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Abstract

Serological tests are essential for the control and management of COVID-19 pandemic, not only
for current and historical diagnostics but especially for surveillance, epidemiological, and
acquired immunity studies. Clinical COVID-19 serology is routinely performed by enzymatic or
chemiluminescence immunoassays (i.e., ELISA or CLIA), which provide good sensitivities at
the expense of relatively long turnaround times and specialized laboratory settings. Rapid
serological tests, based on lateral flow assays, have also been developed and widely
commercialized, but they suffer from limited reliability due to relatively low sensitivity and
specificity. We have developed and validated a direct serological biosensor assay employing
proprietary technology based on Surface Plasmon Resonance (SPR). The biosensor offers a
rapid -less than 15 min- identification and quantification of SARS-CoV-2 antibodies directly in
clinical samples, without the need of any signal amplification. The portable plasmonic biosensor
device employs a custom-designed multi-antigen sensor biochip, combining the two main viral
antigens (RBD peptide and N protein), for simultaneous detection of human antibodies targeting
both antigens. The SPR serology assay reaches detection limits in the low ng mL"! range
employing polyclonal antibodies as standard, which are well below the commonly detected
antibody levels in COVID-19 patients. The assay has also been implemented employing the first
WHO approved anti-SARS-CoV-2 immunoglobulin standard. We have carried out a clinical
validation with COVID-19 positive and negative samples (n=120) that demonstrates the
excellent diagnostic sensitivity (99%) and specificity (100%). This positions our biosensor
device as an accurate, robust, and easy-to-use diagnostics tool for rapid and reliable COVID-19
serology to be employed both at laboratory and decentralized settings for the management of
COVID-19 patients and for the evaluation of immunological status during vaccination,

treatment or in front of emerging variants.
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1. Introduction

It has been over a year since the World Health Organization (WHO) declared COVID-19
(Coronavirus Disease 2019) as a pandemic. The outbreak of this infectious disease, likely
originated in the Hubei region (China) in December 2019 and caused by the SARS-CoV-2 virus
(Severe Acute Respiratory Syndrome Coronavirus 2), has rapidly spread worldwide, and it is
generating unprecedented and devastating consequences at health, social, and economic levels.
To date, COVID-19 has affected more than 140 million people, with more than 3 million
deaths.! The emergence of an unknown virus with a lack of population’s immunity and accurate
diagnostic methods, together with the disease peculiarities (i.e., varied symptomatology, or
asymptomatology in a significant percentage of the infected people, long incubation times, high
transmission rate, etc.), have undoubtedly contributed to ease its unnoticeable spread, and

hinder a fast and early detection of many cases.”™

Current standard diagnosis for the detection of an active infection relies on the detection of the
SARS-CoV-2 viral genetic material from respiratory samples, mainly by RT-PCR (Reverse
Transcription Polymerase Chain Reaction),> which provides excellent levels of sensitivity and
specificity, but requiring centralized and specialized laboratories, and between 3 to 48 hours to
deliver results. To overcome its limitations related to long turnaround times, rapid antigen tests
have already been developed and are being employed in many countries as point-of-care test,
although their sensitivity and reliability do not reach yet those achieved with genomic molecular
assays.”® Complementary to the detection of the active infection, serological tests, which detect
the presence in blood of immunoglobulins (Ig) generated by the infected host, play an important
role in infectious disease surveillance and pandemic management, providing relevant
information to estimate the prevalence of the virus and to better understand the dynamics of
acquired immunity. In the case of SARS-CoV-2, the immune response is soon triggered, and
antibodies are detectable after few days post-infection. First, [gMs appear during the acute
infection phase, which decline with time after few days or even months. Then, long-lasting IgGs
are generated, as well as IgA antibodies.”!? IgGs are expected to remain in the blood stream at
significant concentrations for at least months after infection, conferring immunity to the
virus.!"'2 Although serology assays are not suited for systematic detection of the virus, they are
very helpful for the diagnosis of past infections (indirect testing), of suspected patients with
negative PCR results, in the identification of asymptomatic patients, and also during the
development of new vaccines or treatments.!!>!* In addition, serological tests are extremely
useful in hospitals for the ICU bed management and the deisolation of post COVID-19 patients
(i.e. PCR-positive patients with a positive serological test). Finally, the emergence of SARS-

CoV-2 variants with increased resistance to sero-neutralization by antibodies induced after



vaccination or primary infection, makes serological tests a key component for the response to

these variants.

The serological assays developed for COVID-19 are based on the identification of IgMs and
IgGs (and to a less extent, IgAs), which are specific for most abundant viral antigens including
the Spike protein (S1 and S2 subunits, and the receptor-binding domain (RBD)) and the
nucleocapsid N protein. Traditional microplate-format immunoassays, such as ELISA (enzyme-
linked immunosorbent assay) and CLIA (chemiluminescence immunoassay), are widely used in
clinics, as they provide high sensitivities, can be automated, and offer multiplexed capabilities,
but they require specific equipment and trained personnel in dedicated laboratories and can be
time consuming due to sample manipulation and/or long incubation times." For massive
screening, immunochromatographic lateral flow assays (LFA) have been widely spread due to
its facile handling and rapid time-to-result response, becoming the most commercialized assays
to perform SARS-CoV-2 serology tests. Some of them can differentiate the type of antibody
(IgG and/or IgM), and thus provide information regarding the stage of the infection (e.g., acute
phase or past infection), but only in a qualitative manner. Although they provide fast results (15-
min assay) at the point-of-care (POC), few recent studies show that they are not reliable and
accurate enough due to their moderate sensitivity (55-90%).!%!8 The development of serological
assays capable of performing quantitative analysis is critical for some potentially useful
scenarios.! These scenarios include monitoring acquired immunity over time, to be able to
predict the duration of acquired immunity, evaluate seroconverted patients’ plasma for potential
reinfusion in other patients, manage the hospital beds and COVID-19 patients isolation,
understanding the relationship between antibody levels and severity of the symptoms, to carry
out large-scale epidemiology studies for COVID-19 incidence determination, or helping in

vaccine development, !3-20-!

