentration (titer),
individual GC-FP chips were processed using dihgiof a COVID-19 positive serum sample
received from the NYS Department of Health (sanigled526-3). Sample dilutions ranged
from 1:25 to 1:25,600 and GC-FP testing resulteeveempared to ELISA against S1 and Nuc,
using commercial ELISA kits (Ray Biotech). The résof this experiment (Figure 4, A-C),
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demonstrate that GC-FP could detect IgG at a mimirdiution of 1:1,600 and that the
commercial ELISA kit could detect 1gG to a minimwinfution of 1:6,400. When GC-FP and
ELISA data were plotted as a function of diluti@ctor (Figure 4D) and fit with either linear
regression (GC-FP) or partial least squares reigre¢SLISA), high goodness of fit (R-square >

0.98) was observed for all antigens.

Recent COVID-19 antibody testing studies have shthahantibody titers in the range
of 1:320 or higher could be considered eligibledonvalescent plasma donation (for
convalescent plasma therapy)(Wajnberg et al. 2080%hown in this work, GC-FP can detect
antibodies down to 1:1,600 titer, and thus hasy#eessary sensitivity for determining clinically
and therapeutically relevant seroconversion stdtus.fact that GC-FP has a linear response for
all antigens tested makes it easier to quantifjpadyy concentrations across the full dynamic

range, and to directly compare a subject’s resptmdéferent viral antigens.
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Figure 4. Quantitative comparison of GC-FP and ELISA for d&ta of IgG against multiple
COVID-19 antigens. Sample DIL0526-3 was used fahl§aC-FP and ELISA testing, at
dilutions ranging from 1:25 to 1:26,600 in PBS-T.
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3.5  GC-FP Detection of Multiple lmmunoglobulin I sotypes

As a final experiment, three individual v4 GC-FRpshwere processed with a COVID-19
positive, convalescent serum sample (subject In@}len assessed for binding by different
antibody isotypes (IgG, IgM, and IgA) (Figure 5)n&gative control chip was processed with
dilution buffer (PBS-T) instead of serum. Differemttibody binding patterns were observed,
based on the immunoglobulin isotype and the antigeng targeted (Figure 5B). 1gG binding
was highest for the Nuc antigen, IgM showed théésg binding to RBD, and IgA showed
similar binding for S1, S1S2, and Nuc, but littiading to RBD.

These results demonstrate the potential of the B@gproach to not only perform
simultaneous, quantitative detection of antibodydbig to multiple antigens, but also
discrimination of antibody binding based on immulobglin isotype. Understanding antibody
responses across various immunoglobulin classesmalyle determining the stage of an

individual’s seroconversion response (Randad &x(0#10).
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Figure 5. Serum sample 1_3 was tested on three separate Gidgeghsor chips that included
RBD, S1, S1S2, and Nuc antigens. A fourth chip prasessed using PBS-T as a negative
control. The three chips tested with 1_3 serum Wadyeled with Alexa 647-tagged anti-human
IgG, anti-human IgM, or anti-human IgA, while thegative control chip was labeled with a
mixture of all three secondary antibodies. Mean BTintensity (n = 3 spots per chip) is shown,
for each COVID-19 antigen.

4. CONCLUSIONS

Rapid, accurate, and quantitative antibody tegtsiaeded as part of the global response
to the COVID-19 pandemic. In addition to epidemgyt@l and seroconversion studies, such
tests have the potential to confirm an individuatsnunity status following prior infection or
vaccination. In this work, we have demonstrated @@-FP can be used to simultaneously
measure antibody levels for multiple antigens single sample. The assay is quantitative across
a large dynamic range (serum dilutions ranging fo2b — 1:1,600) and is highly correlated
with gold-standard antibody detection tests, iniclgdELISA and MIA (Figures 2 & 4).

Although GC-FP was not able to match ELISA for détey antibodies in the lowest dilution
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(1:1,600 vs. 1:6,400), this may be overcome by fyodj the GC-FP imaging system, including
addition of a more sensitive camera. Future itenatiof the GC-FP system could also include a

point-of-care platform for on-site clinical diagtias.

The entire assay time for performing antibody d&eds below 30 min (27 min for all
fluidic processing steps, and less than 1 min requor GC-FP fluorescence imaging), which is
significantly shorter than either ELISA or MIA, wdhi take 2-3 hrs to complete. Alternative
antibody testing approaches, such as lateral fesays, may be completed in <10 min, but
suffer from low accuracy and lack of multiplexinggboa Bastos et al. 2020; Sethuraman et al.
2020; Younes et al. 2020). This study also denmatest that dried blood spots are a viable
sample matrix for COVID-19 antibody testing. Usiirged blood spots reduces the complexity

of sample collection, handling and storage verampuncture-based whole blood collection.

