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Cross-validation of ELISA and a portable surface
plasmon resonance instrument for IgG antibody
serology with SARS-CoV-2 positive individuals¥
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We report on the development of surface plasmon resonance (SPR) sensors and matching ELISAs for the
detection of nucleocapsid and spike antibodies specific against the novel coronavirus 2019 (SARS-CoV-2)
in human serum, plasma and dried blood spots (DBS). When exposed to SARS-CoV-2 or a vaccine against
SARS-CoV-2, the immune system responds by expressing antibodies at levels that can be detected and
monitored to identify the fraction of the population potentially immunized against SARS-CoV-2 and
support efforts to deploy a vaccine strategically. A SPR sensor coated with a peptide monolayer and func-
tionalized with various sources of SARS-CoV-2 recombinant proteins expressed in different cell lines
detected human anti-SARS-CoV-2 IgG antibodies in clinical samples. Nucleocapsid expressed in different
cell lines did not significantly change the sensitivity of the assays, whereas the use of a CHO cell line to
express spike ectodomain led to excellent performance. This bioassay was performed on a portable SPR
instrument capable of measuring 4 biological samples within 30 minutes of sample/sensor contact and
the chip could be regenerated at least 9 times. Multi-site validation was then performed with in-house
and commercial ELISA, which revealed excellent cross-correlations with Pearson’s coefficients exceeding
0.85 in all cases, for measurements in DBS and plasma. This strategy paves the way to point-of-care and
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Introduction

In the event of a viral outbreak, it is of the utmost importance
to rapidly test populations that are actively infectious, thereby
offering the capacity to limit widespread contagion.
Identification of individuals who are actively infected with
SARS-CoV-2 mainly relies on real-time reverse transcription
polymerase chain reaction (rRT-PCR) amplification of the viral
genetic material collected in nasopharyngeal swabs."” These
assays show high sensitivity and can be highly specific. Due to
high workload and to reagent shortages during the epidemic
stage, PCR tests are mainly performed on individuals display-
ing COVID-19-related symptoms. Although hard numbers are
only beginning to come to light,’ a significant fraction of
infected individuals remain asymptomatic." Asymptomatic,
contagious individuals often go undetected and are thought to
contribute to the spread of the disease. To address this global
pandemic, significant efforts are being rapidly deployed to
adapt diagnostic tests to detect antibodies and provide a better
indication of the spread of the disease.

The immune system produces antibodies to SARS-CoV-2
within days to a few weeks following viral infection.’
Antibodies are expected to remain at a high level for months
following infection, as previously shown following the 2003
outbreak of SARS-CoV-1%” which has also been reported in
sera and saliva of COVID-19-positive individuals.® The
immune reaction to coronaviruses generally provides acquired
immunity via neutralizing antibodies® in the event of a second
exposure to the virus and also provides the basis for vaccine
development. Vaccine development, clinical trials and immu-
nity studies require assessing antibody titers or concentrations
in animal and human subjects. As such, serological antibody
testing is essential to assess the fraction of the population that
is immune to a virus'® following infection or vaccination. On
the longer term, the persistence of immunity to SARS-CoV-2
infections may need to be periodically assessed to ensure
public health and prevent or monitor the resurgence of the
virus.

Antibody detection is typically performed using serology
immunoassays (IAs), with automated chemiluminescent IA
(CLIA) and ELISA, and rapid lateral flow IA (LFIA) being the
most prominent. In-house or commercially available diagnos-
tic tests have been rapidly developed for SARS-CoV-2 anti-
bodies (Table $11)."*™** These IAs typically detect the immuno-
globulin M (IgM) and immunoglobulin G (IgG) produced in
response to SARS-CoV-2 infection or vaccination.'® While a
highly valuable tool in the context of a viral epidemic, antibody
tests, similarly to other tests, also have limitations such as
false positives or false negatives related to technological or bio-
logical origin (for example, too early following an infection)
that one should be aware of'” and the factors defining their
performance.'®"’

Central to the development of these tests is access to viral
antigenic proteins. The SARS-CoV-2 recombinant proteins
necessary for the development of the IAs assays are produced
in prokaryotic or eukaryotic cell lines that are genetically modi-
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fied to encode the viral proteins. The choice of production
strain has an impact on capacity of the cognate human anti-
bodies to bind to the recombinant proteins, depending on
folding and glycosylation in different cell lines. In most cases,
SARS-CoV-2 serology tests involve the detection of IgGs anti-
bodies against nucleocapsid protein and the spike protein
ectodomain, or its receptor binding domain (RBD). Persistence
of the IgG antibodies in sera of COVID-positive individuals is
more prolonged than IgM antibodies, such that IgG detection
should be prioritized for immunity detection,”**" although
additional data may be needed to draw definitive conclusions.
While antibodies against nucleocapsid and spike proteins are
expected in sera of individuals who have been infected with
SARS-CoV-2, only antibodies against spike are expected for
individuals in whom immunity has been acquired by vacci-
nation only. As such, developing tests for antibodies against
nucleocapsid and spike protein are needed to gain knowledge
on immunity of populations and whether this immunity was
acquired following an infection or through vaccination.

Whereas ELISA offers high-throughput capacity, it requires
several hour-long steps that lengthen overall assay time.
Alternatively, faster and portable sensing technologies can
decrease assay time and be employed at the point-of-care for
infectious diseases.>” Lateral-flow assays have often been pro-
posed to address this for IgM and IgG antibody detection and
numerous are now commercially available for SARS-CoV-2
(Table S27), but they can suffer from reliability issues and they
are at best semi-quantitative. As such, a series of sensors will
be needed to provide reliable and quantitative data on anti-
bodies found in clinical samples of cohorts of individuals, to
enable public health authorities to assess the evolution of the
pandemic as well as vaccination efficacy.