The ongoing pandemic situation, thus, demands advanced analytical tools that overcome
aforementioned sensitivity limitations in serology testing, while still facilitating fast,
quantitative and reliable detection at the point-of-care. POC optical biosensors are extremely
well positioned to fulfil these needs, as they are sensitive techniques capable of performing
label-free, direct and quantitative analysis. Plasmon-based technologies, as the Surface Plasmon
Resonance (SPR) biosensor, offer remarkable performance and versatility, and have become
one of the most consolidated biosensor technologies for biomolecular interactions and clinical

diagnostics,?>?

with potential for compactness and miniaturization. Moreover, SPR biosensing
have been demonstrated for multiple clinical applications in virology, including also serological
assays related to dengue virus,>** Salmonella,® Epstein-Barr virus*’, and also for the first
SARS-CoV?. A few preliminary works and perspectives have been recently reported as well for

SARS-CoV-2%-! advocating for the potential of this technology as POC diagnostic devices.



We have fully implemented an SPR-based serological test combining RBD and N viral antigens
for the detection of SARS-CoV-2 specific antibodies from human sera (Figure 1). Our SPR
biosensor is small and easy to use, offering label-free and real-time monitoring of biomolecular
interactions, therefore enabling a one-step quantitative serological assay performed in less than
15 minutes. After an in-depth optimization of the biorecognition interface and bioassay
conditions, we have achieved outstanding analytical sensitivity levels in the range of ng mL™,
well below the common antibody levels in patients, commonly in the pg mL™! range.’? In order
to validate our technology, we performed a comprehensive clinical validation with COVID-19
positive and negative samples collected from patients attended in different hospitals, comparing
our results to standard and regulated techniques (i.e., ELISA and CLIA) as well as commercial

rapid tests based on LFA.
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Figure 1. (A) SARS-CoV-2 virus structure; (B) Scheme of the two-antigen co-immobilized
sensor biochips employed in the SPR biosensor for COVID-19 serology.

2. Materials and methods
2.1 Chemical and biological reagents

All the buffer compounds, PBS 50 mM (50 mM phosphate buffer, 0.75 M NaCl, pH 7), MES
0.1 M (2-(N-morpholino) ethanesulfonic acid), HEPES (10 mM 4-(2-hydroxyethyl)piperazine-
1-ethanesulfonic acid, 300 mM NaCl, pH 8), Tween 20, dextran sulfate sodium salt (DS)
(MW~40000 g mol'), 16-mercaptohexadecanoic acid (MHDA), (l1-ethyl-4(3-
dimethylaminopropyl)carbodiimide ~ hydrochloride =~ (EDC), ethanolamine and  N-
hydroxysulfosuccinimide (s-NHS)) were purchased from Sigma-Aldrich (Steinhem, Germany).
Poly-L-lysine-graft-PEG (PLL-g-PEG) was purchased to SuSoS (Diibendorf, Switzerland).
Commercial serum was obtained from Sigma—Aldrich (Steinhem, Germany). Recombinant

RBD protein and its respective polyclonal IgG antibody (pAb-RBD) were obtained from



SinoBiological (Eschborn, Germany). A polyclonal IgG antibody specific for N protein (pAb-
N) was purchased from GeneTex (Irvine, CA, US). WHO International Standard Anti-SARS-
CoV-2 immunoglobulin (code: 20/136) obtained from pooled plasma from individuals
recovered from SARS-CoV-2 infection, was purchased from National Institute for Biological
Standards and Control (NIBSC, Hertfordshire, United Kingdom). Monoclonal IgG antibody
against CRP C7 (anti-CRP) was acquired from HyTest (Turku, Finland). The coding sequences
of the N and C-terminal domains (positions 1-180 aa and 247-418 aa, respectively) of the
SARS-CoV-2 N protein (Accession No. MT777677) were cloned in a pET 28a plasmid in
fusion with a hexahistdine tag coding sequence at the 3’end. Recombinant proteins were
produced in E. coli T7 Express (DE3) cells (New England Biolabs) and purified under non-
denaturing conditions by Immobilised Metal Aftinity Chromatography followed by Size
Exclusion Chromatography. Proteins were stored in 10 mM HEPES, 150 mM NaCl, pH 7.5

buffer. N and C-terminal domains were mixed in mass ratio 1/1.
2.2 SPR biosensor device