While this work establishes the potential of GC{6Pdetecting antibodies against
COVID-19 antigens in both serum and dried bloodsgbis still limited by the total number of
samples tested (86 samples tested at the writitigofmanuscript). As more samples are tested
with the GC-FP platform, the major goal will berégain 100% selectivity while maximizing
sensitivity. One way to achieve this will be to quare antibody responses to additional COVID-
19 antigens, as we have shown with the additidch@RBD antigen. Further, GC-FP results
should be compared to other tests, such as antiibealyalization, which provides a measure of
whether an individual’'s antibodies can neutrallze tirus to prevent infection. It is possible that
maximizing sensitivity and specificity, as well @arelating antibody levels with neutralization
testing will require knowledge of antibody levetsamst multiple antigens. Understanding
antibody responses across various immunoglobugissels may also be useful for determining
the stage of an individual’s seroconversion resppasd could be useful when analyzing other
bodily fluids, such as saliva (Randad et al. 20Z0)us, the multiplexed microarray format of the

GC-FP antibody detection assay will likely haveagnatility in the future.
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Table 1. GC-FP detection ratio data for serum and dried blood spot samples with verified
infection status. ELISA and Luminex MIA data are shown for serum samples tested with these
assays. Samples scored positive (GC-FP detection ratio above the ROC threshold) are denoted by
bold text. The Nuc diagnostic score and machine learning (ML) score are shown for dried blood
spot samples. Notes regarding each sample are shown in the last column.

Serum Samples
Nuc-ELISA Nuc-MIA
Sample ID S1 S1S2 Nuc  (score/A450) (score/ MFI) Notes
21 0.67 1.55 0.81 neg/ 0.054 n/a no known exposure
22 0.61 0.94 0.72 neg/ 0.027 n/a no known exposure
23 0.79 0.77 0.74 neg/0.013 n/a no known exposure
24 0.79 0.77 0.67 neg/ 0.046 n/a no known exposure
25 0.52 1.33 0.77 neg/ 0.032 n/a no known exposure
26 0.61 1.60 0.70 neg/ 0.031 n/a no known exposure
27 0.62 1.37 0.71 neg/ 0.037 n/a no known exposure
DIL0526-26 0.42 0.92 0.59 n/a neg / 259 2009 pre-COVID
DIL0526-27 0.41 1.20 0.52 n/a neg/ 421 2009 pre-COVID
DIL0526-28 0.45 1.23 0.65 n/a neg/ 1,563 2009 pre-COVID
DIL0526-29 0.48 2.03 0.59 n/a neg/ 238 2009 pre-COVID
DIL0526-30 0.37 1.36 0.43 n/a neg/ 719 2009 pre-COVID
11 1.20 331 1.16 pos/0.123 n/a Positive by RT-PCR
12 3.69 5.65 1.09 pos/0.178 n/a Positive by RT-PCR
13 7.65 11.73 4.80 pos/ 1.577 n/a Positive by RT-PCR
14 1.49 5.41 0.99 neg/ 0.043 n/a Positive by RT-PCR
15 1.56 459 2.23 pos/ 0.491 n/a Positive by RT-PCR

DIL0526-3 7.81 9.44 3.89 n/a pos/ 45,543 Positive by RT-PCR

DIL0526-5 8.00 7.61 455 n/a pos/ 47,301 Positive by RT-PCR

DIL0526-8 3.45 6.23 3.00 n/a pos/ 39,255 Positive by RT-PCR

DIL0526-13 2.35 4.06 111 n/a pos/ 11,577 Positive by RT-PCR

DIL0526-18 112 6.31 2.60 n/a pos/ 34,715 Positive by RT-PCR

DIL0526-21 0.95 4,16 111 n/a pos/ 28,806 Positive by RT-PCR

Dried Blood Spot Samples (Verified I nfection Status)

Sample D S1 S1S2 Nuc Nuc Score ML Score Notes
Cov_5 0.54 0.73 0.70 neg neg Negative by RT-PCR
COVv_6 0.72 111 0.70 neg neg Negative by RT-PCR
Cov_7 0.06 0.08 0.06 neg neg Negative by RT-PCR
Cov_9 0.85 1.00 0.95 neg neg Negative by RT-PCR

cov_14 0.46 0.52 0.48 neg neg Negative by RT-PCR
COv_16 0.77 0.93 0.84 neg neg Negative by RT-PCR
Cov_18 0.62 0.76 0.74 neg neg Negative by RT-PCR
Cov_12 0.76 0.87 0.85 neg neg IgG and IgM negative
cov_2 0.65 0.80 0.72 neg neg Positive by RT-PCR



CoV_3
CoV_13
Cov_17
CoV_28
COV_29
COV_40
cov_41
COV_43
COV_44

NYC 1

NYC 5
COV_19
Cov_38
COV_24

1.59
0.53
0.94
0.80
1.70
115
0.86
0.52
3.13
1.16
0.95
0.89
0.86
0.84

1.13
0.67
111
1.37
151
1.50
1.06
0.70
2.85
2.09
2.09
152
1.33
1.16

5.63
0.65
101
3.53
1.57
2.37
1.02
1.19
8.92
1.29
1.90
1.37
1.30
101

pos
neg
pos
pos
pos
pos
pos
pos
pos
pos
pos
pos
pos
pos

pos
neg
pos
pos
pos
pos
pos
neg
pos
pos
pos
pos
pos
pos

Positive by RT-PCR
Positive by RT-PCR
Positive by RT-PCR
Positive by RT-PCR
Positive by RT-PCR
Positive by RT-PCR
Positive by RT-PCR
Positive by RT-PCR
Positive by RT-PCR
Positive by RT-PCR
Positive by RT-PCR
1gG pos., no PCR test
1gG pos., no PCR test
IgM pos., no PCR test
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Highlights

GC-FP biosensor yields rapid (30 min) detection of antibodies against COVID-19
infection

Antibody detection is quantitative and can provide antibody titer information

Diagnosis of prior COVID-19 infection using serum with 100% selectivity and sensitivity
Multiplexed approach yields information on multiple antibody-antigen interactions

Dried blood spot testing significantly simplifies sample collection and yields high
sensitivity/specificity
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