Various platforms have been proposed for detection of
SARS-CoV-2-related genetic material or viral load and for
protein/antibody sensing,>**?° including nanophotonics,”’
magnetic®® and electrochemical®® sensors. Among them,
surface plasmon resonance (SPR) sensing is a label-free
sensing technique®’ that is particularly sensitive for large bio-
molecules such as antibodies. SPR sensing has been reported
for the detection of antibodies to the first SARS-CoV,*' albeit
in phosphate-buffered saline solution (PBS). Since then, SPR
sensors have been reported to work in crude biofluids,** illus-
trating their applicability potential for the direct detection of
antibodies in clinical samples.*®> Furthermore, portable SPR
platforms have been reported and field-deployed.**

SPR sensing is thus well suited for quantitative analysis of
SARS-CoV-2 protein—protein®>® or protein-antibody®”*® inter-
actions, detecting SARS-CoV-2 RNA***® or sensing antibodies
associated to SARS-CoV-2.*"** A recent study showed that the
use of SPR imaging can be used to detect antibody isotypes in
sera of clinical patients,*’ paving the way for the use of SPR in
clinical investigations. That initial study focused on the detec-
tion of antibodies only for the spike protein on an instrument
confined to a centralized laboratory. A complete investigation
of the clinical applicability of portable SPR for antibody detec-
tion for the nucleocapsid and spike proteins in sera of individ-
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Scheme 1 Different SPR sensors modified with a series of SARS-CoV-2
antigens (nucleocapsid, RBD or spike) are used for the detection of
human antibodies from different blood products (serum, plasma or
dried blood spots) collected from COVID positive or negative individuals.
Scheme created with https://BioRender.com.

uals and correlation to ELISA is necessary. In addition, the use
of SPR has seldom been demonstrated with dried blood spots
(DBS),** and its use in the current context could be a game-
changer due to the ease of collecting and shipping DBS. Here,
we report the cross-validation of ELISA and SPR sensors for
anti-nucleocapsid, anti-RBD, and anti-spike. We compare
different sources of SARS-CoV-2 antigenic proteins and demon-
strate their application to the detection of antibodies in
COVID-19 positive individuals with control groups. We further
demonstrate effective antibody detection in human plasma
and DBS in addition to human serum (Scheme 1).

Experimental section
Production of recombinant SARS-CoV-2 antigens

Hexa-His-tagged nucleocapsid expressed in E. coli. The
SARS-CoV-2 nucleocapsid (GenBank YP_009724397) construct
was C-terminally fused to the tobacco etch virus (TEV) pro-
tease-specific cleavage site and to a hexa-His tag by Lemay and
coworkers (see ESIT for detailed protocols). Briefly, the recom-
binant N protein (rN) was expressed in E. coli BD792 and puri-
fied using immobilized-metal-ion chromatography (IMAC).
The fractions with highest OD,g, were pooled and dialyzed
against PBS pH 7.4 and 10% glycerol in 10 K MWCO cassette.
The resulting solution was sterile-filtered through a 0.2 pm
membrane, aliquoted at 0.6 mg mL™" in PBS pH 7.4 and 10%
glycerol and stored at —80 °C. Each step of the purification
process was monitored by SDS-PAGE (Fig. S17). This hexa-His-
tagged N antigen was directly used for immunoassays.

Hexa-His-tagged nucleocapsid expressed in CHO cells. The
SARS-CoV-2 nucleocapsid (YP_009724397) cDNA was syn-
thesized by Durocher and coworkers with Cricetulus griseus
codon bias and a FLAG-Twin-Streptag-(HisG)s tag fused to its
C-terminus (see ESIt for detailed protocols). Briefly, following
cloning of the cDNA into pTT5 expression plasmid, expression
was achieved by transient gene expression in CHOPRVS%E!
cells. Nucleocapsid was purified from the clarified supernatant
harvested at day 7 post-transfection and purified using a first
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step of IMAC followed by affinity chromatography on a
StrepTrap XT column (Cytiva Life Sciences). Purified hexa-His-
tagged N antigen was buffer exchanged in Dulbecco’s
Phosphate-Buffered Saline (DPBS), sterile-filtered through
0.2 pm membrane, aliquoted and stored at —80 °C. Integrity
and purity of the purified nucleocapsid were analyzed by
SDS-PAGE and analytical size-exclusion high-performance
liquid chromatography (SEC-HPLC). The nucleocapsid eluted
as a major peak (>99% integrated area) of 300 kDa with no
apparent aggregates (Fig. S17).

Hexa-His-tagged RBD expressed in HEK or Pichia cells. RBD
was produced by Kamen and coworkers in HEK293SF (clone
293SF-3F6, National Research Council of Canada) suspension
cells cultured in serum-free medium, in 3L-controlled bio-
reactors, according to their previously published protocol*?
(see ESIT for more information). The resulting N-terminally-
His-tagged, glycosylated recombinant protein of approximately
38 kDa, designated as pTPA_SP-RBD-His, was purified by
IMAC and characterized by SDS-PAGE and Western blot
(Fig. S1t). The protein was aliquoted in storage buffer (PBS,
2 mM MgCl, and 2% sucrose, pH 7.2) at a concentration of
1.8 mg mL~" and stored at —80 °C.

Alternatively, RBD was produced by Lemay and coworkers
in Pichia pastoris SuperMan5. RBD (MN908947.3) was codon-
optimized for this host and was C-terminally fused to the TEV
cleavage site and to a hexa-His tag (see ESIt for detailed proto-
cols). Briefly, the recombinant RBD protein was expressed in
P. pastoris SuperMan5, harvested from the culture supernatant
and purified using IMAC (Fig. S1}). The protein was aliquoted
at a concentration of 0.16-0.17 mg mL ™" in storage buffer (PBS
pH 7.4 with 10% glycerol) and stored at —80 °C.