The biosensor device employed is a homemade designed and assembled SPR that incorporates
all the optical and microfluidic components in a compact and user-friendly platform (20 x 20
cm?). The SPR sensor monitors the binding events in real-time by tracking the SPR-wavelength
displacements (AA, nm). It is based on the Kretschmann configuration and works at a fixed
angle of incidence (6=70°). A description of the device is provided in the Supplementary
Information (SI) and in the Figure S1. The device incorporates all fluidic components that
allow the continuous flowing of solutions and the injection of samples (150 pL). All the
experiments were carried out in appropriate safety facilities, with the SPR biosensor located in a

laboratory of Biosafety Level 2 (BSL-2).
2.3 Plasmonic sensor chip preparation

Gold plasmonic chips in-house fabricated (1 nm Ti / 49 nm Au) were exposed to a surface
cleaning procedure and chemically modified with alkanethiols (see Section 2 SI). Once
properly cleaned, the sensor chips were placed on the SPR instrument for in-situ covalent
immobilization of the viral proteins (N protein, RBD peptide or multianalyte (N+RBD. 1:1)) to
carboxyl groups on the gold sensor chip through EDC/s-NHS chemistry 337, For all the
immobilized surfaces, a final blocking step was included to avoid non-specific adsorptions
employing PLL-g-PEG**¥, Finally, the sensor chips were kept under a continuous flow of
PBST+DS (PBS 10 mM + 0.5% Tween 20 + 2 mg mL ™' DS) at 15 uL min~'. Figure S1B shows
a representative antigen immobilization of the three-step reaction involved in the covalent

coupling to the gold sensor chip.



2.4 Antibody detection assays

The experiments were performed with two different polyclonal antibodies, pAb-N and pAb-
RBD, specific for N protein and the RBD domain, respectively, and with the first WHO
International Standard Anti-SARS-CoV-2 human immunoglobulin. Real-time sensorgrams
generated during the injection of the antibodies (100 pL) were obtained in all the cases,
monitoring the specific binding in each case (i.e. shift in the position of the resonance peak (AA,
nm) to higher wavelengths). For single-antigen gold sensor chips, calibration curves were
generated by analyzing different concentrations of the corresponding specific antibody (ranging
from 100 ng mL™"' to 10 pg mL™") in standard buffer (PBST+DS) or in commercial serum diluted
to 10 %. For the RBD/N co-immobilized sensor chips, several mixtures of pAb-RBD and pAb-
N antibodies 1:1 at equal concentrations (from 100 ng mL™" to 10 pg mL™") were prepared in
serum and analyzed after diluting at 10%. Calibration curves were also generated employing the
first WHO approved standard for serology assays, consisting of freeze-dried pooled plasma
from eleven patients recovered from COVID-19 disease, whose stock solution has an assigned
arbitrary unitage of 1000 BAU mL"! (BAU, binding antibody units). Several concentrations
were analyzed (ranging from 1.25 to 500 BAU mL") in standard buffer (PBST+DS) or in
commercial serum diluted to 10 % on the RBD/N co-immobilized sensor chip. All the antibody
solutions were injected over the sensor chip at a constant flow of 15 pL min'. In all the cases,
antigen-antibody interaction was disrupted by injecting a 20 mM NaOH regeneration solution
during 1 min at constant flow rate. Antigen-biofunctionalized plasmonic sensor chips could be
reused between 15 and 20 times without altering or modifying the immobilized proteins and the

assay performance.
2.5 Data analysis

The real-time sensorgrams were processed extracting the final response (AM) after signal
stabilization once the whole sample volume has passed through the flow cell. For the flow rate
employed and the sample volume, this corresponds to approximately 1000 s after injection. The
biosensor data were analyzed and processed using Origin 8.0 software (OriginLab
Northampton, MA). Data and statistical analysis (one way ANOVA test) was performed using
Graphpad Prism (Graphpad Software, Inc., California, US). Calibration curves were obtained by
evaluating different concentrations of the polyclonal antibodies in triplicate. The mean sensor
signal (AA) and its standard deviation (SD) were plotted versus polyclonal antibody
concentration. The data was fitted to a lineal regression equation (y=mX+b) where y is the
sensor response, X is the concentration of polyclonal antibody, m is the slope of the linear
regression curve and b is the intercept. The limit of detection (LOD) for each antibody was

calculated as the concentration corresponding to a blank signal plus three times its standard



deviation. The coefficients of variation were obtained as the ratio of the standard deviation of

the mean, expressed in percentages (% CV).

The differences between groups were analyzed with Kruskal-Wallis test, considering a p value p
< 0.05 to be statistically significant. Correlation between immune response and clinical severity
was analyzed by Spearman test considering p value < 0.05. Threshold values (cut-off values) to
determine positive samples were calculated from the mean + 2SD of control negative samples.
A value < 0.9xMean +2SD was considered negative; a value > 1.1xMean + 2SD as positive; and
between 0.9 - 1.1xMean + 2SD as indeterminate. The diagnostic sensitivity (SE), diagnostic
specificity (SP), positive predictive value (PPV) and negative predictive value (NPV) were

determined as described in the SI.
2.6 Clinical samples collection

A total of 125 clinical samples were collected from two hospitals in Barcelona (Spain) in three
different batches. Two batches were provided by Vall d’Hebron University Hospital (VH.1
n=15, and VH.2 n=70), and a third batch was provided by the Clinic Hospital of Barcelona
(CH.1 n=40). VH.1 and VH.2 serum samples and data from the patients used in this study were
provided by the Clinical Microbiology Department and by the Sepsis Bank of Vall d’Hebron
University Hospital Biobank (PT17/0015/0047), integrated in the Spanish National Biobanks
Network. Samples were processed following standard operating procedures with the appropriate
approval of the Clinical Research Ethics Committee (approval reference numbers for Vall
d’Hebron University Hospital PR(AG)11/2016 and PR(AG297/2020)). VH.1 samples consisted
of 15 serum samples from 15 different patients (5 negative pre-pandemic samples collected in
2016, and 10 COVID-19 positive samples, among which 5 were from patients with mild
symptoms (i.e paucisymptomatic) and 5 from patients with severe symptoms (i.e. patients
admitted to the ICU). VH.2 samples included 20 pre-pandemic negative samples and 50
COVID-19 positive samples, confirmed by PCR, ELISA and CLIA.