Hexa-His-tagged spike ectodomain expressed in CHO cells.
SARS-CoV-2 spike ectodomain (MN908947) construct with furin
site (aa 682-685: RRAR) mutated to GGAS, the stabilizing prefu-
sion mutations K986P/V987P, and with the human resistin as tri-
merization partner,’® (named SmT1) was expressed and purified
by Durocher and coworkers, as described® with some modifi-
cations (see ESIf for detailed protocols). Briefly, CHO cells were
transfected with pTT5-SmT1 plasmid and the culture was har-
vested at day 7 post-transfection. Clarified medium was purified
by IMAC followed by buffer exchange by diafiltration. Purification
by anion exchange chromatography was conducted and the frac-
tion eluting at 200 mM NaCl was further purified by gel filtration
chromatography. Fractions corresponding to trimeric spike were
pooled and concentrated, filtered and stored at —80 °C, at a
protein concentration not exceeding 2 mg mL . The purified
spike protein integrity and purity were analyzed by SDS-PAGE and
analytical size-exclusion ultra-high-performance liquid chromato-
graphy (Fig. S1f). The hexa-His-tagged spike ectodomain of a
point-mutated variant of the B.1.1.7 variant of concern (with the
native D614 residue) was similarly expressed and purified
(Fig. S1t) by the same group (see ESIt for detailed protocols).

ELISA assays

Presence of antibodies against SARS-CoV-2 was determined
using a semiquantitative ELISA protocol adapted from the
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work led by Krammer and further work led by Finzi and by
Bazin."” ™ Briefly, 96-well immunoassay plates were coated
with the relevant SARS-CoV-2 antigen overnight, washed,
blocked using 3% skim milk powder (w/v) and washed again
prior to addition of serum samples (see ESIT for detailed pro-
tocols). For method development and calibration, commercial
anti-SARS-CoV-2 antibodies from animal sources were diluted
in commercial human serum. For assays of clinical human
serum samples, samples were inactivated at 56 °C in a water
bath for 1 h then diluted 1:50 or as specified and 100 pL was
deposited on the assay plate. Following a 1 h incubation,
appropriately diluted host-specific secondary antibody (100 pL)
was added. Plates were incubated for 1 h, washed and incu-
bated for 20 min with 100 pL of 3,3',5,5"-tetramethylbenzidine
(TMB). Color development was initiated by addition of 100 pL
of 2 M HCI. Absorbance was immediately recorded at 450 nm.

SPR measurements

A portable SPR instrument® (Affinité Instruments, Canada)
and a SPR surface modified with a monolayer of 3-mercapto-
propionic-Leu-His-Asp-Leu-His-Asp-COOH>"
(3-MPA-LHDLHD-COOH,  AffiCoat, Affinité Instruments,
Canada) were employed in the construction of the SPR sensor
(Fig. S17). After stabilization of the SPR signal in water, the
surface was modified with a 1:1 aqueous solution of 100 mM
N-hydroxysuccinimide (NHS) and 400 mM N-ethyl-N'-(3-di-
methylaminopropyl)carbodiimide hydrochloride (EDC) for
2 min, rinsed for 20 seconds with the immobilization buffer as
optimized and reacted for 20 min with SARS-CoV-2 proteins
(concentrations optimized, see results). The sensor was rinsed
for 20 s with the immobilization buffer and passivated with 1
M ethanolamine pH 8.5 for 10 min. The sensor was then equi-
librated in the running buffer composed of PBS (137 mM
NaCl, 10 mM phosphate, 2.7 mM KCl, pH 7.4) supplemented
with 0.1% bovine serum albumin (BSA) and 0.005% Tween 20
or human serum depending on the analysis and as specified
(Fig. S27). SARS-CoV-2 antibodies (various sources, see details
in the specific sections) were diluted in the running buffer or
in whole human serum from human male AB plasma (cat. no.
H4522, Sigma Aldrich) and 300 pL was injected with a syringe
and measured for 15 min on the SPR sensor. The SPR shift
was calculated from the RU difference between the beginning
and the end of the measurement. In cases where the sensors
were regenerated, a 10 mM glycine pH 2.2 solution was
injected for a few seconds to remove antibodies from the pre-
viously immobilized proteins and restabilized in the running
buffer or human serum. Most experiments were performed
with a fluidic cell allowing an instrumental triplicate measure-
ment, while some clinical samples were analyzed with a newly
designed fluidic cell with 4 independent channels allowing the
measurement of up to 4 samples in a single run.

Clinical samples

Adult volunteers (equal number of males and females) were
recruited by the Centre Hospitalier Universitaire de Québec -
Université Laval (CHUL) in Quebec City, Canada. The study
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was approved by the “Comité d’éthique de la recherche du
CHU de Québec - Université Laval” (registration number 2021-
5241). Patients were included after written informed consent.
The volunteers were 18 years or older and had received a PCR-
positive diagnostic for COVID-19 between 14 and 21 days prior
to serum collection. The volunteers did not show symptoms of
fever or dyspnea for at least 48 h prior to sampling, with little
or no cough. Negative controls were collected from individuals
having never received a COVID-positive test. Intravenous blood
samples of 30 mL were collected and anonymized. Blood was
collected in 6 mL tubes (BD Vacutainer 367815), the tubes
were then gently inverted, held at room temperature for
15-30 min and spun at 1600G for 15 min. Serum (1 mL ali-
quots) was transferred in cryovials (Sarstedt Inc., product
72.694.006) and frozen in an upright position at —20 °C until a
batch was sent to the Montreal labs on dry ice. The serum
samples were then stored at —80 °C until use.

For ELISA assays, heat inactivated sera were diluted 1:50
for use, unless otherwise specified. For SPR validation assays,
no heat treatment was applied to the sera, which were diluted
1:5 with the running buffer before analysis for the detection
of IgGs. The fluidic cell with 4 independent channels was used
to collect this data and the SPR instrument was placed in a
laminar flow cabinet in a biosafety Level 2 (BSL2) laboratory.

A panel of 20 contrived dried blood spots (DBS)’* and
matching plasma were collected from different donors at
Mount Sinai Hospital (Toronto, Canada) and at the National
Microbiology Laboratory (Winnipeg, Canada). Ethical approval
was obtained from the Health Canada and Public Health
Agency of Canada Research Ethics Board (REB 2020-022P).
Plasma samples were diluted 1:5 in running buffer for SPR
analysis and 1:20 for the in-house ELISA tests. For the DBS,
four 6 mm disks were punched and resuspended in 300 pL of
Dulbecco’s PBS (DPBS) supplemented with 0.5% BSA and
0.05% Tween20 overnight at 4 °C with agitation (400 rpm). The
DBS samples were then diluted 1:5 in the same PBS buffer
supplemented with BSA and Tween20. Of those 20 DBS
samples, two positive and two negative samples, as deter-
mined by a commercial SARS-CoV-2 IgG ELISA for anti-spike
(Eurolmmun), served to optimize the dilution conditions with
the anti-spike SPR assay (1:2.5 and 1:5 were tested), where
1:5 was found optimal. The remaining 16 samples were tested
on the Eurolmmun SARS-CoV-2 ELISA, the in-house ELISA and
with SPR for anti-spike and anti-nucleocapsid. All clinical
samples were diluted in the running buffer used for the
experiments.

Results and discussion

Production of recombinant SARS-CoV-2 antigens and
development of ELISA assays

Although early experiments were undertaken with commercial
sources of SARS-CoV-2 spike ectodomain, S1 and RBD
domains of spike protein and nucleocapsid protein, issues
with international transportation early in the pandemic

This journal is © The Royal Society of Chemistry 2021
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prompted wus to secure locally-sourced recombinant
SARS-CoV-2 antigens. The spike protein ectodomain, its RBD
and the nucleocapsid (rN) were expressed in several hosts. All
were hexa-histidine tagged for ease of purification and some
included further tags for purification or for identification.
Detailed production and purification protocols are provided in
the ESL.}

Antigen-down colorimetric ELISA assays were developed
according to standard methods adapted for these
antigens.?””*>® Commercial sources of hexa-histidine-tagged
rN antigen expressed in E. coli (MyBiosource, cat. no.
MBS569934; SinoBiological, cat. no. 40588-V08B) served for
initial method set-up but were rapidly substituted by the
locally-sourced hexa-His-tagged rN antigen expressed in E. coli
(Lemay and coworkers). Comparison of the two sources of
hexa-His-tagged rN in an ELISA assay using commercial
murine anti-rN diluted in human serum as a primary antibody
and a murine HRP-conjugated secondary antibody gave indis-
tinguishable results (Fig. S3At), confirming the validity of the
locally-sourced hexa-histidine-tagged rN antigen. Substitution
with a different lot of the same murine anti-rN antibody
yielded indistinguishable results, confirming robustness of the
method (Fig. S3Bf). The sensitivity of the ELISA assay was
determined under the same conditions by performing a serial
dilution of the murine anti-rN antibody; the limit of detection
was calculated at 0.016 pug mL™" using three standard devi-
ations above the mean of blank measurements (Fig. S3CT).
Hexa-histidine-tagged RBD expressed in HEK cells (Kamen
and coworkers) was successful in ELISA assays. However, the
ELISA signal was significantly lower than that obtained for rN,
with a maximum absorbance (OD,s,) near 0.4 (Fig. S3Df).
Expression of hexa-histidine-tagged RBD was also accom-
plished by Lemay in Pichia pastoris SuperMan5 strain in a bid
to obtain faster production. Despite the modified glycosylation
of that strain, it appears that RBD was not sufficiently huma-
nized to afford reactivity in ELISA assays (not shown). Hexa-
histidine-tagged Spike ectodomain expressed in CHO cells by
Durocher was also successful in ELISA assays (Fig. 1). The sen-
sitivity of the ELISA assay for the spike ectodomain was deter-
mined by performing a serial dilution of the rabbit anti-S1/
RBD antibody; the limit of detection was calculated at
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0.0125 pg mL ™" (Fig. S3ET), in the same range as that obtained
for detection of murine anti-rN antibody (Fig. S3Bt). However,
it is important to note that the concentrations reported here
are for a surrogate model using antibodies elicited in animals
and detection limits or concentrations should be interpreted
as indicative of a relative performance only.

SPR assay optimization using antibodies elicited in animals -
nucleocapsid

The SPR instrument consists in a 4-channel wavelength
interrogation system extensively described previously.>
Optimization of the SPR parameters was initially performed to
maximize the response for anti-rN elicited in animal models
(details in section 3 in ESI, Fig. S2, Tables S3 and S47). As with
ELISA, we compared two commercial sources of hexa-histi-
dine-tagged rN antigen expressed in E. coli and our locally-
sourced nucleocapsid proteins. All proteins were immobilized
with the optimized conditions in acetate pH 4.5 buffer con-
ditions and at 10 pug mL™". The SinoBiological and both rN
produced locally yielded immobilizations on the order of 1300
RU, higher than for the MyBiosource rN. Murine anti-rN anti-
body detection (10 ug mL™") was lower for both commercial
sources of rN proteins at approximately 400 RU, while the
response for our two locally-produced N (in E. coli or in CHO
cells) was on the order of 800 to 950 RU in otherwise identical
conditions. The reasons for the better performance of our
locally-produced rN remains unknown. A potential explanation
may be related to the cold chain management as both sources
were produced within 150 km from the laboratory where the
SPR experiments were performed and thus shipped and
received within a maximum of 24 hours. The commercial
sources were received with significantly longer delays as all
required international or overseas shipping. We therefore
solely used the locally expressed rN for the remaining experi-
ments and results reported below were obtained with the hexa-
histidine-tagged rN antigen expressed in E. coli, unless other-
wise stated.