CH.1 serum samples included 40 COVID-19 positive samples that were collected by the Clinic
Hospital of Barcelona following a symptomatology study. Samples included adult patients (>18
years old) with SARS-CoV-2 symptomatology and with confirmed positive diagnosis during
symptoms and confirmed negative diagnosis at infection resolution by PCR of nasopharyngeal
swab, tracheal aspirate, or bronchoalveolar aspirate. Patients with HIV, hepatitis and
immunosuppressed patients were excluded. Convalescent COVID-19 patients were cited to
perform a rapid questionnaire of symptoms and confirm by LFA the presence of anti-SARS-
CoV-2 immunoglobulins. After this confirmation, a blood sample was obtained, and serum was
processed and stored at a local biobank at -80°C until analysis. Date of symptoms onset,

symptoms description, Hospital or ICU admission and length of stay was analyzed in order to



stratify patients according to severity: mild (symptomatic with no hospitalization), moderate
(required hospital admission), and severe (required ICU admission) and symptomatology. The
study was carried out in compliance with the Declaration of Helsinki (current version, Fortaleza,
Brazil, October 2013) and was conducted in accordance with the requirements of the 2007
Spanish Biomedical Research Act. The study was approved by the institution’s Internal Review
Board (registry number HCB/2020/0332). Written informed consent was obtained from all

patients.
2.7 Standard analytical techniques (ELISA, CLIA and LFA)

Serological response from the samples provided by Vall d’Hebron University Hospital (VH.1
and VH.2) was determined by ELISA and CLIA commercial kits. ELISA-IgG-S and ELISA-
IgA-S kits, which detect IgG and IgA antibodies against spike SARS-CoV-2 glycoprotein (Anti-
SARS-CoV-2 ELISA (IgG) (EUROIMMUN, Liibeck, Germany) were performed on the
EUROIMMUN Analyzer I-2P (EUROIMMUN, Germany). ELISA tests have proven 96.9% and
94.4% sensitivity (SE) and 98.3 % and 99.6 % specificity (SP) for IgA and IgG, respectively.
Samples resulting in cut-off index (COI) >1.1 were considered interpreted as positive. Besides,
two different CLIA commercial kits were employed: (CLIA-1) CLIA-IgG-S kit: Liaison SARS-
CoV-2 S1/S2 IgG (DiaSorin, Italy), performed on the LIAISON® XL Analyzer (DiaSorin,
Italy) for quantitative determination of the spike (S) glycoprotein subunits 1 and 2 (S1/S2) with
97.4 % (SE) and 98.5 % (SP). The result was considered positive when the COI > 15 AU/mL;
(CLIA-2) ECLIA-Igs-N kit:  Elecsys® Anti-SARS-CoV-2 (Roche Diagnostics, USA),
performed on the Cobas 8800 system (Roche Diagnostics, USA) for qualitative determination of
total antibodies (including IgG, IgM and IgA) against N SARS-CoV-2 protein with 100 % (SE)
and 99.80 % (SP). The result was considered positive when COI > 1.0.

Lateral flow assays (LFA) were acquired from different suppliers: (LFA-1) 2019-nCoV
I1gG/IgM Detection Kit (Colloidal Gold-Based) Vazyme (Vazymebiotech Co, Nanjing, China)
with 91.54% (SE) and 97.02% (SP); (LFA-2) Quick Profile 2019-nCoV IgG/IgM Test Card
(Quick Profile, USA) with 87,8% (SE) and 99% (SP); (LFA-3) Wondfo Biotech (Guangzhou,
Luogang, China) with 86.43% (SE) and 99.57% (SP); and (LFA-4) FaStep (Hangzhou, China)
that identify IgM and IgG with 93.7% (SE) and 99.1% (SP). LFA tests were performed
following the manufacturer’s instructions. Briefly, a drop of blood or 10 pL of serum and 2
drops of buffer solution were added to the corresponding loading area in the cassettes. After 15
min, the result was reflected by the appearance of colored bands. The LFA result was qualified
based on the intensity of the Ig bands as follows: strong (3), regular (2) weak (1), and (0) no

color change observed.



3. Results and discussion
3.1 Biosensor assay development and analytical characterization

The in-house developed SPR biosensor platform employed monitors the shift in the position of
the resonance peak of the plasmonic sensor chips, which reflects binding (AA> 0) or desorption
events (AA<0), being the signal proportional to the number of events (i.e. concentration). Our
biosensor device has previously demonstrated its potential for clinical diagnostics in several

35,38 3

areas,™* including infectious diseases®* and also for the direct detection of antibodies in human

3336 enabling a one-step, label-free, and sensitive and reliable detection. These features

serum,
are crucial to develop a fast test with response times below 15-20 minutes (thanks to the no-
need of secondary reagents or further signal amplification steps), and with the potential of

providing quantitative information (i.e., the concentration range of antibodies in serum).