One of the challenges for the design of antibody tests for
human clinical samples is finding an appropriate source of
antibodies to calibrate and optimize the sensor construction
as human antibodies are not available and clinical samples
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Fig. 1 Validation of ELISA assays for the SARS-CoV-2 antigens with surrogate animal antibodies. (Left) ELISA using hexa-histidine-tagged rN antigen
at different serum dilutions, 1:5 (red) and 1: 10 (black). (Bottom) ELISA using hexa-histidine-tagged spike ectodomain expressed in CHO cells.
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Fig. 2 (Left) Calibration curves for murine anti-rN antibodies in PBS running buffer and in undiluted serum. (Right) Calibration in undiluted human

serum of the SPR sensor with a secondary detection step using a goat anti-mouse IgG (H + L), as the surrogate antibody is a murine antibody. The
rN was immobilized at 10 ug mL™! in acetate pH 4.5 and the secondary antibody concentration was also 10 pg mL™* dissolved in the running buffer.

difficult to obtain especially early on in a pandemic. We relied
on the use of different antibodies elicited in animals as a surro-
gate (Table S4t). Only one source of surrogate murine antibody
gave a nearly null signal, while others gave responses between
241 and 983 RU for 10 pg mL™" anti-rN. This signal is signifi-
cantly greater than the noise level of the instrument, which is
on the order of 1-2 RU. The surrogate murine antibody with the
highest SPR response (monoclonal, MyBiosource, MBS569903)
was used for the remaining optimization experiments unless
otherwise noted. Calibration was then performed in running
buffer and in undiluted human serum to compare the perform-
ance of the SPR sensor in each condition (Fig. 2). While the SPR
sensor performed similarly in both conditions, it was observed
that the SPR signal was larger for lower antibody concentrations
in running buffer than serum, but larger SPR signals were
obtained at higher murine anti-rN concentrations in serum.

The increase in SPR signal for high antibody concentration
in serum was also observed with rS (Fig. 4). While the phenom-
enon is under further investigation, some preliminary obser-
vations can be highlighted. The nonspecific adsorption or bulk
refractive index effect of serum can be ruled out. All serum
measurements were conducted on a surface passivated with a
blank serum (serum containing no murine anti-rN antibody)
prior to analysis, minimizing nonspecific adsorption. Finally,
blank serum was injected into the reference channel of the SPR
instrument at the same time as samples and the remaining
background was subtracted from the measurement channels
(Fig. S4t), confirming the enhancement of sensitivity in serum
relative to PBS. We hypothesize that the enhancement results
from adsorption of serum proteins on the captured antibodies,
previously reported for abundant proteins such as albumin,>
increasing their mass and refractive index shift. We note that
any remaining nonspecific adsorption on the SPR surface,
albeit minimized, may help stabilize the surface-bound rN
protein and improve binding of its cognate antibodies.

The matrix effect (refractive index, protein concentration,
pH, etc.) can be significant in clinical sera and impede on the
ability of SPR to perform direct detection of antibodies.”® As
such, we implemented a secondary detection step with goat
anti-mouse IgG (H + L), which is performed in running buffer
following the detection of murine anti-rN in human serum
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(Fig. 2). In addition to being insensitive to the bulk RI variations
of clinical sera, the secondary detection step improved the
response by a factor of 2-3 times at lower concentrations and by
about 50% at higher murine anti-rN concentrations. The limit
of detection was calculated at 3 nM for the direct assay and at 2
nM for the secondary assay. The smaller gain by the secondary
detection step at higher concentrations is likely due to steric
effects. This is supported from the experiment performed with
a secondary antibody with HRP (used for the ELISA test), which
led to lower sensitivity (Fig. S5t). Henceforth, anti-mouse IgGs
without HRP will be used for the secondary detection step in
SPR sensing. The matching ELISA, of course, worked well with
the HRP anti-IgG in serum diluted 1:5 and 1:10 (Fig. 1), and
showed higher response than SPR with a dynamic range in the
ng mL ™" compared to low ug mL™" for SPR (Fig. 2). As a greater
serum dilution is necessary with ELISA to avoid high back-
ground response, a different dilution factor was used for ELISA
and SPR with clinical samples.

Finally, we also tested the use of humanized anti-rN as a
surrogate antibody. However, we observed no signal in ELISA.
The SPR calibration curve showed strong interaction of the
humanized anti-rN (Fig. S67), indicating that the lack of ELISA
response is likely due to poor interaction of the secondary anti-
body with the humanized anti-rN. In summary, several sources
of rN and murine anti-rN were evaluated to establish the
ELISA and SPR tests for anti-rN antibodies. While both com-
mercial and locally produced rN worked in SPR and in ELISA,
we observed a stronger SPR signal for the locally produced rN.
Murine anti-rN were a better surrogate to optimize the ELISA
and SPR assays than a humanized anti-rN. As such, detection
of murine anti-rN was achieved in diluted serum for ELISA
with a dynamic range in the pg mL™" range for both the direct
and secondary detection assays with SPR in running buffer
and in undiluted serum.

SPR assay optimization using antibodies elicited in animals -
RBD

Contrary to rN, a small, non-glycosylated protein that is easily
produced in E. coli, the spike protein ectodomain is large and
heavily glycosylated rendering expression more challenging.
Commercial sources were rare, prices high and supply low, at

This journal is © The Royal Society of Chemistry 2021
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least at the beginning of the project. We therefore set out to
produce spike protein ectodomain and its receptor-binding
domain (RBD) in cell culture, locally. We also tested a commer-
cial source of the S1 domain of spike protein (Beta Lifescience,
cat. no. BLSN-0998P), with little success in SPR. Binding of the
S1 domain led to low RUs in SPR and primary detection using
rabbit anti-rS polyclonal antibody (Beta Lifescience, cat. no.
BLSN-005P) gave almost no signal (Table S5t). Similar results
were obtained at various pHs (acetate pH 4.5 and 5.5, PBS pH
6.5 and 7.4) and for rabbit anti-rS concentrations up to 25 pg
mL™. As a result, S1 domain was not further considered in
this work.

We then focused on the use of the RBD domain for the con-
struction of the SPR sensors and ELISA tests for a rabbit anti-
rS monoclonal antibody (Sino Biological, cat. no. 40150-R007).
RBD expressed in HEK293SF cells and in Pichia pastoris
SuperMan5 were compared. While the former led to excellent
performance in SPR sensing, RBD expressed in Pichia pastoris
SuperMan5 unfortunately did not lead to measurable signal in
SPR or in ELISA. Immobilization of RBD expressed in
HEK293SF led to SPR shifts of 1592 + 222 RU for a concen-
tration of 20 pug mL™' in acetate pH 5.5 buffer. The SPR
sensors provided promising outcome with responses of 1036 +
96 RU and 1859 + 96 RU respectively for the direct detection
and secondary assay of rabbit anti-rS at a dilution of 1:125 (no
concentration was provided by the commercial supplier,
SinoBiological). Calibration for the rabbit anti-rS antibodies
was then carried in running buffer, 10% serum and undiluted
serum, with very similar performance for the direct and sec-
ondary detection in SPR (Fig. 3). In all cases, the SPR response
was essentially within the error for the running buffer, diluted
and undiluted serum. The dynamic range of the SPR sensor
was in the 10°-10° dilution range (Fig. 3), while the one for
ELISA was in the 10°-10° range (Fig. 1), providing assays for
antibodies targeting the RBD domain of spike. Unfortunately,
as the concentration of the antibody is unknown, calculation
of a limit of detection was inappropriate.

SPR assay optimization using antibodies elicited in animals -
recombinant spike (rS)

We next evaluated the use of the hexa-histidine-tagged Spike
ectodomain expressed in CHO cells for the SPR assays. Two
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batches of rS from CHO cells were used for the initial optim-
ization of the immobilization conditions in SPR, with
similar sensitivity. The immobilization concentration was
first optimized with acetate pH 5.5 buffer (Table S6 and
Fig. S7t). While there was a correlation between immobiliz-
ation concentration and SPR response (for the immobiliz-
ation and the detection of rabbit anti-rS), the best compro-
mise between sensitivity and reagent consumption was
reached for 20 pg mL™", which was used for the following
experiments. We then optimized the regeneration of the SPR
chip using glycine between concentrations. As shown in
Fig. S8,f the SPR response was slightly smaller with the
regeneration of the surface (about 70% sensitivity) between
the measurement at each concentration, which is expected
due to the accumulation of mass on the sensor without
regeneration. The sensor calibrated without the regeneration
was done on a single chip using an additive assay where all
concentrations are successively injected on the chip.
Interestingly, we were able to regenerate the sensor even after
the detection of serum samples (Fig. S9f). These experi-
ments show that the sensors can be regenerated at least 9
times before degradation of the response (denoted by a sig-
nificant drift of the SPR baseline), providing higher through-
put capability of the sensors for the measurement of clinical
samples.

Calibrations were then performed with the SPR assays for
the detection of anti-rS, using the same surrogate rabbit anti-
body as for the RBD assay. The direct detection of rabbit anti-
S worked well in running buffer and in serum, and the detec-
tion in serum led to larger response (Fig. 4). This is might be
due to the stabilization of rS in such a high concentration of
human albumin, as the enhanced sensitivity in serum was not
observed for this antibody with RBD. Secondary detection led
to a significant improvement of the SPR response, especially
for the detection in running buffer where the improvement
was several folds. Comparatively, ELISA performed well in 1:5
and 1:10 serum (Fig. 1), with a 10x greater sensitivity than
SPR (10" dilution for ELISA vs. 10° for SPR). Hence, the per-
formance of the SPR and ELISA assays were demonstrated for
murine anti-rN and rabbit anti-rS (both the ectodomain and
the RBD domain) using these surrogate antibodies in human
serum.
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Fig. 3 (Left) SPR calibration for the direct detection of rabbit anti-rS with RBD immobilized at 20 pg mL™ in 10 mM acetate buffer pH 4.5 on the

SPR chip and Right) secondary detection in identical conditions.
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acetate buffer pH 4.5.

Clinical samples — validation of the
assays with human antibodies

Serum analysis from SARS-CoV-2 positive individuals

Serum samples were collected from an equal number of male
and female individuals of 18 years and older in the Québec
City region, Canada. Among those, three PCR-positive individ-
uals (ID 4901, 5903 and 5907) and a negative individual (C001)
were selected for the initial optimization of the assay para-
meters. In all cases, the response from a blank serum (without
human anti-rN or human anti-rS) measured in the reference
channel was subtracted from the response of the positive indi-
viduals. In the case of the clinical samples, we opted to dilute
the sera as the volumes provided by the volunteers were rela-
tively small and multiple analysis were planned with these
samples. As such, measurement in undiluted sera were not
possible as in the optimization steps with the murine models
where ample source of sera was available.

First, optimal conditions for secondary anti-human IgG
antibodies were selected to increase the SPR response and to
decrease the impact of the sample matrix, sera were first
diluted 1:10. Using serum from individual 4901, we observed
that using a goat polyclonal antibody to human IgG coupled to
HRP (from Abcam) led to the highest amplification of the
response between direct and secondary detection (Fig. S107),
but the AffiniPure goat anti-human IgG (H + L) was employed
thereafter as the SPR response was nearly equivalent and a
larger supply could be secured. This also shows that direct
detection of human antibodies against spike could be detected
using 1:10 serum dilution, with a signal between 200 and 500
RU, significantly larger than the background signal (mean = 13
RU, range from —40 to 110 RU). Secondary signal detection
could exceed 1000 RU, providing the increased SPR response
that is expected to be necessary for lower antibody concen-
tration in individuals with a weaker immune response.
Different serum dilutions were then tested to find the optimal
dilution factor. It was found that the signal was relatively
linear in direct detection with dilutions between 1:40 and
1:2.5, while the signal started to saturate at a dilution of 1:5
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with the secondary detection (Fig. S117). As such, a dilution of
1:5 was then used for the following experiments as it provides
the largest signal in the secondary assay while using smaller
volumes of the clinical samples. Error bars were also smaller
with the secondary detection, which is anticipated as the back-
ground effect of refractive index and nonspecific adsorption
from serum is minimal with secondary detection in a buffer.
Thus, secondary detection will be used for screening purposes.