In the case of COVID-19 serological assays, a key aspect to maximize both specificity and
sensitivity is the viral antigen used for the detection of the antibodies. The N protein and the
receptor binding domain (RBD) peptide contained in the spike protein appear to be both
specially highly specific targets.!!!>340 Thus, we developed two different biofunctionalized
sensor chips employing the N and RBD antigens, respectively, in order to capture the antibodies

generated by the host.

To evaluate the performance of the biosensor-based assay, we employed commercial polyclonal
antibodies for both N and RBD antigens, which can mimic the pool of antibodies with different
antigen affinities produced by a host individual after infection. Figures 2A and 2B show
representative detection signals (i.e., real-time sensorgrams) obtained for the two different
biofunctionalized surfaces (i.e., N and RBD) with different pAb concentrations in buffer,
gradually increasing as the concentrations were higher (i.e. AA obtained after signal
stabilization). A direct and linear relationship between the antibody concentration and the signal
was observed (see Figures 2C and 2D) for the range of antibodies analyzed (i.e. from 100 ng
mL" to 10 pg mL"), being possible to determine the limit of detection in both cases: 19.9 ng
mL"! for anti-RBD immunoassay (slope=0.2511 nm mL pg™!, R?>=0.992) and 45.6 ng mL"' for
anti-N (slope=0.1536 nm mL pg', R*=0.994). Some studies suggest that the antibody
concentrations in COVID-19 patients’ serum might lie in the range of pg mL™! 32, According to
these LODs, the performance of our biosensor provides enough analytical sensitivity for

COVID-19 serological testing with both RBD and N-coated sensor chips.

The specificity was also evaluated in order to assure the absence of non-specific interactions of
antibodies with the sensor chip surface. As Figures 2A and 2B show, neither pAb-N nor pAb-
RBD interacted with the opposite antigen surface (i.e., net sensor response after signal

stabilization AA=0 nm), proving that no cross-reactivity between the antigen-antibody pairs was



taking place. Similarly, a SARS-CoV-2 non-related antibody (i.e., anti-CRP) did not result in

any signal, overall, confirming that the signals come exclusively from specific antigen-antibody

interactions.
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Figure 2. Real-time sensorgrams for different antibody concentrations over a (A) RBD-coated
sensor chip and (B) N-coated sensor chip, in standard buffer conditions. Calibration curves in
standard buffer for (C) RBD-coated sensors chips and (D) N-coated sensor chips, using the
corresponding pAb. Each signal corresponds to the mean + SD of triplicate measurements. Non-
specific antibodies were measured at a concentration of 2 pg mL™.

In order to apply the described methodology in serological assays and therefore in patient’s sera
samples, we had to take into account the influence of the serum matrix on the sensor surface and
the recognition event, as undiluted serum contains high amounts of proteins and other
compounds that could generate non-specific interactions or hinder the protein-antibody
interaction. For this reason, we decided to employ a combination of blocking agents including
poly-L-Lysine grafted Poly(ethylene glycol) (PLL-g-PEG), detergent Tween 20 and sodium
sulfate dextran salt, all of which have successfully reduced non-specific interactions in previous

works.3637

The performance of the assays in serum was directly evaluated with serum diluted at 10%, as
the detectability range of the assay might certainly tolerate this dilution (i.e., LOD in the ng mL-
! range and presumably expected Ig concentrations in the pg mL™"' level) and still ensure a
reliable semi- and quantitative detection. This dilution factor is considerably lower than the one
commonly employed in ELISA or CLIA tests, which is around 40-200 times.*>*! In fact, under

these conditions no undesired effects were observed for commercial serum, with negligible non-



specific adsorptions and with a similarly wide dynamic range (see Figure 3A). The limit of
detection achieved for the N biofunctionalized surface was twice higher than in standard buffer
conditions (from 45.6 ng mL™! to 86 ng mL™"), which might be related to a possible hindrance of
the antibody-antigen interaction due to the serum matrix. However, RBD biofunctionalized
surface exhibited a LOD of 21.1 ng mL!, very similar to the obtained in standard buffer
conditions. Under these conditions, both assays were further evaluated with real clinical

samples.

In order to study the reproducibility of the assays in serum dilution, the inter-assay variability
(replicates within different sensor chips) expressed as CV % was studied. The values obtained
for N-protein and RBD-domain were below to the maximum variability recommended for
clinical analysis (15%) ** (Table S1), overall confirming a good reproducibility and suitability

of these viral antigens for polyclonal antibodies detection.
3.2. Preliminary assessment of clinical samples

We first evaluated a set of 15 clinical serum samples from 15 different patients (VH.1 collection
consisting of 10 COVID-19 positive samples and 5 negative samples, collected in 2016 and
stored in the Sepsis Bank of the Vall d'Hebron University Hospital Biobank). Positive serum
samples were collected from patients previously diagnosed with COVID-19 by PCR, and who
had a positive result of specific IgG and IgM class antibodies against the S1 subunit of SARS-
CoV-2, as described for the ELISA-IgG-S and ELISA-IgA-S. All the samples were analyzed
with N-coated and RBD-coated sensor chips and a statistical comparison of both N-based and
RBD-based serological assays was carried out. As can be seen in Figure 3B, the N-based assays
showed poor differentiation between both sample groups, not being statistically significant (p >
0.9999). RBD-based assay performed better as the p-value (p=0.0208), below 0.05, indicates the
discrimination between positive and negative samples does reach statistical significance. This
result is in concordance with the respective calibration curves (Figure 3A) and the better
sensitivity and detectability levels reached with the RBD-based assays. In addition, RBD-based
assay shows less dispersion of the negative samples values compared to N-based assay,
resulting in the absence of false negative (or indeterminate values). Table S1 compares RBD-
and N-based assays analytical parameters, where RBD-sensor shows a better sensitivity
(slope=0.261 nm mL pg!, R?>=0.999, LOD=23.9 ng mL"") than N-sensor (slope=0.0502 nm mL
ug!, R>=0.9016, LOD=80.3 ng mL").
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Figure 3. A) Calibration curves with pAb-N and pAb-RBD in 10% diluted commercial serum
using three different biofunctionalized surfaces (N, RBD and RBD+N). Sensor response
represents the mean + SD of three measurements. B) Statistical comparison between the positive
(PS) and negative (NG) clinical samples: (i) N-coated sensor chips; (ii) RBD-coated sensor
chips; (iii) RBD+N —coated sensor chip. Kurskal-Wallis test (p=0.05). Total Ig concentration
calculated from the WHO Standard Anti-SARS-CoV-2 immunoglobulin calibration curve is
shown in the right axis.

In order to improve the discrimination between negative and positive samples, we assessed the
performance of a serological assay employing a mixed sensor chip combining both the RBD
and N antigens to capture antibodies targeting both proteins. Figure 3A shows that the multi-
antigen sensor surface significantly increased the detection signals of a mixture of both pAbs,
reaching a better LOD than when using the antigens individually. The limit of detection was of
12.75 ng mL" with a slope of 0.475 nm mL pg' (R*=0.997) and the calibration curve still
shows a broad dynamic range (i.e., at high concentrations such as 10 pg mL™) enabling the
detection and quantification of antibodies even at high concentrations. Interestingly, as we can
observe in Figure 3B, the analysis of real samples with the combined serological assay reveals
higher responses, derived from the capture of both N and RBD antibodies. Moreover, the
negative samples exhibit also lower signals than the single N- and RBD-based assays, reflecting
more specificity, which reduces significantly the threshold and its standard deviation (see
Figure 3B and Figure 4). From these factors, multianalyte surface is able to discriminate anti-
SARS-CoV-2 positive samples from negative samples with the most relevant statistical
significance (p=0.0005), notably improving the performance of the individual antigen assays.
The reproducibility study, which was done for viral antigens individually, was also performed
for the multianalyte combination of RBD and N antigens (Table S1). As isolated antigens
conditions, CV values related to multianalyte-assay were also below 15%. This data supports
the good reproducibility of the assay and the aptness of multianalyte condition for SARS-CoV-2

serological test.
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Figure 4. Performance comparison of different COVID-19 serological assays. SPR-biosensor
assay, LFA tests and ELISA tests are shown for positives and negative serum samples. LFA
tests were considered as positive after the appearance of a coloured band with regular (2) or
strong (3) intensity in the IgG and/or IgM line, and negative for very weak (1) or not coloured
bands (0). ELISA tests were considered positive for numeric values of IgG and/or IgA cut-off
index (COI) > 1.1. SPR biosensor assays were considered positive for samples above the set
threshold (red dotted line) calculated as described in the experimental section. Detection results
rows show the numbers of positive (+) and negative (-) samples for each serological
methodology.

The RBD/N-based serological biosensor assay was qualitatively compared to standard ELISA
done in clinics as well as to two different commercial lateral flow serological tests: Wondfo,
which detect total Igs (against S protein) and FaStep, which detects both IgG and IgM against N
and S1 proteins. We employed both lateral flow assays to analyze the 15 clinical samples.
Results are summarized in Figure 4. The results obtained with an ELISA, which detects IgG
and IgA antibodies against S1 protein, are also included. As can be observed, the SPR
serological assay result precisely concurs to the commercial microplate-based assay, achieving
promising sensitivity and specificity. Despite the ELISA does not provide quantitative
information, a significant correlation between the relative numeric index obtained with this
method (COI, cut-off index, extracted from the relative signal of the sample and a control
calibrator) and the signal obtained with the SPR assay was observed for most of the samples,
which might reflect the good accuracy of the biosensor assay. Interestingly, when analyzing the
SPR quantitative detection results for COVID-19 positive samples, the values reveal a clear

difference between two groups of samples, 1-5 and 6-10. The first set (1-5) corresponded to



patients with mild symptomatology while samples 6-10 were obtained from ICU admitted
patients. The SPR signals evidence higher levels of Ig for those patients with severe
symptomatology compared with the ones with mild conditions. Moreover, LFA tests failed to
identify some of those positive samples (i.e., FaStep 1, 3 and 4 and Wondfo 1) and wrongly
identified as positive one negative sample (FaStep 1). These LFA results are in concordance
with several systematic analysis which evidence deficient sensitivity and specificity of most
LFA assays.'®!7

Finally, in order to prove the quantification performance of the SPR biosensor and eventually
facilitate its comparison with other serology assays detecting the same class of
immunoglobulins, we carried out a calibration curve with the first WHO International Standard
for Anti-SARS-CoV-2 immunoglobulin with the concentration expressed in arbitrary unitage of
BAU mL!. Calibration curves were generated in the same conditions as previously described
for commercial pAb, in both standard buffer conditions (PBST+DS) and 10% diluted serum.
Figure 5 shows no differences between the calibration curves depending on conditions,
achieving similar limits of detection, 0.098 BAU-mL™' for PBST+DS and 0.137 BAU-mL"! for
diluted serum. According to this, patients’ samples were analyzed and its immunoglobulin

concentration was expressed in this standardized units.
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Figure 5. Calibration curves obtained using the WHO Standard anti-SARS-CoV-2
immunoglobulin in PBST+DS and 10% diluted commercial serum using RBD+N
biofunctionalized sensor surface. Biosensor response represents the mean + SD of three
evaluations.