We further extended the validation of SPR sensing in serum
samples with the measurement of human anti-rN, human
anti-rS and human anti-RBD for a larger number of COVID-
positive and negative individuals. For these experiments,
human sera were collected 4 weeks post-infection from five
PCR-positive adults (males and females). These samples were
first analyzed with ELISA to confirm the presence of human
IgG antibodies targeting rN and the ectodomain of rS
(Table S77). Four of the five positive samples showed a signifi-
cantly stronger ELISA OD using rN antigen (range between 0.9
to 1.4 OD) for the PCR-positive individuals than the negative
controls (range of 0.13 to 0.28 OD), and all 5 positive samples
were correctly assigned in ELISA using rS antigen. As shown in
Table 1, SPR sensing using rN, RBD or rS antigen has the
sufficient sensitivity to detect human SARS-CoV-2 antibodies
in all 5 positive clinical samples (diluted 1:5) targeting
different proteins. Results from these positive sera were com-
pared to 5 control sera from negative individuals (never tested
positive for SARS-CoV-2), to ensure the response was specific.
In some cases, the sera from the negative controls resulted in
small negative shifts due to small refractive index mismatches.
In all cases, the detection of human anti-rN, human anti-rS
and human anti-RBD led to SPR responses at least one order
of magnitude greater than those of the control samples,
demonstrating the suitability of SPR sensing for human anti-
body detection in clinical samples.

To confirm the validity of the SPR methods with a larger
cohort of serum samples, the analysis of 32 SARS-CoV-2 posi-
tive and 8 SARS-CoV-2 negative control serum samples was
undertaken with a point-mutated variant of the B.1.1.7 variant
of concern (with the native D614 residue). ELISA response of
the positive samples (OD,s50: 1.6 * 0.5, n = 32) was significantly

This journal is © The Royal Society of Chemistry 2021
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Table 1 Validation of the SPR assays for human anti-rN, human anti-rS
and human anti-RBD with clinical serum samples (diluted 1:5). All
values are SPR shifts are for secondary detection in running buffer and
expressed in RU

Sample ID  Anti-rN (RU)  Anti-RBD (RU) Anti-rS (RU)
Positives 4907 1106 648 1370
4911 368 555 856
5905 299 438 765
6902 339 643 1604
7001 421 1047 1189
Negatives €002 1 36 52
C005 10 96 110
Co007 20 16 -6
C008 -3 =27 -4
C009 -29 =35 —40

higher (p < 0.0001) than that of the controls (ODs0: 0.14 +
0.03, n = 8). Similarly, the SPR response of the positive
samples (1.2 = 0.5 kRU, n = 32) was significantly higher (p <
0.0001) than that of the controls (0.3 + 0.2 kRU, n = 8), demon-
strating the ability of SPR to reliably detect the seroconversion
of SARS-CoV-2 individuals (Fig. 5).

Dried blood spot (DBS) panel from SARS-CoV-2 positive and
negative individuals

We then moved to a different matrix to further validate the per-
formance of SPR sensing in clinical samples. A series of DBS
samples and matching plasma samples was collected from 10
negative and 10 positive individuals. The DBS were eluted with
PBS with 0.5% BSA and 0.05% Tween20 at the National
Microbiology Laboratories (NML) of the Public Health Agency
of Canada (Winnipeg, Canada) and analyzed for IgG anti-
bodies against the S1 domain of spike with the Eurolmmun
SARS-CoV-2 ELISA test. The samples were then shipped to
Montreal and analyzed with the in-house ELISA and SPR
assays for human anti-rS and anti-rN.

The analysis of DBS was first optimized for human anti-
bodies against rS, which is assessed more routinely than
human antibodies against rN. The DBS samples were assayed
at different dilution factors in the same elution buffer. Direct
detection of human antibodies in DBS did not lead to conclus-
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Fig. 5 Validation of the SPR and ELISA methods with a point-mutated
B.1.1.7 spike protein. The responses are expressed in OD4sq for the ELISA
and in kRU (1000 RU) for the SPR data respectively.
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ive results as the response from the positive and negative DBS
samples was nearly equivalent, at approximately 700 RU. This
is surely related to matrix effect from a mismatch of the refrac-
tive index of the DBS and running buffer, and from some non-
specific adsorption of the eluted biomaterial contained in
DBS. DBS contains various proteins and cellular debris
increasing the refractive index to a value above the ones of the
running buffer. Dilution to 1:2.5 led to significant nonspecific
response of the secondary detection step for negative controls,
whereas a 1:5 dilution of the DBS gave essentially no response
from the secondary antibody with the same negative DBS
samples (RU slightly around or below 0). Positive DBS samples
led to a response of the secondary detection step on the order
of a few hundred RUs, clearly demonstrating the potential of
detecting the human anti-spike antibodies in DBS with SPR
(Tables S8 and S9,f Fig. 6). The shift values were calculated
when equilibrium was reached for the secondary detection
step. The slightly negative response of some of the controls
was due to washing off nonspecifically adsorbed material from
DBS samples. Larger SPR responses were obtained with sec-
ondary antibody at a concentration of 40 pg mL™" (>300 RU for
samples #1 and #3, both positive). The results from this
dilution analysis were directly applied to human nucleocapsid
antibodies, as the nonspecific adsorption will be identical for
the same samples.

The optimized SPR assays for human anti-rN and anti-rS in
DBS with samples 1 to 4 reported above were then compared
to ELISA on a panel of 16 samples (labeled #5 to #20 in Tables
S8 and S97), containing an equal number of SARS-CoV-2 posi-
tive and negative samples as assessed with the commercial
EuroImmun ELISA platform run by the NML in Winnipeg.
Applying a threshold value (RU or OD,s, larger than the
highest of the controls) of 100 RU and 0.2 OD for positive
detection of human anti-rS in DBS, all negative and all positive
samples were correctly assigned with SPR sensing and our in-
house colorimetric ELISA (Table S8f%). Thresholds of 75 RU
and 0.2 OD applied for the detection of human anti-rN in DBS
led to the correct assignation of all samples with SPR and with
the in-house ELISA (Table S91). It must be noted that the
response for human anti-nucleocapsid was rather low in SPR
and ELISA, such that the difference between the negative and
the positive values was small (Table S9t and Fig. 6) and misas-
signment can be expected in larger sampling campaigns even
though the sensitivity and the specificity was 100% in this
data set. This is not really limiting, as human anti-spike anti-
body detection is more common in clinical monitoring.

Plasma panel from SARS-CoV-2 positive and negative
individuals

Plasma from donors were collected and used to contrive DBS
in parallel, providing matching samples for validation of the
assays (Tables S8 and S97t). A secondary detection step was per-
formed for the SPR experiments with anti-human IgG at 40 pg
mL™', as for the DBS samples. The plasma samples were
diluted 1:5 in the running buffer prior to the SPR analysis of
human anti-spike, as the SPR response in plasma for human
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positive and 8 negative matching DBS and plasma samples. Nucl. = Nucleocapsid. (n = 3 for ELISA and n = 1 for SPR).

anti-rS was rather large (range between 600 and 4000 RU). A
larger dilution (1:10) for the SPR test in plasma for human
anti-rN was necessary due to the higher background signal
those conditions (up to about 200 RU), which decreased to
below 60 RU at 1:10 dilution. Dilutions were greater for the
in-house ELISA at 1:20 for both human anti-rS and human
anti-rN. The higher background in plasma samples had no
effect on the ability to correctly assign all positive and negative
samples applying thresholds of 200 RU and 1.5 OD for the
human anti-rS and 75 RU and 0.4 OD for human anti-rN
(Tables S8 and S9t and Fig. 6).

Plasma being a more concentrated biofluid explains the
relatively higher SPR response compared to DBS. In these
tests, the SPR assay was performed with four 6 mm DBS
punches, where the total capillary blood volume is estimated
at about 65 pL. As the DBS samples were eluted in 300 pL, the
DBS
Factoring the further dilution prior to analysis, the effective
dilution of the DBS samples is about 1:25. Plasma was only
diluted 1:5 or 1:10 in comparison, explaining the larger

samples were already diluted approximately 1:5.

response in plasma.

The results are robust as the data presented here was col-
lected on two instrumental platforms (SPR and ELISA), three
different instruments (SPR and 2 different ELISAs), in two labs
across Canada (Université de Montreal and PHAC in
Winnipeg) and run by at least 4 independent users. The
average response from the positive and negative samples were
statistically significant with p-values of <0.01 in all cases. The
response was also cross-correlated between the SPR, in-house
ELISA and the commercial Euroimmun SARS-CoV-2 platforms
and led to excellent collinearity of the different methods

4914 | Analyst, 2021, 146, 4905-4917

(Fig. 7). Pearson’s coefficient exceeded 0.85 and were as high
as 0.95 for the different collinearities measured for every cross-
correlation with the various platforms, sample type (DBS and
plasma), and antibodies (human anti-spike and human anti-
nucleocapsid). This implies that the magnitude of the
response for all three platforms was relatively proportional and
quantitative.

These results demonstrate that SPR sensing on a portable
platform performs equally well to ELISA for the detection of
prior SARS-CoV-2 infections, with a detection time under
30 minutes. We therefore envision that the platform could be
deployed to different locations as a consequence of instrument
portability, in addition to use in centralized laboratories.
Preliminary results suggest that the nucleocapsid chips can be
conserved for at least one week in the freezer with excellent
retention of activity towards anti-nucleocapsid (Fig. S147),
further providing evidence of the field-deployability of the SPR
sensor. Detection can be carried in various blood-based pro-
ducts, including serum, plasma and DBS, providing versatility
in the applications of the SPR sensor for SARS-CoV-2 antibody
detection. The analysis of DBS is especially interesting as they
can be easily collected by individuals at home, stored at room
temperature (especially interesting for remote locations where
a cold chain may not be accessible) and/or shipped to central
laboratories using regular post. As such, the use of DBS should
facilitate larger cohorts to be screened and access to individ-
uals residing far from urban centers, providing a better picture
of the epidemiologic situation in populations worldwide. The
current study also constitutes one of the largest multi-center
studies about the use of SPR sensors with clinical samples,
further advancing the use of SPR towards clinical applications.

This journal is © The Royal Society of Chemistry 2021
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symbols) and negative (red symbols) samples. The Pearson’s coefficients were all above 0.85, showing collinearity of the data. S/CO refers to the

signal to cut-off of the ELISA measurements.

Conclusions

In conclusion, we demonstrate a SPR platform suited for the
rapid detection of SARS-CoV-2-associated antibodies in a
series of human blood products (serum, plasma and dried
blood spots). The SPR test relied on the use of locally
expressed SARS-CoV-2 proteins in different cell lines and the
cross-validation with different in-house or commercial ELISA.
For rN, it was observed that the locally produced proteins out-
performed the commercial sources, likely due to a shorter
transit time and better cold chain in transit between research
institutes, but all sources of rN worked well. For the RBD and
1S proteins, rS produced in CHO cells and RBD expressed in
HEK293SF cells performed well in the assays. SPR and ELISA
tests were optimized in human serum for anti-rN, anti-RBD
and anti-rS, first with surrogate antibodies from animals, then
with clinical samples of individuals with confirmed infections
to COVID-19 (PCR positive) and with individuals with no prior
infection to COVID-19. Then, cross-validation was undertaken
with dried blood spots and plasma samples collected from
individuals with confirmed infections to SARS-CoV-2 and a
control group. All assays (SPR, in-house ELISA and a commer-
cial ELISA kit), all sample types (dried blood spots and
plasma) and proteins (spike and nucleocapsid) led to excellent
discrimination of the positive and negative values (p < 0.01)
and cross-correlation with Pearson’s coefficients above 0.85,
demonstrating the excellent performance of the various anti-
body screening methods. As antibody detection is needed for
epidemiological surveys, to assist vaccine development and to
provide data in the deployment of large-scale vaccination cam-
paigns and follow-up studies, we demonstrate here that SPR
sensing can be a significant tool in the several studies that will
be undertaken. Since this detection method is generically
applicable to other viral antigens or for detecting antibody
cross-reactivity with antigens from variants of concern for
SARS-CoV-2, the current report provides the blueprint for
development of a series of antibody sensors for this virus and
others, toward analysis of clinical samples. The portability of
the SPR instrument could also allow deployment of the
method in the field for rapid on-site measurements.

This journal is © The Royal Society of Chemistry 2021
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