3.3. Clinical validation of SPR-based COVID-19 serology

Based on the results achieved with the preliminary clinical evaluation, a larger clinical
validation study was initiated. A total of 120 clinical samples were analyzed, including 100
COVID-19 positive clinical samples collected during the pandemic with confirmed SARS-CoV-
2 PCR test and 20 negative samples collected prior the outbreak (Table 1 and Table S2). The

serum samples collection was carried out between >10 days to months after the PCR results and



they were assessed by the SPR biosensor as well as different commercial techniques such as
ELISA, CLIA and LFA (details on the different tests employed in the experimental section and
the SI).

Table 1. COVID-19 clinical samples classification/characterization

Total Positive” Negative Characterization™
VH.1 (n=10)
ELISA (10/10)
’ LFA (10/10
Vall d Hebron 20 60 20 ( )
Hospital (VH)
VH.2 (n=50)
CLIA (50/50)
CH.1 (n=40)
Clinic Hospital 40 40 0 LFA (40/40)
(CH) mild (n=14)
moderate (n=14)
severe (n=12)
Total 120 100 20

*Samples from patients with a positive PCR
**Characterization of positive samples is summarized in the Table S2 (SI)

Figure 6 shows the distribution of the sensor signal obtained employing our biosensor assay for
each of the samples. Positive samples showed a variable distribution of Ig levels which might
go from few BAU-mL"! to thousands of BAU-mL"!. Threshold value was determined from
previous assessment study employing confirmed negative serum samples obtained before the
COVID-19 pandemic (Table S3). All the 20 negative samples studied gave signals below the
threshold, while only one of the PCR positive samples was considered not positive
(indeterminate). The SPR-based serological test shows a sensitivity and PPV of 99% and 100%,
respectively. On the other hand, it was able to discriminate negative cases, with a specificity and
NPV of 100% both.
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Figure 6. Sensor signal distribution of 100 COVID-19 positive (PS) and 20 negative (NG)
clinical samples. Total Ig concentration calculated from the WHO Standard calibration curve is
shown in the right axis. Sensitivity, specificity, PPV, NPV and threshold are also shown.



To evaluate and validate the accuracy of our SPR serological biosensor, we compared our
results with the methods and techniques employed in the two Hospitals. Commercial LFAs
employed in this study report sensitivities between 90-95%. On the other hand, for standard
clinical techniques like CLIA and ELISA, sensitivities usually exceed 95%, reaching 100% in
some cases. All cited methodologies have reported specificities between 97-99.8%. Table 2
summarizes the diagnostic results obtained for the whole collection of COVID-19 positive
samples (VH.1, VH.2, and CH.1) when analyzed by ELISA, CLIA, LFAs and our SPR
biosensor. LFA results, classified according to the intensity scale described in the experimental
section (i.e., 0-no visible color change, 1-weak, 2-regular, and 3-strong) were categorized as
negative (intensity 0), indeterminate (intensity 1) and positive (intensity 2 and 3). ELISA, CLIA
and SPR results where categorized depending on the determined threshold for each technique

(Table S3 provides all data obtained with each technique).

Table 2. Summary of COVID-19 clinical samples validation

ELISA LFA LFA
VH.1 PCR SPR Euroimmun Wondfo FaStep
Positive 10 10 10 9 7
Indeterminate 0 0 0 0 2
Negative 0 0 - 1 1
CLIA CLIA
VH.2 PCR SPR Liaison Elecsys
Positive 50 49 46 48
Indeterminate 0 1 4 0
Negative 0 0 0 2
LFA LFA
CH.I PCR SPR Vazyme Quick Profile
Positive 40 40 18 18
Indeterminate 0 0 4 4
Negative 0 0 18 18

“ELISA (Euroimmun) was performed to confirm indeterminate results

In views of the results of Table 2, we can affirm that our SPR biosensor outperforms the
different approved diagnostic techniques employed in this study for the number of samples
tested. The SPR biosensor can provide highly accurate detection of COVID-19 antibodies in a
15 min assay time (same as LFA), with a diagnostic sensitivity, specificity and reliability
equivalent to ELISA and CLIA. Therefore, we herein have demonstrated the major benefit

promised by label-free plasmonic biosensor technology: simple, rapid, and reliable diagnostics.

3.4. Relationship between humoral immunity in SARS-CoV-2 infection and clinical

severity

To test the capabilities of the SPR biosensor for quantitative assessment of acquired immunity, a

preliminary study was carried out to ascertain the existence of a possible correlation between the



severity outcome and the levels of SARS-CoV-2 antibodies in sera (as seemingly observed in
the preliminary assessment). The study was performed with a set of samples after a daily
screening in the Clinic Hospital of Barcelona. Patients with SARS-CoV-2 antibodies were
confirmed by LFA, identifying the presence of IgG and IgM anti-SARS-CoV-2. To stratify
patients according to severity and symptomatology date of symptoms onset, symptoms
description, Hospital or ICU admission and length of stay were analyzed. Finally, 40 serum
samples from convalescent COVID patients with diverse severity (mild (n=14), moderate
(n=14) and severe (n=12)) were included on the validation assay with the plasmonic biosensor.
All included patients were symptomatic without statistical difference on symptoms between
groups. In brief, the frequency of each symptom by mild, moderate or severe was respectively:
fever (71%, 79% and 100%, p=1.43), myalgias (57%, 14% and 33 %, p=0.059), cough (57%,
57%, 67%, p=0.853), anosmia (50%, 36%, 42%, p=0.745), ageusia (36%, 21%, 33%, p=0.680),
diarrhea (21%, 36%, 50%, p=0.313), headache (21%, 39%, 33%, p=0.790), dyspnea (21%,
36%, 58%, p=0.151). The time since symptoms onset until samples collection differed between
groups (in days) 52.00[44.75-63.25], 76.00 [67.00-88.00] and 118.50[73.50-123.75], p<0.0001,
respectively (Figure S2). This was attributed to a more deteriorated health status in severe

patients who needed more recovery time from symptoms onset to the inclusion visit. **

Although LFA showed limited sensitivity for the detection of anti-SARS-CoV-2 antibodies in
some cases, especially in mild severity patients, a correlation was detected between intensity of
the LFA and COVID severity. Related to IgG, 85.7% of moderate and 83.3% of severe patients
had positive LFA for IgG (p=000.1), whereas 100% of mild patients had negative LFA result
for IgG. As regards IgM, 100% of mild and 93% of moderate patients had negative LFA results
but 42% of severe patients had positive LFA for IgM (p=0.007). Both, IgG and IgM were
presented only in severe patients, showing in IgG case, higher intensity of the line LFA result
than moderate cases (Table S2). Contrarily, no immunoglobulins were detected in mild patients.
Thus, LFA assays showed a possible association between humoral immunology response and

clinical severity due to SARS-CoV-2 infection.

In contrast to LFA, for all patients, regardless of the severity group, we detected
immunoglobulins levels with the plasmonic biosensor. The antibody levels were more elevated
in the moderate and severe groups versus the mild one. However, the levels of immunoglobulins
did not differ statistically between groups (0.87[0.36-3.02], 1.44[0.50-1.83] and 1.07[0.92-
1.80]]) p=0.548 (Figure 7). In addition, we did not find correlation between levels of antibodies
and COVID-19 symptomatology and severity (r=0.175 and p=0.279).
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Figure 7. Correlation outcome severity vs antibodies concentration. Sensor signal of 40
COVID-19 positive samples from individuals with different degrees of severity (mild, moderate
and severe symptoms). Spearman test (p=0.05). Total Ig concentration calculated from the
WHO Standard calibration curve is shown in the right axis

From this preliminary study, and with the limited pool of samples analyzed, we can assert that
the SPR biosensor technology shows high sensitivity for identifying total SARS-CoV-2
immunoglobulins but so far it does not provide conclusive information regarding a possible
correlation between the severity degree and immunity response reflected as SARS-CoV-2
antibodies concentration in serum. There is not still a consensus in bibliography about the
relationship between humoral immunity response and severity outcome after SARS-CoV-2
infection. Some publications state that, as Middle East Respiratory Syndrome (MERS) virus
infection, it exists a strong association.**” Nevertheless, others publications cannot confirm this
relationship, showing similar neutralizing antibodies in both cohorts, critical and non-critical
COVID-19 patients.**° The studies differences related to number of samples, the time since
symptoms onset until samples collection, and others factor as the limitations of each study,
could lead to the current controversies. Despite we acknowledge the necessity of completing the
study with an extended number of samples and a longitudinal study, this pilot study exemplifies
the convenience a serological quantitative assay may provide to monitor immune response

evolution, even for early samples, with still IgM present in the serum.
4. Conclusions

We have demonstrated and fully validated a new biosensor technology, based on SPR, for rapid
— less than 15 min — identification and quantification of total SARS-CoV-2 antibodies in blood
serum. Different strategies were explored depending on the antigen selected to identify SARS-
CoV-2 antibodies (N protein and RBD peptide) achieving the most sensitive and specific results
when combining RBD and N antigens onto the SPR sensor chip surface. The multianalyte-based
biosensor reached outstanding limits of detection in serum (low ng mL' range) that enable
direct one-step detection and quantification of SARS-CoV-2 antibodies in COVID-19 patients,

and showing an excellent discrimination between positive and negative samples (p=0.0005).



Moreover, we have implemented the biosensor assay with the first approved Anti-SARS-CoV-2

Immunoglobulin Standard that will allow further comparison with other serological assays.

We have completed an extended clinical validation with COVID-19 positive and negative
samples (n=120) that demonstrates a diagnostic sensitivity of 99% and diagnostic specificity of
100% of our biosensor, outperforming current available techniques like immunoassays and
rapid tests. We have also done a preliminary study of correlation between the humoral immune
response and the clinical severity outcome, although a higher cohort would be necessary to

generate more conclusive information.

Overall, the results obtained position our biosensor device as an accurate, robust, and easy-to-
use tool for rapid and reliable COVID-19 serology to be employed both at laboratory and
decentralized settings. In addition, the biosensor platform is user-friendly and miniaturized,
paving the way to a smooth technological transfer. This work further illustrates the large
versatility that SPR biosensors account to be readily adapted to the detection of different types
of target biomarkers, thereby becoming a potential alternative tool for rapid diagnostics with

great perspectives in clinical practice implementation.
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